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Preface to ”Anticancer Drugs 2021”

The research presented in this Special Issue, “Anticancer Drugs 2021“, of Pharmaceuticals

provides a broad selection of results that were achieved in the field of anticancer drug development

in 2021. The collection contains contributions which are focused on cancer drug discovery and newly

approved anticancer drugs together with important reviews in specific areas of cancer therapeutics.

The development of new anticancer drugs for clinical use is extremely challenging, because of the

emergence of resistance to many chemotherapeutic agents. The investigations reported in this Special

Issue on anticancer drugs cover a wide area of research and include the design and synthesis of

new molecular entities, molecular modelling, computational techniques and the development of

molecular and biochemical tests. The discovery of compounds targeting kinases, tubulin, thymidylate

synthase, histone deacetylase, HER2 and apoptosis-related proteins, together with studies on cancer

drug toxicity and resistance mechanisms, are included. Both the current direction and future potential

for research in these areas are outlined.

This Special Issue highlights both the opportunities and challenges which are identified in the

discovery of novel small-molecule cancer drugs, and also demonstrates the applications of innovative

cancer therapies. Contemporary drug design offers exciting opportunities for the discovery of new

anticancer therapeutics and provides a direction for future research in this area. Recent trends

in the design, synthesis, therapeutic applications and regulatory approvals of anticancer drugs

are presented in this collection which demonstrate the relevance of medicinal chemistry in cancer

research.

Mary J. Meegan and Niamh M O’Boyle

Editors
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Editorial

Special Issue “Anticancer Drugs 2021”
Mary J. Meegan * and Niamh M. O’Boyle *

School of Pharmacy and Pharmaceutical Sciences, Trinity Biomedical Sciences Institute, Trinity College Dublin,
152-160 Pearse Street, 2 DO2R590 Dublin, Ireland
* Correspondence: mmeegan@tcd.ie (M.J.M.); nioboyle@tcd.ie (N.M.O.)

This Special Issue of Pharmaceuticals is devoted to significant advances achieved in the
field of Anticancer Drugs in 2021. Recent findings and trends in the design, synthesis and
mechanism of action and therapeutic applications of anticancer drugs are presented. These
research studies demonstrate the relevance of medicinal chemistry and the pharmaceutical
sciences in cancer research. The research illustrates the exciting opportunities that contem-
porary drug design offers for the discovery of new therapies and diagnostics for cancer
and offers perspectives on the future directions of anticancer therapeutics. Resistance to
anticancer drugs has become a major threat to the success of chemotherapeutic agents,
and therefore the discovery and development of new anticancer drugs for clinical use is
extremely challenging. Investigations into anticancer drugs covers a vast area of research
and includes natural products, design and synthesis of new molecular entities, molecular
modelling, computational techniques and development of molecular and biochemical tests.
Heterocycles are well represented in this collection with the inclusion of novel compounds
targeting kinases, tubulin, thymidylate synthase, histone deacetylase, HER2 and apoptosis-
related proteins. Original research into amelioration of toxicity associated with current
chemotherapeutics and resistance is also featured.

In 2020, the FDA approved 18 new cancer drugs, including the HER2-directed mar-
getuximab, sacituzumab govitecan [a TROP2-targeted antibody–drug conjugate (ADC)
for triple-negative breast cancer] and the BCMA-targeted ADC belantamab mafodotin for
multiple myeloma. Among the kinase inhibitors approved were the HER2 kinase inhibitor
tucatinib, together with the RET kinase inhibitors selpercatinib and pralsetinib with indi-
cation for RET fusion-positive NSCLC. Lurbinectedin, approved for multiple myeloma,
covalently binds to the DNA minor groove. Despite the continued impact of COVID-19,
15 new cancer drugs were approved by the FDA in 2021. The allosteric inhibitor sotorasib
targets KRAS-G12C mutated NSCLC, while the novel allosteric HIF-2α inhibitor belzu-
tivan targets von Hippel-Lindau tumours. Dostarlimab, a PD1/PDL1-targeted antibody
for endometrial cancer was approved, together with the ADCs loncastuximab teserine, a
CD19-targeted ADC for B-cell lymphomas, and tisotumab vedotin, a tissue targeted ADC
approved for cervical cancer. The bispecific antibody amivantamab targeting EGFR and
MET gained approval for small molecule-resistant NSCLC, the kinase inhibitor mobocer-
tinib selectively inhibits EGFR in NSCLC and the kinase inhibitor asciminib was approved
for Philadelphia chromosome-positive CML. Several BCMA-targeted CAR-T cell therapies
were also approved in 2021.

Protein kinase inhibitors (PKIs) are clinically significant drugs in the treatment of
cancer and inflammatory diseases, with over 535 reported PKs and over 70 PKIs approved
by the FDA. Imran et al. have reviewed the USFDA PKI patent approvals for the period 2001
to 31 May 2021 and have provided a comprehensive timeline depicting the PKI approvals,
molecular structures, primary targets and approved indications [1]. Availability of generic
PKI drugs in the USA market is also discussed together with the development of PKIs
with structurally varied scaffolds, chemotypes and pharmacophores. The development
of larotrectinib and entrectinib as tissue-agnostic anti-cancer tropomycin receptor kinase

1



Pharmaceuticals 2022, 15, 479

(Trk) inhibitors is reviewed by Han [2]. In clinical trials with larotrectinib and entrectinib in
patients with a wide range of tumour types with various types of Trk fusion, clinical benefits
were observed indicating tumour-agnostic activity. It is concluded that the adoption of the
tissue-agnostic approach has accelerated the clinical development of Trk inhibitors.

The simultaneous inhibition of multiple protein kinases targets involved in cancer
progression is a possible route to increasing potency and overcoming resistance. Many
multi-kinase inhibitors occupy only the hinge and hydrophobic region in the ATP binding
site. Mashelkar et al. designed multi-kinase inhibitors that occupy the ribose pocket,
along with the hinge and hydrophobic region [3] and identified a novel 4′-thionucleoside
with potent anticancer activity and marked inhibition of TRKA, CK1δ, and DYRK1A/1B
kinases, with potential for developing anti-cancer drugs. Previtali et al. reported the anti-
cancer mechanism of a novel 3,4′-substituted diaryl guanidinium compound that inhibits
BRAF through a hypothetical type-III allosteric mechanism [4]. Following a docking study
using an active triphosphate-containing BRAF protein, a variety of structural modifications
were evaluated in leukaemia, breast, cervical and colorectal carcinoma cell lines with pro-
apoptotic effects. A divergent effect on inhibition of MAPK/ERK signalling pathway was
demonstrated, confirming that diaryl guanidinium compounds are excellent hit molecules
for new anticancer therapies. Elrayess et al. reported a series of thieno[2,3-d][1,2,3]triazine
and acetamide derivatives as dual epidermal growth factor receptor (EGFR) and human
EGFR-related receptor 2 (HER2) inhibitors targeting non-small cell lung cancer (NSCLC) [5].
The lead compound was cytotoxic at nanomolar levels in the H1299 cell line, with activity
against EGFR and HER2 comparable to imatinib and was identified as a promising agent
for NSCLC.

Ibrahim et al. investigated the design and synthesis of a series of dual targeting hybrid
molecules by combining histone deacetylase (HDAC) inhibition with epidermal growth
factor receptor (EGFR-TK) inhibition [6]. The novel hydroxamic acid hybrids were cytotoxic
in cancer cell lines, proapoptotic, showed increased expression of caspases 3/8 and Bax and
down-regulation in Bcl-2 and inhibition of both EGFR and HDAC1 enzymes. Balbuena-
Rebolledo identified several FDA-approved drugs as potential inhibitors of the intracellular
domain of epidermal growth factor receptor 1 (EGFR) and human epidermal receptor
2 (HER2) which are important targets for cancer drugs [7]. FDA-approved drugs with
similar structures to lapatinib and gefitinib were identified in the DrugBank. Docking and
molecular dynamics simulations on the selected compounds identified interactions with
the ligand-binding sites of EGFR and HER2, without interaction with residues involved in
drug resistance; cytotoxicity was confirmed in breast cancer cell lines. These repurposed
compounds may offer possible new anticancer treatments by targeting HER2 and EGFR.

Sorafenib is an orally administered kinase inhibitor used to treat advanced hepato-
cellular and renal cell cancer. Inconsistencies in treatment efficacy and tolerability may be
attributed to variability in sorafenib exposure over time. Ruanglertboon et al. developed a
concentration-guided sorafenib dosing protocol to increase the proportion of patients that
achieve a sorafenib Cmax within the required range by using a model to simulate sorafenib
exposure [8].

Nagy et al. investigated the inhibition of Bcl-2 as a promising strategy for cancer
treatment [9]. Benzimidazole and indole-containing analogues of the Bcl-2 inhibitor obato-
clax were designed by introduction of alkylamine or carboxyhydrazine methylene linkers
to facilitate improved hydrophobic Bcl-2 binding. Anti-cancer activity was confirmed in
MDA-MB-231 (breast cancer) and A549 (lung adenocarcinoma) cells with significantly
upregulated expression of pro-apoptotic Bax and caspase-3, -8 and -9, and downregula-
tion of anti-apoptotic Bcl-2. Espadinha et al. reported indole-based tryptophanol-derived
polycyclic compounds as activators of the tumour suppressor protein p53, a therapeutic
target in many cancers [10]. A novel series of enantiomerically pure tryptophanol-derived
small molecules was optimised, and absolute configuration established by X-ray analysis.
These compounds target human gastric adenocarcinoma (AGS) cells while mediating apop-
tosis via increase in caspase 3/7 activity. In vitro stability and metabolic studies identified
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potent lead compounds for further studies. Stecoza et al. have developed a series of new
2,5-diaryl/heteroaryl-1,3,4-oxadiazoles as novel chemotherapeutic agents [11]. Following
evaluation in human colon and breast cancer cell lines, STAT3 and miR-21 are suggested as
the most probable targets for these compounds suggesting future studies to improve the
anticancer profile and to reduce the toxicological risks.

The nuclear export receptor exportin-1 (XPO1, CRM1) is a relevant target in haemato-
logical malignancies. The XPO1 inhibitor leptomycin B interacts with XPO1 by covalent
interaction with Cys528. Gargantilla et al. synthesised a series of chalcones designed to re-
act with XPO1 thiol groups via hetero-Michael addition reactions [12]. Reactions of selected
chalcones with GSH demonstrated potential reversible covalent interaction with XPO1
thiols. Good correlation was observed in antiproliferative assays with cancer cell lines and
as XPO1 inhibitors. Thymidylate synthase (TS) is an established target in cancer treatment,
as it is directly involved in DNA synthesis. Alam et al. developed potential chemothera-
peutic hybrid compounds containing 1,2,3-triazole and 1,3,4-oxadiazole heterocycles [13].
Evaluation for inhibition of breast and human colorectal carcinoma demonstrated superior
activity to tamoxifen and 5-fluorouracil, with inhibition of thymidylate synthase enzyme
superior to pemetrexed. The DNA repair enzyme tyrosyl-DNA-phosphodiesterase 1 (TDP1)
acts by removal of TOP1-DNA adducts stabilized by TOP1 inhibitors. The combination
of a terpene resin acid backbone with an adamantane fragment as a DNA repair inhibitor
was reported by Kolaleva et al. [14]. The linker type and length, diterpene and adamantane
moieties were optimised. The synthesized compounds were effective inhibitors of TDP1
while molecular modelling indicated that the TDP1 intermediate (covalent complex of TDP1
with DNA) may be stabilised as observed for topoisomerase−DNA covalent complexes
by camptothecins. The highly glycosylated transmembrane mucin (MUC) proteins are
over-expressed in different types of cancers and are both promising cancer therapeutic
targets and also biomarkers for human cancer. Current efforts to develop MUC1- and
MUC16-targeted cancer therapies include antibody-based therapeutics, small molecule
inhibitors, vaccines and cell therapies. Lee et al. have comprehensively reviewed the
various therapeutic agents targeting mucins which are under different stages of clinical
trial for several cancers [15].

The synthesis and biochemical evaluation of novel hybrids of the microtubule target-
ing benzophenone phenstatin and the aromatase triazole inhibitor letrozole are reported by
Ana et al. [16]. The compounds demonstrated potency in MCF-7 and MDA-MB-231 breast
cancer cells, together with significant G2/M phase cell cycle arrest, induction of apoptosis,
inhibition of tubulin polymerisation and selective inhibition of aromatase. These hybrids
are promising candidates for development as antiproliferative, aromatase inhibitory and
microtubule-disrupting agents for breast cancer. The antitumour activity of hybrid com-
pounds based on the structure of combretastatin A-4 and 2,3-diphenyl-2H-indazole has
been evaluated by Perez-Villanueva et al [17]. Selected hybrid compounds possess signifi-
cant cytotoxic activity superior to cisplatin against HeLa and SK-LU-1 cells, with similar
potency to imatinib against K562 cells, inhibited tubulin polymerisation and induced G2/M
arrest. Balandis et al. synthesized a series of new imidazole derivatives incorporating a
novel benzenesulfonamide moiety [18]. Evaluation against MDA-MB-231 breast cancer
and human malignant melanoma (IGR39) cell identified the optimal aryl and imidazole
substitution required. A core pharmacophore for the design of anticancer compounds
against aggressive and invasive cancers such as malignant melanoma and triple-negative
breast cancer was identified. 1,3-Disubstituted derivatives of urea and thiourea are reported
to possess antiproliferative properties against various solid and leukaemia tumour cell lines.
Strzyga-Lach et al. have developed a series of selective 3-(trifluoromethyl)phenylthiourea
analogues with selective cytotoxic effects against human colon, prostate and leukaemia
cell lines [19]. The most potent compounds showed pro-apoptotic activity and inhibited
release of the cytokine IL-6 in the colon SW480 and SW620 cells lines. The anticancer effects
of xanthones may be attributed to caspase activation, DNA cross-linking, inhibition of
kinases and topoisomerase. Recent advances in the discovery of xanthone derivatives with
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anticancer activity, both isolated from natural sources and synthetic examples are reviewed
by Kurniawan et al., together with potential further developments of active, selective and
efficient anticancer drugs based on xanthone derivatives [20].

Toxicity and drug resistance remains a challenging issue in cancer drug development.
The type II topoisomerase inhibitor mitoxantrone (MTX) is used in to treat several cancers
and refractory multiple sclerosis. Reis-Mendes et al. investigated the cardiotoxicity of
MTX to determine if inflammation or oxidative stress-related pathways are involved [21].
Histopathology results indicated that MTX caused cardiotoxicity while inflammation may
be an important trigger to MTX-induced cardiotoxicity in adult mice, with increased ex-
pression of NF-κB p65, NF-κB p52 and TNF-α with decrease in IL-6. The widely used
DNA alkylating agent cyclophosphamide (CPX) causes toxic effects in the urogenital sys-
tem. Merwid-Ląd examined the effect of morin-5′-sulfonic acid sodium salt (NaMSA) on
CPX-induced urogenital toxicity in rats by histological evaluation, morphological changes
and relative decrease in sperm count [22]. Co-administration of NaMSA reversed most of
the morphological changes and may attenuate CPX-induced histological changes in the
urogenital tract. The nephroprotective effects of the beta-adrenergic antagonist carvedilol
on CPX-induced urotoxicity was also examined [23]. When co-administered with mesna,
carvedilol improved kidney function and reversed histological abnormalities in bladders,
presumably via antioxidant and anti-inflammatory effects. Multidrug-Resistant (MDR) can-
cers modulate chemotherapeutic efficacy through drug efflux. Pulukuri et al. investigated
P-glycoprotein 1 mediated efflux of Toll-Like Receptor (TLR 7/8) agonist immunothera-
pies [24]. The imidazoquinoline TLR agonists imiquimod, resiquimod and gardiquimod
are P-gp substrates. Imidazoquinoline efflux occurs through P-gp and is enhanced for
imiquimod due to acquired drug resistance. This enhancement could be beneficial for
modulating the activity of tumour-infiltrating immune cells in local proximity to cancer cells

The research presented in this Special Issue contains contributions which are focussed
on cancer drug discovery together with important reviews in specific areas of cancer
therapeutics. This Special Issue highlights both the challenges and opportunities in the
discovery and development of both novel small-molecule cancer drugs and applications
of innovative cancer therapies and demonstrates the direction and potential for future
research in these areas.
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Abstract: Protein kinase inhibitors (PKIs) are important therapeutic agents. As of 31 May 2021, the
United States Food and Drug Administration (USFDA) has approved 70 PKIs. Most of the PKIs are
employed to treat cancer and inflammatory diseases. Imatinib was the first PKI approved by USFDA
in 2001. This review summarizes the compound patents and the essential polymorph patents of the
PKIs approved by the USFDA from 2001 to 31 May 2021. The dates on the generic drug availability
of the PKIs in the USA market have also been forecasted. It is expected that 19 and 48 PKIs will be
genericized by 2025 and 2030, respectively, due to their compound patent expiry. This may reduce
the financial toxicity associated with the existing PKIs. There are nearly 535 reported PKs. However,
the USFDA approved PKIs target only about 10–15% of the total said PKs. As a result, there are still a
large number of unexplored PKs. As the field advances during the next 20 years, one can anticipate
that PKIs with many scaffolds, chemotypes, and pharmacophores will be developed.
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1. Introduction

Protein kinases (PKs) are ubiquitous intracellular and cell surface enzymatic proteins
that selectively catalyzes phosphate group’s relocation from ATP, GTP, and other phosphate
donors to protein substrates [1]. The PKs mainly catalyze the relocation of a γ-phosphatase
group of ATP to the oxygen atom of the -OH group of threonine, serine, and tyrosine
residues in peptides/polypeptides, thereby making a conformational variation from an
inactive to an active form [1,2]. They constitute an extensive family of structurally related
enzymes that are known to be implicated in almost all the signal transduction activities,
frequently with cascades of phosphorylation proceedings taking place within the cell [3].
The signal transduction involves the reversible phosphorylation of proteins that helps to
regulate mature proteins by altering their structure and function [4,5]. To date, nearly
535 human PKs have been identified [6], wherein more than 478 belong to a superfamily
whose catalytic domains are sequentially interrelated. These PKs are additionally catego-
rized into groups, families, and subfamilies established on their biochemical activities. The
main two classifications are Serine/threonine PKs and Tyrosine-specific PKs [5]. The seven
significant groups with the description of families, subfamilies, and functions are listed in
Table 1.

TKs form a distinct group, which phosphorylates proteins on tyrosine, whereas others
phosphorylate serine and threonine residues. In addition to this category, there are atypical
kinases, which are not related to any sequence resemblance to characteristic kinases but
are well recognized for their enzymatic activity similar to specific kinases. Some kinases
are believed to lack the catalytic domain for effective phosphorylation and are called
pseudokinases. Still, they are distributed across all kinase families, indicating that an
absence of catalysis is not a formal barricade to the evolution of unique or irreplaceable
biological functions [7].

Table 1. Families and subfamilies of PKs.

S. No. Kinase Families Subfamilies Functions

Serine/Threonine-Specific Protein Kinases

1 AGC

PKA, PKG, PKC, DMPK,
NDR, AKT, SGK, RSK, PKN,

GRK, PDK1, RSKR, RSKL,
MAST

DMPK: GEK, ROCK, CRIK
PKC: Alpha, Delta, Gamma,

Epsilon
RSK: MSK, P70

RSKL: RSKL1, RSKL2
MAST: MAST1, MAST 2,
MAST3, MAST4, MASTL

They are implicated in various
cellular activities and are

prospective targets to treat cancer,
inflammation, viral infections,

obesity, diabetes, and neurological
disorders [8]

2 CAMK

Calcium/calmodulin-
dependent protein

kinase-CAMK1, Unique
VACAMKL, PSK, DAPK,

MLCK, TRIO, CASK,
CAMK2, PHK, DCAMKL,
MAPKAPK, CAMKL, TSK,
PIM, TRB1, Unique STK33,

PKD, RAD53

MAPKAPK: MNK,
MAPKAPK1, MAPKAPK2,

MAPKAPK3, JNK
CAMKL: AMPK, BRSK,

MELK, MARK, QIK, NUAK,
NIMI, SNRK, PASK, CHK1,

LKB1, HUNK

They are implicated in the
phosphorylation of transcription

factors and the control of gene
expression. They also control the life

cycle of the cell [9]

3 CK1 Casein kinase 1, TTBK, VRK -

They are involved in the
phosphorylation of significant

governing molecules in cellular
translation/transcription, cell–cell

adhesion, and receptor coupled
signal transduction. They control

main signaling trails, particularly in
cancer evolution [10]
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Table 1. Cont.

S. No. Kinase Families Subfamilies Functions

4 CMGC
CDK, MAPK, GSK3, CLK

families, CDKL, CLK,
RCK, DYRK

-
Critical role in cell cycle regulation

and intracellular signal
transduction [11]

5 STE

Homologs of yeast Sterile
7/MAP3K, Sterile

11/MAP2K, Sterile
20/MAP4K

MAP4K: FRAY, STLK, PAKA,
PAKB, MST, YSK, TAO,

MSN, NINAC, KHS, SLK

Crucial role in MAP kinase
pathways, which require a

sequential PK reaction to activate
the next kinase in the pathway,

especially in cascade process [12]

Tyrosine-Specific Protein Kinases

6 TK Tyrosine kinase

Receptor Tyrosine Kinases
(RTKs): EGFR, EPH, SEV,
ALK, TRK, INSR, CCK4,

AXL, VEGFR, FGFR, MUSK,
LMR, DDR, ROR, TIE, SEF,

PDGFR, RET, MET, RYK

They play a vital role in controlling
cellular differentiation, cell division,
and morphogenesis. They primarily
act as growth factor receptors and in

downstream signaling [13]

Non-Receptor Tyrosine
Kinases (nRTKs): CSK, JAK,
SRC (SFKs, BCR), BTK, ACK,

SYK, FER, TEC, ABL, FAK

They are involved in signaling
cascades, particularly those

implicated in growth hormone and
cytokine signaling. Some of them are
involved in synaptic transmission,
myelination, axon guidance, and
oligodendrocyte formation [13]

7 TKL Tyrosine kinase-like

IRAK, MLKL, LIMK, TESK,
LRRK, ALK, ACTR, TGFR,

MISR, BMPR, RAF, KSR,
TAK, ILK, DLK, LZK, MLK,

ZAK, RIPK, ANKRP,
SGK, RIPK

They control apoptosis, cell
differentiation/growth,

angiogenesis, vascular development,
and the protective response against

pathogens [5,14]

PKs perform a significant function in signal transduction and control of most cellular
processes, including cell growth, differentiation, proliferation, angiogenesis, apoptosis,
cytoskeletal arrangement, regulation of metabolic reactions, membrane transport, and
motility, etc. [6]. Non-catalytic functions of PKs are also essential and include the allosteric
effect, subcellular targeting, the scaffolding of protein complexes, competition for protein
interactions, and DNA binding [15]. Because PKs regulate most fundamental biological
processes, any dysregulation, genetic alteration, and abrupt change in kinase function are
typically linked with pathological conditions such as cancer, immunologic, neurological,
cardiovascular, and metabolic disorders [3,5]. Hence, manipulation of PKs signaling path-
way, regulation, and inhibition constitutes important clinical targets for pharmacological
intervention and thus for the identification and development of Protein Kinase Inhibitors
(PKIs) to manage and treat several chronic diseases [4,6,16]. Over the past two decades,
approximately 1/5th-1/3rd drug discovery programs worldwide have targeted PKs for
the drug development of various illnesses.

Kinase mutation frequency is much less, and thus targeting kinases could be helpful
in life-saving therapies especially for cancer. A well-known example is receptor tyrosine
kinase ALK where gene fusion between EML4 and ALK occurs only in 5% of NSCLC
patients and therefore many patients responded to the kinome therapy effectively. Identifi-
cation of additional effective kinome targets will therefore represent an Achilles heel in a
subset of cancer. The use of bioinformatics tools in predicting the likelihood that a given
mutation will alter the function of a kinase will be essential in pinpointing cancer-associated
kinases [17].

There are about 175 kinase drugs under clinical trials and newer targets are also under
evaluation including AKT, Aurora kinases, CHEK1, and CDK1. However, most of the drugs
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under investigation are well known for targeting EGFR, VEGFR, PI3K, and mTOR [18].
Even though CAMK, CK1, or AGC kinases groups are well-known and evidenced as the
primary targets for cancer, there are no investigational drugs that target these kinases are
enrolled. So far only 8% of the entire kinome has been effectively “drugged” and a quarter
of human kinases are vastly understudied [19]. A wide-ranging scoring system to rank
and prioritize clinically relevant kinase targets of different solid tumor cancers from The
Cancer Genome Atlas (TCGA) has been developed [19].

Successful applications and deep insights into the ever-diversifying therapeutic space
occupied by kinase targets are also explored. For effective target validation and to avoid
complicating off-target mediated response it is essential to achieve the desired selectivity
while targeting kinases, though it is still an ongoing challenge. The application of large-
scale omics data has been modernized to combine multiple parameters to evaluate the
protein’s potential as a drug target or biomarker [19].

In recent years, intricately selective kinase chemical probes have been generated by the
exploitation of unique pockets using molecular modeling and bioinformatics, prioritizing
the ligand-efficient leads and novel chemotypes and the extensive use of kinome-wide
profiling [20].

Chemical proteomics and broad kinome profiling of compound libraries have been
implemented as an efficient method to lead to discovery, analyzing targets, and optimiza-
tion [21]. Results revealed that unknown targets for established drugs presented a view-
point on the "druggable" kinome, emphasized non-kinase off-targets, and recommended
for potential therapeutic applications. A database of the cellular targets of 243 clinical
kinase inhibitors has been made available using kinobead technology [21].

The ongoing research will undoubtedly pave the way for a better understanding of
molecular pathways that will further unravel the role of PKs in pathogenesis. As of now,
the majority of the USFDA-approved PKIs are Protein Tyrosine Kinase inhibitors (PTKIs)
followed by protein-serine/threonine PKIs. Most of these drugs are clinically used to treat
solid (breast, lung, colon) and non-solid tumors (leukemia). Some PKIs are also effective in
treating non-malignant diseases, including myelofibrosis, rheumatoid arthritis, glaucoma,
ulcerative colitis, pulmonary fibrosis, etc. [22,23].

2. USFDA Approved Protein Kinase Inhibitors

In 2001, the USFDA approved the marketing of the first clinical PKI, imatinib. Since
then, the USFDA has approved about 70 PKIs for clinical use (Table 2) (Figure 1). The
data provided in Table 2 have been obtained from USFDA’s Orange Book website (https:
//www.accessdata.fda.gov/scripts/cder/ob/index.cfm?resetfields=1 (accessed on 31 May
2021) using the drug’s name.
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Figure 1. Timeline depicting the approval of the PKIs by the USFDA and their primary targets in 
brackets. 

3. Patent Searching 
The patent searching was performed using the Sci-finder database (CAS Number 

search, and the exact structure search of each TKI), USFDA’s Orange Book website (men-
tioned above), and the Drugbank’s website (https://go.drugbank.com/ (accessed on 31 
May 2021)) using the drug’s name. The patents disclosing the specific TKI, its marketed 
active pharmaceutical ingredient, and important polymorphs from the innovative com-
pany for the first time were identified and included in this review. The patents of each 
TKI that claim its treatment methods, dosage forms, formulations, drug combinations, 
particle size, impurity, preparation process, intermediates, etc., have been excluded from 
this review. The expiry dates of the selected patents were calculated (20 years from the 
patent application filing date comprising patent term extension, if any). Sometimes, the 
drug’s patent term is extended up to five years based on the USPTO’s laws. Accordingly, 
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3. Patent Searching

The patent searching was performed using the Sci-finder database (CAS Number
search, and the exact structure search of each TKI), USFDA’s Orange Book website (men-
tioned above), and the Drugbank’s website (https://go.drugbank.com/ (accessed on
31 May 2021)) using the drug’s name. The patents disclosing the specific TKI, its marketed
active pharmaceutical ingredient, and important polymorphs from the innovative com-
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pany for the first time were identified and included in this review. The patents of each
TKI that claim its treatment methods, dosage forms, formulations, drug combinations,
particle size, impurity, preparation process, intermediates, etc., have been excluded from
this review. The expiry dates of the selected patents were calculated (20 years from the
patent application filing date comprising patent term extension, if any). Sometimes, the
drug’s patent term is extended up to five years based on the USPTO’s laws. Accordingly,
the expiry dates of the selected patients were also verified from the USPTO’s website. It
was also observed that some TKIs were disclosed in different patents of the same patent
family and had other expiry dates. In such cases, the patent that had a more extended
expiry date was selected for this review because the generic launch of the drug is based
on the expiry date of the drug’s patent. The legal status of the patents cited herein was
obtained from the website of USPTO (https://portal.uspto.gov/pair/PublicPair (accessed
on 31 May 2021)).

4. Summary of the Patents

The proprietary name, approved dosage form, approval date, and marketing status
of each marketed PKIs are mentioned in Table 2. The patent number, applicant/assignee,
expiry date, and legal status of the cited patents of each PKI are provided in Table 3. A
brief description of the PKIs and their important patents are provided below.

Table 3. Patent number, applicant/assignee, expiry date, and legal status of the cited patents.

S. No. Drug’s Name Patent
Number Applicant/Assignee Expiry Date Legal Status

Expected Date of
Generic Availability in

the USA *

1 Imatinib
US5521184A Ciba Geigy 4 July 2015 Expired

Generic is available
USRE43932E Novartis 16 July 2019 Expired

2 Gefitinib
US5457105A Zeneca 19 January 2013 Expired July 2022 due to the

Orphan Drug ExclusivityUS5770599A Zeneca 5 May 2017 Expired

3 Erlotinib
USRE41065E OSI

Pharmaceuticals 8 May 2019 Expired
Generic is available

US6900221B1 OSI
Pharmaceuticals 9 May 2021 Litigation

4 Sorafenib
US7235576B1 Bayer

Pharmaceuticals 12 January 2020 Expired
Generic is available

US8877933B2 Bayer IP 24 December 2027 Patented

5 Sunitinib
US7125905B2 Sugen

Incorporation 15 August 2021 Patented
August 2021

US6573293B2 Sugen
Incorporation 15 August 2021 Patented

6 Dasatinib
US6596746B1 Bristol-Myers

Squibb 28 December 2020 Expired
Generic is available

US7491725B2 Bristol-Myers
Squibb 28 September 2026 Patented

7 Lapatinib
US8513262B2 Glaxo Group 8 January 2019 Expired

Generic is available
US7157466B2 Smithkline

Beecham 19 November 2021 Patented

8 Temsirolimus USRE44768E Wyeth 15 August 2019 Expired Generic is available

9 Everolimus US5665772A Sandoz 9 March 2020 Expired Generic is available

10 Nilotinib

US7169791B2 Novartis 4 January 2024 Patented

February 2029US8163904B2 Novartis 23 February 2029 Patented

US8415363B2 Novartis 18 January 2027 Patented

11 Pazopanib
US7105530B2 Smithkline

Beecham 19 October 2023 Patented
October 2023

US8114885B2 Glaxosmithkline 19 December 2021 Patented

12 Vandetanib USRE42353E Astrazeneca 27 June 2022 Patented June 2022
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Table 3. Cont.

S. No. Drug’s Name Patent
Number Applicant/Assignee Expiry Date Legal Status

Expected Date of
Generic Availability in

the USA *

13 Vemurafenib US8143271B2 Plexxikon
Incorporation 21 June 2026 Patented June 2026

14 Crizotinib
US7858643B2 Agouron

Pharmaceuticals 8 October 2029 Patented
October 2029

US8217057B2 Pfizer 6 November 2029 Patented

15 Ruxolitinib
US7598257B2 Incyte Corporation 24 December 2027 Patented

June 2028
US8722693B2 Incyte Corporation 12 June 2028 Patented

16 Axitinib
US6534524B1 Agouron

Pharmaceuticals 29 April 2025 Patented
April 2025

US8791140B2 Pfizer 14 December 2030 Patented

17 Bosutinib
USRE42376E Wyeth 13 April 2024 Patented

April 2024
US7767678B2 Wyeth 23 November 2026 Patented

18 Regorafenib
US8637553B2 Bayer Healthcare 16 February 2031 Patented

July 2032
US9957232B2 Bayer Healthcare 9 July 2032 Patented

19 Tofacitinib
USRE41783E Pfizer 8 December 2025 Patented

December 2025
US6965027B2 Pfizer 25 March 2023 Patented

20 Cabozantinib
US7579473B2 Exelixis 14 August 2026 Patented

August 2026
US8877776B2 Exelixis 8 October 2030 Patented

21 Ponatinib
US8114874B2 Ariad

Pharmaceuticals 24 January 2027 Patented
January 2027

US9493470B2 Ariad
Pharmaceuticals 12 December 2033 Patented

22 Trametinib US7378423B2 Japan Tobacco 29 May 2027 Patented May 2027

23 Dabrafenib US7994185B2 Glaxo Smith Kline 20 January 2030 Patented January 2030

24 Afatinib
USRE43431E Boehringer

Ingelheim 13 January 2026 Patented
January 2026

US8426586B2 Boehringer
Ingelheim 10 October 2029 Patented

25 Ibrutinib
US8735403B2 Pharmacyclics 28 December 2026 Patented

December 2026
US9296753B2 Pharmacyclics 30 October 2033 Patented

26 Ceritinib
US8039479B2 IRM 29 June 2030 Patented

June 2030
US9309229B2 Novartis 18 January 2032 Patented

27 Idelalisib
USRE44638E ICOS Corporation 5 August 2025 Patented

August 2025
US9469643B2 Gilead 2 September 2033 Patented

28 Nintedanib
US6762180B1 Boehringer

Ingelheim 1 October 2025 Patented
October 2025

US7119093B2 Boehringer
Ingelheim 21 February 2024 Patented

29 Palbociclib
USRE47739E Warner Lambert 5 March 2027 Patented

5 March 2027
US10723730B2 Pfizer 8 February 2034 Patented

30 Lenvatinib
US7253286B2 Eisai 19 October 2021 Patented

October 2021
US7612208B2 Eisai 19 September 2026 Patented

31 Cobimetinib
US7803839B2 Exelixis 10 November 2029 Patented

November 2029
US10590102B2 Exelixis 30 June 2036 Patented

32 Osimertinib US8946235B2 Astrazeneca 8 August 2032 Patented August 2032
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Table 3. Cont.

S. No. Drug’s Name Patent
Number Applicant/Assignee Expiry Date Legal Status

Expected Date of
Generic Availability in

the USA *

33 Alectinib US9126931B2 Chugai
Pharmaceutical 29 May 2031 Patented May 2031

34 Ribociclib
US8415355B2 Astex Therapeutics 19 February 2031 Patented

19 February 2031
US9193732B2 Astex Therapeutics 9 November 2031 Patented

35 Brigatinib
US9012462B2 Ariad

Pharmaceuticals 31 July 2030 Patented
July 2030

US10385078B2 Ariad
Pharmaceuticals 10 November 2035 Patented

36 Midostaurin
US5093330A Ciba Geigy 21 July 2009 Expired

October 2024
US7973031B2 Novartis 17 October 2024 Patented

37 Neratinib US7399865B2 Wyeth 29 December 2025 Patented December 2025

38 Copanlisib
USRE46856E Bayer 22 October 2029 Patented

March 2032
US10383876B2 Bayer 29 March 2032 Patented

39 Abemaciclib US7855211B2 Eli Lilly 15 December 2029 Patented December 2029

40 Acalabrutinib
US9290504B2 Merck 11 July 2032 Patented

July 2032
US9796721B2 Acerta Pharma 1 July 2036 Patented

41 Netarsudil
US8394826B2 Aerie

Pharmaceuticals 10 November 2030 Patented
March 2034

US9415043B2 Aerie
Pharmaceuticals 14 March 2034 Patented

42 Baricitinib US8158616B2 Incyte Corporation 8 June 2030 Patented June 2030

43 Binimetinib
US7777050B2 Array Biopharma 13 March 2023 Patented

June 2025 based on ODE
US9562016B2 Array Biopharma 18 October 2033 Patented

44 Dacomitinib US7772243B2 Warner Lambert 26 August 2028 Patented August 2028

45 Encorafenib US8501758B2 IRM 4 March 2031 Patented March 2031

46 Fostamatinib
US7449458B2 Rigel

Pharmaceuticals 4 September 2026 Patented
4 September 2026

US8163902B2 Rigel
Pharmaceuticals 17 June 2026 Patented

47 Duvelisib
US8193182B2 Intellikine 13 February 2030 Patented

February 2030
USRE46621E Infinity

Pharmaceuticals 17 May 2032 Patented

48 Gilteritinib US8969336B2 Astellas Pharma 27 January 2031 Patented January 2031

49 Larotrectinib
US9127013B2 Array Biopharma 21 October 2029 Patented

October 2029
US10172861B2 Array Biopharma 16 November 2035 Patented

50 Lorlatinib
US8680111B2 Pfizer 5 March 2033 Patented

March 2033
US10420749B2 Pfizer 27 July 2036 Patented

51 Entrectinib
US8299057B2 Nerviano Medical

Sciences 1 March 2029 Patented
March 2029

US10738037B2 Nerviano Medical
Sciences 18 May 2037 Patented

52 Upadacitinib
USRE47221E Abbvie 1 December 2030 Patented

December 2030
US9951080B2 Abbvie 17 October 2036 Patented

53 Alpelisib US8227462B2 Novartis 28 September 2030 Patented September 2030

54 Erdafitinib US8895601B2 Astex Therapeutics 22 May 2031 Patented May 2031

55 Pexidartinib
US9169250B2 Plexxikon 21 November 2027 Patented

November 2027
US9802932B2 Plexxikon 5 May 2036 Patented
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Table 3. Cont.

S. No. Drug’s Name Patent
Number Applicant/Assignee Expiry Date Legal Status

Expected Date of
Generic Availability in

the USA *

56 Fedratinib US7528143B2 Targegen 16 December 2026 Patented December 2026

57 Zanubrutinib US9447106B2 Beigene 22 April 2034 Patented April 2034

58 Avapritinib US9944651B2 Blueprint Medicines
Corporation 15 October 2034 Patented October 2034

59 Selumetinib
US7425637B2 Array Biopharma 11 April 2024 Patented

April 2027 based on ODE
US9156795B2 Array Biopharma 12 December 2026 Patented

60 Pemigatinib US9611267B2 Incyte Corporation 30 January 2035 Patented January 2035

61 Tucatinib US8648087B2 Array Biopharma 12 April 2031 Patented April 2031

62 Capmatinib
US7767675B2 Incyte Corporation 19 November 2027 Patented

June 2031
US8420645B2 Incyte Corporation 5 June 2031 Patented

63 Selpercatinib
US10112942B2 Array Biopharma 10 October 2037 Patented

October 2037
US10584124B2 Array Biopharma 10 October 2038 Patented

64 Ripretinib US8461179B1 Deciphera
Pharmaceuticals 7 June 2032 Patented June 2032

65 Pralsetinib US10030005B2 Blueprint Medicines
Corporation 1 November 2036 Patented November 2036

66 Trilaciclib US8598186B2 G1 Therapeutics 25 October 2031 Patented October 2031

67 Tepotinib
US8580781B2 Merck 19 March 2030 Patented

March 2030
US8329692B2 Merck 30 October 2029 Patented

68 Umbralisib
US10570142B2 Rhizen

Pharmaceuticals 2 July 2033 Patented
July 2033

US10414773B2 Rhizen
Pharmaceuticals 26 May 2035 Patented

69 Tivozanib

US6821987B2 Kirin Beer
Kabushiki Kaisha 26 April 2022 Patented

10 March 2026, based
on NCE

(Patent term extension
is possible)

US7211587B2 Kirin Beer
Kabushiki Kaisha 26 April 2022 Patented

US7166722B2 Kirin Beer
Kabushiki Kaisha 21 October 2023 Patented

70 Infigratinib
US8552002B2 Novartis 13 December 2025 Patented 25 May 2026, based on

NCE (Patent term
extension is possible)US9067896B2 Novartis 24 February 2031 Patented

* Based on the patent expiry date.

4.1. Imatinib Mesylate

Imatinib mesylate (Figure 2) is a pyridine-pyrimidine based piperazine derivative (MF:
C29H31N7O·CH4SO3; MW: 589.7; CAS Number: 220127-57-1) [24]. US5521184A claims
N-phenyl-2-pyrimidine-amine compounds, including imatinib and its pharmaceutically
acceptable salts, as antitumor drugs [25]. USRE43932E (Re-issue of US7544799B2) claims
the β-crystal form of imatinib mesylate as having favorable thermodynamic stability, flow
properties, and low hygroscopicity that makes it a suitable active pharmaceutical ingredient
(API) to be used in the tablet/capsule dosage forms [26].

4.2. Gefitinib

Gefitinib (Figure 3) is a morpholine based quinazolinamine derivative (MF: C22H24ClFN4O3;
MW: 446.9; CAS Number: 184475-35-2) [27]. US5457105A unveils quinazoline derivatives and
their salts to treat neoplastic disease. This patent claims gefitinib generically [28]. US5770599A
also covers quinazoline derivatives as anticancer agents. This patent claims gefitinib specifically,
along with its pharmaceutically acceptable acid-addition salts [29].
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4.3. Erlotinib Hydrochloride

Erlotinib hydrochloride (Figure 4) is a quinazolinamine derivative (MF: C22H23N3O4·HCl;
MW: 429.90; CAS Number: 183319-69-9) [30]. USRE41065E (Reissue patent of US5747498)
discloses 4-(substituted phenylamino)quinazoline derivatives, which are useful in treating
cancers. It also claims erlotinib hydrochloride specifically [31]. US6900221B1 provides poly-
morphs of erlotinib hydrochloride and processes for their selective production. It claims
homogeneous thermodynamically stable crystalline polymorph of erlotinib hydrochloride
(Form B), suitable for making tablet dosage forms [32].
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4.4. Sorafenib Tosylate

Sorafenib tosylate (Figure 5) is a urea-pyridine based diaryl ether derivative (MF:
C21H16ClF3N4O3·C7H8O3S; MW: 637.0; CAS Number: 475207-59-1) [33]. US7235576B1
provides aryl urea derivatives for treating RAF-mediated diseases like cancer and their
pharmaceutical compositions. It claims sorafenib tosylate specifically [34]. US8877933B2
discloses novel polymorphs of sorafenib tosylate, processes for its synthesis, and composi-
tions comprising it. It claims thermodynamically stable polymorph (Form I) of sorafenib
tosylate, which can provide quality dosage form concerning bioavailability and patient
safety [35].
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Figure 5. Sorafenib tosylate (4-[4-({[4-chloro-3-(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]-
N-methylpyridine-2-carboxamide 4-methylbenzenesulfonate).

4.5. Sunitinib Malate

Sunitinib malate (Figure 6) is an indole based pyrrole-3-carboxamide derivative (MF:
C22H27FN4O2·C4H6O5; MW: 532.6; CAS Number: 341031-54-7) [36]. US7125905B2 covers
3-pyrrole substituted 2-indolinone compounds as PK activity modulators for treating
disorders related to abnormal PK activity. It claims sunitinib malate specifically [37]. The
sunitinib malate is also claimed in US6573293B2 [38].
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4.6. Dasatinib Monohydrate

Dasatinib monohydrate (Figure 7) is a piperazine-pyrimidine-thiazole based anilide
(MF: C22H26ClN7O2S·H2O; MW: 506.02; CAS Number: 863127-77-9) [39]. US6596746B1
provides cyclic compounds for use as PKIs to treat cancer. It claims dasatinib specifi-
cally [40]. US7491725B2 claims crystalline monohydrate of dasatinib and process for its
preparation [41].

4.7. Lapatinib Ditosylate Monohydrate

Lapatinib ditosylate monohydrate (Figure 8) is a furan based quinazolinamine deriva-
tive (MF: C29H26ClFN4O4S·(C7H8O3S)2.H2O; MW: 943.5; CAS Number: 388082-78-8) [42].
US8513262B2 discloses substituted heteroaromatic compounds, their synthesis, composi-
tions, and their use in medicine as PTKIs. It claims lapatinib specifically [43]. US7157466B2
relates to quinazoline compounds, anhydrate and hydrate ditosylate salts thereof, and the
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process for their preparation. It claims lapatinib ditosylate monohydrate specifically. The
claimed lapatinib ditosylate possesses physical stability and moisture sorption properties
superior to di-HCl salt, making it suitable for developing tablet formulations [44].
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Figure 8. Lapatinib ditosylate monohydrate (N-(3-chloro-4-{[(3-fluorophenyl) methyl]oxy}phenyl)-6-[5-({[2-(methylsulfonyl)
ethyl]amino}methyl)-2-furanyl]-4-quinazolinamine bis(4-methylbenzenesulfonate) monohydrate).

4.8. Temsirolimus

Temsirolimus (Figure 9) is a piperidine-tetrahydropyran based macrolide lactams
(MF: C56H87NO16; MW: 1030.30; CAS Number: 162635-04-3) [45]. USRE44768E (Reissue of
US5362718) relates to hydroxy esters of rapamycin for treating T-cell leukemia/lymphoma,
solid tumors, and hyperproliferative vascular disorders. It claims temsirolimus specifi-
cally [46].
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4.9. Everolimus

Everolimus (Figure 10) is a piperidine-tetrahydropyran based macrolide lactam (MF:
C53H83NO14; MW: 958.25; CAS Number: 159351-69-6) [47]. US5665772A provides alky-
lated derivatives of rapamycin as immunosuppressants. It claims everolimus specifi-
cally [48].
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tetraene-2,3,10,14,20-pentaone).

4.10. Nilotinib Hydrochloride Monohydrate

Nilotinib hydrochloride monohydrate (Figure 11) is a pyridine-pyrimidine-imidazole-
based benzanilide derivative (MF: C28H22F3N7O·HCl·H2O; MW: 584; CAS Number: 923288-
90-8) [49]. US7169791B2 covers substituted pyrimidinyl aminobenzamides, methods of
synthesis, and their compositions to treat neoplastic diseases like leukemia. It claims nilo-
tinib and its salts [50]. US8163904B2 claims nilotinib hydrochloride monohydrate as having
physicochemical properties required to develop a good dosage form [51]. US8415363B2
claims crystalline form B of nilotinib hydrochloride monohydrate having superior crys-
tallinity and physical stability over other polymorphs [52].

4.11. Pazopanib Hydrochloride

Pazopanib hydrochloride (Figure 12) is a benzenesulfonamide bearing benzimidazole-
pyrimidinyl compound (MF: C21H23N7O2S·HCl; MW: 473.99; CAS Number: 635702-64-
6) [53]. US7105530B2 reports pyrimidine derivatives as inhibitors of VEGFR-2 to treat
disorders, including cancer, associated with inappropriate angiogenesis. It claims pa-
zopanib and its salts [54]. US8114885B2 claims pazopanib hydrochloride precisely [55].
The claimed hydrochloride salt possesses advantageous properties like stability and solu-
bility to develop quality dosage forms.

4.12. Vandetanib

Vandetanib (Figure 13) is a piperidine based 4-aminoquinazolinamine derivative (MF:
C22H24BrFN4O2; MW: 475.36; CAS Number: 443913-73-3) [56]. USRE42353E (Reissue
of US6414148B1) provides quinazoline derivatives, synthesis, and compositions to treat
illness linked with angiogenesis and amplified vascular permeability. It claims vandetanib
precisely [57].
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4.13. Vemurafenib

Vemurafenib (Figure 14) is a phenylketone based pyrrolopyridine (MF: C23H18ClF2N3O3S;
MW: 489.9; CAS Number: 918504-65-1) [58]. US8143271B2 describes pyrrolopyridine based
compounds as PTKIs to treat diseases and conditions associated with aberrant activity of
PTKs. It claims vemurafenib specifically [59].

4.14. Crizotinib

Crizotinib (Figure 15) is a piperidine based pyrazolylpyridine derivative (MF: C21H22Cl2F
N5O; MW: 450.34; CAS Number: 877399-52-5) [60]. US7858643B2 describes aminopy-
ridines and aminopyrazines having PTKI activity, methods of synthesizing and using
these compounds as anticancer agents. It claims crizotinib and its salts [61]. US8217057B2
claims a crystalline form of a free base of crizotinib with improved solubility, stability, and
physicochemical properties to develop solid dosage forms, such as capsules [62].
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Figure 15. Crizotinib ((R)-3-[1-(2,6-Dichloro-3-fluorophenyl)ethoxy]-5-[1-(piperidin-4-yl)-1H-pyrazol-
4-yl]pyridin-2-amine).

4.15. Ruxolitinib Phosphate

Ruxolitinib phosphate (Figure 16) is a pyrrolo[2,3-d]pyrimidine based pyrazole deriva-
tive (MF: C17H21N6O4P; MW: 404.36; CAS Number: 1092939-17-7) [63]. US7598257B2
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provides pyrrolo[2,3-b]pyridines as JAK modulators, which are beneficial to treat immune-
related disorders, skin diseases, myeloid proliferative ailments, and cancer. It claims
ruxolitinib and its salts [64]. US8722693B2 claims ruxolitinib phosphate, which has im-
proved water solubility, dissolution rate, chemical stability, long shelf life, excipients, and
reproducibility compared to the free base [65].
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Figure 16. Ruxolitinib phosphate ((R)-3-(4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)-1H-pyrazol-1-yl)-3-
cyclopentylpropanenitrile phosphate).

4.16. Axitinib

Axitinib (Figure 17) is a pyridine based indazolylphenyl thioether (MF: C22H18N4OS;
MW: 386.47; CAS Number: 319460-85-0) [66]. US6534524B1 relates to indazole compounds
as PTKIs and their pharmaceutical compositions to treat diseases linked with undesirable
angiogenesis and cellular proliferation. It claims axitinib specifically [67]. US8791140B2
claims crystalline forms of axitinib that have advantages in bioavailability, stability, manu-
facture ability, and suitability for bulk preparation [68].
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Figure 17. Axitinib (N-methyl-2-[3-((E)-2-pyridin-2-yl-vinyl)-1H-indazol-6-ylsulfanyl]-benzamide).

4.17. Bosutinib Monohydrate

Bosutinib monohydrate (Figure 18) is a piperazine based 3-quinolinecarbonitrile deriva-
tive (MF: C26H29Cl2N5O3·H2O; MW: 548.46; CAS Number: 918639-08-4) [69]. USRE42376E
(Reissue of US6297258B1) describes substituted 3-cyano quinoline compounds as PTKIs
to treat diseases resulting from deregulation of PTKs, for example, cancer and polycystic
kidney disease. It claims bosutinib [70]. US7767678B2 claims non-hygroscopic and stable
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crystalline bosutinib monohydrate (Form I) having good solubility that can be used to
prepare different solid dosage forms [71].
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Figure 18. Bosutinib monohydrate (4-[(2,4-dichloro-5-methoxyphenyl)amino]-6-methoxy-7-[3-(4-
methylpiperazin-1-yl)propoxy]quinoline-3-carbonitrile monohydrate).

4.18. Regorafenib Monohydrate

Regorafenib monohydrate (Figure 19) is pyridinylphenyl urea derivative (MF: C21H15Cl
F4N4O3·H2O; MW: 500.83; CAS Number: 1019206-88-2) [72]. US8637553B2 discloses
omega-carboxyaryl diphenyl urea derivatives as potent inhibitors of PDGFR, VEGFR, RAF,
and p38 kinase to treat cancer, inflammatory diseases, and osteoporosis. It claims rego-
rafenib and its salts [73]. US9957232B2 claims regorafenib monohydrate with high stability
and good physicochemical features to manufacture pharmaceutical compositions [74].
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Figure 19. Regorafenib monohydrate (4-[4-({[4-chloro-3-(trifluoromethyl)phenyl] carbamoyl}amino)-
3-fluorophenoxy]-N-methylpyridine-2-carboxamide monohydrate).

4.19. Tofacitinib Citrate

Tofacitinib citrate (Figure 20) is an pyrrolo[2,3-d]pyrimidine based piperidine deriva-
tive (MF: C16H20N6O·C6H8O7; MW: 504.5; CAS Number: 540737-29-9) [75]. USRE41783E
(Reissue of US6627754B2) provides pyrrolo[2,3-d]pyrimidines as JAK3 inhibitors to treat
rheumatoid arthritis, psoriasis, cancer, and leukemia. It claims tofacitinib and its salt [76].
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US6965027B2 claims a crystalline form of tofacitinib mono citrate salt with solid-state
properties (solubility, stability, compressibility, etc.), which are acceptable to support tablet
development [77].
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Figure 20. Tofacitinib citrate ((3R,4R)-4-methyl-3-(methyl-7H-pyrrolo[2,3-d]pyrimidin-4-ylamino)-ß-
oxo-1-piperidinepropanenitrile 2-hydroxy-1,2,3-propanetricarboxylate (1:1)).

4.20. Cabozantinib S-Malate

Cabozantinib S-malate (Figure 21) is a quinolinylphenyl ether derivative (MF: C28H24FN3
O5·C4H6O5; MW: 635.6; CAS Number: 1140909-48-3) [78]. US7579473B2 relates to quina-
zolines and quinolines as TKIs, and their pharmaceutical compositions to treat psoriasis,
multiple sclerosis, and rheumatoid arthritis. It claims cabozantinib and its salts [79].
US8877776B2 claims cabozantinib (L)-malate salt having desirable solubility and chemi-
cal/physical stability to develop a tablet/capsule dosage forms for intended use [80].
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Figure 21. Cabozantinib (S)-malate (N-(4-(6,7-dimethoxyquinolin-4-yloxy)phenyl)-N′-(4-fluoroph
enyl)cyclopropane-1,1-dicarboxamid (2S)-hydroxybutanedioate).

4.21. Ponatinib Hydrochloride

Ponatinib hydrochloride (Figure 22) is animidazo[1,2-b]pyridazine based piperazine
derivative (MF: C29H28ClF3N6O; MW: 569.02; CAS Number: 1114544-31-8) [81]. US8114874B2
describes imidazo[1,2-b]pyridazines as PTKIs and their pharmaceutical compositions to treat
cancer and other diseases mediated by PTKs. It claims ponatinib hydrochloride specifi-
cally [82]. US9493470B2 claims stable crystalline form A of ponatinib hydrochloride that is
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advantageous for the commercial preparation of solid dosage forms because of its physico-
chemical stability compared to amorphous ponatinib hydrochloride [83].
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Figure 22. Ponatinib hydrochloride (3-(imidazo[1,2-b]pyridazin-3-ylethynyl)-4-methyl-N-{4-[(4-
methylpiperazin-1-yl)methyl]-3-(trifluoromethyl)phenyl}benzamide hydrochloride).

4.22. Trametinib Dimethyl Sulfoxide

Trametinib dimethyl sulfoxide (Figure 23) is a pyridopyrimidine derivative (MF:
C26H23FIN5O4.C2H6OS; MW: 693.53; CAS Number: 1187431-43-1) [84]. US7378423B2
unveils pyrimidine compounds, their salts, synthetic procedures, and compositions to treat
ailments caused by unwanted cell proliferation, for example, cancer. It claims trametinib
dimethyl sulfoxide specifically [85].
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Figure 23. Trametinib dimethyl sulfoxide (N-(3-{3-cyclopropyl-5-[(2-fluoro-4-iodophenyl)amino]-
6,8-dimethyl-2,4,7-trioxo-1H,2H,3H,4H,6H,7H-pyrido[4,3-d]pyrimidin-1-yl}phenyl)acetamide
dimethyl sulfoxide).

4.23. Dabrafenib Mesylate

Dabrafenib mesylate (Figure 24) is a pyrimidine-thiazole based diphenyl sulfonamide
derivative (MF: C23H20F3N5O2S2.CH4O3S; MW: 615.68; CAS Number: 1195768-06-9) [86].
US7994185B2 provides benzene sulfonamide thiazole and oxazole compounds, their phar-
maceutical compositions, processes for their preparation, and methods of using these
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compounds and compositions for treating cancer and melanoma. It claims dabrafenib
mesylate specifically [87].
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Figure 24. Dabrafenib mesylate (N-{3-[5-(2-amino-4-pyrimidinyl)-2-(1,1-dimethylethyl)-1,3-thiazol-4-
yl]-2-fluorophenyl}-2,6-difluorobenzene sulfonamide mesylate).

4.24. Afatinib Dimaleate

Afatinib dimaleate (Figure 25) is a tetrahydrofuran based quinazolinamine deriva-
tive (MF: C32H33ClFN5O11; MW: 718.1; CAS Number: 850140-73-7) [88]. USRE43431E
(Reissue of US7019012B2) unveils quinazoline derivatives and their physiologically ac-
ceptable salts possessing an inhibitory effect on signal transduction mediated by PTKs
to treat tumoral diseases, diseases of the lungs, and respiratory tract. It claims afatinib
dimaleate precisely [89]. US8426586B2 claims crystalline afatinib dimaleate, synthesis, and
its compositions. The claimed crystalline form is stable and has advantageous properties
to develop quality dosage forms [90].
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C25H24N6O2; MW: 440.50; CAS Number: 936563-96-1) [91]. US8735403B2 describes pyra-
zolo[3,4-d]pyrimidine based inhibitors of BTK, their synthesis, and compositions to treat 
diseases, wherein inhibition of BTK delivers therapeutic advantage to the diseased per-
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Figure 25. Afatinib dimaleate (N-[4-[(3-chloro-4-fluorophenyl)amino]-7-[[(3S)-tetrahydro-3-furanyl]
oxy]-6-quinazolinyl]-4-(dimethylamino)but-2-enamide dimaleate).

4.25. Ibrutinib

Ibrutinib (Figure 26) is a piperidine based pyrazolo[3,4-d]pyrimidine (MF: C25H24N6O2;
MW: 440.50; CAS Number: 936563-96-1) [91]. US8735403B2 describes pyrazolo[3,4-d]pyrimidine
based inhibitors of BTK, their synthesis, and compositions to treat diseases, wherein inhibition
of BTK delivers therapeutic advantage to the diseased person. It claims ibrutinib specifically [92].
US9296753B2 claims stable, water-soluble, and non-hygroscopic crystalline ibrutinib that can
be used to manufacture quality dosage forms [93].
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Figure 26. Ibrutinib (1-[(3R)-3-[4-amino-3-(4-phenoxyphenyl)-1H-pyrazolo[3,4-d]pyrimidin-1-yl]-1-
piperidinyl]-2-propen-1-one).

4.26. Ceritinib

Ceritinib (Figure 27) is a pyrimidine based phenylpiperidine derivative (MF: C28H36N5
O3ClS; MW: 558.14; CAS Number: 1032900-25-6) [94]. US8039479B2 reveals pyrimidine
and pyridine derivatives and their pharmaceutical compositions to treat a condition that
responds to inhibition of ALK, FAK, ZAP-70, IGF-1R, or a combination thereof. It claims
ceritinib specifically [95]. US9309229B2 claims a pure and stable crystalline form of ceritinib
with desirable physicochemical properties to provide good dosage forms [96].
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one). 

Figure 27. Ceritinib (5-Chloro-N4-[2-[(1-methylethyl)sulfonyl]phenyl]-N2-[5-methyl-2-(1-methyl
ethoxy)-4-(4-piperidinyl)phenyl]-2,4-pyrimidinediamine).

4.27. Idelalisib

Idelalisib (Figure 28) is a purine based quinazolinone derivative (MF: C22H18FN7O;
MW: 415.42; CAS Number: 870281-82-6) [97]. USRE44638E (Reissue of US7932260B2)
reports substituted quinazolinone compounds as PI3Kδ inhibitors to treat diseases like
bone-resorption disorders, hematopoietic cancers, lymphomas, multiple myelomas, and
leukemia. It claims idelalisib and its salts [98]. US9469643B2 claims a water-soluble
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bioavailable and stable polymorph of idelalisib (Form II) that can be used to provide
quality dosage forms [99].
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Figure 28. Idelalisib (5-fluoro-3-phenyl-2-[(1S)-1-(9H-purin-6-ylamino)propyl]quinazolin-4(3H)-one).

4.28. Nintedanib Esylate

Nintedanib esylate (Figure 29) is a piperazine based indole carboxylic acid derivative
(MF: C31H33N5O4.C2H6O3S; MW: 649.76; CAS Number: 656247-18-6) [100]. US6762180B1
states indolinone derivatives as PTKIs, synthesis, and compositions to treat proliferative
sicknesses. It claims nintedanib and its salts [101]. US7119093B2 claims a stable nintedanib
esylate salt specifically characterized by good crystallinity and low amorphization during
grinding and compression. This salt is claimed to have good physicochemical characteris-
tics to support quality dosage forms [102].
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Figure 29. Nintedanib esylate (methyl (3Z)-3-[({4-[N-methyl-2-(4-methylpiperazin-1-yl)acetamido]
phenyl}amino)(phenyl)methylidene]-2-oxo-2,3-dihydro-1H-indole-6-carboxylate esylate).

4.29. Palbociclib

Palbociclib (Figure 30) is a pyrido[2,3-d]pyrimidine based pyridinylpiperazine deriva-
tive (MF: C24H29N7O2; MW: 447.54; CAS: 571190-30-2) [103]. USRE47739E (Reissue of
US7208489B2) delivers substituted 2-amino pyridines as potent inhibitors of CDK 4, useful
for treating inflammation and proliferative cell diseases such as cancer and restenosis. It
claims palbociclib and its salts [104]. US10723730B2 claims a stable crystalline free base
of palbociclib with larger primary particle size, reduced specific surface area, lower sur-
face energy measurements, and physicochemical properties to formulate a good dosage
form [105].
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Figure 30. Palbociclib (6-acetyl-8-cyclopentyl-5-methyl-2-{[5-(piperazin-1-yl)pyridin-2-yl]amino}
pyrido[2,3-d]pyrimidin-7(8H)-one).

4.30. Lenvatinib Mesylate

Lenvatinib mesylate (Figure 31) is a quinoline carboxamide derivative (MF: C21H19Cl
N4O4.CH4O3S; MW: 522.96; CAS Number: 857890-39-2) [106]. US7253286B2 reports
nitrogen-containing aromatic derivatives and salts or hydrates thereof to treat various
diseases associated with abnormal angiogenesis. It claims lenvatinib and its pharmacologi-
cally active salts [107]. US7612208B2 claims a crystalline form of lenvatinib mesylate with
improved features (physical/pharmacokinetics) compared to the free-form [108].
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Figure 31. Lenvatinib mesylate (4-[3-chloro-4-(N′-cyclopropylureido)phenoxy]-7-methoxyquinoline-
6-carboxamide methanesulfonate).

4.31. Cobimetinib Fumarate

Cobimetinib fumarate (Figure 32) is a piperidine-azetidine based anthranilamide
derivative (MF: C46H46F6I2N6O8 (2C21H21F3IN3O2.C4H4O4); MW: 1178.71; CAS Num-
ber: 1369665-02-0) [109]. US7803839B2 provides azetidin-1-yl(2-(2-fluorophenylamino)
cyclic)methanone derivatives as inhibitors of MEK that are useful in cancer treatment.
It claims cobimetinib and its salts [110]. US10590102B2 claims a thermodynamically sta-
ble and non-hygroscopic crystalline fumarate salt (Form A) of cobimetinib with suitable
properties for use in a pharmaceutical composition [111].
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Figure 32. Cobimetinib fumarate ((S)-[3,4-difluoro-2-(2-fluoro-4-iodophenylamino)phenyl][3-hydroxy-3-(piperidin-2-
yl)azetidin-1-yl]methanone hemifumarate).

4.32. Osimertinib Mesylate

Osimertinib mesylate (Figure 33) is a pyrimidine based indole derivative (MF: C28H33
N7O2.CH4O3S; MW: 596; CAS Number: 1421373-66-1) [112]. US8946235B2 states 2-(2,4,5-
substituted-anilino)pyrimidines, useful in treating a disease mediated by EGFR, for exam-
ple, cancer. It claims osimertinib mesylate specifically [113].
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Figure 33. Osimertinib mesylate (N-(2-{2-dimethylaminoethyl-methylamino}-4-methoxy-5-{[4-(1-
methylindol-3-yl)pyrimidin-2-yl]amino}phenyl)prop-2-enamide mesylate).

4.33. Alectinib Hydrochloride

Alectinib hydrochloride (Figure 34) is a morpholine-piperidine based carbazole deriva-
tives (MF: C30H34N4O2·HCl; MW: 519.08; CAS Number: 1256589-74-8) [114]. US9126931B2
relates to tetracyclic compounds as ALK inhibitors for treating a disease accompanied by
an abnormality in ALK, for example, cancer, depression, and cognitive function disorder.
It claims alectinib and its salts [115].

4.34. Ribociclib Succinate

Ribociclib succinate (Figure 35) is a pyridine-piperazine based pyrrolo[2,3-d]pyrimidine
derivative (MF: C23H30N8O·C4H6O4; MW: 552.64; CAS Number: 1374639-75-4) [116].
US8415355B2 discloses pyrrolopyrimidine compounds, the process for their preparation,
and their pharmaceutical compositions to treat a disease linked with CDK 4 inhibition. It
claims ribociclib and its salts [117]. US9193732B2 claims succinate salt of ribociclib that
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has good stability, non-hygroscopicity, and good solubility. These features make this salt a
suitable salt to develop the desired formulation [118].
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570.65; CAS Number: 120685-11-2) [122]. US5093330A relates to staurosporine deriva-
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Figure 35. Ribociclib succinate (7-cyclopentyl-N,N-dimethyl-2-{[5-(piperazin-1-yl)pyridin-2-yl]amino}
-7H-pyrrolo[2,3-d]pyrimidine-6-carboxamide succinate).

4.35. Brigatinib

Brigatinib (Figure 36) is a piperazine-piperidine based pyrimidine derivative (MF:
C29H39ClN7O2P; MW: 584.10; CAS Number: 1197953-54-0) [119]. US9012462B2 narrates
phosphorous compounds as PTKIs and their use in treating cancers. It claims brigatinib and
its salts [120]. US10385078B2 claims a stable and non-hygroscopic anhydrous crystalline
form A of brigatinib suitable for pharmaceutical formulation development [121].

4.36. Midostaurin

Midostaurin (Figure 37) is an indolocarbazole derivative (MF: C35H30N4O4; MW:
570.65; CAS Number: 120685-11-2) [122]. US5093330A relates to staurosporine derivatives,
their salts, synthesis, and compositions encompassing them to treat cancer and inflamma-
tion. It discloses midostaurin [123]. US7973031B2 claims a method for treating AML using
a dosage form (a microemulsion, soft gel, or solid dispersion) of midostaurin, wherein the
AML is characterized by deregulated FLT3 receptor tyrosine kinase activity [124].

4.37. Neratinib Maleate

Neratinib maleate (Figure 38) is a pyridine based 4-aminoquinoline derivative (MF:
C30H29ClN6O3·C4H4O4; MW: 673.11; CAS Number: 915942-22-2) [125]. US7399865B2
reports substituted 3-cyanoquinoline compounds and their salts as inhibitors of HER-2 and
EGFR to treat cancer. It claims neratinib and its salts [126].
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Figure 37. Midostaurin (N-[(2S,3R,4R,6R)-3-Methoxy-2-methyl-16-oxo-29-oxa-1,7,17-triazaoctacyclo
[12.12.2.12,6.07,28.08,13.015,19.020,27.021,26]nonacosa-8,10,12,14,19,21,23,25,27-nonaen-4-yl]-N-
methylbenzamide).
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4.38. Copanlisib Dihydrochloride

Copanlisib dihydrochloride (Figure 39) is a morpholine-pyrimidine based 2,3-dihydro
imidazo[1,2-c]quinazoline derivative (MF: C23H28N8O4·2HCl; MW: 553.45; CAS Number:
1402152-13-9) [127]. USRE46856E (Reissue of US8466283B2) unveils 2,3-dihydroimidazo
[1,2-c]quinazoline derivatives, pharmaceutical compositions comprising them, and the use
of these compounds for treating hyperproliferative and angiogenesis disorders. It claims
copanlisib and its salts [128]. US10383876B2 claims copanlisib dihydrochloride salt that
possesses technically advantageous properties (stability, solubility, hygroscopicity, etc.) to
develop a quality pharmaceutical composition [129].
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rivative (MF: C26H23N7O2; MW: 465.51; CAS Number: 1420477-60-6) [132]. US9290504B2 
provides 4-imidazopyridazin-1-yl-benzamides for the treatment of BTK mediated disor-
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4.39. Abemaciclib

Abemaciclib (Figure 40) is a piperazine-pyridine-pyrimidine based benzimidazole
derivative (MF: C27H32F2N8; MW: 506.59; CAS Number: 1231929-97-7) [130]. US7855211B2
reports piperazine-pyridine-pyrimidine based benzimidazole derivatives and salts thereof,
a pharmaceutical formulation comprising them to treat cancers selected from the group
colorectal cancer, breast cancer, NSCLC, prostate cancer, glioblastoma, MCL, CML, and
AML. It claims abemaciclib and its salts [131].
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Figure 40. Abemaciclib (N-[5-[(4-ethyl-1-piperazinyl)methyl]-2-pyridinyl]-5-fluoro-4-[4-fluoro-2-
methyl-1-(1-methylethyl)-1H-benzimidazol-6-yl]pyrimidin-2-amine).

4.40. Acalabrutinib

Acalabrutinib (Figure 41) is a pyrrolidine-pyridine based imidazo[1,5-a]pyrazine
derivative (MF: C26H23N7O2; MW: 465.51; CAS Number: 1420477-60-6) [132]. US9290504B2
provides 4-imidazopyridazin-1-yl-benzamides for the treatment of BTK mediated disorders.
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It claims acalabrutinib and its salts [133]. US9796721B2 claims a stable and non-hygroscopic
anhydrate crystal form of acalabrutinib as having advantageous parameters for making
quality pharmaceutical compositions [134].
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zyl-2,4-dimethylbenzoate dimesylate). 

4.42. Baricitinib 
Baricitinib (Figure 43) is a pyrazole-azetidine based pyrrolo[2,3-d]pyrimidine deriv-

ative (MF: C16H17N7O2S; MW: 371.42; CAS Number: 1187594-09-7) [138]. US8158616B2 
provides azetidine derivatives as JAK inhibitors, synthetic methods, and compositions 
encompassing them to treat inflammatory and autoimmune disorders, along with cancer. 
It claims baricitinib and its salts [139]. 

Figure 41. Acalabrutinib (4-{8-amino-3-[(2S)-1-(but-2-ynoyl)pyrrolidin-2-yl]imidazo[1,5-a]pyrazin-1-
yl}-N-(pyridin-2-yl)benzamide).

4.41. Netarsudil Dimesylate

Netarsudil dimesylate (Figure 42) is an isoquinoline based beta-amino acid derivative
(MF: C30H35N3O9S2; MW: 645.74; CAS Number: 1422144-42-0) [135]. US8394826B2 relates
to isoquinoline amide and benzamide based compounds as dual inhibitors of Rho kinase
and a monoamine transporter (MAT), useful in treating diseases like glaucoma and cancer.
It claims netarsudil [136]. US9415043B2 claims a chemically stable and water-soluble
dimesylate salt of netarsudil that can provide a quality ophthalmic solution [137].

4.42. Baricitinib

Baricitinib (Figure 43) is a pyrazole-azetidine based pyrrolo[2,3-d]pyrimidine deriva-
tive (MF: C16H17N7O2S; MW: 371.42; CAS Number: 1187594-09-7) [138]. US8158616B2
provides azetidine derivatives as JAK inhibitors, synthetic methods, and compositions
encompassing them to treat inflammatory and autoimmune disorders, along with cancer.
It claims baricitinib and its salts [139].
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psoriasis. It claims dacomitinib and its salts [144]. 

Figure 43. Baricitinib ({1-(ethylsulfonyl)-3-[4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)-1H-pyrazol-1-
yl]azetidin-3-yl}acetonitrile).

4.43. Binimetinib

Binimetinib (Figure 44) is a benzimidazole derivative (MF: C17H15BrF2N4O3; MW:
441.2; CAS Number: 606143-89-9) [140]. US7777050B2 states alkylated (1H-Benzoimidazol-
5-yl)-(4-substituted-phenyl)-amine derivatives, helpful in managing sicknesses like cancer.
It claims binimetinib and pharmaceutically acceptable salts thereof [141]. US9562016B2
claims a crystallized form of binimetinib with better purity and an enhanced physical
characteristic, beneficial in pharmaceutical dosage form preparation [142].
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4.44. Dacomitinib Monohydrate

Dacomitinib monohydrate (Figure 45) is a piperidine based quinazolinamine derivatives
(MF: C24H25ClFN5O2·H2O; MW: 487.95; CAS Number: 1042385-75-0) [143]. US7772243B2
unveils 4-anilino-6-substituted alkenoylamino-quinazoline compounds as TKIs to treat pro-
liferative diseases, including cancer and restenosis endometriosis and psoriasis. It claims
dacomitinib and its salts [144].
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MW: 732.52; CAS Number: 914295-16-2) [147]. US7449458B2 reports prodrugs of pharma-
cologically active 2,4-pyrimidinediamine derivatives, intermediates thereof, the process 
of manufacturing them, and pharmaceutical compositions comprising them to treat dis-
eases mediated by the activation of PTKs. It claims fostamatinib disodium hexahydrate, 
which has increased solubility concerning the parent phosphate prodrug [148]. 
US8163902B2 claims a thermodynamically stable crystalline form of fostamatinib diso-
dium hexahydrate that is stable over a wide range of relative humidity and requires sub-
stantial heating to lose its water molecules. This property makes it a suitable API to de-
velop the desired dosage form [149]. 

Figure 45. Dacomitinib monohydrate ((2E)-N-{4-[(3-Chloro-4-fluorophenyl)amino]-7-methoxyqu
inazolin-6-yl}-4-(piperidin-1-yl)but-2-enamide monohydrate).

4.45. Encorafenib

Encorafenib (Figure 46) is a pyrazole based pyrimidine derivative (MF: C22H27ClFN7O4S;
MW: 540; CAS Number: 1269440-17-6) [145]. US8501758B2 provides pyrazole based
pyrimidine and pharmaceutical compositions comprising them to treat disorders associated
with the deregulated activity of B-Raf. It claims encorafenib and its salts [146].
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Figure 46. Encorafenib (N-{(2S)-1-[(4-{3-[5-chloro-2-fluoro-3-(methanesulfonamido)phenyl]-1-
(propan-2-yl)-1H-pyrazol-4-yl}pyrimidin-2-yl)amino]propan-2-yl}carbamate).

4.46. Fostamatinib Disodium Hexahydrate

Fostamatinib disodium hexahydrate (Figure 47), a phosphate prodrug of tamatinib, is
a pyrimidine based pyrido[3,2-b][1,4]oxazine derivative (MF: C23H24FN6Na2O9P·6H2O;
MW: 732.52; CAS Number: 914295-16-2) [147]. US7449458B2 reports prodrugs of pharma-
cologically active 2,4-pyrimidinediamine derivatives, intermediates thereof, the process of
manufacturing them, and pharmaceutical compositions comprising them to treat diseases
mediated by the activation of PTKs. It claims fostamatinib disodium hexahydrate, which
has increased solubility concerning the parent phosphate prodrug [148]. US8163902B2
claims a thermodynamically stable crystalline form of fostamatinib disodium hexahydrate
that is stable over a wide range of relative humidity and requires substantial heating to lose
its water molecules. This property makes it a suitable API to develop the desired dosage
form [149].
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cal compositions comprising them to treat diseases associated with P13 kinase activity. It 
claims duvelisib and its salts [151]. USRE46621E (Reissue of US8809349B2) claims physi-
cally and chemically stable polymorphs of duvelisib, salt, solvate, or hydrate that do not 
readily decompose or change in chemical makeup or physical state for more than 60 
months and are suitable to develop the desired dosage forms of the API [152]. 

 
Figure 48. Duvelisib hydrate ((S)-3-(1-(9H-purin-6-ylamino)ethyl)-8-chloro-2-phenylisoquinolin-
1(2H)-one hydrate). 

4.48. Gilteritinib Fumarate 
Gilteritinib fumarate (Figure 49) piperazine-piperidine based pyrazine carboxamide 

derivative (MF: (C29H44N8O3)2.C4H4O4; MW: 1221.50; CAS Number: 1254053-84-3) [153]. 
US8969336B2 states diamino heterocyclic carboxamide derivatives as having outstanding 
inhibitory activity against EML4-ALK fusion proteins for use in cancer therapy. It claims 
gilteritinib and its salts [154]. The gilteritinib fumarate salt is stable in heat, humidity, and 
storage conditions. 

Figure 47. Fostamatinib disodium hexahydrate (Disodium (6-[[5-fluoro-2-(3,4,5-trimethoxyanilino)
pyrimidin-4-yl]amino]-2,2-dimethyl-3-oxo-pyrido[3,2-b][1,4]oxazin-4-yl)methyl phosphate hexahy-
drate).

4.47. Duvelisib Hydrate

Duvelisib hydrate (Figure 48) is a purine based isoquinolone derivative (MF: C22H17Cl
N6O·H2O; MW: 434.88; CAS Number: 1201438-56-3) [150]. US8193182B2 provides isoquinolin-
1(2H)-one derivatives as modulators of PI3 kinase activity and pharmaceutical compositions
comprising them to treat diseases associated with P13 kinase activity. It claims duvelisib and
its salts [151]. USRE46621E (Reissue of US8809349B2) claims physically and chemically stable
polymorphs of duvelisib, salt, solvate, or hydrate that do not readily decompose or change in
chemical makeup or physical state for more than 60 months and are suitable to develop the
desired dosage forms of the API [152].
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Figure 48. Duvelisib hydrate ((S)-3-(1-(9H-purin-6-ylamino)ethyl)-8-chloro-2-phenylisoquinolin-
1(2H)-one hydrate).

4.48. Gilteritinib Fumarate

Gilteritinib fumarate (Figure 49) piperazine-piperidine based pyrazine carboxamide
derivative (MF: (C29H44N8O3)2·C4H4O4; MW: 1221.50; CAS Number: 1254053-84-3) [153].
US8969336B2 states diamino heterocyclic carboxamide derivatives as having outstanding
inhibitory activity against EML4-ALK fusion proteins for use in cancer therapy. It claims
gilteritinib and its salts [154]. The gilteritinib fumarate salt is stable in heat, humidity, and
storage conditions.

4.49. Larotrectinib Sulfate

Larotrectinib sulfate (Figure 50) is a pyrrolidine based pyrazolo[1,5-a]pyrimidine deriva-
tive (MF: C21H24F2N6O6S; MW: 526.51; CAS Number: 1223405-08-0) [155]. US9127013B2
relates to pyrazolo[1,5-a] pyrimidine derivatives as TRK family PTKIs that are useful to
treat cancer, inflammation, and certain infectious diseases. It claims larotrectinib sulfate
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specifically [156]. US10172861B2 claims crystalline larotrectinib sulfate having stable physic-
ochemical properties, which can be used to develop quality dosage forms [157].
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Figure 50. Larotrectinib sulfate ((3S)-N-{5-[(2R)-2-(2,5-difluorophenyl)-1-pyrrolidinyl]pyrazolo[1,5-
a]pyrimidin-3-yl}-3-hydroxy-1-pyrrolidinecarboxamide sulfate).

4.50. Lorlatinib

Lorlatinib (Figure 51) is a pyrazole-pyridine based benzoxadiazacyclotetradecine deriva-
tive (MF: C21H19FN6O2; MW: 406.41; CAS Number: 1223403-58-4) [158]. US8680111B2
discloses macrocyclic compounds as inhibitors of ALK and/or EML4-ALK and their pharma-
ceutical composition to treat illnesses linked with the deregulation of ALK and EML4-ALK.
It claims lorlatinib and its salts [159]. US10420749B2 claims crystalline polymorphs of lorla-
tinib having high crystallinity and purity, low hygroscopicity, and favorable dissolution and
mechanical properties to develop quality pharmaceutical formulations [160].

4.51. Entrectinib

Entrectinib (Figure 52) is a tetrahydropyran-piperazine based indazole derivative (MF:
C31H34F2N6O2; MW: 560.64; CAS Number: 1108743-60-7) [161]. US8299057B2 discloses
indazole derivatives as potent PKIs that are useful in anticancer therapy. It claims en-
trectinib and its salts [162]. US10738037B2 claims a crystalline Form 4 of entrectinib that
exhibits greater thermodynamic stability at a temperature of about 40 ◦C than other known
polymorphs and offers advantages in preparing dosage forms [163].
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Figure 52. Entrectinib (N-[5-(3,5-difluorobenzyl)-1H-indazol-3-yl]-4-(4-methylpiperazin-1-yl)-2-
(tetrahydro-2H-pyran-4-ylamino)benzamide).

4.52. Upadacitinib Hemihydrate

Upadacitinib hemihydrate (Figure 53) is an imidazo[1,2-a]pyrrolo[2,3-e]pyrazine based
pyrrolidine derivative (MF: C17H19F3N6O·1/2 H2O; MW: 389.38; CAS Number: 1310726-
60-3) [164]. USRE47221E (Reissue of US8426411B2) describes tricyclic compounds that
inhibit JAK family kinase activity for treating diseases, including rheumatoid arthritis,
multiple sclerosis, and psoriasis. It claims upadacitinib [165]. US9951080B2 claims physic-
ochemically stable crystalline hemihydrate of upadacitinib having solid-state properties to
develop quality pharmaceutical dosage forms [166].

4.53. Alpelisib

Alpelisib (Figure 54) is a pyridine-thiazole based pyrrolidine derivative (MF: C19H22F3
N5O2S; MW: 441.47; CAS Number: 1217486-61-7) [167]. US8227462B2 unveils pyrrolidine-
1,2-dicarboxamide derivatives for the treatment of illnesses ameliorated by inhibition of
PI3Ks. It claims alpelisib in a free form and its salts [168].

4.54. Erdafitinib

Erdafitinib (Figure 55) is a pyrazole based quinoxaline derivative (MF: C25H30N6O2;
MW: 446.56; CAS Number: 1346242-81-6) [169]. US8895601B2 relates to pyrazole based
quinoxaline derivatives and their pharmaceutical compositions to treat diseases like cancer.
It claims erdafitinib and its salts [170].
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4.55. Pexidartinib Hydrochloride

Pexidartinib hydrochloride (Figure 56) is a pyrrolo[2,3-b]pyridine based pyridine deriva-
tive (MF: C20H15ClF3N5·HCl; MW: 454.28; CAS Number: 1029044-16-3) [171]. US9169250B2
provides fused azacyclic compounds as dual inhibitors of c-FMS and c-KIT to treat diseases
that arise due to deregulation of c-FMS and c-KIT. It claims pexidartinib hydrochloride [172].
US9802932B2 claims a stable crystalline form of pexidartinib hydrochloride having attributes
for developing a quality pharmaceutical composition [173].
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Figure 56. Pexidartinib hydrochloride (5-[(5-Chloro-1H-pyrrolo[2,3-b]pyridin-3-yl)methyl]-N-{[6-
(trifluoromethyl)pyridin-3-yl]methyl}pyridin-2-amine monohydrochloride).

4.56. Fedratinib Dihydrochloride Monohydrate

Fedratinib dihydrochloride monohydrate (Figure 57) is a pyrrolidine-pyrimidine
based benzenesulfonamide derivative (MF: C27H36N6O3S·2HCl·H2O; MW: 615.62; CAS
Number: 1374744-69-0) [174]. US7528143B2 unveils biaryl m-pyrimidine compounds as
an inhibitor of the JAK family and their pharmaceutical compositions to treat diseases
mediated by modulation of JAK activity. It claims fedratinib and its salts [175].

4.57. Zanubrutinib

Zanubrutinib (Figure 58) is a piperidine based pyrazolo[1,5-a]pyrimidine derivative
(MF: C27H29N5O3; MW: 471.56; CAS Number: 1691249-45-2) [176]. US9447106B2 states
substituted pyrazolo[1,5-a]pyrimidines as BTK modulators and used these compounds to
treat diseases intervened by BTK. It claims zanubrutinibas and its salts [177].
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4.58. Avapritinib

Avapritinib (Figure 59) is a pyrazole-piperazine-pyrimidine based pyrrolo[2,1-f ][1,2,4]
triazine derivative (MF: C26H27FN10; MW: 498.57; CAS Number: 1703793-34-3) [178].
US9944651B2 refers to piperazine-based pyrrolo[2,1-f ][1,2,4]triazine derivatives for treat-
ing conditions like mastocytosis and mast cell diseases by modifying the activity of KIT. It
claims avapritinib and its salts [179].

4.59. Selumetinib Sulfate

Selumetinib sulfate (Figure 60) is a benzimidazole derivative (MF: C17H17BrClFN4O7S;
MW: 555.76; CAS Number: 943332-08-9) [180]. US7425637B2 reports N3-alkylated benzim-
idazole compounds that inhibit MEK and are helpful to treat cancer and inflammation. It
claims selumetinib and its salts [181]. US9156795B2 claims a stable crystalline hydrogen
sulfate salt of selumetinib with enhanced solubility and bioavailability, making it a suitable
API to develop desired pharmaceutical dosage forms [182].

4.60. Pemigatinib

Pemigatinib (Figure 61) is a morpholine based pyrrolo[3′,2′:5,6]pyrido[4,3-d]pyrimidine
derivative (MF: C24H27F2N5O4; MW: 487.5; CAS Number: 1513857-77-6) [183]. US9611267B2
relates to tricyclic compounds as inhibitors of FGFR, useful in ailments facilitated by FGFR
malfunctioning like cancer. It claims pemigatinib and its salts [184].

4.61. Tucatinib

Tucatinib (Figure 62) is a quinazoline-oxazoline based triazolo[1,5-a]pyridine deriva-
tive (MF: C26H24N8O2; MW: 480.52; CAS Number: 937263-43-9) [185]. US8648087B2
discloses N4-phenyl-quinazoline-4-amine derivatives as TKIs to treat cancer and inflamma-
tion. It claims tucatinib [186].

4.62. Capmatinib Dihydrochloride Monohydrate

Capmatinib dihydrochloride monohydrate (Figure 63) is an imidazo[1,2-b][1,2,4]triazine
based quinoline derivative (MF: C23H21Cl2FN6O2; MW: 503.36; CAS Number: 1865733-40-
9) [187]. US7767675B2 reveals imidazotriazines and imidazopyrimidines as MET inhibitors
and their pharmaceutical compositions useful in cancer treatment. It claims capmatinib and
its salts [188]. US8420645B2 claims a stable capmatinib dihydrochloride monohydrate with
pharmaceutical attributes to manufacture quality pharmaceutical formulations [189].
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Figure 63. Capmatinib dihydrochloride monohydrate (2-fluoro-N-methyl-4-{7-[(quinolin-6-yl)methyl]
imidazo[1,2-b][1,2,4]triazin-2-yl}benzamide dihydrochloride monohydrate).

4.63. Selpercatinib

Selpercatinib (Figure 64) is a pyridine-diazabicycloheptane based pyrazolo[1,5-a]pyridine
derivative (MF: C29H31N7O3; MW: 525.61; CAS Number: 2152628-33-4) [190]. US10112942B2
uncovers pyrazolo[1,5-a]pyridines as RET inhibitors, useful to treat RET-associated diseases.
It claims selpercatinib and its salts [191]. US10584124B2 claims a stable crystalline polymorph
of selpercatinib that is useful for developing pharmaceutical formulations [192].

4.64. Ripretinib

Ripretinib (Figure 65) is a naphthyridine based phenylurea derivative (MF: C24H21BrF
N5O2; MW: 510.36; CAS Number: 1442472-39-0) [193]. US8461179B1 uncovers dihydron-
aphthyridine derivatives that inhibit c-KIT and that have utility to treat GIST, mast cell
leukemia, or mastocytosis. It claims ripretinib and its salts [194].

4.65. Pralsetinib

Pralsetinib (Figure 66) is a pyridine-pyrimidine based pyrazole derivative (MF: C27H32
FN9O2; MW: 533.61; CAS Number: 2097132-94-8) [195]. US10030005B2 discloses pyrazole
based RET inhibitors and their pharmaceutical compositions to treat a condition mediated
by aberrant RET activity, e.g., cancer. It claims pralsetinib [196].

4.66. Trilaciclib Dihydrochloride

Trilaciclib dihydrochloride (Figure 67) is a piperazine-pyridine based pyrazino[1′,2′:1,5]
pyrrole derivative (MF: C24H30N8O·2HCl; MW: 519.48; CAS Number: 1977495-97-8) [197].
US8598186B2 reveals tricyclic compounds as CDK inhibitors, which have utility in the
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treatment of disorders intervened by CDK malfunction like cancer. It claims trilaciclib and
its salts [198].
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Figure 67. Trilaciclib dihydrochloride (2′-{[5-(4-methylpiperazin-1-yl)pyridin-2-yl]amino}-7′,8′-
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Figure 65. Ripretinib (1-(4-bromo-5-[1-ethyl-7-(methylamino)-2-oxo-1,2-dihydro-1,6-naphthyridin-3-
yl]-2-fluorophenyl)-3-phenylurea).

4.67. Tepotinib Hydrochloride Monohydrate

Tepotinib hydrochloride monohydrate (Figure 68) is a piperidine-pyrimidine based
dihydropyridazine derivative (MF: C29H28N6O2·HCl·H2O; MW: 547.05; CAS Number:
1946826-82-9) [199]. US8580781B2 reveals certain pyridazinones as MET inhibitors to treat
tumors. It claims tepotinibor and its salts [200]. Tepotinib hydrochloride hydrate is claimed
explicitly in US8329692B2 [201].

4.68. Umbralisib Tosylate

Umbralisibtosylate (Figure 69) is a chromen-4-one based pyrazolo[3,4-d]pyrimidine
derivative (MF: C38H32F3N5O6S; 743.75; 1532533-72-4) [202]. US10570142B2 provides
pyrazolo[3,4-d]pyrimidines as inhibitors of PI3Kδ and their pharmaceutical compositions
to treat PI3Kδ mediated disorders. It claims umbralisib tosylate having at least 95% enan-
tiomeric excess [203]. US10414773B2 unveils a stable crystalline form of umbralisib tosylate
possessing specified particle sizes with enhanced solubility and improved pharmacokinet-
ics. This property makes it suitable to prepare a quality oral dosage form [204].

4.69. Tivozanib Hydrochloride Monohydrate

Tivozanib hydrochloride monohydrate (Figure 70) is an isoxazole base quinoline
derivative (MF: C22H19ClN4O5·HCl·H2O; MW: 509.34; CAS Number: 682745-41-1) [205].
US6821987B2 and US7211587B2 unveil quinoline derivatives having azolyl group, useful
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for treating tumors, chronic rheumatism, psoriasis, and Kaposi’s sarcoma. These patents
claim tivozanib and its salts [206,207]. US7166722B2 claims a physically stable crystalline
form of tivozanib hydrochloride monohydrate stable under high temperature and humidity.
This form is suitable for developing quality dosage forms [208].
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to 31 May 2021, about 70 PKIs have been approved by the USFDA (Table 2). The USFDA 
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Figure 70. Tivozanib hydrochloride monohydrate (1-{2-chloro-4-[(6,7-dimethoxyquinolin-4-
yl)oxy]phenyl}-3-(5-methylisoxazol-3-yl)urea hydrochloride monohydrate).

4.70. Infigratinib Phosphate

Infigratinib (Figure 71) is a piperazine based pyrimidine derivative (MF: C26H31Cl2N7O3.
H3PO4; MW: 658.47; CAS Number: 1310746-10-1) [209]. US8552002B2 claims infigratinib
and its salts [210]. US9067896B2 claims a monophosphoric acid salt of infigratinib as well
as its anhydrous crystalline polymorph (Form A) and amorphous polymorph. The stability
and physicochemical parameters of the crystalline Form A were better than other disclosed
polymorphs [211].
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5. Expert Opinion

In 2001, USFDA approved the marketing of the first clinical PKI, imatinib. From
2001 to 31 May 2021, about 70 PKIs have been approved by the USFDA (Table 2). The
USFDA has also approved antibodies as PKIs such as trastuzumab and bevacizumab. A
few antibodies are also in the clinical trial (amivantamab and patritumab). This review
is limited to small molecules as PKIs. Accordingly, USFDA approved antibodies such as
PKIs have not been discussed here. The physicochemical properties of about 55 USFDA
approved PKIs from 2001 to 2020 have been described in the literature [22,23]. However,
these reports are silent about the patent data of the PKIs reported therein.

According to the patent literature, and the data presented in Tables 2 and 3, the
major players that developed the marketed PKIs include Novartis (imatinib, lapatinib,
everolimus, nilotinib, pazopanib, trametinib, dabrafenib, ceritinib, ribociclib, midostaurin,
alpelisib, capmatinib, and infigratinib), Pfizer (tofacitinib, palbociclib, dacomitinib, and
lorlatinib), Astrazeneca (gefitinib, osimertinib, acalabrutinib, and selumetinib), Bayers
(sorafenib, regorafenib, copanlisib, and larotrectinib), and PF Prism (temsirolimus, crizo-
tinib, axitinib, and bosutinib). Nearly 535 PKs have been reported [6]. However, the major
primary target of the approved PKIs includes ALK, BCR-Abel, B-RAF, BTK, CDK, EGFR,
JAK, MEK, PDGFR, PI3K, RET, and VEGFR (Table 2). Accordingly, there remains a large
number of unexplored PKs. Some KIs have specificity for multiple kinases and are called
multikinase inhibitors (MKIs), such as sunitinib, regorafenib, imatinib, sorafenib, axitinib,
lenvatinib, cabozantinib, vandetanib, and pazopanib. The MKIs are supposed to reduce the
chances of developing resistance. However, they are also linked to causing adverse effects
in patients, for example, hypertension, gastric upset, and dermatological reactions [212].
The development of the covalent PKIs (ibrutinib, dacomitinib, osimertinib, afatinib, and
neratinib) had been an unwilling strategy because they can bind to certain proteins and
cause toxicity. Furthermore, the allosteric PKIs (trametinib, ascinimib, and selumetinib)
are considered better than covalent inhibitors as they are not supposed to bind with other
proteins. However, many new kinases have been identified possessing cysteine residues at
their active sites. Therefore, the design of potent and selective covalent inhibitors may be
useful against such kinases [213,214]. The pharmaceutical industries are trying to develop
more potent and safer PKIs that can be used to treat many more PKs associated disorders
with fewer adverse events [23]. Some example of PKIs, which are under development
and/or waiting for the USFDA approval, include abrocitinib, belumosudil, dovitinib,
sitravatinib, abivertinib, enzastaurin, rivoceranib (apatinib), asciminib, ensartinib, mobo-
certinib, momelotinib, pacritinib, quizartinib, vorolanib, GLPG3970, CA-4948, BAY1834845,
BAY1830839, and PF-06650833 [213,214].

The PKIs contain one or more heterocyclic moieties in their structure that can explain
the difference in their binding to the target and thus the spectrum of activity. The primary
heterocyclic moieties include quinazoline, quinoline, isoquinoline, pyridine, pyrimidine,
pyrazole, benzimidazole, indazole, imidazole, indole, carbazole, or their fused structures.
This observation suggests that many clinical PKIs have been developed by the chemical
modification of a formerly approved drug, and PKs are promiscuous targets. Further,
most of the PKIs are marketed as acid-addition salts (hydrochloride, mesylate, tosylate,
phosphate, malate, citrate, esylate, fumarate, succinate, and sulfate). This observation
indicates the basic nature of the chemical nucleus of the PKIs.

The majority of the PKIs are approved to treat cancer and inflammatory disorders.
Some of the PKIs have shown efficacy towards autoimmune diseases, Alzheimer’s disease
(neflamapimod, tideglusib, and saracitinib), and Parkinson’s disease (DNL201). It is also
expected that PKIs of PKC/WNK that control the activity of ion transporters may be
developed to treat hypertension [214].

The malignant cells have genomic instability, which may cause the development of
resistance to PKIs. This phenomenon is the reason for developing 2nd, 3rd, and later
generations of PKIs targeting the equivalent PKs and their related disorders [212]. To
combat resistance development, scientists are exploring different chemical templates and
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pharmacophores to develop novel PKIs [22]. Besides, inflammatory conditions do not
exhibit genomic instability. Therefore, the PKIs, which are approved to treat inflammatory
disorders, seldom demonstrate the development of resistance [22,23].

The main marketed dosage form of about 66 USFDA approved PKIs is either a tablet
or capsule (Table 2). These are solid dosage forms. The quality of the formulation of a solid
dosage form depends upon the solid-state properties (stability, solubility, compressibility,
etc.) of the drug [215]. Therefore, many patents related to salts and polymorphs (mostly
crystalline forms) of the USFDA approved PKIs have been obtained by the innovator
companies. The innovator companies have done this to capture the market for a longer time.

The development of the PKIs is considered a medical breakthrough. However, the
prices of these therapeutics cause financial toxicity. The financial burden can make the
patients non-compliant with the treatment instructions as they may take lower doses than
the prescribed doses. This causes failure of the treatment [216,217]. One way to avoid finan-
cial toxicity is to develop the generic version of a drug [218]. Currently, seven PKIs have
been genericized (imatinib, erlotinib, sorafenib, dasatinib, lapatinib, temsirolimus, and
everolimus) (Table 3). These generic versions must have lower prices than the innovator
products. The data given in Table 3 also suggest that twelve more PKIs (gefitinib, sunitinib,
pazopanib, vandetanib, axitinib, bosutinib, tofacitinib, idelalisib, nintedanib, lenvatinib, mi-
dostaurin, and neratinib) may be genericized by 2025 due to basic/compound/governing
patent expiry or expiry of the drug exclusivity. It means by the end of 2025, 19 PKIs will
have their generic version in the USA market. Besides, it is also expected that the generic
version of about 48 PKIs will be available in the USA market by the end of 2030. Thus,
it is hoped that the generic availability of these PKIs will reduce the financial toxicity on
a patient.

Although great strides have been made in developing small molecule such as PKIs
during the past 20 years, this field is still in its infancy. PKs are ubiquitous, and hence
specificity has always been an issue regarding the design of new therapies targeting them.
The major disadvantage of the existing PKIs is that they target a minor portion of the
kinome, with countless clinically significant kinases missing validated inhibitors [22,23].
There are essential kinases without any inhibitors, and this is a critical area for further
research. As the field advances during the next 20 years, one can anticipate that PKIs with
many scaffolds, chemotypes, and pharmacophores will be developed. Other innovative
strategies are also expected soon. A summary of the PKIs is provided in Figure 72.

In conclusion, there is a huge scope for discovering PKIs, and it will dominate other
cancer discovery strategies for decades. The rate of discovery of better and selective
PKIs having less propensity for resistance development will be faster than the last two
decades because of the better understanding of the molecular and structural aspects of the
human kinases. The development of PKIs to treat hypertension, Alzheimer’s disease, and
Parkinson’s disease are foreseeable.
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Abbreviations

ALK: Anaplastic lymphoma kinase; ALL: Acute lymphoblastic leukemia; AML: Acute myel-
ogenous leukemia; API: Active pharmaceutical ingredient; ARCC: Advanced renal cell carcinoma;
ATC: Anaplastic thyroid cancer; ATP: Adenosine triphosphate; BCR-Abl: Breakpoint cluster region/-
abl oncogene; BRAF/B-raf: Murine sarcoma viral oncogene homolog; BTK: Bruton’s tyrosine ki-
nase; CDK: Cyclin-dependent protein kinase; CLL: Chronic lymphocytic leukemia; CML: Chronic
myelonoid leukemia; CSF1R: Colony stimulating factor 1 receptor; DTC: Differentiated thyroid cancer;
EGFR: Epidermal growth factor receptor; FKBP12/mTOR: FK Binding Protein-12/mammalian target
of rapamycin; FL: Follicular lymphoma; Flt3: fms-like tyrosine kinase 3; GISTs: Gastrointestinal stro-
mal tumors; GTP: Guanosine triphosphate; HCC: Hepatocellular carcinoma; HER-1/HER-2: Human
epidermal growth factor receptor 1/2; HGFR: Hepatocyte growth factor receptor; ILDs: Interstitial
lung disease; IPF: Idiopathic pulmonary fibrosis; ITP: Immune thrombocytopenic purpura; JAK: Janus
kinase; MAPK/MEK1/2: Mitogen-activated protein kinase kinase; MAT: Monoamine transporter;
MCL: Mantle cell lymphoma; MTC: Medullary thyroid cancer; mUC: Metastatic urothelial carcinoma);
MZL: Marginal zone lymphoma; NF1: Neurofibromatosis type 1; NSCLC: Non-small cell lung cancer;
PDGFR: Platelet-derived growth factor receptor; Ph+-ALL: Philadelphia chromosome-Positive Acute
lymphoblastic leukemia; Ph+-CML: Philadelphia chromosome-positive chronic myeloid leukemia;
PI3K: Phosphatidylinositol 3-kinase; PKIs: Protein kinase inhibitors; PKs: Protein kinases; pNET:
Primitive neuroectodermal tumor; RCC: Renal cell carcinoma; SLL: Small lymphocytic lymphoma;
SSc: Systemic sclerosis; STS: Soft-tissue sarcomas; TKI: Tyrosine Kinase inhibitors; Tyk2: Tyrosine
kinase; USFDA: United States Food and Drug Administration; VEGFR: Vascular endothelial growth
factor receptor.

References
1. Keohane, E.M.; Otto, C.N.; Walenga, J.M. Rodak’s Hematology-E-Book: Clinical Principles and Applications; Elsevier Health Sciences:

Amsterdam, The Netherlands, 2019.
2. Prescott, J.C.; Braisted, A. Identification of Kinase Inhibitors. PCT Patent Application Publication Number WO2005034840A2,

21 April 2005.
3. Charrier, J.D.; Durrant, S. Protein Kinase Inhibitors. U.S. Patent Application Publication Number US20120028966A1,

2 February 2012.
4. Liu, C.; Ke, P.; Zhang, J.; Zhang, X.; Chen, X. Protein kinase inhibitor peptide as a tool to specifically inhibit protein kinase A.

Front. Physiol. 2020, 11, 574030. [CrossRef] [PubMed]
5. Plowman, G.; Whyte, D.; Manning, G.; Sudarsanam, S.; Martinez, R. Novel human protein kinases and protein kinase-like

enzymes. U.S. Patent Application Publication Number US20040048310A1, 11 March 2004.
6. Buljan, M.; Ciuffa, R.; van Drogen, A.; Vichalkovski, A.; Mehnert, M.; Rosenberger, G.; Lee, S.; Varjosalo, M.; Pernas, L.E.; Spegg,

V.; et al. Kinase interaction network expands functional and disease roles of human kinases. Mol. Cell 2020, 79, 504–520.e9.
[CrossRef] [PubMed]

7. Wilson, L.J.; Linley, A.; Hammond, D.E.; Hood, F.E.; Coulson, J.M.; MacEwan, D.J.; Ross, S.J.; Slupsky, J.R.; Smith, P.D.; Eyers,
P.A.; et al. New perspectives, opportunities, and challenges in exploring the human protein kinome. Cancer Res. 2018, 78, 15–29.
[CrossRef] [PubMed]

8. Arencibia, J.M.; Pastor-Flores, D.; Bauer, A.F.; Schulze, J.O.; Biondi, R.M. AGC protein kinases: From structural mechanism of
regulation to allosteric drug development for the treatment of human diseases. Biochim. Biophys. Acta 2013, 1834, 1302–1321.
[CrossRef]

9. Junho, C.V.C.; Caio-Silva, W.; Trentin-Sonoda, M.; Carneiro-Ramos, M.S. An overview of the role of calcium/calmodulin-
dependent protein kinase in cardiorenal syndrome. Front. Physiol. 2020, 11, 735. [CrossRef]

10. Schittek, B.; Sinnberg, T. Biological functions of casein kinase 1 isoforms and putative roles in tumorigenesis. Mol. Cancer 2014,
13, 231. [CrossRef]

11. Strang, B.L. RO0504985 is an inhibitor of CMGC kinase proteins and has anti-human cytomegalovirus activity. Antivir. Res. 2017,
144, 21–26. [CrossRef]

12. Sawa, M.; Masai, H. Drug design with Cdc7 kinase: A potential novel cancer therapy target. Drug Des. Devel. Ther. 2009, 2,
255–264. [CrossRef]

13. Matrone, C.; Petrillo, F.; Nasso, R.; Ferretti, G. Fyn tyrosine kinase as harmonizing factor in neuronal functions and dysfunctions.
Int. J. Mol. Sci. 2020, 21, 4444. [CrossRef]

14. Petrie, E.J.; Hildebrand, J.M.; Murphy, J.M. Insane in the membrane: A structural perspective of MLKL function in necroptosis.
Immunol. Cell Biol. 2017, 95, 152–159. [CrossRef]

58



Pharmaceuticals 2021, 14, 710

15. Rauch, J.; Volinsky, N.; Romano, D.; Kolch, W. The secret life of kinases: Functions beyond catalysis. Cell Commun. Signal. 2011,
9, 23. [CrossRef]

16. Ochoa, D.; Bradley, D.; Beltrao, P. Evolution, dynamics and dysregulation of kinase signalling. Curr. Opin. Struct. Biol. 2018, 48,
133–140. [CrossRef]

17. Brognard, J.; Hunter, T. Protein kinase signaling networks in cancer. Curr. Opin. Genet. Dev. 2011, 21, 4–11. [CrossRef]
18. Oprea, T.I.; Bologa, C.G.; Brunak, S.; Campbell, A.; Gan, G.N.; Gaulton, A.; Gomez, S.M.; Guha, R.; Hersey, A.; Holmes, J.; et al.

Unexplored therapeutic opportunities in the human genome. Nat. Rev. Drug Discov. 2018, 17, 317–332. [CrossRef]
19. Essegian, D.; Khurana, R.; Stathias, V.; Schürer, S.C. The clinical kinase index A method to prioritize understudied kinases as

drug targets for the treatment of cancer. Cell Rep. Med. 2020, 1, 100128. [CrossRef]
20. Ferguson, F.M.; Gray, N.S. Kinase inhibitors: The road ahead. Nat. Rev. Drug Discov. 2018, 17, 353–377. [CrossRef]
21. Klaeger, S.; Heinzlmeir, S.; Wilhelm, M.; Polzer, H.; Vick, B.; Koenig, P.A.; Reinecke, M.; Ruprecht, B.; Petzoldt, S.; Meng, C.; et al.

The target landscape of clinical kinase drugs. Science 2017, 358, eaan4368. [CrossRef]
22. Roskoski, R., Jr. Properties of FDA-approved small molecule protein kinase inhibitors. Pharmacol. Res. 2019, 144, 19–50. [CrossRef]
23. Roskoski, R., Jr. Properties of FDA-approved small molecule protein kinase inhibitors: A 2021 update. Pharmacol. Res. 2021,

165, 105463. [CrossRef]
24. Iqbal, N.; Iqbal, N. Imatinib: A breakthrough of targeted therapy in cancer. Chemother. Res. Pract. 2014, 2014, 357027. [CrossRef]
25. Zimmermann, J. Pyrimidine Derivatives and Processes for the Preparation Thereof. U.S. Patent Number US5521184A,

28 May 1996.
26. Zimmermann, J.; Sutter, B.; Buerger, H.M. Crystal Modification of a N-Phenyl-2-Pyrimidineamine Derivative, Processes for its

Manufacture and Its Use. U.S. Patent Number USRE43932E1, 15 January 2013.
27. Sim, E.H.; Yang, I.A.; Wood-Baker, R.; Bowman, R.V.; Fong, K.M. Gefitinib for advanced non-small cell lung cancer. Cochrane

Database Syst. Rev. 2018, 1, CD006847. [CrossRef]
28. Barker, A.J. Quinazoline Derivatives Useful for Treatment of Neoplastic Disease. U.S. Patent Number US5457105A,

10 October 1995.
29. Gibson, K.H. Quinazoline Derivatives. U.S. Patent Number US5770599A, 23 June 1998.
30. Steins, M.; Thomas, M.; Geibler, M. Erlotinib. Recent Results Cancer Res. 2018, 211, 1–17. [CrossRef]
31. Schnur, R.C.; Arnold, L.D. Alkynl and Azido-Substituted 4-Anilinoquinazolines. U.S. Patent Number USRE41065E1,

29 December 2009.
32. Norris, T.; Raggon, J.W.; Connell, R.D.; Moyer, J.D.; Morin, M.J.; Kajiji, S.M.; Foster, B.A.; Ferrante, K.J.; Silberman, S.L. Stable

Polymorph on N-(3-ethynylphenyl)-6,7-Bis (2methoxyethoxy)-4-Quinazolinamine Hydrochloride, Methods of Production, and
Pharmaceutical Uses Thereof. U.S. Patent Number US6900221B1, 31 May 2005.

33. Chen, F.; Fang, Y.; Zhao, R.; Le, J.; Zhang, B.; Huang, R.; Chen, Z.; Shao, J. Evolution in medicinal chemistry of sorafenib
derivatives for hepatocellular carcinoma. Eur. J. Med. Chem. 2019, 179, 916–935. [CrossRef]

34. Riedl, B.; Dumas, J.; Khire, U.; Lowinger, T.B.; Scott, W.J.; Smith, R.A.; Wood, J.E.; Monahan, M.K.; Natero, R.; Renick, J.; et al.
Omega-Carboxyaryl Substituted Diphenyl Ureas as Raf Kinase Inhibitors. U.S. Patent Number US7235576B1, 26 June 2007.

35. Alfons, T.G.; Jana, L. Hermodynamically Stable Form of a Tosylate Salt. U.S. Patent Number US8877933B2, 27 August 2009.
36. Carlisle, B.; Demko, N.; Freeman, G.; Hakala, A.; MacKinnon, N.; Ramsay, T.; Hey, S.; London, A.J.; Kimmelman, J. Benefit, Risk,

and Outcomes in Drug Development: A Systematic Review of Sunitinib. J. Natl. Cancer Inst. 2015, 108, djv292. [CrossRef]
37. Tang, P.C.; Miller, T.A.; Li, X.; Sun, L.; Wei, C.C.; Shirazian, S.; Liang, C.; Vojkovsky, T.; Nematalla, A.S.; Hawley, M. Pyrrole

Substituted 2-Indolinone Protein Kinase Inhibitors. U.S. Patent Number US7125905B2, 11 August 2005.
38. Tang, P.C.; Miller, T.A.; Li, X.; Sun, L.; Wei, C.C.; Shirazian, S.; Liang, C.; Vojkovsky, T.; Nematalla, A.S.; Hawley, M. Pyrrole

Substituted 2-Indolinone Protein Kinase Inhibitors. U.S. Patent Number US6573293B2, 24 October 2002.
39. Korashy, H.M.; Rahman, A.F.; Kassem, M.G. Dasatinib. Profiles Drug Subst. Excip. Relat. Methodol. 2014, 39, 205–237. [CrossRef]
40. Das, J.; Padmanabha, R.; Chen, P.; Norris, D.J.; Doweyko, A.M.P.; Barrish, J.C.; Wityak, J. Cyclic Protein Tyrosine Kinase Inhibitors.

U.S. Patent Number US6596746B1, 22 July 2003.
41. Lajeunesse, J.; Dimarco, J.D.; Galella, M.; Chidambaram, R. Process for Preparing 2-Aminothiazole-5-Aromatic Carboxamides as

Kinase Inhibitors. U.S. Patent Number US7491725B2, 17 February 2009.
42. Gross-Goupil, M.; Bernhard, J.C.; Ravaud, A. Lapatinib and renal cell carcinoma. Expert Opin. Investig. Drugs 2012, 21, 1727–1732.

[CrossRef]
43. Carter, M.C.; Cockerill, G.S.; Lackey, K.E. Bicyclic Heteroaromatic Compounds as Protein Tyrosine Kinase Inhibitors. U.S. Patent

Number US8513262B2, 20 September 2013.
44. Mcclure, M.S.; Osterhout, M.H.; Roschangar, F.; Sacchetti, M.J. Quinazoline Ditosylate Salt Compounds. U.S. Patent Number

US7157466B2, 2 January 2007.
45. Bukowski, R.M. Temsirolimus: A safety and efficacy review. Expert Opin. Drug Saf. 2012, 11, 861–879. [CrossRef]
46. Skotnicki, J.S.; Leone, C.L.; Schiehser, G.A. Rapamycin Hydroxyesters. U.S. Patent Number USRE44768E1, 18 February 2014.
47. Guarini, A.; Minoia, C.; Giannoccaro, M.; Rana, A.; Iacobazzi, A.; Lapietra, A.; Raimondi, A.; Silvestris, N.; Gadaleta, C.D.; Ranieri,

G. mTOR as a target of everolimus in refractory/relapsed Hodgkin lymphoma. Curr. Med. Chem. 2012, 19, 945–954. [CrossRef]
48. Cottens, S.; Sedrani, R. O-alkylated Rapamycin Derivatives and Their Use, Particularly as Immunosuppressants. U.S. Patent

Number US5665772A, 9 September 1997.

59



Pharmaceuticals 2021, 14, 710

49. Vaid, A. Nilotinib as first-line therapy for chronic myeloid leukemia. Indian J. Cancer 2011, 48, 438–445. [CrossRef]
50. Breitenstein, W.; Furet, P.; Jacob, S.; Manley, P.W. Inhibitors of Tyrosine Kinases. U.S. Patent Number US7169791B2,

30 January 2007.
51. Manley, P.W.; Shieh, W.C.; Sutton, P.A.; Karpinski, P.P.H.; Wu, R.R.; Monnier, S.M.; Brozio, J. Salts of 4-methyl-N-[3-(4-methyl-

imidazol-1-yl)-5-trifluoromethyl-phenyl]-3-(4-pyridin-3-yl-pyrimidin-2-ylamino)-benzamide. U.S. Patent Number US8163904B2,
24 April 2012.

52. Manley, P.W.; Shieh, W.C.; Sutton, P.A.; Karpinski, P.P.H.; Wu, R.R.; Monnier, S.M.; Brozio, J. Crystalline Forms of 4-methyl-N-[3-
(4-methyl-imidazol-1-yl)-5-trifluoromethyl-phenyl]-3-(4-pyridin-3-yl-pyrimidin-2-ylamino)-benzamide. U.S. Patent Number
US8415363B2, 9 April 2013.

53. Schutz, F.A.; Choueiri, T.K.; Sternberg, C.N. Pazopanib: Clinical development of a potent anti-angiogenic drug. Crit. Rev. Oncol.
Hematol. 2011, 77, 163–171. [CrossRef] [PubMed]

54. Boloor, A.; Cheung, M.; Davis, R.; Harris, P.A.; Hinkle, K.; Mook, R.A., Jr.; Stafford, J.A.; Veal, J.M. Pyrimidineamines as
Angiogenesis Modulators. U.S. Patent Number US7105530B2, 12 September 2006.

55. Boloor, A.; Cheung, M.; Hinkle, K.; Hinkle, K.; Veal, J.M.; Harris, P.A.; Mook, R.A., Jr.; Stafford, J.A. Chemical Compounds. U.S.
Patent Number US8114885B2, 12 September 2012.

56. Sim, M.W.; Cohen, M.S. The discovery and development of vandetanib for the treatment of thyroid cancer. Expert Opin. Drug
Discov. 2014, 9, 105–114. [CrossRef] [PubMed]

57. Thomas, A.P.; Johnstone, C.; Clayton, E.; Stokes, E.S.E.; Lohmann, J.J.M.; Hennequin, L.F.A. Quinazoline Derivatives and
Pharmaceutical Compositions Containing Them. U.S. Patent Number USRE42353E1, 10 May 2011.

58. Kim, A.; Cohen, M.S. The discovery of vemurafenib for the treatment of BRAF-mutated metastatic melanoma. Expert Opin. Drug
Discov. 2016, 11, 907–916. [CrossRef] [PubMed]

59. Artis, D.R.; Bollag, G.; Bremer, R.; Cho, H.; Hirth, K.P.; Ibrahim, P.N.; Tsai, J.; Zhang, C.; Zhang, J. Compounds and Methods for
Kinase Modulation, and Indications Therefor. U.S. Patent Number US8143271B2, 27 March 2012.

60. Roskoski, R., Jr. The preclinical profile of crizotinib for the treatment of non-small-cell lung cancer and other neoplastic disorders.
Expert Opin. Drug Discov. 2013, 8, 1165–1179. [CrossRef] [PubMed]

61. Ia, L.; Kung, P.P.; Shen, H.; Tran, D.M.; Cui, J.J.; Funk, L.A.; Meng, J.J.; Nambu, M.D.; Pairish, M.A. Enantiomerically Pure
Aminoheteroaryl Compounds as Protein Kinase Inhibitors. U.S. Patent Number US7858643B2, 28 December 2010.

62. Cui, J.J.; Tran, D.M.B. Polymorphs of a c-MET/HGFR Inhibitor. U.S. Patent Number US8217057B2, 10 July 2012.
63. Naqvi, K.; Verstovsek, S.; Kantarjian, H.; Ravandi, F. A potential role of ruxolitinib in leukemia. Expert Opin. Investig. Drugs 2011,

20, 1159–1166. [CrossRef]
64. Rodgers, J.D.; Shepard, S. Heteroaryl Substituted pyrrolo[2,3-b]pyridines and pyrrolo[2,3-b]pyrimidines as Janus Kinase Inhibitors.

U.S. Patent Number US7598257B2, 6 October 2009.
65. Li, H.Y.; Rodgers, J.D. Salts of the Janus kinase Inhibitor (R)-3-(4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)-1H-pyrazol-1-yl)-3-

cyclopentylpropanenitrile. U.S. Patent Number US8722693B2, 13 May 2014.
66. Zakharia, Y.; Zakharia, K.; Rixe, O. Axitinib: From preclinical development to future clinical perspectives in renal cell carcinoma.

Expert Opin. Drug Discov. 2015, 10, 925–935. [CrossRef]
67. Bender, S.L.; Borchardt, A.J.; Collins, M.R.; Hua, Y.; Johnson, M.D.; Johnson, T.O., Jr.; Luu, H.T.; Palmer, C.L.; Reich, S.H.;

Tempczyk-Russell, A.M.; et al. Indazole Compounds and Pharmaceutical Compositions for Inhibiting Protein Kinases, and
Methods for Their Use. U.S. Patent Number US6534524B1, 18 March 2003.

68. Campeta, A.M.; Chekal, B.P.; Singer, R.A. Crystalline Forms of 6-[2-(methylcarbamoyl) phenylsulfanyl]-3-E-[2-(pyridin-2-
yl)ethenyondazole Suitable for the Treatment of Abnormal Cell Growth in Mammals. U.S. Patent Number US8791140B2,
29 July 2014.

69. Quintás-Cardama, A.; Kantarjian, H.; Cortes, J. Bosutinib for the treatment of chronic myeloid leukemia in chronic phase. Drugs
Today (Barc). 2012, 48, 177–188. [CrossRef]

70. Berger, D.M.; Floyd, M.B.; Frost, P.; Hamann, P.R.; Tsou, H.R.; Wissner, A.; Zhang, N. Substituted 3-cyanoquinolines. U.S. Patent
Number USRE42376E, 17 May 2011.

71. Feigelson, G.; Strong, H.; Wen, H.; Tesconi, M.S. Crystalline Forms of 4-[(2,4-dichloro-5-methoxyphenyl)amino]-6-methoxy-7-[3-(4-
methyl-1-piperazinyl)propoxy]-3 Quinolinecarbonitrile and Methods of Preparing the Same. U.S. Patent Number US7767678B2,
3 August 2010.

72. Miura, K.; Satoh, M.; Kinouchi, M.; Yamamoto, K.; Hasegawa, Y.; Philchenkov, A.; Kakugawa, Y.; Fujiya, T. The preclinical
development of regorafenib for the treatment of colorectal cancer. Expert Opin. Drug Discov. 2014, 9, 1087–1101. [CrossRef]

73. Boyer, S.; Dumas, J.; Riedl, B.; Wilhelm, S. Fluoro Substituted omega-carboxyaryl Diphenyl Urea for the Treatment and Prevention
of Diseases and Conditions. U.S. Patent Number US8637553B2, 28 January 2014.

74. Grunenberg, A.; Keil, B.; Stiehl, J.; Tenbieg, K. 4-[4-({[4-chloro-3-(trifluoromethyl) phenyl] carbamoyl} amino)-3-fluorophenoxy]-
N-methylpyridine-2-carboxamide Monohydrate. U.S. Patent Number US9957232B2, 1 May 2018.

75. Kaur, K.; Kalra, S.; Kaushal, S. Systematic review of tofacitinib: A new drug for the management of rheumatoid arthritis. Clin.
Ther. 2014, 36, 1074–1086. [CrossRef]

76. Blumenkopf, T.A.; Flanagan, M.E.; Munchhof, M.J. Pyrrolo [2,3-d]pyrimidine Compounds. U.S. Patent Number USRE41783E,
28 September 2010.

60



Pharmaceuticals 2021, 14, 710

77. Flanagan, M.E.; Li, Z.J. Crystalline 3-{4-methyl-3-[methyl-(7H- pyrrolo [2,3-d]pyrimidin-4-yl)-amino]-piperidin-1-yl}-3-oxo-
propionitrile Citrate. U.S. Patent Number US6965027B2, 15 November 2005.

78. Grassi, P.; Verzoni, E.; Ratta, R.; Mennitto, A.; de Braud, F.; Procopio, G. Cabozantinib in the treatment of advanced renal cell
carcinoma: Design, development, and potential place in the therapy. Drug Des. Devel. Ther. 2016, 10, 2167–2172. [CrossRef]

79. Chan, D.S.M.; Forsyth, T.P.; Khoury, R.G.; Leahy, J.W.; Mann, L.W.; Nuss, J.M.; Parks, J.J.; Wang, Y.; Xu, W.; Bannen, L.C.; et al.
c-Met Modulators and Methods of Use. U.S. Patent Number US7579473B2, 28 May 2009.

80. Brown, A.S.C.; Gallagher, W.P.; Lamb, P. (L)-malate Salt of N-(4-{[6,7-bis (methyloxy) quinolin-4-yl] oxy} phenyl)-N′-(4-
fluorophenyl) cyclopropane-1, 1-dicarboxamide. U.S. Patent Number US8877776B2, 4 November 2014.

81. Tan, F.H.; Putoczki, T.L.; Stylli, S.S.; Luwor, R.B. Ponatinib: A novel multi-tyrosine kinase inhibitor against human malignancies.
Onco. Targets Ther. 2019, 12, 635–645. [CrossRef]

82. Dalgarno, D.C.; Huang, W.S.; Qi, J.; Sawyer, T.K.; Shakespeare, W.C.; Sundaramoorthi, R.; Wang, Y.; Zhu, X.; Zou, D.; Met-
calf, C.A., III; et al. Substituted Acetylenic imidazo[1,2-b]pyridazine Compounds as Kinase Inhibitors. U.S. Patent Number
US8114874B2, 14 February 2012.

83. Chaber, J.J.; Murray, C.K.; Rozamus, L.W.; Sharma, P. Crystalline Forms of 3-(imidazo[1,2-b] pyridazin-3-ylethynyl)-4-methyl-N-
{4-[(4-methylpiperazin-1-yl) methyl]-3-(trifluoromethyl)phenyl}benzamide and Its Mono Hydrochloride Salt. U.S. Patent Number
US9493470B2, 15 November 2016.

84. Jeanson, A.; Boyer, A.; Greillier, L.; Tomasini, P.; Barlesi, F. Therapeutic potential of trametinib to inhibit the mutagenesis by
inactivating the protein kinase pathway in non-small cell lung cancer. Expert Rev. Anticancer Ther. 2019, 19, 11–17. [CrossRef]

85. Abe, H.; Hayakawa, K.; Hori, Y.; Iida, T.; Kawasaki, H.; Kikuchi, S.; Kurachi, H.; Nanayama, T.; Sakai, T.; Takahashi, M.; et al.
Pyrimidine Compound and Medical Use Thereof. U.S. Patent Number US7378423B2, 17 May 2008.

86. Knispel, S.; Zimmer, L.; Kanaki, T.; Ugurel, S.; Schadendorf, D.; Livingstone, E. The safety and efficacy of dabrafenib and
trametinib for the treatment of melanoma. Expert Opin. Drug Saf. 2018, 17, 73–87. [CrossRef]

87. Rheault, T.R. Benzene Sulfonamide Thiazole and Oxazole Compounds. U.S. Patent Number US7994185B2, 9 August 2011.
88. Brückl, W.; Tufman, A.; Huber, R.M. Advanced non-small cell lung cancer (NSCLC) with activating EGFR mutations: First-line

treatment with afatinib and other EGFR TKIs. Expert Rev. Anticancer Ther. 2017, 17, 143–155. [CrossRef]
89. Himmelsbach, F.; Blech, S.; Langkopf, E.; Jung, B.; Baum, A.; Solca, F. Quinazoline Derivatives and Pharmaceutical Compositions

Containing Them. U.S. Patent Number USRE43431E1, 29 May 2012.
90. Kulinna, C.; Rall, W.; Schnaubelt, J.; Sieger, P.; Soyka, R. Process for Preparing Amino Crotonyl Compounds. U.S. Patent Number

US8426586B2, 23 April 2013.
91. Liu, L.; Shi, B.; Wang, X.; Xiang, H. Strategies to overcome resistance mutations of Bruton’s tyrosine kinase inhibitor ibrutinib.

Future Med. Chem. 2018, 10, 343–356. [CrossRef]
92. Honigberg, L.; Pan, Z.; Verner, E. Inhibitors of Bruton’s Tyrosine Kinase. U.S. Patent Number US8735403B2, 27 May 2014.
93. Goldman, E.; Purro, N.; Smyth, M.; Wirth, D.D. Crystalline Forms of a Bruton’s Tyrosine Kinase Inhibitor. U.S. Patent Number

US9296753B2, 29 March 2016.
94. De Pas, T.; Pala, L.; Catania, C.; Conforti, F. Molecular and clinical features of second-generation anaplastic lymphoma kinase

inhibitors: Ceritinib. Future Oncol. 2017, 13, 2629–2644. [CrossRef]
95. Michellys, P.Y.; Pei, W.; Marsilje, T.H.; Chen, B.; Uno, T. Compounds and Compositions as Protein Kinase Inhibitors. U.S. Patent

Number US8039479B2, 18 October 2011.
96. Feng, L.; Gong, B.; Karpinski, P.H.; Waykole, L.M. Crystalline Forms of 5-chloro-N2-(2-isopropoxy-5-methyl-4-piperidin-4-yl-

phenyl)-N4-[2-(propane-2-sulfonyl)-phenyl]-pyrimidine-2, 4-diamine. U.S. Patent Number US9309229B2, 12 April 2016.
97. Zirlik, K.; Veelken, H. Idelalisib. Recent Results Cancer Res. 2018, 212, 243–264. [CrossRef]
98. Fowler, K.W.; Huang, D.; Kesicki, E.A.; Oliver, A.; Ooi, H.C.; Puri, K.D.; Ruan, F.; Treiberg, J. Quinazolinones as Inhibitors of

Human Phosphatidylinositol 3-kinase Delta. U.S. Patent Number USRE44638E, 10 December 2013.
99. Carra, E.; Evarts, J.B.; Gerber, M.; Shi, B.; Sujino, K.; Tran, D.; Wang, F. Polymorphic Forms of (S)-2-(1-(9H-purin-6-ylamino)propyl)-

5-fluoro-3-phenylquinazolin-4(3H)-one. U.S. Patent Number US9469643B2, 18 October 2016.
100. Khalique, S.; Banerjee, S. Nintedanib in ovarian cancer. Expert Opin. Investig. Drugs 2017, 26, 1073–1081. [CrossRef]
101. Heckel, A.; Hilberg, F.; Redemann, N.; Roth, G.J.; Spevak, W.; Tontsch, G.U.; Van, M.J.; Walter, R. Substituted Indolines which

Inhibit Receptor Tyrosine Kinases. U.S. Patent Number US6762180B1, 13 July 2004.
102. Bock, T.; Hilberg, F.; Linz, G.; Rall, W.; Roth, G.J.; Sieger, P. 3-Z-[1-(4-(N-((4-Methyl-piperazin-1-yl)-methylcarbonyl)-N-methyl-

amino)-anilino)-1-phenyl-methylene]-6-methoxycarbonyl-2-indolinone-monoethanesulphonate and the Use Thereof as a Pharma-
ceutical Composition. U.S. Patent Number US7119093B2, 10 October 2006.

103. de Dueñas, E.M.; Gavila-Gregori, J.; Olmos-Antón, S.; Santaballa-Bertrán, A.; Lluch-Hernández, A.; Espinal-Domínguez, E.J.;
Rivero-Silva, M.; Llombart-Cussac, A. Preclinical and clinical development of palbociclib and future perspectives. Clin. Transl.
Oncol. 2018, 20, 1136–1144. [CrossRef]

104. Barvian, M.; Booth, R.J.; Quinn, J., III; Repine, J.T.; Sheehan, D.J.; Toogood, P.L.; Vanderwel, S.N.; Zhou, H. 2-(pyridin-2-ylamino)-
pyrido[2,3-d]pyrimidin-7-ones. U.S. Patent Number USRE47739E, 26 November 2019.

105. Chekal, B.P.; Ide, N.D. Solid Forms of a Selective CDK4/6 Inhibitor. U.S. Patent Number US10723730B2, 28 July 2020.

61



Pharmaceuticals 2021, 14, 710

106. Capozzi, M.; De Divitiis, C.; Ottaiano, A.; von Arx, C.; Scala, S.; Tatangelo, F.; Delrio, P.; Tafuto, S. Lenvatinib, a molecule with
versatile application: From preclinical evidence to future development in anti-cancer treatment. Cancer Manag. Res. 2019, 11,
3847–3860. [CrossRef]

107. Arimoto, I.; Fukuda, Y.; Funahashi, Y.; Haneda, T.; Kamat, J.; Matsui, J.; Matsui, K.; Matsukura, M.; Matsushima, T.; Mimura,
F.; et al. Nitrogen-Containing Aromatic Derivatives. U.S. Patent Number US7253286B2, 7 August 2007.

108. Matsushima, T.; Arimoto, I.; Ayata, Y.; Gotoda, M.; Kamada, A.; Nakamura, T.; Sakaguchi, T.; Suzuki, N.; Yoshizawa, K. Crystalline
Form of the Salt of 4-(3-chloro-4-(cyclopropylaminocarbonyl)aminophenoxy)-7-methoxy-6-quinolinecarboxamide or the Solvate
of the Salt and a Process for Preparing the Same. U.S. Patent Number US7612208B2, 3 November 2009.

109. Eagles, J.R.; Jimeno, A. Cobimetinib: Inhibiting MEK1/2 in BRAF V600-mutant melanoma. Drugs Today (Barc) 2016, 52, 593–605.
[CrossRef]

110. Aay, N.; Anand, N.K.; Blazey, C.M.; Bowles, O.J.; Bussenius, J.; Costanzo, S.; Curtis, J.K.; Defina, S.C.; Dubenko, L.; Joshi, A.A.; et al.
Azetidines as MEK Inhibitors for the Treatment of Proliferative Diseases. U.S. Patent Number US7803839B2, 28 September 2010.

111. Brown, A.C. Crystalline Fumarate Salt of (S)-[3,4-difluoro-2-(2-fluoro-4-iodophenylamino)phenyl] [3-hydroxy-3-(piperidin-2-yl)
azetidin-1-yl]methanone. U.S. Patent Number US10590102B2, 17 March 2020.

112. Santarpia, M.; Liguori, A.; Karachaliou, N.; Gonzalez-Cao, M.; Daffinà, M.G.; D’Aveni, A.; Marabello, G.; Altavilla, G.; Rosell, R.
Osimertinib in the treatment of non-small-cell lung cancer: Design, development and place in therapy. Lung Cancer (Auckl) 2017,
8, 109–125. [CrossRef]

113. Butterworth, S.; Finlay, M.R.V.; Redfearn, H.M.; Ward, R.A. 2-(2,4,5-substituted-anilino) pyrimidine Compounds. U.S. Patent
Number US8946235B2, 3 February 2015.

114. Srinivasamaharaj, S.; Salame, B.K.; Rios-Perez, J.; Kloecker, G.; Perez, C.A. The role of alectinib in the treatment of advanced
ALK-rearranged non-small-cell lung cancer. Expert Rev. Anticancer Ther. 2016, 16, 1227–1233. [CrossRef]

115. Asoh, K.; Emura, T.; Furuichi, N.; Hong, W.; Ishii, N.; Ito, T.; Kawada, H.; Kinoshita, K.; Morikami, K.; Oikawa, N.; et al.
Tetracyclic Compound. U.S. Patent Number US9126931B2, 8 September 2015.

116. Curigliano, G.; Criscitiello, C.; Esposito, A.; Intra, M.; Minucci, S. Pharmacokinetic drug evaluation of ribociclib for the treatment
of metastatic, hormone-positive breast cancer. Expert Opin. Drug Metab. Toxicol. 2017, 13, 575–581. [CrossRef]

117. Brain, C.T.; Sung, M.J.E.; Lagu, B. Pyrrolopyrimidine Compounds and Their Uses. U.S. Patent Number US8415355B2, 9 April 2013.
118. Calienni, J.V.; Chen, G.P.; Gong, B.; Kapa, P.K.; Saxena, V. Salt(s) of 7-cyclopentyl-2-(5-piperazin-1-yl-pyridin-2-ylamino)-7H-

pyrrolo[2,3-d]pyrimidine-6-carboxylic Acid Dimethylamide and Processes of Making Thereof. U.S. Patent Number US9193732B2,
24 November 2015.

119. Ali, R.; Arshad, J.; Palacio, S.; Mudad, R. Brigatinib for ALK-positive metastatic non-small-cell lung cancer: Design, development
and place in therapy. Drug Des. Devel. Ther. 2019, 13, 569–580. [CrossRef]

120. Dalgarno, D.C.; Huang, W.S.; Li, F.; Liu, S.; Qi, J.; Romero, J.A.C.; Shakespeare, W.C.; Thomas, R.M.; Wang, Y.; Zhu, X.; et al.
Phosphorous Derivatives as Kinase Inhibitors. U.S. Patent Number US9012462B2, 21 April 2015.

121. Rozamus, L.W.; Sharma, P. Crystalline Forms of 5-chloro-N4-[-2 (dimethylphosphoryl)phenyl]-N2-{2-methoxy-4-[4-(4-
methylpiperazin-1-yl) piperidin-1-yl]phenyl}pyrimidine-2,4-diamine. U.S. Patent Number US10385078B2, 20 August 2019.

122. Kim, E.S. Midostaurin: First Global Approval. Drugs 2017, 77, 1251–1259. [CrossRef]
123. Caravatti, G.; Fredenhagen, A. Staurosporine Derivatives Substituted at Methylamino Nitrogen. U.S. Patent Number US5093330A,

3 March 1992.
124. Griffin, J.D.; Manley, P.W. Staurosporine Derivatives as Inhibitors of FLT3 Receptor Tyrosine Kinase Activity. U.S. Patent Number

US7973031B2, 5 July 2011.
125. Deeks, E.D. Neratinib: First Global Approval. Drugs 2017, 77, 1695–1704. [CrossRef]
126. Rabindran, S.K.; Tsou, H.R.; Wissner, A. Protein Tyrosine Kinase Enzyme Inhibitors. U.S. Patent Number US7399865B2,

15 July 2008.
127. Markham, A. Copanlisib: First Global Approval. Drugs 2017, 77, 2057–2062. [CrossRef] [PubMed]
128. Bullion, A.M.; Campbell, A.M.; Hentemann, M.; Michels, M.; Redman, A.; Rowley, B.R.; Scott, W.; Wood, J. Substituted 2,3-

dihydroimidazo[1,2-c]quinazoline Derivatives Useful for Treating Hyper-Proliferative Disorders and Diseases Associated with
Angiogenesis. U.S. Patent Number USRE46856E, 22 May 2018.

129. Militzer, H.C.; Müller, H.; Peters, J.G. Substituted 2,3-dihydroimidazo[1,2-c]quinazoline Salts. U.S. Patent Number US10383876B2,
20 August 2019.

130. Kim, E.S. Abemaciclib: First Global Approval. Drugs 2017, 77, 2063–2070. [CrossRef] [PubMed]
131. De Dios, M.A.; De Prado, G.A.; Filadelfa, D.P.C.M.; Garcia, P.M.C.; Gelbert, L.M.; Knobeloch, J.M.; Martin, D.L.N.E.M.; Martin,

O.F.M.D.; Martinez, P.J.A. Protein Kinase Inhibitors. U.S. Patent Number US7855211B2, 21 December 2010.
132. Markham, A.; Dhillon, S. Acalabrutinib: First Global Approval. Drugs 2018, 78, 139–145. [CrossRef] [PubMed]
133. Barf, T.A.; Man, P.A.D.A.; Oubrie, A.A.; Rewinkel, J.B.M.; Sterrenburg, J.G.; Jans, C.G.J.M.; Raaijmakers, H. 4-imidazopyridazin-1-

yl-benzamides and 4-imidazotriazin-1-yl-benzamides as Btk Inhibitors. U.S. Patent Number US9290504B2, 22 March 2016.
134. Aret, E.; Barf, T.; Blatter, F.; Evarts, J.; Ingallinera, T.; Krejsa, C. Crystal forms of (S)-4-(8-amino-3-(1-(but-2-ynoyl) pyrrolidin-2-

yl)imidazo[1,5-a]pyrazin-1-yl)-N-(pyridin-2-yl)benzamide. U.S. Patent Number US9796721B2, 24 October 2017.

62



Pharmaceuticals 2021, 14, 710

135. Lin, C.W.; Sherman, B.; Moore, L.A.; Laethem, C.L.; Lu, D.W.; Pattabiraman, P.P.; Rao, P.V.; deLong, M.A.; Kopczynski, C.C.
Discovery and preclinical development of netarsudil, a novel ocular hypotensive agent for the treatment of glaucoma. J. Ocul.
Pharmacol. Ther. 2018, 34, 40–51. [CrossRef] [PubMed]

136. Elong, M.A.; Royalty, S.M.; Sturdivant, J.M. Dual Mechanism Inhibitors for the Treatment of Disease. U.S. Patent Number
US8394826B2, 12 March 2013.

137. Kopczynski, C.; Lin, C.W.; Sturdivant, J.M.; deLong, M.A. Combination Therapy. U.S. Patent Number US9415043B2,
16 August 2016.

138. Markham, A. Baricitinib: First Global Approval. Drugs 2017, 77, 697–704. [CrossRef]
139. Rodgers, J.D.; Shepard, S. Azetidine and Cyclobutane Derivatives as JAK Inhibitors. U.S. Patent Number US8158616B2, 17 April

2012.
140. Tran, B.; Cohen, M.S. The discovery and development of binimetinib for the treatment of melanoma. Expert Opin. Drug Discov.

2020, 15, 745–754. [CrossRef]
141. Wallace, E.M.; Lyssikatos, J.P.; Marlow, A.L.; Hurley, T.B. N3 Alkylated Benzimidazole Derivatives as MEK Inhibitors. U.S. Patent

Number US7777050B2, 17 August 2010.
142. Rell, C.M.; Liu, W.; Misun, M.; Nichols, P.; Niederer, D.A.; Pachinger, W.H.; Stengel, P.J.; Wolf, M.C.; Zimmermann, D. Preparation

of and Formulation Comprising a MEK Inhibitor. U.S. Patent Number US9562016B2, 7 February 2017.
143. Shirley, M. Dacomitinib: First Global Approval. Drugs 2018, 78, 1947–1953. [CrossRef]
144. Fakhoury, S.A.; Lee, H.T.; Reed, J.E.; Schlosser, K.M.; Sexton, K.E.; Tecle, H.; Winters, R.T. 4-phenylamino-quinazolin-6-yl-amides.

U.S. Patent Number US7772243B2, 10 August 2010.
145. Koelblinger, P.; Thuerigen, O.; Dummer, R. Development of encorafenib for BRAF-mutated advanced melanoma. Curr. Opin.

Oncol. 2018, 30, 125–133. [CrossRef]
146. Huang, S.; Jin, X.; Liu, Z.; Poon, D.; Tellew, J.; Wan, Y.; Wang, X.; Xie, Y. Compounds and Compositions as Protein Kinase

Inhibitors. U.S. Patent Number US8501758B2, 6 August 2013.
147. Markham, A. Fostamatinib: First Global Approval. Drugs 2018, 78, 959–963. [CrossRef]
148. Bhamidipati, S.; Singh, R.; Stella, V.J.; Sun, T. Prodrugs of 2,4-pyrimidinediamine Compounds and Their Uses. U.S. Patent

Number US7449458B2, 11 November 2008.
149. Bhamidipati, S.; Masuda, E.; Singh, R.; Sun, T. Prodrugs of 2,4-pyrimidinediamine Compounds and Their Uses. U.S. Patent

Number US8163902B2, 24 April 2012.
150. Blair, H.A. Duvelisib: First Global Approval. Drugs 2018, 78, 1847–1853. [CrossRef]
151. Chan, K.; Li, L.; Liu, Y.; Ren, P.; Rommel, C.; Wilson, T.E. Substituted Isoquinolin-1(2H)-ones, and Methods of Use Thereof. U.S.

Patent Number US8193182B2, 5 June 2012.
152. Isbester, P.; Kropp, J.; Lane, B.S.; Michael, M.; Pingda, R. Processes for Preparing Isoquinolinones and Solid Forms of Isoquinoli-

nones. U.S. Patent Number USRE46621E, 5 December 2017.
153. Dhillon, S. Gilteritinib: First Global Approval. Drugs 2019, 79, 331–339. [CrossRef]
154. Kazuhiko, I.; Yoshinori, I.; Akio, K.; Yutaka, K.; Kazuo, K.; Takahiro, M.; Itsuro, S.; Hiroshi, T. Diamino Heterocyclic Carboxamide

Compound. U.S. Patent Number US8969336B2, 3 March 2015.
155. Scott, L.J. Larotrectinib: First Global Approval. Drugs 2019, 79, 201–206. [CrossRef]
156. Andrews, S.W.; Haas, J.; Jiang, Y.; Zhang, G. Method of treatment using substituted pyrazolo[1,5-a] pyrimidine compounds. U.S.

Patent Number US9127013B2, 8 September 2015.
157. Alisha, B.; Juengst, D.; Shah, K. Crystalline Form of (S)-N-(5-((R)-2-(2,5-difluorophenyl)-pyrrolidin-1-yl)-pyrazolo[1,5-a]pyrimidin-

3-yl)-3-hydroxypyrrolidine-1-carboxamide Hydrogen Sulfate. U.S. Patent Number US10172861B2, 8 January 2019.
158. Syed, Y.Y. Lorlatinib: First Global Approval. Drugs 2019, 79, 93–98. [CrossRef]
159. Bailey, S.; Burke, B.J.; Collins, M.R.; Cui, J.J.; Deal, J.G.; Hoffman, R.L.; Huang, Q.; Johnson, T.W.; Kania, R.S.; Kath, J.C. Macrocyclic

Derivatives for the Treatment of Diseases. U.S. Patent Number US8680111B2, 25 March 2014.
160. Birch, M.J.; Pencheva, K.D. Crystalline Form of Lorlatinib Free Base. U.S. Patent Number US10420749B2, 24 September 2019.
161. Al-Salama, Z.T.; Keam, S.J. Entrectinib: First Global Approval. Drugs 2019, 79, 1477–1483. [CrossRef]
162. Lombardi, B.A.; Marchionni, C.; Menichincheri, M.; Nesi, M.; Orsini, P.; Panzeri, A.; Perrone, E.; Vanotti, E. Substituted Indazole

Derivatives Active as Kinase Inhibitors. U.S. Patent Number US8299057B2, 30 October 2012.
163. Candiani, I.; Ottaiano, G.; Tomasi, A. Crystalline Form of N-[5-(3,5-difluoro-benzyl)-1H-indazol-3-yl]-4-(4-methyl-piperazin-1-yl)-

2-(tetrahydro-pyran-4-ylamino)-benzamide. U.S. Patent Number US10738037B2, 11 August 2020.
164. Duggan, S.; Keam, S.J. Upadacitinib: First Approval. Drugs 2019, 79, 1819–1828. [CrossRef]
165. Frank, K.E.; Friedman, M.; George, D.M.; Stewart, K.D.; Wallace, G.A.; Wishart, N. Tricyclic Compounds. U.S. Patent Number

USRE47221E, 5 February 2019.
166. Allian, A. Processes for the Preparation of (3S,4R)-3-ethyl-4-(3H-imidazo[1,2-alpha]pyrrolo[2,3-e]-pyrazin-8-yl)-N-(2,2,2-

trifluoroethyl)pyrrolidine-1-carboxamide and Solid State Forms Thereof. U.S. Patent Number US9951080B2, 24 April 2018.
167. Markham, A. Alpelisib: First Global Approval. Drugs 2019, 79, 1249–1253. [CrossRef]
168. Caravatti, G.; Fairhurst, R.A.; Furet, P.; Guagnano, V.; Imbach, P. Pyrrolidine-1,2-dicarboxamide Derivatives. U.S. Patent Number

US8227462B2, 24 July 2012.
169. Hanna, K.S. Erdafitinib to treat urothelial carcinoma. Drugs Today (Barc.) 2019, 55, 495–501. [CrossRef]

63



Pharmaceuticals 2021, 14, 710

170. Akkari, R.; Berdini, V.; Besong, G.E.; Embrechts, W.C.J.; Freyne, E.J.E.; Gilissen, R.A.H.J.; Hamlett, C.C.F.; Johnson, C.N.; Lacrampe,
J.F.A.; Meerpoel, L.; et al. Pyrazolyl Quinoxaline Kinase Inhibitors. U.S. Patent Number US8895601B2, 25 November 2014.

171. Monestime, S.; Lazaridis, D. Pexidartinib (TURALIO™): The first FDA-indicated systemic treatment for Tenosynovial Giant Cell
Tumor. Drugs R D 2020, 20, 189–195. [CrossRef]

172. Bremer, R.; Ibrahim, P.N.; Zhang, J. Compounds Modulating c-fms and/or c-kit Activity and Uses Therefor. U.S. Patent Number
US9169250B2, 27 October 2015.

173. Ibrahim, P.N.; Visor, G.C. Solid Forms of a Compound Modulating Kinases. U.S. Patent 2017.
174. Blair, H.A. Fedratinib: First Approval. Drugs 2019, 79, 1719–1725. [CrossRef]
175. Cao, J.; Hood, J.D.; Lohse, D.L.; Mcpherson, A.; Noronha, G.; Pathak, V.P.; Renick, J.; Soll, R.M.; Zeng, B.; Mak, C.C. Bi-aryl

meta-pyrimidine Inhibitors of Kinases. U.S. Patent Number US7528143B2, 5 May 2009.
176. Syed, Y.Y. Zanubrutinib: First Approval. Drugs 2020, 80, 91–97. [CrossRef] [PubMed]
177. Guo, Y.; Wang, Z. Substituted pyrazolo[1,5-a]pyrimidines as Bruton’s Tyrosine Kinase Modulators. U.S. Patent Number

US9447106B2, 20 September 2016.
178. Dhillon, S. Avapritinib: First Approval. Drugs 2020, 80, 433–439. [CrossRef] [PubMed]
179. Hodous, B.L.; Kim, J.L.; Wilson, D.; Wilson, K.J.; Zhang, Y. Compositions Useful for Treating Disorders Related to Kit. U.S. Patent

Number US9944651B2, 17 April 2018.
180. Markham, A.; Keam, S.J. Selumetinib: First Approval. Drugs 2020, 80, 931–937. [CrossRef] [PubMed]
181. Wallace, E.M.; Lyssikatos, J.P.; Marlow, A.L.; Hurley, T.B. N3 Alkylated Benzimidazole Derivatives as MEK Inhibitors. U.S. Patent

Number US7425637B2, 16 September 2008.
182. Chuang, T.H.; Demattei, J.; Dickinson, P.A.; Ford, J.G.; Pervez, M.; Roberts, R.J.; Sharma, S.G.; Squire, C.J.; Storey, R.A. Hydrogen

Sulfate Salt. U.S. Patent Number US9156795B2, 13 October 2015.
183. Hoy, S.M. Pemigatinib: First Approval. Drugs 2020, 80, 923–929. [CrossRef]
184. He, C.; Lu, L.; Wu, L.; Yao, W.; Zhang, C. Substituted Tricyclic Compounds as FGFR Inhibitors. U.S. Patent Number US9611267B2,

4 April 2017.
185. Lee, A. Tucatinib: First Approval. Drugs 2020, 80, 1033–1038. [CrossRef]
186. Greschuk, J.M.; Hennings, D.D.; Liu, W.; Lyssikatos, J.P.; Marmsaeter, F.P.; Zhao, Q. N4-phenyl-quinazoline-4-amine Derivatives

and Related Compounds as ErbB type I Receptor Tyrosine Kinase Inhibitors for the Treatment of Hyperproliferative Diseases.
U.S. Patent Number US8648087B2, 11 February 2014.

187. Dhillon, S. Capmatinib: First Approval. Drugs 2020, 80, 1125–1131. [CrossRef]
188. He, C.; Metcalf, B.; Qian, D.Q.; Xu, M.; Yao, W.; Zhang, C.; Zhuo, J. Imidazotriazines and Imidazopyrimidines as Kinase Inhibitors.

U.S. Patent Number US7767675B2, 3 August 2010.
189. Liu, P.; Pan, Y.; Qiao, L.; Weng, L.; Zhou, J. Salts of 2-fluoro-N-methyl-4-[7-(quinolin-6-yl-methyl)-imidazo[1,2-b][1,2,4]triazin-2-

yl]benzamide and Processes Related to Preparing the Same. U.S. Patent Number US8420645B2, 16 April 2013.
190. Markham, A. Selpercatinib: First Approval. Drugs 2020, 80, 1119–1124. [CrossRef]
191. Andrews, S.W.; Aronow, S.; Blake, J.F.; Brandhuber, B.J.; Cook, A.; Haas, J.; Jiang, Y.; Kolakowski, G.R.; McFaddin, E.A.; McKenney,

M.L.; et al. Substituted Pyrazolo[1,5-a]pyridine Compounds as RET Kinase Inhibitors. U.S. Patent Number US10112942B2,
30 October 2018.

192. Metcalf, A.T.; Fry, D.; McFaddin, E.A.; Kolakowski, G.R.; Haas, J.; Tang, T.P.; Jiang, Y. Crystalline Forms. U.S. Patent Number
US10584124B2, 10 March 2020.

193. Dhillon, S. Ripretinib: First Approval. Drugs 2020, 80, 1133–1138. [CrossRef]
194. Flynn, D.L.; Kaufman, M.D.; Petillo, P.A. Dihydronaphthyridines and Related Compounds Useful as Kinase Inhibitors for the

Treatment of Proliferative Diseases. U.S. Patent Number US8461179B1, 11 June 2013.
195. Markham, A. Pralsetinib: First Approval. Drugs 2020, 80, 1865–1870. [CrossRef]
196. Brubaker, J.D.; DiPietro, L.V.; Kim, J.L.; Wilson, D.W.; Wilson, K.J. Inhibitors of RET. U.S. Patent Number US10030005B2,

24 July 2018.
197. Dhillon, S. Trilaciclib: First Approval. Drugs 2021, 81, 867–874. [CrossRef]
198. Strum, J.C.; Tavares, F.X. CDK Inhibitors. U.S. Patent Number US8598186B2, 3 December 2013.
199. Markham, A. Tepotinib: First Approval. Drugs 2020, 80, 829–833. [CrossRef]
200. Dorsch, D.; Steiber, F.; Schadt, O.; Blaukat, A. Pyridazinone Derivatives. U.S. Patent Number US8580781B2, 12 November 2013.
201. Schadt, O.; Dorsch, D.; Steiber, F.; Blaukat, A. Pyrimidinyl Pyridazinone Derivatives. U.S. Patent Number US8329692B2,

11 December 2012.
202. Dhillon, S.; Keam, S.J. Umbralisib: First Approval. Drugs 2021, 81, 857–866. [CrossRef]
203. Muthuppalaniappan, M.; Nagarathnam, D.; Vakkalanka, S.K. Selective PI3K Delta Inhibitors. U.S. Patent 2020.
204. Vakkalanka, S.K. Forms of a PI3K Delta Selective Inhibitor for Use in Pharmaceutical Formulations. U.S. Patent 2019.
205. Tivozanib Hydrochloride. Am. J. Health Syst. Pharm. 2021, zxab199. [CrossRef]
206. Kubo, K.; Sakai, T.; Nagao, R.; Fujiwara, Y.; Isoe, T.; Hasegawa, K. Quinoline Derivatives and Quinazoline Derivatives Having

Azolyl Group. U.S. Patent Number US6821987B2, 23 November 2004.
207. Kubo, K.; Sakai, T.; Nagao, R.; Fujiwara, Y.; Isoe, T.; Hasegawa, K. Quinoline Derivatives and Quinazoline Derivatives Having

Azolyl Group. U.S. Patent Number US7211587B2, 1 May 2007.

64



Pharmaceuticals 2021, 14, 710

208. Matsunaga, N.; Yoshida, S.; Yoshino, A.; Nakajima, T. N-{2-chloro-4-[(6,7-dimethoxy-4-quinolyl)oxy]phenyl}-N′-(5-methyl-3-
isoxazolyl)urea Salt in Crystalline Form. U.S. Patent Number US7166722B2, 23 January 2007.

209. Botrus, G.; Raman, P.; Oliver, T.; Bekaii-Saab, T. Infigratinib (BGJ398): An investigational agent for the treatment of FGFR-altered
intrahepatic cholangiocarcinoma. Expert Opin. Investig. Drugs 2021, 30, 309–316. [CrossRef]

210. Ding, Q.; Gray, N.S.; Li, B.; Liu, Y.; Sim, T.; Uno, T.; Zhang, G.; Soldermann, C.P.; Breitenstein, W.; Bold, G.; et al. Compounds and
Compositions as Protein Kinase Inhibitors. U.S. Patent Number US8552002B2, 8 October 2013.

211. Berghausen, J.; Kapa, P.K.; McKenna, J.; Slade, J.; Wu, R.; Du, Z.; Stowasswer, F. Crystalline Forms of 3-(2,6-dichloro-3,5-
dimethoxy-phenyl)-1-{6-[4-(4-ethyl-piperazin-1-yl) -phenylamino]-pyrimidin-4-yl}-1-methyl-urea and Salts Thereof. U.S. Patent
Number US9067896B2, 30 June 2015.

212. Kanev, G.K.; de Graaf, C.; de Esch, I.J.P.; Leurs, R.; Würdinger, T.; Westerman, B.A.; Kooistra, A.J. The Landscape of Atypical and
Eukaryotic Protein Kinases. Trends Pharmacol. Sci. 2019, 40, 818–832. [CrossRef]

213. 2020 Medicines in Development—Cancer. Available online: https://www.phrma.org/-/media/Project/PhRMA/PhRMA-Org/
PhRMA-Org/PDF/MID-Reports/MID-Cancer2020_Product-List_FINAL.pdf (accessed on 31 May 2021).

214. Cohen, P.; Cross, D.; Jänne, P.A. Kinase drug discovery 20 years after imatinib: Progress and future directions. Nat. Rev. Drug
Discov. 2021, 1–19. [CrossRef]

215. Couillaud, B.M.; Espeau, P.; Mignet, N.; Corvis, Y. State of the art of pharmaceutical solid forms: From crystal property issues to
nanocrystals formulation. Chem. Med. Chem. 2019, 14, 8–23. [CrossRef]

216. Smalley, K.S.M. Pharmacological research and cancer: A call to arms. Pharmacol. Res. 2019, 146, 104291. [CrossRef]
217. Kantarjian, H.M.; Fojo, T.; Mathisen, M.; Zwelling, L.A. Cancer drugs in the United States: Justum Pretium–the just price. J. Clin.

Oncol. 2013, 31, 3600–3604. [CrossRef]
218. Mishuk, A.U.; Fasina, I.; Qian, J. Impact of U.S. federal and state generic drug policies on drug use, spending, and patient

outcomes: A systematic review. Res. Soc. Adm. Pharm. 2020, 16, 736–745. [CrossRef]

65





pharmaceuticals

Review

TRK Inhibitors: Tissue-Agnostic Anti-Cancer Drugs

Sun-Young Han

Citation: Han, S.-Y. TRK Inhibitors:

Tissue-Agnostic Anti-Cancer Drugs.

Pharmaceuticals 2021, 14, 632. https://

doi.org/10.3390/ph14070632

Academic Editors: Mary J. Meegan,

Niamh M. O’Boyle and Jean Jacques

Vanden Eynde

Received: 18 May 2021

Accepted: 25 June 2021

Published: 29 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Research Institute of Pharmaceutical Sciences and College of Pharmacy,
Gyeongsang National University, Jinju-si 52828, Korea; syhan@gnu.ac.kr

Abstract: Recently, two tropomycin receptor kinase (Trk) inhibitors, larotrectinib and entrectinib,
have been approved for Trk fusion-positive cancer patients. Clinical trials for larotrectinib and
entrectinib were performed with patients selected based on the presence of Trk fusion, regardless
of cancer type. This unique approach, called tissue-agnostic development, expedited the process
of Trk inhibitor development. In the present review, the development processes of larotrectinib
and entrectinib have been described, along with discussion on other Trk inhibitors currently in
clinical trials. The on-target effects of Trk inhibitors in Trk signaling exhibit adverse effects on the
central nervous system, such as withdrawal pain, weight gain, and dizziness. A next generation
sequencing-based method has been approved for companion diagnostics of larotrectinib, which
can detect various types of Trk fusions in tumor samples. With the adoption of the tissue-agnostic
approach, the development of Trk inhibitors has been accelerated.

Keywords: Trk; NTRK; tissue-agnostic; larotrectinib; entrectinib; Trk fusion

1. Introduction

Tropomyosin receptor kinases (Trk) are tyrosine kinases encoded by neurotrophic
tyrosine/tropomyosin receptor kinase (NTRK) genes [1]. Chromosomal rearrangement of
NTRK genes is found in cancer tissues [2]. The resulting fusion proteins containing part of
the Trk protein have a constitutively active form of kinase that transduces deregulating
signals. There is active progress in the development of small molecule inhibitors against
Trk kinases in the field of cancer therapeutics [1]. Currently, larotrectinib and entrectinib
are two approved drugs for Trk fusion-positive cancers in the market [3,4]. The timeline
for the clinical development of the two Trk inhibitors is shown in Figure 1.
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A unique process of drug development, known as tissue-agnostic development, was
employed for larotrectinib and entrectinib approval. Patients for tissue-agnostic clinical
trials were selected based on the presence of NTRK gene rearrangement, independent of
tumor type [5,6]. Trk fusion-positive tumors of several cancer types were tested for Trk
inhibitors, and excellent efficacy of these drugs was shown in tissue-agnostic trials.

In this review, the development process and pharmacological efficacy of current Trk
inhibitors in the market will be described, along with some discussion on the Trk inhibitors
currently in clinical development. In addition, we will review the development process of
tissue-agnostic drugs. Finally, we aim to provide perspectives learned from the pioneering
approach of tissue-agnostic therapy for Trk inhibitors.

2. Tissue-Agnostic Drug Development

Targeted cancer therapies that act on specific molecules have become mainstream
strategies for anti-cancer drug development. There are two milestones for targeted cancer
drug development: trastuzumab and imatinib. Trastuzumab is a monoclonal antibody
specific to the human epidermal growth factor receptor 2 (HER2) protein [7]. The US
Food and Drug Administration (FDA) approval for trastuzumab was obtained in 1998 for
metastatic breast cancer overexpressing HER2 protein [8]. Imatinib is a small-molecule drug
targeting the fusion protein BCR-ABL. The fusion protein is generated by chromosomal
rearrangement in chronic myeloid leukemia cells. The remarkable efficacy of these two
drugs paved the way for the era of targeted cancer therapy, and this made kinase family
proteins major targets for cancer therapy [9].

The concept of targeted therapy expanded to the term precision medicine, personal-
ized medicine, or stratified medicine, meaning “targeting drugs for each genetic profile” [7].
In contrast to the traditional “one-size-fits-all” approach, individualizing pharmacotherapy
was emphasized upon due to the factors of disease heterogeneity and genetic variabil-
ity [10]. Biomarkers that can predict therapeutic responses are important elements in
precision medicine. Therefore, the diagnosis of biomarkers has become an important step
in precision medicine, generating new terms such as companion diagnostics (CDx) or
drug-diagnostic co-development [7]. With the adoption of CDx, it was possible to enroll
only selected patients who were likely to respond to drug therapy. Clinical research in-
volving a relatively small number of patients, enabled by screening out of non-responders,
is called enrichment trial [11]. Trastuzumab was the first drug developed using a CDx
approach. A diagnostic assay (HercepTest), which tests the expression of HER2 in breast
tumors was developed and approved together with the drug [12]. Another representa-
tive example of CDx and enrichment trials is crizotinib, an anaplastic lymphoma kinase
(ALK) inhibitor for non-small cell lung cancer (NSCLC) patients [13]. ALK fusion proteins
caused by chromosomal rearrangement are found in approximately 4% of NSCLC patients,
and these ALK fusion proteins have been reported to induce tumorigenesis. Enrichment
clinical trials were conducted for crizotinib development in ALK fusion-positive NSCLC
patients, and the number of patients in phase I trials was only 143. Diagnostic tests for
ALK gene rearrangement were developed in conjunction with crizotinib development, and
the approval of drugs and diagnostic tests were linked and included in the drug labeling.

Before the concept of tissue-agnostic drug was introduced, the development process of
precision medicine included only one type of tumor. In the case of crizotinib, only NSCLC
patients were included in the clinical trials, even though ALK gene fusion was originally
found in anaplastic large cell lymphoma (ALCL) as well [14]. ALK translocation has also
been discovered in rare tumors called inflammatory myofibroblastic tumors (IMTs) [15].
Clinical trials of crizotinib for patients with ALCL are ongoing. If clinical research was
implemented regardless of tumor type, crizotinib could be used in ALCL and IMT patients
as well as in subsets of NSCLC patients. In this way, clinical research with patient selection
based on molecular features would have benefitted more cancer patients.

Therefore, a biomarker-guided drug development process has been proposed and
successfully applied to three FDA-approved drugs. The immune checkpoint inhibitor,
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pembrolizumab, and two Trk inhibitors, larotrectinib and entrectinib, underwent tissue-
agnostic development. Tissue-agnostic drugs target specific genetic molecular features
regardless of tumor sites [16]. Terms such as histology-agnostic, tumor-agnostic, site-
agnostic, pan-tumor therapies are used, depending on the literature [17]. If specific genetic
aberrations are found across several tumor types, tissue-agnostic drug development can be
utilized. Select ongoing tumor-agnostic developments with several cancer targets are listed
in Table 1.

Table 1. Select tissue-agnostic developments in clinical trials.

Drug Name Target Development Phase Reference

Repotrectinib (TPX-0005) Trk/ALK, ROS1 II [18,19]
Selitrectinib (LOXO-195) Trk II [20]
Taletrectinib (DS-6051b) Trk/ROS1 I [21]

TPX-0046 RET/SRC II [22]
Debio1347 FGFR II [23]

Dubermatinib (TP-0903) AXL I [24]
PLX8394 BRAF II [25]

Tislelizumab (BGB-A317) PD-1 II [26]
ALK, anaplastic lymphoma kinase; ROS1, c-ros proto-oncogene 1; RET, ret proto-oncogene; SRC, src proto-
oncogene; FGFR, fibroblast growth factor receptor; BRAF, B rapidly accelerated fibrosarcoma; PD-1, programmed
cell death protein 1.

As a type of clinical research, encompassing different tumor types with the same
molecular features is called a basket trial. Unlike enrichment trial, which generally consists
of patients with a single tumor type, in basket trials, patients are selected based on their
molecular characteristics, regardless of tumor histology. Sometimes, basket trials are
viewed as a set of sub-trials [27]. Hypothetically, if crizotinib is developed using a basket
trial, the basket trial would be composed of sub-trial 1 with NSCLC, sub-trial 2 with ALCL,
and sub-trial 3 with IMT, all with ALK fusion-positive tumors. The results will be analyzed
either by tumor type within the sub-trials or altogether.

Traditional clinical trials are based on randomization in new treatment vs. standard
of care to avoid selection bias. With the introduction of targeted therapy, molecular
segmentation of cancer resulted in a small patient population. And this became a challenge
for conducting clinical trials [28]. In crizotinib phase 3 clinical trials in Europe, for example,
there was a patient selection process from NSCLC patients. A total of 4967 NSCLC patients
were screened, and 347 ALK fusion-positive patients were selected and randomized. The
clinical benefit of crizotinib over chemotherapy was shown with overall response rates
(65% vs. 20%) and a median PFS (7.7 months vs. 3 months) [29]. Given the large number of
patients to be screened and the high overall response rate, the requirement of randomization
was called into question. With the introduction of drug development in a tissue-agnostic
way, FDA approval could be granted based on the nonrandomized trials. Pembrolizumab
obtained FDA approval based on the clinical trials with 149 patients [30], larotrectinib with
55 patients [3], and entrectinib with 54 patients [4]. Given the extremely low prevalence of
NTRK fusion (0.31%) [31], it would take a much more extended period to recruit patients
for randomized clinical trials.

Tumor-agnostic approach cannot be adopted for all oncogenic alterations [6,16]. The
B rapidly accelerated fibrosarcoma (BRAF) inhibitor vemurafenib is very effective in
melanoma and NSCLC patients with the BRAF V600 mutation, an activating mutation of
BRAF. However, only 5% of colorectal cancers harboring the BRAF V600 mutation respond
to vemurafenib therapy [32]. Several clinical studies have been conducted on trastuzumab
for tumors with HER2 mutations or amplification; the clinical benefits differed depending
on the tumor type. A subset of colorectal cancer with HER2 amplification (5%) showed
an overall response rate (ORR) of 30% only for lapatinib plus trastuzumab therapy [33].
Despite the 20 years of clinical research on various tumor types with HER2 aberration, the
indications for trastuzumab are only breast cancer and gastroesophageal cancer. These
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studies clearly show that not all biomarkers can be developed in a tissue-agnostic manner.
Besides Trk and PD-1 inhibitors already approved by the FDA, the targets for potential
tissue-agnostic drugs in clinical development are ret proto-oncogene (RET), ALK, fibroblast
growth factor receptor (FGFR), Axl, ros proto-oncogene 1 (ROS1), and BRAF (Table 1) [17].
It is interesting to note that oncogenic alterations caused by chromosomal rearrangements,
RET, ALK, FGFR, and ROS1 fusion proteins account for the majority of cancer targets in
tissue-agnostic therapy.

Besides regulatory reasons, there are several factors why drug development processes
have been restricted to one cancer type before pembrolizumab. There are different available
therapies and unmet medical needs for each tumor type, factors that are considered
substantially for development decisions and drug approval. In addition, the endpoints
of drug efficacy for each tumor type are different. As some drug discovery experts term
as ‘low hanging fruit’, generally a tumor type with no known therapy and urgent unmet
medical need is first taken up for clinical research, subsequently followed by development
in another tumor type.

With the introduction of tissue-agnostic drug development approaches, several tumor
types can be subjected to clinical trials at the same time. Tissue-agnostic drug development
is also good news for rare cancer patients. Due to the small number of patients, it is not easy
to conduct clinical trials for cancers with low incidence. Tissue-agnostic drug development
enables the participation of rare cancer patients in clinical trials; therefore, rare cancer
patients can benefit from this new paradigm of drug approval process [28].

3. Trk Inhibitors
3.1. Trk and Cancer

The Trk family is comprised of three isoforms, TrkA, TrkB, and TrkC, encoded by
NTRK1, NTRK2, and NTRK3, respectively. The Trk family is abundantly expressed in the
nervous system. Ligands for Trk cell surface receptor tyrosine kinase are nerve growth
factor (NGF) for TrkA, brain-derived neurotropic factor or neurotropin 4 for TrkB, and
neurotropin 3 for TrkC [1]. Downstream signaling for Trk receptor kinases is primarily
mediated by the phospholipase Cγ, mitogen-activated protein kinase, and phosphoinositol-
3 kinase pathways.

As implicated by the expression pattern and cognate ligands, neuronal development
and differentiation have been reported as major functions of Trk pathways. The importance
of TrkA in neuronal development is shown in case of genetic diseases with loss-of-function
NTRK genes. Hereditary disorder called congenital insensitivity to pain (CIPA) is reported
to have NTRK1 gene mutations [34]. The absence of TrkA during fetal development results
in the loss of pain sensing in TrkA-deficient mice [35,36], suggesting the crucial role of
TrkA signaling in nociceptive reception [37]. In case of TrkB, impairment of TrkB signaling
causes hyperphagia and consequent obesity [38].

Various mechanisms of Trk activation exist in cancer, including somatic mutations,
activating splice variants, Trk overexpression, and NTRK fusion [1]. The most common
mechanism of Trk activation in cancer is fusion involving NTRK1, NTRK2, and NTRK3.
Trk fusion proteins are generated by chromosomal rearrangements between NTRK genes,
including the kinase domain, with different partner genes. The resulting fusion proteins
are chimeras with a constitutively activated Trk kinase, independent of ligand binding [39].

The first identified NTRK fusion was tropomyosin 3 (TPM3)-NTRK1, which was
found in patients with colorectal cancer [40]. Subsequently, Trk fusion proteins with
different partners have been identified in a variety of cancer types. The NTRK fusions
include translocated promoter region (TPR)-NTRK1 in thyroid cancer [41], tripartite motif
containing 24 (TRIM24)-NTRK2 [42] and ETS variant transcription factor 6 (ETV6)-NTRK3
in fibrosarcoma [43].
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3.2. Larotrectinib

Larotrectinib, also known as ARRY-470, LOXO-101, and Vitrakvi®, is the first FDA-
approved Trk inhibitor with high potency and selectivity. Larotrectinib inhibits the in vitro
kinase activity of TrkA by blocking ATP-binding sites with an half maximal inhibitory
concentration (IC50) of 10 nM [44]. Kinase selectivity analyses with 226 kinases indicated
that larotrectinib is highly selective for TrkA, TrkB, and TrkC. Except for one kinase, TNK2,
inhibition of no other notable kinases was observed. Larotrectinib potently suppressed the
growth of cancer cells harboring TrkA and TrkB fusion proteins in vitro and in vivo [45].

Based on the impressive preclinical efficacy, clinical trials of larotrectinib started in
2014. Approval of larotrectinib is based on three clinical studies: an adult phase 1 trial
(NCT02122913; LOXO-TRK-14001), a pediatric phase 1/2 trial called SCOUT (NCT02637687;
LOXO-TRK-15003), and an adult/adolescent phase 2 basket trial called NAVIGATE
(NCT02576431; LOXO-TRK-15002). Five journal articles have been published to date
on these clinical trials. Deobele et al. described a case of a patient with soft-tissue sarcoma
treated with larotrectinib in the LOXO-TRK-14001 trial [45]. Cases of five patients in the
SCOUT clinical trial were discussed in the paper by Dubois et al. [46], and the overall
phase 1 study results of the SCOUT trial with 24 pediatric solid tumor patients were pub-
lished by Laetsch et al. [47]. The combined analyses of the three clinical trials stated above
(LOXO-TRK-14001, SCOUT, and NAVIGATE) were published for 55 patients from 2015
to 2017 (data cut-off), and larotrectinib was approved on the basis of these results [48].
Clinical research continued, and data from 2014 to 2019 with 159 patients were analyzed
and reported in 2020 by Hong et al. [49].

According to a recent report by Hong et al. [49], 159 patients with Trk fusion-positive
cancers were treated with larotrectinib, with ages ranging from less than 1 month to 84 years.
There were 153 evaluable patients, and the ORR was 79% (121 patients), consisting of
complete response in 16% (24 patients) and partial response in 63% (97 patients). More than
16 tumor types were included in the clinical research, and clinical benefits were observed
in a wide range of tumor types indicating tumor-agnostic activity. Trk fusions for NTRK1,
NTRK2, and NTRK3 were included with 29 distinct fusion partners. The response rate
was independent of the Trk subtype and upstream fusion partners. The adverse events
of larotrectinib treatment were predominantly grade 1 and 2, indicating that long-term
administration is feasible.

3.3. Entrectinib

Entrectinib, also called RXDX-101, NMS-E628, and Rozlyreck®, is an orally available
inhibitor of TrkA/B/C, ROS1, and ALK [4]. Potent in vitro kinase activity for TrkA/B/C,
ROS1, and ALK exhibited IC50 values between 1 nM and 12 nM [50]. The growth of cancer
cell lines addicted to these kinases was suppressed upon entrectinib treatment in vitro
and in vivo. Entrectinib was designed to have intracranial activity; thus, penetration
into the central nervous system (CNS) has been demonstrated in preclinical models. The
brain/plasma ratio of entrectinib in mice was 0.43 [50].

Three representative clinical trials of entrectinib are ALKA-372-001 (EudraCT 2012-
000148-88), STARTRK-1 (NCT02097810), and STARTRK-2 (NCT02568267). ALKA-372-001
and STARTRK-1 are phase 1 dose-escalation studies, while STARTRK-2 is a phase 2 basket
trial. The interim results of ALKA-372-001 and STARTRK-1 in 119 patients were published
in 2017 [51]. Integrated analyses of the three clinical trials were reported in 2020 [52].
Another key trial is STARTRK-NG (NCT02650401), which is a phase 1/1b multicenter,
dose-escalation study in patients aged 2–21 years with recurrent or refractory solid tumors
and primary CNS tumors [4]. The STARTRK-1, -2, and -NG trials are ongoing.

Pooled analyses of ALKA-372-001, STARTRK-1, and STARTRK-2 with a data cut-off
date in May 2018 were performed [52]. Efficacy-evaluable patients included 54 adults with
NTRK fusion-positive solid tumors. Ten different types of tumor types were included, with
the predominant types being sarcoma (13 (24%) patients) and NSCLC (10 (19%)). Among
the 54 patients, 12 (22%) had baseline CNS disease and 31 (57%) had an objective response,
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comprising of 4 (7%) complete responses and 27 (50%) partial responses. 9 patients (17%)
showed stable disease. The median response duration was 10 months. Among the 11 pa-
tients with brain metastases at baseline, six patients had measurable disease for intracranial
response: four with complete response or partial response, one with stable disease, and
one with progressive disease. The overall safety-evaluable population was 355 patients,
and the most common grade 3 or 4 adverse events were weight gain and anemia. The
most serious adverse events were nervous system disorders, reported in 10 (3%) of the
355 patients. Overall, entrectinib achieved anti-tumor activity against tumors harboring
NTRK1, NTRK2, and NTRK3 fusions, including CNS activity.

3.4. Trk Inhibitors in Clinical Development

Other Trk inhibitors have been developed to overcome resistance mutations. Selitrec-
tinib (LOXO-195, BAY 2731954) and repotrectinib (TPX-0005) are next-generation Trk
inhibitors with efficacy against Trk with acquired resistance. Resistance mutations in the
amino acid substitution of the Trk kinase domain have been reported in clinical cases [53].
The most common mutations are “solvent-front” mutations, termed after the hydrophilic
solvent-exposed portion of the kinase domain ATP-binding site. TrkA G595R and TrkC
G623R are solvent-front mutations, and TrkB mutations have not been reported to date [1].
In addition, gatekeeper mutations (TrkA F589L) and xDFG (Aspartate-Phenylalanine-
Glycine) site mutations of TrkA (G667S) and TrkC (G696A) were identified in patients.

Selitrectinib has been developed in parallel with clinical trials to prepare for the
emergence of resistance to larotrectinib [54]. Selitrectinib showed potent activity against
TrkA/C solvent-front- and xDFG site-mutated forms as well as TrkA/C wild-type in
in vitro and in vivo xenograft experiments. Kinase profiling of selitrectinib showed that
it is highly selective for Trk kinase. A Phase1/2 clinical trial for selitrectinib is ongoing
(NCT03215511), and interim results have been reported [20]. Patient selection was based
on presence of tumor with TRK fusion and tumor progression or intolerance to prior Trk
inhibitors. A total of 31 patients were analyzed and an ORR of 34% was reported. Trk
mutations were identified in 20 patients, including 14 solvent-front, 4 gatekeeper, and 2
xDFG mutations, and a complete or partial response was observed in 9 patients.

Repotrectinib is a next-generation TKI inhibitor designed to inhibit the solvent-front
mutations of Trk, ROS1, and ALK. In addition to TrkA G595R and TrkC G623R, repotrectinib
is also active against solvent-front mutations of ROS1 and ALK in vitro and in vivo [18].
A phase 1/2 clinical trial of repotrectinib (TRIDENT-1, NCT03093116) is ongoing for TKI-
refractory patients.

3.5. Adverse Effects of Trk Inhibitors on the Central Nervous System

Given the physiological roles of Trk signaling in the neuronal system, the effects of Trk
inhibitors in the CNS are expected. It is reasonable to expect and prepare for the adverse
effects of Trk inhibitors on the CNS. As described above, congenital insensitivity to pain is
caused by NTRK1 mutation [34]. Based on the role of NTRK1 in pain sensing, NGF/TrkA
is a target for analgesics, and several small molecules and antibodies modulating the
NGF/TrkA pathway are under development [55].

Trk signaling is known to play a role in nerve growth during the fetal period, while
NGF function is reported to induce pain in adulthood [55]. From the beginning of Trk
inhibitor development, there was a concern for adverse CNS effects, and thus, adverse
events were closely observed and characterized [56]. Representative adverse events related
to neurological systems include withdrawal pain, weight gain, and dizziness [48,52].

Patients who discontinued Trk inhibitor therapy experienced symptoms of pain.
Full-body ache, muscle pain, allodynia, and concurrent flares of pre-existing pain are
described as withdrawal symptoms [56]. The mechanisms of withdrawal pain are not clear,
but it is presumed to be caused by increased expression of transient receptor potential
vanilloid I, a nociceptive mediator [57]. Weight gain was observed in more than 50%
of patients, as expected from the role of the brain-derived neurotropic factor (BDNF)-
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TrkB pathway in appetite centers [38,58,59]. Hyperphagia and consequent obesity were
observed upon BDNF-TrkB axis impairment in both mice and humans. Dizziness was
caused upon TrkB and TrkC inhibition. Mutant mice with low levels of BDNF in the
cerebellum developed ataxia [60]. Mice with NTRK3 gene knockout exhibited abnormal
movement and posture [61]. These adverse events in the CNS caused by on-target inhibition
of Trk inhibitors should be monitored carefully.

3.6. Identification of NTRK Fusions

Obviously, the diagnostic identification of NTRK fusion genes is an important process
in tissue-agnostic Trk inhibitor development. Patient selection with NTRK fusion-positive
cancers is a key point in screening responders and non-responders. NTRK fusions can be
evaluated using immunohistochemistry (IHC), fluorescence in situ hybridization (FISH),
reverse transcriptase polymerase chain reaction (RT-PCR), and next-generation sequencing
(NGS) [2].

IHC using antibodies against Trk proteins can be utilized for identification of NTRK
fusion, as Trk proteins are poorly expressed in normal adult tissues [62]. Positive staining in
the IHC test can be interpreted as the presence of NTRK fusions. Information about cellular
localization of fused proteins can also be obtained from IHC results. The localization of
fusion proteins depends on the normal localization of the fusion partner [62]. For example,
LMNA-NTRK1 fusion result in nuclear membrane staining due to the nuclear membrane
protein lamin A/C encoded by the LMNA gene, while ETV6-NTRK3 fusions exhibit nuclear
staining due to the ETV6-encoding protein located in the nucleus. IHC can be used for
diagnosis in conjunction with other diagnostic methods.

FISH is a highly sensitive and specific tool for the detection of fused genes generated
from chromosomal rearrangements, such as ALK, ROS1, and RET. In general, FISH has
many advantages, such as high sensitivity and quick turn-around time. In case of NTRK1,
2, and 3 fusions, three separate assays are required for each gene. When chromosomal
rearrangements involve non-canonical sites or intra-chromosomal rearrangements, FISH
can lead to false negative results [63].

RT-PCR uses primers recognizing the 5′-fusion partner and NTRK kinase domain.
Since there are numerous fusion partners, RT-PCR has limitations in clinical applications.
Furthermore, fused genes with novel fusion partners cannot be detected using RT-PCR [64].

NGS offers the advantage of simultaneous assessment of multiple oncogenes. NGS is
a highly sensitive and specific assay via which unknown NTRK fusions can be identified.
DNA- and RNA-based NGS assays are currently available. Sometimes DNA-based NGS
can fail to detect NTRK fusions because of the large intronic regions. RNA-based NGS
assays can overcome this disadvantage of DNA-based NGS, as the results are not affected
by intron size. However, the unstable nature of RNA is a major limitation of this assay.
Currently, NGS assay sequencing of mature mRNA is considered the gold standard for
NTRK fusion detection [64].

In 1998, the FDA approved the first CDx for drug-diagnostic co-development, Her-
cepTest for trastuzumab therapy [65]. According to the regulatory guidance issued by
the FDA in 2014, CDx testing is mandatory and must be performed before the use of the
corresponding therapeutic product [66]. The FDA has approved an NGS-based CDx test
for larotrectinib (Foundation Medicine Inc., F1CDx) [65]. It is a DNA-based NGS assay
and was approved based on the retrospective testing of available tumor samples from
patients in the three clinical trials of larotrectinib described above. Currently, there is no
FDA-approved CDx for entrectinib.

4. Conclusions

Novel Trk inhibitors, larotrectinib and entrectinib, exhibit impressive clinical activity in
cancer patients with Trk fusions. The tissue-agnostic drug development approach made it
possible for a relatively efficient clinical development process. Although the tissue-agnostic
approach cannot be applied to all cancer targets, these processes can expedite some of
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the drug development projects with unique biomarkers that enable patient selection. The
adoption of the tissue-agnostic approach is expected to increase, resulting in an accelerated
development process and the possibility of developing therapy for rare cancers.
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Abbreviations

ABL abl proto-oncogene
ALCL anaplastic large cell lymphoma
ALK anaplastic lymphoma kinase
BCR breakpoint cluster region
BDNF brain-derived neurotrophic factor
BRAF B rapidly accelerated fibrosarcoma
CDx companion diagnostics
CIPA congenital insensitivity to pain with anhidrosis
CNS central nervous system
ETV6 ETS variant transcription factor 6
FDA food and drug administration
FGFR fibroblast growth factor receptor
FISH fluorescence in situ hybridization
HER2 human epidermal growth factor receptor 2
IC50 half maximal inhibitory concentration
IHC immunohistochemistry
IMT inflammatory myofibroblastic tumor
LMNA lamin A/C
NGF nerve growth factor
NGS next-generation sequencing
NSCLC non-small cell lung cancer
NTRK neurotrophic tyrosine receptor kinase
ORR overall response rate
PD-1 programmed cell death protein 1
RET ret proto-oncogene
ROS1 c-ros proto-oncogene
RT-PCR reverse transcriptase polymerase chain reaction
SRC src proto-oncogene
TNK2 tyrosine kinase non receptor 2
TPM3 tropomyosin 3
TPR translocated promoter region
TRIM24 tripartite motif containing 24
Trk tropomyosin receptor kinase
xDFG Aspartate-Phenylalanine-Glycine
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Abstract: The development of anticancer drugs remains challenging owing to the potential for
drug resistance. The simultaneous inhibition of multiple targets involved in cancer could overcome
resistance, and these agents would exhibit higher potency than single-target inhibitors. Protein
kinases represent a promising target for the development of anticancer agents. As most multi-kinase
inhibitors are heterocycles occupying only the hinge and hydrophobic region in the ATP binding
site, we aimed to design multi-kinase inhibitors that would occupy the ribose pocket, along with the
hinge and hydrophobic region, based on ATP-kinase interactions. Herein, we report the discovery of
a novel 4′-thionucleoside template as a multi-kinase inhibitor with potent anticancer activity. The
in vitro evaluation revealed a lead 1g (7-acetylene-7-deaza-4′-thioadenosine) with potent anticancer
activity, and marked inhibition of TRKA, CK1δ, and DYRK1A/1B kinases in the kinome scan assay.
We believe that these findings will pave the way for developing anticancer drugs.

Keywords: 7-deaza-4′-thioadenosine derivatives; multi-kinase inhibitor; anticancer; nucleoside

1. Introduction

Although cancer has been extensively investigated, drug resistance remains a major
challenge in the clinical progress of anticancer drugs [1]. It is frequently responsible for
treatment failure in patients with cancer undergoing monotherapy. Under these circum-
stances, a polypharmacological strategy may overcome the drug resistance crisis. The
question then arises: How would it work? Cancer cells are dependent not only on a single
oncogene but also on cells enclosing it. Therefore, inhibition of a single target produces
mutations that promote cancer cell survival, in advanced cancers [2]. Rationally designed
multi-target inhibitors that could hit more than one oncogenic target may surpass the effect
mediated by single-target inhibitors, as they would obstruct cancer cell proliferation and,
secondly, block the microenvironment that facilitates oncogenesis [3]. This would more
comprehensively inhibit the pathway involved, simultaneously reducing the negative
impact on tumor cells to acquire a resistance mutation. Accordingly, the synergistic effect
of inhibiting multiple targets would induce less resistance and greater efficacy [3]. As
cancer is a polygenic disease, it is worth noting that a single drug acting synchronously
on multiple targets is advantageous over the combined use of individual single-target
drugs [3]. Accordingly, smaller doses are required for simultaneous targets to produce
desired effects as the molecule will be concurrently present in tissues (at the site of action).
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On the other hand, combination therapy complicates the dosing schedule, increases the risk
of toxicity arising from drug-drug interactions, and negatively impacts patient adherence,
contrary to multi-target drugs [4,5]. These well-established facts motivate our interest in
the current study. Polypharmacology has become more appealing in recent years and is
currently a hot topic in this field [6–8].

One main factor underlying cancer growth is the presence of kinase mutations. Pro-
tein kinases play a crucial role in cellular functions by mediating protein phosphorylation.
These enzymes transfer the terminal phosphoryl group of adenosine triphosphate (ATP)
to a protein substrate, ultimately resulting in processes, such as signal transduction, gene
regulation, and metabolism. Therefore, dysregulation of kinases is often associated with
several diseases, including cancer [9]. The protein kinase domain is the most common
domain encoded by cancer genes [10] and is linked to cancer onset and progression [10,11].
Several multi-kinase inhibitors are currently in clinical use, indicating growing attention for
multi-kinase inhibitors [12]; for example, multi-targeted receptor tyrosine kinase inhibitors,
such as sorafenib—approved for the treatment of renal cell carcinoma (RCC) and hepatocel-
lular carcinoma, and sunitinib—approved for the treatment of RCC and imatinib-resistant
gastrointestinal stromal tumor have been developed [3,13,14]. Recently, the multi-target
kinase inhibitor, entrectinib was approved by the Food and Drug Administration for the
treatment of ROS1 (c-ros oncogene 1)-positive, metastatic non-small cell lung cancer and
solid tumors with neurotrophic receptor tyrosine kinase (NTRK) fusions [15,16].

The majority of the kinase inhibitors are heterocycles, which are ATP-competitive [17–19],
i.e., they act by competing with ATP to bind to the ATP-binding site of kinases, and therefore,
block the phosphorylation process. The ATP binding site of protein kinases is illustrated in
Figure 1A. The catalytic domain of all protein kinases encompasses two lobes, linked by a
flexible hinge region. ATP binds to the cleft, between the two lobes, a highly conserved catalytic
structure in protein kinases [20], where the transfer of γ-phosphate of ATP to protein substrate
is catalyzed by kinases in their active DFG-in conformation. The adenine ring from ATP forms
two hydrogen bonds with the amino acids in the hinge region [21]. The ATP pocket also
contains the unoccupied hydrophobic pockets and a hydrophilic ribose region. Most of the
ATP-competitive inhibitors known, commonly occupy the hinge and hydrophobic regions I,
II [22,23] but rarely the ribose pocket. Nevertheless, it is worthy to note that, occupying the
ribose region results in improved binding towards kinases as demonstrated by Gandin et al. [23].
Since ATP binding site is conserved in protein kinases, it could be a challenging task to design
selective multi-kinase inhibitors [24] as it can often lead to off-target interactions [22,25]. It
may be advantageous in treating polygenic diseases like cancer, where polypharmacological
agents are more effective [3]. However, to maintain the safety profile of a multi-kinase inhibitor,
only specific kinases should be targeted [22]. It would be of great importance to find out the
combination of kinases whose inhibition would result in therapeutic benefits without unwanted
side effects [26,27]. The state-of-the-art of kinase inhibitors in human trials have been provided
by Klaeger et al. [28].

In the present study, we aimed to design multi-kinase inhibitors that would interact
with the hinge region, hydrophobic pocket I, also known as buried region adjacent to the
hinge region and ribose pocket at the same time. The interactions with the hydrophobic
pocket have frequently been utilized to achieve inhibitor selectivity over kinases [23]. On
this basis, we attempted to design novel kinase inhibitors with a nucleoside skeleton
as it’s an ATP-mimic by modifying the hydrophobic residue (R), based on ATP-kinase
interactions, as illustrated in Figure 1B. These compounds are expected to simultaneously
inhibit several kinases, given the sequence and structural homology among the ATP
binding sites of kinases [20]. Nevertheless, we wanted to determine the most suitable
substituent for the hydrophobic pocket which is not occupied by ATP, whether acting
as a pharmacophore for selective kinase inhibition. To achieve this goal, we selected a
7-deazaadenine scaffold, as it serves as a good template for functionalization at the 7-
position to occupy the adjacent hydrophobic pocket, thereby enhancing the interactions
with the kinase. It is interesting to note how a subtle structural variation in the nucleobase
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of adenosine exerts cytotoxic biological properties, as demonstrated by a natural product
tubercidin (7-deazaadenosine) [29,30]. The 7-substituted-tubercidin analogs also showed
very interesting anti-cancer activity [31]. The sugar pocket is predominantly hydrophilic
and conserved in most protein kinases. It is well known that the bioisosteric replacement of
oxygen with sulfur on furanose imparts chemotherapeutic properties to its respective sulfur
analog [32–35] with metabolic stability [36]. Like the ribose ring in ATP, the hydrophilic
polar hydroxyl group of the 4-thiosugar moiety will form a hydrogen bond with the sugar
region enabling the molecule to fit in it, resulting in enhanced binding [23].
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All the synthesized compounds were evaluated for their anticancer activity by em-
ploying a sulforhodamine B (SRB) colorimetric assay and the most potent compound 1g
(7-acetylene-7-deaza-4′-thioadenosine) was screened for kinase panel assay. Accordingly,
compound 1g was found to inhibit TRKA (neurotrophic tyrosine receptor kinase 1, NTRK1),
DYRK1A/1B (dual specificity tyrosine-phosphorylation-regulated kinase 1A and 1B), and
CK1δ (casein kinase 1 delta, CSNK1D) kinases, reportedly associated with overexpression
in cancer cells [11,37–39]. To the best of our knowledge, we report for the first time the de-
sign and synthesis of 7-substituted 7-deaza-4′-thionucleoside analogs that are supposed to
simultaneously occupy hinge, hydrophobic, and ribose regions and their structure-activity
relationship as a multi-kinase inhibitor against TRKA, DYRK1A, DYRK1B, and CK1δ with
potent anticancer activity.

2. Results and Discussion
2.1. Chemistry

The structures of synthesized compounds are represented in Figure 2.
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As shown in Scheme 1, to synthesize the final nucleoside 1, we first synthesized the
glycosyl donor 9 from commercially available D-ribose.
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Scheme 1. Synthesis of glycosyl donor 9 from D-ribose. Reagents and conditions: (a) (i) MsCl, pyridine, 0 ◦C, 4 h; (ii) KOH,
H2O, rt, 12 h; (b) TBDPSCl, imidazole, DMAP, CH2Cl2, 0 ◦C to rt, 12 h; (c) NaBH4, THF/MeOH, 0 ◦C to rt, 2 h; (d) MsCl,
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D-Ribose was converted to 2,3-O-isopropylidene-D-ribonic γ-lactone (2) using the
two steps protocol as described previously [40]. First, D-ribose was converted to D-
ribonolactone using bromine/water in the presence of potassium carbonate and later
treated with acetone in the presence of a catalytic amount of concentrated sulfuric acid at
room temperature to afford 2. Following the reported general protocol [41] for thiosugar 7,
the inversion of configuration at the C4 chiral center of D-ribonolactone was achieved by
treating 2 initially with mesyl chloride and subjecting it to base hydrolysis using aqueous
potassium hydroxide solution to give 3 with inverted stereochemistry. Protection of the C5-
hydroxyl of 3 with tert-butyldiphenylsilyl (TBDPS), followed by reduction of the resulting
compound 4 with NaBH4, afforded diol 5. Sulfur heterocyclization was performed by
converting 5 to dimesylate 6, immediately reacted with sodium sulfide nonahydrate at
90 ◦C to give 7 at a 28% overall yield from 2. Compound 7 was subjected to mCPBA
oxidation at−78 ◦C to give sulfoxide 8 (82% yield). Pummerer rearrangement of 8 occurred
upon heating with acetic anhydride to afford glycosyl donor 9 as a 1:1.6 α/β anomeric
mixture.

The glycosyl donor 9 was then condensed with silylated 7-deaza-7-iodo-6-chloropurine
under heating at 80 ◦C for 1 h in the presence of a Lewis acid, TMSOTf, to afford the de-
sired β-stereoisomer 10 as a single stereoisomer (40% yield; Scheme 2); however, the same
reaction at room temperature failed to afford the desired product. The β configuration of
condensed nucleoside 10 was easily determined by 2D NOESY experiments. The NOESY
spectrum revealed a correlation between 1′-H and 4′-H, as well as between 1′-H and one of
the two methyl groups of the acetonide group. A correlation between 5′-H and H-8 was
also observed, confirming the presence of the β-D-anomer (see the Supporting Informa-
tion). Ammonolysis of 10 in tert-butanolic ammonia at 90 ◦C produced key intermediate
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11, which was ready for functionalization with hydrophobic groups at the C7 position
via palladium-catalyzed cross-coupling reactions. Pd-catalyzed Stille coupling of 7-iodo
derivative 11 with 2-tributylstannylfuran and 2-tributylstannylthiophene in the presence
of PdCl2(PPh3)2 yielded 7-furanyl and 7-thiofuranyl derivatives 12a and 12b, respectively.
Removal of acetonides of 12a and 12b with 50% aqueous trifluoroacetic acid (TFA) afforded
the final nucleosides, 1a, and 1b, respectively.
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Scheme 2. Synthesis of 7-substituted 7-deaza-4′-thioadenosine derivatives 1a–f. Reagents and conditions: (a) 7-Deaza-
7-iodo-6-chloropurine, BSA, TMSOTf, CH3CN, rt to 80 ◦C, 1 h; (b) NH3/tert-BuOH, 90 ◦C, 12 h; (c) corresponding
2-tributylstannylheteroaryl, PdCl2(PPh3)2, THF, MW, 70 ◦C, 1 h; (d) 50% TFA/H2O, THF, rt, 12 h; (e) corresponding boronic
ester, PdCl2(PPh3)2, Na2CO3, DMF/H2O, MW, 70 ◦C, 1 h.

Further Suzuki coupling reactions were performed to introduce other hydrophobic
groups, such as vinyl, phenyl, and 4-substituted-phenyl to 11. Coupling of 11 with vinyl
boronic ester in the presence of PdCl2(PPh3)2 in DMF/H2O gave 12c in 85% yield. In this
Suzuki coupling reaction, water was used as a co-solvent to avoid side reactions, resulting
from Heck coupling [42]. The desired Suzuki coupled product was obtained as a single
product. Similar Suzuki reactions of 11 with phenyl and 4-substituted phenyl boronic
esters afforded 7-phenyl and 7-(4-substituted)phenyl derivatives, 12d–f. Treatment of 12c–f
with 50% aqueous TFA yielded the final nucleosides 1c–f, respectively.

Next, to introduce other linear hydrophobic groups, such as acetylene, Sonogashira
coupling was employed, as shown in Scheme 3. Treatment of 11 with trimethylsilyl
acetylene in the presence of a palladium catalyst and copper iodide afforded 13 (93% yield).
Removal of the silyl groups of 13 with 1 M TBAF solution in THF afforded 14, which was
treated with 2 N HCl to yield the 7-acetylene derivative 1g. The molecular structure of
1g was confirmed by a single X-ray crystal analysis (CCDC 1575257); further evidence
supporting the β-configuration is provided in the Supporting Information [43]. Several
2-substituted acetylene analogs 15a–d were also synthesized from 11 by employing the
same Sonogashira coupling conditions. The final propylene, butylene, tert-butyl acetylene,
and cyclopropyl acetylene analogs 1h–k were obtained by treating 15a–d with 50% aqueous
TFA at room temperature.
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2.2. Biological Evaluation
2.2.1. Antiproliferative Activity

All synthesized compounds 1a–k were evaluated for their antiproliferative activity
against six different cancer cell lines, including human lung (A549), colon (HCT116), breast
(MDA-MB-231), liver (SK-HEP-1), stomach (SNU638), and prostate (PC-3) cancer cells,
using SRB colorimetric assay [44,45]. As demonstrated in Table 1, compounds 1a and
1b possessing furanyl and thiofuranyl moieties at the 7-position, respectively, exhibited
moderate antiproliferative activity. Compound 1c, with a vinyl substituent at the 7-position,
displayed potent anticancer activity, whereas bulky groups, such as phenyl (1d) and sub-
stituted phenyls (1e and 1f) showed low to no anticancer activity. In contrast, the linear
acetylene moiety (1g) at the 7-position exhibited excellent anticancer activity in the nanomo-
lar range. Surprisingly, 2-substituted acetylene derivatives 1h–k abolished antiproliferative
activity. This result demonstrates that a small and linear hydrophobic group, such as
acetylene is necessary for potent anticancer activity. Since compound 1g exhibited the most
potent antiproliferative activity against cancer cells (IC50 = 0.004–0.06 µM), the antiprolif-
erative activity of 1g against normal cells was additionally evaluated in primary dermal
fibroblast cells. Compound 1g also showed considerable growth inhibition in cultured
human normal dermal fibroblast cells (IC50 = 0.15 µM). Although rather toxic, compound
1g seems to be more potent in the antiproliferative activity of cancer cells than normal cells.
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Table 1. Anticancer activity of the final 7-substituted 7-deaza-4′-thionucleosides 1a–k against several human cancer cell lines.
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1e >50 >50 >50 >50 >50 >50
1f 41.6 30.6 30.1 10.3 27.5 15.4
1g 0.06 0.03 0.05 0.05 0.03 0.004
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1i >50 >50 >50 >50 >50 >50
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a Measured using SRB assay. b Human lung cancer cells. c Human colon cancer cells. d Human breast cancer cells. e Human liver cancer
cells. f Human stomach cancer cell. g Human prostate cancer cells. h Etoposide was used as positive control. i Gemcitabine was used as
positive control [44].

2.2.2. Kinome Scan Profile

To characterize the kinase inhibition profile of the most potent compound 1g, it was
profiled against a panel of 96 kinases at a concentration of 1 µM (Figure 3). The results
revealed that compound 1g exhibited strong inhibitory activities against four kinases at
1 µM (<20% activity remaining), i.e., TRKA (NTRK1), DYRK1B, and CK1δ (CSNK1D)
among the panel (see the Supporting Information for tabular representation of kinome
scan data, Table S1). Since compound 1g showed strong inhibition of DYRK1B, it was
evaluated for its isoform, DYRK1A inhibition. Compound 1g displayed potent inhibition
of DYRK1A (IC50 = 43 nM, see the Supporting information, Table S2). These kinases are re-
portedly involved in cancer initiation and progression [11,37–39] and represent promising
targets for cancer therapy. Based on this result, it could be inferred that the hydrophobic
pocket in the ATP binding site of these four kinases could accommodate only small and
linear hydrophobic groups such as acetylene for kinase inhibition. Next, the concentration-
dependent inhibitory activities of compounds 1a–k were investigated and the half-maximal
inhibitory concentration (IC50) was determined against four kinases, TRKA, DYRK1A,
DYRK1B, and CK1δ (see the Supporting information, Table S2). The kinase inhibition
trend observed for 1a–k was almost similar to that of their antiproliferative activity. In
general, compounds 1a, 1b, and 1g exhibited excellent kinase inhibition activities, whereas
compounds 1c and 1d exhibited moderate kinase inhibition. Among compounds tested,
compounds 1a and 1b with 7-furanyl and 7-thiofuranyl substituents, respectively showed
excellent kinase inhibition activity against NTRK1, whereas compounds 1a and 1g with
7-furanyl and 7-acetylene substituents, respectively showed excellent kinase inhibition
activity against DYRK1A and DYRK1B. Compounds 1b and 1d with 7-thiofuranyl and
7-phenyl substituents, respectively showed excellent inhibition against CSNK1D. However,
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sterically demanding compounds 1e and 1f and the 2-substituted acetylene derivatives
1h–k demonstrated weak to no inhibitory activity. Compound 1g showed the best an-
tiproliferative activity, but compound 1a was discovered as the best inhibitory compound
against the above-mentioned four kinases, indicating that the anti-cancer effect of 1g might
occur by unexpected mode of action.
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2.2.3. Antiproliferative Activity against KM12 and ACHN Cell Lines

The effect of 1g on cell growth was also determined in KM12, a colon cancer cell line
that highly expresses NTRK1/2/3 and DYRK3. Compared to doxorubicin (IC50 = 0.12 µM),
compound 1g (IC50 = 0.07 µM) showed marked activity against the cell growth of KM12.
Likewise, IC50 of 1g on cell growth of ACHN, a renal cancer cell line, expressing CK1δ
and DYRK2 was approximately 0.04 µM, when compared with 0.04 µM of doxorubicin,
suggesting the highly effective and selective anti-proliferative activity of 1g in cancer cell
lines expressing NTRK, DYRK2 or CK1δ; However, we can’t exclude the possibility that
anti-cancer phenotype might be driven through some other mechanism.

2.2.4. Metabolic Stability and CYP Inhibition

Based on anticancer and kinase inhibition data, compound 1g was examined for its
microsomal stability and CYP isozyme inhibition in vitro (Table 2). Compound 1g was
metabolically stable in human liver microsomes. Moreover, it showed no CYP isozyme
inhibition against the five major drug-metabolizing cytochrome P450 isozymes.

Table 2. Human liver microsomal stability and CYP isozyme inhibition activity of 1g.

Compound No. Metabolic Stability (%) a CYP Inhibition, IC50 (µM) b

CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4

1g 82.3 >20 >20 >20 >20 >20

Verapamil 15.3 - - - - -
Ketoconazole d - 95.7 c 93.6 c 93.6 c 96.0 c 27.2 c

a % Remaining during 30 min. b IC50 < 1 µM—potent inhibition; 1 µM < IC50 < 10 µM—moderate inhibition; IC50 > 10 µM—no or weak
inhibition. c Percentage of enzyme remaining after inhibition. d CYP3A4 inhibitor (0.1 µM).

2.3. Docking Analysis

Next, to justify the rationale of this design strategy, the ligand-bound DYRK1A (PDB
ID: 7A51) [46] and TRKA (PDB ID: 5JFV) [47] crystal structures were used for the molecular
docking study (Figure 4). The docked pose of compound 1g into the ATP binding site
of DYRK1A and TRKA, as depicted in Figure 4A and 4B respectively, revealed that the
purine ring formed two key hydrogen bonds with hinge residue Leu 241, and Glu 239 of
DYRK1A, whereas in the case of TRKA the purine ring of 1g formed hydrogen bonding
with Met 592 and Glu 590, in a manner comparable with that of ATP. Furthermore, hydrogen
bonding interaction was seen between 5′-OH of 1g and Glu 291 of DYRK1A (Figure 4C).
Similarly, hydrogen bonding interaction between 5′-OH of 1g and Glu 518 of TRKA was
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observed. In addition, the acetylene moiety occupied the hydrophobic pocket as supposed
and displayed hydrophobic interactions with gatekeeper residue, Phe 238 and Val 306 of
DYRK1A (Figure 4C). While, in the TRKA: 1g docked pose acetylene was found to form
hydrophobic interactions with the gatekeeper residue, Phe 589 and Phe 669 (Figure 4D).
Additionally, a hydrophobic interaction of 4-thio of the sugar moiety with Val 173 and Val
524 of DYRK1A and TRKA, respectively was observed. Thus, it can be concluded that
compound 1g fits markedly well in the ATP binding sites of DYRK1A and TRKA, thus
providing a new scaffold that inhibits the activity of these enzymes.
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3. Materials and Methods
3.1. General Methods

Proton (1H) and carbon (13C) NMR spectra were recorded on a JEOL JNM-GCX
(400/100 MHz), Bruker AMX-500 (500/125 MHz), or JEOL JNM-ECA 600 (600/150 MHz)
spectrometer. Chemical shifts are given in parts per million (δ), calibrated to the solvent
peak, and coupling constants (J) in hertz (Hz). High-resolution mass (HRMS) measure-
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ments were recorded on a Thermo LCQ XP instrument. UV spectra were recorded in
methanol on a U-3000 made by Hitachi. Optical rotations were measured on Jasco III
in an appropriate solvent and [α]25

D values are given in 10−1 deg cm2 g−1. Melting
points were determined on a Barnstead electrothermal 9100 instrument and are uncor-
rected. Microwave-assisted reactions were conducted in Biotage Initiator+ US/JPN (part
no. 356007) microwave reactor. The TLC spots were examined under ultraviolet light at
254 nm and further visualized by p-anisaldehyde or phosphomolybdic acid stain solu-
tion. Column chromatography was performed using silica gel (Kieselgel 60, 70–230 mesh,
Merck). The purity of all tested compounds was determined by high-performance liquid
chromatography (HPLC) analysis, confirming ≥95% purity.

3.2. Chemical Synthesis
3.2.1. (3aR,6S,6aR)-6-(Hydroxymethyl)-2,2-dimethyldihydrofuro[3,4-d][1,3]
dioxol-4(3aH)-one (3)

To an ice-cooled solution of 2 (50 g, 0.265 mol) in pyridine (330 mL), methanesulfonyl
chloride (52.34 g, 0.45 mol) was dropwise added under a nitrogen atmosphere and the
solution was stirred at room temperature for 4 h. The reaction was quenched with slow
addition of saturated aqueous NaHCO3 (520 mL) with stirring until no effervescence and
extracted with dichloromethane (2 L). The combined organic layer was washed successively
with water and brine, dried (MgSO4), and concentrated in vacuo below 25 ◦C to give the
crude product. To this crude mesylate, a solution of potassium hydroxide (36.74 g, 0.65 mol)
in water (250 mL) was added using a dropping funnel, maintaining the temperature below
30 ◦C. This reaction mixture was stirred at room temperature for 12 h and then adjusted
to pH 3.0 to 4.0 by adding 3 M hydrochloric acid (260 mL). The acidic solution was
concentrated under reduced pressure to afford a solid mass. The solid mass was triturated
with acetone (2 L) and heated to 50 ◦C for 30 min. The acetone was decanted, dried over
anhydrous MgSO4, and filtered. The filtrate was concentrated to obtain crude 3 (Rf = 0.45,
TLC eluent = CH2Cl2/MeOH, 19:1).

3.2.2. (3aR,6S,6aR)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-dimethyldihydrofuro[3,4-
d][1,3]dioxol-4(3aH)-one (4)

To a solution of 3 in methylene chloride (240 mL), imidazole (8.78 g, 129 mmol) was
added, followed by dropwise addition of tert-butyldiphenylsilyl chloride (26 g, 94.26 mmol)
at 0 ◦C. After being stirred at room temperature for 12 h, the reaction mixture was par-
titioned between methylene chloride (3 × 600 mL) and water (760 mL). The layers were
separated and the combined organic layer was dried (MgSO4), filtered, and evaporated to
give crude 4 (Rf = 0.50, TLC eluent = hexane/ethyl acetate, 4:1).

3.2.3. (S)-2-((tert-butyldiphenylsilyl)oxy)-1-((4S,5R)-5-(hydroxymethyl)-2,2-dimethyl-1,3-
dioxolan-4-yl)ethan-1-ol (5)

The crude 4 was dissolved in THF-MeOH (285 mL-54 mL) and to this, sodium boro-
hydride (14.64 g, 387.07 mmol) was added portion wise at 0 ◦C. After stirring for 2 h at
room temperature, the reaction mixture was quenched with glacial acetic acid (26 mL) and
evaporated. The residue was diluted with 20% aqueous potassium sodium tartrate (500 mL)
and the aqueous layer was extracted with ethyl acetate (3 × 600 mL). The organic layer
was washed with brine, dried over MgSO4, and evaporated to obtain crude 5 (Rf = 0.50,
TLC eluent = hexane/ethyl acetate, 3:2).

3.2.4. (S)-2-((tert-butyldiphenylsilyl)oxy)-1-((4R,5R)-2,2-dimethyl-5-
(((methylsulfonyl)oxy)methyl)-1,3-dioxolan-4-yl)ethyl Methanesulfonate (6)

To a solution of 5 in methylene chloride (277 mL), 4-dimethylaminopyridine (0.36 g,
2.96 mmol) and triethylamine (106.40 g, 1051.53 mmol) were added and the solution
was cooled to 0 ◦C. To this methanesulfonyl chloride (59.11 g, 516.09 mmol) was added
dropwise and the reaction mixture was stirred at room temperature for 2 h. The reac-
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tion was quenched with saturated aqueous NaHCO3 (300 mL) until no effervescence
and extracted with methylene chloride (3 × 520 mL). The combined organic layer was
washed with brine (150 mL), dried (MgSO4), and passed through silica to remove any
inorganic impurities and evaporated below 25 ◦C to give crude di-O-mesylate 6 (Rf = 0.55,
TLC eluent = hexane/ethyl acetate, 3:2).

3.2.5. tert-Butyl(((3aS,4R,6aR)-2,2-dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4
yl)methoxy)diphenylsilane (7)

To a stirred solution of 6 in DMF (1.5 L) crushed Na2S·9H2O (43.37g, 180.60 mmol)
was added and the reaction mixture was transferred to a preheated bath at 90 ◦C. After
being stirred for 15 h, the reaction mixture was cooled to room temperature and quenched
with water (1 L). The aqueous layer was extracted with n-hexane (3 × 1 L). The organic
layer was combined, washed with brine, dried over anhydrous MgSO4, and concentrated.
The residue was purified by column chromatography (silica gel, hexane/ethyl acetate, 19:1)
to afford 7 (31.6 g, 28% in 5 steps) as pale yellow syrup; [α]25

D 45.17 (c 14.5, CH3OH); UV
(CH3OH) λmax 264.94 nm; 1H NMR (CDCl3, 500 MHz): δ 7.67–7.63 (m, 4H), 7.42–7.35 (m,
6H), 4.79 (d, J = 1.7 Hz, 2H), 3.76 (dd, J = 10.6, 4.9 Hz, 1H), 3.60 (dd, J = 10.6, 6.8 Hz, 1H),
3.38–3.35 (m, 1H), 3.13–3.10 (m, 1H), 2.82 (merged dd, J1 = J2 = 12.6 Hz, 1H), 1.50 (s, 3H),
1.30 (s, 3H), 1.04 (s, 9H); 13C NMR (CDCl3, 125 MHz): δ 135.56, 135.55, 133.0, 132.9, 129.8,
129.7, 127.7, 110.6, 85.9, 83.7, 65.9, 55.4, 38.3, 26.8, 26.4, 24.5, 19.1; HRMS (ESI-Q-TOF) m/z
[M + NH4]+ for C24H36NO3SSi calculated 446.218, found 446.2175.

3.2.6. (3aS,4R,5S,6aR)-4-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxole 5-oxide (8)

A solution of 3-chloroperbenzoic acid (5.56 g, 32.25 mmol) in methylene chloride
(110 mL) was added dropwise to a stirred solution of 7 (27.65 g, 64.50 mmol) in methylene
chloride (110 mL) at −78 ◦C under a nitrogen atmosphere and stirred at the same temper-
ature for 45 min. The reaction mixture was quenched with saturated NaHCO3 solution
and extracted with methylene chloride (3 × 650 mL). The combined organic layer was
washed with brine, dried over MgSO4, evaporated, and the residue was purified by silica
gel column chromatography (hexane/ethyl acetate, 2:3) to afford 8 (23 g, 82%) as a colorless
syrup; [α]25

D 17.87 (c 3.75, CH3OH); UV (CH3OH) λmax 264.94 nm; 1H NMR (CDCl3,
500 MHz): δ 7.59–7.54 (m, 4H), 7.46–7.43 (m, 2H), 7.40–7.37 (m, 4H), 5.21 (t, J = 5.5 Hz, 1H),
4.97 (d, J = 5.3 Hz, 1H), 4.09 (dd, J = 11.2, 2.5 Hz, 1H), 3.82 (dd, J = 11.2, 3.3 Hz, 1H), 3.58 (s,
1H), 3.39 (merged dd, J1 = J2 = 14.8 Hz, 1H), 3.25 (dd, J = 14.8, 6.0 Hz, 1H), 1.56 (s, 3H), 1.33
(s, 3H), 1.01 (s, 9H); 13C NMR (CDCl3, 125 MHz): δ 135.4, 135.3, 131.7, 131.6, 130.1, 130.0,
127.9, 127.8, 112.2, 86.3, 84.7, 74.7, 61.7, 58.3, 26.7, 26.6, 24.3, 18.9; HRMS (ESI-Q-TOF) m/z
[M + H]+ for C24H33O4SSi calculated 445.1863, found 445.1862.

3.2.7. (3aR,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl acetate (9)

A solution of 8 (16 g, 35.98 mmol) in acetic anhydride (142 mL) was transferred to a
preheated bath at 110 ◦C and stirred at the same temperature for 4 h. After concentration
under reduced pressure, the residue was neutralized with aqueous sat. NaHCO3 until pH
7.0 and stirred for 15 min. To the solution brine was added and extracted with ethyl acetate
(3 × 600 mL). The organic layer was combined and washed with brine, dried (MgSO4),
filtered, and evaporated under reduced pressure. The crude residue obtained was purified
by silica gel column chromatography (hexane/ethyl acetate, 19:1) to give 9 (12.6 g, 72%)
as a colorless syrup: 1:1.6 α/β mixture of anomers; UV (CH3OH) λmax 259.85 nm; 1H
NMR (CDCl3, 500 MHz): δ 7.70–7.62 (m, 6H), 7.43–7.40 (m, 3H), 7.39–7.36 (m, 7H), 6.09
(d, J = 5.3 Hz, 0.4H), 5.90 (s, 1H), 4.99 (d, J = 5.4 Hz, 1H), 4.82–4.80 (m, 0.6H), 4.64–4.61
(m, 1.5H), 3.82–3.80 (m, 1H), 3.77–3.72 (m, 1.6H), 3.60–3.52 (m, 2H), 2.13 (s, 1.4H), 1.81 (s,
3H), 1.53 (s, 1.9H), 1.48 (s, 3H), 1.30 (s, 1.6H), 1.28 (s, 3H), 1.06 (s, 9H), 1.04 (s, 5H); HRMS
(ESI-Q-TOF) m/z [M + Na]+ for C26H34NaO5SSi calculated 509.1788, found 509.1791.
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3.2.8. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-4-chloro-5-iodo-7H-pyrrolo[2,3-
d]pyrimidine (10)

N,O-Bis(trimethylsilyl)acetamide (BSA, 2.5 mL, 10.27 mmol) was added to a stirred
suspension of 4-chloro-5-iodo-7H-pyrrolo[2,3-d]pyrimidine (2.6 g, 9.33 mmol) in anhydrous
acetonitrile (67 mL) under nitrogen atmosphere. The resulting suspension was stirred
at room temperature for 10 min until a homogeneous solution was obtained. To this
clear solution a solution of 9 (5 g, 10.27 mmol) in anhydrous acetonitrile (50 mL) were
added followed by dropwise addition of trimethylsilyl trifluoromethanesulfonate (1.5 mL,
8.40 mmol). The reaction mixture was stirred at room temperature for 15 min before
transferring it to a preheated bath at 80 ◦C. After stirring at the same temperature for
1 h, the reaction mixture was cooled to room temperature and diluted with ethyl acetate
(700 mL). The organic layer was washed with aqueous sat. NaHCO3 (3 × 250 mL) and
brine (100 mL), dried over MgSO4, filtered, and concentrated. The residue was purified
by column chromatography (silica gel, hexane/ethyl acetate, 50:3) to give 10 (2.9 g, 40%)
as a pale yellow sticky mass; [α]25

D −7.03 (c 0.6, CH3OH); UV (CH3OH) λmax 310.78 nm;
1H NMR (CD3OD, 500 MHz): δ 8.46 (s, 1H), 7.87 (s, 1H), 7.64–7.58 (m, 4H), 7.40–7.33 (m,
4H), 7.31–7.28 (m, 2H), 6.24 (d, J = 2.2 Hz, 1H), 5.10 (dd, J = 5.5, 2.2 Hz, 1H), 4.96 (dd,
J = 5.5, 2.1 Hz, 1H), 3.88 (dd, J = 10.4, 7.2 Hz, 1H), 3.81 (dd, J = 10.4, 7.3 Hz, 1H), 3.75 (td,
J = 7.2, 2.1 Hz, 1H), 1.55 (s, 3H), 1.28 (s, 3H), 1.04 (S, 9H); 13C NMR (CD3OD, 100 MHz):
δ 154.2, 152.5, 152.3, 137.5, 137.4, 136.2, 135.0, 134.7, 131.9, 131.8, 129.7, 129.6, 119.9, 114.0,
90.9, 87.0, 70.1, 67.7, 58.9, 53.5, 28.3, 28.1, 26.1, 20.8; HRMS (ESI-Q-TOF) m/z [M + H]+ for
C30H34ClIN3O3SSi calculated 706.0818, found 706.0798.

3.2.9. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-5-iodo-7H-pyrrolo[2,3-d]pyrimidin-4-
amine (11)

A solution of 10 (2.9 g, 4.11 mmol) in saturated solution of NH3/t-BuOH (30 mL)
contained in a stainless steel bomb reactor was transferred to a preheated bath at 90 ◦C
and stirred at the same temperature for 24 h. The steel bomb containing reaction mixture
was cooled to room temperature and solvent was evaporated under reduced pressure. The
residue was purified by silica gel column chromatography (hexane/ethyl acetate, 13:7) to
obtain 11 (2.42 g, 86%) as a sticky mass; [α]25

D −45.49 (c 2.4, CH3OH); UV (CH3OH) λmax
286.04 nm; 1H NMR (CDCl3, 500 MHz): δ 8.22 (s, 1H), 7.64–7.62 (m, 4H), 7.43–7.40 (m, 2H),
7.37–7.33 (m, 5H), 6.21 (d, J = 2.7 Hz, 1H), 5.88 (br s, 2H), 4.88 (dd, J = 5.6, 2.8 Hz, 1H), 4.78
(dd, J = 5.6, 2.8 Hz, 1H), 3.86–3.79 (m, 2H), 3.77–3.75 (m, 1H), 1.58 (s, 3H), 1.27 (s, 3H), 1.07
(s, 9H); 13C NMR (CDCl3, 125 MHz): δ 156.7, 151.9, 150.1, 135.5, 135.5, 132.9, 132.8, 129.9,
129.8, 127.8, 127.0, 112.4, 104.5, 89.0, 84.0, 66.3, 65.1, 55.7, 50.5, 27.3, 26.8, 25.1, 19.2; HRMS
(ESI-Q-TOF) m/z [M + H]+ for C30H36IN4O3SSi calculated 687.1317, found 687.1301.

General Procedure of Stille Coupling for the Synthesis of 12a and 12b. To the com-
pound 11 (1 equiv) in a microwave vial equipped with a septum, catalyst PdCl2(PPh3)2
(15 mol %) was added and degassed THF (2.8 mL/mmol) under nitrogen atmosphere. The
resulting solution was degassed for 5 min and a corresponding 2-(tributylstannyl)hetaryl
(2.5 equiv) was added. After stirring the reaction mixture in a microwave for 1 h at
70 ◦C, it was quenched by adding water and brine. The aqueous layer was extracted with
ethyl acetate thrice and organics were concentrated. The residue was purified by column
chromatography.

3.2.10. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-5-(furan-2-yl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (12a)

Compound 12a (0.16 g, 88%) was obtained from 11 (0.2 g, 0.29 mmol) as a pale yellow
sticky mass; silica gel column chromatography (hexane/ethyl acetate, 3:2); [α]25

D −31.0
(c 0.2, CH3OH); UV (CH3OH) λmax 291.76 nm; 1H NMR (CDCl3, 400 MHz): δ 8.27 (s, 1H),
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7.64–7.61 (m, 4H), 7.47–7.46 (m, 1H), 7.39–7.36 (m, 3H), 7.33–7.29 (m, 4H), 6.45–6.44 (m, 1H),
6.28–6.27 (m, 2H), 5.98 (br s, 2H), 4.95 (dd, J = 5.9, 3.2 Hz, 1H), 4.82 (dd, J = 5.9, 3.2 Hz, 1H),
3.92–3.82 (m, 2H), 3.79–3.75 (m, 1H), 1.59 (s, 3H), 1.28 (s, 3H), 1.05 (s, 9H); 13C NMR (CDCl3,
100 MHz): δ 157.2, 152.9, 151.2, 149.0, 141.3, 135.77, 135.74, 133.17, 133.11, 130.1, 130.0, 127.9,
120.0, 112.7, 112.1, 107.3, 105.6, 100.9, 89.2, 84.2, 66.3, 65.3, 55.8, 27.6, 27.0, 25.4, 19.5; HRMS
(ESI-Q-TOF) m/z [M + H]+ for C34H39N4O4SSi calculated 627.2456, found 627.2463.

3.2.11. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-5-(thiophen-2-yl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (12b)

Compound 12b (0.21 g) was afforded from 11 (0.25 g, 0.36 mmol) in 92% yield as
colorless sticky mass; silica gel column chromatography (hexane/ethyl acetate, 3:2); [α]25

D
−51.36 (c 0.31, CH3OH); UV (CH3OH) λmax 287.13 nm; 1H NMR (CDCl3, 400 MHz): δ 8.28
(s, 1H), 7.62–7.59 (m, 4H), 7.37–7.34 (m, 3H), 7.32–7.27 (m, 4H), 7.23 (s, 1H), 7.10–7.07 (m,
1H), 7.00–6.99 (m, 1H), 6.28 (d, J = 2.7 Hz, 1H), 5.41 (br s, 2H), 4.94 (dd, J = 5.5, 3.2 Hz, 1H),
4.81 (dd, J = 5.9, 3.2 Hz, 1H), 3.91–3.82 (m, 2H), 3.79–3.74 (m, 1H), 1.59 (s, 3H), 1.28 (s, 3H),
1.03 (s, 9H); 13C NMR (CDCl3, 100 MHz): δ 156.7, 152.1, 150.7, 135.68, 135.63, 129.97, 129.94,
128.0, 127.8, 126.5, 125.8, 121.9, 112.6, 109.4, 102.1, 89.0, 84.1, 66.2, 65.3, 55.6, 27.5, 26.9, 25.3,
19.3; HRMS (ESI-Q-TOF) m/z [M + H]+ for C34H39N4O3S2Si calculated 643.2227, found
643.2218.

General Procedure for the Synthesis of 1a and 1b. To an ice-cooled solution of 12a and
12b (1 equiv) in THF (3 mL/mmol) 50% aqueous trifluoroacetic acid (19.5 mL/mmol) was
dropwise added and the resulting mixture was stirred at room temperature for 12 h. Acidic
solution was basified using a weakly basic anion-exchange resin (Dowex® 66 free base)
and stirred for an additional 3 h, filtered, and concentrated under vacuum. The residue
was purified by silica gel column chromatography (CH2Cl2/MeOH, 47:3) to give 1a and
1b respectively.

3.2.12. (2R,3R,4S,5R)-2-(4-Amino-5-(furan-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-
(hydroxymethyl)tetrahydrothiophene-3,4-diol (1a)

It was obtained in 75% yield as white solid; mp 197–199 ◦C; [α]25
D −21.14 (c 0.05,

CH3OH); UV (CH3OH) λmax 290.77 nm; 1H NMR (DMSO-d6, 500 MHz): δ 8.13 (s, 1H), 7.95
(s, 1H), 7.78 (s, 1H), 6.90 (br s, 2H, D2O exchange), 6.72 (d, J = 3.0 Hz, 1H), 6.62–6.61 (m,
1H), 6.17 (d, J = 7.0 Hz, 1H), 5.43 (d, J = 6.4 Hz, 1H, D2O exchange), 5.27 (d, J = 4.4 Hz, 1H,
D2O exchange), 5.18 (t, J = 5.5 Hz, 1H, D2O exchange), 4.48–4.45 (m, 1H), 4.19–4.18 (m, 1H),
3.78–3.75 (m, 1H), 3.63–3.58 (m, 1H), 3.29–3.28 (m, 1H); 13C NMR (DMSO-d6, 100 MHz):
δ 157.6, 152.5, 151.6, 149.1, 142.3, 120.7, 112.3, 106.8, 105.6, 99.4, 77.7, 73.6, 63.9, 61.3, 53.4;
HRMS (ESI-Q-TOF) m/z [M + H]+ for C15H17N4O4S calculated 349.0965, found 349.0974;
purity ≥95%.

3.2.13. (2R,3R,4S,5R)-2-(4-Amino-5-(thiophen-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-
(hydroxymethyl)tetrahydrothiophene-3,4-diol (1b)

It was afforded in 81% yield as white solid; mp 166–172 ◦C; [α]25
D −23.93 (c 0.09,

CH3OH); UV (CH3OH) λmax 286.41 nm; 1H NMR (CD3OD, 500 MHz): δ 8.13 (s, 1H), 7.66
(s, 1H), 7.42 (d, J = 5.0 Hz, 1H), 7.14–7.11 (m, 2H), 6.22 (d, J = 5.9 Hz, 1H), 4.52 (dd, J = 5.7,
3.7 Hz, 1H), 4.29 (merged dd, J1 = J2 = 3.8 Hz, 1H), 3.88–3.80 (m, 2H), 3.48 (dd, J = 9.4, 4.8 Hz,
1H); 13C NMR (CD3OD, 125 MHz): δ 159.5, 153.5, 152.6, 137.5, 129.8, 128.5, 127.6, 124.5,
111.6, 103.5, 80.8, 76.3, 65.1, 64.5, 54.8; HRMS (ESI-Q-TOF) m/z [M + H]+ for C15H17N4O3S2
calculated 365.0737, found 365.0749; purity ≥95%.

General Procedure of Suzuki Coupling for the Synthesis of 12c–f. A degassed mixture
of DMF/H2O (6.9 mL/2.7 mL/mmol) was added to a microwave vial containing com-
pound 11 (1 equiv), corresponding boronic ester (1.2 equiv), PdCl2(PPh3)2 (6 mol %), and
sodium carbonate (2 equiv). The resulting reaction mixture was heated in a microwave at
70 ◦C for 1 h. After quenching with water, the reaction mixture was extracted with ethyl
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acetate thrice. The organic layers were combined, washed with brine, dried over MgSO4,
filtered, and evaporated. The residue obtained was purified by column chromatography.

3.2.14. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-5-vinyl-7H-pyrrolo[2,3-d]pyrimidin-4-
amine (12c)

Compound 12c was obtained in 85% yield as yellow sticky mass; silica gel column
chromatography (hexane/ethyl acetate, 13:7); [α]25

D −38.33 (c 1.1, CH3OH); UV (CH3OH)
λmax 288.95 nm; 1H NMR (CD3OD, 400 MHz): δ 8.03 (s, 1H), 7.64 (t, J = 9.2 Hz, 4H),
7.42–7.39 (m, 3H), 7.37–7.31 (m, 4H), 6.91 (dd, J = 17.2, 10.8 Hz, 1H), 6.21 (s, 1H), 5.44 (d,
J = 17.6 Hz, 1H), 5.20 (d, J = 10.8 Hz, 1H), 5.07–5.05 (m, 1H), 4.96–4.95 (m, 1H), 3.93–3.89 (m,
1H), 3.86–3.81 (m, 1H), 3.73–3.69 (m, 1H), 1.55 (s, 3H), 1.29 (s, 3H), 1.04 (s, 9H); 13C NMR
(CD3OD, 100 MHz): δ 157.8, 151.1, 150.1, 135.37, 135.35, 133.0, 132.7, 129.74, 129.71, 128.1,
127.58, 127.54, 119.4, 115.8. 114.4, 112.0, 101.4, 88.4, 84.5, 66.0, 65.5, 55.7, 26.3, 26.0, 24.0, 18.7;
HRMS (ESI-Q-TOF) m/z [M + H]+ for C32H39N4O3SSi calculated 587.2507, found 587.2506.

3.2.15. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-5-phenyl-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (12d)

It was obtained in 91% yield as colorless sticky mass; silica gel column chromatography
(hexane/ethyl acetate, 1:1); [α]25

D −46.89 (c 0.14, CH3OH); UV (CH3OH) λmax 283.50 nm;
1H NMR (CD3OD, 400 MHz): δ 8.11 (s, 1H), 7.62–7.59 (m, 4H), 7.43–7.41 (m, 3H), 7.39–7.33
(m, 4H), 7.29–7.26 (m, 4H), 7.23 (s, 1H), 6.27 (d, J = 2.7 Hz, 1H), 5.09 (dd, J = 5.4, 2.7 Hz, 1H),
4.96 (dd, J = 5.5, 2.3 Hz, 1H), 3.92–3.82 (m, 2H), 3.75–3.71 (m, 1H), 1.57 (s, 3H), 1.30 (s, 3H),
1.01 (s, 9H); 13C NMR (CD3OD, 100 MHz): δ 157.4, 151.2, 150.1, 135.38, 135.34, 134.1, 132.9,
132.7, 129.7, 128.7, 128.6, 127.55, 127.50, 127.1, 120.7, 117.9, 111.9, 101.3, 88.6, 84.7, 66.5, 65.6,
56.0, 26.2, 25.9, 24.0, 18.6; HRMS (ESI-Q-TOF) m/z [M + H]+ for C36H41N4O3SSi calculated
637.2663, found 637.2646.

3.2.16. 4-(4-(4-Amino-7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-7H-pyrrolo[2,3-d]pyrimidin-5-
yl)phenyl)thiomorpholine 1,1-dioxide (12e)

It was afforded in 89% yield as colorless sticky mass; silica gel column chromatography
(hexane/ethyl acetate, 11:9); [α]25

D −28.78 (c 0.38, CH3OH); UV (CH3OH) λmax 270.04 nm;
1H NMR (CDCl3, 400 MHz): δ 8.27 (s, 1H), 7.61–7.59 (m, 4H), 7.40–7.34 (m, 4H), 7.32–7.27
(m, 4H), 7.14 (s, 1H), 6.94–6.92 (m, 2H), 6.31 (d, J = 3.6 Hz, 1H), 5.28 (br s, 2H), 4.99 (dd,
J = 5.9, 3.2 Hz, 1H), 4.82 (dd, J = 5.9, 2.7 Hz, 1H), 3.93–3.86 (m, 4H), 3.84–3.82 (m, 2H),
3.79–3.75 (m, 1H), 3.13–3.11 (m, 4H), 1.60 (s, 3H), 1.29 (s, 3H), 1.03 (s, 9H); 13C NMR (CDCl3,
100 MHz): δ 156.6, 151.5, 150.7, 146.9, 135.66, 135.62, 133.0, 130.3, 129.96, 129.92, 127.8,
126.5, 120.6, 116.8, 116.6, 112.7, 101.9, 88.9, 84.0, 66.0, 65.2, 55.5, 50.5, 47.6, 27.5, 26.9, 25.3,
19.3; HRMS (ESI-Q-TOF) m/z [M + H]+ for C40H48N5O5S2Si calculated 770.2861, found
770.2865.

3.2.17. N-(4-(4-Amino-7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-7H-pyrrolo[2,3-d]pyrimidin-5-
yl)phenyl)ethanesulfonamide (12f)

Compound 12f was obtained in 87% yield as colorless sticky mass; silica gel column
chromatography (hexane/ethyl acetate, 2:3); [α]25

D −48.16 (c 0.09, CH3OH); UV (CH3OH)
λmax 286.04 nm; 1H NMR (CDCl3, 500 MHz): δ 8.29 (s, 1H), 7.60–7.59 (m, 4H), 7.39–7.34
(m, 2H), 7.32–7.30 (m, 4H), 7.28–7.27 (m, 2H), 7.25–7.24 (m, 2H), 7.20 (s, 1H), 6.66 (br s,
1H), 6.30 (d, J = 2.9 Hz, 1H), 5.37 (br s, 2H), 4.97 (dd, J = 5.6, 3.0 Hz, 1H), 4.82 (dd, J = 5.6,
2.7 Hz, 1H), 3.90–3.82 (m, 2H), 3.80–3.78 (m, 1H), 3.15 (q, J = 7.3 Hz, 2H), 1.60 (s, 3H), 1.39
(t, J = 7.3 Hz, 3H), 1.29 (s, 3H), 1.02 (s, 9H); 13C NMR (CDCl3, 100 MHz): δ 156.3, 151.1,
150.7, 136.4, 135.63, 135.60, 132.8, 130.9, 130.0, 127.8, 121.3, 120.9, 116.4, 112.6, 101.7, 89.1,
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84.1, 66.4, 65.2, 55.6, 46.3, 27.5, 26.9, 25.3, 19.3, 8.4; HRMS (ESI-Q-TOF) m/z [M + H]+ for
C38H46N5O5S2Si calculated 744.2704, found 744.2698.

3.2.18. (2R,3R,4S,5R)-2-(4-Amino-5-vinyl-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-
(hydroxymethyl)tetrahydrothiophene-3,4-diol (1c)

Compound 12c (0.12 g, 0.20 mmol) was converted to 1c as described for 1a, affording
white solid (47.5 mg, 78%); silica gel column chromatography (CH2Cl2/MeOH, 19:1);
mp 110–112 ◦C; [α]25

D −41.86 (c 0.20, CH3OH); UV (CH3OH) λmax 288.50 nm; 1H NMR
(DMSO-d6, 500 MHz): δ 8.04 (s, 1H), 7.77 (s, 1H), 7.10 (dd, J = 17.2, 10.9 Hz, 1H), 6.70 (br s,
2H, D2O exchange), 6.12 (d, J = 7.0 Hz, 1H), 5.59 (d, J = 17.1 Hz, 1H), 5.38 (d, J = 6.4 Hz,
1H, D2O exchange), 5.25 (d, J = 4.4 Hz, 1H, D2O exchange), 5.17 (t, J = 5.5 Hz, 1H, D2O
exchange), 5.11 (d, J = 11.0 Hz, 1H), 4.46–4.41 (m, 1H), 4.18–4.14 (m, 1H), 3.77–3.72 (m, 1H),
3.61–3.55 (m, 1H), 3.27–3.24 (m, 1H); 13C NMR (CD3OD, 100 MHz): δ 157.8, 150.9, 150.6,
128.3, 119.9, 115.3, 113.9, 78.6, 74.1, 63.0, 62.2, 52.6; HRMS (ESI-Q-TOF) m/z [M + H]+ for
C13H17N4O3S calculated 309.1016, found 309.1018; purity ≥95%.

3.2.19. (2R,3R,4S,5R)-2-(4-Amino-5-phenyl-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-
(hydroxymethyl)tetrahydrothiophene-3,4-diol (1d)

Compound 1d was prepared from 12d (0.16 g, 0.25 mmol) as described for 1a, affording
white solid (72.5 mg, 81%); silica gel column chromatography (CH2Cl2/MeOH, 19:1); mp
102–104 ◦C; [α]25

D −46.30 (c 0.06, CH3OH); UV (CH3OH) λmax 280.95 nm; 1H NMR
(DMSO-d6, 500 MHz): δ 8.14 (s, 1H), 7.66 (s, 1H), 7.50–7.46 (m, 4H), 7.38–7.34 (m, 1H), 6.18
(d, J = 6.9 Hz, 1H), 5.42 (d, J = 6.4 Hz, 1H), 5.28 (d, J = 4.5 Hz, 1H), 5.16 (t, J = 5.5 Hz, 1H),
4.51–4.47 (m, 1H), 4.19–4.16 (m, 1H), 3.77–3.71 (m, 1H), 3.61–3.56 (m, 1H), 3.29–3.25 (m,
1H); 13C NMR (CD3OD, 125 MHz): δ 159.5, 153.1, 152.8, 136.6, 130.9, 130.7, 129.2, 123.4,
119.7, 103.2, 80.9, 76.4, 65.2, 64.5, 54.8; HRMS (ESI-Q-TOF) m/z [M + H]+ for C17H19N4O3S
calculated 359.1172, found 359.1177; purity ≥95%.

3.2.20. 4-(4-(4-Amino-7-(3,4-dihydroxy-5-(hydroxymethyl)tetrahydrothiophen-2-yl)-7H-
pyrrolo[2,3-d]pyrimidin-5-yl)phenyl)thiomorpholine 1,1-dioxide (1e)

It was obtained from 12e (0.1 g, 0.12 mmol) as described for 1a, as white solid (47.1 mg,
80%); silica gel column chromatography (CH2Cl2/MeOH, 93:7); mp 188–192 ◦C; [α]25

D
−24.29 (c 0.05, CH3OH); UV (CH3OH) λmax 270.04 nm; 1H NMR (DMSO-d6, 500 MHz):
δ 8.13 (s, 1H), 7.54 (s, 1H), 7.35 (merged dd, J1 = J2 = 8.4 Hz, 2H), 7.13 (merged dd,
J1 = J2 = 8.5 Hz, 2H), 6.18 (d, J = 6.9 Hz, 1H), 5.40 (d, J = 6.4 Hz, 1H), 5.26 (d, J = 4.3 Hz, 1H),
5.16 (t, J = 5.4 Hz, 1H), 4.49–4.47 (m, 1H), 4.18–4.17 (m, 1H), 3.87–3.82 (m, 4H), 3.75–3.72 (m,
1H), 3.60–3.57 (m, 1H), 3.29–3.27 (m, 1H), 3.17–3.12 (m, 4H); 13C NMR (DMSO-d6, 125 MHz):
δ 157.2, 151.6, 151.0, 146.2, 129.4, 125.1, 120.1, 116.2, 116.0, 100.3, 77.3, 73.3, 63.3, 60.9, 52.8,
49.7, 46.5; HRMS (ESI-Q-TOF) m/z [M + H]+ for C21H26N5O5S2 calculated 492.137, found
492.1388; purity ≥95%.

3.2.21. N-(4-(4-Amino-7-(3,4-dihydroxy-5-(hydroxymethyl)tetrahydrothiophen-2-yl)-7H-
pyrrolo[2,3-d]pyrimidin-5-yl)phenyl)ethanesulfonamide (1f)

It was afforded from 12f (90 mg, 0.12 mmol) as described for 1a, as white solid (44.6 mg,
80%); silica gel column chromatography (CH2Cl2/MeOH, 91:9); mp 127–132 ◦C; [α]25

D
−35.60 (c 0.05, CH3OH); UV (CH3OH) λmax 283.86 nm; 1H NMR (DMSO-d6, 500 MHz): δ
9.87 (s, 1H), 8.14 (s, 1H), 7.60 (s, 1H), 7.42 (merged dd, J1 = J2 = 8.2 Hz, 2H), 7.31 (merged dd,
J1 = J2 = 8.1 Hz, 2H), 6.18 (d, J = 6.9 Hz, 1H), 5.40 (d, J = 6.4 Hz, 1H), 5.26 (d, J = 4.3 Hz, 1H),
5.15 (t, J = 5.4 Hz, 1H), 4.49–4.46 (m, 1H), 4.19–4.17 (m, 1H), 3.76–3.72 (m, 1H), 3.61–3.57 (m,
1H), 3.29–3.27 (m, 1H), 3.13 (q, J = 7.2 Hz, 2H), 1.22 (t, J = 7.2 Hz, 3H); 13C NMR (DMSO-d6,
125 MHz): δ 157.2, 151.6, 151.1, 137.1, 129.7, 129.2, 120.7, 119.8, 115.9, 100.1, 77.3, 73.3,
63.3, 60.9, 52.8, 45.0, 8.02; HRMS (ESI-Q-TOF) m/z [M + H]+ for C19H24N5O5S2 calculated
466.1213, found 466.1225; purity ≥95%.
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General Procedure of Sonogashira Coupling for the Synthesis of 13. To a microwave
vial equipped with a septum, containing 11 (1 equiv), CuI (25 mol %), and PdCl2(PPh3)2
(10 mol %) a degassed mixture of DMF-Et3N (6.1 mL/mmol, 4:1) was added. The resulting
reaction mixture was degassed with nitrogen for 5 min before adding corresponding
alkyne (1.1 equiv) and heated in a microwave at 50 ◦C for 1 h. The reaction mixture
was partitioned between ethyl acetate and water. The combined organic layer was dried
over MgSO4, filtered, and evaporated. The resulting residue was purified by silica gel
chromatography to afford the respective compounds.

3.2.22. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-5-((trimethylsilyl)ethynyl)-7H-
pyrrolo[2,3-d]pyrimidin-4-amine (13)

The desired compound 13 was obtained from 11 (1.67 g, 2.43 mmol) in 93% yield as
sticky mass; silica gel column chromatography (hexane/ethyl acetate, 4:1); [α]25

D −74.11
(c 0.65, CH3OH); UV (CH3OH) λmax 284.59 nm; 1H NMR (CDCl3, 500 MHz): δ 8.24 (s, 1H),
7.65–7.62 (m, 4H), 7.42–7.39 (m, 3H), 7.37–7.34 (m, 4H), 6.19 (d, J = 2.6 Hz, 1H), 5.73 (br s,
2H), 4.89 (dd, J = 5.6, 2.6 Hz, 1H), 4.78 (dd, J = 5.6, 2.3 Hz, 1H), 3.87–3.84 (m, 1H), 3.79–3.73
(m, 2H), 1.57 (s, 3H), 1.27 (s, 3H), 1.07 (s, 9H), 0.24 (s, 9H); 13C NMR (CDCl3, 100 MHz): δ
157.3, 153.0, 149.7, 135.7, 135.6, 133.0, 132.9, 130.0, 127.9, 126.9, 112.5, 104.0, 98.4, 97.7, 96.2,
89.3, 84.2, 66.5, 65.2, 56.0, 27.4, 26.9, 25.2, 19.3, 0.01; HRMS (ESI-Q-TOF) m/z [M + H]+ for
C35H45N4O3SSi2 calculated 657.2745, found 657.2739.

3.2.23. ((3aS,4R,6R,6aR)-6-(4-Amino-5-ethynyl-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)methanol (14)

To the stirred solution of 13 (0.58 g, 0.88 mmol) in anhydrous THF (5.8 mL) a solution
of 1 M TBAF in THF (2.64 mL, 2.64 mmol) was added under nitrogen atmosphere and the
resulting reaction mixture was stirred at room temperature for 40 min. The reaction was
quenched with saturated aqueous NH4Cl solution (5 mL) and extracted with ethyl acetate
(3 × 150 mL). The combined organic layer was washed with brine (100 mL), dried over
MgSO4, filtered, and concentrated to give the residue. Upon silica gel column chromatog-
raphy (methylene chloride/methanol, 97:3), compound 14 (0.27 g, 90%) was obtained as
pale yellow syrup; [α]25

D −51.62 (c 1.15, CH3OH); UV (CH3OH) λmax 280.95 nm; 1H NMR
(CD3OD, 500 MHz): δ 8.12 (s, 1H), 7.78 (s, 1H), 6.27 (d, J = 3.0 Hz, 1H), 5.14 (dd, J = 5.3,
3.1 Hz, 1H), 4.97 (dd, J = 5.4, 2.2 Hz, 1H), 3.79–3.74 (m, 2H), 3.73 (s, 1H), 3.71–3.68 (m, 1H),
1.58 (s, 3H), 1.32 (s, 3H); 13C NMR (CD3OD, 125 MHz): δ 159.9, 154.4, 151.2, 129.7, 114.1,
105.2, 97.7, 91.1, 87.4, 77.9, 68.7, 65.8, 57.7, 28.6, 26.2; HRMS (ESI-Q-TOF) m/z [M + H]+ for
C16H19N4O3S calculated 347.1172, found 347.1168.

3.2.24. (2R,3R,4S,5R)-2-(4-Amino-5-ethynyl-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-
(hydroxymethyl)tetrahydrothiophene-3,4-diol (1g)

To a solution of 14 (0.21 g, 0.60 mmol) in THF (6 mL) 2 N HCl solution (6 mL) was
added dropwise at 0 ◦C and the reaction mixture was stirred at room temperature for
15 h. A weakly basic anion-exchange resin (Dowex® 66 free base) was added to the
resulting solution to neutralize HCl and stirred for additional 3 h. The solution was filtered,
evaporated, and the residue was purified by silica gel column chromatography (methylene
chloride/methanol, 47:3) to afford 1g (0.13 g, 72%) as white solid; mp 235–237 ◦C; [α]25

D
−47.30 (c 0.05, CH3OH); UV (CH3OH) λmax 280.59 nm; 1H NMR (DMSO-d6, 500 MHz): δ
8.12 (s, 1H), 7.93 (s, 1H), 6.06 (d, J = 6.9 Hz, 1H), 5.43 (d, J = 6.3 Hz, 1H), 5.27 (d, J = 4.3 Hz,
1H), 5.17 (t, J = 5.3 Hz, 1H), 4.45–4.42 (m, 1H), 4.28 (s, 1H), 4.16–4.14 (m, 1H), 3.76–3.71
(m, 1H), 3.61–3.57 (m, 1H), 3.28–3.25 (m, 1H); 13C NMR (DMSO-d6, 150 MHz): δ 157.3,
152.6, 149.8, 127.6, 102.2, 94.0, 83.0, 77.34, 77.30, 73.2, 63.1, 61.1, 53.0; HRMS (ESI-Q-TOF)
m/z [M + H]+ for C13H15N4O3S calculated 307.0859, found 307.0863; purity ≥95%.
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3.2.25. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-5-(prop-1-yn-1-yl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (15a)

Following the procedure described to synthesize 13, compound 11 (200 mg, 0.29 mmol)
afforded 15a (164 mg, 96%) as sticky mass; silica gel column chromatography (hexane/ethyl
acetate, 3:1); [α]25

D −63.53 (c 0.195, CH3OH); UV (CH3OH) λmax 282.77 nm; 1H NMR
(CDCl3, 400 MHz): δ 8.22 (s, 1H), 7.66–7.63 (m, 4H), 7.41–7.40 (m, 2H), 7.38–7.34 (m, 4H),
7.30 (s, 1H), 6.20 (d, J = 2.8 Hz, 1H), 5.74 (br s, 2H), 4.90 (dd, J = 5.6, 2.8 Hz, 1H), 4.80
(dd, J = 6.0, 5.8 Hz, 1H), 3.88 (dd, J = 10, 6.8 Hz, 1H), 3.82–3.75 (m, 2H), 2.07 (s, 3H), 1.58
(s, 3H), 1.28 (s, 3H), 1.08 (s, 9H); 13C NMR (CDCl3, 100 MHz): δ 157.0, 152.3, 149.4, 135.7,
135.6, 133.0, 132.9, 129.9, 127.8, 125.8, 112.6, 103.8, 97.0, 89.1, 88.4, 84.1, 72.5, 66.3, 65.2, 55.9,
27.4, 26.9, 25.2, 19.3, 4.6; HRMS (ESI-Q-TOF) m/z [M + H]+ for C33H39N4O3SSi calculated
599.2507, found 599.2512.

3.2.26. 5-(But-1-yn-1-yl)-7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-7H-pyrrolo[2,3-d]pyrimidin-4-
amine (15b)

It was obtained from 11 (234 mg, 0.34 mmol) as described for 13, as sticky mass
(189 mg, 91%); silica gel column chromatography (hexane/ethyl acetate, 7:3); [α]25

D −71.76
(c 0.06, CH3OH); UV (CH3OH) λmax 283.50 nm; 1H NMR (CDCl3, 500 MHz): δ 8.22 (s, 1H),
7.65–7.62 (m, 4H), 7.42–7.39 (m, 2H), 7.37–7.34 (m, 4H), 7.30 (s, 1H), 6.19 (d, J = 2.7 Hz, 1H),
5.68 (br s, 2H), 4.89 (dd, J = 5.7, 2.8 Hz, 1H), 4.79 (dd, J = 5.6, 2.8 Hz, 1H), 3.87–3.85 (m,
1H), 3.80–3.77 (m, 1H), 3.76–3.74 (m, 1H), 2.43 (q, J = 14.9, 7.5 Hz, 2H), 1.57 (s, 3H), 1.27
(s, 3H), 1.23 (t, J = 7.5 Hz, 3H), 1.06 (s, 9H); 13C NMR (CDCl3, 100 MHz): δ 157.0, 152.4,
149.4, 135.6, 135.5, 132.99, 132.9, 129.8, 127.8, 127.7, 125.6, 112.5, 103.8, 96.8, 94.1, 89.0, 84.0,
72.7, 66.1, 65.1, 55.8, 27.3, 26.8, 25.1, 19.2, 13.9, 13.2; HRMS (ESI-Q-TOF) m/z [M + H]+ for
C34H41N4O3SSi calculated 613.2663, found 613.2669.

3.2.27. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-5-(3,3-dimethylbut-1-yn-1-yl)-7H-
pyrrolo[2,3-d]pyrimidin-4-amine (15c)

For the synthesis of 15c, compound 11 (300 mg, 0.43 mmol) was treated as described
for 13, yielding sticky mass (224 mg, 80%); silica gel column chromatography, hexane/ethyl
acetate, 13:7; [α]25

D −67.09 (c 0.265, CH3OH); UV (CH3OH) λmax 283.86 nm; 1H NMR
(CDCl3, 500 MHz): δ 8.21 (s, 1H), 7.64 (t, J = 6.4 Hz, 4H), 7.42–7.40 (m, 2H), 7.38–7.34 (m,
4H), 7.32 (s, 1H), 6.20 (d, J = 2.6 Hz, 1H), 5.83 (br s, 2H), 4.88 (dd, J = 5.6, 2.7 Hz, 1H), 4.77
(dd, J = 5.5, 2.5 Hz, 1H), 3.87 (dd, J = 9.7, 6.2 Hz, 1H), 3.79–3.73 (m, 2H), 1.57 (s, 3H), 1.31 (s,
9H), 1.26 (s, 3H), 1.07 (s, 9H); 13C NMR (CDCl3, 100 MHz): δ 157.2, 152.6, 149.6, 135.7, 135.6,
133.0, 132.9, 129.9, 127.9, 125.3, 112.5, 103.9, 101.1, 96.9, 89.2, 84.1, 72.1, 66.2, 65.2, 55.9, 31.0,
28.3, 27.4, 26.9, 25.2, 19.3; HRMS (ESI-Q-TOF) m/z [M + H]+ for C36H45N4O3SSi calculated
641.2976, found 641.2991.

3.2.28. 7-((3aR,4R,6R,6aS)-6-(((tert-butyldiphenylsilyl)oxy)methyl)-2,2-
dimethyltetrahydrothieno[3,4-d][1,3]dioxol-4-yl)-5-(cyclopropylethynyl)-7H-pyrrolo[2,3-
d]pyrimidin-4-amine (15d)

It was obtained from 11 (214 mg, 0.31 mmol) as described for 13, as sticky mass
(180 mg, 92%); silica gel column chromatography, hexane/ethyl acetate, 13:7; [α]25

D −70.38
(c 0.10, CH3OH); UV (CH3OH) λmax 284.50 nm; 1H NMR (CDCl3, 400 MHz): δ 8.21 (s, 1H),
7.66–7.63 (m, 4H), 7.44–7.40 (m, 2H), 7.39–7.34 (m, 4H), 7.31 (s, 1H), 6.19 (d, J = 3.2 Hz, 1H),
5.93 (br s, 2H), 4.88 (dd, J = 5.9, 3.2 Hz, 1H), 4.79 (dd, J = 5.9, 2.7 Hz, 1H), 3.89–3.85 (m,
1H), 3.82–3.73 (m, 2H), 1.58 (s, 3H), 1.49–1.44 (m, 1H), 1.27 (s, 3H), 1.07 (s, 9H), 0.92–0.85
(m, 2H), 0.79–0.75 (m, 2H); 13C NMR (CDCl3, 100 MHz): δ 156.4, 149.0, 135.6, 135.5, 132.9,
132.8, 129.9, 127.8, 126.2, 112.5, 103.8, 97.1, 89.1, 84.1, 68.0, 66.3, 65.1, 55.8, 27.3, 26.8, 25.1,
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19.2, 8.7, 0.2; HRMS (ESI-Q-TOF) m/z [M + H]+ for C35H41N4O3SSi calculated 625.2663,
found 625.2667.

3.2.29. (2R,3R,4S,5R)-2-(4-Amino-5-(prop-1-yn-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-
(hydroxymethyl)tetrahydrothiophene-3,4-diol (1h)

Compound 15a (150 mg, 0.25 mmol) was converted to 1h (66.4 mg, 83%) yielding
white solid, using the procedure described for 1a; silica gel column chromatography
(CH2Cl2/MeOH, 47:3); mp 190–192 ◦C; [α]25

D −51.14 (c 0.05, CH3OH); UV (CH3OH) λmax
282.77 nm; 1H NMR (DMSO-d6, 500 MHz): δ 8.10 (s, 1H), 7.75 (s, 1H), 6.05 (d, J = 6.7 Hz,
1H), 5.40 (d, J = 6.2 Hz, 1H), 5.25 (d, J = 4.1 Hz, 1H), 5.16 (t, J = 5.3 Hz, 1H), 4.42–4.39 (m,
1H), 4.16–4.13 (m, 1H), 3.75–3.70 (m, 1H), 3.61–3.56 (m, 1H), 3.27–3.24 (m, 1H), 2.08 (s, 3H);
13C NMR (DMSO-d6, 125 MHz): δ 157.4, 152.5, 149.7, 125.8, 102.1, 95.7, 88.4, 77.3, 73.2,
72.6, 63.1, 61.1, 52.9, 4.2; HRMS (ESI-Q-TOF) m/z [M + H]+ for C14H17N4O3S calculated
321.1016, found 321.1013; purity ≥95%.

3.2.30. (2R,3R,4S,5R)-2-(4-Amino-5-(but-1-yn-1-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)-5-
(hydroxymethyl)tetrahydrothiophene-3,4-diol (1i)

Following the procedure described for 1a; compound 15b (176 mg, 0.28 mmol) yielded
1i (80.4 mg, 86%) as white solid; silica gel column chromatography (CH2Cl2/MeOH,
47:3); mp 161–162 ◦C; [α]25

D −32.48 (c 0.05, CH3OH); UV (CH3OH) λmax 283.86 nm;
1H NMR (DMSO-d6, 500 MHz): δ 8.10 (s, 1H), 7.76 (s, 1H), 6.06 (d, J = 6.8 Hz, 1H),
5.40 (J = 6.3 Hz, 1H), 5.26 (J = 4.4 Hz, 1H), 5.16 (t, J = 5.4 Hz, 1H), 4.43–4.40 (m, 1H),
4.16–4.13 (m, 1H), 3.75–3.70 (m, 1H), 3.60–3.56 (m, 1H), 3.27–3.24 (m, 1H), 2.47 (q, J = 14.9,
7.4 Hz, 2H), 1.17 (t, J = 7.4 Hz, 3H); 13C NMR (CD3OD, 100 MHz): δ 157.6, 151.6, 149.2,
126.0, 103.1, 97.0, 93.8, 78.8, 74.2, 72.0, 63.0, 62.5, 52.7, 12.9, 12.5; HRMS (ESI-Q-TOF) m/z
[M + H]+ for C15H19N4O3S calculated 335.1172, found 335.1157; purity ≥95%.

3.2.31. (2R,3R,4S,5R)-2-(4-Amino-5-(3,3-dimethylbut-1-yn-1-yl)-7H-pyrrolo[2,
3-d]pyrimidin-7-yl)-5-(hydroxymethyl)tetrahydrothiophene-3,4-diol (1j)

Compound 15c (200 mg, 0.31 mmol) was converted to 1j (91.8 mg, 82%) as white
solid, by following the procedure described for 1a; silica gel column chromatography
(CH2Cl2/MeOH, 47:3); mp 144–146 ◦C; [α]25

D −61.72 (c 0.06, CH3OH); UV (CH3OH) λmax
287.50 nm; 1H NMR (DMSO-d6, 500 MHz): δ 8.11 (s, 1H), 7.76 (s, 1H), 6.06 (d, J = 7.0 Hz,
1H), 5.39 (d, J = 6.4 Hz, 1H), 5.27 (d, J = 4.4 Hz, 1H), 5.16 (t, J = 5.5 Hz, 1H), 4.45–4.41 (m,
1H), 4.16–4.13 (m, 1H), 3.76–3.71 (m, 1H), 3.61–3.55 (m, 1H), 3.27–3.24 (m, 1H), 1.31 (s, 9H);
13C NMR (DMSO-d6, 100 MHz): δ 157.5, 152.6, 149.8, 125.7, 102.2, 100.3, 95.3, 77.3, 73.2, 72.5,
63.2, 60.9, 52.9, 30.6, 27.8; HRMS (ESI-Q-TOF) m/z [M + H]+ for C17H23N4O3S calculated
363.1485, found 363.1492; purity ≥95%.

3.2.32. (2R,3R,4S,5R)-2-(4-Amino-5-(cyclopropylethynyl)-7H-pyrrolo[2,3-d]pyrimidin-7-
yl)-5-(hydroxymethyl)tetrahydrothiophene-3,4-diol (1k)

Compound 15d (156 mg, 0.24 mmol) was converted to 1k (71.4 mg, 86%) as white
solid, by following the procedure described for 1a; silica gel column chromatography
(CH2Cl2/MeOH, 47:3); mp 166–168 ◦C; [α]25

D −50.34 (c 0.05, CH3OH); UV (CH3OH) λmax
284.22 nm; 1H NMR (CD3OD, 400 MHz): δ 8.09 (s, 1H), 7.67 (s, 1H), 6.11 (d, J = 5.6 Hz,
1H), 4.44 (dd, J = 5.6, 3.6 Hz, 1H), 4.24 (merged dd, J1 = J2 = 4.0 Hz, 1H), 3.89–3.79 (m,
2H), 3.49–3.44 (m, 1H), 1.57–1.50 (m, 1H), 0.94–0.88 (m, 2H), 0.78–0.74 (m, 2H); 13C NMR
(CD3OD, 100 MHz): δ 159.2, 153.2, 150.7, 127.8, 104.7, 98.3, 97.1, 80.2, 75.6, 69.1, 64.5, 64.0,
54.2, 9.1, 0.9; HRMS (ESI-Q-TOF) m/z [M + H]+ for C16H19N4O3S calculated 347.1172,
found 347.1159; purity ≥95%.

3.3. Cell Proliferation Inhibition Assay (SRB Assay)

Human lung cancer cells (A549), colorectal cancer (HCT116) cells, breast cancer cells
(MDA-MB-231), liver cancer cells (SK-HEP-1), and prostate cancer cells (PC-3) were pur-
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chased from the American Type Culture Collection (Manassas, VA, USA). Human gastric
cancer cells (SNU-638) were purchased from the Korean Cell Line Bank (Seoul, Korea).
Cells were cultured in medium (Dulbecco’s modified Eagle’s medium for MDA-MB-231
and SK-HEP-1 cells; Roswell Park Memorial Institute 1640 for A549, HCT116, SNU-638,
PC-3 cells) supplemented with penicillin-streptomycin and 10% fetal bovine serum at
37 ◦C in a humidified incubator with 5% carbon dioxide. Cells were seeded at a density of
4–7 × 104 cells/mL in 96-well culture plates, and then treated with indicated compounds
for 72 h. At the end of the experiment, cells were fixed with 10% trichloroacetic acid (TCA)
solution and subjected to sulforhodamine B (SRB) assay to determine cell proliferation [42].
The percentage of cell proliferation was calculated with the following formula:

Cell proliferation (%) = 100 × [(A treated − A zero day)/(A control − A zero day)],

where A is the average absorbance. The IC50 values were calculated through non-linear
regression analysis using TableCurve 2D v5.01 (Systat Software Inc., San Jose, CA, USA).
All experiments were performed in triplicate and data shown are representative of two or
three independent experiments.

Cell Culture

The human colon cancer (KM12) and renal cancer (ACHN) cell lines were obtained
from the Korean Cell Line Bank (Seoul, Korea). Cells were grown in DMEM supple-
mented with 10% fetal bovine serum (FBS) and antibiotics-antimycotics (PSF: 100 units/mL
penicillin G sodium, 100 µg/mL streptomycin and 250 ng/mL amphotericin B). All cells
were incubated at 37 ◦C in a humidified atmosphere containing 5% CO2 and subcultured
twice a week.

3.4. Kinome Scan Assays

The kinome scan assays were carried out at Eurofins DiscoverX Corporation. For
kinome scan profiling of compound 1g, it was screened at 1µM against 96 kinases (N = 2
independent experiments) [26]. The results for binding interactions are reported as %
inhibition, where higher values indicate strong affinity; see the Supporting Information,
Table S1 for full kinome profile. For kinase inhibition profile of compounds 1a–k [see the
Supporting information, Table S2, whose IC50 values were determined using an 11-point
3-fold serial dilution of each test compound using their KINOMEscan assay and Ki was
determined by the Cheng-Prusoff equation..

3.5. Metabolic Stability

Phosphate buffer (0.1 M, pH 7.4) containing human liver microsomes (0.5 mg/mL)
and test compound (a final concentration of 1 µM) were pre-incubated for 5 min at 37 ◦C.
NADPH regeneration system solution was added to it and incubated for 30 min at 37 ◦C.
Acetonitrile solution containing chlorpropamide was added at the end of the reaction.
The sample was centrifuged for 5 min (14,000× g rpm, 4 ◦C) and the supernatant was
injected into the LC-MS/MS system for the analysis. The amount of substrate that remained
after the reaction was analyzed using the Shimadzu Nexera XR system and TSQ vantage
(Thermo). Kinetex C18 column (2.1 × 100 mm, 2.6 µm particle size; Phenomenex) was
used for HPLC. The mobile phase used contained 0.1% formic acid in distilled water (A)
and 0.1% formic acid containing acetonitrile (B). Xcalibur (version 1.6.1) was used for data
analysis. Verapamil was used as a positive control [48,49].

3.6. CYP Inhibition Assay

Human liver microsomes (0.25 mg/mL), 0.1 M phosphate buffer (pH 7.4), a cocktail
of five coenzyme substrates (Phenacetin 50 µM, Diclofenac 10 µM, S-mephenytoin 100 µM,
Dextromethorphan 5 µM, Midazolam 2.5 µM), and test compound (10 µM concentration)
was pre-incubated for 5 min at 37 ◦C. NADPH generation system solution was added
and incubated for 15 min at 37 ◦C. In order to terminate the reaction, acetonitrile solu-
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tion containing an internal standard (Terfenadine) was added and centrifuged for 5 min
(14,000× g rpm, 4 ◦C). The supernatant was injected into the LC-MS/MS system to analyze
the metabolites of the substrates simultaneously. Metabolites of each substrate produced
during the reaction were analyzed using the Shimadzu Nexera XR system and TSQ vantage
(Thermo). Kinetex C18 column (2.1× 100 mm, 2.6 µm particle size; Phenomenex, USA) was
used for HPLC. The mobile phase used contained 0.1% formic acid in distilled water (A)
and 0.1% formic acid containing acetonitrile (B). The generated metabolites were quantified
using MRM (Multiple Reaction Monitoring) and Xcalibur (version 1.6.1) was used for data
analysis [50,51].

3.7. Computational Docking Simulation

Ligand binding site for docking was defined as a 30 Å3 grid box for DYRK1A and
20 × 24 × 20 Å3 grid box for TRKA centered on the centroid of co-crystallized native lig-
ands. The crystal structures of DYRK1A (PDB ID: 7A51) [46] and TRKA (PDB ID: 5JFV) [47]
were downloaded from RCSB PDB and computational docking was performed using
AutoDock Vina version 1.5.6 (The Scripps Research Institute, La Jolla, CA, USA) [52]. For
the macromolecule-ligand pair, the binding model of the ligand with the lowest binding
free energy (kcal/mol) was used for further analysis. Figure to show the molecular model-
ing results were visualized using PyMOL (Schrödinger, LLC, New York, NY, USA) [53].
LIGPLOT+ (version 2.2.4) was used to view the interactions between amino acid residues
of enzyme and compound [54].

4. Conclusions

Protein kinases represent a promising target for the development of anticancer agents
due to their association with cancer growth and progression [10–12]. In the present study,
we designed molecules using the nucleoside skeleton with the intention to simultaneously
occupy the hinge and the hydrophobic region I (buried region), along with the ribose
region of the ATP-binding site. We sought to identify whether the hydrophobic pocket
I acts as a pharmacophore in kinase inhibition. Thus, we designed and synthesized 7-
substituted 7-deaza-4′-thioadenosine derivatives 1 with a nucleoside skeleton by modifying
the hydrophobic residue (R), based on ATP-kinase interactions. Among all the synthesized
compounds, compound 1g with acetylene at the 7-position of 7-deaza-4′-thioadenosine
(R = acetylene) exhibited markedly potent anticancer activity in vitro against six different
cancer cell lines and potent kinase inhibition of TRKA, DYRK1A/1B, and CK1δ at a
concentration of 1 µM among the panel of 96 kinases. The results showed that the C-7
substituent of 7-deazaadenine was optimal for substituting extremely small and linear
acetylene, indicating that a very small linear hydrophobic group is required to inhibit TRKA,
DYRK1A/1B, and CK1δ. These results will contribute greatly to the further development
of new anticancer agents with multi-kinase inhibition.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph14121290/s1, 1H and 13C NMR spectra, HRMS (ESI-Q-TOF) data for 1g, Figure S1: ORTEP
diagram of compound 1g showing thermal ellipsoid at 50% probability, X-ray crystallographic
data for 1g, HPLC chromatograms, Table S1: Kinome scan data of compound 1g, Table S2: Kinase
inhibition profile of 1a–k against TRKA, CK1δ, and DYRK1A/1B.
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Abstract: We previously identified a guanidinium-based lead compound that inhibited BRAF through
a hypothetic type-III allosteric mechanism. Considering the pharmacophore identified in this lead
compound (i.e., “lipophilic group”, “di-substituted guanidine”, “phenylguanidine polar end”),
several modifications were investigated to improve its cytotoxicity in different cancer cell lines.
Thus, several lipophilic groups were explored, the di-substituted guanidine was replaced by a secondary
amine and the phenyl ring in the polar end was substituted by a pyridine. In a structure-based
design approach, four representative derivatives were docked into an in-house model of an active
triphosphate-containing BRAF protein, and the interactions established were analysed. Based on these
computational studies, a variety of derivatives was synthesized, and their predicted drug-like
properties calculated. Next, the effect on cell viability of these compounds was assessed in cell line
models of promyelocytic leukaemia and breast, cervical and colorectal carcinomas. The potential of
a selection of these compounds as apoptotic agents was assessed by screening in the promyelocytic
leukaemia cell line HL-60. The toxicity against non-tumorigenic epithelial MCF10A cells was
also investigated. These studies allowed for several structure-activity relationships to be derived.
Investigations on the mechanism of action of representative compounds suggest a divergent effect on
inhibition of the MAPK/ERK signalling pathway.

Keywords: 3,4′-bis-guanidino; 3-amino-4′-guanidino; diphenyl ether; phenyl pyridyl ether; intramolecular
hydrogen bond; cancer cell viability; HL-60; BRAF; apoptosis

1. Introduction

Various interlinked signalling pathways are involved in cell proliferation, apoptosis or survival,
and these processes are even more relevant in the case of tumour formation [? ]. Oncogenic mutations
in one of these signalling pathways, the Ras/RAF/MEK/ERK (MAPK/ERK) pathway, are observed
frequently in many cancers [? ? ]. Additionally, since mutations in RAF kinases are common events,
these kinases (i.e., ARAF, BRAF and CRAF) have become very interesting therapeutic targets [? ? ].

Most of the protein kinase inhibitors developed so far are ATP competitive and, based on the
conformation of the protein kinase they bind to, have been broadly classified as type I (bind to the
αC-helix-IN/DFG-IN conformation), type II (bind to the αC-helix-IN/DFG-OUT conformation), or type
I/II (bind to the αC-helix-OUT/DFG-IN conformation) [? ]. In addition, there are allosteric inhibitors,
known as type III protein kinase inhibitors, which do not compete with ATP. These inhibitors tend
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to exhibit the highest degree of kinase selectivity because they exploit binding sites and regulatory
mechanisms unique to particular kinases [? ].

Previously, we had identified a 3,4′-bis-guanidinium diphenyl derivative (1, Figure ??) that
demonstrated strong cytotoxicity, mediated through induction of apoptosis, in colorectal cancer cells
containing wild type(wt)-BRAF and mutated V600EBRAF [? ? ]. Compound 1 also inhibited ERK1/2
signalling, EGFR activation, as well as Src, STAT3 and Akt phosphorylation. We also showed that 1
did not inhibit ATP binding to BRAF, but a radiometric assay of BRAF activity indicated that this was
inhibited in vitro. From these studies, we hypothesised that 1 could inhibit BRAF as a type III inhibitor.
We propose that the positively charged guanidines present in compound 1 could interact with the
negatively charged phosphates of the ATP present in the active state of all kinases [? ].
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Figure 1. Structural modifications proposed for the optimization of the compound 1.

Considering that only very recently a crystal structure of a BRAF protein kinase in complex
with an ATP analogue (AMP-PCP) and MEK has been resolved (PDB 6U2G) [? ], we had previously
constructed a model that reproduced an active form of this kinase including ATP to model potential
type III inhibitors [? ].This in-house model allowed us to explore the potential allosteric inhibition
through ATP binding of compound 1 and it was considered a good target model for structure-based
design when no crystallographic data was available.

Accordingly, in this article, we first present a computational study of a series of guanidine-based
di-aromatic systems representative of all the compounds proposed with a simplified version of our
in-house active BRAF model to explore their potential as type-III allosteric inhibitors. Additionally,
we describe the preparation of the compounds proposed and the study of the anti-proliferative and
pro-apoptotic activity on cancerous cell lines as well as their effect on the MAPK/ERK signalling pathway.

2. Results

Considering the structure of compound 1 (“link” -blue box-, “polar moiety” -red box- and
“hydrophobic moiety” -green box-; see Figure ??), we explored a number of modifications in the
different moieties, while maintaining the diaryl ether core due to its versatility and suitability for
synthesis. First, several “hydrophobic” substituents have been considered (green box in Figure ??),
since in our previously reported computational model [? ], this section of the molecule seems to
interact with a hydrophobic pocket. Next, based on previous computational studies [? ], the effect of
the length of the molecule on its activity has been studied by replacing the disubstituted guanidinium
in the “link” by a secondary amine (blue box in Figure ??). Additionally, we explored the effect of
substituting one of the phenyl rings by a pyridine to lock the orientation of the guanidinium by means
of intramolecular hydrogen bonds (IMHBs) [? ]. Finally, in the “polar” region, different guanidine
surrogates (i.e., isourea and sulfamide) have been tested (red box in Figure ??).
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2.1. Molecular Modelling Studies

We had previously reported the docking of compound 1 into our in-house ATP-containing BRAF
model [? ]; here, we are using a simplified model containing triphosphate (TP) instead of ATP since
the interactions of interest only occur with the phosphates and adjacent hydrophobic pocket. Thus,
in order to validate our TP-containing BRAF model, we first docked compound 1 (Figure ??) and
considering that similar outcomes were observed, we used the TP-containing structure and similar
conditions for the rest of the computational studies. Accordingly, a set of representative structures
of all the compounds proposed were selected; compound 2 contains a pyridine instead of a phenyl
ring as it was in compound 1, in compound 3 the di-substituted guanidine of 1 has been changed to a
secondary amine and compound 4 shows both modifications (Figure ??).

Pharmaceuticals 2020, 13, x FOR PEER REVIEW 3 of 26 

 

2.1. Molecular Modelling Studies 

We had previously reported the docking of compound 1 into our in-house ATP-containing 
BRAF model [12]; here, we are using a simplified model containing triphosphate (TP) instead of ATP 
since the interactions of interest only occur with the phosphates and adjacent hydrophobic pocket. 
Thus, in order to validate our TP-containing BRAF model, we first docked compound 1 (Figure 1) 
and considering that similar outcomes were observed, we used the TP-containing structure and 
similar conditions for the rest of the computational studies. Accordingly, a set of representative 
structures of all the compounds proposed were selected; compound 2 contains a pyridine instead of 
a phenyl ring as it was in compound 1, in compound 3 the di-substituted guanidine of 1 has been 
changed to a secondary amine and compound 4 shows both modifications (Figure 2). 

 
Figure 2. Structures of the proposed new derivatives of 1 (compounds 2, 3 and 4), which docking to 
the in-house triphosphate (TP)-containing BRAF simplified model was studied. 

As in our previous modelling studies [12], we found that compound 1 interacts with BRAF 
through an allosteric region found near the ATP binding site and with the TP system. The main 
interactions established involved bifurcated hydrogen bonds (HBs) between the mono-substituted 
guanidinium and two negatively charged O atoms of a phosphate (NH…O distances: 1.6, 2.9 and 2.7 
Å, Figure S1) and a parallel HB interaction between the di-substituted guanidinium and the 
carboxylate of Glu648 (NH…O distances: of 2.0 and 2.6 Å, Figure S1). Both sets of HBs are reinforced 
by ionic interactions due to the charged nature of guanidinium, phosphate and carboxylate groups. 
Additionally, interactions are observed in the lipophilic pocket with the (4-Cl,3-CF3)Ph moiety; thus, 
the CF3 group interacts with Met620 and the Cl with Trp619 (Figure S1). 

Likewise, when derivative 2 is docked into the TP-BRAF simplified model, it forms ionically 
reinforced bifurcated HBs between the mono-substituted guanidinium and two negatively charged 
O atoms of TP (Figure 3). Likewise, a bifurcated HB interaction between the di-substituted 
guanidinium and Glu648 and van der Waals contacts at the lipophilic pocket with the (4-Cl,3-CF3)Ph 
moiety were also found for compound 2 (Figure 3). The newly introduced pyridine seems to form a 
HB with Asn137 as well as an IMHB that locks the mono-substituted guanidinium (Figure 3). This 
conformational restriction could result in increased affinity. 

Figure 2. Structures of the proposed new derivatives of 1 (compounds 2, 3 and 4), which docking to
the in-house triphosphate (TP)-containing BRAF simplified model was studied.

As in our previous modelling studies [? ], we found that compound 1 interacts with BRAF through
an allosteric region found near the ATP binding site and with the TP system. The main interactions
established involved bifurcated hydrogen bonds (HBs) between the mono-substituted guanidinium
and two negatively charged O atoms of a phosphate (NH . . . O distances: 1.6, 2.9 and 2.7 Å, Figure S1)
and a parallel HB interaction between the di-substituted guanidinium and the carboxylate of Glu648
(NH . . . O distances: of 2.0 and 2.6 Å, Figure S1). Both sets of HBs are reinforced by ionic interactions due
to the charged nature of guanidinium, phosphate and carboxylate groups. Additionally, interactions
are observed in the lipophilic pocket with the (4-Cl,3-CF3)Ph moiety; thus, the CF3 group interacts
with Met620 and the Cl with Trp619 (Figure S1).

Likewise, when derivative 2 is docked into the TP-BRAF simplified model, it forms ionically
reinforced bifurcated HBs between the mono-substituted guanidinium and two negatively charged O
atoms of TP (Figure ??). Likewise, a bifurcated HB interaction between the di-substituted guanidinium
and Glu648 and van der Waals contacts at the lipophilic pocket with the (4-Cl,3-CF3)Ph moiety were
also found for compound 2 (Figure ??). The newly introduced pyridine seems to form a HB with Asn137
as well as an IMHB that locks the mono-substituted guanidinium (Figure ??). This conformational
restriction could result in increased affinity.

Replacement of the di-substituted guanidine by an -NH- leads to a significantly shorter molecule
as in system 3 (Figure ??). Upon docking to the TP-containing simplified BRAF, we observed that the
mono-substituted guanidinium still forms the expected bifurcated HBs. Compound 3 also fits within
the hydrophobic pocket of the target establishing weaker contacts (longer interaction distances) with
Met620 and Trp619. Additionally, the newly introduced -NH- group forms a HB with one of the O
atoms of Glu648 (Figure S2).

Finally, the docking study of compound 4 (Figure ??) into the aforementioned target reproduce the
results observed for the mono-substituted guanidinium pyridine system in analogue 2 by establishing
bifurcated HBs with the TP, IMHB between guanidinium and pyridine as well as contacts between the
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pyridine N and Asn137. Additionally, as the -NH- shortens the structure, similar interactions to those
seen for compound 3 are observed, i.e., the -NH- group forms a HB with Glu648 and contacts within
the hydrophobic pocket are found (Figure S3).
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All this work was carried out prior to the recent publication of the crystal structure of BRAF
containing an analogue of ATP (AMP-PCP) [? ], and in order to validate our in-house BRAF-ATP
model [? ] we now superimposed both the reported crystal structure with our model finding an RMSD
of 2.53 Å between them and with both ATP-like systems occupying the same pocket and with very
similar orientations (Figures S4 and S5). This level of similarity gives us confidence on the docking
studies performed with our BRAF-TP model.

The G-scores obtained for the best-poses obtained were very similar for the four compounds
studied (around −7.7 kcal/mol); hence, the interaction with the target was favoured in all the cases
but did not help to discriminate among the four compounds. In summary, according to the docking
studies all the compounds proposed seem to establish favourable interactions with BRAF, suggesting a
possible type III allosteric binding.

2.2. Synthesis

The synthesis of the analogues of compound 1, 3,4′-bis-guanidino diphenyl ethers 5–11, required the
preparation of the corresponding N-aryl-N’-Boc-protected thioureas (12–16) following a procedure
previously developed in the group starting from N,N’-bis-(tert-butoxycarbonyl)thiourea 17 (Scheme ??) [?
]. Given the diverse electron-withdrawing effect of differently substituted commercially available
anilines, different yields of the corresponding thioureas 12–16 were obtained (37–57%, see details
in ESI). The corresponding Boc-protected mono-guanidines 18 and 19 were prepared by reaction
of commercially available 3,4′-dianiline ether 20 and N,N’-bis-(tert-butoxycarbonyl)thiourea 17 in
the presence of HgCl2 and NEt3 yielding 18 and 19 as a mixture that was separated by column
chromatography in good and moderate yields (Scheme ??) [? ].

Next, the N-aryl-N’-Boc-protected thioureas 12–16 were reacted with 18 or 19 under our standard
conditions (HgCl2 and NEt3) to yield the corresponding Boc-protected 3-arylguanidino-4′-guanidino
(21–25) and 3-guanidino-4′-arylguanidino (26–27) diphenyl ether derivatives (Scheme ??).

In order to prepare compound 3 and its analogues 28–30, the nitrophenyl precursor 31 was
synthesised by a SNAr reaction between commercially available 3-aminophenol and 1-fluoro-4-
nitrobenzene [? ]. Compounds 32–35 were synthesized using a Buchwald–Hartwig cross-coupling;
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the success of this reaction depends on variables such as ligand, Pd source, base and solvent [?
]. The conditions chosen (Pd2(dba)3 3 mol%, BINAP 3 mol%, NaOtBu 1.4 eq. in dry toluene
(2 mL mmol−1) at 90 ◦C) afforded the proposed compounds 32–35 in high yields (62–87%, Scheme ??).
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Scheme 1. Preparation of mono-substituted 3,4’-bis-guanidinium diphenyl ether derivatives.

With the intention of probing the effect of branching in the diphenyl ether core, we prepared the
fluoro derivative 36 for which we synthesised precursor 37 by using commercially available 3-bromo
-5-fluorophenol that in the presence of K2CO3 and DMF quantitatively reacted with 4-fluoronitrobenzene.
Then, 37 was used for the Buchwald–Hartwig coupling with 4-chloro-3-(trifluoromethyl)aniline to
afford compound 38 in good yield (Scheme ??).

Precursors 32–35 and 38 were then subjected to selective reduction of the nitro group to the amine
that will serve as handle for the introduction of the guanidine moiety. Nitro reduction of compounds 34
and 35 was achieved using catalytic hydrogenation (H2, Pd/C 10 mol%) yielding aniline derivatives 41
and 42; however, in the case of chloro-derivatives 32, 33, and 38, selective reduction was achieved with
the use of tin(II) chloride dihydrate (SnCl2·2H2O) to produce anilines 39, 40, and 43 [? ]. Utilising our
standard conditions, a guanidine moiety was introduced affording Boc-protected mono-guanidines
44–48 (Scheme ??).

In order to prepare the 3,4′-bis-guanidino phenyloxypyridines 2, 4, and 49–52, the starting 5-(3-
aminophenoxy)pyridin-2-amine (53) was synthesized. Thus, SNAr between 5-bromo-2-nitropyridine
and 3-nitrophenol yielded the previously reported mixture of isomers (54 and 55) [? ], which were
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separated by chromatography. Further hydrogenation of 54 gave the desired product 53 in good yield
(Scheme ??) [? ? ].Pharmaceuticals 2020, 13, x FOR PEER REVIEW 6 of 26 
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Compound 53 was then reacted with Boc-protected thioureas 12–16, under our standard conditions
to yield Boc-protected mono-guanidines 56–60 [? ]. Subsequent guanidylation at position 2 of the
pyridine ring was carried out with commercial N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea to
obtain Boc-protected compounds 61–65 (Scheme ??).

Preparation of the corresponding precursors for compound 4 required the synthesis of 3-((6-
nitropyridin-3-yl)oxy)aniline 66 through a SNAr between 5-bromo-2-nitropyridine and 3-aminophenol
(Scheme ??).Pharmaceuticals 2020, 13, x FOR PEER REVIEW 8 of 26 
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Preparation of the arylanilino nitropyridine 67 was next attempted following the previous
conditions described for the synthesis of 32–35 and 38 with poor results. However, Pd-catalysed
reaction using of Xantphos and Cs2CO3 yielded compound 67 in good yield. Next, SnCl2·2H2O
reduction conditions afforded compound 68 that was then subjected to guanidylation using
N,N’-bis-(tert-butoxycarbonyl)-S-methylisothiourea to obtain Boc-protected compound 69 (Scheme ??).

With the aim of introducing diversity to the “polar” moiety of compound 3, we also explored the
substitution of the guanidinium system by an isouronium cation or a sulfamide (Scheme ??). Thus,
preparation of the 3-anilino-4’-O-isourea phenylozybenzene derivative 70 involved the use of the
previously synthesised compound 71 [? ] as starting material for the synthesis of the intermediate 72
through the mentioned conditions for a Buchwald–Hartwig coupling (Pd2(dba)3, Xantphos, Cs2CO3,
toluene, 90 ◦C, 24 h).

Compound 72 was then deprotected with montmorillonite KSF to obtain the corresponding
phenol 73, which OH was then amidylated using standard conditions previously described by us [? ]
to yield the corresponding Boc-protected isouronium 74 (Scheme ??). Sulfamide 75 was synthesised by
treating amine 40 with sulfamoyl chloride (previously prepared from chlorosulfonyl isocyanate and
formic acid [? ? ]) to afford compound 75 in good yield (Scheme ??).

All Boc-protected precursors were deprotected using HCl 4M/dioxane to yield compounds 2–11,
28–30, 36, 49–52 (????????) and SnCl4 to obtain compound 70. The purity of all the final hydrochloride
salts was determined by HPLC, where a minimum purity of 95% was required before proceeding to
biological testing (ESI).
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2.3. Predicted Physicochemical and In Vitro ADME Properties

Attention to physicochemical and pharmacokinetic properties of active molecules should be
given at the early stages of their design in order to shorten their development to a drug. However,
these properties are not always easy to be experimentally evaluated and, hence, computational
approaches represent a good solution to get a general idea of the potential of compounds as drugs.
Thus, to assess the drug-likeness of the compounds studied, we utilized SwissADME [? ] and
ChemAxon’s Marvin [? ] to computationally evaluate the mentioned properties and the calculated
values are reported in Tables S1–S3 (ESI). All proposed compounds have a molecular weight (MW)
<500 Da, except for 3,4′-bis-guanidine phenyloxybenzenes 7, 9, 10 and 11 or phenyloxypyridines 50
and 52, in which the MW exceeds by 7–10 units this threshold; such small exceptions are considered
acceptable [? ]. The consensus logPo/w [? ] for all synthesised compounds is reported in Table S2 (ESI)
indicating that, overall, all the compounds have a logP < 5. Topological Polar Surface Area (TPSA),
which is an indicator of HB formation and a commonly used metric for a drug’s ability to permeate
cells, was calculated for all the synthesised molecules and all of them have values <140 Å2, which is
the limit suggested in the literature for poor cell membrane permeation [? ? ? ]. Specifically, shorter
3-amino-4′-guanidines have much lower TPSA (80–100 Å2) than 3,4′-bis-guanidinium analogues
(120–135 Å2).

The BOILED egg graph presents a correlation between calculated logP and calculated TPSA and
is an intuitive simultaneous prediction of two key ADME parameters, i.e., the passive gastrointestinal
(GI) absorption and brain access (blood brain barrier, BBB) [? ? ]. Compounds that fall into the white
part of the graph are likely to undergo GI absorption and those that fall into the yellow part of the
graph are likely to be brain permeant. Accordingly, all of our derivatives could undertake passive GI
absorption (except pentafluorosulfanyl derivative 30 and sulfamide 75), but none of them can cross the
BBB (Figure S6). In addition, SwissADME enables the estimation for a chemical to be a substrate of
the permeability glycoprotein (P-gp), which is the most important ATP-binding cassette transporter
responsible for an active efflux through biological membranes, e.g., from the GI wall to the lumen or
exiting the brain) [? ? ]. Thus, as reported in the legend of Figure S6, red dots indicate that all of our
compounds, except compounds 49–51 (blue dots), are non-substrates of P-gp (Table S3).
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The theoretical pKaH values of all the synthesised compounds calculated with Marvin are reported
in Table S1. The results indicate that exchanging the para mono-substituted guanidinium (compound 3)
by an isouronium moiety (compound 70) results in a pKaH decrease (less basic molecule). Interestingly,
the pyridine derivatives (49–52, 2 and 4) show lower pKaH values than their diphenyl counterparts
(6–9, 1 and 3, respectively), probably due to the IMHB formed between the para guanidinium and the
pyridine ring.

Solubility is not an easy parameter to model in silico, but SwissADME gives an estimation
of the solubility class based on three predictors, two topological and one fragmental method [? ].
According to this program, all our molecules are poorly soluble in aqueous environments (Table S2).
For the preclinical evaluation of our molecules, their solubility in EtOH/DMSO is still acceptable,
but future work will have to be carried out to achieve full water solubility.

Other numerical descriptors are used to assess drug-likeness including the number of HB acceptors
and donors (HBAs and HBDs) or the number of rotatable bonds (RotB) and the results obtained for
this set of compounds are shown in Table S1 [? ]. According to these descriptors, in general, all studied
compounds fulfil drug-like conditions.

2.4. Biochemical Studies

2.4.1. Cell Viability in Cancerous and Non-Cancerous Cell Lines

Cell viability and proliferation assays were used to evaluate the in vitro cytotoxicity of all
synthesised compounds in a variety of different cancer cell lines using the alamarBlue® viability assay
and the results are presented in ????. The sensitivity of cancer cells to drugs can often be compromised
by PIK3CA, Ras and BRAF mutations. To determine whether such mutations are critical to the efficacy
of our new compounds we tested them in a range of cancerous cell lines expressing different mutations.
Firstly, we used the HL-60 (human promyelocytic leukaemia, NRas mutated) cell line for general
cytotoxicity screening of all compounds. Next, the most active derivatives were studied in MCF-7
(breast adenocarcinoma, Ras/RAF wild type, and PIK3CA mutant), HeLa (cervical carcinoma, Ras/RAF
and PIK3CA wild type), as well as HCT-116 and HKH-2 (colorectal carcinoma, KRas mutant and
mutated KRas disrupted, respectively) cell lines [? ]. Lastly, toxicity against MCF-10A, which is a
non-tumorigenic epithelial cell line, was also assessed for one of the most promising compounds (4).
The graphs representing the viability results with the HL-60, MCF-7, HeLa, HCT-116, and HKH-2
cancer cell lines for compound 1 and derivatives 2, 3, and 4 are shown in Figures S7–S10 (ESI).
Sorafenib (a known inhibitor of protein kinases including VEGFR, PDGFR and RAF [? ? ]) was used
as a positive control in all viability assays.

Table 1. Effect on the viability of HL-60 cells (IC50, µM) of compounds 1–11, 28–30, 36, 49–52, 70, 75 and
sorafenib with alamarBlue® assays.

Compounds. HL-60
IC50 ± SEM Compounds. HL-60

IC50 ± SEM Compounds. HL-60
IC50 ± SEM

Sorafenib 2.53 ± 0.68 8 15.26 ±1.98 49 11.61 ±0.27
17 9.72 ± 0.9 9 2.07 ± 0.33 50 8.33 ± 0.32
2 2.36 ± 0.14 10 8.85 ± 0.55 51 9.37 ± 0.54
3 3.08 ± 0.15 11 10.99 ±0.64 52 1.53 ± 0.23
4 3.48 ± 0.28 28 7.50 ± 0.05 70 4.22 ± 0.04
5 >100 29 4.64 ± 0.83 75 9.14 ± 0.69
6 >100 30 3.23 ± 0.36
7 8.63 ± 0.51 36 4.07 ± 0.10

(a) Cells were seeded at a density of 2 × 105 cells/mL (HL-60) in a 96-well plate and treated with different
concentrations of the compounds dissolved in EtOH or DMSO (1% v/v and 0.1% v/v, respectively). Sorafenib was
used as a reference and tested in the same manner. Once treated, cells were incubated for 72 h at 37 ◦C after
which they were treated with alamarBlue® and left in darkness in an incubator for 5 h. The resulting fluorescence
(λexcitation = 544 nm, λemission = 590 nm) was read using a plate reader from which percentage viability was calculated.
IC50 values were calculated using Prism GraphPad Prism software from at least three independent experiments
performed in triplicate. Highlighted in grey are those IC50 values better than or similar to the control used, Sorafenib.
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Table 2. Effect in viability of MCF-7, HeLa, HCT116, and HKH-2 cancer cells (IC50, µM) of compounds
1–4, 70 and sorafenib on the alamarBlue® assays.

Compds. MCF-7
IC50 ± SEM

HeLa
IC50 ± SEM

HCT116
IC50 ± SEM

HKH-2
IC50 ± SEM

Sorafenib 3.07 ± 0.10 4.59 ± 0.45 6.79 ± 0.18 4.43 ± 0.39
1 9.30 ± 1.87 9.48 ± 0.16 9.96 ± 0.60 19.18 ± 0.84
2 4.91 ± 1.04 4.87 ± 0.27 7.29 ± 0.53 8.09 ± 0.78
3 2.02 ± 0.27 4.33 ± 0.54 15.88 ± 2.73 10.34 ± 0.74
4 3.73 ± 0.35 1.33 ± 0.08 4.59 ± 0.40 2.88 ± 0.15

70 7.32 ± 0.35

(a) Cells were seeded at a density of 25 × 103 cells/mL (MCF-7 and HeLa) or 1 × 105 cells/mL (HCT-116 and HKH-2)
in a 96-well plate and treated with different concentrations of the compounds dissolved in EtOH or DMSO (1% v/v
and 0.1% v/v, respectively). Sorafenib was used as a reference and tested in the same manner. Once treated, cells were
incubated for 72 h at 37 ◦C after which they were treated with alamarBlue® and left in darkness in an incubator for
5 h. The resulting fluorescence (λexcitation = 544 nm, λemission = 590 nm) was read using a plate reader from which
percentage viability was calculated. IC50 values were calculated using Prism GraphPad Prism software from at least
three independent experiments performed in triplicate. Highlighted in grey are those IC50 values better than or
similar to the control used, Sorafenib, in each particular cell line.

The results obtained with the HL-60 cell line (Table ??) for the 3,4′-bis-guanidine derivatives
5–11 show, in general, more cytotoxicity than the previously tested compound 1 [? ]. However,
compounds 5 and 6, which carry 3-F and 3,4-diF phenyl groups, respectively, give IC50 values above
100 µM; this drop in activity is a clear indication of the importance of the size and nature of the
substituents on the phenyl ring [? ]. The presence of 2-F and 4-I substituents in the hydrophobic moiety
of derivative 7 resulted in an IC50 value (8.63 µM) similar to 1. Substitution of the 4-Cl in compound 1
by a 4-Br (i.e., compound 9), gave a four-fold increase in activity, indicating that the halogen in this
hydrophobic moiety could establish a halogen-bond with a Lewis base in the protein binding site.
Additionally, compound 8 had decreased activity because of the absence of the 3-CF3 substituent; this
is an indication that such a big and polarized halogen atom can only result in a beneficial increment in
activity when a bulky lipophilic substituent as CF3 is present at position 3.

Cytotoxicity results of compounds 10 and 11 (lipophilic moiety in 4′-position of the phenyloxyphenyl
core instead of the 3-position) with HL-60 cells show that compound 10 maintains a similar IC50 value
as 7; however, 11 has a reduction of activity compared to 9.

Compound 3, which is a shorter version of 1 (-NH- link instead of a di-substituted guanidinium)
shows increased cytotoxicity in HL-60 cells (IC50 = 3.08 µM). Similar to what was observed for the
3,4′-bis-guanidine derivatives, removal of the 3-CF3 group in the lipophilic section caused decreased
activity in the shorter analogue 28 (7.50 µM). Interestingly, removal of the 4-halogen in this lipophilic
section did not affect the IC50 value of compounds 29 and 30 compared to their analogue 3. This could
be explained by the compensation of bulky and lipophilic effects when going from trifluoromethyl
(-CF3) to bulkier pentafluorosulfanyl (-SF5) substitution.

The 3,4′-bis-guanidines phenyloxypyridines 49–52, 2 and 4 show, overall, increased HL-60
cytotoxicity than the previously discussed derivatives. Compound 2, the pyridine analogue of 1,
has an IC50 value of 2.36 µM, a four-fold increased activity compared to 1. Likewise, compound 52
with a 3-CF3-4-Br phenyl system, shows a low IC50 of 1.53 µM. Surprisingly, the introduction of a
pyridinoguanidinium system as in compound 49 (11.61 µM) instead of a phenylguanidinium moiety
as in 3 (>100 µM) results in increased HL-60 cytotoxicity. Even though this is not the most active
compound of the series, it is a clear indication of the importance of the pyridinoguanidinium system in
improving cytotoxicity in HL-60 cells.

Interestingly, compound 4, which includes both a shorter -NH- link and the pyridinoguanidinium
moiety has a relatively low IC50 value of 3.48 µM. Compound 70, with a -NH- link and an isouronium
instead of the para guanidinium, shows similar cell viability as the guanidinium analogue 3. From these
results we can deduce that the isouronium cation has a similar behaviour to the guanidinium cation,
as we had previously observed in the 3,4′-bis-guanidinium series [? ]. Finally, compound 75, where the
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para guanidinium is replaced by a sulfamide, shows a decreased cytotoxicity in HL-60 cells to 9.14 µM,
indicating the importance of the guanidinium or isouronium cations.

The IC50 values obtained for selected compounds in the MCF-7 cell line (Table ??, Figure S8)
were similar to the results obtained for the HL-60 cell line with most values in the low µM range.
Compounds 3 and 4 (IC50 = 2.02 and 3.73 µM, respectively) are still the most cytotoxic agents compared
to compound 1 (IC50 of 9.30 µM). The pyridine ring present in compounds 4 and 2 still appears
responsible for the improved activity, even though less accentuated than in the HL-60 cell line. Instead,
the isouronium version of compound 3, compound 70, has an increased IC50 in MCF-7 cells compared
with HL-60 cells indicating a certain degree of cell selectivity.

We have also evaluated the effect of compounds 2, 3, 4, and 1 on the viability of the HeLa cell line
and the results are reported in Table ?? (Figure S9). In this cell line, compound 4 showed again the
lowest IC50 value (1.33 µM). The rest of the compounds maintained similar cytotoxic activity in HeLa
cells compared to HL-60 and MCF-7 cells.

It is known that sorafenib was originally developed as an inhibitor of the Ras effector RAF,
and there are studies showing that sorafenib enhances the therapeutic efficacy of rapamycin in certain
colorectal cancers [? ]. The IC50 results in Table ?? (Figure S10) show that compound 1 has more
potency in the HCT116 KRAS mutated cancer cell line (9.96 µM) than in the HKH-2 KRAS wt isogenic
form (19.18 µM). Remarkably, its cytotoxic effect is like that of sorafenib in HCT116 (6.79 µM), but not
in HKH-2, where sorafenib has a much lower IC50. Similar activity in both cell lines is reached with
compound 2, while 4 is revealed to be the most active of the series with an IC50 of 4.59 µM in HCT116
and 2.88 µM in HKH-2. Interestingly, compound 3, which has a phenyl group instead of the 2-pyridinyl
of compounds 2 and 4, shows poor cytotoxic activity in both cell lines.

Searching for a relationship between physicochemical properties and cytotoxicity, we observed a
trend between the calculated logP and the HL-60 IC50 values obtained for all synthesised compounds
(except the inactive 5 and 6, IC50 > 100 µM) (Figure S11). This supports our hypothesis that the
hydrophobic moiety of our molecules interacts with a specific allosteric hydrophobic pocket in protein
kinases, justifying the use of bulkier and more lipophilic substituents (larger logP) in order to obtain
improved anti-cancer activity (lower IC50 values).

Therefore, some structure–activity relationships (SARs) can be drawn from the cell viability assays
(Figure ??): (i) the hydrophobic moiety is necessary for the activity; particularly, bulky and lipophilic
substituents improve the cytotoxicity of these compounds (I- or Br- substitution at the 4-position better
than Cl-), and a substituent at the 3-position is required to maintain efficacy (CF3 or SF5); (ii) replacement
of the di-substituted guanidinium in compound 1 (position 3 of the phenyloxyaryl core) by a shorter
-NH- link results in compounds with better cytotoxicity; (iii) a mono-substituted guanidinium group as
in compound 1 (position 4′ of the phenyloxyaryl core) gives the greatest cytotoxic activity; additionally,
incorporating a 2-pyridinyl instead of a phenyl group, attached to this guanidinium facilitates forming
an IMHB that seems to affect positively the cytotoxic activity.Pharmaceuticals 2020, 13, x FOR PEER REVIEW 13 of 26 
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Figure 4. Structure Activity Relationship (SAR) deduced from the analysis of the HL-60 cytotoxicity results.

Considering the promising cytotoxicity results obtained with the cancer cell lines, we also
evaluated the potential toxicity of the most efficient derivative (compound 4) in the non-cancerous cell
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line MCF10A (human mammary epithelial cell line). We observed that this compound 4 only shows
toxicity towards MCF10A at a high concentration of 100 µM while at lower concentrations of 10 and
1 µM the compound does not appear to affect in any way cell viability (Figure S12).

2.4.2. Apoptosis Assay in HL-60

We have previously reported that compound 1 induces 68.9 ± 0.1% apoptosis in HL-60 cells at
a 10 µM concentration after 48 h [? ]. Accordingly, in order to evaluate the apoptotic effect of the
most relevant derivatives (2, 3, and 4), HL-60 cells were treated with these compounds (at 5 µM, 5 µM,
and 4 µM concentration, respectively) for 48 h, stained with annexin V-FITC/PI and analysed using
flow cytometry (Figure ??).
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Figure 5. Annexin V-FITC vs. PI flow cytometry analysis of HL-60 cancer cells treated with compounds
3 (5 µM), 2 (5 µM) and 4 (4 µM) for 48 h. These figures are representative of three independent
experiments. The viable cells, early apoptotic, necrotic and late apoptotic cells are represented by the
lower left, lower right, upper left and upper right quadrants, respectively.

The results presented in Figure ?? and Figure S13 show that, under these conditions, a more
potent induction of apoptosis was observed with 3 (82.5 ± 11.3%) and 4 (92.7 ± 5.5%) compared to
compound 2 (30.7 ± 11.6%). As the alamarBlue assay indirectly assesses cytotoxicity by quantifying cell
viability and proliferation, these data suggest that compound 2 may have a predominantly cytostatic
mechanism of action.

2.4.3. Effect on the MAPK/ERK Pathway

Taking into account the positive binding results obtained in the docking studies to the BRAF-ATP
model and the promising cytotoxicity shown in several cancer cells, we next explored the effect of
compounds with IC50 near to that of sorafenib (1, 2, 3, 4, 9, and 52) on the MAPK/ERK pathway.
Thus, using Western immunoblot analysis of HL-60 extracts, we investigated the expression and
phosphorylation levels of ERK (as an indication of ERK activation), which is the downstream effector
of the Ras/BRAF signalling pathway (Figure ??).
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Figure 6. Western immunoblot of HL-60 cell extracts following incubation with compounds 2, 3, 4,
9, 52 and 1 (as a control). HL60 cells were seeded at 2 × 105 cells/mL and were treated with either
vehicle [0.5% EtOH (v/v)], compounds 52, 2, 9, 3 and 4 (5 µM) or compound 1 (5 and (*) 10 µM, as in
reference [? ]) for 16 h. Cells were lysed and equal amounts of protein were loaded and separated
on 15% SDS-PAGE gels, transferred to PVDF membrane and probed with antibodies against total
and phosphorylated ERK. Anti-GAPDH was used as a loading control. Results are representative of
2 independent experiments.

We observed that compounds 3 and 4 do not appear to interfere with the Ras/BRAF signalling
pathway; however, compounds 2, 9, and 52 have a similar effect as lead compound 1 (both at 5
and 10 µM) in inhibiting ERK phosphorylation and therefore inhibiting the Ras/BRAF pathway.
These results may suggest that the potent cytotoxicity observed with these derivatives may be due to
different mechanisms of action. Therefore, compounds 2, 9, and 52, which are all 3,4′-bis-guanidino
phenyloxy(phenyl or pyridyl) analogues of 1 with similar lipophilic moieties (3-CF3,4-(Br/Cl)-Ph),
may exert their cytotoxicity by interfering with the Ras/BRAF pathway. On the contrary, compounds 3
and 4 (shorter 3-amino-4′-guanidino phenyloxy(phenyl or pyridyl) derivatives) may act in a different
signalling pathway or in the same pathway but through a different mechanism from compound
1 [? ]. Pulikakos and co-workers have reported that the biochemical effect of a RAF inhibitor on
ERK signalling would be the combined outcome of different mechanisms [? ], clearly indicating the
complexity of the biological target and opening the door to future studies to understand the mechanism
of action of these compounds.

3. Discussion

Considering the promising results previously obtained for lead compound 1 we explored several
modifications to improve its cytotoxicity in different cancer cell lines. Accordingly, we designed a
variety of compounds where different changes have been introduced: several lipophilic groups were
considered; the di-substituted guanidine was replaced by a secondary amine; the phenyl ring was
exchanged with a pyridine; and the mono-substituted guanidine in the polar side was switched to an
isourea or a sulfanylamide group.

Molecular docking was utilised to understand the interactions between the proposed biological
target and model compounds 1–4. Thus, considering the putative activity of 1 as a type-III kinase
inhibitor, compounds 1–4 were docked into an in-house model of an active TP-containing BRAF kinase.
All final poses exhibit similar interactions between the lipophilic moiety and the lipophilic pocket,
as well as between the mono-substituted guanidinium and one of the phosphate groups of TP.

Based on this computational study, 3,4′-bis-guanidino diphenyl ether derivatives 5–11 were
prepared by reacting the corresponding 3,4′-diamino diphenyl ether with conveniently substituted
Boc-protected thioureas. Additionally, synthesis of the 3-amino-4′-guanidino diphenyl ethers 3, 28–30
and 36 required the preparation of the corresponding starting diamines. Furthermore, preparation
of 3,4′-bis-guanidino and 3-amino-4′-guanidino phenylpyridyl ether derivatives 2, 49–52, and 4,
required different synthetic approaches involving Buchwald–Hartwig coupling. Finally, the 3-amino-4′-
isouronium 70 and 3-amino-4′-sulfonamido 75 derivatives were prepared following specific synthetic
routes. All compounds were obtained as hydrochloride salts and their purity was determined to be
>95% by HPLC before proceeding to biological testing.
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A screening of the cytotoxicity of all compounds was performed in the HL-60 cell line and the
more potent compounds were selected for further biological evaluation in MCF-7, HeLa, HCT116,
and HKH-2 cell lines. These cell viability studies revealed that these compounds can inhibit cell
proliferation in the low µM range, showing up to a nine-fold increase in cytotoxicity compared to lead
compound 1. All modifications explored generated SAR information which helped to understand the
structural requirements for a more potent cytotoxicity. Cytotoxicity of compound 4 was also evaluated
against non-tumorigenic MCF10A and the results show that, at active concentration in cancer cell lines,
compound 4 has no toxic effects to non-tumorigenic cells.

Flow cytometry in HL-60 cell lines was also performed to assess the apoptotic effect of compounds
2, 3, and 4. The results are in agreement with the corresponding structures; thus, mono-guanidinium
compounds (3 and 4) induce a stronger apoptotic effect in HL-60 cells (82% and 92%, respectively)
compared to the bis-guanidinium compounds (1 and 2, around 60%7 and 30%, respectively).

With the aim of determining whether compounds 1–4, 9, and 52 exert their anticancer activity
by interfering with the Ras/BRAF pathway (as previously suggested by us for lead compound 1),
Western immunoblot analysis was performed with HL-60 cell extracts measuring the activation of
the downstream effector ERK. Thus, we observed that compounds 1, 2, 9, and 52 (3,4′-bis-guanidine
phenyloxy(phenyl or pyridyl) derivatives) abrogates ERK activation, suggesting potential inhibition of
the Ras/BRAF pathway; however, compounds 3 and 4 (shorter derivatives) do not act in the same way.

4. Materials and Methods

4.1. Computational Details

4.1.1. Ligand Optimization

All ligands were fully optimized at DFT level using the M06-2X functional with the 6-311+G*
basis set as implemented in the Gaussian16 package [? ]. Frequency calculations were performed at
the same computational level to confirm that the resulting optimized structures were energetic minima.
The effect of water solvation was accounted for by using the SCRF-PCM approach implemented in
the Gaussian16 package including dispersion, repulsion and cavitation energy terms of the solvent in
the optimization.

4.1.2. Docking Experiments

The program AutoDock Vina 4.2 was used to carry out docking studies [? ]. The ligands were
flexibly docked into the rigid in-house TP-containing BRAF model (see details in ESI). The corresponding
docking scores (G-scores) were measured in kcal/mol and are only indicative of the quality of the
interaction with the target; they do not provide a quantitative measure of binding. Poses obtained
from the docking were visualised with VMD [? ].

4.2. Chemistry

4.2.1. 1-(4-Fluorophenyl)-2-(3-(4-guanidinophenoxy)phenyl)guanidine dihydrochloride (5)

Following Method A (see ESI), 21 (80 mg, 0.12 mmol) was dissolved in 4 M HCl in dioxane
(0.54 mL, 2.16 mmol) and in additional dioxane (0.07 mL) until a final concentration of 0.2 M was
reached. After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were
evaporated and the residue was purified by silica gel (CH3Cl:MeOH) chromatography to afford the
pure hydrochloride salt as a white-yellow solid (35 mg, 76%). Mp: decomp. > 180 ◦C. δH (400 MHz,
CD3OD): 7.00 (dd, J = 8.3, 2.4, 1H, H-4), 7.04 (t, J = 2.1 Hz, 1H, H-2), 7.13–7.17 (m, 3H, H-8 and
H-8′ and H-6), 7.19–7.24 (m, 2H, H-13 and H-13′), 7.31 (d, J = 8.9 Hz, 2H, H-9 and H-9′), 7.36–7.39
(m, 2H, H-12 and H-12′), 7.47 (t, J = 8.1 Hz, 1H, H-5). δC (100 MHz, CD3OD): 116.5 (CH Ar, C-2),
117.8 (d, J = 23.3 Hz, 2 CH Ar, C-13 and C-13′), 118.6 (CH Ar, C-4), 121.1 (CH Ar, C-6), 121.5 (2 CH Ar,
C-8 and C-8′), 129.95 (d, J = 8.8 Hz, 2 CH Ar, C-12 and C-12′), 128.96 (2 CH Ar, C-9 and C-9′), 131.6 (qC),
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132.3 (d, J = 3.1 Hz, qC, C-11), 132.4 (CH Ar, C-5), 138.0 (qC), 156.6 (qC), 157.4 (qC), 158.4 (qC), 159.5 (qC),
163.2 (d, J = 246.1 Hz, qC, C-14). δF (376 MHz, CD3OD): −115.93 (m). νmax(ATR)/cm−1: 3110 (NH),
3052 (NH), 2922, 2330, 2134, 1655 (C=N), 1582 (C=N), 1505 (C-N), 1486, 1404, 1212 (C-O), 1066 (C-F),
834, 792, 552. HRMS (m/z ESI+): found: 379.1687 (M+ + H), C20H20N6OF requires: 379.1683. HPLC:
99.7% (tR: 22.9 min).

4.2.2. 1-(3:4-Di-fluorophenyl)-2-(3-(4-guanidinophenoxy)phenyl)guanidine dihydrochloride (6)

Following Method A (see ESI), 22 (53 mg, 0.08 mmol) was dissolved in 4 M HCl in dioxane (0.36 mL,
1.37 mmol) and in additional dioxane (0.06 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and
the residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the pure hydrochloride
salt as a white solid (34 mg, 90%). Mp: 158–160 ◦C. δH (400 MHz, CD3OD): 7.00 (dd, J = 8.3, 2.4 Hz, 1H,
H-4), 7.05 (t, J = 2.2 Hz, 1H, H-2), 7.13–7.20 (m, 4H, H-8 and H-8′, H-6 and H-16), 7.32 (d, J = 8.9 Hz, 2H,
H-9 and H-9′), 7.34–7.41 (m, 2H, H-12 and H-15), 7.47 (t, J = 8.1 Hz, 1H, H-5). δC (100 MHz, CD3OD):
116.3 (d, J = 19.7 Hz, C-12 or C-15), 116.5 (CH Ar, C-2), 118.6 (CH Ar, C-4), 119.5 (d, J = 18.8 Hz,
C-12 or C-15), 121.1 (CH Ar, C-6), 121.5 (2 CH Ar, C-8 and C-8′), 123.4 (dd, J = 6.7, 3.7 Hz, C-16),
129.0 (2 CH Ar, C-9 and C-9′), 131.6 (qC), 132.4 (CH Ar, C-5), 133.0 (dd, J = 8.3, 3.6 Hz, qC, C-11),
137.9 (qC), 150.8 (dd, J = 247.8, 12.6 Hz, qC, C-13 or C-14), 151.8 (dd, J = 248.7, 13.7 Hz, qC, C-13 or
C-14), 156.5 (qC), 157.4 (qC), 158.3 (qC), 159.5 (qC). δF (376 MHz, CD3OD): −137.23 (m), −141.12 (m).
νmax(ATR)/cm−1: 3228 (NH), 3040 (NH), 2923, 2853, 1655 (C=N), 1579 (C=N), 1505, 1485, 1401, 1259,
1211 (C-F), 1149, 972, 825, 771, 694, 649, 609, 587. HRMS (m/z ESI+): found: 397.1598 (M+ + H),
C20H19N6OF2 requires: 397.1588. HPLC: 96.8% (tR: 23.2 min).

4.2.3. 1-(2-Fluoro-4-iodophenyl)-2-(3-(4-guanidinophenoxy)phenyl)guanidine dihydrochloride (7)

Following Method A (see ESI), 23 (357 mg, 0.44 mmol) was dissolved in 4 M HCl in dioxane
(2 mL, 7.92 mmol) and in additional dioxane (0.2 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and
the residue was purified by silica gel chromatography (CH3Cl:MeOH) to afford the pure hydrochloride
salt as a white solid (210 mg, 83%). Mp: decomp. > 180 ◦C. δH (400 MHz, CD3OD): 6.99–7.01 (m, 2H,
H-2 and H-4), 7.11–7.14 (m, 1H, H-6), 7.15 (d, J = 8.9 Hz, 2H, H-8 and H-8′), 7.20 (t, J = 8.2 Hz,
1H, H-5), 7.33 (d, J = 8.9 Hz, 2H, H-9 and H-9′), 7.44–7.49 (m, 1H, H-15), 7.64–7.66 (m, 1H, H-16),
7.69 (dd, J = 9.6, 1.8 Hz, 1H, H-13). δC (100 MHz, CD3OD): 93.4 (d, J = 7.5 Hz, qC, C-14), 116.4 (CH Ar,
C-2), 118.6 (CH Ar, C-4), 121.0 (CH Ar, C-6), 121.5 (2 CH Ar, C-8 and C-8′), 124.1 (d, J = 12.4 Hz, qC,
C-11), 127.3 (d, J = 22.2 Hz, CH Ar, C-13), 128.9 (2 CH Ar, C-9 and C-9′), 130.9 (CH Ar, C-5), 131.5 (qC),
132.4 (CH Ar, C-15), 136.0 (d, J = 3.9 Hz, CH Ar, C-16), 137.9 (qC), 156.4 (qC), 158.0 (d, J = 254.4 Hz, qC,
C-12), 157.3 (qC), 158.3 (qC), 159.5 (qC). δF (376, CD3OD):—121.10 (t, J = 8.9 Hz). νmax(ATR)/cm−1:
3318 (NH), 3098 (NH), 2958, 1661 (C=N), 1620, 1579, 1485, 1214 (C-F), 1149, 625, 609, 576 (C-I), 566.
HRMS (m/z ESI+): found 505.0646 (M+ + H), C20H19N6OFI requires: 505.0649. HPLC: 99.2% (tR:
25.3 min).

4.2.4. 1-(4-Bromophenyl)-2-(3-(4-guanidinophenoxy)phenyl)guanidine dihydrochloride (8)

Following Method A (see ESI), 24 (212 mg, 0.29 mmol) was dissolved in 4 M HCl in dioxane
(1.30 mL, 5.22 mmol) and in additional dioxane (0.12 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and the
residue was purified by flash chromatography to afford the pure hydrochloride salt as a light-yellow
solid (128 mg, 87%). Mp: decomp. > 110 ◦C. δH (400 MHz, CD3OD): 6.99 (dd, J = 8.2, 2.3 Hz, 1H,
H-4), 7.03 (t, J = 2.2 Hz, 1H, H-2), 7.12–7.16 (m, 3H, H-6 and H-8 and H-8′), 7.27 (d, J = 8.7 Hz, 2H,
H-12 and H-12′ or H-13 and H-13′), 7.31 (d, J = 8.8 Hz, 2H, H-9 and H-9′), 7.46 (t, J = 8.1 Hz, 1H, H-5),
7.61 (d, J = 8.7 Hz, 2H, H-12 and H-12′ or H-13 and H-13′). δC (100 MHz, CD3OD): 116.3 (CH Ar, C-2),
118.5 (CH Ar, C-4), 120.9 (CH Ar, C-6), 121.5 (2 CH Ar, C-8 and C-8′), 121.7 (qC, C-14), 127.9 (2 CH Ar,
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C-12 and C-12′ or C-13 and C-13′), 128.9 (2 CH Ar, C-9 and C-9′), 131.5 (qC), 132.4 (CH Ar, C-5),
134.1 (CH Ar, C-12 and C-12′ or C-13 and C-13′), 135.8 (qC), 138.0 (qC), 156.2 (qC), 157.4 (qC), 158.3 (qC),
159.5 (qC). νmax(ATR)/cm−1: 3124 (NH), 3044 (NH), 1655, 1571 (C=N), 1504 (C=N), 1484, 1405,
1213 (C-O), 1070 (C-Br), 1010, 617-567. HRMS (m/z APCI+): found: 439.0857 (M+ + H), C20H20BrN6O
requires: 439.0876. HPLC: 99.8% (tR: 24.8 min).

4.2.5. 1-(4-Bromo-3-(trifluoromethyl)phenyl)-2-(3-(4-guanidinophenoxy)phenyl)guanidine
dihydrochloride (9)

Following Method A (see ESI), 25 (566 mg, 0.70 mmol) was dissolved in 4 M HCl in dioxane
(3.15 mL, 12.6 mmol) and in additional dioxane (0.35 mL) until a final concentration of 0.2 M was
reached. After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were
evaporated and the residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the
pure hydrochloride salt as a white solid (361 mg, 89%). Mp: decomp. >136 ◦C. δH (400 MHz, CD3OD):
6.99 (dd, J = 8.0, 1.9 Hz, 1H, H-4), 7.06 (t, J = 2.1 Hz, 1H, H-2), 7.14–7.16 (m, 3H, H-8 and H-8′
and H-6), 7.32 (d, J = 8.9 Hz, 2H, H-9 and H-9′), 7.46 (t, J = 8.1 Hz, 1H, H-5), 7.51 (dd, J = 8.6, 2.4 Hz,
1H, H-16), 7.74 (d, J = 2.4 Hz, 1H, H-12), 7.88 (d, J = 8.6 Hz, 1H, H-15). δC (100 MHz, CD3OD):
116.2 (CH Ar, C-2), 118.3 (qC, C-14), 118.5 (CH Ar, C-4), 120.8 (CH Ar, C-6), 121.5 (2 CH Ar, C-8 and
C-8′), 123.9 (d, J = 260.3 Hz, qCF3), 125.3 (m, CH Ar, C-12), 128.9 (2 CH Ar, C-9 and C-9′), 130.5 (CH Ar,
C-16), 131.6 (qC), 132.3 (d, J = 31.7 Hz, qC, C-13), 132.4 (CH Ar, C-5), 136.9 (qC), 137.8 (CH Ar,
C-15), 138.0 (qC), 156.1 (qC), 157.3 (qC), 158.3 (qC), 159.6 (qC). δF (376 MHz, CD3OD):—64.73 (s).
νmax(ATR)/cm−1: 3119 (NH), 3053 (NH), 1663 (C=O), 1584 (C=N), 1478, 1412, 1320 (C-F), 1238, 1214,
1174, 1129 (CF3), 1099 (C-Br), 1023, 828, 581—558. HRMS (m/z ESI+): found 507.0766 (M+ + H),
C21H19N6OF3Br requires: 507.0756. HPLC: 99.9% (tR: 26.3 min).

4.2.6. 1-(2-Fluoro-4-iodophenyl)-2-(4-(3-guanidinophenoxy)phenyl)guanidine dihydrochloride (10)

Following Method A (see ESI), 26 (310 mg, 0.39 mmol) was dissolved in 4 M HCl in dioxane
(1.73 mL, 6.93 mmol) and in additional dioxane (0.17 mL) until a final concentration of 0.2 M was
reached. After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated
and the residue was purified by flash chromatography to afford the pure hydrochloride salt as a white
solid (198 mg, 88%). Mp: decomp. >150 ◦C. δH (400 MHz, CD3OD): 6.97 (t, J = 2.1 Hz, 1H, H-2),
7.00 (dd, J = 8.2, 2.3 Hz, 1H, H-4), 7.08 (dd, J = 7.6, 1.5 Hz, 1H, H-6), 7.16 (d, J = 8.8 Hz, 2H, H-8 and
H-8′), 7.22 (t, J = 8.2 Hz, 1H, H-5 or H-15), 7.36 (d, J = 8.8 Hz, 2H, H-9 and H-9′), 7.47 (t, J = 8.1 Hz, 1H,
H-5 or H-15), 7.66 (d, J = 9.1 Hz, 1H, H-16), 7.70 (dd, J = 9.6, 1.7 Hz, 1H, H-13). δC (100 MHz, CD3OD):
93.5 (d, J = 7.5 Hz, qC, C-14), 116.6 (CH Ar, C-2), 118.6 (CH Ar, C-4), 121.3 (CH Ar, C-6), 121.6 (2 CH Ar,
C-8 and C-8′), 124.0 (d, J = 12.5 Hz, qC, C-11), 127.3 (d, J = 22.2 Hz, C-13), 128.7 (2 CH Ar, C-9 and C-9′),
131.1 (CH Ar, C-5 or C-15), 131.6 (qC), 132.4 (CH Ar, C-5 or C-15), 136.0 (d, J = 3.9 Hz, C-16), 137.7 (qC),
156.8 (qC), 157.3 (qC), 157.9 (qC), 158.2 (d, J = 254.5 Hz, qC, C-12), 159.5 (qC). δF (376 MHz, CD3OD):
−121.04 (t, J = 8.8 Hz). νmax(ATR)/cm−1: 3335 (NH), 3265 (NH), 3180 (NH), 3052, 2868, 2325, 1616 (C=N),
1560 (C=N), 1504, 1400, 1226 (C-F), 1162, 1109, 971, 875, 789, 684—573 (C-I). HRMS (m/z ESI+): found:
505.0645 (M+ + H), C20H19N6OFI requires: 505.0649. HPLC: 99.9% (tR: 25.9 min).

4.2.7. 1-(4-Bromo-3-(trifluoromethyl)phenyl)-2-(4-(3-guanidinophenoxy)phenyl)guanidine
dihydrochloride (11)

Following Method A (see ESI), 27 (148 mg, 0.18 mmol) was dissolved in 4 M HCl in dioxane
(0.81 mL, 3.24 mmol) and in additional dioxane (0.10 mL) until a final concentration of 0.2 M was
reached. After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated
and the residue was purified by flash chromatography to afford the pure hydrochloride salt as a white
solid (100 mg, 94%). Mp: decomp. > 95 ◦C. δH (400 MHz, CD3OD): 6.98–7.02 (m, 2H, H-2 and H-4),
7.09 (ddd, 1H, J = 8.0, 1.9, 0.9 Hz, H-6), 7.17 (d, J = 8.9 Hz, 2H, H-8 and H-8′), 7.41 (d, J = 9.0 Hz, 2H,
H-9 and H-9′), 7.49 (t, J = 8.0 Hz, 1H, H-5), 7.55 (dd, J = 8.5, 2.6 Hz, 1H, H-16), 7.77 (d, J = 2.6 Hz, 1H,
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H-12), 7.91 (d, J = 8.6 Hz, 1H, H-15). δC (100 MHz, CD3OD): 116.6 (CH Ar, C-2 or C-4), 118.5 (qC, C-14),
118.6 (CH Ar, C-2 or C-4), 121.3 (CH Ar, C-6), 121.6 (2 CH Ar, C-8 and C-8′), 123.9 (d, J = 272.8 Hz,
qCF3), 125.5 (q, J = 5.6 Hz, CH Ar, C-12), 128.5 (2 CH Ar, C-9 and C-9′), 130.8 (CH Ar, C-16),
131.7 (qC), 132.3 (q, J = 31.6 Hz, qC, C-13), 132.4 (CH Ar, C-5), 136.7 (qC), 137.7 (qC), 137.8 (CH Ar,
C-15), 156.5 (qC), 157.3 (qC), 157.9 (qC), 159.6 (qC). δF (376 MHz, CD3OD):—64.30 (s). νmax(ATR)/cm−1:
3309 (NH), 3116 (NH), 3053 (NH), 2837, 2280, 1663 (C=N), 1577 (C=N), 1505, 1486, 1405, 1320,
1258 (C-O), 1214 (CF3), 1129, 1023 (C-Br), 829, 595—575. HRMS (m/z ESI+): found: 507.0750 (M+ + H),
C21H19N6OBrF3 requires: 507.0756. HPLC: 99.9% (tR: 26.6 min).

4.2.8. 1-(4-(3-((4-Chlorophenyl)amino)phenoxy)phenyl)guanidine hydrochloride (28)

Following Method A (see ESI), 44 (97 mg, 0.18 mmol) was dissolved in 4 M HCl in dioxane
(0.53 mL, 2.10 mmol) and in additional dioxane (0.9 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and the
residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt
as a purple solid (69 mg, 99%). Mp: 50–52 ◦C. δH (400 MHz, CD3OD): 6.51 (dd, J = 8.3, 1.9 Hz, 1H, H-4),
6.73 (t, J = 2.2 Hz, 1H, H-2), 6.85 (dd, J = 7.8, 1.8 Hz, 1H, H-6), 7.05 (d, J = 8.9 Hz, 2H, H-12 and H-12′),
7.08 (d, J = 8.9 Hz, 2H, H-8 and H-8′), 7.18 (d, J = 8.9 Hz, 2H, H-13 and H-13′), 7.22 (t, J = 8.2 Hz, 1H,
H-5), 7.27 (d, J = 8.9 Hz, 2H, H-9 and H-9′). δC (100 MHz, CD3OD): 108.6 (CH Ar, C-2), 111.8 (CH Ar,
C-4), 113.7 (CH Ar, C-6), 120.0 (2 CH Ar, C-12 and C-12′), 120.7 (2 CH Ar, C-8 and C-8′), 126.1 (qC,
C-14), 128.8 (2 CH Ar, C-9 and C-9′), 130.1 (2 CH Ar, C-13 and C-13′), 130.6 (qC), 131.5 (CH Ar, C-5),
143.4 (qC), 146.7 (qC), 158.4 (qC), 158.5 (qC), 158.9 (qC). νmax(ATR)/cm−1: 3297 (N-H), 3126 (N-H),
1688, 1586 (C=N), 1502, 1485 (C-N), 1325, 1216 (C-O), 1142 (C-Cl), 997, 972, 823, 770, 689, 604, 588,
570. HRMS (m/z ESI+): found 353.1177 (M+ + H. C19H18N4OCl requires: 353.1169). HPLC: 98.0% (tR:
32.3 min).

4.2.9. 1-(4-(3-((4-Chloro-3-(trifluoromethyl)phenyl)amino)phenoxy)phenyl)guanidine hydrochloride (3)

Following Method A (see ESI), 45 (112 mg, 0.18 mmol) was dissolved in 4 M HCl in dioxane
(0.54 mL, 2.16 mmol) and in additional dioxane (0.36 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and the
residue was purified by flash chromatography to afford the pure hydrochloride salt as a light brown solid
(59 mg, 80%). Mp: 58–60 ◦C. δH (400 MHz, CD3OD): 6.62 (dd, J = 8.7, 2.3 Hz, 1H, H-4), 6.78 (t, J = 2.2 Hz,
1H, H-2), 6.90 (dd, J = 8.1, 2.1 Hz, 1H, H-6), 7.11 (d, J = 8.9 Hz, 2H, H-8 and H-8’), 7.24 (dd, J = 8.8,
2.8 Hz, 1H, H-16), 7.27–7.31 (m, 3H, H-9, H-9’ and H-5) 7.36–7.39 (m, 2H, H-12, H-15). δC (100 MHz,
CD3OD): 109.8 (CH Ar, C-2), 113.1 (CH Ar, C-4), 114.8 (CH Ar, C-6), 116.1 (q, J = 5.6 Hz, CH Ar, C-12),
121.0 (2 CH Ar, C-8 and C-8’), 121.5 (CH Ar, C-16), 122.1 (qC, C-14), 124.4 (d, J = 272.5 Hz, qCF3),
129.0 (2 CH Ar, C-9 and C-9’), 129.6 (q, J = 31.0, qC, C-13), 131.0 (qC), 131.8 (CH Ar, C-5), 133.4 (CH Ar,
C-15), 144.4 (qC), 145.3 (qC), 158.2 (qC), 158.4 (qC), 159.2 (qC). δF (376 MHz, CD3OD):—64.18 (s).
νmax(ATR)/cm−1: 3295 (NH), 3163, 2923, 2853, 2400, 1664 (C=O), 1595 (C=N), 1504, 1482, 1441, 1333,
1258, 1217 (CF3), 1127, 1112 (C-Cl), 1027, 999, 977, 825. HRMS (m/z ESI+): found 421.1044 (M+ + H.
C20H17ClF3N4O requires: 421.1043). HPLC: 97.8% (tR: 32.9 min).

4.2.10. 1-(4-(3-((3-(Trifluoromethyl)phenyl)amino)phenoxy)phenyl)guanidine hydrochloride (29)

Following Method A (see ESI), 46 (371 mg, 0.63 mmol) was dissolved in 4 M HCl in dioxane
(1.90 mL, 7.56 mmol) and in additional dioxane (1.25 mL) until a final concentration of 0.2 M was
reached. After 6 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated
and the residue was purified by flash chromatography to afford the pure hydrochloride salt as a
white solid (242 mg, 90%). Mp: 93–95 ◦C. δH (400 MHz, CD3OD): 6.59 (dd, J = 8.1, 2.3 Hz, 1H, H-4),
6.78 (t, J = 2.2 Hz, 1H, H-2), 6.90 (dd, J = 7.9, 1.9 Hz, 1H, H-6), 7.07–7.13 (m, 3H, H-8 and 8′ and H-12
or H-14), 7.26–7.30 (m, 5H, H-9 and 9′, H-12 or H-14, H-16 and H-5 or H-15), 7.37 (t, J = 8.3 Hz, 1H,
H-5 or H-15). δC (100 MHz, CD3OD): 109.4 (CH Ar, C-2), 112.6 (CH Ar, C-4), 113.9 (q, J = 4.0 Hz, CH Ar,
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C-12 or C-14), 114.6 (CH Ar, C-6), 117.3 (q, J = 4.0 Hz, CH Ar, C-12 or C-14), 119.9 (d, J = 280.7 Hz,
qCF3), 120.9 (2 CH Ar, C-8 and C-8′), 121.2 (CH Ar, C-16), 128.9 (2 CH Ar, C-9 and C-9′), 130.8 (qC),
131.1 (CH Ar, C-5 or C-15), 131.7 (CH Ar, C-5 or C-15), 132.6 (d, J = 31.9 Hz, qC, C-13), 145.7 (qC),
145.9 (qC), 158.3 (qC), 158.4 (qC), 159.1 (qC). δF (376 MHz, CD3OD): −64.42 (s). νmax(ATR)/cm−1:
3301 (NH), 3135 (NH), 1665, 1587 (C=N), 1490, 1486, 1335 (C-N), 1216 (C-O), 1161, 1116 (CF3), 1067 (C-Cl),
976, 836, 785, 689. HRMS (m/z ESI+): found 387.1438 (M+ + H. C20H18N4OF3 requires: 387.1433).
HPLC: 97.5% (tR: 31.7 min).

4.2.11. 1-(4-(3-((3-(Pentafluorosulfanyl)phenyl)amino)phenoxy)phenyl)guanidine hydrochloride (30)

Following Method A (see ESI), 47 (272 mg, 0.42 mmol) was dissolved in 4 M HCl in dioxane
(1.27 mL, 5.06 mmol) and in additional dioxane (0.83 mL) until a final concentration of 0.2 M was reached.
After 6 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and
the residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the pure hydrochloride
salt as an orange solid (127 mg, 62%). Mp: 104–106 ◦C. δH (400 MHz, CD3OD): 6.61 (dd, J = 8.2,
2.3 Hz, 1H, H-4), 6.78 (t, J = 2.2. Hz, 1H, H-2), 6.90 (dd, J = 8.1, 2.1 Hz, 1H, H-6), 7.11 (d, J = 8.9 Hz,
H-8 and H-8′), 7.22–7.31 (m, 5H, H-9 and H-9′, H-5 or H-15, H-14 and H-16), 7.34–7.38 (m, 1H, H-5 or
H-15), 7.44 (t, J = 2.2 Hz, 1H, H-12). δC (100 MHz, CD3OD): 109.6 (CH Ar, C-2), 112.9 (CH Ar, C-4),
114.6 (CH Ar, C-6), 114.9 (p, J = 4.6 Hz, CH Ar, C-12), 118.0 (p, J = 4.7 Hz, CH Ar, C-14), 120.8 (CH Ar,
C-16), 120.9 (2 CH Ar, C-8 and C-8′), 128.8 (2 CH Ar, C-9 and C-9′), 130.6 (CH Ar, C-5 or C-15),
130.8 (qC), 131.8 (CH Ar, C-5 or C-15), 145.6 (qC), 145.7 (qC), 155.9 (p, J = 16.4 Hz, qC, C-13), 158.2 (qC),
158.3 (qC), 159.2 (qC). δF (376 MHz, CD3OD): −64.34 (s). νmax(ATR)/cm−1: 3273 (NH), 3150 (NH),
1669, 1593 (C=N), 1487 (C-N), 1218 (C-O), 834 (SF5), 567. HRMS (m/z ESI+): found 445.1124 (M+ + H.
C19H18N4OSF5 requires: 445.1121). HPLC: 95.4% (tR: 32.3 min).

4.2.12. 1-(4-(3-((4-Chloro-3-(trifluormethyl)phenyl)amino)-5-fluorophenoxy)phenyl)guanidine
hydrochloride (36)

Following Method A (see ESI), 48 (166 mg, 0.26 mmol) was dissolved in 4 M HCl in dioxane
(0.78 mL, 3.12 mmol) and in additional dioxane (0.51 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and
the residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the pure hydrochloride
salt as a light brown solid (114 mg, 92%). Mp: 92–94 ◦C. δH (600 MHz, CD3OD): 6.31 (dt, J = 9.9,
2.1 Hz, 1H, H-4), 6.55 (s, 1H, H-2), 6.58 (dt, J = 10.7, 2.0 Hz, 1H, H-6), 7.16 (d, J = 8.8 Hz, 2H, H-8 and
H-8′), 7.29 (dd, J = 8.8, 2.7 Hz, 1H, H-16), 7.32 (d, J = 8.8 Hz, 2H, H-9 and H-9′), 7.40 (d, J = 2.6 Hz,
1H, H-12), 7.43 (d, J = 8.7 Hz, 1H, H-15). δC (150 MHz, CD3OD): 99.4 (d, J = 25.7 Hz, CH Ar, C-4),
100.3 (d, J = 25.5 Hz, CH Ar, C-6), 103.8 (d, J = 2.6 Hz, CH Ar, C-2), 117.4 (q, J = 5.5 Hz, CH Ar,
C-12), 121.8 (2 CH Ar, C-8 and C-8′), 122.7 (CH Ar, C-16), 123.4 (qC, C-14), 124.3 (d, J = 272.2 Hz,
qCF3), 128.9 (2 CH Ar, C-9 and C-9′), 129.8 (q, J = 31.0, qC, C-13), 131.7 (qC), 133.5 (CH Ar, C-15),
143.4 (qC), 146.7 (d, J = 13.2 Hz, qC, C-1 or C-3), 157.1 (qC), 158.4 (qC), 160.7 (d, J = 13.7 Hz, qC, C-1 or
C-3), 165.8 (d, J = 243.4 Hz, qC, C-5). δF (376 MHz, CD3OD): −64.67 (s), −112.53 (s). νmax(ATR)/cm−1:
3285 (NH), 3139 (NH), 1666, 1601 (C=N), 1504, 1476, 1323 (CF3), 1216 (C-O), 1112 (C-F), 1020 (C-Cl),
994, 823, 660. HRMS (m/z ESI+): found 439.0945 (M+ + H. C20H16N4OF4Cl requires: 439.0943). HPLC:
95.7% (tR: 33.1 min).

4.2.13. 1-(3,4-Di-fluorophenyl)-3-(3-((6-guanidinopyridin-3-yl)oxy)phenyl)guanidine dihydrochloride
(49)

Following Method A (see ESI), 61 (176 mg, 0.25 mmol) was dissolved in 4 M HCl in dioxane
(1.14 mL, 4.54 mmol) and in additional dioxane (0.11 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and the
residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt
as a white solid (101 mg, 84%). Mp: decomp. above 110 ◦C. δH (400 MHz, CD3OD): 6.62 (dd, J = 7.5,
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2.4 Hz, 1H, H-4), 6.77–6.81 (m, 1H, H-17), 6.93 (dd, J = 8.0, 1.8 Hz, 1H, H-6), 6.99 (d, J = 8.9 Hz, 1H,
H-9), 7.00–7.13 (m, 3H, H-2, H-13 and H-16), 7.25 (t, J = 8.1 Hz, 1H, H-5), 7.49 (dd, J = 8.9, 2.9 Hz, 1H,
H-8), 8.05 (d, J = 2.9 Hz, 1H, H-11). δC (100 MHz, CD3OD): 112.0 (d, J = 18.8 Hz, CH Ar, C-13 or C-16),
112.4 (CH Ar, C-2), 113.0 (CH Ar, C-4), 116.4 (CH Ar, C-9), 118.0 (CH Ar, C-6), 118.1 (d, J = 17.9 Hz,
CH Ar, C-13 or C-16), 119.1 (dd, J = 5.6, 3.1 Hz, CH Ar, C-17), 131.3 (CH Ar, C-5), 131.4 (CH Ar, C-8),
138.5 (CH Ar, C-11), 143.9 (dd, J = 7.4, 2.2 Hz, qC, C-12), 146.6 (qC), 147.2 (dd, J = 240.4, 12.9 Hz,
qC, C-14 or C-15), 150.1 (qC), 151.1 (qC), 151.4 (dd, J = 245.1, 13.4 Hz, qC, C-14 or C-15), 152.5 (qC),
157.4 (qC), 159.0 (qC). δF (376 MHz, CD3OD): −139.72 (m), −149.19 (m). νmax(ATR)/cm−1: 3313 (NH),
3154 (NH), 2922, 2861, 1682, 1625 (C=N), 1507, 1473 (C-F), 1375, 1228 (C-F), 1166, 1146 (C-O), 866, 830,
770, 570, 557. HRMS (m/z ESI+): found 398.1548 (M+ + H. C19H18N7OF2 requires: 398.1541). HPLC:
99.8% (tR: 23.6 min).

4.2.14. 1-(2-Fluoro-4-iodophenyl)-3-(3-((6-guanidinopyridin-3-yl)oxy)phenyl)guanidine
dihydrochloride (50)

Following Method A (see ESI), 62 (104 mg, 0.13 mmol) was dissolved in 4 M HCl in dioxane
(0.58 mL, 2.32 mmol) and in additional dioxane (0.10 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and the
residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt
as a white solid (67 mg, 89%). Mp: decomp. above 120 ◦C. δH (400 MHz, CD3OD): 6.98 (ddd, J = 8.3,
2.4, 0.7 Hz, 1H, H-4), 7.02 (t, J = 2.2 Hz, 1H, H-2), 7.11–7.18 (m, 3H, H-5 or H-16, H-6 and H-9),
7.46 (t, J = 8.1 Hz, 1H, H-5 or H-16), 7.61–7.64 (m, 2H, H-17 and H-8), 7.67 (dd, J = 9.7, 1.8 Hz, 1H,
H-14), 8.16 (d, J = 2.9 Hz, 1H, H-11). δC (100 MHz, CD3OD): 92.7 (qC, C-15), 115.5 (CH Ar, C-2),
115.6 (CH Ar, C-9), 117.6 (CH Ar, C-4), 120.9 (CH Ar, C-6), 127.2 (d, J = 22.2 Hz, CH Ar, C-14),
127.3 (d, J = 14.1 Hz, qC, C-12), 130.6 (CH Ar, C-5 or C-16), 132.1 (CH Ar, C-8), 132.5 (CH Ar, C-5 or
C-16), 136.0 (CH Ar, J = 3.9 Hz, C-17), 138.7 (qC), 139.1 (CH Ar, C-11), 149.2 (qC), 151.2 (qC), 156.2 (qC),
156.9 (qC), 157.9 (qAr, J = 253.9 Hz, C-13), 159.4 (qC). δF (376 MHz CD3OD):—121.55 (t, J = 8.3 Hz).
νmax(ATR)/cm−1: 3277 (NH), 3122 (NH), 2923, 2849, 1680, 1660, 1623–1570 (C=N), 1474 (C-F),
1227 (C-O), 1160, 1026, 945, 600 (C-I). HRMS (m/z ESI+): found 506.0609 (M+ + H. C19H18N7OFI
requires: 506.0602). HPLC: 98.1% (tR: 25.7 min).

4.2.15. 1-(4-Bromophenyl)-3-(3-((6-guanidinopyridin-3-yl)oxy)phenyl)guanidine dihydrochloride (51)

Following Method A (see ESI), 63 (184 mg, 0.24 mmol) was dissolved in 4 M HCl in dioxane
(1.08 mL, 4.4 mmol) and in additional dioxane (0.12 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and the
residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt
as a white solid (113 mg, 92%). Mp: decomp. above 124 ◦C. δH (400 MHz, CD3OD): 6.99–7.01 (m, 1H,
H-4), 7.04 (bs, 1H, H-2), 7.14–7.16 (m, 2H, H-6 and H-9), 7.28 (d, J = 8.5 Hz, 2H, H-13 and H-13′ or H-14
and H-14′), 7.48 (t, J = 8.1 Hz, 1H, H-5), 7.60–7.63 (m, 3H, H-13 and H-13′ or H-14 and H-14′and H-8),
8.16 (d, J = 2.6 Hz, 1H, H-11). δC (100 MHz, CD3OD): 115.6 (CH Ar, C-6 or C-9), 115.8 (CH Ar, C-2),
118.0 (CH Ar, C-4), 121.1 (CH Ar, C-6 or C-9), 121.7 (qC, C-15), 127.9 (CH Ar, C-13 and C-13′ or C-14
and C-14′), 132.1 (CH Ar, C-8), 132.5 (CH Ar, C-5), 134.1 (CH Ar, C-13 and C-13′ or C-14 and C-14′),
135.7 (qC), 138.2 (qC), 139.0 (CH Ar, C-11), 149.2 (qC), 151.2 (qC), 156.1 (qC), 156.8 (qC), 159.4 (qC).
νmax(ATR)/cm−1: 3256 (NH), 3114 (NH), 2971, 1680, 1660, 1619 (C=N), 1566 (C=N), 1474, 1376 (C-N),
1226 (C-O), 1069 (C-Br), 1010, 832, 637—584. HRMS (m/z ESI+): found 440.0837 (M+ + H. C19H19N7OBr
requires: 440.0834). HPLC: 97.5% (tR: 25.2 min).

4.2.16. 1-(4-Bromo-3-(trifluoromethyl)phenyl)-3-(3-((6-guanidinopyridin-3-yl)oxy)phenyl) guanidine
dihydrochloride (52)

Following Method A (see ESI), 64 (358 mg, 0.44 mmol) was dissolved in 4 M HCl in dioxane
(2 mL, 7.97 mmol) and in additional dioxane (0.2 mL) until a final concentration of 0.2 M was reached.
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After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and the
residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the pure hydrochloride salt
as a white solid (225 mg, 88%). Mp: decomp. above 170 ◦C. δH (400 MHz, CD3OD): 6.66 (dd, J = 8.1,
2.4 Hz, 1H, H-4), 6.96 (dd, J = 8.0, 1.9 Hz, 1H, H-6), 7.04 (d, J = 8.9 Hz, 1H, H-9), 7.08 (t, J = 2.1 Hz,
1H, H-2), 7.20 (dd, J = 8.6, 2.5 Hz, 1H, H-17), 7.28 (t, J = 8.1 Hz, 1H, H-5), 7.48 (d, J = 2.5, 1H,
H-13), 7.56 (dd, J = 8.9, 2.9 Hz, 1H, H-8), 7.60 (d, J = 8.6 Hz, 1H, H-16), 8.10 (d, J = 2.7 Hz, 1H,
H-11). δC (100 MHz, CD3OD): 111.8 (d, J = 1.8 Hz, qC, C-15), 112.4 (CH Ar, C-2), 113.3 (CH Ar, C-4),
115.5 (CH Ar, C-9), 117.8 (CH Ar, C-6), 122.4 (q, J = 5.5 Hz, CH Ar, C-13), 124.4 (d, J = 272.6 Hz,
qCF3), 127.7 (CH Ar, C-17), 130.9 (d, J = 30.8 Hz, qC, C-14), 131.4 (CH Ar, C-5), 131.6 (CH Ar, C-8),
136.6 (CH Ar, C-16), 138.6 (CH Ar, C-11), 146.1 (qC), 147.2 (qC), 148.9 (qC), 151.8 (qC), 152.4 (qC),
156.9 (qC), 159.0 (qC). δF (376 MHz, CD3OD):—63.96 (s). νmax(ATR)/cm−1: 3281 (NH), 3142 (NH),
2922, 2849, 1680, 1625 (C=N), 1566 (C=N), 1473, 1319, 1227 (CF3), 1129 (C-Br), 1023, 832, 592-583.
HRMS (m/z ESI+): found 508.0710 (M+ + H. C20H18N7OF3Br requires: 508.0708). HPLC: 99.8% (tR:
27.5 min).

4.2.17. 1-(4-Chloro-3-(trifluoromethyl)phenyl)-3-(3-((6-guanidinopyridin-3-yl)oxy)phenyl) guanidine
dihydrochloride (2)

Following Method A (see ESI), 65 (113 mg, 0.15 mmol) was dissolved in 4 M HCl in dioxane
(0.67 mL, 2.70 mmol) and in additional dioxane (0.10 mL) until a final concentration of 0.2 M was
reached. After 6 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated
and the residue was purified by flash chromatography to afford the pure hydrochloride salt as a
white solid (63 mg, 79%). Mp: 169–171 ◦C. δH (400 MHz, CD3OD): 6.93 (dd, J = 8.3, 2.3 Hz, 1H, H-4),
7.06 (t, J = 2.1 Hz, 1H, H-2), 7.11–7.13 (m, 2H, H-6 and H-9), 7.44 (t, J = 8.2 Hz, 1H, H-5), 7.53 (dd, J = 8.6,
2.5 Hz, 1H, H-17), 7.60–7.65 (m, 2H, H-16 and H-8), 7.69 (d, J = 2.4 Hz, 1H, H-13), 8.15 (d, J = 2.9 Hz, 1H,
H-11). δC (100 MHz, CD3OD): 115.1 (CH Ar, C-2), 115.6 (CH Ar, C-9), 117.1 (CH Ar, C-4), 120.5 (CH Ar,
C-6), 123.9 (d, J = 272.5 Hz, qCF3) 124.5 (q, J = 5.5 Hz, CH Ar, C-13), 129.9 (qC, C-15), 130.1 (CH Ar,
C-17), 130.2 (d, J = 34.7 Hz, qC, C-14), 132.0 (CH Ar, C-8 or C-16), 132.3 (CH Ar, C-5), 134.0 (CH Ar,
C-8 or C-16), 138.3 (qC), 139.0 (CH Ar, C-11), 139.7 (qC), 149.1 (qC), 151.3 (qC), 155.5 (qC), 156.9 (qC),
159.3 (qC). δF (376 MHz, CD3OD):—64.24 (s). νmax(ATR)/cm−1: 3297 (NH), 3121 (NH), 2923, 2854,
1625 (C=N), 1581 (C=N), 1474 (CF3), 1320, 1227 (C-O), 1130 (C-Cl), 1032, 832, 589, 557. HRMS (m/z ESI+):
found: 464.1222 (M+ + H. C20H18N7OF3Cl requires: 464.1213). HPLC: 96.9% (tR: 26.8 min).

4.2.18. 1-(5-(3-((4-Chloro-3-(trifluoromethyl)phenyl)amino)phenoxy)pyridin-2-yl)guanidine
hydrochloride (4)

Following Method A (see ESI), 69 (200 mg, 0.32 mmol) was dissolved in 4 M HCl in dioxane
(0.96 mL, 3.86 mmol) and in additional dioxane (0.65 mL) until a final concentration of 0.2 M was reached.
After 8 h stirring at 55 ◦C, the reaction was adjudged complete (TLC), solvents were evaporated and
the residue was purified by silica gel chromatography (CHCl3:MeOH) to afford the pure hydrochloride
salt as a white solid (136 mg, 93%). Mp: 89–91 ◦C. δH (400 MHz, CD3OD): 6.60 (dd, J = 8.2, 2.3 Hz,
1H, H-4), 6.75 (t, J = 2.2 Hz,1H, H-2), 6.90 (dd, J = 8.1, 2.0 Hz, 1H, H-6), 7.08 (d, J = 8.9 Hz, 1H, H-9),
7.24 (dd, J = 8.7, 2.7 Hz, 1H, H-17), 7.29 (t, J = 8.1 Hz, 1H, H-5), 7.37–7.39 (m, 2H, H-13 and H-16),
7.59 (dd, J = 8.9, 2.9 Hz, 1H, H-8), 8.13 (d, J = 2.9 Hz, 1H, H-11). δC (100 MHz, CD3OD): 108.7 (CH Ar,
C-2), 112.2 (CH Ar, C-4), 114.7 (CH Ar, C-6), 115.5 (CH Ar, C-9), 116.2 (q, J = 5.5 Hz, CH Ar, C-13),
121.8 (CH Ar, C-17), 122.4 (qC, C-15), 124.3 (d, J = 272.4 Hz, qCF3), 129.6 (d, J = 31.0 Hz, qC, C-14),
131.8 (CH Ar, C-8), 132.0 (CH Ar, C-5), 133.4 (CH Ar, C-16), 138.7 (CH Ar, C-11), 144.2 (qC), 145.6 (qC),
148.8 (qC), 151.8 (qC), 156.9 (qC), 159.4 (qC). δF (376 MHz, CD3OD):—64.15 (s). νmax(ATR)/cm−1:
3264 (NH), 2923, 2863, 1684, 1629, 1595, 1474 (C=N), 1400, 1332, 1229 (C-O), 1129 (CF3), 1115 (C-Cl),
977, 998. HRMS (m/z ESI+): found 422.0987 (M+ + H. C19H16N5OClF3 requires: 422.0995). HPLC:
98.6% (tR: 33.3 min).
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4.2.19. 4-(3-((4-Chloro-3-(trifluoromethyl)phenyl)amino)phenoxy)phenyl carbamimidate
hydrochloride (70)

To a stirred solution of 74 (205 mg, 0.33 mmol, 1eq) in EtOAc was added SnCl4 (0.15 mL,
1.32 mmol, 4 eq). After 2 h of stirring at room temperature, the solvent and the excess of SnCl4 were
evaporated in vacuo. The remaining liquid was purified by silica gel chromatography(CHCl3:Acetone)
to afford the pure hydrochloride salt (130 mg, 86%) as a colourless gum. δH (400 MHz, DMSO-d6):
6.61 (dd, J = 7.6, 2.3 Hz, 1H, H-4), 6.76 (t, J = 2.2 Hz, 1H, H-2), 6.92 (dd, J = 7.8, 1.7 Hz, 1H, H-6),
7.16 (d, J = 9.1 Hz, 2H, H-8 and H-8′ or H-9 and H-9′), 7.30–7.34 (m, 2H, H-5 and H-16),
7.37 (d, J = 9.0 Hz, 2H, H-8 and H-8′ or H-9 and H-9′), 7.40 (d, J = 2.7 Hz, 1H, H-12), 7.50 (d, J = 8.8 Hz,
1H, H-15), 8.61 (bs, 4H, NH), 8.88 (bs, NH). δC (100 MHz, DMSO-d6): 107.8 (CH Ar, C-2), 111.2 (CH Ar,
C-4), 113.1 (CH Ar, C-6), 114.7 (q, J = 5.5 Hz, CH Ar, C-12), 119.4 (qC, C-14), 120.4 (CH Ar, C-5 or C-16),
120.5 (2 CH Ar, C-8 and C-8′ or C-9 and C-9′), 122.0 (d, J = 227.5 Hz, qCF3), 123.1 (2 CH Ar, C-8 and
C-8′ or C-9 and C-9′), 127.2 (d, J = 30.7 Hz, qC, C-13), 130.9 (CH Ar, C-5 or C-16), 132.7 (CH Ar, C-15),
142.8 (qC), 143.5 (qC), 145.2 (qC), 155.2 (qC), 157.6 (qC), 161.1 (qC). δF (376 MHz, CD3OD):—61.59 (s).
νmax(ATR)/cm−1: 3285 (NH), 2924, 2854, 1693, 1655, 1593 (C=N), 1481 (C-N), 1400, 1258, 1231, 1195,
1175 (C-O), 1128 (CF3), 1111 (C-Cl), 1027, 824, 681, 665. HRMS (m/z ESI+): found: 422.0883 (M+ + H.
C20H16N3O2ClF3 requires: 422.0883). HPLC: 96.2% (tR: 32.2 min).

4.2.20. 4’-Sulfonamide-3-[4-chloro-3 trifluoromethylphenylamino]diphenylether (75)

Compound 40 (100 mg, 0.26 mmol, 1 eq.), sulfamoyl chloride (30 mg, 0.26 mmol, 1 eq.) and
NEt3 (0.05 mL, 0.29 mmol, 1.1 eq.) were dissolved in CH2Cl2 (2 mL) and stirred at overnight at
room temperature. The mixture was then washed with water and the organic layer extracted with
EtOAc, washed with brine, dried over MgSO4, concentrated under vacuum and purified by silica
gel chromatography (hexanes:EtOAc) to get 75 as a light brown solid (95 mg, 80%). Mp: 124–126 ◦C.
δH (400 MHz, CD3OD): 6.54 (dd, J = 8.2, 2.3 Hz, 1H, H-4), 6.69 (t, J = 2.2 Hz, 1H, H-2), 6.84 (dd, J = 8.1,
2.1 Hz, 1H, H-6), 6.99 (d, J = 9.0 Hz, 2H, H-8 and H-8′), 7.21–7.26 (m, 4H, H-9 and H-9′, H-16,
H-5), 7.34–7.38 (m, 2H, H-12, H-15). δC (100 MHz, CD3OD): 109.1 (CH Ar, C-2), 112.2 (CH Ar, C-4),
113.8 (CH Ar, C-6), 116.1 (q, J = 5.5 Hz, C-12, CH Ar), 121.1 (2 CH Ar, C-8 and C-8′), 121.2 (CH Ar, C-16),
121.9 (qC, C-14), 123.2 (2 CH Ar, C-9 and C-9′), 124.4 (d, J = 272.5 Hz, qCF3), 129.7 (d, J = 30.9 Hz, qC,
C-13), 131.5 (CH Ar, C-5), 133.3 (CH Ar, C-15), 136.1 (qC), 144.6 (qC), 145.1 (qC), 154.4 (qC), 160.5 (qC).
δF (376 MHz, CD3OD):—64.19 (s). νmax (ATR)/cm−1: 3404 (NH), 3279 (NH), 1596 (S=O), 1489 (S=O),
1143 (C-O), 1153 (CF3), 1125 (C-N), 830 (C-Cl), 821. HRMS (m/z ESI−): found: 456.0397 (M−—H.
C19H14N3O3SClF3 requires: 456.0397). HPLC: 99.3% (tR: 35.4 min).

4.3. Biochemistry

4.3.1. Cell Viability Studies (alamarBlue)

Cells were counted and seeded in 96-well plates at a density of 2 × 105 cells/mL for HL-60,
2.5 × 104 cells/mL for MCF-7, MCF10A and HeLa, 1 × 105 cells/mL for HCT116 and HKH-2, all of
them in their respective media. The 96-well plates were then treated with a 1:100 dilution of stock
concentrations of drugs or EtOH (1% v/v)/DMSO (0.1% v/v) as vehicle control in triplicate. Three blank
wells containing 200 µL RPMI with no cells were also set-up as blanks. After a 72 h incubation, 20 µL
of alamarBlue was added to each well. The plates were incubated in darkness at 37 ◦C for 4–5 h using
a Molecular Devices microplate reader, the fluorescence (F) was then read at an excitation wavelength
of 544 nm and an emission wavelength of 590 nm. Cell viability was then determined by subtracting
the mean blank fluorescence (Fb) from the treated sample fluorescence (Fs) and expressing this as a
percentage of the fluorescence of the blanked vehicle control (Fc). This is demonstrated in the equation
below. The results were then plotted as a nonlinear regression, sigmoidal dose-response curves on
Prism, from which the IC50 value for each drug was determined.
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4.3.2. Flow Cytometry

Apoptosis was analysed using annexin V fluorescein isothiocyanate (FITC) and propidium iodide
(PI). HL-60 cells were seeded at a density of 2 × 105 cells/mL in 12 well plates. Cells were then treated
with either vehicle (0.5% ethanol), 2 (5 µM), 3 (5 µM), or 4 (4 µM) for 48 h. Following treatment,
HL60 cells were collected and washed with annexin V binding buffer (5 mM HEPES, 70 mM NaCl,
1.25 mM CaCl2 pH 7.4) and stained with annexin V-FITC (iQ Corporation, Groningen, The Netherlands)
for 20 min. Following washing with annexin V binding buffer, cells were resuspended in PI (0.5 µg/mL)
in binding buffer and analysed on BD FACS Canto II flow cytometer (BD Sciences) using FloJo software
(Ashland, OR, USA).

4.3.3. Western Blotting

HL60s were seeded in T25 flasks at 50× 104 cells/mL and cells were treated with either vehicle [0.5%
EtOH (v/v)], 1–4, 9 or 52 (5 µM), as well as 1 (10 µM as reported [? ]). After 16 h, cells were collected and
washed with PBS. Cell pellets were re-suspended in cold cell lysis buffer (radio-immunoprecipitation
assay buffer) supplemented with 1% phosphatase inhibitor cocktail 2 and 3 (Sigma) and 10% protease
inhibitor (Roche). Cells were lysed for 30 min on ice. Protein concentration was then determined by
BCA assay. Lysates were boiled with Laemmli sample buffer [Tris-HCL 50 mM (pH 6.7), glycerol 10%
(w/v), sodium dodecyl sulphate 2% (w/v), bromophenol blue 0.02% (w/v)] containing DTT 50 µM for
10 min at 90 ◦C. Moreover, 20 µg of lysates were resolved by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto PVDF transfer membrane (EMD Millipore).
Membranes were blocked with 5% non-fat milk and probed with primary antibodies for ERK and
phospho-ERK (Cell Signalling). Anti-GAPDH was used as a loading control (Calbiochem).

5. Conclusions

Taking all of these results into account, the following SARs were drawn in terms of HL-60
cytotoxicity; for example, for a good cytotoxicity bulky substituents (4-Br/Cl and 3-CF3) in the phenyl
ring of the hydrophobic moiety are needed; replacement of the di-substituted guanidinium as in
compound 1 by a shorter -NH- link is also beneficial; a mono-substituted guanidinium group at the
position 4′ of the phenyloxyaryl core gives good cytotoxic activity; additionally, substituting one of
the phenyl rings by a 2-pyridinyl to facilitate IMHB seems also to increase the cytotoxic activity in
the 3,4′-bis-guanidinium series. On the negative side, in the bis-guanidinium diphenyl ether series,
when only one substituent is kept in the phenyl ring of the hydrophobic moiety (4-Br or 4-F as in 8 or
5) or both are very small (3,4-diF as in 6), cytotoxicity decreases or is completely abolished. This is not
the case either in the amino-guanidinium diphenyl ether or in the bis-guanidinium phenyloxypyridine
series where mono-substituted or di-fluoro phenyl rings in the hydrophobic moiety still exhibit good
HL-60 cytotoxicity (i.e., compounds 28–30 or 49 and 51).

Future work will be required to investigate the molecular target(s) of our guanidinium derivatives,
but nonetheless, while compound 2, 9, and 52 seem to be improved derivatives of previous lead
molecule 1, compounds 3 and 4 can be considered excellent hit molecules in the search for new
anticancer therapies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/13/12/485/s1,
synthetic details (general information, general procedures, characterisation of intermediates); computational
details (Figure S1, Figure S2, Figure S3, Figure S4 and Figure S5); theoretical physicochemical and pharmacokinetic
parameters (Table S1, Table S2, and Table S3, Figure S6); biochemical protocols (Figure S7, Figure S8, Figure S9,
Figure S10, Figure S11, Figure S12, Figure S13); NMR spectra of final salts; and HPLC chromatograms of final salts.
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Abstract: Dual targeting of epidermal growth factor receptor (EGFR) and human EGFR-related
receptor 2 (HER2) is a proven approach for the treatment of lung cancer. With the aim of discov-
ering effective dual EGFR/HER2 inhibitors targeting non-small cell lung cancer cell line H1299,
three series of thieno[2,3-d][1,2,3]triazine and acetamide derivatives were designed, synthesized,
and biologically evaluated. The synthesized compounds displayed IC50 values ranging from 12 to
54 nM against H1299, which were superior to that of gefitinib (2) at 40 µM. Of the synthesized com-
pounds, 2-(1H-pyrazolo[3,4-b]pyridin-3-ylamino)-N-(3-cyano4,5,6,7-tetrahydrobenzo[b]thiophen-2-
yl)acetamide (21a) achieved the highest in vitro cytotoxic activity against H1299, with an IC50 value of
12.5 nM in situ, and 0.47 and 0.14 nM against EGFR and HER2, respectively, values comparable to the
IC50 of the approved drug imatinib (1). Our synthesized compounds were promising, demonstrating
high selectivity and affinity for EGFR/HER2, especially the hinge region forming a hydrophobic
pocket, which was mediated by hydrogen bonding as well as hydrophobic and electrostatic inter-
actions, as indicated by molecular modeling. Moreover, the designed compounds showed good
affinity for T790M EGFR, one of the main mutants resulting in acquired drug resistance. Furthermore,
both pharmacokinetic and physicochemical properties of the designed compounds were within
the appropriate range for human usage as predicted by the in Silico ADME study. The designed
compound (21a) might serve as an encouraging lead compound for the discovery of promising
anti-lung cancer agents targeting EGFR/HER2.

Keywords: thieno[2,3-d][1,2,3]triazine; acetamide; H1299; HER2; EGFR

1. Introduction

Lung cancer continues to be one of the major causes of cancer-related mortality, and
non-small cell lung cancer (NSCLC) cases account for approximately 90% of all lung can-
cer [1]. Treatment options for patients with advanced lung cancer, including chemotherapy,
radiation, or surgery, are still insufficient, and around half of limited-stage lung cancer
patients relapse [2,3]. Receptor tyrosine kinases (RTKs) play a significant role in cellular
signaling pathways and regulate the majority of cellular processes, such as cell metabolism,
differentiation, proliferation, and apoptosis. Among the well-known RTKs, members of the
ERbB receptor tyrosine kinase family, including epidermal growth factor receptor (EGFR;
HER1/erbB-1), human EGFR-related receptor 2 (HER2; erbB-2/neu), HER3 (erbB-3), and
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HER4 (erbB-4), represent a promising strategy for targeted therapy in patients with NSCLC
due to observed patterns of oncogenic mutations of EGFR and HER2 [4]. Therefore, tar-
geting the ERbB receptor could be a promising strategy in NSCLC eradication. HER2
overexpression currently serves as a biomarker of poor prognosis in many forms of human
cancer and is considered to be responsible for around 11–32% of NSCLC tumors, with
increased gene copy numbers recognized in 2–23% of cases. As HER2 overexpression
is found to potentiate EGFR signaling, dual inhibition of these two pathways is of great
clinical interest [5].

First-generation EGFR tyrosine kinase inhibitors (TKIs) such as gefitinib (2), imatinib
(1), lapatinib (4), and erlotinib (3) have been approved by the US Food and Drug Ad-
ministration (FDA) for treatment of EGFR-activating mutation-positive NSCLC patients
(Figure 1). Acquired drug resistance, however, often occurs after approximately 12 months
of treatment with gefitinib (2) or imatinib (1) [6,7]. Lapatinib (4), the first dual oral inhibitor
of EGFR and HER2, was approved by the FDA in 2007 for patients with advanced or
metastatic breast cancer (Figure 1). These drugs bind competitively and reversibly to the
adenosine triphosphate (ATP) binding site of EGFR/HER2, achieving target selectivity by
identifying unique characteristics of specific ATP-binding features [5–7]. Unfortunately, the
ability of these EGFR inhibitors to successfully treat NSCLC is short-lived in subsequent
therapies due to acquired T790M missense secondary mutations in EGFR, contributing
to drug resistance in around 50% of patients. The mutation of EGFR T790M restores ATP
affinity to levels close to those of wild type EGFR, preventing the first generation of TKIs
from binding ATP at higher levels. To overcome this resistance, second-generation TKIs,
represented by afatinib (5) (Vizimpro™, Pfizer Inc., New York, NY, USA) and neratinib (6)
(Nerlynx™, Puma Biotechnology Inc.), were developed. They have been reported to be
superior to first-generation EGFR TKIs in cases of EGFR mutation [6,7].

The majority of the second generation has been developed by structure-guided incor-
poration of an electrophilic moiety into inhibitors possessing binding affinity to the target
of interest. This electrophilic moiety is designed to be attacked by the highly nucleophilic
sulfhydryl of cysteine residues, forming a covalent bond [8]. Initially, covalent inhibitors
will bind noncovalently and, then, if the reactive moiety trajectory is suitable, covalent
bond formation will take place, permanently deactivating TK activity. High selectivity is
one big benefit of covalent kinase inhibitors. Additionally, the covalency could allow for
extension of the pharmacodynamic period without for the need for elevated drug concen-
trations [9,10]. Despite the therapeutic success of first- and second-generation EGFR TKIs,
EGFR-TK mutation-related resistance remains a significant clinical problem. Great effort
has been made to develop alternative strategies, resulting in third-generation TKIs. Third-
generation irreversible EGFR inhibitors containing a Michael acceptor functional group
have been developed in order to resolve the problem of second-generation irreversible
inhibitors with limited wild type (WT) EGFR activity. These inhibitors have acquired in-
creased ATP binding through irreversible alkylation of a cysteine residue. However, these
irreversible inhibitors have so far demonstrated only partial clinical efficacy, except in a few
cases [11]. Recently, however, interest in irreversible TK inhibitors has had a resurgence
from a risk–benefit perspective. The reactivity of electrophilic moieties must be tuned to
prevent rapid in vivo quenching and the formation of protein adducts, ultimately leading
to hepatotoxicity and mutagenicity [9,10]. High toxicity and weak binding to mutant
kinase are the causes of limited clinical efficacy of third-generation TKIs such as avitinib
(7). (Figure 1) C797S mutations have been reported in cell-free plasma DNA samples from
patients who acquired resistance [12]. These data indicate that the development of drugs
that do not depend on covalent reaction with Cys797 is important for potency or selectivity.
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Figure 1. Representation of chemical structures of first-, second-, and third-generation tyrosine kinase inhibitors (TKIs). 
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Figure 1. Representation of chemical structures of first-, second-, and third-generation tyrosine kinase inhibitors (TKIs).

Recently, it has been proposed that HER2/EGFR heterodimers or HER2/HER2 ho-
modimers trigger a cascade of signal transduction pathways that are responsible for tumor
invasion, progression, and metastasis. Therefore, dual EGFR/HER2 inhibition could be
more effective than individual EGFR or HER2 inhibition [13]. In view of this, and in
continuing the ongoing strategy aimed at developing new scaffolds for the discovery of
potent TKIs, in the current study, a new series of thienotriazine and N-(3-cyanothiophen-2-
yl)acetamide derivatives was designed and chemically synthesized (Figure 2).
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Rationale and Design

It was found that most of the quinazoline-based anticancer agents that selectively in-
hibit EGFR/HER2 overexpression develop resistance over a long course of treatment [14,15].
Thus, there is an urgent need to create novel core structures that could replace this quina-
zoline core, retaining the advantage of the two nitrogen atoms necessary for binding
with key amino acids in kinase active sites. In 2014, a study published by our group
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reported the synthesis of a promising thieno[2,3-d][1,2,3]triazine-based structure as an
EGFR inhibitor (8) with an IC50 of about 38 nM [15]. Moreover, our group designed
and synthesized another thiophene-based derivative (9) with an IC50 of about 30.8 nM
against EGFR (Figure 2) [15]. In 2020, our research group succeeded in designing a novel
m-phenylenediamine thieno [1–3] triazine derivative (13b) as a promising EGFR inhibitor
with an IC50 of about 0.33 nM. Compound (13b) was targeted to inhibit the growth of the
challenging H1299 lung cancer cell line with an IC50 of about 25 nM [16]. This success
prompted us to develop a novel series of EGFR/HER2 inhibitors targeting H1299.

Moreover, it was observed that the structure of the majority of clinically approved
TKIs is characterized by a hydrophobic head and hydrophobic tail linked to a central
heteroaromatic system and NH spacer, as shown in Figure 1. A literature survey based on
the leading dual EGFR/HER2 targeting compounds lapatinib (4) and neratinib (6) shows
that the upper right warhead, or the hydrophobic tail, is essential for potency of kinase
inhibition, while the lower left warhead, the hydrophobic head, is crucial for the dual
EGFR/HER2 inhibitory activity. Therefore, to design dual TKIs, we kept the 4-aminoaniline
with modified substitution at the meta position as the upper right warhead. On the other
hand, the lower right warhead serves as an electrophilic moiety for covalent bond formation
in the majority of second- and third-generation agents, and owing to the limited clinical
benefit and toxicity, the left warhead was modified in the current study to cyclopentyl
and/or cyclohexyl (series A and B) in an attempt to abolish the cytotoxicity. In addition,
the hinge region of TKIs, which is occupied by the adenine ring of ATP, was modified to be
occupied by thienotriazine in series A and B, and tetrahydrobenzothiophene in series C.
Modification of the core scaffold was intended to diminish the cellular resistance common
with quinazoline and improve the potency based on our previous publication. Another
new modification in this study is a change in the position of the upper warhead from
position 4 of quinoline and quinazoline in the majority of approved TKIs to position 2 of
tetrahydrobenzothiophene, keeping the hydrophobic tail to mimic the dual EGFR/HER2
inhibitors. The cyano group, which is characteristic of neratinib (6), was kept at position 3
to mimic N3 of quinazoline-based TKIs. In this way, various regions of ATP-binding sites
could be targeted by such substitution patterns on the mutant EGFR protein kinase domain
to design molecules that are differentially selective. The design strategies are displayed in
Figures 1 and 2.

2. Results and Discussion
2.1. Chemistry

The synthetic methods for series compounds A/B and C were illustrated in Schemes
1 and 2. Compounds (11–13) were synthesized as reported in our earlier research [16].
Series A and B compounds were obtained by condensation of compounds (13a,b) with
different aromatic aldehydes (Scheme 1) [17]. Scheme 2, involving the synthesis of series C,
started with the reaction of 2-amino-5,6-dihydro-4H-cyclohexa[b]thiophene-3-carbonitrile
(18) with chloroacetyl chloride to yield compound (19). Then, coupling of compound (19)
with heteroaryl amines (20a,b and 22) [18] and hydrazine hydrate gave compounds (21a,b),
(23), and (24) respectively [19]. The hydrazide derivative (24) was condensed with different
aromatic aldehydes, yielding compounds (25a,b) [17].
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The structures of the synthesized compounds were confirmed by microanalyses and
spectral data (IR, 1H NMR, and EI-MS). Mass spectra showed the expected molecular ion
peaks. IR spectra of the synthesized compounds (21a,b) collectively showed secondary
amine signals at around 3300–3500 cm−1, which indicates coupling between 2-chloro-N-
(3-cyano-4,5,6,7-tetrahydrobenzo[b] thiophen-2-yl)acetamide (19) and heteroaryl amines
(20a,b and 22) with the disappearance of signal corresponding to NH2. 1H NMR spectra of
compounds (14–17a) showed multiple peaks of aromatic protons in the range of 7.80 to
8.70 δ (ppm) and a single peak for CH proton in the range of 7.4 to 8.4 δ (ppm). The spectrum
of compound (15a) showed a single peak corresponding to OH proton at 10.15 δ (ppm), and
the spectrum of compound (16a) showed a single sharp peak at 4.06 δ (ppm) corresponding
to the OCH3 group of anisaldehyde. A single peak for CH proton appeared at 7.85 δ (ppm)
and 7.64 δ (ppm) for compounds (15b) and (17b), respectively. The 1H NMR spectrum of
compound (15b) showed a single peak corresponding to OH proton at 8.25 δ (ppm). The 1H
NMR spectrum of compound (21a) showed the appearance of single peak at 11.88 δ (ppm)
and multiple peaks at 6.95 δ (ppm) corresponding to NH proton and three aromatic protons
of heteroarylamine, respectively. The NH proton of the coupling reaction appeared as a
single peak at 3.65 δ (ppm). Another single peak belonging to proton of NH of thiophene
appeared at 5.49 δ (ppm). Finally, a single sharp peak accounting for CH2 appeared at
3.08 δ (ppm). The 1H NMR spectrum of compound (21b) showed the appearance of single
peaks at 11.69 and 6.58 δ (ppm), corresponding to NH proton and single aromatic proton
of the heteroaryl amine, respectively. A single peak for NH proton of thiophene appeared
at 5.01 δ (ppm) and a sharp peak of CH2 appeared at 3.65 δ (ppm). The spectrum also
showed two single sharp peaks for the two methyl groups of the heteroarylamine at 2.42
and 2.54 δ (ppm).

2.2. Biological Evaluation
2.2.1. In Vitro Cytotoxic Activity against H1299 Cell Line

The in vitro cytotoxic activities of the synthesized compounds (13–25a,b) were mea-
sured using sulfo-rhodamine B (SRB) assay [20] against the NSCLC cell line H1299 and
gefitinib (2) as a reference drug. This cancer cell line has high expression of EGFR and
HER2 enzymes [3]. As seen in Table 1, the results revealed that the synthesized compounds
showed versatile antitumor activity against the tested cell line. The synthesized compounds
(13–25a,b) showed IC50 values in the range of 12 to 54 nM, superior to that of gefitinib (2) at
40 µM. Compound (21a) was the most potent, with IC50 = 12.5 nM, followed by compound
(21b), with IC50 = 13.68 nM. The viability curve of compound (21a), with the most potent
anticancer activity, is displayed in Figure 3.

Table 1. In vitro cytotoxic activity of compounds (13–25a,b) against non-small cell lung cancer
(NSCLC) cell line H1299.

Compound No. IC50 against H1299

13a 28.79 nM
14a 25.68 nM
15a 32.81 nM
16a 34.91 nM
17a 54.80 nM
13b 25 nM
15b 34.00 nM
17b 38.13 nM
21a 12.50 nM
21b 13.68 nM
23 18.41 nM
25a 18.53 nM
25b 18.47 nM

Gefitinib (2) 40 µM
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2.2.2. EGFR and HER2 Kinase Inhibitory Assay

The most active compound (21a) was chosen for further evaluation of in vitro EGFR
and HER2 kinase inhibitory activity. The results showed that the IC50 values of compound
(21a) were 0.47 and 0.14 nM against EGFR and HER2, respectively. This is superior to the
value of gefitinib (2) against EGFR (1.9 nM). It is comparable to IC50 values for imatinib (1)
0.11 nM against EGFR and 0.06 nM against HER2 (Table 2).

Table 2. In vitro inhibitory activity of compound 21a against EGFR and HER2 enzymes.

Compound No. IC50 against EGFR (nM) IC50 against HER2 (nM)

(21a) 0.47 0.14
Gefitinib (2) 1.9 –
Imatinib (1) 0.11 0.06
Neratinib (6) 92 [21] 59 [21]

2.3. Molecular Modeling
2.3.1. Molecular Docking

Computer-aided simulation of drug design saves effort, time, and energy compared
to conventional methods of drug production. Molecular-based drug design was proposed
in order to predict the possible interactions of the target compounds with EGFR/HER2.
Using Glide in the Schrodinger program for docking, the modulation activity of erlotinib (3)
and afatinib (5) derivatives against the EGFR/HER2 receptor was determined, as shown in
Figure 4. The designed compounds were docked into the ATP-binding pocket as a thienotri-
azine and tetrahydrobenzothiophene scaffold, mimicking the ATP adenine ring occupying
the hinge region motif of TKs. The positions of thienotriazine (14a), tetrahydrobenzothio-
phene (21a), erlotinib (3), and afatinib (5) were similar, which implies that they might share
the same biological activity. The docking results show, in detail, that the designed TKI
formed hydrogen bonds, hydrophobic contacts, and hydrophobic–hydrophilic interactions
with the target TKs. N1 of the triazine motif in series A and B could act as a hydrogen bond
acceptor and form hydrogen bonds with MET769 (distance 2.4 Å, angle 143.6) in the hinge
region, mimicking the N1 of quinazoline in the approved drug erlotinib (3) (distance 2.2 A,
angle 135.7). In series C, a tetrahydrobenzothiophene scaffold occupied the hinge region in
the same position of quinazoline, forming a hydrogen bond with crystal water, mimicking
the N3 of erlotinib’s quinazoline. The phenyleneimine and pyrazolopyridine moieties
deeply penetrated the hydrophobic pocket, forming hydrophobic–hydrophobic, Van der
Waals, and π–π interactions with key amino acids such as ALA719, ILE720, MET742,
LEU753, and LEU764, mimicking the phenylacetylene of erlotinib (3). Modifying these
moieties, such as by adding hydroxy, nitro, or methoxy groups, could enhance affinity
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through the formation of hydrogen bonds with GLU738 and LYS721. The incorporation
of CN at position 3 of tetrahydrobenzothiophene could confer series C with a certain su-
periority by forming hydrophobic interactions with LEU694 and VAL702. Extra precision
glide docking of compounds (14a) and (21a) with the active domain of EGFR showed
reasonable docking scores of −6.78 and −7.69 and glide E-model values of −64.6 and
−71.2 kcal mol−1, respectively.
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Figure 4. (A) Three-dimensional binding modes and overlay of erlotinib (3), compound (14a), and compound (21a) in
the catalytic domain of EGFR (PDB 1M17). (B) 2D representation of erlotinib (3) in the EGFR catalytic domain. (C) 2D
representation of compound (14a) in the EGFR catalytic domain. (D) 2D representation of compound (21a) in the EGFR
catalytic domain.

On the other hand, the docking study of the designed compounds in human HER2
showed high affinity of these compounds toward this receptor. Thienotriazine and tetrahy-
drobenzothiophene occupied the hinge region, forming hydrogen bonds with the MET803
and water molecules there, as shown in Figure 5. Additionally, the hydrophobic heads in
the upper right position of series A and B and at position 2 of series C deeply penetrated the
hydrophobic pocket in HER2, forming hydrogen bond, hydrophobic, Van der Waals, and
π–π interactions. The inclusion of large substitutions was intended to improve the affinity
of the designed compounds toward HER2, generating dual-acting compounds mimicking
lapatinib (4) and neratinib (6). The extra precision docking score and glide energy showed
the highest affinity of the design compounds compared to lapatinib (4) and neratinib (6).
For (15a) and (21a), the docking scores were −10.5 and −8.8, and the glide energy values
were −81.4 and −77.03 kcal mol−1, respectively. These values are higher than those of
lapatinib (4) (−7.8 and −79.8 kcal mol−1) and neratinib (6) (−4.3 and −52.6 kcal mol−1).
These results are in agreement with those of in situ and in vitro screening studies.
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Acquired drug resistance normally develops after about 12 months of treatment with
gefitinib (2) or erlotinib (3), which is attributed to secondary T790M mutation. To confirm
the benefits of the designed compounds in terms of their affinity toward mutated TKs, the
molecular docking study was extended to include mutated T790M protein (PDB 4G5P),
as shown in Figure 6. The designed compounds occupied the same position as afatinib
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(5). The amide link at position 2 of the thiophene ring and the cyano group at position
3 of the highest potent compound (21a) formed a hydrogen bond (2.01 A, angle 108.9)
with MET793 in the hinge region, mimicking the hydrogen bond of N1 of the quinazoline
ring in afatinib (5) (2.19 Å, angle 116.8). Pyrazolopyridine participated in hydrophobic
interactions, enforcing the binding affinity. The electrophilic moiety and hydrophobic tail
at the left side of quinazoline formed extra hydrogen bonds, hydrophobic interactions,
and covalent bonds with CYS797. Extra precision glide docking of compounds (14a) and
(21a) with the active domain of T790M EGFR showed reasonable docking scores of −7.7
and −7.5 and glide E-model values of −72.12 and −66.88 kcal mol−1, respectively. These
values were not as high as to those of afatinib (5) (−10.5 and −103.4 kcal mol−1); however,
they might better than those of lapatinib (4) (−6.2 and −87.2 kcal mol−1).
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catalytic domain of T790M EGFR.
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2.3.2. Physicochemical Properties and In Silico ADME Prediction

The pharmacokinetic properties of drug-like molecules are primarily determined by
the physicochemical properties of the designed molecules, such as solubility in aqueous
solution, lipophilicity, hydrogen bonding capability, polar surface area, chemical stability,
etc. Significantly, the physiochemical properties of a compound are the key to turning
a biologically active compound into a therapeutically effective drug [16]. Therefore, our
promising novel compound (21a) and moderately active compound (15a) were subjected
to prediction of physicochemical properties using ADME predictions made by the QikProp
v4.3 function of Schrodinger 10-1 prior to in vivo studies, with the licensed drug lapatinib
(4) used as a reference compound. According to the QikProp suite, polar surface area (PSA),
partition coefficient (log PO/W), and number of rotatable bonds were predicted in order
to test the possible drug-like properties of compounds. As seen in Table 3, compounds
(15a) and (21a) exhibited appropriate physicochemical properties compared to lapatinib
(4). Caco-2 cell permeability (QPPCaco) was used as a marker for intestinal absorption
or permeation. Compound (15a) showed a high partition coefficient and, consequently,
the highest cell permeability. The most active compound (21a) and compound (15a) might
be considered as promising lead molecules for designing potent EGFR inhibitors with
excellent membrane permeability and oral bioavailability.

Table 3. In Silico ADME prediction parameters of designed and reference molecules.

ADME Prediction
Parameters

Compound
(15a)

Compound
(21a)

Lapatinib
(4)

mol MW a 371.4 352.1 581.06
Donor-HB b 1 2.25 1
Accept-HB c 5 5.7 8.25

QPlogPo/w d 4.3 2.4 6.3
PSA e 62.2 116.8 95.35

QPlogS f –5.6 –6.2 –8.2
QPPCaco g 1143.7 96.8 187.5
QPlogBB h –0.6 –1.9 0.8

QPPMDCK i 1080 59.5 376.5
QPlogKhsa j 0.55 0.26 1.19

#rotor k 5 5 10
% Human Oral

Absorption l 100 76.9 78.8

Acceptable ranges: a: mol MW (molecular weight) < 500 amu; b: Donor-HB (hydrogen bond
donor) < 5; c: Accept-HB (hydrogen bond acceptor) < 10; d: QPlogPo/w (octanol/water parti-
tion coefficient) < 5; e: PSA (Van der Waals surface area of polar nitrogen and oxygen atoms) = 7–200;
f: QPlogS (Conformation-independent predicted aqueous solubility) < 0.5; g: QPPCaco (Caco-2 cell
permeability) ≤ 5; h: QPlogBB (Predicted brain/blood partition coefficient) <25 poor, h > 500 great;
i: QPPMDCK (Predicted apparent MDCK cell permeability in nm/s. MDCK cells are considered to be
a good mimic for the blood–brain barrier) < 25 poor, i > 500 great; j: QPlogKhsa (Prediction of binding
to human serum albumin) = −1.5 to 1.5; k: rotatable bond = 0–15, l: % Human Oral Absorption
(Predicted qualitative human oral absorption) > 80% is high, l < 25% is poor [16].

2.3.3. Molecular Orbital Energy Study and Molecular Electrostatic Potential (MESP)

A molecular electrostatic potential (MESP) map is a useful tool for understanding
the sites for nucleophilic reactions, electrophilic attacks, and intermolecular interactions.
Additionally, it widely used for the detection of iso-surface values, showing the locations
of positive and negative electrostatic potential of designed compounds [16]. The MESP
values of compounds (21a) and lapatinib (4) are shown in Figure 7. Red indicates the most
electronegative region, blue the most electropositive region, and green the region of zero
potential. The nitrogen atoms of quinazoline and aniline and the oxygen group of the furan
ring of lapatinib (4) have a greater negative charge surrounded by some carbon atoms
with greater positive charge. Thus, electrophilic attack and nucleophilic interaction with
the receptor are more favorable for these parts of lapatinib (4). The remaining parts of

138



Pharmaceuticals 2021, 14, 9

the structure are shown in green, which means they can bind through hydrophobic and
Van der Waals interactions. In the same manner, the electronegative and electropositive
regions of the designed compounds are located around 3-cyanotetrahydrothiophen and
pyrazolopyridine, making these regions better able to interact with charged parts of the
EGFR/HER2 receptors. The electronegative region around pyrazolopyridine distinguished
it somewhat from lapatinib (4), which lacks this. The docking study showed that the
designed compounds have higher affinity toward EGFR/HER2 compared to lapatinib (4).
Therefore, we attributed the high affinity and biological activity observed in the in vitro
study to the inclusion of a heterocyclic rather than aromatic system in this region that is
common in TKIs.
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Moreover, the Mulliken atomic charges (Figure 8) are in agreement with the MESP
results. The negative charge is mainly located on nitrogen atoms of the quinazoline of
lapatinib (4) and on the cyano group and nitrogen of the amide link and nitrogen atoms of
pyrazolopyridine in the most potent compound (21a). The highest negative charge in both
lapatinib (4) and the representative compound give this atom the highest reactivity in the
interaction with EGFR and HER2 receptors.
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The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) maps of the representative compound (21a) and lapatinib (4) are shown
in Figure 9. On the one hand, it was observed that the electrons were delocalized on
quinazoline, aniline, furan, and amino moieties in the HOMO map, whereas on the LUMO
map, the electrons are mainly delocalized on quinazoline and aniline groups. On the other
hand, the HOMO and LUMO maps of the target compounds are delocalized around the
3-cyanothiophene and amide linkage. The frontier molecular orbitals are mainly delo-
calized on the moieties or groups that mainly participate in drug–receptor interaction.
Therefore, we can conclude that the biological activity might be facilitated via the quinazo-
line moiety of lapatinib (4) and the 3-cyanothiophene moiety of the designed compound
through hydrophobic, hydrophilic, Van der Waals, and π–π interactions or via hydrogen
bond formation with key amino acids in the catalytic domain. The LUMO map and part
of the HOMO map of the designed compounds and lapatinib (4) are concentrated on
3-cyanothiophene and quinazoline, making these moieties superior in drug–receptor in-
teraction. Besides this, the amide linkage also participated in this interaction. The results
of density functional theory (DFT) study are in accordance with those of the docking
and in vitro cytotoxicity studies. Gaussian 09 software (Gauss View 5.0, Gaussian, Inc.,
Wallingford, CT, USA) was utilized for all computational calculation.

TK proteins are ATP-dependent, and the ATP-binding domain is conserved in TKs and
serves as the receptor for anticancer agents. The discovery of novel inhibitors is focused
mainly on searching for compounds containing the proper chemical moieties that can fulfill
the requirements for interaction with the adenine-binding site (hinge region); 4-anilino-
quinoline and/or quinazoline are features common in several approved TKIs. However, it
was found that for most of the quinazoline-based anticancer agents that selectively inhibit
EGFR/HER2 overexpression, resistance is developed over long courses of treatment. The
discovery of a novel core structure with various substitutions at different positions is thus
of great importance.
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In this study, and based on our previous publication, thienotriazine and
3-cyanotetrahydrobenzothiophene were selected as the core scaffold to design novel dual-
acting EGFR/HER2 drug-like molecules. The designed compounds displayed promising
in situ cytotoxicity against H1299 NSCLC and in vitro activity against EGFR and HER2,
comparable to the approved TKIs imatinib (1) and gefitinib (2). The molecular modeling
along with the computational studies revealed the significance of the two core moieties—
thienotriazine and 3-cyanotetrahydrobenzothiophene, which functioned as the adenine of
ATP in the hinge region, forming hydrogen bonding interactions. Modifying the upper
right hydrophobic head through the addition of some heterocyclic systems (pyrazolopy-
ridine and isoxazolopyridine) resulted in superior activity of the designed compound
compared with the approved dual-acting drug lapatinib (4). Heterocyclic systems suc-
ceeded in forming extra hydrogen bonding in addition to the hydrophobic interaction
in the hydrophobic region. The red electronic map of MESP and the highly negative
charge localized in these systems, shown by Mulliken charge distribution, potentiated the
merit of these moieties. Furthermore, alteration in the position of the substitution from
position 4 on quinazoline in the common approved TKI drugs to position 2 in our series
C enforced the potency and conferred to the designed compounds a certain benefit in
strongly interacting with TKs at different sites. Molecular modeling also revealed that
these modifications increased the interaction of the designed compounds with the protein
kinase harboring the T790M mutation, which is responsible for acquired drug resistance.
Figure 10 can summarize the cytotoxic activity of the designed molecules based on the
observed structure–activity relationships (SAR).
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Figure 10. The observed structure–activity relationships of the designed molecules as promising dual EGFR/HER2 inhibitors. 
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3. Materials and Methods
3.1. Instrument

The Varian Mercury Vx 300 NMR spectrometer or JEOL LA (300 MHz for 1H NMR)
were used to measure 1H NMR spectra. Electron impact mass spectra (EI-MS) were
recorded on a Shimadzu GCMS-QP 5050A gas chromatograph mass spectrometer (70 eV).
Melting points were calculated in open capillaries using a Gallenkemp melting point
apparatus and are uncorrected. Infrared (IR) spectra were recorded on a Shimadzu FT-IR
8101 PC IR spectrophotometer (KBr pellets).

3.2. Chemicals and Reagents

Commercial chemicals and solvents of reagent grade were used directly in synthesis
without further purification.

3.3. Experimental
Chemistry

General procedure for synthesis of compounds (14a–17a)
A mixture of 3-(5,6-dihydro-7H-cyclopenta[4:5]thieno[2,3-d][1,2,3]triazin-4-ylamino)

benzene-1,3-diamine (13a) [16] (0.01 mol) and suitable aromatic aldehyde (0.01 mol) in
methanol (20 mL) in the presence of a catalytic amount of glacial acetic acid was refluxed
for 5 h, with the progression of reaction monitored using TLC. The solvent was removed
under reduced pressure, and the product recrystallized from chloroform [17].

3-(5,6-Dihydro-7H-cyclopenta[4:5]thieno[2,3-d][1,2,3]triazin-4-ylamino)-N-
benzylidenebenzene-1,3-diamine (14a)

Mass spectrum: m/z (%): 371 (M+, 1.50%), 361 (1.33%), 353 (1.21%), 343 (7.82%), 316
(11.55%), 108 (100%). IR (cm−1): 752 (C–S), 1261 (C–N), 1624 (C=N), 3429 (N–H). 1H NMR
(DMSO, 300 MHz): δ (ppm) 1.29 (m, 2H), 3.08 (t, 2H), 3.27 (t, 2H), 7.08 (m, 8H), 7.71 (s, 1H),
7.80 (s, 1H), 11.81 (s, 1H). Elemental analysis calculated for C21H17N5S: C, 67.90; H, 4.61; N,
18.85. Found: C, 68.09; H, 4.66; N, 19.08.

3-(5,6-Dihydro-7H-cyclopenta[4:5]thieno[2,3-d][1,2,3]triazin-4-ylamino)-N-(2-
hydroxybenzylidene)benzene-1,3-diamine (15a)

Mass spectrum: m/z (%): 387 (M+, 0.76%), 375 (2.45%), 347 (6.59%), 345 (9.14%), 212
(85.96%), 119 (100%). IR (cm−1): 756 (C–S), 1149 (C–O), 1276 (C–N), 1616 (C=N), 3221
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(N–H), 3352 (OH). 1H NMR (DMSO, 300 MHz): δ (ppm) 1.14 (m, 2H), 2.12 (t, 2H), 2.73 (t,
2H), 4.54 (s, 1H), 7.84 (m, 7H), 7.90 (s, 1H), 8.52 (s, 1H), 10.15 (s, 1H). Elemental analysis
calculated for C21H17N5OS: C, 65.10; H, 4.42; N, 18.08. Found: C, 65.34; H, 4.47; N, 18.39.

3-(5,6-Dihydro-7H-cyclopenta[4:5]thieno[2,3-d][1,2,3]triazin-4-ylamino)-N-(3-
nitrobenzylidene)benzene-1,3-diamine (16a)

Mass spectrum: m/z (%): 401 (M+, 3.10%), 389 (79.4%), 362 (1.80%), 322 (1.20%), 293
(2.40%), 261 (1.50%), 249 (100%). IR (cm−1): 690 (C–S), 1246 (C–O–C), 1261 (C–N), 1678
(C=N), 3444 (N–H). 1H NMR (DMSO, 300 MHz): δ (ppm): 1.15 (m, 2H), 3.65 (t, 2H), 3.70 (t,
2H), 4.06 (s, 3H), 7.30 (m, 7H), 7.85 (s, 1H), 8.70 (s, 1H), 10.20 (s, 1H). Elemental analysis
calculated for C22H19N5OS: C, 65.81; H, 4.77; N, 17.44. Found: C, 66.04; H, 4.84; N, 17.68.

3-(5,6-Dihydro-7H-cyclopenta[4:5]thieno[2,3-d][1,2,3]triazin-4-ylamino)-N-(4-
methoxybenzylidene)benzene-1,3- diamine (17a)

Mass spectrum: m/z (%): 416 (M+, 0.88%), 407 (2.47%), 403 (2.56%), 376 (4.56%), 222
(12.24%), 108 (100%). IR (cm−1): 732 (C–S), 1350 (NO2), 1527 (NO2), 1612 (C=N), 3363
(N–H). 1H NMR (DMSO, 300 MHz): δ (ppm): 1.80 (m, 2H), 2.62 (t, 2H), 2.64 (t, 2H), 4.80 (s,
1H), 7.28 (m, 6H), 7.31 (s, 1H), 7.34 (s, 1H), 8.50 (s, 1H). Elemental analysis calculated for
C21H16N6O2S: C, 60.56; H, 3.87; N, 20.18. Found: C, 60.73; H, 3.91; N, 20.43.

General procedure for synthesis of compounds (15b) and (17b)
A mixture of 3-(5,6,7,8-Tetrahydro-7H-cyclohexa[4:5]thieno[2,3-d][1,2,3]triazin-

4ylamino)benzene-1,3-diamine (13b) [16] (0.01 mol) and suitable aromatic aldehyde (0.01 mol)
in methanol (20 mL) in the presence of a catalytic amount of glacial acetic acid was refluxed
for 5 h, with the progression of reaction monitored using TLC. The solvent was removed
under reduced pressure, and the product recrystallized from chloroform [17].

3-(5,6,7,8-Tetrahydro-7H-cyclohexa[4:5]thieno[2,3-d][1,2,3]triazin-4-ylamino)-N-(2-
hydroxybenzylidene)benzene-1,3-diamine (15b)

Mass spectrum: m/z (%): 401 (M+, 7.20%), 390 (3.80%), 375 (2.10%), 361 (6.49%), 346
(100%), 303 (5.30%). IR (cm−1): 756 (C–S), 1678 (C=N), 3228 (N–H), 3363 (OH). 1H NMR
(DMSO, 300 MHz): δ (ppm): 1.13 (m, 4H), 3.05 (t, 2H), 3.10 (t, 2H), 3.60 (s, 1H), 7.13 (m,
7H), 7.81 (s, 1H), 7.85 (s, 1H), 8.25 (s, 1H). Elemental analysis calculated for C22H19N5OS:
C, 65.81; H, 4.77; N, 17.44. Found C, 65.58; H, 4.39; N, 17.76.

3-(5,6,7,8-Tetrahydro-7H-cyclohexa[4:5]thieno[2,3-d][1,2,3]triazin-4-ylamino)-N-(3-
nitrobenzylidene)benzene-1,3- diamine (17b)

Mass spectrum: m/z (%): 430 (M+, 5.10%), 384 (8.60%), 354 (10.40%), 296 (6.30%), 103
(100%). IR (cm−1): 732 (C–S), 1350 (NO2), 1527 (NO2), 3360 (N–H). 1H NMR (DMSO, 300
MHz): δ (ppm): 1.14 (m, 4H), 3.04 (t, 2H), 3.11 (t, 2H), 3.20 (s, 1H), 7.31 (m, 6H), 7.37 (s, 1H),
7.45 (s, 1H), 7.64 (s, 1H).

2-Chloro-N-(3-cyano-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)acetamide (19)
To a stirred solution of 2-amino-4,5,6,7-tetrahydrobenzo[b]thiophene-3-carbonitrile

(11) [22] (0.10 mol) in acetone (20 mL), chloroacetyl chloride (0.05 mol) at 0–5 ◦C was
added dropwise and maintained in an ice bath. The reaction mixture was stirred at room
temperature for an additional 4 h. Then, 40 mL of 10% HCl was added to the mixture.
The formed precipitate was filtered and washed with HCl (10%) and water. Melting point:
175–177 ◦C [23].

General procedure for synthesis of compounds (21a,b)
The amine derivatives (20a,b) (0.009 mol) [24] were dissolved in dry dichloromethane

(DCM) (25.0 mL) and triethylamine (TEA) (1.5 mL) under nitrogen atmosphere. Compound
(19) (0.0045 mol) was slowly added to the stirred solution, and the solution was then
refluxed for 6–9 h. The mixture was then cooled and poured onto crushed ice. The
formed precipitate was filtered, washed with water, dried and recrystallized from absolute
ethanol [4].

2-(1H-Pyrazolo[3,4-b]pyridin-3-ylamino)-N-(3-cyano4,5,6,7-tetrahydrobenzo[b]
thiophen-2-yl)acetamide (21a)

Mass spectrum: m/z (%): 354 (M+2, 4.29%), 353 (4.83%), 352 (6.96%), 320 (57.61%), 291
(38.64%), 178 (100%). IR (cm−1): 789 (C–S), 1689 (C=O), 2224 (C≡N), 3214 (N–H), 3338
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(N–H), 3443 (N–H). 1H NMR (DMSO, 300 MHz): δ (ppm): 1.20 (m, 4H), 3.06 (m, 4H), 3.08
(s, 2H), 3.65 (s, 1H), 5.49 (s, 1H), 6.95 (m, 3H), 11.88 (s, 1H). Elemental analysis calculated
for C17H16N6OS: C, 57.94; H, 4.58; N, 23.85. Found: C, 58.21; H, 4.42; N, 24.18.

N-(3-Cyano-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)-2-(4,6-dimethyl-1H-pyrazolo
[3,4-b]pyridin-3-ylamino)acetamide (21b)

Mass spectrum: m/z (%) 382 (M+2, 1.22%), 381 (1.08%), 380 (3.65%), 348 (1.44%), 320
(13.61%), 143 (100%). IR (cm−1): 778 (C–S), 1689 (C=O), 2224 (C≡N), 3285 (N–H), 3388
(N–H), 3444 (N–H). 1H NMR (DMSO, 300 MHz): δ (ppm): 1.18 (m, 4H), 1.75 (s, 1H), 2.42 (s,
3H), 2.54 (s, 3H), 3.02 (m, 4H), 3.65 (s, 2H), 5.01 (s, 1H), 6.58 (s, 1H), 11.69 (s, 1H). Elemental
analysis calculated for C19H20N6OS: C, 59.98; H, 5.30; N, 22.09. Found: C, 60.29; H, 5.43;
N, 22.41.

N-(3-Cyano-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)-2-(isoxazolo[3,4-b]pyridin-
3-ylamino)acetamide (23)

Compound (22) [24] was dissolved in dry DCM (25.0 mL) and TEA (1.5 mL) under
nitrogen atmosphere. Compound (19) (0.0045 mol) was added slowly to the stirred solution,
then heated under reflux for 6–9 h. The mixture was then cooled and poured onto crushed
ice. The formed precipitate was filtered and washed with water, dried and recrystallized
from absolute ethanol [4].

Mass spectrum: m/z (%): 355 (M+2, 0.39%), 354 (1.95%), 353 (0.60%), 343 (4.50%), 313
(6.29%), 144 (100%). IR (cm−1): 692 (C–S), 1689 (C=O), 2224 (C≡N), 3220 (N–H), 3446
(N–H). 1H NMR (DMSO, 300 MHz): δ (ppm): 1.79 (m, 4H), 3.17 (m, 4H), 3.82 (s, 2H), 4.09
(s, 1H), 7.09 (m, 3H), 9.78 (s, 1H). Elemental analysis calculated for C17H15N5O2S: C, 57.78;
H, 4.28; N, 19.82. Found: C, 58.01; H, 4.37; N, 20.09.

N-(3-Cyano-4, 5, 6, 7-tetrahydrobenzo[b]thiophen-2-yl)-2-hydrazinyl acetamide (24)
A mixture of hydrazine hydrate 80% (0.05 mol, 0.25 mL) and 2-chloro-N-(3-cyano-

4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)acetamide (19) (0.0015 mol) in absolute ethanol
(20 mL) was refluxed for 4 h, with the progression of reaction monitored using TLC. The
reaction mixture was cooled and poured into water. The formed precipitate was filtered and
recrystallized from ethanol to give the desired hydrazide. Melting point: 140–142 ◦C [19].

General procedure for synthesis of compounds (25a,b)
A mixture of compound (24) (0.01 mol) and the suitable aromatic aldehyde (0.01 mol)

dissolved in methanol (20 mL) in the presence of a catalytic amount of glacial acetic acid
was refluxed for 5 h, with the progression of reaction monitored using TLC. The solvent
was removed under reduced pressure, and the product recrystallized from chloroform [17].

N-(3-Cyano-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)-2-(2-(3-nitrobenzylidene)
hydrazinyl)acetamide (25a)

Mass spectrum: m/z (%) 385 (M+2, 0.66%), 384 (1.26%), 383 (2.27%), 369 (16.60%), 339
(5.59%), 311 (100%). IR (cm−1): 736 (C–S), 1265 (NO2), 1526 (NO2), 1689 (C=O), 2221 (C≡N),
3088 (N–H), 3443 (N–H). 1H NMR (DMSO, 300 MHz): δ (ppm): 1.78 (m, 4H), 2.15 (s, 1H),
2.45 (m, 4H), 3.62 (s, 2H), 7.80 (m, 3H), 8.71 (s, 1H), 8.88 (s, 1H), 11.63 (s, 1H). Elemental
analysis calculated for C18H17N5O3S: C, 56.38; H, 4.47; N, 18.27. Found: C, 56.70; H, 4.58;
N, 18.49.

N-(3-Cyano-4,5,6,7-tetrahydrobenzo[b]thiophen-2-yl)-2-(2-(4-methoxybenzylidene)
hydrazinyl)acetamide (25b)

Mass spectrum: m/z (%) 370 (M+2, 2.36%), 369 (6.14%), 368 (21.44%), 354 (100%), 338
(5.20%), 296 (39.14%). IR (cm−1): 695 (C–S), 1256 (OCH3), 1689 (C=O), 2225 (C≡N), 3220
(N–H), 3446 (N–H). 1H NMR (DMSO, 300 MHz): δ (ppm): 1.74 (m, 4H), 2.16 (s, 1H), 2.56
(m, 4H), 3.63 (s, 2H), 3.82 (s, 3H), 7.04 (m, 4H), 8.62 (s, 1H), 11.64 (s, 1H). Elemental analysis
calculated for C19H20N4O2S: C, 61.94; H, 5.47; N, 15.21. Found: C, 62.23; H, 5.60; N, 15.49.

3.4. Biological Assays
3.4.1. Cytotoxic Activity against H1299

The potential cytotoxic activity of the target compounds on H1299 lung cancer cell line
was tested using sulfo-rhodamine B (SRB) assay according to Skehan method [20]. Single
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cells were plated in 96-multiwell plates for 24 h before treatment with the compounds. A
single concentration of the tested compounds was added to the cell monolayer. Monolayer
cell was incubated with the compounds for 48 h at 37 ◦C and in atmosphere of 5% CO2.
After 48 h, cell was fixed, washed and stained with Sulforhodamine-B stain. Acetic acid
was then used to wash excess stain and attached stain was recovered with Tris ethylenedi-
aminetetraacetic acid (EDTA) buffer. Color intensity was measured in an enzyme-linked
immunosorbent assay (ELISA). Percentage of the surviving and inhibition were tabulated.

3.4.2. Measurement of Potential EGFR/HER2 Inhibitory Activity (IC50)

Measurement of potential EGFR/ HER2 inhibitory activities was performed using
Kinase-Glo Plus luminescence kinase assay kit (Promega Corporation, Madison, WI,
USA) [25]. Mix kinases, ATP, substrates, and compounds in the reaction buffer of 25 mM
HEPES (pH 7.4), 10 mM MgCl2, 0.01% Triton X-100, 100 µg/mL BSA, 2.5 mM DTT in a
384-well plate. Total reaction volume was 10 µL. The assay plate was incubated at 30 ◦C
for 1 h, and the reaction was stopped by the addition of equal volume of kinase glo plus
reagent. The fluorescence was measured. The signal was correlated with the remaining
amount of ATP in the reaction and was inversely correlated with the kinase activity.

3.5. Molecular Modeling Study
3.5.1. Protein Preparation for Docking Study

The X-ray crystal structure of the catalytic domain of the EGFR enzyme complex with
erlotinib (3) (PDB 1M17 resolution 2.6 A), the human HER2 kinase domain with ligand
03Q (PDB 3PP0 resolution 2.25 A), and EGFR kinase T790M in complex with BIBW2992
(afatinib (5)) (PDB 4G5P resolution 3.17A) were obtained from Protein Data Bank and
further prepared by the protein preparation wizards available in the Glide program of
Schrodinger 10.1. The preparation portion adds hydrogen after ensuring chemical accuracy
and neutralizes side chains that are neither close to the binding cavity nor involved in
the formation of salt bridges. For this reason, the OPLS-2005 force field was used, and
then the active site of the protein was established. Water molecules were extracted in the
next step, and H atoms were added to the crystal structure, most likely hydroxyl and thiol
hydrogen atom positions, protonation states, and tautomers of the His residue and chi
“flip” assignment were selected by the protein assignment script provided by Schrodinger
for Asn, Gln, and His residues. Using the OPLS2005 force field, minimization was carried
out to alleviate steric clashes until the average root mean square deviation (RMSD) of the
non-hydrogen atoms reached a maximum value of 0.3 A [16,26,27].

3.5.2. Ligand Preparation

All compounds were constructed using the Maestro 10.1 fragment library and pre-
pared using LigPrep 2.1, which can generate several structures with different ionization
states, tautomers, stereochemistry, and ring conformations from each input structure. For
optimization, the OPLS-2005 force field was used, which generates the ligand’s low-energy
conformer. Partial atomic charges were allocated, and potential ionization states were
issued at a pH of 7.0. For each ligand, energy minimization was carried out until it met the
RMSD cutoff of 0.010 A. The resulting structures were then adopted to carry out modeling
studies [27,28].

3.5.3. Molecular Docking

The designed compounds were docked to the EGFR (PDB 1M17), HER2 (PDB 3PP0),
and EGFR kinase T790M in complex with BIBW2992 (afatinib (5)) (PDB 4G5P resolution
3.17A) binding sites using Glide, grid-based ligand docking with energetics software from
Schrodinger 10.1, to test the docking parameters. We scaled the Van der Waals radii of
receptor atoms by 0.8 with a partial atomic charge of 0.15 to soften the potential for nonpolar
parts of the receptor. At the center of the active site, a grid box with coordinates X = 10,
Y = 10, and Z = 10 was created. The ligands were docked with the active site using “extra-

145



Pharmaceuticals 2021, 14, 9

precision” glide docking (Glide XP), which flexibly docks ligands. Glide internally creates
conformations and passes them through a series of filters. The XP docking technique has
been clarified elsewhere. Using a Glide score feature, the final best docked structure was
selected. In most comparable docking conformations, the lowest energy docking complex
was found. Finally, for further analysis, the lowest energy docked complex was chosen [16].

3.5.4. In Silico ADME Prediction

Drug-like properties of the synthesized compounds were evaluated in accordance
with Lipinski’s rule of five ADME. This was used to evaluate whether these compounds
have properties that would allow them to be orally active drugs for humans. The drug-
like action of our compounds was predicted using module QikProp (v4.2; Schrodinger
2015-1) [16,26].

4. Conclusions

New chemical compounds belonging to tetrahydrobenzothieno[2,3-d][1,2,3]triazine,
dihydrocyclopentathieno[2,3-d][1,2,3]triazine, and 3-cyanotetrahydrobenzothiophene bear-
ing various heterocyclic systems at positions 4 and 2 were designed, synthesized, struc-
turally elucidated, and biologically evaluated as anti-lung cancer agents. The synthesized
compounds exhibited potent in situ cytotoxic activity toward human lung carcinoma cell
line H1299 compared to gefitinib (2), with IC50 values ranging from 12.5 to 54.8 nM. The
designed compounds showed antiproliferative activity through competitive inhibition of
EGFR and/or HER2 receptors. The designed compound (21a) has shown comparable po-
tency to imatinib (1) but more potent than neratinib (6) in in vitro kinase inhibition against
EGFR and HER2. Results of molecular modeling further supported the potent inhibitory
activity of the proposed compounds, which helps in understanding the various interac-
tions between ligands and receptor sites. The tetrahydrobenzothieno[2,3-d][1,2,3]triazine
scaffold and 3-cyanotetrahydrobenzothiophene occupied the ATP-binding site, showing
the same drug–receptor interactions as two approved drugs: lapatinib (4) and neratinib (6).
Additional binding sites, especially in hydrophobic pockets, were provided by our struc-
tural modification. The introduction of new functional groups with positions different to
those commonly found in approved drugs could allow the designed compounds to interact
with alternative binding sites, which could solve the problem of acquired drug resistance.
Our new scaffolds might also serve as promising lead compounds for the discovery of new
drugs to overcome acquired resistance in NSCLC patients.
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Abstract: Recently, combining histone deacetylase (HDAC) inhibitors with chemotherapeutic drugs
or agents, in particular epidermal growth factor receptor (EGFR) inhibitors, is considered to be one
of the most encouraging strategy to enhance the efficacy of the antineoplastic agents and decrease
or avoid drug resistance. Therefore, in this work, based on introducing 3,4,5-trimethoxy phenyl
group as a part of the CAP moiety, in addition to incorporating 4–6 aliphatic carbons linker and
using COOH or hydroxamic acid as ZBG, 12 novel EGFR/HDAC hybrid inhibitors 2a–c, 3a–c, 4a–c
and 5a–c were designed, constructed, and evaluated for their anticancer activities against 4 cancer
cell lines (HepG2, MCF-7, HCT116 and A549). Among all, hybrids with hydroxamic acid 4a–c
and 5a, exhibited the highest inhibition against all cancer cell lines with IC50 ranging from 0.536
to 4.892 µM compared to Vorinostat (SAHA) with IC50 ranging from 2.43 to 3.63 µM and Gefitinib
with IC50 ranging from 1.439 to 3.366 µM. Mechanistically, the most potent hybrids 4a–c and 5a
were further tested for their EGFR and HDACs inhibitory activities. The findings disclosed that
hybrid 4b displayed IC50 = 0.063 µM on the target EGFR enzyme which is slightly less potent than
the standard Staurosporine (IC50 = 0.044 µM). Furthermore, hybrid 4b showed less HDAC inhibitory
activity IC50 against HDAC1 (0.148), 2 (0.168), 4 (5.852), 6 (0.06) and 8 (2.257) than SAHA. In addition,
the investigation of apoptotic action of the most potent hybrid 4b showed a significant increase
in Bax level up to 3.75-folds, with down-regulation in Bcl2 to 0.42-fold, compared to the control.
Furthermore, hybrid 4b displayed an increase in the levels of Caspases 3 and 8 by 5.1 and 3.15 folds,
respectively. Additionally, the cell cycle analysis of hybrid 4b revealed that it showed programmed
cell death and cell cycle arrest at G1/S phase. Moreover, all these outcomes together with the
molecular docking study recommended the rationalized target hybrids 4a–c and 5a, particularly 4b,
may be considered to be promising lead candidates for discovery of novel anticancer agents via dual
inhibition of both EGFR/HDAC enzymes.

Keywords: cancer; hybrid compounds; EGFR; HDAC inhibitors; chalcone; dual inhibitors

1. Introduction

Cancer, with about 15 million deaths per year in 2030 according to the estimations,
is still emerging a panic as a real disaster for health systems globally [1,2]. Cancer was
initially considered to be a genetic disease; however, it is now well-known that cancer is
genetic and/or epigenetic disease [3] with complicated signaling networks and required
perturbation of multiple targets at the same time as its cells can use different compen-
satory pathways for survival [4]. Accordingly, most of the existing authorized drugs that
were designed through the “single-target single drug” strategy become less effective in
the treatment of the mixed, complicated and multigenic cancer illness [4]. This may be
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related to their systemic toxicity, drug-resistance, dose-related side effects as well as lack of
selectivity [5,6]. Thus, there is an urgent medical necessity for innovation and discovery
of innovative tactics and strategies to develop and design new potent anti-cancer candi-
dates with high efficacy, less side effects, more desirable safety profile and low cost to
manage the cancer global health crisis [7]. One of the favorable approaches in this issue is
the multitarget or smart hybrids with two or more pharmacophores targeting cancer [4].
Indeed, histone deacetylases (HDACs) correspond to one of the most attractive targets
for cancer therapy [8,9]. The oppositely acting histone acetyltransferases (HATs) and hi-
stone deacetylases (HDACs) are of the best two recognized enzymes groups involved
in post-translational histone modifications [10]. Histone deacetylases perform a crucial
role in the regulation of gene expression. It also regulates epigenetic and non-epigenetic
mechanisms such as differentiation, cell cycle arrest and apoptosis and different forms
of cancer cell death [4]. Consequently, overexpression of HDACs is related to tumor cell
invasion and metastasis [4]. Thus, HDACs inhibition has been emerged as a promising
strategy for cancer treatment [11]. Up to date, there are six HDAC inhibitors (Figure 1)
have been FDA-approveed; Vorinostat (SAHA) 1 [12], Romidepsin (FK228) 2a and its active
metabolite RedFK 2b [13], Belinostat (PXD101) 3 [14], Pracinostat 4 [15], Panobinostat
(LBH-589) 5 [16] are approved by the FDA while (Chidamide) 6 is approved by the Chinese
FDA for the therapy of hematological malignancies (CS055) [17,18]. The X-ray arrangement
disclosed that HDAC inhibitors consist of the following pharmacophores, namely; a cap
group (CAP), the zinc-binding group (ZBG); and a spacer (hydrophobic linker) and a polar
connection unit (CU, evidently unessential for HDAC8 selective inhibitors) (Figure 1) [19].
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HDAC inhibitors have shown encouraging findings against hematological malignan-
cies, but varying on the cancer type and genetic factors, the response to HDAC inhibitors
may be based on a certain biological response [20]. Moreover, HDAC inhibitors are not
able to induce tumor remissions alone [21] and their clinical use is limited due to their
severe side effects and its low oral bioavailability [22].
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On the other hand, with numerous FDA approved tyrosine kinases inhibitors and sev-
eral other in clinical trials, tyrosine kinases represent promising goals for the improvement
of new chemotherapeutic agents [23–25]. Nevertheless, kinase inhibitors’ as well as HDAC
inhibitors effectiveness is often diminished and their use is restricted because of acquired
drug resistance and consequently poor response rates [26,27]. To overcome this problem,
medicinal chemistry investigators adopted the hybridization idea, principally with HDAC
inhibitors due to either the ease of their structure modification or the likely synergism
between HDAC and tyrosine kinase inhibitors which has been widely documented [28–35].

Recent studies revealed that dual blockade of EGFR/HDAC forcefully inhibited the
proliferation of different cancer cell lines. For instant, Cai X. and co-workers [36] con-
structed a series of dual EGFR/HDAC hybrid inhibitors using erlotinib 8 (Figure 2) [37].
Among them, hybrid CUDC-101 9 exhibited the most powerful in vitro inhibition against
EGFR, HER2 and HDACs. Moreover, CUDC-101 9 exhibited a strong anticancer activity
greater than that of erlotinib, lapatinib, vorinostat (SAHA), and combinations of vorinos-
tat/lapatinib or vorinostat/erlotinib [38]. CUDC-101 is currently in phase I clinical trials in
patients with solid tumors [38]. In addition, many other EGFR/HDAC hybrid inhibitors
are under investigation preclinically and exhibited promising results against different types
of cancer [4].
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It is now obvious from previously mentioned data that dual inhibition of EGFR/HDAC
is a favorable strategy for cancer control because of its advantages in producing synergistic
effects and overcoming potential resistance. In continuation to our previous work on
HDAC inhibitors [19,39–42] and EGFR inhibitors 1M17 [43,44], the present study was
designed for synthesis of novel dual EGFR/HDAC hybrid inhibitors in one solid structure
for the aim of synergism and/or reducing the expected undesirable effects. The synthesis
of the novel dual EGFR/HDAC hybrid compounds is based on incorporation of trimethoxy
phenyl group (as a part of the cap group of the HDAC inhibitors pharmacophore), in
addition to incorporating 4–6 aliphatic carbons linker and using COOH or hydroxamic acid
as ZBG. Moreover, the work involves the synthesis of chalcone derivatives and cyclization
of chalcones into 3-cyano-2-oxo-pyridine derivatives (Figure 3).

All target compounds were evaluated for their in vitro anticancer activities against
four cancer cell lines (MCF-7, HepG2, HCT116, and A549 cancer cell lines). Furthermore,
the most potent hybrids were chosen for studying mechanistic pathways such as HDACs,
EGFR assay, cell cycle analysis, and apoptosis markers.
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2. Results and Discussion
2.1. Chemistry

The chemical synthesis of target hybrids 2a–c, 3a–c, 4a–c and 5a–c are described in
Scheme 1. The (E)-1-(4-hydroxyphenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one 1 was pre-
pared by Claisen condensation of 4-hydroxyacetophenone and 3,4,5-trimethoxybenzaldehyde
in the presence of KOH and using ethanol as a solvent to afford the desired compound
1 according the reported procedure [45]. Chalcone 1 was alkylated with the appropriate
bromo esters in dry DMF containing excess of anhydrous K2CO3 and stirring over night at
70–80 ◦C to afford the corresponding esters, which were subjected to alkaline hydrolysis to
yield the target compounds 2a–c.

Treating the synthesized chalcone-acids 2a–c with ethyl cyanoacetate and excess
amount of ammonium acetate in refluxing ethanol gave the desired target compounds
3a–c. Treating 2a–c or 3a–c with N,N′-carbonyldiimidazole (CDI) in dichloromethane as a
solvent for 4 h followed by the addition of hydroxylamine hydrochloride an stirring at room
temperature afforded the target hydroxamic acid derivatives 4a–c and 5a–c, respectively.

2.2. Biological Evaluation
2.2.1. In Vitro Anticancer Activity
Cell Viability Assay

Cell viability test was brought out using human mammary gland epithelial cell line
(MCF-10A). All new hybrids 2a–c, 3a–c, 4a–c and 5a–c were treated with MCF-10A cells for
4 days and MTT assay was used to determine the viability of cells. All newly compounds
were demonstrated non-toxic with the majority of reveling more than 80% cell viability at
50 µM concentration [43].
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(a) KOH, Ethanol; (b) i, appropriate bromo esters, K2CO3, DMF, 70–80 ◦C, 12 h.; ii, MeOH, methanolic.
KOH, rt, 7–8 h.; (c) Ethyl cyanoacetate, ammonium acetate, ethanol, reflux, 24 h.; (d) CDI, THF, 4 h,
NH2OH. HCl, rt, 12 h.

Antiproliferative Activity

All final target hybrids 2a–c, 3a–c, 4a–c and 5a–c were tested for their antiproliferative
action against four cancer cell lines, breast cancer (MCF-7), hepatocellular cancer (HepG2),
colon cancer (HCT-119) and epithelial cancer (A-549), by means of MTT assay and SAHA
and Gefitinib were used as the control compound.

The obtained results as shown in Table 1, displayed that the three hybrids 4a–c,
with hydroxamic acid as ZBG, were found to be the most potent against the four tested
cancer cell lines with IC50 ranging from 0.536 to 3.619 µM. Among them, hybrid 4b, with
5 carbons linker, is the most potent and it displayed very strong anticancer activity with
IC50 ≤ 2 µM against the tested cell lines (IC50 values ranging from 0.536 to 1.206 µM).
Hybrid 4c, with six carbons spacer, comes next to 4b and it exhibited very strong anticancer
activity against MCF-7 (1.183), HCT116 (1.587) and A549 (1.934), while it showed strong
anticancer activity against HepG2 (2.536). Finally, hybrid 4a, with four carbons linker,
displayed very strong anticancer activity against MCF-7 (1.971) and A549 (2.067) and it
exhibited strong anticancer activity against HCT116 (3.213) and HepG2 (3.619), respectively.
Despite the previously reported toxicity of some chalcones [46] due to the presence of
α,β-unsaturated carbonyl system, together with the cell viability test (less than 80%), it
could be suggested that the higher activity of hybrids 4a–c is attributed to its effect on
cancer cells rather than normal cell. It is worth mentioning that the substituents on chalcone
aromatic rings affect the electron density on the ring and consequently electronegativity
of α,β-unsaturated ketone system which has significant effect on binding affinity and
biological activity. For instant, the presence of donating methoxy groups in hybrids 4a–c
decreases the electrophilic characters of the olefinic carbons and accordingly their binging
with thiol group and this may explain their low toxicity on normal cells [1,46]. Cyclization
of chalcone hybrids 4a–c into 3-cyano-2-oxopyridine derivatives 5a–c, lead to decrease in
the activity in the case of four carbons linker as in hybrid 5a with IC50 values 4.892, 3.456,
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4.669 and 2.297 against MCF-7, HepG2, HCT116 and A549, respectively. However, the
significant decrease in activity was obvious in the case of using six carbons linker as in
hybrid 5c and using five carbons spacer as in hybrid 5b. Replacement of hydroxamic acid
functionality with COOH as ZGB either in chalcone hybrids 2a–c, or 3-cyano-2-oxopridine
derivatives 3a–c, dramatically decreases anti-proliferative inhibitory activity. However, we
could conclude that 3-cyano-2-oxopyridine derivatives 3a–c showed higher activity than
chalcone hybrids 2a–c. Moreover, in the case of chalcone hybrids 2a–c, hybrid 2c with six
carbons linker >2b, with 5 carbons linker > 2a, with 4 carbons linker. On the other hand,
3-cyano-2-oxopyridine derivatives 3a–c, hybrid 3b, with five carbons linker, displayed the
highest activity, followed by hybrid 3c, with six carbons linker, and finally the least active
hybrid 3a, with four carbons linker. From these results, it is noticeable that both the linker
and the ZGB of the target EGFR/HDAC inhibitor hybrids perform an important role in the
anti-proliferative activity and extensiveness.

Table 1. Antiproliferative activity of the hybrids 2a–c, 3a–c, 4a–c and 5a–c.

Compound №
Antiproliferative Activity IC50 ± SEM (µM)

MCF-7 HepG2 HCT116 A549

2a 59.94 ± 3.23 88.41 ± 4.76 40.11 ± 2.16 44.37 ± 2.39

2b 39.4 ± 2.12 30.35 ± 1.64 23.73 ± 1.28 33.74 ± 1.82

2c 14.77 ± 0.8 17.12 ± 0.92 16.49 ± 0.89 22.67 ± 1.22

3a 46.4 ± 2.54 65.82 ± 3.55 23.51 ± 1.27 31.03 ± 1.67

3b 12.15 ± 0.65 16.23 ± 0.87 15.71 ± 0.85 15.29 ± 0.82

3c 23.7 ± 1.28 21.09 ± 1.14 13.89 ± 0.75 21.31 ± 1.15

4a 1.971 ± 0.11 3.619 ± 0.2 3.213 ± 0.17 2.067 ± 0.11

4b 0.621 ± 0.03 0.536 ± 0.03 1.206 ± 0.07 0.797 ± 0.04

4c 1.183 ± 0.06 2.536 ± 0.14 1.587 ± 0.09 1.934 ± 0.14

5a 4.892 ± 0.26 3.456 ± 0.19 4.669 ± 0.25 2.297 ± 0.12

5b 19.55 ± 1.05 28.34 ± 0.99 16.89 ± 3.71 18.78 ± 1.01

5c 12.05 ± 0.65 27.64 ± 1.49 9.466 ± 0.51 8.577 ± 0.46

SAHA 2.43 ± 0.27 3.63 ± 0.24 2.53 ± 0.14 2.83 ± 0.13

Gefitinib 1.855 ± 0.13 2.848 ± 0.15 3.366 ± 0.18 1.439 ± 0.08

2.2.2. In Vitro Enzymatic Inhibitory Activity Assay
Epidermal Growth Factor Receptor Activity (EGFR-TK) Inhibition

EGFR-TK testing was carried out to evaluate the EGFR inhibitory strength of new
most potent hybrids 4a–c and 5a as illustrated in Table 2. The findings from this assay
complement the outcomes of cancer cell-based assay. All examined hybrids 4a–c and 5a
exhibited inhibitions of EGFR with IC50 ranging from 0.063 to 0.214 µM. According to the
obtained data, chalcone hybrid 4b was found to be the most potent and its EGFR inhibitory
activity (IC50 = 0.063 µM) was close to the positive standard Gefitinib (IC50 = 0.044 µM).
This assay shows that these hybrids, particularly 4b, are potent EGFR inhibitors and can
possibly be used as anticancer agents.
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Table 2. Effects of hybrids 4a–c, 5a, Gefitinib, staurosporine and SAHA on EGFR and HDAC1, 2, 4,
6 and 8 (IC50 µM).

Compd. № EGFR HDAC1 HDAC2 HDAC4 HDAC6 HDAC8

4a 0.111 ± 0.002 0.121 0.119 6.685 0.086 6.354

4b 0.063 ± 0.002 0.148 0.168 5.852 0.06 2.257

4c 0.091 ± 0.001 0.07 0.277 8.716 0.113 5.015

5a 0.214 ± 0.004 0.051 0.256 17.53 0.222 19.56

Gefitinib 0.044 ± 0.001 nd nd nd nd nd

Staurosporine 0.4 nd nd nd nd nd

SAHA nd 0.037 0.112 4.062 0.019 1.133
nd = not determined.

In Vitro HDAC Inhibition Assay

To explore the mechanism of action of the most potent newly synthesized derivatives;
hybrids 4a–c and 5a were tested for their in vitro HDAC inhibitory activity against HDAC1,
HDAC2, HDAC4, HDAC6 and HDAC8 using SAHA as positive control. The HDAC in-
hibitory activity of the target compounds was measured using HDAC1 Human Colorimet-
ric SimpleStep ELISA™ Kit (ABCAM, Cambridge, MA), HDAC2 Colorimetric ELISA KIT
(MYBiosource, San Diego, CA, USA), HDAC4, 6 and 8 colorimetric Assay Kit (EpiGentek,
Farmingdale, NY, USA), according to the manufacturer’s instructions [42,47,48].

Analysis of the obtained results, presented in Table 2, revealed that the four selected
hybrids possess variable high potency in HDAC inhibitory activity. For instant, hybrid
5a was the most potent against HDAC1 followed by 4c and 4a, while 4b displayed the
lowest activity. Regarding HDAC2, hybrid 4a exhibited the highest activity followed by 4b
and 5a, while 4c showed the lowest activity. Concerning HDAC4 and HDAC6, hybrid 4b
(with five carbons linker) were the most potent followed by 4a (with four carbons linker)
and 4c (with six carbons linker), while 5a (with four carbons linker) presented the lowest
activity. Finally, the results of HDAC8 inhibitory activity showed that hybrid 4b was the
most potent one, followed by 4c and 4a, while 5a exhibited the lowest inhibitory activity.
Form these results, it could be concluded that hybrids 4b, in general, was the most potent
and showed the highest selectivity towards HDAC6 followed by 4a. on the hand, hybrid
5a displayed the highest selectivity towards HDAC1 followed by hybrid 4c.

Collectively, from the EGFR and HDAC inhibitory assay results, we could conclude
that hybrid 4a–c and 5a, in particular, hybrid 4b, could be considered to be promising
anticancer candidates with potential dual EGFR/HDAC inhibitory activities. This could be
explained based on the lower activity of hybrid 4b against HDAC isozyme than the positive
reference drug SAHA and EGFR inhibitory activity than the reference drug Gefitinib, and
its higher anticancer activity against the tested cancer cell lines than both SAHA and
Gefitinib, this can be attributed to its dual inhibitory activity against both HDAC1, 2, 4, 6, 8
and EGFR.

2.2.3. Western Blot Assay

Western blot assay [49] of 4b was carried out on HepG2 cancer cell line (using its IC50
of 0.536 µM) to detect its effect on EGFR and HDAC6. The obtained results as shown in
Figure 4 agreed with the enzymatic assays as hybrid 4b displayed decrease in both of EGFR
and HDAC6 expression in concentration dependent manner using SAHA and Gefitinib as
reference drugs, respectively.
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Figure 4. Western blot analysis of 4b on EGFR and HDAC6 in HepG2 cancer cell line.

2.2.4. Apoptotic Markers Activation Assay

The process of the programmed cell death, also known as apoptosis, is characterized
by distinct various morphological and energy-dependent biochemical events [50,51]. There
are proapoptotic proteins for instance Bad, Bax, Bid, BcL-Xs and Bim, as well as antiapop-
totic members such as Bcl-2, Bc-LXl and Bcl-W [52]. Anti-apoptotic proteins function as
apoptosis inhibitors by preventing the discharge of Cytochrome-C while proapoptotic
members act as activators for its release. Once the percentage of proapoptotic proteins
beats antiapoptotic ones, the exterior mitochondrial membrane turns permeable leading to
a cascade of actions. The release Cytochrome-c stimulates caspase-8 and caspase-9 which
then triggers caspase-3 which in turn activates apoptosis by attacking various valuable
proteins necessary by the cell [53,54].

Caspase-3, Caspase-8, Bax and Bcl-2 Levels Assay

Chalcone hybrid 4b was evaluated as caspase-3 activator against HepG2 cancer cell
line as shown in Table 3. The obtained results showed that hybrid 4b has a remarkable
caspase-3 protein level over expression of (483.2 pg/mL) in comparison to the reference
drug, staurosporine (445.9 pg/mL). The over-expression level of caspase 3 caused by
chalcone hybrid 4b in HepG2 cancer cell line is about 5.1 folds higher than control, and
higher than that of staurosporine (4.71 folds). Therefore, from these results we could
suggest that apoptosis may be attributed to caspase-3 over-expression which induced by
hybrid 4b.

Table 3. Caspase-3, Caspase-8, Bax and Bcl-2 levels for hybrid 4b and staurosporine on HepG2 cancer cell line.

Compound №

Caspase-3 Caspase-8 Bax Bcl-2

Conc (pg/mL) Fold
Change Conc (ng/mL) Fold

Change Conc (Pg/mL) Fold
Change Conc (ng/mL) Fold

Change

4b 483.2 ± 14.72 5.1 1.078 ± 0.046 3.15 398.9 ± 14.3 3.75 3.659 ± 0.09 0.42

Staurosporine 445.9 ± 15.39 4.71 1.343 ± 0.026 3.93 362.2 ± 9.61 3.4 3.146 ± 0.31 0.36

Control 94.61 ± 6.5 1 0.342 ± 0.038 1 106.5 ± 5.85 1 8.623 ± 0.19 1

Furthermore, the effect of hybrid 4b on caspase-8, Bax and Bacl-2 levels against
HepG2 cancer cell line using staurosporine as a reference drug, is illustrated in Table 3.
The results displayed that hybrid 4b revealed a remarkable increase in both caspase-8
and Bax levels compared to staurosporine. Hybrid 4b possessed comparable caspapse-
8 level over-expression (1.078 ng/mL) compared to that of the reference staurosporine
(1.343 ng/mL) (Table 3). Moreover, chalcone hybrid 4b exhibited a comparable induction
of Bax (398.9 ± 14.3 pg/mL) compared to staurosporine (362.2 pg/mL) with 3.75-fold
higher than control untreated HepG2 cancer cells. Finally, chalcone hybrid 4b caused

156



Pharmaceuticals 2021, 14, 1177

slightly higher down-regulation of Bcl-2 protein level (3.659 ng/mL) in HepG2 cell line
compared to staurosporine (3.146 ng/mL).

2.2.5. Flow Cytometric Cell Cycle Analysis

Cell cycle analysis was carried out for the most active hybrid 4b as a standard drug
against HepG2 cancer cell line. Hybrid 4b markedly increased the proportion of accu-
mulation of cells at the Pre-G1 phase from 2.16 to 47.21%. Moreover, the percentages of
HepG2 cell in G0-G1 increased from 42.97 to 53.04% and in S phase from 36.58 to 39.11%
that combined with the decrease in the percentage of accumulation of cells at G2/M phase
from 20.45 to 7.85% upon treatment with hybrid 4b (Table 4) indicating that hybrid 4b
arrest cell cycle at G1/S phase. Moreover, it is obvious that the percentage of cell apoptosis
increased from 0.12% for control untreated HepG2 cell to 24.67% in treated cells (Table 5,
Figure 5). The outcomes revealed that the proportion of the late apoptosis is more than
that of early apoptosis which is good proof for irreversible apoptosis caused by hybrid 4b
(Table 5, Figure 5). Corresponding to the above findings, it is apparent that the hybrid 4b
displayed pre G1 apoptosis and cell cycle arrest at G1/S phase. The results demonstrated
that the hybrid 4b are not cytotoxic and induced cell apoptosis in HepG2 cancer cells.

Table 4. Cell cycle analysis and apoptosis detection of hybrid 4b.

Compound %G0–G1 %S %G2/M %Pre-G1 Comment

4b/HepG2 53.04 39.11 7.85 47.21 cell growth arrest at G1/S
cont. HepG2 42.97 36.58 20.45 2.16

Table 5. Results of Apoptotic assay of compound 4b.

Compound Apoptosis
NecrosisTotal Early Late

4b/HepG2 47.21 9.33 24.67 13.21
cont. HepG2 2.16 0.34 0.12 1.7
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2.3. Docking Study

To achieve better understanding of binding mode of target compounds at the molecu-
lar level, hybrid 4b was chosen to be docked into the active site of the 3D crystal structure of
EGFR (PDB ID: 1M17) [43], HDAC 1 (PDB entry: 5ICN), HDAC 2 (PDB code: 4LXZ), HDAC
4 (PDB entry: 4CBT), HDAC 6 (PDB entry: 5EF8) and HDAC 8 (PDB entry: 3SFH) [42].
CDOCKER embedded in the Discovery Studio software (Accelrys® software corporation,
San Diego, CA, USA) was used for performing the docking study. First, validation step
was done via redocking of the ligands in all used crystal structures and RMSD values were
less than 2 which indicates the validity and confidence in the produced docking results.

2.3.1. EGFR Docking Study

Analysis of the docking results of Gefitinib (Figure 6A,B) revealed that it engaged with
one hydrogen bond with Cys773. Additionally, attractive charge, Pi-Cation and Pi-Anion
with Lys721 and Asp831 was observed. Additionally, it formed one Halogen interaction
between Cl atom and Leu764. Moreover, it was incorporated in many hydrophobic interac-
tions as Pi-Sigma with Leu820, Pi-Sulfur with Met742, van der Waal, Alkyl, Pi-Alkyl and
Carbon Hydrogen bond with Leu694, Val702, Lys721 and Gly772. Interestingly, the docking
results of hybrid 4b (Figure 6C,D) showed that it binds nicely with the pocket through
formation of 4 hydrogen bonds with Thr766, Met769, Phe771 and Cys773. In addition,
Carbon Hydrogen bond with Glu738 and Pro770 and Pi-Alkyl with Leu694, Val702, Ala719
and Leu820 was detected.
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Figure 6. Docking and binding mode of Gefitinib (green) and 4b (blue) into ATP-active site of
EGFR kinase (PDB code: 1M17); (A) 3D structure of Gefitinib, (B) 2D structure of Gefitinib, (C) 3D
structure of 4b, (D) 2D structure of 4b.

2.3.2. HDAC1 Docking Study

Concerning the docking study results of SAHA (Figure 7A,B) and hybrid 4b
(Figure 7C,D) into the active site of the structure of HDAC1, the data displayed that SHAH
engaged in the formation of 4 hydrogen bonds with Hist18, Gly27, Lys31 and Lys331. Ad-
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ditionally, it forms many hydrophobic interactions such as Pi-cation with Lys331, Carbon
Hydrogen bond with Pro29 and Pi-pi T-shaped interaction with Tyr336. Meanwhile, hybrid
4b engaged in the formation of 4 hydrogen bonds with Lys31, Lys305, Lys331 and Gln339.
In addition, it also involved in many hydrophobic interactions such as Pi-cation with Ar270,
van der Waal and Carbon Hydrogen bond with Lys331, Glu335 and Tyr336.
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Figure 7. Docking and binding mode of SAHA (cyan) and 4b (blue) into the active site of HDAC
1 (PDB entry: 5ICN); (A) 3D structure of SAHA, (B) 2D structure of SAHA, (C) 3D structure of 4b,
(D) 2D structure of 4b.

2.3.3. HDAC2 Docking Study

HDAC2 docking results exhibited that SAHA (Figure 8A,B) formed 5 hydrogen bonds
with Asp104, His145, His146, Asp181 and Tyr208, two metal acceptors with Zn:401 and
one Pi-Alkyl with Pro34.

Hybrid 4b (Figure 8C,D) was incorporated in formation of 3 hydrogen bonds with
His145 (two) and Tyr208 and two metal acceptor interactions with Zn:401. Hybrid 4b also
showed many hydrophobic interactions as Amide-Pi stacked with Gly32, Pi-Alkyl with
Pro34 and Leu276, van der Waal and Carbon Hydrogen bond with Glu103 and Asp104.

2.3.4. HDAC4 Docking Study

Regarding the docking results of SAHA (Figure 9A,B) and hybrid 4b (Figure 9C,D)
into the active site of HDAC4, the data showed that SAHA formed 3 hydrogen bonds with
His802, Asp840 and His842, one metallic acceptor with Zn:2036 and one Pi-Alkyl with
Pro676. On the hand, hybrid 4b engaged in two hydrogen bonds with Asp840 and His842
and one metallic acceptor with Zn:2036. Hybrid 4b showed more hydrophobic interactions
than SAHA such as Pi-Pi Stacked and Pi-Pi T-shaped with Phe812, Phe871 and Gly975.
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(D) 2D structure of 4b.
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2.3.5. HDAC6 Docking Study

Inspection of the docking results of SAHA (Figure 10A,B) and hybrid 4b (Figure 10C,D)
into the active site of HDAC6, the data showed that SAHA binds through the formation of
3 hydrogen bonds with Gly582 (two) and His614, one metal acceptor with Zn:2001, one
Pi-Sigma with Phe583, Pi-Pi T-shaped with His463 and Pi-Alkyl with Pro464. Meanwhile,
hybrid 4b engaged in 3 hydrogen bonds with Gly582, His573 and His614, one metal
acceptor with Zn:2001, Pi-Pi T-shaped with His463, van der Waal and Carbon Hydrogen
bond with Asp460 and Ileu532.
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2.3.6. HDAC8 Docking Study

Finally, the HDAC8 docking results revealed that SAHA incorporated in 3 hydrogen
bonds with Lys33 (two) and Gly151, one metal acceptor with Zn:403 and one Pi-Sulfur
with Cys153 (Figure 11A,B).

Regarding hybrid 4b, it was involved in the formation of 4 hydrogen bonds with one
hydrogen bond more that SAHA with His142, His143, Asp178 and His180. Additionally,
hybrid 4b formed the same metal acceptor with Zn:403. Additionally, hybrid 4b form
more hydrophobic interactions than SAHA such as Pi-Pi Stacked and Pi-Pi T-shaped with
Phe152, His180 and Tyr306. Moreover, it formed van der Waal and Carbon Hydrogen bond
with Gly206 and Tyr306 and one Pi-Cation with Zn:403 (Figure 11C,D).

All the above results together with the docking study suggest that hybrids 4a–c and
5a, in particular 4b, may be considered to be promising lead candidates for the design and
innovation of novel anticancer agents with dual EGFR/HDAC inhibitory activities, which
merits further study and modifications that is underwork in our lab.
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3. Experimental
3.1. Chemistry

For experimental details, See Section 1.1 in Supplementary Materials.
Compound 1 was prepared according to the previously reported procedure [45].

3.1.1. General Procedure for Synthesis of Hybrids (2a–c)

A mixture of compound 1 (5 mmol), anhydrous potassium carbonate (10 mmol)
and the appropriate ester (5 mmol) namely; ethyl 5-bromopentanoate (1.045 g), ethyl
6-bromohexanoate (1.115 g) and ethyl 7-bromoheptanoate (1.185 g) was stirred in DMF
(20 mL) at 70–80 ◦C for 12 h. Then the reaction mixture was diluted with crushed ice and
the resulting precipitate was filtered, washed with water and dried. Then, to the produced
ester residue in methanol 2.5 equivalent of KOH were added and the reaction mixture was
stirred at 40–50 ◦C heated for 7–8 h. After cooling to room temperature and acidification
with dilute HCl, the separated solid was filtered and washed with water. The crude product
is dried and recrystallized from ethyl acetate to afford 2a–c.

(E)-5-(4-(3-(3,4,5-Trimethoxyphenyl)Acryloyl)Phenoxy)Pentanoic Acid (2a)

Yellow solid; 68% yield; mp = 102-105 ◦C, 1H NMR (400 MHz, DMSO-d6) δ = 12.31 (s,
1H, OH); 8.36 (d, 2H, J = 8 Hz); 8.08 (d, 1H, J = 12 Hz); 7.89 (d, 1H, J = 12 Hz); 7.40 (s, 2H);
7.24 (d, 2H, J = 8 Hz); 4.25 (br s, 2H); 4.07 (br s, 6H); 3.93 (s, 3H); 2.50 (br s, 2H); 1.95 (Br s,
1H), 1.94-1.45 (m, 4H). 13C NMR (101 MHz, DMSO-d6) δ = 187.8, 174.9, 163.0, 153.6, 144.0,
140.1, 131.3, 130.9, 130.9, 121.6, 114.7, 114.6, 106.8, 68.0, 60.5, 56.5, 56.2, 33.7, 28.5, 21.6. Anal.
Calcd. for C23H26O7: C,66.65; H, 6.32. Found: C, 66.62; H, 6.22.
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(E)-6-(4-(3-(3,4,5-Trimethoxyphenyl)Acryloyl)Phenoxy)Hexanoic Acid (2b)

Yellow solid; 72% yield; mp = 138–140 ◦C, 1H NMR (400 MHz, DMSO-d6) δ = 12.07 (s,
1H, OH); 8.19 (d, 2H, J = 8 Hz); 7.93 (d, 1H, J = 12 Hz); 7.69 (d, 1H, J = 12 Hz); 7.24 (s, 2H);
7.05 (d, 2H, J = 8 Hz); 4.04 (t, 2H, J = 8 Hz); 3.88 (br s, 6H); 3.73 (s, 3H); 2.25 (t, 2H, J = 8 Hz);
1.73 (d, 2H, J = 8 Hz), 1.58 (t, 2H, J = 8 Hz); 1.44 (d, 2H, J = 8 Hz). 13C NMR (101 MHz,
DMSO-d6) δ = 187.8, 174.9, 163.1, 153.6, 144.0, 140.1, 131.4, 130.9, 121.6, 114.8, 114.6, 106.8,
68.21, 60.55, 60.12, 56.51, 34.1, 33.9, 28.8, 25.6, 25.4, 24.7, 14.5. Anal. Calcd. for C24H28O7:
C,67.28; H,6.59. Found: C, 66.99; H, 6.62.

(E)-7-(4-(3-(3,4,5-Trimethoxyphenyl)Acryloyl)Phenoxy)Heptanoic Acid (2c)

Yellow solid; 75% yield; mp = 112–115 ◦C, 1H NMR (400 MHz, DMSO-d6) δ = 12.03
(s, 1H, OH); 8.18 (d, 2H, J = 8 Hz); 7. 91 (d, 1H, J = 16 Hz); 7.70 (d, 1H, J = 16 Hz); 7.23
(s, 2H); 7.06 (d, 2H, J = 8 Hz); 4.04 (t, 2H, J = 8 Hz); 3.88 (s, 6H); 3.74 (s, 3H); 2.22 (t, 2H,
J = 8 Hz), 1.72 (t, 2H, J = 8 Hz), 1.55 (t, 2H, J = 8 Hz), 1.43–1.25 (m, 4H). 13C NMR (101 MHz,
DMSO-d6) δ = 187.7, 175.0, 163.1, 162.9, 153.6, 144.0, 140.1, 140.0, 131.4, 130.9, 130.2, 121.6,
114.8, 114.6, 106.8, 68.3, 60.5, 56.6, 56.5, 34.1, 28.9, 28.8, 26.7, 25.7, 24.9. Anal. Calcd. for
C25H30O7: C,67.86; H, 6.83. Found: C, 67.65; H, 6.77.

3.1.2. General Procedure for Synthesis of Hybrids (3a–c)

To a mixture of the above prepared chalcone 2a–c (10 mmol), ethyl cyanoacetate (1.1 g,
10 mmol), and ammonium acetate (6.2 g, 80 mmol) in absolute ethanol (30 mL) was heated
under reflux for 24 h. The reaction was monitored by TLC. The reaction mixture was left
behind to cool at room temperature and the formed solid product was filtered, washed
with water, dried, and recrystallized from ethanol.

5-(4-(5-Cyano-6-Oxo-4-(3,4,5-Trimethoxyphenyl)-1,6-Dihydropyridin-2-
yl)Phenoxy)Pentanoic Acid (3a)

Pale yellow solid; 70% yield; mp = 224–228 ◦C, 1H NMR (400 MHz, DMSO-d6) δ = 7.88
(d, 2H, J = 8 Hz); 7.06-704 (m, 4H); 6.83 (s, 1H, pyridine-H); 4.05 (Br s, 2H); 3.88 (br s, 6H);
3.76 (s, 3H); 2.39-1.99 (m, 4H); 1.97–1.70 (m, 2H); 1.69-1.43 (m, 2H).13C NMR (101 MHz,
DMSO-d6) δ = 175.0, 162.8, 161.5, 159.9, 153.3, 151.5, 139.6, 131.8, 130.9, 129.9, 124.7, 117.5,
115.2, 114.8, 114.6, 106.5, 105.5, 97.3, 68.0, 60.6, 56.6, 33.8, 28.5, 21.6. Anal. Calcd. for
C26H26N2O7: C,65.26; H, 5.48; N, 5.85. Found: C, 65.55; H, 5.34; N, 6.01.

6-(4-(5-Cyano-6-Oxo-4-(3,4,5-Trimethoxyphenyl)-1,6-Dihydropyridin-2-yl)Phenoxy)
Hexanoic Acid (3b)

Yellowish white solid; 77% yield (97mg); mp = 192–194 ◦C, 1H NMR (400 MHz,
DMSO-d6) δ = 12.31 (br. s, 2H, OH, NH); 7.87 (d, 2H, J = 8 Hz); 7.06–7.04 (m, 4H); 6.82
(s, 1H, pyridine-H); 4.04 (t, 2H, J = 8 Hz); 3.87 (s, 6H); 3.76 (s, 3H); 2.24 (t, 2H, J = 8 Hz);
1.77–1.70 (m, 2H); 1.61–1.53 (m, 2H); 1.46–1.41 (m, 2H). 13C NMR (101 MHz, DMSO-d6)
δ = 174.9, 162.6, 161.6, 160.0, 153.3, 151.3, 139.6, 131.8, 129.9, 124.6, 117.4, 115.2, 106.5, 105.5,
97.5, 68.2, 60.6, 56.6, 34.1, 28.8, 25.5, 24.7. Anal. Calcd. for C27H28N2O7: C,65.84; H, 5.73;
N,5.69. Found: C,65.89; H,5.65; N,5.94.

7-(4-(5-Cyano-6-Oxo-4-(3,4,5-Trimethoxyphenyl)-1,6-Dihydropyridin-2-yl)Phenoxy)
Heptanoic Acid (3c)

Yellow solid; 79% yield (97mg); mp = 168-170 ◦C, 1H NMR (400 MHz, DMSO-d6)
δ = 12.20 (br. s, 2H, OH, NH); 7.89 (d, 2H, J = 8 Hz); 7.06 (s, 2H); 6.99 (d, 2H, J = 8Hz); 6.82
(s, 1H, pyridine-H); 4.02 (t, 2H, J = 8 Hz); 3.89 (s, 6H); 3.78 (s, 3H); 2.22 (br s, 2H); 1.80–1.62
(m, 2H); 1.61-1.46 (m, 2H); 1.45-1.25 (m, 4H). 13C NMR (101 MHz, DMSO-d6) δ = 175.0,
163.0, 162.6, 161.6, 160.0, 153.3, 153.2, 151.3, 139.6, 131.8, 130.9, 130.1, 129.8, 124.4, 117.4,
115.1, 114.6, 106.4, 105.4, 97.4, 68.2, 60.6, 56.5, 34.0, 28.9, 28.7, 25.6, 24.9. Anal. Calcd. for
C28H30N2O7: C,66.39; H, 5.97; N,5.53. Found: C, 66.56; H, 6.02; N, 5.89.
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3.1.3. General Procedure for Synthesis of Hybrids (4a–c)

The chalcone-acids 2a–c (1 mmol) was dissolved in dichloromethane (10 mL) then
N,N′-carbonyldiimidazole (CDI) (4 mmol, 0.648 g) was added at 25–30 ◦C and stirred for
4 h. Hydroxylamine hydrochloride (4 mmol, 0.278 g) was added, and the stirring was
continued for another 12 h. The solvent was distilled off, ethylacetate (10 mL) was added,
washed with water (2 × 10 mL), and the organic layer was collected, dried over anhydrous
sodium sulphate, filtered, and evaporated under vacuum to afford 4a–c.

(E)-N-Hydroxy-5-(4-(3-(3,4,5-Trimethoxyphenyl)Acryloyl)Phenoxy) Pentanamide (4a)

Yellow solid; 60% yield; mp = 220–224 ◦C, 1H NMR (400 MHz, DMSO-d6) δ = 10.54 (s,
1H, NH); 8.72 (s, 1H, OH); 8.22 (s, 2H); 7.93 (d, 1H, J = 16 Hz); 7.68 (d, 1H, J = 16 Hz); 7.32
(s, 2H); 7.08 (s, 2H); 4.05 (br s, 2H); 3.86 (s, 6H); 3.75 (s, 3H); 2.34-2.01 (m, 2H); 1.95-1.35 (m,
4H). 13C NMR (101 MHz, DMSO-d6) δ = 203.6, 187.7, 169.0, 163.0, 153.6, 144.1, 140.1, 131.4,
130.9, 130.4, 127.7, 121.6, 117.5, 114.9, 106.9, 105.0, 67.8, 60.6, 56.6, 56.4, 32.2, 28.6, 22.4. Anal.
Calcd. for C23H27NO7: C,64.32; H,6.34; N,3.26. Found: C,64.02; H, 6.25; N,3.46.

(E)-N-Hydroxy-6-(4-(3-(3,4,5-Trimethoxyphenyl)Acryloyl)Phenoxy) Hexanamide (4b)

Yellow solid; 69% yield; mp = 98–102 ◦C, 1H NMR (400 MHz, DMSO-d6) δ = 10.43 (s,
1H, NH); 8.75 (s, 1H, OH); 8.19 (s, 2H); 7.90 (d, 1H, J = 16 Hz); 7.69 (d, 1H, J = 16 Hz); 7.22
(s, 2H); 7.08 (s, 2H); 4.06 (br s, 2H); 3.88 (s, 6H); 3.73 (s, 3H); 2.29-1.99 (m, 2H); 1.85–1.25 (m,
5H). 13C NMR (101 MHz, DMSO-d6) δ = 188.0, 173.5, 170.0, 163.1, 153.5, 153.1, 144.1, 140.0,
131.4, 130.8, 130.0, 127.7, 121.6, 114.8, 114.6, 106.7, 68.2, 60.6, 56.5, 34.0, 32.6, 28.7, 25.5, 24.9.
Anal. Calcd. for C24H29NO7: C, 65.00; H, 6.59; N, 3.16. Found: C, 64.92; H, 6.48; N, 3.35.

(E)-N-Hydroxy-7-(4-(3-(3,4,5-Trimethoxyphenyl)Acryloyl)Phenoxy)Heptanamide (4c)

Pale yellow solid; 64% yield; mp = 122–128 ◦C, 1H NMR (400 MHz, DMSO-d6)
δ = 10.49 (s, 1H, NH); 9.14 (s, 1H, OH); 8.16 (d, 2H, J = 8 Hz); 7.89 (d, 1H, J = 16 Hz); 7.66
(d, 2H, J = 16 Hz); 7.21 (s, 1H); 7.04 (d, 2H, J = 8 Hz); 4.03 (br s, 2H); 3.85 (s, 6H); 3.78 (s,
3H); 2.12–1.88 (m, 2H); 1.74–1.58 (m, 2H); 1.55–1.45 (m, 2H); 1.44–1.19 (m, 4H). 13C NMR
(101 MHz, DMSO-d6) δ = 187.8, 169.8, 163.1, 159.5, 153.6, 152.8, 144.1, 140.1, 134.5, 131.4,
130.4, 130.8, 127.9, 121.7, 119.6, 114.8, 114.6, 106.9, 69.3, 60.6, 56.6, 32.7, 28.9, 25.6, 25.5. Anal.
Calcd. for C25H31NO7: C, 65.63; H, 6.83; N, 3.06. Found: C, 65.66; H, 6.96; N,3.15.

3.1.4. General Procedure for Synthesis of Hybrids (5a–c)

The 3-cyano-2-oxopyridine carboxylic acid derivatives 3a–c (1 mmol) was dissolved in
dry dichloromethane (10 mL) then N,N′-carbonyldiimidazole (4 mmol, 0.648 g) was added
at 25–30 ◦Cand stirred for 4 h. Hydroxylamine hydrochloride (4 mmol, 0.278 g) was added,
and the stirring was continued for another 12 h. The solvent was distilled off, ethyl acetate
(10 mL) was added, washed with water (2 × 10 mL), and the organic layer was collected,
dried over anhydrous sodium sulphate, filtered, and evaporated under vacuum to obtain
the desired products 5a–c.

5-(4-(5-Cyano-6-Oxo-4-(3,4,5-Trimethoxyphenyl)-1,6-Dihydropyridin-2-yl)Phenoxy)-N-
Hydroxypentanamide (5a)

Yellow solid; 61% yield; mp = 232–238 ◦C, 1H NMR (400 MHz, DMSO-d6) δ = 12.59 (s,
1H, NH); 10.44 (s, 1H, NH); 8.75 (s, 1H, OH); 7.89 (d, 2H, J = 8 Hz); 7.07 (d, 4H, J = 8 Hz);
6.83 (s, 1H, pyridine-H); 4.04 (br s, 2H); 3.88 (s, 6H); 3.76 (s, 3H); 2.64-2.44 (m, 1H); 2.15–1.95
(m, 2H); 1.85–1.55 (m, 4H). 13C NMR (101 MHz, DMSO-d6) δ = 169.5, 162.6, 161.6, 160.0,
153.3, 139.6, 131.8, 129.9, 124.6, 117.4, 115.2, 105.5, 105.6, 68.0, 60.6, 56.6, 32.3, 28.5, 22.2.
Anal. Calcd. for C26H27N3O7: C,63.28; H,5.51; N,8.51. Found: C, 63.33; H, 5.23; N,8.74.
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6-(4-(5-Cyano-6-Oxo-4-(3,4,5-Trimethoxyphenyl)-1,6-Dihydropyridin-2-yl)Phenoxy)-N-
Hydroxyhexanamide (5b)

Yellow solid; 65% yield; mp = 198–204 ◦C, 1H NMR (400 MHz, DMSO-d6) δ = 12.30 (s,
1H, NH); 10.36 (s, 1H, NH); 8.86 (s, 1H, OH); 7.88 (d, 2H, J = 8 Hz); 7.07-704 (m, 4H); 6.83
(s, 1H, pyridine-H); 4.04 (br s, 2H); 3.86 (s, 6H); 3.75 (s, 3H); 1.98 (s, 2H); 1.96-1.41 (m, 6H);
1.61–1.53 (m, 2H); 1.46–1.41 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ = 170.0, 162.6, 161.6,
160.0, 157.6, 153.3, 152.9, 139.6, 131.8, 129.9, 122.5, 117.4, 115.8, 115.3, 106.5, 105.2, 104.9,
68.2, 60.6, 56.6, 32.7, 28.7, 25.6, 25.3. Anal. Calcd. for C27H29N3O7: C,63.90; H,5.76; N, 8.28.
Found: C, 63.99; H, 5.87; N,8.51.

7-(4-(5-Cyano-6-Oxo-4-(3,4,5-Trimethoxyphenyl)-1,6-dihydropyridin-2-yl)phenoxy)-N-
Hydroxyheptanamide (5c)

Yellow solid; 72% yield; mp = 170–176 ◦C, 1H NMR (400 MHz, DMSO-d6) δ = 12.60
(br s, 1H, NH); 10.34 (s, 1H, NH); 8.67 (s, 1H, OH); 7.89 (d, 1H, J = 16 Hz); 7.49-7.05 (m,
4H); 6.83 (s, 1H, pyridine-H); 4.32 (br s, 2H); 3.86 (s, 6H); 3.79 (s, 3H); 2.05 (s, 2H); 1.96–1.31
(m, 8H). 13C NMR (101 MHz, DMSO-d6) δ = 170.0, 162.5, 161.7, 155.4, 153.3, 142.5, 139.6,
131.8, 130.9, 129.9, 126.9, 116.5, 115.2, 109.3, 106.5, 101.2, 68.3, 62.8, 60.8, 60.6, 58.3, 56.6, 56.5,
35.5, 32.7, 28.9, 25.6, 25.5. Anal. Calcd. for C28H31N3O7: C,64.48; H, 5.99; N,8.06. Found: C,
64.55; H, 6.02; N,8.32.

3.2. Biological Evaluation
3.2.1. Cytotoxic Activity Using MTT Assay and Evaluation of IC50.

MTT Assay

MTT assay was performed to investigate the effect of the synthesized compounds on
mammary epithelial cells (MCF-10A) [55]. See Section 4.2.1.1 in Supplementary Materials.

Assay for Antiproliferative Effect

To explore the antiproliferative potential of compounds propidium iodide fluorescence as-
say was performed [55] using different cell lines. See Section 4.2.1.2 in Supplementary Materials.

3.2.2. EGFR Inhibitory Assay

A cell-free assay was used to explore the mechanism of inhibition of EGFR kinase of
the most active compounds according to the reported method [43]. See Section 4.2.2 in
Supplementary Materials.

3.2.3. In Vitro HDAC Isoforms Inhibitory Activity

All of the enzymatic reactions for HDAC1, HDAC2, HDAC4, HDAC6 and HDAC8 were
conducted at 37 ◦C for 30 min software [42,47,48]. See Section 4.2.6 in Supplementary Materials.

3.2.4. Western Blot Assay

Western blot assay was carried out according to the previously reported protocol [49].

3.2.5. Caspase-3 and 8 Activation Assay

Cell line cells of MCF-7 and HepG2 were obtained from ATCC. RPMI 1640 containing
10% FBS was used to allow cells to grow at 37 ◦C, stimulated with the compounds to be
tested for caspase-3 or caspase-8 [43]. See Section 4.2.3 in Supplementary Materials.

3.2.6. Evaluation of Bax and Bcl-2 Expressions

m RNA isolation was carried out using RNeasy extraction kit, up to 1× 107 cells. They were
disrupted in Buffer RLT and homogenized [43]. See Section 4.2.4 in Supplementary Materials.
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3.2.7. Cell Apoptosis Assay

Apoptosis was determined by flow cytometry based on the Annexin-V-fluoresce in
isothiocyanate (FITC) and propidium iodide (PI) staining kit (BD Pharmingen, San Diego,
CA, USA) [43]. See Section 4.2.5 in Supplementary Materials.

3.3. Docking Study

The 3.5 Å3D structures of EGFR (PDB ID: 1M17) [43], HDAC 1 (PDB entry: 5ICN),
HDAC 2 (PDB code: 4LXZ), HDAC 4 (PDB entry: 4CBT), HDAC 6 (PDB entry: 5EF8)
and HDAC 8 (PDB entry: 3SFH) [43] were downloaded from protein data bank [56]. All
molecular modeling calculations and docking studies were carried out using Discovery
Studio software 2016 client v16.1.0.15350 (San Diego, CA, USA) with CDOCKER program.
See Section 4.4 in Supplementary Materials.

4. Conclusions

In this work, 12 new final target hybrids 2a–c, 3a–c, 4a–c and 5a–c were designed, syn-
thesized, characterized, and evaluated for their in vitro anti-proliferative activity against
four cancer cell lines. Hybrids 4a–c and 5a displayed potent growth inhibition of cancer
cells compared to SAHA and Gefitinib as reference drugs. Furthermore, Hybrids 4a–c
and 5a were evaluated for their EGFR and HDAC inhibitory effect. Hybrid 4b showed
IC50 = 00.063 ± 0.002 µM on the target EGFR enzyme which is slightly less potent than
staurosporine reference drug (IC50 = 0.044 ± 0.001 µM). Furthermore, hybrid 4b showed
promising HDAC inhibitory activity against HDAC1 (0.148), 2 (0.168), 4 (5.852), 6 (0.06)
and 8 (2.257) that was less potent than SAHA with IC50 values of 0.037, 0.112, 4.062, 0.019
and 1.133 against HDAC1, 2, 4, 6 and 8, respectively. The investigation of apoptotic effect
of the most potent hybrid 4b showed a noticeable increase in Bax level up to 3.75 folds,
and down-regulation in Bcl2 to 0.42-fold, in comparison to the control. Moreover, hybrid
4b showed increase in the level of Caspases 3 and 8 by 5.1 and 3.15 folds, respectively.
The results of cell cycle analysis of hybrid 4b revealed that it showed programmed cell
death and cell cycle arrest at G1/S phase. Taken together with molecular docking study;
suggested the rationalized target of hybrids 4a–c and 5a, particularly 4b, may be promis-
ing lead candidates for discovery of novel anticancer agents via dual inhibition of both
EGFR/HDAC enzymes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/ph14111177/s1. Figure S1. 1HNMR spectrum for compound 2a; Figure S2. 13CNMR spectrum
for compound 2a; Figure S3. 1HNMR spectrum for compound 2b; Figure S4. 13CNMR spectrum
for compound 2b; Figure S5. 1HNMR spectrum for compound 2c; Figure S6. 13CNMR spectrum
for compound 2c; Figure S7. 1HNMR spectrum for compound 3a; Figure S8. 13CNMR spectrum for
compound 3a; Figure S9. 1HNMR spectrum for compound 3b; Figure S10. 13CNMR spectrum for
compound 3b; Figure S11. 1HNMR spectrum for compound 3c; Figure S12. 13CNMR spectrum for
compound 3c; Figure S13. 1HNMR spectrum for compound 4a; Figure S14. 13CNMR spectrum for
compound 4a; Figure S15. 1HNMR spectrum for compound 4b; Figure S16. 13CNMR spectrum for
compound 4b; Figure S17. 1HNMR spectrum for compound 4c; Figure S18. 13CNMR spectrum for
compound 4c; Figure S19. 1HNMR spectrum for compound 5a; Figure S20. 13CNMR spectrum for
compound 5a; Figure S21. 1HNMR spectrum for compound 5b; Figure S22. 13CNMR spectrum for
compound 5b; Figure S23. 1HNMR spectrum for compound 5c; Figure S24. 13CNMR spectrum for
compound 5c.
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Abstract: Repurposing studies have identified several FDA-approved compounds as potential
inhibitors of the intracellular domain of epidermal growth factor receptor 1 (EGFR) and human
epidermal receptor 2 (HER2). EGFR and HER2 represent important targets for the design of new
drugs against different types of cancer, and recently, differences in affinity depending on active or
inactive states of EGFR or HER2 have been identified. In this study, we first identified FDA-approved
compounds with similar structures in the DrugBank to lapatinib and gefitinib, two known inhibitors
of EGFR and HER2. The selected compounds were submitted to docking and molecular dynamics
MD simulations with the molecular mechanics generalized Born surface area approach to discover
the conformational and thermodynamic basis for the recognition of these compounds on EGFR and
HER2. These theoretical studies showed that compounds reached the ligand-binding site of EGFR
and HER2, and some of the repurposed compounds did not interact with residues involved in drug
resistance. An in vitro assay performed on two different breast cancer cell lines, MCF-7, and MDA-
MB-23, showed growth inhibitory activity for these repurposed compounds on tumorigenic cells at
micromolar concentrations. These repurposed compounds open up the possibility of generating new
anticancer treatments by targeting HER2 and EGFR.

Keywords: HER2; EGFR; doxazosin; docking; MD simulations

1. Introduction

Human epidermal receptor type 2 (HER2) is part of a superfamily of human epidermal
grown factor (EGF) receptors that include four receptors: ErbB1 (HER1 or EGFR), ErbB2
(HER2), ErbB3 (HER3), and ErbB4 [1]. Of these receptors, EGFR and HER2 are the most
significant targets for anticancer therapy. These receptors are composed of a transmembrane
region, extracellular domain, and receptor tyrosine kinase (RTK) domain, and the latter has
been one of the major targets for anticancer drug design [2]. Activation of these receptors
begins with the binding of endogenous growth factors at the extracellular region, which
encourages homo and heterodimerization of RTK of both receptors [3,4]. This produces
a structural change in the activation loop of the RTK domain and a change in the N-lobe
α-C helix to create active conformation [5–8]. The transition from the inactive to the active
state is a two-step process for EGFR [5–7], whereas inactive, intermediate, and active
states have been reported for HER2 [9–11]. Active and inactive EGFR conformations
are used in drug design, identifying high specificity ligands by targeting the inactive
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conformation, whereas the active state is only promising when mutations promote the
activated state [12]. Mutations, radiotherapy, and chemotherapy resistance give rise to the
constitutive activation of both receptors, which is linked with the progression of different
kinds of cancer, such as breast and lung cancers [13–17]. Food and Drug Administration
(FDA)-drug kinase inhibitors are divided into two groups: those targeting the active
and inactive EGFR states [18–22]. Of these, lapatinib and gefitinib are shown to be dual
inhibitors of the inactive state of EGFR and HER2 [2,10,23–27]. Lapatinib and gefitinib
are competitive inhibitors of ATP and are approved to treat colorectal, lung, pancreatic,
and breast cancers [28,29]. However, the employment of these compounds is associated
with drug resistance [30]. Therefore, it is necessary to find new EGFR and HER2 inhibitors.
Recently, new EGFR inhibitors with similar structures to lapatinib were investigated [31–35].
Given that, we screened DrugBank in the quest for new FDA-approved compounds with
structures similar to lapatinib and gefitinib. The twenty-four identified compounds were
submitted to docking and molecular dynamics (MD) simulations with the molecular
mechanics generalized Born surface area approach (MMGBSA) considering the inactive
state of EGFR and HER2. In addition, calculations of the binding free energy values and
per-residue free energy were determined to check the affinities of each ligand for both
receptors. The repurposed compounds with the highest affinity for EGFR and HER2
showed growth inhibitory activity in two different breast cancer cell lines, MCF-7 and
MDA-MB-231, at micromolar concentrations.

2. Results and Discussion
2.1. Docking Studies

Blind docking studies showed that alfuzosin, amodiaquine, antrafenine, bopindolol,
carvedilol, doxazosin, irinotecan, pindolol, prazosin, quinacrine, reserpine, saprisartan,
sildenafil, terazosin, topotecan, trimetrexate, and udenafil reached the binding site of
HER2 with a binding score between −7.6 and −9.4 kcal, whereas deserpidine, rifaximin,
vardenafil, vinblastine, vincristine, vindesine, and vinorelbine did not (Table S1). The
HER2-binding group of compounds, in addition to deserpidine and vardenafil, exhibited
affinity to EGFR that ranged between −6.9 and −9.1 kcal mol−1 (Table S1). However, a
lack of affinity of rifaximin, vinblastine, vincristine, vindesine, and vinorelbine for both
EGFR and HER2 was observed. All HER2-ligand complexes were stabilized by between
17 and 27 residues at the HER2 binding site, from which the following residues, L726,
F731, V734, A751, I752, K753, M774, S783, L785, L796, V797, T798, Q799, L800, M801, Y803,
G804, C805, L852, T862, D863, and F864, were mostly present (Table S2). EGFR-ligand
complexes were also stabilized by between 17 and 27 residues at the EGFR binding site; of
these residues, L718, V726, A743, K745, T790, Q791, L792, M793, G796, C797, D800, R841,
L844, T854, D855, F856, and L858 were present in most of the complexes (Table S3). Both
HER2- and EGFR-ligand complexes were further submitted to MD simulation to evaluate
the prevalence of the interactions predicted by docking studies.

2.2. Convergence and Equilibrium

Complexes between HER2 and alfuzosin, antrafenine, bopindolol, carvedilol, doxa-
zosin, irinotecan, pindolol, prazosin, quinacrine, saprisartan, sildenafil, terazosin, topote-
can, and trimetrexate showed stable protein-ligand complexes during simulation, whereas
amodiaquine, reserpine, and udenafil dissociated from the HER2 receptor during simu-
lation; therefore, these three compounds were discarded from the analysis. For EGFR,
stable protein-ligand complexes with alfuzosin, amodiaquine, antrafenine, bopindolol,
carvedilol, doxazosin, pindolol, prazosin, quinacrine, saprisartan, terazosin, topotecan,
trimetrexate, udenafil, and vardenafil were observed, whereas deserpidine, irinotecan,
reserpine, and sildenafil diffused from the EGFR binding site through simulation, therefore
these four compounds were discarded from the study. The RMSD analysis showed that the
HER2-ligand and EGFR-ligand complexes reached constancy between 20 and 50 ns with
RMSD values oscillating between 1.65 and 3.47 Å. The radius of gyration (RG) analysis
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revealed that these complexes also exhibited permanence from 20 to 50 ns with values
fluctuating between 18.90 and 20.24 Å (Table S4). Therefore, additional analyses were
performed removing the first 50 ns.

2.3. Structural Analysis of HER2-Ligand Complexes

Clustering analysis over the equilibrated simulation time was performed to obtain
the most populated conformation that allowed for exploration of the structural differences
between compounds on EGFR and HER2. Analysis of the complexes between HER2 and
alfuzosin, antrafenine, bopindolol, carvedilol, doxazosin, irinotecan, pindolol, prazosin,
quinacrine, saprisartan, sildenafil, terazosin, topotecan, and trimetrexate showed that
these complexes were stabilized by between 17 and 27 residues (Table 1). From these
residues, L726, F731, V734, A751, I752, K753, M774, S783, R784, L785, L796, V797, T798,
Q799, L800, M801, Y803, G804, C805, L852, T862, D863, and F864 were present in most
of the complexes. Some of these residues participate in forming hydrogen bonds with
compounds. Alfuzosin was stabilized by four hydrogen bonds with backbone atoms of
M801 and F864 and through side chain atoms of S783 and D863 (Figure 1A). Bopindolol
formed two hydrogen bonds with backbone atoms of L726 and C805 and one hydrogen
bond with side chain atoms of D863 (Figure 1C). Carvedilol formed one hydrogen bond
with side chain atoms of D863 (Figure 1D). Doxazosin forms two hydrogen bonds with
backbone atoms of M801 and Y803 and two hydrogen bonds through side chain atoms of
S783 and T798 (Figure 1E). Irinotecan formed two hydrogen bonds with backbone atoms
L726 and Y803 and a Pi-Cation interaction with Phe864 (Figure 2A). Pindolol forms two
hydrogen bonds with C805 and D808 through backbone and side chain atoms, respectively
(Figure 2B).

Table 1. Interactions between inhibitors selected in DrugBank and HER2 during simulations.

Drug Residues

Alfuzosin L726, F731, V734, A751, I752, K753, M774, S783, R784, L785, L796, V797, T798, Q799, L800, M801, Y803, G804,
C805, L852, T862, D863, F864.

Antrafenine L726, F731, V734, A751, I752, K753, M774, S783, L785, L796, V797, T798, L800, M801, Y803, G804, C805, D808,
H809, L852, V853, T862, D863, F864.

Bopindolol L726, G727, F731, V734, A751, K753, S783, T798, Q799, L800, M801, P802, Y803, G804, C805, L852, T862, D863.

Carvedilol L726, F731, V734, A751, K753, M774, S783, L785, L796, T798, Q799, L800, M801, Y803, G804, C805, L852, T862,
D863, F864.

Doxasozin V725, L726, S728, G727, K736, V734, K753, G804, C805, L807, D808, R849, N850, L852, T862, D863, L866

Irinotecan L726, F731, V734, A751, K753, V754, L755, R756, I767, M774, S783, L785, L796, V797, T798, Q799, L800, M801,
P802, Y803, G804, C805, L852, T862, D863, F864, G865.

Pindolol L726, V734, A751, I752, K753, M774, S783, L785, L796, V797, T798, Q799, L800, M801, Y803, G804, L852, T862,
D863, F864.

Prazosin L726, F731, V734, A751, I752, K753, R756, M774, S783, R784, L785, L796, V797, T798, M801, Y803, G804, C805,
L852, T862, D863, F864.

Quinacrine L726, F731, V734, A751, I752, K753, M774, S783, L785, L796, V797, T798, Q799, L800, M801, Y803, G804, C805,
R849, N850, L852, T862, D863, F864.

Saprisartan L726, F731, V734, A751, I752, K753, V754, L755, R756, M774, S783, L785, L796, V797, T798, Q799, L800, M801,
P802, Y803, G804, C805, L852, T862, D863, F864.

Sildenafil L726, F731, V734, A751, K753, S783, L785, L796, V797, T798, Q799, L800, M801, Y803, G804, C805, L852, T862,
D863, F864.

Terazosin L726, F731, V734, A751, I752, K753, M774, S783, R784, L785, L796, V797, T798, Q799, L800, M801, Y803, G804,
C805, L852, T862, D863, F864.

Topotecan L726, F731, V734, A751, K753, S783, T798, Q799, L800, M801, Y803, G804, C805, D808, L852, T862, D863.

Trimetrexate F731, V734, A751, I752, K753, M774, S783, R784, L785, L796, V797, T798, M801, Y803, G804, C805, L852, T862,
D863, F864.
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Figure 1. Map of contacts for the complexes between HER2 and alfuzosin, antrafenine, bipindolol, carvedilol, and 
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Figure 1. Map of contacts for the complexes between HER2 and alfuzosin, antrafenine, bipindolol, carvedilol, and doxazosin.
Binding conformations for HER2alfuzosin (A); HER2antrafenine (B); HER2bopindolol (C); HER2carvedilol (D) and HER2doxazosin

(E). The figure was constructed with Maestro Schrödinger version 10.5.
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Figure 2. Map of interactions for the complexes between HER2 and irinotecan, pindolol, prazosin, quinacrine, and 
saprisartan. Binding conformations for HER2irinotecan (A); HER2pindolol (B); HER2prazosin (C); HER2quinacrine (D) and HER2saprisartan 
(E). 

Figure 2. Map of interactions for the complexes between HER2 and irinotecan, pindolol, prazosin, quinacrine, and
saprisartan. Binding conformations for HER2irinotecan (A); HER2pindolol (B); HER2prazosin (C); HER2quinacrine (D) and
HER2saprisartan (E).

Prazosin forms one hydrogen bond with the backbone atoms of M793 (Figure 2C). Sapris-
artan forms one hydrogen bond with backbone atoms of D863. Y803 and T798 form hydrogen
bonds with sildenafil through backbone and side chain atoms, respectively (Figure 2E). The
side chain atoms of S783, T798, and D863 form hydrogen bonds with terazosin, and F864
forms through backbone atoms (Figure 3B). Topotecan formed one hydrogen bond with
side chain atoms of D808 (Figure 3C). Trimetrexate established three hydrogen bonds with
backbone atoms of M801, Y803, and F864 and one hydrogen bond with side chain atoms
of T862 (Figure 3D). Analysis of frequent residues revealed the presence of characteristic
interactions with M801, which is found for other inhibitors of HER2 [36,37]. In addition, F864
and Y803 formed hydrogen bonds in five HER2-ligand complexes.
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Binding conformations for HER2sildenafil (A); HER2terazosin (B); HER2topotecan (C) and HER2trimetrexate (D).

2.4. Structural Analysis of EGFR-Ligand Complexes

Analysis of the complexes between EGFR and alfuzosin, amodiaquine, antrafenine,
bopindolol, carvedilol, doxazosin, pindolol, prazosin, quinacrine, saprisartan, terazosin,
topotecan, trimetrexate, udenafil, and vardenafil showed that these complexes were sta-
bilized by between 13 and 24 residues (Table 2). From these protein-ligand complexes,
L718, G719, S720, V726, A743, K745, T790, L792, M793, G796, C797, R841, and L844 appear
in most complexes. The formation of hydrogen bonds was observed in some complexes.
Alfuzosin forms hydrogen bonds with backbone atoms of D855 and side chains of T790 and
D855 (Figure 4A). Amodiaquine makes hydrogen bonds with backbone atoms of L792 and
C797 and with side chain atoms of D800 (Figure 4B). Bopindolol forms hydrogen bonds
with side chain atoms of N842 and D855 (Figure 4D). Carvedilol forms one hydrogen
bond with side chain atoms of D837 and one Pi-Cation interaction with F723 (Figure 4E).
Doxazosin established two hydrogen bonds with backbone atoms of M793 and P794 and
through side chain atoms of D804 (Figure 5A).
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Table 2. Interactions between inhibitors selected in DrugBank and EGFR during simulations.

Drug Residues

Alfuzosin
L718, V726, A743, I744, K745, M766, C775, L777, L788, I789, T790,

L792, M793, G796, C797, D800, R841, L844, N842, T854, D855,
F856, L858.

Amodiaquine L718, G719, V726, A743, Q791, L792, M793, P794, F795, G796,
C797, D800, L844.

Antrafenine L718, G719, S720, G721, G724, F723, T725, V726, K745, E746, L747,
R803, L858, K913.

Bopindolol L718, G719, V726, A743, I744, K745, L777, L788, I789, T790, L792,
G796, C797, R841, N842, L844, T854, D855.

Carvedilol L718, G719, S720, F723, T725, V726, K745, D746, L747, L788, D837,
R841, N842, D855, L858, L862.

Doxasozin L718, V726, A743, K745, Q791, L792, M793, P794, F795, G796,
Y801, E804, H805, L844.

Pindolol L718, S720, G721, V726, A743, K745, T790, Q791, L792, M793,
G796, C797, R841, N842, L844, T854, D855.

Prazosin L718, V726, A743, K745, M766, V769, C775, R776, L777, L788,
T790, Q791, L792, M793, G796, C797, L844, T854, D855, F856.

Quinacrine L718, G719, V726, A743, K745, T790, Q791, L792, M793, G796,
C797, D800, R803, R841, L844, T854, D855.

Saprisartan
L718, G719, S720, G721, F723, G724, T725, V726, A743, K745, L747,
T790, Q791, L792, M793, G796, C797, R841, L844, T854, L858, L862,

K875, P877.

Terazosin L718, G719, V726, A743, K745, C775, R776, M766, L777, L788,
T790, M793, G796, C797, D800, L844, T854, D855, F856.

Topotecan L718, G719, S720, G721, V726, A743, L792, M793, P794, G796,
C797, D800, R841, N842, L844, D855.

Trimetrexate L718, G721, A722, F723, V726, A743, K745, T790, Q791, L792,
M793, G796, C797, R841, N842, L844, T854, D855, L858.

Udenafil V717, L718, A743, Q791, L792, M793, P794, F795, G796, C797,
L799, D800, R803, R841, L844.

Vardenafil L718, G719, S720, G721, F723, G724, T725, V726, K745, E746, L747,
L788, L792, G796, C797, D800, R841, N842, D855, L858.

Pindolol makes four hydrogen bonds with side chain atoms of K745, N842, T854,
and D855 (Figure 5B). Prazosin forms one hydrogen bond with backbone atoms of M793
(Figure 5C). Quinacrine forms one hydrogen bond with the backbone atoms of M793 and a
salt bridge with D800 (Figure 5D). Saprisartan forms two hydrogen bonds with side chain
atoms of K745 and R841 (Figure 5E). Terazosin forms one hydrogen bond with the backbone
atoms of C797 (Figure 6A). Topotecan forms one hydrogen bond with backbone atoms of
M793 (Figure 6B). Trimetrexate establishes two hydrogen bonds with side chain atoms of
K745 and D855 (Figure 6C). Udenafil forms two hydrogen bonds through the backbone
and side chain atoms of M793 and D800, respectively (Figure 6D). Vardenafil establishes
one hydrogen bond through side chain atoms of R841 (Figure 6E). Stabilization of ligands
at the ligand-binding site of EGFR establishes interactions with T790, whose mutations are
associated with EGFR drug resistance [38,39]. We also identified characteristic interactions
with M793, which was previously observed for other inhibitors of EGFR [36,37].
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Binding complex for EGFRterazosin (A); EGFRtopotecan (B); EGFRtrimetrexate (C); EGFRudenafil (D) and EGFRvardenafil (E).

2.5. Affinity of Compounds

The difference in binding affinity for all complexes was determined using the MMG-
BSA approach. All systems showed thermodynamically favorable binding free energy
(∆Gbind) values, where nonpolar interactions established by van der Waals energy (∆Evdw)
and nonpolar desolvation (∆Gnpol,sol) dominated the binding of the protein-ligand com-
plexes. Comparative analysis between both systems indicated that all the compounds
exhibited a more favorable affinity to HER2 than EGFR (Table 3). HER2-ligand com-
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plexes showed that irinotecan (−56.4 ± 5 kcal/mol), quinacrine (−54.9 ± 3 kcal/mol),
alfuzosin (−51.9 ± 6 kcal/mol), and antrafenine (−51.1 ± 3 kcal/mol) showed the high-
est binding free energy for HER2. The affinity of irinotecan and quinacrine was higher
than that reported between HER2 and lapatinib (−51 ± 4 kcal/mol) [10] and gefitinib
(−26 ± 6.0) [21]. The affinity observed for alfuzosin and antrafenine was similar to that
of lapatinib [10] but higher than that of gefitinib [21]. Vardenafil (−48.2 ± 7 kcal/mol),
alfuzosin (−45.4 ± 4 kcal/mol), terazosin (−44.7 ± 6 kcal/mol), and prazosin (−40.2 ± 4
kcal/mol) exhibited the highest affinity for EGFR. These four compounds showed a slightly
lower affinity for EGFR than lapatinib (−58 ± 5 kcal/mol) [13] but a higher affinity than
that reported between EGFR and gefitinib (−39 ± 2 kcal/mol) [21]. These results suggest
that quinacrine, alfuzosin, and antrafenine could act as dual inhibitors of HER2 and EGFR
with higher selectivity to HER2, whereas irinotecan only exhibited selectivity to HER2.
Alfuzosin, terazosin, and prazosin could act as dual inhibitors of EGFR and HER2, whereas
vardenafil only exhibited selectivity for EGFR.

Table 3. Binding affinity for the protein-ligand systems (in units of kcal/mol).

System ∆Evdw ∆Eele ∆Gele,sol ∆Gnpol,sol ∆Gmmgbsa

HER2alfuzosin −57.0 ± 4 −33.2 ± 6 45.4 ± 4 −7.1 ± 0.3 −51.9 ± 6
HER2antrafenine −66.3 ± 3 24.4 ± 8 −0.9 ± 0.1 −8.3 ± 0.2 −51.1 ± 3
HER2bopindolol −40.0 ± 4 18.7 ± 10 −7.8 ± 1 −5.5 ± 0.5 −34.6 ± 5
HER2carvedilol −51.1 ± 6 16.0 ± 4 4.6 ± 1 −6.8 ± 0.6 −37.3 ± 5
HER2doxasozin −49.0 ± 4 24.0 ± 9 −7.4 ± 1 −6.0 ± 0.3 −38.4 ± 4
HER2irinotecan −68.0 ± 4 40.2 ± 12 −21.0 ± 8 −7.6 ± 0.3 −56.4 ± 5
HER2pindolol −26.0 ± 3 4.0 ± 0.5 3.4 ± 0.6 −3.8 ± 0.4 −22.4 ± 4
HER2prazosin −56.0 ± 3 −24.5 ± 7 42.7 ± 5 −6.9 ± 0.2 −44.7 ± 4

HER2quinacrine −57.5 ± 3 34.0 ± 8 −24.0 ± 7 −7.4 ± 0.2 −54.9 ± 3
HER2saprisartan −57.0 ± 4 −17.8 ± 5 46.3 ± 4 −7.2 ± 0.4 −35.7 ± 4
HER2sildenafil −49.1 ± 3 34.7 ± 9 −22.7 ± 9 −6.2 ± 0.3 −43.3 ± 3
HER2terazosin −46.0 ± 4 −38.3 ± 11 50.0 ± 7 −5.7 ± 0.4 −40.0 ± 7
HER2topotecan −45.1 ± 3 −26.3 ± 4 43.0 ± 12 −5.3 ± 0.4 −33.7 ± 5

HER2trimetrexate −51.6 ± 3 −23.6 ± 4 33.9 ± 3 −6.5 ± 0.3 −47.8 ± 4
EGFRalfuzosin −55.5 ± 4 −30.3 ± 6 47.4 ± 5 −7.0 ± 0.3 −45.4 ± 4

EGFRamodiaquine −30.8 ± 4 43.3 ± 20 −35.2 ± 15 −4.1 ± 0.6 −26.8 ± 8
EGFRantrafenine −32.6 ± 4 65.4 ± 10 −48.5 ± 10 −4.0 ± 0.6 −19.7 ± 3
EGFRbopindolol −40.6 ± 4 17.7 ± 9 −8.4 ± 1 −5.8 ± 0.4 −37.1 ± 3
EGFRcarvedilol −35.8 ± 5 −21.4 ± 11 25.8 ± 7 −5.4 ± 0.5 −36.8 ± 7
EGFRdoxasozin −38.8 ± 4 3.2 ± 0.9 9.7 ± 3 −4.6 ± 0.4 −30.5 ± 4
EGFRpindolol −25.4 ± 5 4.7 ± 0.5 −4.1 ± 1 −4.4 ± 0.7 −29.2 ± 5
EGFRprazosin −52.8 ± 3 −19.0 ± 6 38.2 ± 4 −6.6 ± 0.2 −40.2 ± 4

EGFRquinacrine −40.6 ± 4 12.9 ± 3 −4.7 ± 0.5 −5.4 ± 0.5 −37.8 ± 4
EGFRsaprisartan −46.4 ± 3 −15.3 ± 2 46.2 ± 10 −6.4 ± 0.5 −21.9 ± 5
EGFRterazosin −55.8 ± 4 −22.7 ± 7 40.4 ± 6 −6.6 ± 0.3 −44.7 ± 6
EGFRtopotecan −35.2 ± 7 −6.3 ± 1 22.7 ± 9 −3.9 ± 0.8 −22.7 ± 7

EGFRtrimetrexate −42.6 ± 3 −29.8 ± 7 48.5 ± 6 −5.6 ± 0.4 −29.5 ± 4
EGFRudenafil −40.3 ± 3 10.0 ± 2 5.6 ± 0.5 −5.0 ± 0.3 −29.7 ± 3

EGFRvardenafil −53.6 ± 5 −35.0 ± 12 46.8 ± 11 −6.4 ± 0.7 −48.2 ± 7

2.6. Per-Residue Decomposition Free Energy

This analysis allowed the identification of the residues that provided the most ∆Gbind
values for compounds that exhibited more energetically favorable ∆Gbind values. Table 4
shows that L726, F731, V734, A751, K753, M774, S783, L785, L796, V797, T798, M801,
C805, L852, T862, D863, and F864 were the main contributors to the stabilization of the
HER2alfuzosin complex, from which S783, M801, D863 and F864 established hydrogen
bonds with polar atoms of alfuzosin (Figure 1A). In the HER2antrafenine complex, Val726,
G727, T733, V734, A751, K753, L785, L796, V797, T798, M801, C805, L852, T862, and D863
contributed the most to the maintenance of the complex (Figure 1B). In the HER2irinotecan
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complex, Val726, G727, F731, V734, A751, K753, S783, L785, L796, V797, T798, P802, Y803,
C805, L852, T862, and F864 supported the highest preservation of the complex, from which
Y803 and Val726 formed hydrogen bonds, and F864 formed Pi-cation interactions with
irinotecan (Figure 2A). In the HER2quinacrine complex, Val726, F731, V734, A751, K753, S783,
L785, T798, L800, P802, Y803, G804, C805, L852, and T862 contributed the most to the
conservation of this complex (Figure 2D).

Table 4. Per-residue free energy for complexes formed between alfuzosin, antrafenine, irinotecan,
and quinacrine with HER2 (values kcal/mol).

Residue HER2alfuzosin HER2antrafenine HER2irinotecan HER2quinacrine

L726 −1.0 −1.1 −2.6 −1.8
G727 −1.0 −0.9
F731 −1.1 −1.9 −1.6
T733 −0.7
V734 −1.6 −3.0 −2.6 −2.1
A751 −0.9 −1.0 −1.6 −1.1
K753 −1.3 −1.2 −1.7 −1.5
M774 −1.1
S783 −0.6 −0.5 −0.7
L785 −1.8 −0.9 −1.0 −0.9
L796 −1.4 −1.9 −0.5
V797 −0.5 −0.9 −1.0
T798 −1.8 −1.8 −1.8 −5.7
L800 −0.7
M801 −0.9 −1.8
P802 −1.7 −1.0
Y803 −1.7 −2.0
G804 −0.6
C805 −0.6 −0.6 −0.5 −0.6
L852 −1.8 −1.4 −1.3 −1.9
T862 −1.1 −1.2 −1.1 −2.0
D863 −1.9 −0.7
F864 −1.6 −0.5

Table 5 shows that L718, V726, A743, K745, L788, I789, T790, M793, G796, C797,
L844, T854, F856, and L858 contributed the most to the ∆Gbind value of the EGFRalfuzosin
complex, and of these residues, T790 forms hydrogen bonds with alfuzosin (Figure 4A). In
the EGFRprazosin complex, L718, V726, A743, K745, L777, L788, T790, L792, M793, G796,
C797, L844, T854, and F856 are the main contributors to the affinity of this complex, of
which M793 established one hydrogen bond with prazosin (Figure 5C). In the EGFRterazosin
complex, L718, V726, A743, I744, K745, M766, L777, L788, I789, T790, L792, M793, G796,
C797, L844, T854, and F856 are major sources of the stability of this complex, of which C797
formed one hydrogen bond with a polar atom of prazosin (Figure 6A). L718, G719, G721,
F723, T725, V726, A743, K745, L792, M793, G796, C797, R841, L844, and L858 represent the
main origin of the permanence of the EGFRvardenafil complex, of which R841 established
one hydrogen bond with vardenafil (Figure 6E).
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Table 5. Per-residue free energy for complexes formed between alfuzosin, prazosin, terazosin, and
vardenafil with EGFR (values kcal/mol).

Residue EGFRalfuzosin EGFRprazosin EGFRterazosin EGFRvardenafil

L718 −2.2 −1.2 −2.2 −2.4
G719 −0.9
G721 −1.2
F723 −0.6
T725 −0.7
V726 −1.9 −2.0 −2.1 −3.0
A743 −1.0 −0.9 −1.0 −0.7
I744 −0.7
K745 −1.4 −1.2 −2.0 −3.2
M766 −0.6
L777 −1.9 −1.1
L788 −1.0 −1.1 −1.6
I789 −1.3 −0.5
T790 −0.5 −1.2 −1.1
L792 −0.9 −0.8 −0.9
M793 −1.0 −1.1 −0.7 −0.5
G796 −1.0 −0.5 −1.0 −0.7
C797 −1.0 −0.4 −0.9 −1.3
R841 −2.0
L844 −2.0 −2.2 −2.2 −0.8
T854 −1.3 −1.7 −1.7
F856 −1.0 −0.6 −0.5
L858 −0.6 −0.6

2.7. Antiproliferative Assays

HER2 and EGFR are rare important watchdogs for normal cellular activities, and
their dysregulation has been linked to protein overexpression that promotes the progres-
sion of several kinds of cancer [40,41]. MDA-MB-231 and MCF-7 cell lines are estrogen
receptor-negative and positive, respectively [42], and both expressed EGFR and HER2,
although MDA-MB-231 cells expressed HER2 and EGFR at higher concentrations than
MCF-7 cells [43]. The evaluation of growth inhibition by alfuzosin, quinacrine, terazosin,
prazosin, and irinotecan was conducted using the MTT assay in selected MDA-MB-231
(Figure 7) and MCF-7 (Figure 8) cell lines and compared with that of gefitinib and lapatinib.
Although vardenafil and antrafenine exhibited good theoretical affinities for EGFR or
HER2, they were not included in this study because they were not commercially available
at the time this research was performed.

As shown in Table 6, all evaluated compounds exhibited IC50 values in the µM
range. The compounds with the best antiproliferative activity in the MCF-7 cell line were
irinotecan and quinacrine, which exhibited greater antiproliferative activity than gefitinib
or lapatinib. In the MDA-MB-231 cell line, quinacrine exhibited better antiproliferative
activity than lapatinib or gefitinib. Prazosin and irinotecan exhibited better antiproliferative
activity than terazosin and alfuzosin but lower antiproliferative activity than lapatinib and
gefitinib. Although the affinity tendency predicted by the MMGBSA approach was not in
line with the antiproliferative activity, the results support the affinity observed through
theoretical methods of alfuzosin, terazosin, prazosin, and irinotecan over HER2 and EGFR.
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Figure 7. Percentage of cell viability from the biological study in the breast cancer cell line MDA-MB-231, (A) gefitinib;
(B) lapatinib; (C) terazosin; (D) alfuzosin; (E) prazosin; (F) irinotecan; and (G) quinacrine. All assays were performed
in triplicate.

Table 6. Cytotoxic activity (IC50 values in µM *) in two breast cancer cell lines at 48 h of incubation.

Compounds MCF-7 MDA-MB-231

Gefitinib 10 ± 1 13 ± 1
Lapatinib 7 ± 1 10 ± 1

Terazosin hydrochloride 70 ± 1 68 ± 2
Alfuzosin hydrochloride 85 ± 2 69 ± 1
Prazosin hydrochloride 41 ± 2 25 ± 1

Irinotecan hydrochloride 0.37 ± 0.8 27 ± 1
Quinacrine dihydrochloride 1.4 ± 1 1.3 ± 1

* The calculation of Inhibitory concentration 50 (IC50) of the compounds was determined by the cell viability
percentage curve vs the logarithmic of concentration.
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3. Methods
3.1. Preparation of Systems

Twenty-four FDA small drugs structurally similar to lapatinib and gefitinib, alfuzosin,
amodiaquine, antrafenine, bopindolol, carvedilol, deserpidine, doxazosin, irinotecan, pin-
dolol, prazosin, quinacrine, rifaximin, sildenafil, reserpine, saprisartan, terazosin, topote-
can, trimetrexate, udenafil, vardenafil, vinblastine, vincristine, vindesine, and vinorelbine
(Scheme S1 and Table S5), were taken from the DrugBank [44] by retrieving the lapatinib
and gefitinib charts via the option: show similar structures for approved drugs. These
compounds were optimized at the AM1 level with Gaussian 09 W software [45]. The
inactive state of EGFR was retrieved from the protein data bank (PDB code 1XKK). The
inactive state of HER2 was selected from a previous study [10].

3.2. Docking Studies

The twenty-four FDA small compounds were docked with EGFR and HER2 with
AutoDock Tools 1.5.6 and AutoDock 4.2 programs [46]. Hydrogen atoms were included in
ligands and receptors, and partial charges were assigned to receptors (Kollman) and ligands
(Gasteiger). A grid size of 70 × 70 × 70 Å and 0.370 Å spacing was built on the receptor. A
Lamarckian genetic algorithm was selected to evaluate a global conformational examination
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with a maximum of 1 × 107 energy calculations and 200 separate populations. For each
compound, 20 runs were calculated, and the best binding structures were chosen using the
criteria of the lowest energetic ligand conformations at the binding site of the receptor.

3.3. Molecular Dynamics Simulations

Docking complexes were examined via MD simulation studies employing the AM-
BER16 package [47] and the ff14SB force field [48]. Systems were simulated in a dodeca-
hedric box of 12 Å and solvated with the TIP3P water model [49]. Systems were neutralized
with NaCl (0.15 M) to establish physiological strength. Ligand forcefields were constructed
considering AM1-BCC atomic charges with the general Amber force field [50]. Solvated
and neutralized systems were minimized using steepest descent through 4000 steps and
equilibrated through 1 nanosecond (ns). Minimized and equilibrated systems were run by
MD simulations for 100 ns with an NPT ensemble at 310 K, with each MD simulation run
in triplicate. The time step for simulations was set to 2.0 fs. The SHAKE algorithm [51] was
selected to restrict bonds at their equilibrium values. The PME method [52] was employed
to describe the electrostatic term, and a 10 Å cutoff was chosen for the van der Waals
forces. Constant temperature and pressure of 310 K and 1 atm, respectively, were kept
using a weak-coupling algorithm [53], with coupling constants τT and τP of 1.0 and 0.2 ps,
respectively. The results of the MD simulations were evaluated with the cpptraj tool in
Amber16 to determine the root mean squared deviation (RMSD), the radius of gyration
(RG), and clustering analysis. Figures were constructed using PyMOL [54] and Maestro
Schrödinger version 10.5 [55].

3.4. Affinity Prediction and Per-Residue Decomposition

Binding free energy (∆Gbind) values and per residue energetic contribution were
calculated using the MMGBSA approach [56–59]. Calculations were performed considering
500 protein-ligand complexes at intervals of 100 ps (last 50 ns of simulation) using implicit
solvent models [60], a salt concentration of 0.10 M. ∆Gbind, and per-residue contributions for
each protein-ligand complex were determined as previously described [11] and correspond
to the median result of triplicate trials.

3.5. Biological Assays on Cell Lines

Gefitinib, lapatinib, terazosin, alfuzosin, prazosin, irinotecan, and quinacrine were
purchased from Sigma Chemical (St. Louis, MO, USA). The breast cancer cell lines used
in this study, MCF-7 and MDA-MB-231, were obtained from the American Type Tissue
Culture Collection (ATCC), Rockville, MD, USA. MCF-7 and MDA-MB-231 cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) high glucose with phenol red,
and the culture medium was supplemented with 10% fetal bovine serum (FBS) (BioWest,
Riverside, MO, USA) and 1% penicillin/streptomycin as an antibiotic. The cells were
incubated in culture flasks (75 cm3) at 37 ◦C in a humidified atmosphere of 5% CO2 and
95% air, all of which were carried out under sterile conditions using a laminar flow hood.

3.6. Antiproliferative Assays on Cell Cultures

Breast cancer cell lines were detached with trypsin-EDTA (1%) for 5 min at 37 ◦C. After
trypsin-EDTA inactivation with DMEM, the cells were centrifuged and resuspended in 4
mL of medium. Afterwards, cells were counted with CytoSmart cell counting (CytoSMART
Technologies, Eindhoven, The Netherlands). Each cell line was seeded at 5 × 103 cells in
96-well tissue culture plates and allowed to attach overnight (24 h) in a CO2 incubator
before the assays. Cells were treated with the compounds at different concentrations, all
compounds were dissolved in DMSO (0.1% final concentration), and the control contained
medium with DMSO (0.1%). The assays were performed in triplicate for each concentration
and incubated at 37 ◦C under a humid atmosphere with 5% CO2 for 48 h.
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3.7. Cell Viability Assays

Further cell viability was determined using MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (Sigma)]. After 48 h of incubation, the medium was
removed and replaced by 100 µL of MTT (0.500 mg/mL), dissolved in PBS, and incubated
for 3 h at 37 ◦C and 5% CO2. After that, the MTT/PBS was discarded, and 100 µL of DMSO
was applied to each well to dissolve the dark-blue formazan crystals in intact cells. The
resulting solution was measured by spectrophotometry with a microplate reader (Thermo
Scientific, MultiskanTM Sky) at a wavelength of 550 nm, and the quantity of formazan
produced was directly proportional to the number of living cells. The results are expressed
as the percentage of viable cells in relation to the control, whose viability was designated as
100%. Each data point was determined with n = 8 in three independent experiments, and
the results are reported as the mean absorption ± SD using the GraphPad Prism 8 software.

4. Conclusions

We performed repurposing studies by screening DrugBank in the search for new
FDA-approved drugs with chemical structures similar to lapatinib and gefitinib. Docking
and MD simulations coupled to the MMGBSA approach using the selected DrugBank
compounds, and considering the inactive state of EGFR and HER2, allowed us to identify
that quinacrine, alfuzosin, and antrafenine could act as dual inhibitors of HER2 and EGFR
but with higher selectivity to HER2, whereas irinotecan exhibited high selectivity to HER2.
Alfuzosin, terazosin, and prazosin could act as dual inhibitors of EGFR and HER2, whereas
vardenafil exhibited selectivity exclusively to EGFR. Per-residue decomposition analysis
identified the main residues stabilizing the protein-ligand complexes with HER2 and EGFR
systems, showing that V726, V734, A751, K753, L785, C805, L852, and T862 were present in
the stabilization of HER2alfuzosin, HER2antrafenine, HER2irinotecan, and HER2quinacrine. In the
stabilization of these complexes, the characteristic interaction with M801 in HER2alfuzosin
and HER2antrafenine complexes was observed, which has been observed for other HER2 in-
hibitors were also observed. In the case of EGFR, L718, V726, A743, K745, M793, G796, C797,
and L844 were present in the stabilization of EGFRalfuzosin, EGFRprazosin, EGFRterazosin, and
EGFRvardenafil. All complexes formed interactions with M793, a characteristic interaction
that has been observed for other inhibitors of EGFR. Finally, MTT assays showed that
repurposed compounds exhibited antiproliferative activity on breast cancer cell lines, with
irinotecan and quinacrine exhibiting greater antiproliferative activity than lapatinib and
gefitinib in the MCF-7 cell line, and quinacrine exhibiting greater antiproliferative activity
than lapatinib and gefitinib in the MCF-7 and MDA-MB-231 cell lines. Finally, we could
show that our structure-based screening approach identifies novel repositioning candidates
for the cancer target EGFR/HER2. Not only did we identify candidates structurally related
to gefitinib and lapatinib, but also showed that they show the desired inhibitory activity
on the target receptors. Particularly, the FDA-approved drugs irinotecan and quinacrine,
which appeared as the top hit from our screen and were later validated, demonstrates the
potential of our approach for drug repositioning.
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Abstract: The primary objective of this study is to evaluate the capacity of concentration-guided
sorafenib dosing protocols to increase the proportion of patients that achieve a sorafenib maximal
concentration (Cmax) within the range 4.78 to 5.78 µg/mL. A full physiologically based pharmacoki-
netic model was built and validated using Simcyp® (version 19.1). The model was used to simulate
sorafenib exposure in 1000 Sim-Cancer subjects over 14 days. The capacity of concentration-guided
sorafenib dose adjustment, with/without model-informed dose selection (MIDS), to achieve a so-
rafenib Cmax within the range 4.78 to 5.78 µg/mL was evaluated in 500 Sim-Cancer subjects. A
multivariable linear regression model incorporating hepatic cytochrome P450 (CYP) 3A4 abundance,
albumin concentration, body mass index, body surface area, sex and weight provided robust pre-
diction of steady-state sorafenib Cmax (R2 = 0.883; p < 0.001). These covariates identified subjects at
risk of failing to achieve a sorafenib Cmax ≥ 4.78 µg/mL with 95.0% specificity and 95.2% sensitivity.
Concentration-guided sorafenib dosing with MIDS achieved a sorafenib Cmax within the range 4.78
to 5.78 µg/mL for 38 of 52 patients who failed to achieve a Cmax ≥ 4.78 µg/mL with standard dosing.
In a simulation setting, concentration-guided dosing with MIDS was the quickest and most effective
approach to achieve a sorafenib Cmax within a designated range.

Keywords: concentration-guided dosing; model informed dosing; physiologically based pharma-
cokinetics; sorafenib

1. Introduction

Sorafenib is an orally administered small molecule kinase inhibitor (KI) used in the
treatment of advanced hepatocellular (HCC) and renal cell (RCC) carcinomas. Sorafenib is
a potent inhibitor of multiple kinase receptors including the vascular endothelial growth
factor receptor (VEGFR), endothelial growth factor (subtype 1, 2 and 3), platelet-derived
growth factor-beta (PDGFRβ) and fibroblast growth factor receptor 1 (FGFR1). Variability
in sorafenib exposure between individuals and within an individual over time has been
identified as a potential source of heterogeneity in treatment efficacy and tolerability [1,2].
The area under the plasma concentration curve (AUC) and maximal concentration (Cmax)
for sorafenib following has been reported to vary more than 50% with standard 400 mg
dosing [3–5]. Variability in gastrointestinal absorption due to limited and pH dependent
solubility has been proposed as a major source of variability in exposure [6], however
concomitant proton pump inhibitor (PPI) use, which is reported to reduce KI absorption [7],
has been demonstrated to have no impact on survival outcomes in HCC [8] and RCC [9,10]
patients treated with sorafenib.

A sorafenib Cmax ≥ 4.78 µg/mL has been associated with superior overall survival in
RCC and HCC patients, albeit with a higher incidence of hypertension, while a sorafenib
Cmax ≥ 5.78 µg/mL has been associated with an increased incidence of grade II toxicity,
the most common of which is hand foot skin reactions [11,12]. While the evidence for these
thresholds is derived from a single observational study in 52 individuals, these values
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have been cited as target concentrations in multiple reviews addressing individualised
sorafenib dosing [13,14]. The dose escalation protocol that has been proposed for sorafenib
to increase from 400 mg to 600 mg twice daily [15]. This approach is based on a sub-analysis
of a phase II trial demonstrating a clinical benefit in patients who increased from 400 mg
to 600 mg sorafenib twice daily following disease progression at the 400 mg dose [16].
Notably the association of this dose escalation with sorafenib plasma concentration has not
been evaluated.

The potential benefits of individualised KI dosing have gained interest in recent
years [17–19] and a number of strategies are available to both inform initial dose selection
and facilitate dose adaption [20]. Therapeutic drug monitoring (TDM) is an established
method to facilitate concentration-guided dose adaption but requires significant clinical
and analytical resources to quantify the drug of interest and establish a robust evidence
base. To date, few cancer medicines have met the level of evidence required to implement
TDM in a clinical setting [21–23].

Model-informed initial dose selection (MIDS), often underpinned by a population
pharmacokinetic (pop-PK) or physiologically based pharmacokinetic (PBPK) model, has
emerged as a strategy to assist initial dose selection either to complement or replace
TDM [24–27]. PBPK modelling and simulation is an established tool in drug discovery
and development, where it is used to predict factors affecting PK and support the design
of clinical trials [28,29]. PBPK is a ‘bottom-up’ approach whereby the concentration–time
profile of a drug is simulated based on physiochemical and in vitro data [30,31]. Novel
clinical applications for PBPK have been proposed involving the prediction of clinical
drug–drug interactions, identification of physiological covariates impacting drug exposure
and informing initial dose selection [25,31–33].

The primary objective of this study is to evaluate the capacity of concentration-guided
sorafenib dose adjustment, with and without MIDS, to increase the proportion of patients
that achieve a sorafenib Cmax within a concentration range of 4.78 to 5.78 µg/mL. A full
body PBPK model for sorafenib was first developed and validated, then used to identify
physiological and molecular covariates associated with between subject variability in
sorafenib exposure.

2. Results
2.1. Verification of the Sorafenib PBPK Compound Model

The accuracy of the sorafenib compound model was assessed in nineteen age and
sex matched cohorts from single or multiple ascending dose (100 to 800 mg) trials. Mean
simulated and observed AUC and Cmax values and the corresponding simulated/observed
ratios are presented in Table S1 along with a summary of the verification trial characteristics
(i.e., age range, sex, sample size and dose). The mean (±standard deviation; SD) simu-
lated/observed AUC and Cmax ratios for the single-dose cohorts (n = 37) were 1.92 (±1.11)
and 1.50 (±1.7), respectively. The mean (±SD) simulated/observed AUC and Cmax ratios
for the multiple-dose (typically 14 days) cohorts (n = 14) were 1.50 (±0.72) and 1.17 (±0.63),
respectively. Variability in model performance, indicated by large SD for parameter ratios,
was driven by heterogeneity in observed parameters between trials. A representative
sorafenib concentration–time profile depicting overlayed with the mean concentration–
time profile and 90% confidence interval (CI) for the observed data is shown in Figure 1.
The accuracy of the sorafenib compound model was considered acceptable on the basis
that mean simulated parameters were within two-fold of the respective mean observed
parameter and contained within the 90% CI for the observed parameter. Simulated Day 14
and Day 28 sorafenib Cmax values were divided by 1.17 to account for simulation to ob-
served MFE in multiple dose studies when evaluating the simulated parameters against
the observed target Cmax range. Results of sensitivity analyses performed to evaluate the
impact of input parameters with measurement uncertainty (Clint for CYP3A4 and UGT1A9
pathways, fraction unbound, B/P ratio and LogP) on sorafenib kinetic parameters are
shown in Figure S1.
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Figure 1. Representative overlay of simulated and observed (range) plasma concentration time curve
of sorafenib (0–96 h) following 400 mg twice a day dosing. Solid blue line represented the mean
model predicted exposure, dashed green line represented the mean observed exposure and dashed
orange represented minimal and maximal 90% confidence intervals for the observed data.

2.2. Sorafenib Exposure in Cancer Patient

The summary of the mean, SD and range of steady-state sorafenib AUC and Cmax
parameters defining exposure in 1000 virtual cancer patients is presented in Table S2.
Consistent with the reported clinical trial data [4,5,34], the simulation revealed variability
of greater than an order of magnitude in sorafenib exposure; the steady state AUC ranged
from 22.7 to 270 mg/L·h (mean 99.2 mg/L·h), while Cmax ranged from 2.3 to 23.2 µg/mL
(mean 8.9 µg/mL).

2.3. Physiological and Molecular Characteristics Driving Variability in Sorafenib Exposure

Univariate logistic regression analysis evaluated correlations between physiological
and molecular characteristics and sorafenib steady state Cmax threshold at > 4.78 mg/L
(Table S3) in a cohort of 1000 Sim-Cancer subjects. Statistical analysis of multivariable linear
regression with stepwise inclusion of parameters revealed the primary covariates driving
variability in sorafenib AUC were hepatic CYP3A4 abundance, albumin concentration,
body mass index (BMI), body surface area (BSA), sex and weight (Figure 2).

A summary of the performance characteristics for the multivariable linear regression
model is shown in Table 1. The covariate most strongly associated with variability in
sorafenib AUC was hepatic CYP3A4 abundance, inclusion of albumin concentration and
BMI resulted in substantial improvement in multivariable model fit. Stepwise inclusion of
additional the covariates BSA, sex and weight resulted in minor improvements in model
performance (R2 change ≤ 0.010). No other covariate met the stepwise inclusion criteria
(probability of F to enter ≤ 0.05). These parameters formed the basis of the MIDS. The
AUC of the ROC for the MIDS predicted steady state AUC was 0.991 (Figure 3). Sixty-three
subjects (6.3%) from the Sim-Cancer cohort failed to achieve a Day 14 Cmax > 4.78 µg/mL.
MIDS predicted individuals that failed to achieve a therapeutic sorafenib Cmax with 95.2%
sensitivity (60/63 sub-therapeutic individuals) and 95.0% specificity (809/937 therapeutic
individuals) (Table 2, Figure 3). Shown in Figure S2, differences in albumin concentration
between participants were associated with changes in fu.
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Table 1. Multivariable linear regression model performance characteristics.

Model R2 Std. Error of
the Estimate R2 Change AUC ROC AUC ROC

Change

a 0.631 0.24141 0.631 0.953 0.953

b 0.781 0.18614 0.150 0.981 0.028

c 0.868 0.14458 0.087 0.990 0.009

d 0.873 0.14156 0.006 0.991 0.001

e 0.883 0.13619 0.010 0.991 -

f 0.883 0.13595 0.001 0.991 -
Model predictors (a) hepatic CYP3A4 abundance; (b) hepatic CYP3A4 abundance, albumin concentration; (c)
hepatic CYP3A4 abundance, albumin concentration, BMI; (d) hepatic CYP3A4 abundance, albumin concentration,
BMI, body surface area; (e) hepatic CYP3A4 abundance, albumin concentration, BMI, body surface area, sex; (f)
hepatic CYP3A4 abundance, albumin concentration, BMI, body surface area, sex, weight; (g) hepatic CYP3A4
abundance, albumin concentration, BMI, body surface area, sex and weight.

Table 2. Classification matrixes describing the capability of linear regression models to identify
individuals with a sub-therapeutic sorafenib steady state Cmax.

Predicted Therapeutic Cmax Percentage
CorrectSub-Therapeutic Therapeutic

Observed
Therapeutic Cmax

Sub-therapeutic 60
(true negative)

3
(false negative) 95.2

Therapeutic 47
(false positive)

890
(true positive) 95.0
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2.4. Impact of Dose Individualisation

The proportion of participants with a simulated sorafenib Cmax below, within and
above the target 4.78 to 5.78 µg/mL range at Day 14 and Day 28 based on following flat
400 mg dosing, concentration-guided dosing and concentration-guided dosing with MIDS
is reported in Table 3. Concentration-guided sorafenib dosing without MIDS identified
that 12.4% of subject (62/500) failed to achieve a Day 14 Cmax ≥ 4.78 µg/mL with 400 mg
twice daily dosing. Increasing the sorafenib dose to 600 mg twice daily in individuals who
failed to achieve a Day 14 sorafenib Cmax > 4.78 µg/mL, while retaining the 400 mg twice
daily dose for those who did achieve a Day 14 sorafenib Cmax ≥ 4.78 µg/mL resulted in
99% of subjects (495/500) achieving a Day 28 Cmax ≥ 4.78 µg/mL. Concentration-guided
sorafenib dosing without MIDS resulted in an additional 43 subjects achieving a Day 28
Cmax > 5.78 µg/mL compared to flat 400 mg dosing.

Table 3. Number of participant below, within and above target concentration range with different
sorafenib dosing protocols.

Dosing Protocol

Day 14 Day 28

<4.78
µg/mL

4.78 to 5.78
µg/mL

>5.78
µg/mL

<4.78
µg/mL

4.78 to 5.78
µg/mL

>5.78
µg/mL

Flat dosing 62 116 322 62 116 322

Concentration-guided dosing 62 116 322 5 130 365

Concentration-guided dosing
with MIDS 34 135 331 5 164 336

On the basis of MIDS, 52 subjects were allocated to receive an initial sorafenib dose
of 500 mg and 448 subjects were allocated to receive an initial sorafenib dose of 400 mg.
Concentration-guided sorafenib dosing with MIDS resulted in 6.8% (34/500) subjects
failing to achieve a Day 14 Cmax ≥ 4.78 µg/mL. Increasing the sorafenib dose to 600 mg
twice daily in individuals who failed to achieve a Day 14 sorafenib Cmax ≥ 4.78 µg/mL,
while retaining the MIDS informed twice daily dose for those who did achieve a Day 14
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sorafenib Cmax ≥ 4.78 µg/mL resulted in 99% (495/500) of subjects achieving a Day 28
Cmax ≥ 4.78 µg/mL. Concentration-guided dosing with MIDS resulted in an additional 9
subjects achieving a Day 28 Cmax > 5.78 µg/mL compared to flat 400 mg dosing. Post-hoc
analysis demonstrated that three of these subjects would have a Cmax < 4.78 µg/mL
with 400 mg dosing, while the remaining six subjects could have retained a Day 28
Cmax ≥ 4.78 µg/mL while avoiding a Day 28 Cmax > 5.78 µg/mL with a dose reduction
from 500 mg to 400 mg following assessment of Cmax on Day 14, however dose reduction
was not incorporated into the simulation protocol.

3. Discussion

The present study demonstrated that concentration-guided dosing with MIDS facil-
itates therapeutic sorafenib exposure in 99% of subjects within 28 days while minimis-
ing the number of additional subjects at risk of supra-therapeutic dosing compared to
concentration-guided dosing alone. Multivariable linear regression modelling demon-
strated that variability in simulated sorafenib AUC and Cmax is associated with hepatic
CYP3A4 abundance, albumin concentration, BMI, sex, age and weight. Logistic regres-
sion modelling of these covariates predicted individuals likely to fail to achieve sorafenib
Cmax ≥ 4.78 mg/L with high sensitivity and specificity (95.2% and 95%, respectively).
Incorporation of these parameters into an MIDS algorithm that allocated subjects to a
400 mg or 500 mg initial sorafenib dose resulted in a 50% reduction in the number of
subjects that failed to achieve a Day 14 Cmax ≥ 4.78 mg/L. When used in conjunction with
concentration-guided dosing at Day 14, this protocol resulted in 99% of subjects attaining a
Day 28 Cmax ≥ 4.78 mg/L.

The current study also highlights the potential danger of empiric concentration-guided
dosing in terms of placing patients at an increased risk of toxicity. In the absence of MIDS,
69% of subjects (43/62) that underwent a dose escalation from 400 to 600 mg on Day 14
experienced a Cmax on Day 28 that is associated with increased risk of grade II toxicity.
Compared to concentration-guided dosing alone, the concentration-guided dosing with
MIDS protocol reduced the number of additional subjects at increased risk of grade II
toxicity on Day 28 (Cmax ≥ 5.78 mg/L) from 43 to 9.

PBPK modelling and simulation is an established tool to support drug discovery
and development, and is a core element of the regulatory approval process in many ju-
risdictions [35]. Recent studies have further demonstrated the potential role of PBPK in
predicting covariates affecting variability in drug exposure resulting from either patient
characteristics or the drugs’ physicochemical properties [24,25], giving rise to the intriguing
potential for this platform to support model informed precision dosing [26,32]. Since the in-
troduction of imatinib in 2001 there has been a growing evidence base supporting a role for
concentration-guided KI dosing, despite this implementation of KI dose individualisation
has remained challenging. Many early studies focussed on a potential role for TDM-guided
KI dosing, however, sufficient evidence has yet to be generated to support widespread
implementation for any KI. This has led to the exploration of novel approaches to facilitate
precision KI dosing, which have included model informed precision dosing based on
integrated simulation/prediction platforms such as PK-Sim®, GastroPlusTM, PhoenixTM,
and Simcyp® [26,36–38].

The target concentration range and dose escalation protocol used in the current study
were based on the best current evidence [11,16]. The main limitation to this study remains
the lack of independent verification of the 4.78 to 5.78 µg/mL target Cmax range. Further,
when considering the clinical implementation, it is also important to note that the rate
at which sorafenib is absorbed from the GIT varies >five-fold [6]. Variability in the rate
of intestinal absorption results in marked variability in the time taken to reach Cmax for
sorafenib (1 to 6 h). As such, in the absence of full PK (AUC) sampling, which is not
practical in a clinical setting, concentration-guided sorafenib dosing based on a Cmax target
is unlikely to be robust.
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Liver CYP3A4 abundance was identified as the dominant characteristic driving vari-
ability in sorafenib AUC and Cmax. By accounting for this characteristic alone, it was
possible to identifying subjects with a sub-therapeutic sorafenib Cmax with a specificity of
74.6% and a sensitivity of 96.3%. When hepatic CYP3A4 abundance was considered along
with readily attained data regarding albumin concentration, BMI, BSA, sex and weight
in combination with albumin concentration, these two parameters accounted for >88%
of multivariable model performance in terms of R2, specificity and sensitivity (Table 1).
These data suggest that consideration of liver CYP3A4 abundance may provide sufficient
power to prospectively identify patients who are likely to require a higher sorafenib dose in
order to achieve a therapeutic plasma concentration. Importantly, recent work in this [39]
and other [40,41] laboratories has demonstrated that quantification of extracellular vesicle
(EV)-derived CYP3A protein, mRNA and ex vivo activity robustly describes variability in
CYP3A activity in humans.

This study identified the major physiological and molecular characteristics associated
with between subject variability in sorafenib exposure to be hepatic CYP3A4 abundance,
albumin concentration, BMI, BSA, sex and weight. Initial dose selection informed by a
model accounting for these covariates resulted a quicker and more effective concentration-
guided sorafenib dosing.

4. Materials and Methods
4.1. Development and Verification of the Sorafenib PBPK Model Structural Model

Sorafenib absorption was simulated using the advanced dissolution, absorption, and
metabolism (ADAM) sub-model which incorporates membrane permeability, intestinal
metabolism and transporter-mediated uptake and efflux. The ADAM sub-model was
used in conjunction with a full-body PBPK model, containing compartments and drug
distribution characteristics for all organs. All simulations were performed using Simcyp®

(version 19.1, Certara, UK). The differential equations underpinning the model have been
described previously [42].

4.2. Development of the Sorafenib Compound Model

The physicochemical, blood binding, absorption, distribution, elimination parameters
utilised to construct the sorafenib compound model are summarised in Table 4. Physico-
chemical properties were based on published literature and documents [43,44]. Metabolism
and elimination parameters were incorporated based on reported intersystem extrapo-
lation factor (ISEF) adjusted in vitro CYP and UDP-glucuronosyltransferase (UGT) data
(Figure 4).
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Table 4. Model inputs used to build the sorafenib compound model.

Parameter Value Source

Physicochemical properties
Molecular weight

Log Po:w
Hydrogen bond donor

Species

464.82 g/mol
4.54

3
Base

[43]

[43]

Protein binding
B/P
fup

0.55
0.0048

[43]
[43]

Absorption (ADAM model)
fa

ka (L/h)
0.99
1.75

Predicted
Predicted

Permeability
Peff, man (10−4 cm/s)
Caco-2 (10−6 cm/s)

4.01
24.1

Predicted

Formulation
Solid formulation Immediate release [43]

In vivo pharmacokinetic properties (full PBPK model)
Prediction model

Kp scalar
1

0.7 Predicted

CYP metabolism: ISEF adjusted recombinant enzyme kinetics (CLint; µL/min/pmol)
CYP3A4 2.6 [18]

UGT metabolism: ISEF adjusted recombinant enzyme kinetics (CLint; µL/min/mg)
UGT1A9 20.1 [18]
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Figure 4. The pie chart demonstrated the relative contribution of CYP and UGT to simulated sorafenib
elimination based on the predicted model.

4.3. Population Model

As no clinical trials evaluating sorafenib exposure have been performed in healthy
volunteers, verification of the sorafenib compound model was performed using Sim-Cancer
population cohort. Simulations performed to assess the physiological and molecular char-
acteristics driving between-subject variability in sorafenib exposure at steady state also
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utilised the Sim-Cancer population cohort. The physiological and pathological characteris-
tics of the Sim-cancer population have been determined based on a meta-analysis of cancer
patients enrolled in clinical trials [45].

4.4. Simulated Trial Designs

During the model development stage, simulations included 10 trials with 10 subjects
per trial (100 subjects total). During the verification stage, simulations were performed
in 10 trials matched for sample size, dose, age range and sex distribution in the protocol
described for the observed trial. Unless specified otherwise, parameters defining sorafenib
exposure were assessed over 24 h following a single dose at 9:00 a.m. on day 1.

4.5. Validation of the Sorafenib Compound Model

The sorafenib compound model was validated by comparing simulated AUC and
Cmax values to reported observed values from matched clinical trials undertaken in cancer
patients. A mean simulated parameter estimated within two-fold of the mean observed
parameter and contained within the 90% confidence interval for the observed parameter
was applied as the criteria to accept the model accuracy. The model goodness-of-fit was
further verified by visual inspection of the overlay of mean simulated and observed
sorafenib concentration-time profiles from individual clinical trials. Simulated Cmax values
were normalised to account for the mean fold error (MFE) between simulated and observed
values determined from multiple dose validation studies when evaluating simulations
against the observed target concentration range (4.78 to 5.78 µg/mL).

4.6. Physiological and Molecular Characteristics Driving Variability in Sorafenib Exposure

The validated sorafenib compound model was used to evaluate associations between
physiological and molecular covariates and steady-state sorafenib AUC and Cmax [24].
A trial comprising 1000 subjects from the Sim-Cancer population was simulated over 15
days with 400 mg of sorafenib administered orally in a fasted-state every 12 h for 14 days
starting at 9:00 a.m. on Day 1. The steady state sorafenib AUC was determined over 12 h
following the final dose of sorafenib at 9:00 p.m. on Day 14. The steady state sorafenib
Cmax was determined as the maximum concentration following the final dose at 9:00 p.m.
on Day 14.

Associations between physiological and molecular characteristics and sorafenib log
transformed AUC and Cmax were evaluated by univariate and multivariate linear regres-
sion. Continuous variables were checked for normality and non-linearity of association,
sex was coded as a binary variable. A multivariable linear regression model to predict the
log transformed sorafenib Cmax was developed by stepwise forward inclusion of individu-
ally significant characteristics identified in the univariable regression analysis based on
a probability of F to enter ≤ 0.05. The multivariable model (MIDS) predicted Cmax was
determined by back transformation of the model predicted log transformed Cmax. The
capacity of MIDS to identify subjects with a sub-therapeutic simulated sorafenib Cmax
determined by scaling the reported threshold for simulation accuracy was evaluated using
classification matrix analysis and is summarised as model sensitivity and specificity. The
predictive performance of MIDS was assessed by receiver operating characteristic curve
(ROC) analysis. Statistical analysis was conducted using R version 4.0.2 and IBM SPSS
Statistics for Windows version 23 (Release 2015, IBM, Armonk, NY, USA).

4.7. Impact of Dose Individualisation

A simulation was conducted to evaluate the capacity of concentration-guided so-
rafenib dose adjustment to achieve a steady state sorafenib Cmax within the range 4.78
to 5.78 µg/mL. Sorafenib exposure was simulated in a cohort of 500 subjects from the
Sim-Cancer population (20 to 50 years old, 50% female) over 14 days with 400 mg sorafenib
administered orally in a fasted-state every 12 h starting at 9:00 a.m. on Day 1. Sorafenib
Cmax was determined following the final dose at 9:00 p.m. on Day 14. Sorafenib exposure
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in subjects who failed to achieve a Day 14 normalised simulated Cmax ≥ 4.78 µg/mL was
simulated over an additional 14 days with sorafenib administered at a dose of 600 mg
every 12 h starting at 9:00 a.m. on Day 15. The post dose adjustment sorafenib Cmax was
determined following the final dose at 9:00 p.m. on Day 28.

A simulation was conducted in the same cohort to evaluate the benefit of MIDS at
baseline in conjunction with concentration-guided sorafenib dose adjustment. Demo-
graphic characteristics for the Sim-Cancer cohort were used to predict the normalised
simulated Day 14 sorafenib Cmax based on the multivariable model described previously.
Based on MIDS subjects with a predicted sorafenib Cmax ≥ 4.78 µg/mL received 400 mg
sorafenib twice daily, while subjects with predicted sorafenib Cmax < 4.78 µg/mL received
500 mg sorafenib twice daily. Sorafenib exposure was simulated over 28 days as described
for concentration-guided sorafenib dose adjustment without MIDS, with Cmax evaluated
at Day 14 and Day 28 and a dose increase to 600 mg between Day 15 and Day 28 for
individuals who failed to achieve a Day 14 Cmax ≥ 4.78 µg/mL.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph14050389/s1. Table S1: Verification of the impact of drug interactions on sorafenib exposure.
Table S2: Summary of physiological and molecular characteristic considered in regression analyses.
Table S3: Logistic regression analysis of therapeutic Cmax threshold of >5.5926 mg/L.
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Abstract: Cancer is a multifactorial disease necessitating identification of novel targets for its treat-
ment. Inhibition of Bcl-2 for triggered pro-apoptotic signaling is considered a promising strategy
for cancer treatment. Within the current work, we aimed to design and synthesize a new series of
benzimidazole- and indole-based derivatives as inhibitors of Bcl-2 protein. The market pan-Bcl-2
inhibitor, obatoclax, was the lead framework compound for adopted structural modifications. The
obatoclax’s pyrrolylmethine linker was replaced with straight alkylamine or carboxyhydrazine
methylene linkers providing the new compounds. This strategy permitted improved structural
flexibility of synthesized compounds adopting favored maneuvers for better fitting at the Bcl-2 major
hydrophobic pocket. Anti-cancer activity of the synthesized compounds was further investigated
through MTT-cytotoxic assay, cell cycle analysis, RT-PCR, ELISA and DNA fragmentation. Cytotoxic
results showed compounds 8a, 8b and 8c with promising cytotoxicity against MDA-MB-231/breast
cancer cells (IC50 = 12.69 ± 0.84 to 12.83 ± 3.50 µM), while 8a and 8c depicted noticeable activities
against A549/lung adenocarcinoma cells (IC50 = 23.05 ± 1.45 and 11.63 ± 2.57 µM, respectively). The
signaling Bcl-2 inhibition pathway was confirmed by molecular docking where significant docking
energies and interactions with key Bcl-2 pocket residues were depicted. Moreover, the top active
compound, 8b, showed significant upregulated expression levels of pro-apoptotic/anti-apoptotic of
genes; Bax, Bcl-2, caspase-3, -8, and -9 through RT-PCR assay. Improving the compound’s pharma-
ceutical profile was undertaken by introducing 8b within drug-solid/lipid nanoparticle formulation
prepared by hot melting homogenization technique and evaluated for encapsulation efficiency, parti-
cle size, and zeta potential. Significant improvement was seen at the compound’s cytotoxic activity.
In conclusion, 8b is introduced as a promising anti-cancer lead candidate that worth future fine-
tuned lead optimization and development studies while exploring its potentiality through in-vivo
preclinical investigation.

Keywords: Bcl-2 inhibitors; Indole-based analogues; benzimidazole; MTT cytotoxic assay; cell cycle
analysis; DNA fragmentation; ELISA; docking; solid/lipid nanoparticles
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1. Introduction

The failure of most cancer cells to undergo apoptosis confers them a survival advan-
tage over normal cells. Apoptosis is a genetically programmed cell death to get rid of an
undesirable cell, which is necessary for cell turnover [1]. Apoptosis is controlled by two
major modes: the extrinsic and the intrinsic pathways. Both pathways lead to activation of
caspases that result in morphological changes such as chromatin condensation, nuclear
fragmentation, formation of apoptotic bodies and finally cell death [2].

The extrinsic pathway comprises external signals, that bind to the cell’s surface death
receptors resulting in the formation of the death-induced signaling complex [3]. Bcl-2
(B cell lymphoma gene 2) family proteins control the intrinsic pathway. These proteins
prevent the release of cytochrome C from mitochondria [4]. The Bcl-2 family of proteins
can be classified as proapoptotic and antiapoptotic proteins. The conserved Bcl-2 homology
domain-3 (BH3) of pro-apoptotic Bcl-2 members is responsible for the mitochondrial
apoptosis [5]. Anti-apoptotic Bcl-2 proteins have a hydrophobic groove, containing both
of the conserved Bcl-2 homology domains BH1 and BH2 which sequesters the BH3 of
pro-apoptotic Bcl-2 members [6].

There are three approaches for targeting Bcl-2 in cancer therapy. The first one depends
on the use of antisense oligonucleotide, which can bind to the complementary mRNA of
Bcl-2, resulting in blocking expression at the protein level. The second strategy develops
peptides against Bcl-2 protein [7,8]. Lastly, the third approach utilizes small molecules that
can bind to the hydrophobic groove of anti-apoptotic Bcl-2 [9]. These molecules target one
or more of P1–P4 sub-pockets in the BH3 groove of anti-apoptotic proteins. This binding
results in releasing pro-apoptotic BH3-only proteins that can activate Bax and Bak and lead
to apoptosis [10]. Several small molecules have been identified and synthesized, such as
venetoclax, disarib, and obatoclax (Figure 1).

Venetoclax is a highly potent BH3 mimetic molecule. It showed a subnanomolar
affinity to Bcl-2 (Ki < 0.010 nM) with no measurable affinities for other apoptotic proteins.
It showed cytotoxicity against non-Hodgkin’s lymphoma, chronic lymphocytic leukemia
(CLL) and acute leukemias [11]. Disarib is another selective Bcl-2 inhibitor [12]. Disarib
was proven to inhibit the growth of Bcl-2 high cancer cell lines and CLL patient primary cell
lines with minimum effect on Bcl-2 low cancer cell lines. In addition, disarib exhibited fewer
side effects in treated animals with respect to platelet count, body weight, and liver and
kidney functions [13]. Obatoclax is an oligopyrrole which antagonizes Bcl-2 and Bcl-xL [14].
Obatoclax binds to the BH3 domain of Bcl-2 and interrupts the interaction with proapoptotic
proteins. The combination of obatoclax and lapatinib, gifitinib, bortezomib, and entinostat
showed synergistic repression of cell growth in human breast cancer cells [15]. Furthermore,
obatoclax synergizes chemotherapeutic agents as cisplatin, in cancer cell lines [16].

For Bcl-2 inhibitors development, we have described several series of compounds
with chemical scaffolds that mimic obatoclax by either replacement of the pyrrole ring of
obatoclax with benzimidazole or extending the structure after the indole ring. Additionally,
comprehensive biological and molecular docking investigation, within the crystallised
Bcl-2 crystal structure, provided further insights regarding the molecular pro-apoptotic
mechanisms of the presented small synthesized molecules. Finally, formulating the most
promising lead within an optimized solid lipid nanoparticle formulation provided ben-
eficial results concerning improved cytotoxic activity, drug release and pharmaceutical
properties, particularly drug’s aqueous solubility and bioavailability.
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Figure 1. Mechanism of action of pro-apoptic Bcl-2 proteins small molecules inhibitors such as
venetoclax, disarib and obatoclax, where they can disrupt the interactions of Bcl-2 and BH3 proteins
such as BAK, leading to homodimerization of the BH3 proteins and activation of apoptotic cascade.

2. Results and Discussion
2.1. Compounds Design

The reported drug-like pan Bcl-2 inhibitor, obatoclax (GX15_070), was adopted as the
lead framework for structural modifications and manipulations. Obatoclax is BH3-mimetic
small molecule (317.4 Da) acting on several anti-apoptotic proteins such as Mcl-1, Bcl-2,
Bcl-W, and Bcl-XL [17]. Preclinical studies illustrated the drug capability in reversing BH3-
mediated binding of Bcl-2 family proteins to apoptotic proteins, Bak and Bax, allowing
unopposed Bak/Bax dimerization and subsequent initiation of intrinsic apoptotic signal-
ing [18,19]. Several additional mechanisms of action have been accounted for obatoclax
anticancer activity, including induction of autophagic cell death and necroptosis [19–22].
Moreover, obatoclax can inhibit cell proliferation through seizing cell cycle development at
G1/S-phases [19,23]. Many reported studies confirmed the clinical advent of obatoclax for
inducing apoptosis within cells derived from solid tumors and hematological cancers such
as small cell lung cancer, acute myeloid leukemia, and Hodgkin’s lymphoma as well as
potentiating cytotoxicity of targeted therapy drugs and conventional chemotherapeutics.

Currently, there is no reported atomic resolution data concerning the obatoclax being
bounded to pre-survival Bcl-2 protein. Nevertheless, Zacarias-Lara et al. have reported
seven recognized Bcl-2 inhibitors, including obatoclax, to be investigated for their re-

205



Pharmaceuticals 2021, 14, 113

spective affinities and binding interactions through molecular docking calculations [24].
Interestingly, the authors suggested anchoring of obatoclax just adjacent the hydrophobic
cleft (H1-3) which may compromise the drug’s ability to dissociate BH3-only pro-apoptotic
proteins for subsequent programmed cell death. Driven by the above findings, the pre-
sented study aimed for developing new pro-apoptotic agents, based on obatoclax principal
pharmacophore, with an extra goal of improved Bcl-2 hydrophobic cleft accommodation.
Obatoclax belongs to the class of organic compounds, designated as dipyrrins, incorpo-
rating two pyrrole rings within their chemical architectures where the two 5-membered
rings are being fused via a trivalent methine (-CH=) bridge. Here within the presented
manuscript, three structural modification strategies have been adopted to design the newly
synthesized compounds, Series-I-to-III (Figure 2). The first modification strategy was to
improve the obatoclax flexibility through replacing the drug’s central pyrrolylmethine
linker with straight alkylamine or carboxyhydrazine methylene linkers furnishing the
members of the Series-I or -II, respectively. The aim of such tactic was to permit enhanced
maneuver for these newly synthesized compounds to better accommodate the Bcl-2 ma-
jor hydrophobic pockets (S1-to-5). Additionally, the terminal obatoclax pyrrole ring was
replaced with substituted phenyl groups to permit an enriched π–π stacking and other
non-polar interactions with the hydrophobic residues at the Bcl-2 pocket.
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hibitor, obatoclax.

Within a comparable bases, members of Series-I possess the benzimidazole scaffold as
the classical isostere of the indole moiety present within the obatoclax chemical architecture.
Such introduced second structural modification relied on the ability of the benzimidazole
ring to permit extra H-bonding with the surface polar residues of the Bcl-2 pocket and
thus further ligand fixation. Notably, both members of Series-I and -II were of comparable
overall size as that of the obatoclax, the thing that can limit the extension of the synthesized
compounds to the farthest hydrophobic pockets. Therefore, a third and last structural
modification strategy has been adopted where the terminal substituted phenyl moieties
at Series-II were replaced with the highly extended substituted bisaryl pyrazole scaffold
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resulting in the members of Series-III. The latter members possess the double advent of
great flexibility and extended size. Finally, the adoption of the central pyrazole scaffold
was rationalized for its straightforward synthesis as well as easily derivatized during
the pyrazole ring closure. Based on the adopted three structural modification strategies,
fourteen compounds were synthesized as well as evaluated for respective predicted anti-
cancer activities through in-vitro and in-vivo biological analyses as well as molecular
docking investigations.

2.2. Chemistry

The synthesized compounds of the three designed series were obtained from straight-
forward schematic pathways. Structural diversity for synthesizing the target compounds
was performed at the final steps of the synthetic pathways. Adopting such strategy
was beneficial for minimizing the number of needed reactions that would provide each
individual analogue. Within Scheme 1, Series-I benzimidazole derivatives were synthe-
sized from the commercially available, ortho-phenylene diamine (1) through Phillips-
Ladenburg reaction [25]. Cyclization was proceeded through refluxing ortho-phenylene
diamine with chloroacetic acid, under acidic conditions, to yield the corresponding in-
termediate 2-(chloromethyl)-1H-benzimidazole (2). Introduction of 2-chloromethyl arm,
within the benzimidazole skeleton, served as a handy scaffold for introducing structural
diversity at the final synthetic pathway. Subsequent SN2 nucleophilic substitution at
2-methyl benzimidazole with various aromatic amines furnished the target substituted
2-aminomethyl-benzimidazole derivatives (3a–d) depicting extra aromatic signals at their
1H-NMR spectra [26].
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The indole-based derivatives (Series-II and -III) were synthesized starting from the
commercially available indole-2-carboxylic acid (4) (Scheme 2). Throughout Fischer reac-
tion, refluxing 4 with concentrated H2SO4 and ethanol yielded the corresponding ethyl,1H-
indole-2-carboxylate (5) [27]. Subsequent, condensation of the obtained ester intermediate
with hydrazine hydrate furnished the hydrazide key intermediate (6). Finally, Schiff’s base
condensation of 6 with different commercially available and synthesized aromatic aldehy-
des, under acidic conditions, provided the target hydrazone analogues (7a–d and 8a–f) [28].
Appearance of the characteristic methylene hydrogen at NMR spectra (δH = 8.16–8.98 ppm;
δC = 146.8–148.9 ppm) confirmed successful Schiff’s base formation. Preparation of sev-
eral pyrazole-based aldehydes was proceeded through three-step chemical synthesis [29].
Synthesis of the pyrazole aldehydes, that served as the structural building blocks of the
Series-III compounds, was proceeded through initial acidic condensation of different ke-
tones with phenylhydrazine derivatives yielded the corresponding imine analogues (10a–f)
(Scheme 3). Subsequently, Vilsmeier-Haack reaction, with the advent of phosphorous
oxychloride, provided the target pyrazole-based aldehydes (12a–f) exhibiting characteristic
NMR signals of CHO groups (δH = 9.97–10.00 ppm; δC = 185.1–185.3 ppm).
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2.3. Biological Activity
2.3.1. In-Vitro Cytotoxic Activity

The potential anti-cancer activity of all fourteen final synthesized compounds was
investigated through MTT cytotoxic assay against two different human solid cancer-
ous cell lines; A549/lung and MDA-MB-231/breast adenocarcinoma. The adopted cell-
proliferation assay assessed % cell viability in relation to the reducing activity of cellular
NADPH-dependent cellular oxidoreductases on tetrazolium dye, MTT [2,5-diphenyl-3-
(4,5-dimethylthiazol-2-yl)tetrazolium bromide salt], for furnishing an easily quantified
insoluble chromogenic formazan [30]. For each drug concentration, 0.1, 1, 10, and 100 µM,
the % cell-viability was estimated relative to negative control following a complete 48 h
of drug treatment. Both 5-fluorouracil (5-FU) and doxorubicin (DOX) were set as posi-
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tive index comparators. Moreover, the safety profile of the synthesized compounds was
further investigated by examining their in-vitro cytotoxicity on non-cancerous cell line;
MDCK/kidney cells.

Findings within Figure 3A illustrate a dose-dependent impact of several synthesized
compounds on MDA-MB-231/breast cell proliferation. Rising drug concentration was
directly related with elevated cell growth inhibition up to the highest applied concentration
(100 µM) (p < 0.05). Interestingly, most of the tested compounds had a dose dependent
cytotoxicity or a plateau effect, except for compound 3c on MDA-MB-231/breast cancer
where it enhanced cell proliferation at 100 µM drug concentration. The steepest decline
within the cell proliferation was seen with 7c,d and 8a–d reaching down to very low % cell
viabilities (12% and 14%) at 100 µM concentrations. The latter suggests great susceptibility
of MDA-MB-231/breast cancer cells towards indole derivatives, particularly those having
pyrazole-based scaffolds (Series-III). The rest of compounds exhibited comparable cytotoxi-
city patterns as those for positive reference controls, 5-FU and DOX, since minor %viability
fluctuations were depicted across the applied drug concentrations. Regarding the drug’s
impact on A549/lung adenocarcinoma cell proliferation, both investigated and positive
control compounds showed quite lower overall anticancer activity as compared to their
actions up on the MDA-MB-231/breast cancer cells. Nevertheless, comparable differential
activity profiles were depicted among the investigated compounds, where compounds 8a–c
exhibited the highest activity profiles with steepest decrease in % cell viability (70–79%;
p < 0.001) at 100 µM concentrations (Figure 3B). This again suggests promising anticancer
activity of the indole-based compounds on A549/lung cancer cells, particularly for the
ones incorporating the pyrazole scaffolds. The rest of the compounds exhibited comparable
pattern of cell growth inhibition across their concentration range which was also quite
similar to that of positive control drugs. However, it was only for compound 3b where its
anticancer activity on A549/lung cancer cells depicted irregular effects with tendency to
increase the cell proliferation. Evaluating drug’s cytotoxicity on non-cancerous kidney cells,
Figure 3C showed higher safety profiles for synthesized compounds compared to controls,
5-FU and DOX. Significantly higher vitality patterns were illustrated for all compounds,
particularity over the concentration range 0.1–10 µM, as compared to those of reference
compounds (p < 0.001).

For gaining more insights about the efficacy/safety profiles of the synthesized com-
pounds, IC50 values for promising cytotoxic compounds were estimated over the three
cell lines. Only compounds exhibiting significant cytotoxicity, with cut-off value < 85%
vitality at 100 µM on both cancerous cell lines, were considered relevant for IC50 estimating
and warrant further consideration. Interestingly, the selected compounds for MDA-MB-
231/breast cancer cells (3a, 7b, 7d, and 8a–d) illustrated relevant IC50 values reaching
down to two-digit micromolar activity (Table 1). Members of Series-III showed the low-
est IC50 (down to 12.69 µM) suggesting the preferential cytotoxicity of their substituted
pyrazole arms. Both 8d and 8f showed higher IC50 (21.64 and 31.46 µM, respectively)
suggesting activity preferentiality for aromatic substitution, at C3 pyrazole ring, while
tolerating small-sized aliphatic chains. Compound 7d was comparable to the top-active
members of Series-III with IC50 17.38 µM, suggesting Series-II preferentiality for pyridine
ring substitution over methoxy phenyl synthon. Regarding IC50 on MDA-MB-231/lung
adenocarcinoma, only 8b and 8c were evaluated suggesting preferential activity for pyra-
zole substitution with branched aliphatic chains. Finally, the IC50 for selected Series-III
compounds on non-cancerous/kidney cells were much higher than the other two Series,
reaching up to IC50 92 µM activity for 8b. Based on all the above findings, significant
cytotoxic activity has been assigned for members of Series-III which were also presented
with high safety profile, particularly 8b, on non-cancerous cell line. Therefore, compound
8b was considered promising with double the benefits of high efficacy/safety profiles
making it worthy of further investigations.
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Table 1. In-vitro a data of MTT-cell proliferation assay for promising synthesized compounds on
both cancerous and non-cancerous cell lines.

Compound b

No.
MDA-MB-231

IC50 (µM) c
A549

IC50 (µM) c
MDCK

IC50 (µM) c

3a 29.68 ± 4.03 ND ND
7b 43.77 ± 1.09 ND 28.92 ± 1.49
7d 17.38 ± 3.23 ND ND
8a 12.69 ± 0.84 ND 73.86 ± 2.30
8b 12.71 ± 2.48 23.05 ± 1.45 92.75 ± 0.43
8c 12.83 ± 3.50 11.63 ± 2.57 87.29 ± 3.00
8d 31.46 ± 4.66 ND ND
8f 21.64 ± 0.28 ND ND

a In-vitro data are reported as mean of three independent experiments ± SEM; b Tested compounds were those
depicted % cell viability < 85%, on both cancerous cell lines, at their respective 100 µM concentrations; c IC50 values
represent effective concentration of given small molecule being capable of inducing 50% inhibitory response of its
own intrinsic maximum response following 48 h of drug exposure; ND = Not-detected.

2.3.2. Morphological Assessment

The impact of 8b on cancerous cellular morphology was evaluated over different
concentrations following 48 h exposure time. In MDA-MB-231/breast cancer cells, normal
membrane integrity and control group nucleus morphology was depicted for cells within
vehicle negative control group (Figure 4A). Contrarily, cells treated with 8b exhibited
significant cell morphology alteration, intercellular space dilatation, and cellular shrinkage
(Figure 4B). Alterations proceeded within a dose-dependent manner as escalated drug
concentrations showed cells being gradually shrunken, unable to adhere well, floated,
and clustered together (Figure 4C,D). At 100 µM concentration, the cell number became
highly declined and great loss of cellular polyhedral shape was observed as cells acquired
the tentacled spindle-shaped morphology (Figure 4E). These morphological changes were
more drastic with 8b as compared to 5-FU for similar concentrations (100 µM) (Figure 4F).
Comparable cell morphology changes were observed with A549/lung adenocarcinoma
(Figure 5A–E). Nevertheless, an epithelial-mesenchymal transition was observed within
5-FU group, rather than 8b, at same drug concentration (100 µM) (Figure 5F). The later
finding presents a significant advantage for 8b as it did not trigger this evolutionarily-
conserved developmental program conferring metastatic properties upon cancerous cells
through enhanced mobility, invasion, and apoptotic stimuli resistance [31].
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Figure 4. Morphological alterations of MDA-MB-231/breast cancer cells following 48 h incubation and photographed 
with phase-contrast microscope. (A) vehicle control; (B) 0.1 µM 8b; (C) 1 µM 8b; (D) 10 µM 8b; (E) 100 µM 8b; (F) 100 µM 
5-FU; Magnification power ×20. 
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contrast microscope. (A) vehicle control; (B) 0.1 µM 8b; (C) 1 µM 8b; (D) 10 µM 8b; (E) 100 µM 8b; (F) 100 µM 5-FU;
Magnification power ×20.

2.3.3. Apoptosis Rate and Cell Cycle Analysis

Further investigation of 8b mechanistic growth inhibitory action on MDA-MB-231/
breast cancer, both cell cycle, and apoptosis rate analysis were conducted at the compound’s
approximated IC50 value (13 µM). Using flow cytometry, apoptosis rate analysis was pro-
ceeded through staining the cell surface-translocating phosphatidylserine with Annexin-V
fluorescent conjugate, the calcium-dependent phospholipid binding protein [32]. However,
cell cycle analysis was achieved using propidium iodine fluorescent dye to stoichiomet-
rically stain cell DNA contents allowing quantitation and identification of all cell phase
rates; G0-G1, S, G2/M, and pre-G1 [33,34]. The impact of 8b on cell cycle distribution
depicted predominant cell population at G2/M stage (25.32%) was significantly higher
than that of untreated cell line (6.15%; p < 0.001) (Figure 6A). The elevated cell population
at G2/M stage was complemented by significant reduction at pre-G1 stage of treated cells
as compared to negative controls (1.72% vs. 18.93%; Figure 6B). For identifying the mode
of cell death promoted by 8b within MDA-MB-231/breast cancer cells, apoptosis rate
analysis was performed following 48 h exposure time. Compound 8b (13 µM) induced
both early and late stages of apoptosis in breast cancer cell line with significantly elevated %
apoptotic cell levels as compared to controls (p < 0.01 and p < 0.001, respectively) (Figure 7).
Moreover, the average proportion of Annexin-V stained positive cells (total apoptotic
cells) elevated from 1.72% within untreated cells to 18.93% in treated ones (p < 0.001).
Interestingly, compound 8b showed no influence on the necrosis of MDA-MB-231/breast
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cancer cells. The above provided findings are supported by the previous cell cycle analysis
confirming the potentiality of 8b as promising anticancer agent.
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Figure 6. Impact of compound 8b upon cell cycle distribution within MDA-MB-231/breast cancer cell line. Following
48 h-period incubation of cells with either 8b (13 µM; approximated IC50) or vehicle negative control [0.1% DMSO (v/v)],
cells were fixed, stained with propidium iodide (PI), and assessed via flow cytometry; (A) DNA histograms for cell cycle
distribution of untreated cells (left panel) and 8b group (right panel) at in 2N (G0G1), >2N (S), 4N (G2/M), and <2N (pre-
G1), where cell number was correlated against gated counts/DNA area (FL2-A) using CellQuest® software; (B) Bar-chart
representation of cell accumulation percentage within each stage of cell development. All data are represented as mean of
three independent experiments ± SEM. Statistical analysis was performed using Student-t-test (***, p < 0.001).
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Figure 7. Impact of compound 8b on apoptosis rate within MDA-MB-231/breast cancer cell line (Annexin-V/FACS). (A) 
Apoptotic impact of 8b following cell double staining via Annexin-V-FITC then PI, and then 48 h incubation time with 
either 8b (13 µM; approximated IC50) or vehicle negative control [0.1% DMSO (v/v)]; (B) Bar-chart representation of 
quantitative analysis of apoptosis, across different stages, as well as necrosis. The four quadrants are recognised as: LL, 
LR, UR, and UL for viable, early apoptotic, late apoptotic, and necrotic cell populations, respectively. All data are repre-
sented as mean of three independent experiments ± SEM. Statistical analysis was conducted via Student-t-test (**, p < 0.01; 
***, p < 0.001). 
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activity of 8b as a potent inducer of apoptosis. 

0

4

8

12

16

20

Early Late Total

Apoptosis Necrosis

%
 o

f M
DA

-M
B-

23
1 

ce
lls

Control

8b

*** 

*** 

** 

Figure 7. Impact of compound 8b on apoptosis rate within MDA-MB-231/breast cancer cell line (Annexin-V/FACS). (A) Apop-
totic impact of 8b following cell double staining via Annexin-V-FITC then PI, and then 48 h incubation time with either 8b
(13 µM; approximated IC50) or vehicle negative control [0.1% DMSO (v/v)]; (B) Bar-chart representation of quantitative analysis
of apoptosis, across different stages, as well as necrosis. The four quadrants are recognised as: LL, LR, UR, and UL for viable,
early apoptotic, late apoptotic, and necrotic cell populations, respectively. All data are represented as mean of three independent
experiments ± SEM. Statistical analysis was conducted via Student-t-test (**, p < 0.01; ***, p < 0.001).

2.3.4. DNA Fragmentation Determination

In order to delineate the mechanistic aspects of MDA-MB-231/breast cancer cell
death mediated by 8b, the DNA fragmentation assay was conducted as being highly
characteristic for apoptosis. Significant DNA fragmentation was depicted with 8b at IC50
doses (13 µM) at various time-intervals; 48 h and 72 h following cell treatments. A typical
ladder pattern of internucleosomal fragmentation was observed from cell homogenates
within both incubation periods (Figure 8). Such findings further confirm the significant
activity of 8b as a potent inducer of apoptosis.
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2.3.5. Apoptotic Gene Expression and Protein Level Analysis

Compound 8b demonstrated strong cytotoxic impact upon breast cancer cell lines,
as it accomplished significantly low IC50 value (12.71 µM) with confirmed apoptosis
induction. Dissection of the compound’s proapoptotic activity was proceeded through gene
expression analysis for key genes, controlling apoptosis pathway, as well as protein level
determination. Following 8b treatment for 48 h, alterations within MDA-MB-231/breast
cancer cell expression of Bcl-2, Bax, caspase-3, -8, and -9 genes, as well as cytochrome c
and class-III β-tubulin proteins levels were determined using real-time polymerase chain
reaction (RT-PCR) or ELISA technique, respectively. Typically, Bcl-2, Bax, caspases, and
cytochrome c proteins contributes within the regulation of apoptotic signaling. Acting as
apoptotic activator (Bax) or inhibitor (Bcl-2), the Bcl-2 family proteins play their significant
role in apoptosis [35]. The caspases family are cysteine proteases being classified as either
executioners; caspase-3, -6, or -7 or initiators; caspase-8 and -9 [36]. Regrading caspase-8,
its activation is proceeded through extrinsic death-receptor dependent apoptotic pathway,
while, caspase-9 activation is within the event of intrinsic mitochondrial cytochrome
c leakage [37]. Additionally, participation of activated caspase-3 is to be essential for
caspase-8 activation [38]. Class-III β-tubulin are pure prognostic biomarker within cancer
patients being associated with aggressive phenotypic/drug-resistant cancers and part of
complicated pro-survival molecular pathway, being triggered via poor nutrient supply and
hypoxia [39].

Findings within Figure 9A illustrated strong stimulated expression of pro-apoptotic
BAX gene (3.61 folds), and apoptotic genes; Caspase-3 (4.28 folds), Caspase-8 (1.53 folds), and
Caspase-9 (7.65 folds) as compared to negative controls (p < 0.05 and p < 0.001). Nevertheless,
significant downregulation of anti-apoptotic gene Bcl-2 (0.165 folds) was depicted and have
been translated into elevated Bax/Bcl expression ratio (1→ 21.88; p < 0.001). The Bax/Bcl-2
gene expression ratio can serve as early predictor for cancer in patients as well as sensitive
monitor of cancer progression [40]. On the other hand, compound 8b illustrated increased
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levels of the apoptotic stimulator cytochrome c (0.675 ng/mL vs. 0.295 ng/mL; p < 0.01)
and down-regulated levels of class-III β-tubulin (0.23 vs. 0.73 ng/mL; 68.36% inhibition;
p < 0.001) as compared to controls (Figure 9B). Gathering up all the provided evidence,
up-regulation of Caspase-3, -8, -9 and Bax, while down-regulation of Bcl-2 genes and class-III
β-tubulins are suggested believed to be related to compound 8b-induced apoptosis within
breast cancer cell line.
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Figure 9. Apoptotic gene expressions and protein level analysis of MDA-MB-231/breast cancer cells exposed to 8b.
(A) Expression of pro-apoptotic/anti-apoptotic of genes; Bax, Bcl-2, caspase-3, -8, and -9 using RT-PCR method; (B) Evaluation
of cytochrome c and class-III β-tubulin protein levels in MDA-MB-231/breast cancer cells using ELISA technique. Within
both assays, cultivated MDA-MB-231/breast cancer cells were treated with 8b at its IC50 concentration (13 µM) for 48 h
exposure period. All data are represented as average of three independent experiments ± SEM. Statistical analysis was
performed using Student-t-test (*, p < 0.05; ***, p < 0.001).

2.4. Computational Study

To gain more insights about differential cytotoxic activity of synthesized compounds,
molecular docking simulations were conducted for all agents. The binary complex of X-ray
crystallized Bcl-2 (PDB ID: 6qgk; resolution 1.80 Å) [41], bounded to tetrahydroisoquinoline-
phenyl pyrazole derivative, was adopted for the docking studies. Adopting such complex
for the presented in-silico investigation was owing to structural similarities of crystallized
ligand with the synthesized compounds as well as its extended orientation within the
target protein. Typically, the Bcl-2 pocket is a narrow, long grooved site comprised of two
larger nearby sub-pockets (P2 and P4), in addition to, three small hydrophobic pockets
(P1, P3 and P5) [9]. The P1 through P4 sub-pockets are the key Bcl-2 binding sites for the
class of single BH3-only pro-apoptotic proteins. Owing to the hydrophobic nature of the
binding site residues, it has been challenging for inhibitors to competitively overcome the
natural substrate-Bcl-2 interactions. However, significant polar residues (Tyr108, Asp111,
Glu136, Met115, and Arg146) represent relevant anchoring sites for stabilizing the bounded
ligands. The crystallized ligand showed extended accommodation within the target pocket,
reaching from P1-to-P4 subsites (Figure 10). Significant non-polar contacts are depicted
with the hydrophobic residues of four sub-pockets, while the ligand’s polar functionalities
exhibit close proximity towards Tyr108, Asp111, and Arg146. Interactions with these polar
residues are suggested to be significant for the ligand/target stability [41].

Proceeding throughout the docking studies, validation of the adopted docking pro-
tocol was achieved through redocking the crystallized ligand (PDB ID: J1Q) showing a
root-mean standard deviation (RMSD) below 2 Å. Depicting RMSD values below 2 Å
indicates that both the adopted algorithms and parameters were sufficient for determin-
ing the best docking pose [42]. Regarding the docking results of the top cytotoxic drugs,

217



Pharmaceuticals 2021, 14, 113

limited binding of the Series-I compound (3b) towards Bcl-2 pockets was illustrated. The
benzimidazole-based ligand adopted V-shaped conformation with limited binding to P2
and P3 hydrophobic pockets. The benzimidazole scaffold predicted relevant anchoring
within P3 through H-bonding with Asp111, while the substituted phenyl group finely over-
laid at P2 pocket (Figure 11A). This orientation was further stabilized through π-π stacking
of the benzimidazole ring with Tyr108 (Supplementary Materials; Table S1). More extended
orientations were depicted for the Series-II indole derivatives (7a and 7b). Binding was ex-
tended at P2 through P4 sub-pockets showing their indole rings being docked at P2. Higher
docking score was assigned for 7d (S = −4.8585 Kcal/mol vs. −4.76959 Kcal/mol for 7b),
where double polar interactions between its pyridine ring and Arg146 side chain justified
significant anchoring within pocket P4 (Figure 11B). Moreover, the pyridine ring was
further stabilized through double π-hydrogen interaction with Leu137 of P4 subsite sug-
gesting its great affinity to Bcl-2 protein. Owing to its amide linker flexibility, 7d indole ring
showed better overlay with the crystallized ligand than does the 3a benzimidazole scaffold.

For the pyrazole-based Series-III ligands, comparable binding modes, to the crys-
tallized ligand, were suggested (RMSD = 1.211 to 1.7374 Å) owing to a similar topology
of central pyrazole with substituted aromatic arms. Extended orientations and confor-
mations over P1-P4, with much closer proximity towards P5 subsite, have been pre-
dicted for Series-III ligands. Compound 8b showed one of the highest docking scores
(S = −6.1846 Kcal/mol), which was explained by its exhibiting significant hydrogen bond-
ing between its amide linker and Arg146 side chain at P4 subsite (Figure 10C). The same
polar interaction was predicted for the other Series-III members confirming their superior
Bcl-2 affinity (S = −5.7070 to −6.2460 Kcal/mol) and the importance of Arg146 in ligand
binding. Notably, compound 8f was suggested with the lowest member docking score
(S = −4.9429 Kcal/mol) for lacking contacts with P1 due to its short methyl arm instead
of the substituted aromatic side chain in all Series-III members. Additionally, the 5-chloro
substituent on the pyrazole ring exhibited great solvent exposure suggesting high solvation
penalty (Figure 10D).
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2.5. Solid Lipid Nanoparticle Formulation Studies

In an attempt to the clinical suitability of 8b, the in-silico pharmacokinetic proper-
ties and drug-likeness of compound was investigated using free web-based tool Swis-
sADME (http://www.swissadme.ch/). Notably, the predicted poor water-solubility of 8b
(LogS_SILICOS-IT = −7.62; 1.06 × 10−5 mg/mL; 2.38 × 10−8 mol/L) was identified as a
significant parameter that might hinder the compound’s full potential cytotoxic activity.
Thus, Solid lipid nanoparticles (SLNs) formulation was adopted as a simple cost-effective
approach for optimizing the compound’s kinetic parameters. The main target of SLNs is to
enhance the drug absorption, enhance the pharmacological response, and decrease the side
effects. SLNs are colloidal dispersions made of solid lipid (possessing high melting point)
and a hydrophilic surfactant [43]. SLNs are considered a new generation of submicron-
sized lipid emulsions where solid lipids are utilized instead of liquid lipids (oil) [44]. Due
to their unique characteristics, such as small size, large surface area, and increased drug
loading capacity, SLNs are attracting great attention of formulators world-wide to improve
performance and bioavailability of pharmaceuticals [45]. It was reported that SLNs have
the ability to release entrapped drug in controlled manner and enhance stability of the
entrapped drug [46]. Therefore, formulating 8b as SLNs was expected to enhance its
bioavailability at the tumor site and hence improve its cytotoxic activity.

2.5.1. Design, Preparation and Optimization of Drug-SLN

Eight drug-SLNs formulations were prepared via hot-melting homogenization tech-
nique. The formulations were designed by 23-factorial design using Stat-Ease® V.11 soft-
ware (Design-ExpertTM; Minneapolis, MN, USA) (Table 2). The selected factors (indepen-
dent variables) were type of lipid (A; X1) and Surfactant (B; X2), as well as the concentration
of surfactant (C; X3). According to the adopted 23-factorial design, eight formulations were
prepared and evaluated for encapsulation efficiency (Y1: EE%), particle size (Y2: PS) and
zeta potential (Y3: ZP). Compositions of eight drug-SLNs formulations are presented in
Table 3. Drug analysis at different concentration was done using HPLC at λmax 254 nm,
showing linear relationship between the drug concentration and peak area, obeying Beer-
Lambert’s law (R2 = 0.999) (Supplementary Materials; Figure S1).

Table 2. The formulation factors and responses of 23 factorial design for drug-solid lipid nanoparticles (SLNs).

Factors and Responses Level Used

Factor Name Low (−1) High (+1)

A: X1 Type of lipid Compritol 888 ATO (COMP) Glyceryl Monostearate (GMS)
B: X2 Type of surfactant Cremophor RH40 Poloxamer 188
C: X3 Surfactant conc. (% w/v) 1% 1.5%

Response Name Goal

Y1 EE (%) Maximize
Y2 PS (nm) Minimize
Y3 ZP (mV) Maximize

Table 3. The eight designed drug-SLNs according to 23-factorial design.

SNP Formulation No.
X1 X2 X3

A: Lipid Type B: Surfactant Lipid C: Surfactant Conc. (% w/v)

1 COMP Cremophor RH40 1.5
2 COMP Cremophor RH40 1
3 COMP Poloxamer 188 1
4 GMS Cremophor RH40 1
5 COMP Poloxamer 188 1.5
6 GMS Cremophor RH40 1.5
7 GMS Poloxamer 188 1
8 GMS Poloxamer 188 1.5
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2.5.2. The Effect of Formulation Factors in the Responses

The prepared formulations of drug-SLNs were evaluated for the preselected responses;
Encapsulation Efficiency (Y1: EE%), the particle size (Y2: PS) and zeta potential (Y3: ZP).
As represented in Table 4, it was found that there was a difference in the results of the
responses which gave an indication that the formulation factors have a great effect of
the responses.

Table 4. The measured responses of prepared drug-SLNs according to 23 factorial design.

SNP Formulation
No.

(Y1)
EE%

(Y2)
PS (nm)

(Y3)
ZP (mV)

Polydispersity
Index (PDI)

F1 37.1 ± 2.45 140.9 ± 3.2 −12.3 ± 0.77 0.352 ± 0.03
F2 53.4 ± 1.65 135.1 ± 1.0 −13.6 ± 0.32 0.282 ± 0.01
F3 95.3 ± 1.34 329.4 ± 6.1 −21.7 ± 0.15 0.563 ± 0.03
F4 82.8 ± 2.55 189.8 ± 3.3 −36.1 ± 1.90 0.432 ± 0.04
F5 86.8 ± 3.32 181.5 ± 2.1 −16.4 ± 1.10 0.442 ± 0.02
F6 67.7 ± 1.52 100.4 ± 0.4 −39.4 ± 0.095 0.433 ± 0.01
F7 94.6 ± 2.67 537.3 ± 10.4 −37.5 ± 0.58 0.582 ± 0.04
F8 92.8 ± 2.38 226.1 ±10.5 −29.3 ± 1.17 0.639 ± 0.12

With the prepared formulations of drug-SLNs, significant impact on the preselected
responses was depicted in response to the formulation factors. The EE% of all prepared
drug-SLNs ranged from 37.1 ± 2.45% for F1 to 95.3 ± 1.34% for F3. As represented by
model Equation (1), the EE% was increased by increasing the level of X1 and X2 from −1
to +1. These results infer that the formulations prepared by GMS and Poloxamer 188 had
a higher EE% than those prepared using COMP or Cremophor RH40. Moreover, EE%
showed an inverse relationship with X3: surfactant concentration where higher EE% was
seen with 1.5% w/v surfactant.

Y1 (EE%) = 76.31 + 8.16 X1 + 16.06 X2 − 5.21 X3 (1)

For better illustration, a 3D-response surface plot showing the impact of formulation
factors on EE% was constructed (Figure 12). Interestingly, GMS-prepared SLNs exhib-
ited higher EE% than those constituted by COMP. These findings might be for the large
encapsulation space in case of GMS resulting from less-ordered SLNs structure by the
virtue of their long carbon chains (C21) [10,30]. Additionally, higher EE% was assigned
for Poloxamer 188-prepared SLNs as compared to Cremophor RH40 which may be cor-
related to the higher hydrophilic-lipophilic balance (HLB) value proposed by Poloxamer
188 [47]. Latter findings are in good agreement with Qushawy et al., where the prepared
carbamazepine-SLNs depicted increased EE% through using GMS and Poloxamer 188
as solid lipid and surfactant, respectively [48]. The increase of surfactant concentration
from 1% to 1.5% resulted in decreased EE% which may be for increased drug solubility
within the aqueous phase [49]. The same results were depicted by Joseph et al. where
olanzapine-SLNs EE% showed an inverse relationship with surfactant concentration [50].

Regarding the PS of all prepared drug-SLNs, values ranged from 135.1 ± 1.0 nm for
F2 to 537.3 ± 10.4 nm for F7. The model Equation (2) of PS, revealed that PS had a direct
relationship with X1 and X2 while, an inverse relationship with X3. As shown by Figure 13,
the 3D response surface plot studied the impact of formulation factors (X1, X2 and X3) on
PS of the prepared SLNs. It was found that PS was increased in case of CMS than in case of
COMP which might be correlated to the fact of using solid lipid with high melting point,
resulted in slow crystallization and large particle size [51]. The results in good agreement
with Priyanka and Hasan found that the particle size of prepared montelukast SLNs was
influenced by lipid type and the decreasing order of particle size for the three lipids was
Compritol < GMS < stearic acid [52].

Y2 (PS) = 250.06 + 33.34 X1 + 88.51 X2 − 67.84 X3 (2)
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The PS of the prepared SLNs was also affected by surfactant type, where using
Poloxamer 188 resulted in SLNs larger sizes than those prepared by Cremophor RH40.
This may be reasoned to the conception of using surfactant with higher HLB can result
in preparation of SLNs with larger size [53]. Additionally, as the surfactant concentration
elevated from 1% to 1.5%, the particle size of SLNs decreased. This might be assigned
to reduction within interfacial tension between the emulsion phases by increasing the
concentration of surfactant which led to smaller PS of SLNs after congealing [50,52].

Moving towards the final parameter, The ZP of all prepared drug-SLNs was ranged
from −12.3 ± 0.77 mV for F1 to −39.4 ± 0.095 mV for F6. zeta potential (ZP) is defined as
potential difference existing within the stationary layer between the dispersion medium
and the dispersed phase (solid particles) [54]. The value of ZP provides indication for the
preparation stability, where higher values correlate to higher formulation stability [55].
Within the presented model Equation (3), the ZP of prepared drug-SLNs increased by
increasing the level of lipid and surfactant types yet decreased by increasing the level of
surfactant concentration.

Y3 (ZP) = 25.79 + 9.79 X1 + 0.4375 X2 − 1.44 X3 (3)

Corresponding 3D-response surface plot showed the effect factors on ZP responses
(Figure 14). The type of lipid had a significant impact on negative value of ZP. The value
was increased by using GMS than in case of COMP which might be related to longer
carbon-chain of GMS resulted in the larger size of SLNs and larger surface area. It was
found that negative zeta potential of the prepared SLNs was slightly decreased by using
Cremophor RH40 while increased in case of Poloxamer 188 which may be attributed to
differences within respective HLB values [56]. Moreover, ZP was decreased with increased
surfactant concentration which may be due to the masking of surface charge by increasing
the surfactant concentration [50,57]. It worth mentioning that the PDI values of all prepared
drug-SLNs ranged from 0.282 ± 0.01 to 0.639 ± 0.12 for F2 and F8, respectively. Findings
from PDI values indicated a narrow size distribution [54].

2.5.3. Optimization of Formulation Variables to Select the Best Formula

Purpose of optimization was to maximize EE%, minimize PS, as well as maximize
values of the ZP. The Design-Expert V.11 software was used for obtaining an optimum
level of each single formulation factor to achieve the desired goals for every response
and obtain the optimized formulation of drug-SLNs. According to 23-factorial design,
formulation F8 was the optimized formulation in which prepared using GMS as a solid
lipid and poloxamer 188 as a surfactant in concentration 1.5%. The predicted values of
responses for the optimized formulation were 95.325% for EE% (Y1), 284.075 nm for PS
(Y2), and −34.575 mV for ZP (Y3). Interestingly, these predicted values were close to
the actual values of responses with desirability value 0.781 which indicate the validity of
23-factorial design. The transmission electron microscopic (TEM) image of F8 illustrated
the spherical shape of the prepared SLNs within the nano size (Figure 15A). Size analysis
for TEM image, using Nano-Measurer® V.1.2 software (Shanghai, China), exhibited narrow
size distribution (Figure 15B). These findings were in good agreement with Qushawy et al.
preparing carbamazepine-SLNs using GMS and stearic acid where the prepared SLNs were
spherical in shape with nano size [44].
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2.5.4. In-Vitro Release Study of Optimized Formulation (F8) in Comparison with 8b

The in-vitro drug release profile of drug-SLNs was conducted for evaluating the
stability and release behavior of drug-SLNs. The drug release from F8 was prolonged over
48 h, where the total released amount of drug from F8 was 91.47 ± 2.78%, while being
21.48 ± 1.17% for 8b (p < 0.001) (Figure 16). Thus, drug-SLNs may be expected to assist as
stable nanoparticles for prolonged time and help in increasing the accumulation of drug in
tumor site [58]. These results may be attributed to presence of the drug in more solubilized
form and the prolonged effect might be the result of the drug diffusion from the lipid
matrix [59].
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Figure 16. In-vitro drug release analysis of drug-optimized SLNs formula (F8) in comparison with 8b as free drug form. All
data are represented as mean of three independent experiments ± SEM.

2.5.5. Cytotoxicity Study of Optimized Formulation

The cytotoxic efficacy of compound 8b was assayed in its pure form and in optimized
SLN formulation (F8). From the Sulforhodamine B (SRB) assay, the compound’s IC50 within
MDA-MB-231/breast cancer cell line was significantly decreased from 12.43 ± 0.50 µM
to 9.27 ± 0.34 µM for 8b and formulated form, respectively (p < 0.05) (Figure 17). Based
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on the fact that 8b is lipophilic (Consensus LogPo/w = 5.16) with poor aqueous solubility,
it was predicted to possess low bioavailability [60]. Incorporation of the drug into lipid-
based nanoparticles might offer significant improvement in its anticancer efficacy as the
lipid nature of the SLN increases its solubility and allows the presence of the drug in its
amorphous form. The latter might cause an increase within the drug 8b penetration into the
tumor cells [61]. Wang and colleagues found similar results when evaluated the cytotoxic
effect of Resveratrol on MDA-MB-231/breast cancer cell line [62]. The authors mentioned
that the enhanced cytotoxic effect of Resveratrol SLNs as compared to pure resveratrol may
be due to the carrier hydrophobic nature facilitating the intra-cellular uptake.
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Figure 17. The Sulforhodamine B (SRB) cytotoxicity assay of the tested 8b as compared to drug-
optimized SLNs formula (F8) on MDA-MB-231/breast cancer cells. At 5 × 103 cells/well cell density,
cells were treated with various 8b concentrations (0.01, 0.1, 1, 10, and 100 µM) for 72 h exposure time
frame. Cytotoxic effect was detected via protein-bound SRB colorimetric assay (540 nm) and % cell
growth viability was estimated in triplicates as compared to vehicle negative controls representing
the untreated cells.

3. Materials and Methods
3.1. General Experimental

All chemicals, reagents and solvents were purchased from Sigma-Aldrich, Fisher
Scientific, Alfa-Aesar, Fluka and Acros Chemicals. Whenever required, solvents were
dried prior to use as described by the handbook Purification of Laboratory Chemicals
and stored over 4Å molecular sieves under nitrogen. Flash column chromatography
was performed with silica gel (230–400 mesh) (Merck) and TLC was performed on pre-
coated silica gel plates (Merck Kiesel gel 60F254, BDH). Melting points were determined
on an electrothermal instrument (Gallenkamp) and are uncorrected. Compounds were
visualized by irradiation with UV light at 254 nm and 365 nm. The NMR spectra of all
new compounds were recorded on a Bruker AVANCE DPX500 spectrometer operating at
500 and 125 MHz for 1H and 13C NMR, respectively, and auto calibrated to the deuterated
solvent reference peak (Supplementary Materials; Figure S2). Chemical shifts are given in
δ relative to tetramethylsilane (TMS); the coupling constants (J) are given in Hertz. TMS
was used as an internal standard (δ = 0 ppm) for 1H NMR and CDCl3 served as an internal
standard (δ = 77.0 ppm) for 13C NMR. Multiplicity is denoted as s (singlet), d (doublet),
t (triplet), q (quartet), m (multiplet) or combinations thereof. The compounds imines
11a–f and aldehydes 12a–f were prepared according to Kishk et al. [29]. The DI Analysis
Shimadzu QP2010-Plus® GC/MS (ShimadzuTM, Tokyo, Japan) was adopted for recording
the low-resolution mass spectra (MS) of the synthesized compounds at electron impact
(EI+) mode. Regarding purity analysis, the elemental analyses were recorded on Vario®

EL-CHNS Elemental Analyzer (GmbHTM, Hanau, Germany). The results of elemental
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analyses (C, H, N) were found to be in good agreement (±0.45%) with the calculated values.
All compounds were >95% pure.

3.2. Chemical Synthesis
3.2.1. Synthesis of 2-(chloromethyl)-1H-Benzimidazole (2)

A mixture of ortho-phenylene diamine (1.0 g, 9.25 mmol) and chloroacetic acid (1.32 g,
13.97 mmol) in 4 N HCl (60 mL) was refluxed for 24 h. The purified product was obtained by
re-crystallization from water after neutralization with 6 N NH4OH, yield 0.4 g (40%). The
product was used in the following step without further purification [63]. M.p. 149–151 ◦C
(Lit. 147.8–148.2 ◦C). 1H NMR (DMSO-d6): δ 4.91 (s, 2H, CH2), 7.25–7.29 (m, 2H, CH, Ar),
and 7.57–7.59 (m, 2H, CH, Ar).

3.2.2. Synthesis of 2-Aminomethyl-Benzimidazole Derivatives (3a–d)

A mixture of compound (2) (1 mmol) and the appropriate aromatic amine (1 mmol) in
the presence of potassium iodide (1 mmol) were refluxed in absolute ethanol for 6 h, then
potassium iodide (1 mmol) dissolved in 5 mL water was added and refluxed overnight.
After cooling to room temperature, the solution was poured into ice, filtered and crude prod-
uct was purified by flash column chromatography using gradient EtOAc: n-hexane [26].

N-((1H-benzo[d]imidazol-2-yl)methyl)-3-methylaniline (3a).
Prepared from 3-methylaniline, yield 0.07 g (71%), as an off-white powder. M.p.

139–141 ◦C. TLC (EtOAc: n-Hexane 2:3), Rf: 0.23. 1H NMR (DMSO-d6): δ 2.39 (m, 3H,
CH3), 4.46 (d, J = 5.38 Hz, 2H, CH2), 6.17 (t, J = 7.2 Hz, 1H, NH), 6.50 (s, 1H, NH), 6.96
(s, 1H, CH, Ar), 7.28 (d, J = 7.2 Hz, 2H, CH, Ar), 7.49 (m, 1H, CH, Ar), 7.56 (t, J = 7.4 Hz,
2H, CH, Ar), 7.76 (d, J = 7.4 Hz, 2H, CH, Ar). 13C NMR (DMSO-d6): δ 21.79 (CH3), 42.29
(CH2), 110 (2× CH, Ar), 113.6 (2× CH, Ar), 117.8 (CH, Ar), 129.2 (2× CH, Ar), 129.75 (CH,
Ar), 138.34 (3C, Ar), 143.4 (C, Ar). MS (EI+) m/z: 237.38 [M+]. Anal. Calcd for C15H15N3
(237.31): C, 75.92; H, 6.38; N, 17.72. Found: C, 75.81; H, 6.22; N, 17.60

N-((1H-benzo[d]imidazol-2-yl)methyl)-2,6-dimethylaniline (3b).
Prepared from 3,5-dimethylaniline, yield 0.06 g (61%), as an off-white powder. M.p.

159–161 ◦C. TLC (EtOAc: n-Hexane 1:2), Rf: 0.5. 1H NMR (DMSO-d6): δ 2.30 (m, 6H, 2 × CH3),
4.36 (s, 2H, CH2), 4.54 (s, 1H, NH), 6.81–6.89 (m, 1H, Ar), 6.94 (d, J = 7.34 Hz, 2H, Ar), 7.16–7.19
(m, 2H, Ar), 7.54 (d, J = 7.5 Hz, 2H, Ar). 13C NMR (DMSO-d6): δ 18.9 (2 × CH3), 46.2 (CH2),
111.8 (2 × CH, Ar), 118.8 (CH, Ar), 122 (2 × CH, Ar), 129.3 (2 × CH, Ar), 129.6 (2C, Ar), 138.8
(2C, Ar), 146.1 (C, Ar), 154.4 (C, Ar). MS (EI+) m/z: 251.17 [M+]. Anal. Calcd for C16H17N3
(251.33): C, 76.46; H, 6.82; N, 16.72. Found: C, 76.37; H, 6.89; N, 16.73.

N-((1H-benzo[d]imidazol-2-yl)methyl)-3-bromoaniline (3c) [64].
Prepared from 3-bromoaniline, yield 0.07 g (73%), as a light brown powder. M.p.

139–141 ◦C. TLC (EtOAc: n-hexane 1:2), Rf 0.27. 1H NMR (DMSO-d6): δ 4.16 (s, 2H, CH2),
7.21–7.24 (m, 2H, Ar), 7.57 (d, J = 7.4 Hz, 2H, Ar), 7.59 (s, 1H, NH), 7.75 (d, J = 7.5 Hz, 1H,
Ar), 7.91–8.12 (m, 3H, Ar). 13C NMR (DMSO-d6): δ 41.9 (CH2), 111.7 (2 × CH, Ar), 115.1
(2 × CH, Ar), 119.1 (CH, Ar), 121.8 (CH, Ar), 122.7 (2 × CH, Ar), 131.1 (1C, Ar), 150.5 (2C,
Ar), 153.5 (1C, Ar), 169. (1C, Ar). MS (EI+) m/z: 302.72 [M+]. Anal. Calcd for C14H12BrN3
(302.18): C, 55.65; H, 4.01; N, 13.92. Found: C, 55.62; H, 3.93; N, 13.51.

4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)phenol (3d).
Prepared from 4-hydroxyaniline, yield 0.05 g (51%), as a brown powder. M.p.139–141 ◦C.

TLC (EtOAc: n-hexane 1:2), Rf 0.4. 1H NMR (DMSO-d6): δ 4.14 (s, 2H, CH2), 7.22 (d, J = 7.5 Hz,
2H, Ar), 7.32 (d, J = 7.4 Hz, 2H, Ar), 7.47–7.49 (m, 1H, CH, Ar), 7.57 (d, J = 7.5 Hz, 2H, Ar),
7.59 (s, 1H, NH), 7.75 (d, J = 7.5 Hz, 1H, Ar), 9.45 (s, 1H, OH), 12.18 (s, 1H, NH-indole). 13C
NMR (DMSO-d6): δ 43.6 (CH2), 115.2 (2 × CH, Ar), 116.3 (2 × CH, Ar), 116.7 (2 × CH, Ar),
124.1 (2 × CH, Ar), 139.1 (2C, Ar), 141.5 (1C, Ar), 142.1 (1C, Ar), 146.9 (1C, Ar). MS (EI+) m/z:
239.11 [M+]. Anal. Calcd for C14H13N3O (239.28): C, 70.28; H, 5.48; N, 17.56. Found: C, 70.29;
H, 5.49; N, 17.45.
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3.2.3. Synthesis of Ethyl, 1H-Indole-2-Carboxylate (5)

To a stirred solution of 1H-indole-2-carboxylic acid (4) (1.5 g, 9.31 mmol) in dry ethanol
(25 mL), sulfuric acid (0.5 mL) was added as catalyst. The reaction mixture was refluxed
for 1.5 h. After the reaction was complete, water (25 mL) was added, and the mixture
was extracted with ethyl acetate (3 × 50 mL). The combined organic phases were washed
with brine, water, and dried over anhydrous Na2SO4. The solvent was evaporated under
vacuum to give ethyl-1H-indole-2-carboxylate (6) as a white powder [65]. M.p. 126–127 ◦C
(Lit. M.p. 123–124 ◦C). 1H NMR (CDCl3) δ 1.43 (t, J = 7.4 Hz, 3H, CH3), 4.51 (q, J = 7.2 Hz,
2H, CH2), 6.96–6.99 (m, 1H, Ar), 7.12 (d, J = 7.0 Hz, 2H, Ar), 7.35 (d, J = 7.2 Hz, 2H, Ar),
9.31 (s, 1H, NH).

3.2.4. Synthesis of 1H-Indole-2-Carbohydrazide (6)

To a stirred solution of ethyl 1H-indole-2-carboxylate (5) (0.46 g, 7.93 mmol) was added
hydrazine monohydrate (4 mL, 79.90 mmol) in the presence of 15 mL of absolute ethanol.
The reaction mixture was refluxed for 6 h. After the reaction was complete, the solution was
evaporated under vacuum, the remaining residue after evaporation (0.50 g) was washed with
dichloromethane (0.5 mL× 3). The product was obtained as colorless crystals and was used
directly in the following reaction without any further purifications [66]. M.p. 245–246 ◦C (Lit.
M.p. 247–248 ◦C), 1H-NMR (DMSO-d6): δ 4.49 (s, 2H, NH2), 7.13 (d, J = 4.6 Hz, 1H, Ar), 7.19
(s, 1H, Ar), 7.25 (d, J = 7.4 Hz, 1H, Ar), 7.49 (d, J = 7.4 Hz, 1H, Ar), 7.65 (d, J = 7.5 Hz, 1H, Ar),
9.79 (s, 1H, NH), 11.68 (s, 1H, NH, indole).

3.2.5. Synthesis of Different Carbohydrazide Derivatives (7, 8)

Equimolar amount of appropriate aromatic aldehyde was added to a solution of the
hydrazide compound (6) (10 mmol) in absolute ethanol (5 mL), in presence of catalytic
amount of glacial acetic acid (0.4 mL). Reaction mixture was allowed to reflux with continu-
ous stirring for about 1.5 h and poured into ice/water mixture. The precipitate was filtered,
washed with cold water and purified by flash column chromatography using gradient
elution of EtOAc: n-hexane to give the corresponding carbohydrazide [67–69].

N′-benzylidene-1H-indole-2-carbohydrazide (7a) [67].
Prepared from benzaldehyde, yield 0.045 g (45%), as an off-white powder. M.p. 111–

113 ◦C. TLC (EtOAc: n-Hexane 1:2), Rf: 0.40. 1H NMR (DMSO-d6): δ 7.08 (d, J = 7.34 Hz,
2H, CH, Ar), 7.28 (s, 1H, CH, indole), 7.54–7.59 (m, 5H, CH, Ar), 7.78 (d, J = 6.11 Hz, 2H,
CH, Ar), 8.47 (s, 1H, CH=N), 11.76 (s, 1H, NH, indole), 11.92 (s, 1H, NH, amide). 13C
NMR (DMSO-d6): δ 111.1 (CH, Ar), 114.9 (CH, Ar), 119.8 (CH, Ar), 120.7 (CH, Ar), 121.7
(CH, Ar), 128.8 (2 × CH, Ar), 129.3 (2 × CH, Ar), 131.3 (C, Ar), 133.7 (C, Ar), 138.5 (C, Ar),
139.8 (C, Ar), 146.8 (2 × CH, Ar), 157.6 (C=O). MS (EI+) m/z: 263.55 [M+]. Anal. Calcd for
C16H13N3O (263.30): C, 72.99; H, 4.98; N, 15.96. Found: C, 72.92; H, 5.03; N, 16.14

N′-(4-methoxybenzylidene)-1H-indole-2-carbohydrazide (7b) [69].
Prepared from 4-methoxybenzaldehyde, yield 0.03 g (30%), as an off-white powder.

M.p. 104–106 ◦C (Lit. M.p. 98.9 ◦C). TLC (EtOAc: n-Hexane 1:2), Rf: 0.35. 1H NMR
(DMSO-d6): δ 4.33 (s, 3H, CH3), 7.18 (d, J = 7.33 Hz, 2H, CH, Ar), 7.29 (s, 1H, CH, indole),
7.56–7.63 (m, 5H, CH, Ar), 7.82 (d, J = 6.15 Hz, 2H, CH, Ar), 8.49 (s, 1H, CH=N), 11.79 (s,
1H, NH, indole), 11.97 (s, 1H, NH, amide). 13C NMR (DMSO-d6): δ 55.3 (CH3), 111.3 (CH,
Ar), 115.2 (CH, Ar), 120.1 (CH, Ar), 120.8 (CH, Ar), 121.6 (CH, Ar), 129.1 (2× CH, Ar), 129.5
(2 × CH, Ar), 131.7 (C, Ar), 133.5 (C, Ar), 138.4 (C, Ar), 140.1 (C, Ar), 146.5 (2 × CH, Ar),
157.4 (C=O). MS (EI+) m/z: 293.87 [M+]. Anal. Calcd for C17H15N3O2 (293.30): C, 69.61; H,
5.15; N, 14.30. Found: C, 69.9; H, 5.11; N, 14.35

N′-(4-(dimethylamino)benzylidene)-1H-indole-2-carbohydrazide (7c) [69].
Prepared from 4-(dimethylamino)benzaldehyde, yield 0.04 g (35%), as a yellow pow-

der. M.p. 90–92 ◦C (Lit. M.p. 82 ◦C). TLC (EtOAc: n-Hexane 1:2), Rf: 0.35. 1H NMR
(DMSO-d6): δ 3.05 (m, 6H, 2 × CH3), 6.77 (t, J = 7.33 Hz, 1H, CH, Ar), 7.07 (s, 1H, CH, in-
dole), 7.19 (d, J = 7.34 Hz, 2H, CH, Ar), 7.24 (d, J = 7.34 Hz, 2H, CH, Ar), 7.55 (d, J = 7.35 Hz,
2H, CH, Ar), 7.63–7.65 (m, 1H, CH, Ar), 8.31 (s, 1H, CH=N), 11.64 (s, 1H, NH, indole), 11.82
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(s, 1H, NH, amide). 13C NMR (DMSO-d6): δ 41.3 (2 × CH3), 103.1 (CH, Ar), 111.8 (2 × CH,
Ar), 112.3 (CH, Ar), 119.9 (CH, Ar), 121.6 (CH, Ar), 121.8 (CH, Ar), 123.6 (C, Ar), 127.1 (CH,
Ar), 128.4 (CH, Ar), 130.4 (C, Ar), 136.8 (2C, Ar), 148.1 (CH, Ar), 151.4 (C, Ar), 157.2 (C=O).
MS (EI+) m/z: 306.82 [M+]. Anal. Calcd for C18H18N4O (306.37): C, 70.57; H, 5.92; N, 18.29.
Found: C, 70.51; H, 5.94; N, 17.91.

N′-(pyridin-3-ylmethylene)-1H-indole-2-carbohydrazide (7d) [68].
Prepared from nicotinaldehyde, yield 0.03 g (29%), as an off-white powder. M.p.

252–254 ◦C (Lit. M.p. 250–251 ◦C). TLC (EtOAc: n-Hexane 1:2), Rf: 0.29. 1H NMR (DMSO-
d6): δ 6.23 (t, J = 7.56 Hz, 2H, CH, Ar), 7.44–7.64 (m, 4H, CH, Ar), 7.33 (d, J = 7.56 Hz, 1H,
CH, Ar), 7.66 (s, 1H, CH, Ar), 7.78 (d, J = 7.44 Hz, 2H), 8.34 (s, 1H, CH=N), 11.66 (s, 1H,
NH, indole), 11.83 (s, 1H, NH, amide). 13C NMR (DMSO-d6): δ 103.8 (CH, Ar), 112.4 (CH,
Ar), 120.1 (CH, Ar), 121.9 (CH, Ar), 124.1 (CH, Ar), 126.9 (CH, Ar), 129.8 (C, Ar), 130.2 (C,
Ar), 133.4 (CH, Ar), 136.9 (C, Ar), 144.3 (C, Ar), 148.7 (CH, Ar), 150.7 (2 × CH, Ar), 157.7
(C=O). MS (EI+) m/z: 264.75 [M+]. Anal. Calcd for C15H12N4O (264.29): C, 68.17; H, 4.58;
N, 21.2. Found: C, 68.21; H, 4.55; N, 20.90.

N′-((3-(4-ethylphenyl)-1-phenyl-1H-pyrazol-4-yl)methylene)-1H-indole-2- carbohy-
drazide (8a).

Prepared from 3-(4-ethylphenyl)-1-phenyl-1H-pyrazole-4-carbaldehyde (12a), yield
0.04 g (41%), as an off-white powder. M.p. 254–256 ◦C. TLC (EtOAc: n-Hexane 1:1), Rf:
0.42. 1H NMR (DMSO-d6): δ 1.24 (t, J = 7.56 Hz, 3H, CH3), 2.69 (q, J = 7.56 Hz, 2H, CH2),
6.23 (t, J = 7.22 Hz, 1H, Ar), 6.35 (t, 1H, Ar), 6.43 (s, 1H, Ar), 6.51–6.59 (m, 3H, CH, Ar), 6.71
(d, J = 8.25 Hz, 2H, CH, Ar), 6.89 (d, J = 7.56 Hz, 2H, CH, Ar), 6.95 (d, J = 8.25 Hz, 2H, CH,
Ar), 7.20 (d, J = 7.56 Hz, 2H, CH, Ar), 7.71 (s, 1H, CH, Ar), 8.33 (s, 1H, CH=N), 11.76 (s,
1H, NH, indole), 11.85 (s, 1H, NH, amide). 13C NMR (DMSO-d6): δ 15.6 (CH3), 28.2 (CH2),
103.2 (CH, Ar), 112.3 (C, Ar), 116.8 (CH, Ar), 118.8 (2 × CH, Ar), 119.9 (CH, Ar), 121.7 (CH,
Ar), 123.7 (CH, Ar), 126.8 (2 × CH, Ar), 126.9 (CH, Ar), 128.2 (CH), 128.5 (CH, Ar), 129.4
(3 × CH, Ar), 129.6 (C, Ar), 130.2 (C, Ar), 136.7 (2C, Ar), 139.1 (CH, Ar), 140.4 (C, Ar), 144.3
(C, Ar), 152.1 (C, Ar), 157.3 (C=O). MS (EI+) m/z: 233.14 [M+]. Anal. Calcd for C27H23N5O
(433.52): C, 74.81; H, 5.84; N, 15.35. Found: C, 74.85; H, 5.49; N, 15.24.

N′-((1-phenyl-3-(4-propylphenyl)-1H-pyrazol-4-yl)methylene)-1H-indole-2- carbohy-
drazide (8b).

Prepared from 1-phenyl-3-(4-propylphenyl)-1H-pyrazole-4-carbaldehyde (12b), yield
0.04 g (39%), as an off-white powder. M.p. 219–221 ◦C. TLC (EtOAc: n-Hexane 1:2), Rf:
0.51. 1H NMR (DMSO-d6): δ 0.93 (t, J = 7.4 Hz, 3H, CH3), 1.65 (sext, J = 7.3 Hz, 2H, CH2),
2.63 (t, J = 7.4 Hz, 2H, CH2), 6.22 (t, J = 7.56 Hz, 1H, CH, Ar), 6.33 (t, J = 7.56 Hz, 1H, CH,
Ar), 6.44 (s, 1H, CH, Ar), 6.55–6.61 (m, 3H, CH, Ar), 6.69 (d, J = 8.25 Hz, 2H, CH, Ar), 6.75
(t, J = 7.90 Hz, 2H, CH, Ar), 6.81 (d, J = 8.25 Hz, 2H, CH, Ar), 7.19 (d, J = 7.56Hz, 2H, CH,
Ar), 7.73 (s, 1H, CH, Ar), 8.33 (s, 1H, CH=N), 11.76 (s, 1H, NH, indole), 11.85 (s, 1H, NH,
amide). 13C NMR (DMSO-d6): δ 13.7 (CH3), 24.1 (CH2), 37.9 (CH2), 103.4 (CH, Ar), 112.5
(C, Ar), 116.8 (CH, Ar), 118.8 (2 × CH, Ar), 119.9 (CH, Ar), 121.7 (CH, Ar), 123.8 (CH, Ar),
126.8 (CH, Ar), 126.9 (CH, Ar), 127.1 (CH, Ar), 128.3 (CH), 128.7 (CH, Ar), 129.4 (2 × CH,
Ar), 129.5 (2 × CH, Ar), 130.2 (C, Ar), 137.8 (2C, Ar), 139.5 (C, Ar), 140.3 (C, Ar), 143.5 (C,
Ar), 152.5 (C, Ar), 156.5 (C=O). MS (EI+) m/z: 447.79 [M+]. Anal. Calcd for C28H25N5O
(447.54): C, 75.15; H, 5.63; N, 15.65. Found: C, 75.11; H, 5.89; N, 15.64.

N′-((3-(4-isopropylphenyl)-1-phenyl-1H-pyrazol-4-yl)methylene)-1H-indole-2- carbo-
hydrazide (8c).

Prepared from 3-(4-isopropylphenyl)-1-phenyl-1H-pyrazole-4-carbaldehyde (12c),
yield 0.03 g (39%), as an off-white powder. M.p. 219–221 ◦C. TLC (EtOAc: n-Hexane
1:2), Rf: 0.52. 1H NMR (DMSO-d6): δ 1.26 (d, J = 6.9 Hz, 6H, 2 × CH3), 2.97 (sept, J = 6.8 Hz,
1H, CH), 7.07 (t, J = 7.56 Hz, 1H, CH, Ar), 7.16 (t, J = 7.56 Hz, 1H, CH, Ar), 7.29 (s, 1H, CH,
Ar), 7.32–7.39 (m, 3H, CH, Ar), 7.43–7.52 (m, 3H, CH, Ar), 7.61 (d, J = 7.61 Hz, 2H, CH, Ar),
7.73 (d, J = 7.58 Hz, 2H, CH, Ar), 7.94 (d, J = 7.57 Hz, 2H, CH, Ar), 8.52 (s, 1H, CH, Ar), 8.64
(s, 1H, CH=N), 11.79 (s, 1H, NH, indole), 11.93 (s, 1H, NH, amide). 13C NMR (DMSO-d6):
δ 23.8 (2 × CH3), 33.3 (CH), 103.7 (CH, Ar), 113.1 (C, Ar), 116.9 (CH, Ar), 118.8 (2 × CH,
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Ar), 119.9 (CH, Ar), 121.1 (CH, Ar), 123.7 (CH, Ar), 126.7 (2 × CH, Ar), 126.9 (2 × CH, Ar),
127.0 (2 × CH, Ar), 128.5 (2 × CH, Ar), 129.6 (C, Ar), 130.1 (C, Ar), 136.8 (2C, Ar), 139.1
(CH, Ar), 140.4 (C, Ar), 149.9 (C, Ar), 153.3 (C, Ar), 157.8 (C=O). MS (EI+) m/z: 447.45 [M+].
Anal. Calcd for C28H25N5O (447.54): C, 75.15; H, 5.63; N, 15.65. Found: C, 75.11; H, 5.89;
N, 15.85.

N′-((3-(4-isobutylphenyl)-1-phenyl-1H-pyrazol-4-yl)methylene)-1H-indole-2- carbo-
hydrazide (8d).

Prepared from 3-(4-isobutylphenyl)-1-phenyl-1H-pyrazole-4-carbaldehyde (12d), yield
0.04 g (42%), as an off-white powder. M.p. 229–231 ◦C. TLC (EtOAc: Hexane 1:2), Rf: 0.45.
1H NMR (DMSO-d6): δ 0.88 (d, J = 6.7 Hz, 6H, 2 × CH3) 1.88 (m, 1 H, CH), 2.51 (d,
J = 6.8 Hz, 2H, CH2), 7.07 (t, J = 6.6 Hz, 1H, CH, Ar), 7.21 (t, J = 7.5 Hz, 1H, CH, Ar), 7.29 (s,
1H, CH, Ar), 7.35 (t, J = 6.9 Hz, 2H, CH, Ar), 7.49–7.56 (m, 2H, CH, Ar), 7.63 (d, J = 7.4 Hz,
2H, CH, Ar), 7.68–7.72 (m, 3H, CH, Ar), 8.03 (d, J = 7.5 Hz, 2H, CH, Ar), 8.53 (s, 1H, CH,
Ar), 8.69 (s, 1H, CH=N), 11.78 (s, 1H, NH, indole), 11.92 (s, 1H, NH, amide). 13C NMR
(DMSO-d6): δ 22.1 (2 × CH3), 29.6 (CH), 44.3 (CH2), 103.2 (CH, Ar), 112.4 (C, Ar), 116.8
(CH, Ar), 118.8 (CH, Ar), 119.9 (CH, Ar), 121.7 (CH, Ar), 123.7 (2 × CH, Ar), 126.8 (CH,
Ar), 126.9 (CH, Ar), 127 (CH, Ar), 128.2 (CH, Ar), 129.4 (C, Ar), 129.5 (2 × CH, Ar), 129.6
(2 × CH, Ar), 130.1 (C, Ar), 136.8 (C, Ar), 139.1 (C, Ar), 141.3 (C, Ar), 141.8 (CH, Ar), 151.8
(2C, Ar), 157.2 (C=O). MS (EI+) m/z: 461 [M+]. Anal. Calcd for C29H27N5O (461.57): C,
75.46; H, 5.90; N, 15.17. Found: C, 75.30; H, 6.11; N, 15.20.

N′-((3-(benzo[d][1,3]dioxol-5-yl)-1-phenyl-1H-pyrazol-4-yl)methylene)-1H-indole-2- car-
bohydrazide (8e).

Prepared from 3-(benzo[d][1,3]dioxol-5-yl)-1-phenyl-1H-pyrazole-4-carbaldehyde (12e),
yield 0.03 g (33%), as an off-white powder. M.p. 239–241 ◦C. TLC (EtOAc: n-Hexane 1:2),
Rf: 0.35. 1H NMR (DMSO-d6): δ 5.29 (s, 2H, CH2), 6.31–6.37 (m, 2H, CH, Ar), 6.49 (s, 1H,
CH, Ar), 6.57–6.62 (m, 3H, CH, Ar), 6.62 (d, J = 8.25 Hz, 1H, CH, Ar), 6.73 (d, J = 7.90 Hz,
4H, CH, Ar), 6.89 (d, J = 8.25 Hz, 1H, CH, Ar), 7.20 (s, 1H, CH, Ar), 7.71 (s, 1H, CH, Ar), 8.33
(s, 1H, CH=N), 11.76 (s, 1H, NH, indole), 11.85 (s, 1H, NH, amide). 13C NMR (DMSO-d6):
δ 101.3 (CH2), 103.3 (CH, Ar), 108.6 (CH, Ar), 108.7 (CH, Ar), 112.3 (C, Ar), 116.7 (2 × CH,
Ar), 118.8 (C, Ar), 119.9 (CH, Ar), 121.7 (CH, Ar), 122.5 (CH, Ar), 123.7 (CH, Ar), 124.1 (CH,
Ar), 126.9 (2C, Ar), 127.2 (CH, Ar), 127.5 (CH, Ar), 130.2 (CH, Ar), 130.5 (CH, Ar), 136.8 (C,
Ar), 139.0 (C, Ar), 140.3 (CH, Ar), 147.6 (C, Ar), 147.7 (C, Ar), 151.6 (C, Ar), 157.2 (C=O).
MS (EI+) m/z: 449 [M+]. Anal. Calcd for C29H27N5O (461.57): C, 69.48; H, 4.26; N, 15.58. It
was Found: H, 4.16; C, 69.03; N, 15.22.

N′-((5-chloro-1-(3,4-dinitrophenyl)-3-methyl-1H-pyrazol-4-yl)methylene)-1H-indole-2-
carbohydrazide (8f).

Prepared from 5-chloro-1-(3,4-dinitrophenyl)-3-methyl-1H-pyrazole-4-carbaldehyde,
yield 0.04 g (37%), as an off-white powder. M.p. 204–206 ◦C. TLC (EtOAc: n-Hexane 1:2),
Rf: 0.37. 1H NMR (DMSO-d6): δ 1.65 (s, 3H, CH3), 6.24–6.26 (m, 2H, CH, Ar), 6.49 (s, 1H,
CH, Ar), 6.59 (d, J = 7.4 Hz, 2H, CH, Ar), 6.78 (d, J = 8.26 Hz, 2H, CH, Ar), 8.02 (s, 1H, CH,
Ar), 8.63 (s, 1H, CH=N), 11.76 (s, 1H, NH, indole), 11.85 (s, 1H, NH, amide). 13C NMR
(DMSO-d6): δ 18.4 (CH3), 101.8 (CH, Ar), 103.1 (CH, Ar), 112.2 (CH, Ar), 112.3 (C, Ar), 119.6
(C, Ar), 119.8 (C, Ar), 121.3 (CH, Ar), 121.6 (CH, Ar), 123.0 (CH, Ar), 123.6 (CH, Ar), 127.0
(CH, Ar), 127.1 (CH, Ar), 130.1 (C, Ar), 130.4 (C, Ar), 136.2 (C, Ar), 136.6 (C, Ar), 147.7 (C,
Ar), 157.3 (C, Ar), 161.3 (C=O). MS (EI+) m/z: 467.79 [M+]. Anal. Calcd for C20H14ClN7O5
(467.83): C, 51.35; H, 3.02; N, 20.96. Found: C, 51.34; H, 3.04; N, 20.91

3.3. MTT-Cell Proliferation Assay and Morphological Evaluation

Evaluating the cytotoxicity of tested compounds on two cancer cell lines (A549/lung
and MDA-MB-231/breast adenocarcinoma) and non-cancerous (MDCK/kidney cells) was
performed while adopting the formerly described method with small alterations [70]. Cancer
cell lines were propagated within Dulbecco’s Modified Eagle Medium-High Glucose (Cat.#:
P0103; DMEM_High Glucose with Na.Pyruvate and stable Glutamine, BiowestTM, Nuaillé,
France), while MDA-MB-231 cells were propagated within RPMI-1640 L-Glutamine medium
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(Cat.#:12-604F; Lonza-Verviers SPRLTM, Verviers, Belgium). The culturing media were
supplemented via 1% antibiotic-antimycotic 100X (Cat.#: L0010; BiowestTM, Nuaillé, France)
and 10% fetal bovine serum (FBS) (Cat.#: EU-000-H; SeralabTM, West Sussex, UK). Cells
were seeded as triplicates within 96-well plate, at 1 × 104 cells per well density, after being
counted and viability checked using the trypan blue staining solution (Cat.# ab233465;
AbcamTM, Cambridge, MA, USA). Seeded cells were permitted to adhere for 24 h under
5% CO2 and at 37 ◦C incubating conditions. The assigned compounds were dissolved in
500 µL DMSO affording the stock solution (100 mM) being ready for more diluting within
the whole medium to obtain the compound’s final concentrations; 0.1, 1, 10, 100 µM for
cell treatments. Notably, the final DMSO-culture medium concentration was not allowed
to exceed 0.2% (v/v) [71]. Following 24 h compound-cell treatment, the medium was
substituted by fresh one and cells were permitted to develop for 48 h. At four hours
prior the end of incubation, 10 µL MTT Sigma-AldrichTM (5 mg/mL in PBS 1X without
magnesium and calcium; Cat.# 17-516F, Lonza-VerviersTM, Basel, Switzerland) were added
to all wells. Following the complete 48 h incubation, 100 µL DMSO was all added to all wells
where they were subsequently centrifuged at 4000 rpm for 5 min allowing the formazan
crystals of formazan to precipitate. Color was established and intensities were recorded at
490 nm using Synergy-Neo2® Hybrid MultiMode Plate Reader (BioTekTM, Winooski, VT,
USA), while subtracting the multi-well plates background absorbance at 690 nm. Percentage
cell viability was estimated using the subsequent formula: % cell-viability = (average
absorbance of treated wells/average absorbance of controls) × 100.

3.4. SRB Cytotoxicity Assay

MDA-MB-231: Breast Cancer cell line was obtained from NawahTM Scientific Inc.,
(Cairo, Egypt). Cells were maintained within DMEM provided by 100 units/mL of peni-
cillin, 100 mg/mL streptomycin, and 10% of heat-inactivated FBS within 5% (v/v) CO2
humidified atmosphere (37 ◦C). The validity of cell line was evaluated adopting the previ-
ously reported approach [72]. Briefly, an accurate volume (100 µL) of cell line suspension
(5 × 103 cells) was placed in 96-well plates and incubated for 24 h within complete me-
dia [73]. Cell line suspensions were then treated with another 100 µL media spiked with
various drug concentrations (0.01, 0.1, 1, 10, 100 µM/mL) and kept for 72 h. Then the
media were replaced with 150 µL of 10% trichloroacetic acid (TCA) for fixing cells through
subsequent 1 h incubation at 4 ◦C [74]. Following incubation, TCA was removed, and cells
were washed via distilled water 5 times. Aliquots of 70 µL SRB solution (0.4% w/v; Cat.#
S1402; Sigma-AldrichTM, Taufkirchen, Germany) were added and cell were then incubated
in dark for 10 min at 25 ◦C. Plates were subjected to triplicate washing via 1% acetic acid
and then permitted to be air-dried overnight [62]. Protein-bound SRB stain was extracted
by addition of tris base (150 µL, 10 mM) and the absorbance was measured at 540 nm using
FLUOstar-Omega® microplate reader (BMG-LabtechTM GmbH, Ortenberg, Germany) [75].

3.5. Morphological Evaluation

The impact of this tested final compounds on the morphology of treated MDA-MB-
231/breast cancer cell line was investigated, through planting cells within 6-well plates
and subsequently incubated with 0.1, 1, 10, 100 µM of 8b for 24 h. Variations within
the cells’ morphology were identified via Olympus®-CKX53 Inverted Metallurgical light
microscope (OlympusTM, Center Valley, PA, USA), snapped by Olympus® Digital Camera,
and analyzed by OLYMPUS® Stream image analysis software [76].

3.6. Flow Cytometer Analysis

Apoptotic assay and cell cycle analysis were proceeded according to previous litera-
tures [77]. In brief, cells were planted in 1.0× 106 cells/flask density for 24 h. Subsequently,
8b was added at its IC50 value and incubated for 48 h. Following incubation, MDA-MB-231
cells were trypsinized, harvested, and fixed according to information cited within Annexin®

V-FITC Detection Kit (Cat.#: K101-25, BioVisionTM, Milpitas, CA, USA), for quantifying
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cell’s DNA contents being treated with 8b relative to control sample using propidium
iodide stain (Cat.#: ab139418; AbcamTM, Cambridge, MA, USA). Finally, flow cytometry
analysis was done using BD-FACSCalibur® cell analyzer platform (Becton Dickinson-
Biosciences-SGTM, Singapore, Thailand) to estimate which cell cycle phase, the treated cells
would be arrested in, as well as computing the percentage of apoptotic cells.

3.7. DNA Fragmentation Assay

DNA isolation was performed through planting MDA-MB-231/breast cells at 0.16 × 106

density, prior to incubation at 37 ◦C/humidified 5% CO2 overnight [78]. Following 48 h
exposure time, cells were harvested, washed and lysed via DNA-extraction buffer at
37 ◦C overnight. The lysate was incubated after that with 100 µg/mL Micro-pestle®

DNase/RNase-free (Cat.#: 9097.1; Carl-RothTM, Karlsruhe, Germany) at 37 ◦C for 2 h,
which was followed by three extraction processes using phenol:CHCl3 (1:1 v/v) (BiofluxTM,
Selangor, Malaysia). A consequent re-extraction was done using CHCl3 and then the organic
solvent was centrifuged for 5 min at 12,000 rpm within 4 ◦C conditions. Extracted DNA was
precipitated via ice-cold 3 M sodium acetate and absolute ethanol for 1 h at –20 ◦C, which
was then proceeded through centrifugation (15 min—at 12,000 rpm—4 ◦C). After washed
with 70% ethyl alcohol, DNA pellets were air-dried, dissolved within 40 µL Tris-HCl/EDTA
(pH 8.0), and then electrophoresed on 1.5% agarose gel for their final staining using ethid-
ium bromide within Tris/acetate/EDTA buffer. DNA fragments were photographed using
GelDoc-Go® System (Bio-RadTM, Hercules, CA, USA).

3.8. Real-Time PCR Analysis

Quantitative Real-time PCR was operated on Rotor-Gene Q® PCR system as a reader
(Cat.#: 204774; QiagenTM, Milan, Italy) via GenElute® RNA extraction/SIGMA PCR kit
(Cat.#: REI10; QiagenTM, Milan, Italy)86. Cells were treated with IC50 of 8b for 48 h and total
RNA was extracted from the non-treated and treated cells. RNA purity was assessed via
Nanodrop® 2000/2000c UV-Vis spectrophotometer (Thermo-ScientificTM, Bilbao, Spain).
Synthesis of cDNA was proceeded using QuantiNova® Reverse Transcription Kit (Cat.#:
RTN30; QiagenTM, Milan, Italy) and the subsequent PCR tests were conducted via single
tubes. Specific forward/reverse primer pairs were selected for investigated (Casp-3, -8, -9,
BAX, and Bcl2). Obtained results were expressed within Cycle threshold (Ct) values, while
relative quantitation of each measured gene was assessed based on ∆∆Ct calculations as
represented in Table 5 [79].

Table 5. Specific forward/reverse primer sequence of Casp-3, -8, -9, BAX and Bcl2.

Gene Forward Reverse

BAX 5′-AGTGGCAGCTGACATGTTTT-3′ 5′-GGAGGAAGTCCAATGTCCAG-3′

Casp-3 5′-GGCCCTGAAATACGAAGTC-3′ 5′-GGCAGTAGTCGACTCTGAAG-3′

Casp-8 5′-GCCTCCCTCAAGTTCCT-3′ 5′-CCTGGAGTCTCTGGAATAACA-3′

Casp-9 5′-CGAACTAACAGGCAAGCAG-3′ 5′-ACCTCACCAAATCCTCCAGAAC-3′

BcL-2 5′-CCTGTGGATGACTGAGTACC-3′ 5′-GAGACAGCCAGGAGAAATCA-3′

3.9. ELISA Assay

Quantikine® Colorimetric Sandwich-ELISA Kit (Cat.#: DCTC0; R&D Systems, Min-
neapolis, MN, USA) was used for quantitating the targeted human cytochrome c protein
through immunoassay protocol [80]. Based on manufacturer’s instructions, MDA-MB-
231/breast cancer cells were incubated with 8b at its approximated IC50, for 48 h. Following
incubation, both non-treated and treated cells were subjected to lysis via cell extraction
buffer. Lysates were then diluted by standard diluent buffer over the assay range, and then
estimated for human cytochrome-c protein.
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3.10. Molecular Docking Studies

Molecular docking experiments were performed on the 14 investigated using Molec-
ular Operating Environment (MOE) software as reported in previous work with few
modifications [81–83]. In brief, ligands were constructed via the MOE “builder” tool,
and then proceeded through the minimization step, adopting MMFF94x forcefield and
2000 steps of conjugate-gradient approach till a gradient of 0.001 Kcal/Å was reached
0.1 RMS Kcal/mol/Å2. The atomic structure of the target protein was prepared by the
MOE through 3D-protonation, at physiological pH (7), temperature of 300 K, and 0.1 mol/L
salt within implicit solvent at Generalized-Born/Volumn-Integral implicit solvent model.
Moreover, the protein was auto-corrected for partial charges, types of atoms, and bond
connectivity [11]. The adopted protocol was proceeded through the rigid receptor dock-
ing approach since the RMSD of the superimposed apo (PDB ID: 1g5m) and complexed
states of Bcl-2 (PDB ID: 6qgk) showed RMSD of 0.934 Å. Thus, ligand binding would
suggest non-significant impact on the protein conformational change either on local or
global aspects. Throughout the adopted docking protocol, the ligand conformations were
developed through the method of bond rotation, lodged within in the defined active site
guided by triangular-matching approach, and then conformations were ranked via the
London_dG scores. The top ten docked poses were retained for subsequent refinement
and then an energy minimization stage, within the target pocket, before they were rescored
using GBVI/WSA forcefield [84]. High docking energy, RMSD values (2.0 Å threshold),
and ligand interaction with relevant pocket residues, all were considered for selecting the
best docking pose for each investigated ligand. Analysis and visual inspection of ligand-
protein interactions was achieved using PyMol v2.0.6 Graphics System (SchrödingerTM,
NY, USA) [85]. The hydrophobic interactions were determined via MOE ligand interactions
tool as well as manual measurements using PyMol bond distance measurement tools.

3.11. Preparation of Drug-Loaded SLNs

Eight formulations of drug-SLNs were successfully prepared by the hot melting ho-
mogenization technique [48,61]. An accurate amount (450 mg) of selected lipid; either
COMP (Cat.#: 3123; GattefosséTM, Lyon, France) or GMS (Cat.#: 23A70; SasolTM, Hamburg,
Germany), was melted in a small glass vial at temperature 80 ◦C which exceed the melting
point of both lipid. Consequently, 10 mg of drug was added and dissolved completely
forming oily phase. Considering the aqueous phase, it was prepared via addition of accu-
rate amount of surfactant (COMP or Poloxamer 188; Cat.#: 9003-11-6; Sigma-AldrichTM,
St. Louis, MO, USA) to distilled water and allowed to heat at the same temperature of
oily phase. Subsequently, aqueous phase was added slowly to oily phase with stirring
while keeping the temperature to yield coarse emulsion using a hot plate with stirrer
(Brandstead/ThermolyneTM, Ramsey, MN, USA). The resultant preparation was homoge-
nized at 15,000 rpm for 15 min to form fine o/w emulsion using Heidolph® silent crusher
homogenizer (HeidolphTM, Schwabach, Germany) [86]. The final preparation was allowed
to cool at r.t. to solidify the SLNs the stored at refrigerator for further study.

3.12. HPLC Analysis

Drug stock solution of 1 mg/mL in mobile phase:Buffer (0.1% Triflouroacetic acid/water)
and acetonitrile was prepared, and seven dilutions were prepared in concentrations of 5,
10, 25, 50, 100, 200, and 300 µg/mL. All solutions were filtered using 0.22 µm syringe
filter and then 10 µl was subjected to HPLC analysis using Waters-2690 Alliance® HPLC
system (WatersTM, Milford, MA, USA) [87]. Peak area of drug was noted at 254 nm. Each
experiment was performed within a triplicate manner and mean peak area was plotted
against the drug concentration.

3.13. Determination of the Drug-SLNs Parameters (Y1–3)

For estimating the encapsulation efficiency (EE%; Y1), samples of the eight formu-
lations of drug-SLNs were subjected to vortexing for 1 min followed by centrifugation
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at 15,000 rpm for 30 min using Biofuge® centrifuge (Primo-HeraeusTM, Germany) [61].
For each sample, the clear supernatant collected and filtered using 0.22 µm syringe filter
then 10 µl of each sample was injected and subjected to HPLC analysis at 254 nm [62].
Equation (4) was used to calculate the EE% of drug [62,88]. Dynamic light scattering (DLS)
technique was applied to determine PS (Y2), ZP (Y3), and PDI of all prepared drug-SLNs
using Zetasizer® (MalvernTM Instruments Ltd., Malvern, UK) [86]. The measurements
were done at 25 ◦C after appropriate dilution of each sample [49].

EE% = (Total amount of drug-Unentrapped amount of drug)/(Total amount of drug) × 100 (4)

3.14. Surface Morphology of Optimized Formulation

Morphology of optimized formulation was determined by JTEM® transmission elec-
tron microscope (TEM; model 1010, JEOL®, Tokyo, Japan). A small sample of optimized
formulation was spread upon collodion-coated copper grid then left to be dried for nearly
2 min allowing the SLNs-collodion adherence [74,89]. The samples were subjected to
stain by addition of one drop of uranyl acetate solution. Following drying, samples were
examined with TEM.

3.15. In-Vitro Release Study of the Optimized Formulation

The in-vitro drug-release behavior of SLNs was determined through the dialysis
method [58]. The release of drug from SLNs was done using phosphate buffer saline
(pH 7.4) as dissolution medium. An accurate amount of SLNs (equivalent to 5 mg drug)
was taken and placed within the dialysis bag (MWCO: 12 kDa). The dialysis bag was
closed from both ends and placed within 75 mL Phosphate Buffer Saline (pH 7.4) as
dissolution medium. The analysis was conducted while maintaining the dissolution
medium at 37 ± 1 ◦C and being stirred via magnetic stirrer at 100 rpm. Dissolution medium
samples (2 mL) were withdrawn at pre-determined time intervals (0.5, 1, 2, 4, 8, 12, 24 and
48 h). Equal volumes of fresh dissolution medium were added to replace the withdrawn
volumes for keeping sink condition [90]. The experiment was done in triplicate and the
amount of drug release was measured following the same procedure as in the entrapment
efficiency section.

4. Conclusions

The presented manuscript reported indole- and benzimidazole-based compounds
with promising pro-apoptotic activity targeting the Bcl-2 biological targets. The furnished
synthesized compounds owned structural diversity and chemical scaffolds that mimic
the market released Bcl-2 family pan-antagonist, obatoclax. Either through replacing the
pyrrole ring of obatoclax with benzimidazole or extending the structure after the indole
ring, fourteen compounds were afforded belonging to three chemical series. Biological
evaluation through MTT-proliferation on two solid tumor cell lines, A549/lung and MDA-
MB-231/breast adenocarcinoma, provided solid evidence concerning the compounds’
cytotoxic activity. Compound 8b was considered promising for further evaluation as it
possessed impressive balanced cytotoxic/safety profile on non-cancerous MDCK/kidney
cell line. Further, cell cycle analysis, DNA fragmentation, apoptotic gene expression, and
protein level analysis have confirmed the compound’s promising anti-cancer activity and
provided valuable insights regarding its molecular mechanisms. Moreover, a validated
molecular docking investigation, on Bcl-2 crystallized protein, has thoroughly investigated
the differential compounds’ bindings at the active site, while showing good correlation be-
tween the IC50 values and furnished docking scores. Finally, the introduction of compound
8b within a well-optimized solid lipid nanoparticle formulation has improved the com-
pound’s pharmaceutical profile leading to a significant improvement at the compound’s
cytotoxic activity. All the above findings have introduced 8b as a promising anti-cancer
lead candidate that is worthy of future fine-tuned lead optimization and development
studies and exploration of its potentiality through in-vivo preclinical investigation.
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anti-apoptotic protein target.
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Abstract: Gastric cancer is one of the deadliest cancers in modern societies, so there is a high level
of interest in discovering new drugs for this malignancy. Previously, we demonstrated the ability
of tryptophanol-derived polycyclic compounds to activate the tumor suppressor protein p53, a
relevant therapeutic target in cancer. In this work, we developed a novel series of enantiomerically
pure tryptophanol-derived small molecules to target human gastric adenocarcinoma (AGS) cells.
From an initial screening of fourteen compounds in AGS cell line, a hit compound was selected for
optimization, leading to two derivatives selective for AGS gastric cells over other types of cancer
cells (MDA-MB-231, A-549, DU-145, and MG-63). More importantly, the compounds were non-toxic
in normal cells (HEK 293T). Additionally, we show that the growth inhibition of AGS cells induced
by these compounds is mediated by apoptosis. Stability studies in human plasma and human liver
microsomes indicate that the compounds are stable, and that the major metabolic transformations of
these molecules are mono- and di-hydroxylation of the indole ring.

Keywords: anticancer agents; cytotoxicity; enantioselective synthesis; gastric adenocarcinoma; tryptophanol

1. Introduction

Cancer is considered a worldwide health problem, and its occurrence can be associ-
ated to a combination of environmental factors and genetic alterations [1]. According to
the World Health Organization (WHO), it is estimated that in 2018, cancer contributed to
9.5 million deaths worldwide [2]. Gastric cancer (GC) ranks third in the list of deadliest
cancers [1], and its occurrence and mortality are highly influenced by region and culture [3].
The survival rate of GC has not improved much over the last years. Patients with GC in
early-stage, usually, do not have symptoms, which hinders the early detection of this cancer.
For this reason, most patients present advanced GC and, in these cases, radical surgery is
the first-line approach and the only curative treatment [4]. In the cases that surgery is not
recommended, alternative treatments can be used, such as chemotherapy, radiotherapy,
and immunotherapy. However, these therapeutic options only achieve modest results,
and the poor response of this cancer to chemotherapy is, typically, associated to chemore-
sistance mechanisms [5,6]. Moreover, the severe side effects associated to drug-related
toxicity are frequent [7,8]. Consequently, the discovery of new alternative therapeutics
for the treatment of GC, with low cost and minimal side effects, is still urgently needed.
In the last decades, the discovery of cellular mechanisms associated to malignancies has
been intensive, and many anticancer agents were developed to disrupt specific biological
pathways. With this, the discovery of new scaffolds increased, as well as the interest in
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new therapeutic applications to scaffolds already known. For example, the indole scaffold
is associated to many pharmacological activities in medicinal chemistry, including antimi-
crobial, antioxidant, antiviral, and anticancer [9,10]. It is considered a privileged scaffold,
commonly found in many natural products (e.g., alkaloids and microbial hormones) and
synthetic molecules with medicinal value (e.g., compounds 1 and 2, Figure 1) [11].

Figure 1. Chemical structures of indole-derived compounds with in vitro anticancer activity: Mcl-1
inhibitors (1) and tubulin inhibitors (2).

Other examples are tryptophanol-based small molecules (e.g., compounds 3–6, Figure 2),
reactivators of the p53 pathway, that showed in vitro antiproliferative activity in colon and
breast cancer cells [12–17]. Specifically, tryptophanol-derived isoindolinones 4–5 presented
promising in vivo antitumor results in xenograft mouse models, without cytotoxicity and
genotoxicity [13,14,16]. Based on these results, and on reported results with pyrrolidone-
based small molecules with anticancer activity [18,19], we envisioned that the merge of
these two scaffolds could lead to compounds with interesting anticancer properties [15].
Herein, we report the synthesis of 29 enantiopure tryptophanol-derived oxazolopyrroli-
done lactams (compounds 7 and 8, Figure 2), their antiproliferative activity in human
gastric adenocarcinoma (AGS) cell line, and in vitro stability and metabolic studies with
this scaffold.

Figure 2. Previously reported tryptophanol-based scaffolds 3–6 and tryptophanol-derived oxazolopy-
rrolidones 7–8 studied in this work.

2. Results and Discussion
2.1. Chemistry

Enantiopure bicyclic lactams 7a–j, 7j’, and 8a–g were easily accessed by a chiral-
induced cyclocondensation reaction, starting from enantiopure tryptophanol and com-
mercially available keto acids, in low to excellent yields (18–95%, Scheme 1) [20]. In
almost all reactions, the formation of only one diastereomer was observed by thin-layer
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chromatography (TLC) and proton nuclear magnetic resonance (1H NMR). In the cyclocon-
densation reaction of (R)-tryptophanol with 4-(4-chlorophenyl)-3-methyl-4-oxobutanoic
acid, in which an additional chirality center is formed, diastereomer 7j (69% yield) was
obtained, as well as the minor diastereoisomer 7j’ (18% yield).

Scheme 1. Synthesis of (R)- and (S)-tryptophanol-derived oxazolopyrrolidone lactams 7a–j, 7j’, and 8a–g, respectively.
Reaction conditions: (a) toluene, reflux, 10–25 h.

Tryptophanol-derived oxazolopyrrolidone lactams 7k–m, with substituents on the
indole nitrogen, were obtained in moderate to good yields (66–78%, Scheme 2). Specifically,
compounds 7k–l were synthesized by treatment of 7c with sodium hydride in dimethylfor-
mamide, in the presence of iodoethane (compound 7k) or acetic anhydride (compound 7l).
Compound 7m was prepared by reaction of 7c with di-tert-butyl dicarbonate, in the pres-
ence of 4-dimethylaminopyridine and triethylamine, in tetrahydrofuran.

Scheme 2. Synthesis of (R)-tryptophanol-derived oxazolopyrrolidone lactams 7k–m. Reaction
conditions: (a) compounds 7k–l: ethyl iodide/acetic anhydride, NaH, DMF, 0 ◦C-r.t., 3–6 h; (b)
compound 7m: di-tert-butyl dicarbonate, DMAP, Et3N, THF, r.t., 3 h.

Compounds 7n–u were obtained through Suzuki-Miyaura cross-coupling reaction
between compound 7d and different aryl boronic acids, using Pd(PPh3)2Cl2 as catalyst
(Scheme 3). Except for compound 7u, which was obtained in low yield (28%) due to the
low solubility of the boronic acid, all the other derivatives were obtained in high yields
(71–97%).
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Scheme 3. Synthesis of (R)-tryptophanol-derived oxazolopyrrolidone lactams 7n–u. Reaction condi-
tions: (a) Pd(PPh3)2Cl2, aq. sol. Na2CO3 (1 M), 1,4-dioxane, 100 ◦C, 2–5 h.

The absolute configuration of the new formed stereogenic center C-7a was estab-
lished by X-ray analysis of compound 8b (Figure 3). The 13C NMR spectroscopy data of
compound 8b was used as reference to confirm the stereochemistry of the other derivatives.
For compounds 7a–i and 8a–g, the signals of C-3, C-7a, and C-7 appear between 55.5–56.5,
101.7–102.6, and 35.0–35.4 ppm, respectively.

The spectral data obtained for compounds 7j and 7j’ indicate that the major diastere-
omer 7j has (3R, 7aR, 7S) configuration, while the minor diastereoisomer 7j’ has (3R, 7aR,
7R) configuration [21]. In particular, the methyl group appears in the 1H NMR spectra as
a doublet at 1.12 ppm for 7j and at 0.60 ppm for 7j’, and in the 13C NMR spectra at 13.96
ppm for 7j and at 16.40 ppm for 7j’. Moreover, the methyl group induces a shift in the C-7
that appears at 39.7 ppm for compound 7j and at 41.3 ppm for compound 7j’. The chemical
shift of C-3 appears in a higher field for diastereoisomer 7j’ (54.8 ppm). The absolute
configuration of diastereomers 7j and 7j’ was further confirmed by X-ray crystallography
(Figure 3).

Figure 3. X-ray crystallographic structures of compounds 8b, 7j, and 7j’ (crystallographic information file (CIF) data can be
found in the Supplementary Materials Tables S1–S15).

2.2. Effect of Tryptophanol-Derived Oxazolopyrrolidone Lactams on Cell Viability and
on Apoptosis

To perform a structure–activity relationship (SAR) study, a first series of tryptophanol-
derived oxazolopyrrolidone lactams containing different substituents on the phenyl ring
(R1) at position C-7a was synthesized (compounds 7a–g and 8a–g, Table 1). In the design
of this new compounds series, a diversity of substituents with electron donating properties
(–CH3 and –OCH3 groups) and electron withdrawing properties (–F, –Cl, –Br, and –SO2CH3
groups) were chosen. Both series of enantiomers, (S)- and (R)-tryptophanol derivatives,
were synthesized to evaluate the impact of compound’s stereochemistry on the antiprolif-
erative response of AGS cells. The activity of the target compounds was assessed using the
MTT reduction assay. In general, (R)-tryptophanol-derived oxazolopyrrolidone lactams
were more active than the corresponding enantiomers, except for derivative 8b with a
para-fluoro substituent (7a–g vs. 8a–g). From the first screening at 100 µM, analogues 7a
(R1 = H), 7b (R1 = F), and 8e (R1 = CH3) showed moderate antiproliferative activity, while
compounds 7g and 8g (R1 = SO2CH3) did not induce appreciable cytotoxicity. Remarkably,
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compounds 7c–e and 8c revealed an antiproliferative response higher than 85%. The pres-
ence of chlorine or bromine substituents at R1 had a positive impact on the antiproliferative
activity, for both enantiomers (compounds 7c–d and 8c–d). The derivative 7c (R1 = Cl)
exhibited the highest activity and was selected for chemical derivatizations to improve the
antiproliferative activity of this scaffold in AGS cells.

Table 1. Screening of (R) and (S)-tryptophanol-derived oxazolopyrrolidone lactams 7a–g and 8a–g in
AGS cell line.

Compound R1 R2 % CV at 100 µM 1

7a H H 50 ± 5
7b F H 50 ± 8
7c Cl H 6 ± 1
7d Br H 14 ± 3
7e CH3 H 14 ± 2
7f OCH3 H 18 ± 2
7g SO2CH3 H 94 ± 12
8a H H 58 ± 4
8b F H 22 ± 4
8c Cl H 11 ± 1
8d Br H 25 ± 4
8e CH3 H 60 ± 3
8f OCH3 H 30 ± 4
8g SO2CH3 H 91 ± 11

1 Each % of CV (cell viability) value is the mean ± SD of triplicate of at least two different experiments. % CV
determined by the MTT method after 48 h of compounds’ incubation.

Four sites were identified for suitable structural modifications in compound 7c: meta-
position of the C-7a phenyl ring (compounds 7h and 7i, Scheme 1), position C-7 of the
pyrrolidone ring (compounds 7j and 7j’, Scheme 1), alkylation of the N-indole (compounds
7k–m, Scheme 2) and C–C couplings in the C-7a phenyl ring (compounds 7n–u, Scheme 3).

The fifteen (R)-tryptophanol-derived oxazolopyrrolidone lactams 7h–u and 7j’ ob-
tained, as well as 7c, were screened at 50 µM in AGS cell line (Table 2).

(R)-tryptophanol-derived oxazolopyrrolidones 7h and 7r showed similar antiprolifer-
ative activity to 7c, while 7j, 7o, and 7s were more active than the hit compound 7c. The
presence of a pyridine (compound 7t) or a dioxane ring (compound 7u) led to a decrease
of the antiproliferative effect in AGS cells. Additionally, meta-fluoro and para-methoxy
substituents on the phenyl ring (compound 7i) resulted in a non-significant cell death.
Compounds 7n (R1 = p-Cl-Ph), 7p (R1 = p-OH-Ph), and 7q (R1 = p-CH2OH-Ph), with
bulky substituents, displayed moderate antiproliferative activity at 50 µM. The results also
suggest that the presence of a meta-chloro substituent or electron withdrawing groups are
important for the activity (7r and 7s vs. 7n and 7o, 7r, and 7s vs. 7p and 7q). Interestingly,
the two diastereomers 7j and 7j’ had different effects in AGS cells. Diastereomer 7j, with
(3R, 7R, 7aS) configuration, had a high antiproliferative effect, while diastereomer 7j’ (3R,
7R, 7aR) had almost no effect, suggesting that the C-7a stereochemistry is also decisive
for the antiproliferative activity of tryptophanol-derived oxazolopyrrolidone lactams in
AGS cells.
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Table 2. Screening of (R)-tryptophanol-derived oxazolopyrrolidone lactams 7c, 7h–u, and 7j’ in AGS
cell line.

Compound R1 R2 R3 R4 % CV at 50 µM 1

7c Cl H H H 11 ± 1
7h CH3 Cl H H 11 ± 2
7i OCH3 F H H 84 ± 7
7j Cl H (S)-CH3 H 8 ± 0
7j’ Cl H (R)-CH3 H 81 ± 3
7k Cl H H CH2CH3 40 ± 5
7l Cl H H COCH3 63 ± 13

7m Cl H H CO2C(CH3)3 61 ± 9
7n p-Cl-Ph H H H 65 ± 13
7o p-CF3-Ph H H H 7 ± 1
7p p-OH-Ph H H H 56 ± 1
7q p-CH2OH-Ph H H H 55 ± 1
7r m-Cl-Ph H H H 17 ± 1
7s 3,4-Cl-Ph H H H 8 ± 1
7t pyridine H H H 75 ± 14

7u H H H 67 ± 6

1 Each % of CV (cell viability) value is the mean ± SD of triplicate of at least two different experiments. % CV
determined by the MTT method after 48 h of compounds’ incubation.

The substitution of the N-indole hydrogen (compound 7c) by ethyl (compound 7k),
acetyl (compound 7l) or tert-butyloxycarbonyl (compound 7m) groups led to a decrease
of activity, probably due to steric effects or because the establishment of a hydrogen bond
might be important for the antiproliferative effect.

The IC50 values of the most promising derivatives (7j, 7o, and 7s), as well as of the
hit compound 7c, were determined in AGS cell line (Table 3). Trifluoromethyl derivative
7o (R1 = p-CF3-Ph) and di-halogenated derivative 7s (R1 = 3,4-Cl-Ph) were the most active
derivatives with 2.3 times more potency than the hit 7c, respectively. We then tested
compounds 7o and 7s in four cancer cell lines of other tumor types (Table 3): MDA-MB-231
(breast adenocarcinoma), A-549 (lung carcinoma), DU-145 (prostate cancer), and MG-63
(osteosarcoma). Both compounds were much less potent in lung carcinoma cells (IC50
higher than 60 µM) but presented moderate activity in prostate cancer cell line DU-145
(Table 3). In osteosarcoma and breast cells, compound 7o was around two times more
active than compound 7s. Compounds 7o and 7s were then evaluated in HEK 293T normal
cell line [22] and, except for A-549 cells, showed selectivity towards all cancer cell lines
over the non-cancer derived cell line (Table 3).

The ability of compounds 7o and 7s to induce apoptosis was also explored by measur-
ing caspase 3/7 activity in AGS cells. The assays showed that, after 48 h of compounds’
incubation at 12.5 µM, there was a significant increase of caspase 3/7 activity, indicating
that the antiproliferative activity is associated with apoptosis induction (Figure 4).
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Table 3. IC50 values 1 in cancer cell lines of selected compounds.

Compound AGS
IC50 (µM)

MDA-MB-231
IC50 (µM)

A-549
IC50 (µM)

DU-145
IC50 (µM)

MG-63
IC50 (µM)

HEK 293T
IC50 (µM)

7c (3.4 ± 0.2) × 10 - - - - -
7j (2.8 ± 0.4) × 10 - - - - -
7o (1.5 ± 0.6) × 10 (2.8 ± 0.2) × 10 (6.3 ± 1.8) × 10 (2.4 ± 0.5) × 10 26.8 ± 0.4 (5.2 ± 0.2) × 10
7s (1.3 ± 0.4) × 10 (6.8 ± 0.6) × 10 (8.8 ± 1.7) × 10 (2.1 ± 1.2) × 10 (5.6 ± 0.7) × 10 (11.7 ± 0.6) × 10

1 IC50 values determined by the MTT method after 48 h of compounds’ incubation. Each IC50 value is the mean ± SD of, at least, three
independent experiments with six replicates each.

Figure 4. Percentage of the normalized caspase 3/7 activity in AGS cells after 48 h of exposure to the
selected compounds at 12.5 µM. * Significantly different from control for p < 0.05.

2.3. Stability Studies in PBS, Human Plasma, and Human Liver Microsomes and Identification
of Metabolites

Preliminary stability studies can provide useful information about possible liabilities
of new drug candidates. Understanding possible clearance mechanisms and how to
modulate the metabolism to reduce metabolic liability of a new bioactive chemical entity
is a fundamental step in drug development that allows access to a hit compound with
desirable ADME attributes [23]. The in vitro phosphate saline buffer (PBS), plasma, and
metabolic stabilities for compound 7s were evaluated. This compound showed chemical
stability in PBS conditions and under plasmatic enzyme activity after 24 h of incubation, at
37 ◦C (Figure 5A). The in vitro metabolic stability of compound 7s was determined upon
incubation in human liver microsomes, in the presence of the Phase I cofactor NADPH
(Figure 5B). This compound demonstrated to be moderately stable [24,25], with a half-life
(t1/2) of 45 min (see Supplementary Materials Figure S1) and an intrinsic hepatic clearance
(CLint) of 22.8 min−1·mL−1·Kg−1. Three main Phase I metabolites, stemming from mono-
and di-hydroxylation of the indole moiety, were identified by LC-HRMS/MS (liquid
chromatography high resolution tandem mass spectrometry) analysis. The protonated
molecule of the parent compound, 7s, is observed in the HRMS-ESI(+) full scan spectrum
at m/z 477.1148 ± 3.6 ppm, with the characteristic dichlorine isotope cluster, and the base
peak of the MS/MS spectrum is observed at m/z 304.0289 ± 0.3 ppm, which corresponds to
the loss of the dichloro-biphenyl-dihydropyrrolone moiety from the protonated molecule
(see Supplementary Materials Figure S2). A mass increment of 15.9944 u is observed for the
protonated molecules of the two close eluting (major) metabolites at m/z 493.1100 ± 4.0
and m/z 493.1098 ± 3.7 ppm, which are, therefore, compatible with two isomer mono-
hydroxylated metabolites of compound 7s, indicated with abbreviation mono-OH-7s
(Figure 5C, see Supplementary Materials Figure S3). The structural similarity of these two
Phase I metabolites was further confirmed by the similar fragmentation patterns observed
in the tandem mass spectra (see Supplementary Materials Figure S3B,C), whose base
peaks correspond to the loss the dichloro-biphenyl-dihydropyrrolone moiety, similarly
to what is observed for 7s. Whereas the exact location of the hydroxyl group could not
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be determined, the hydroxylation of the indole moiety is suggested by the observation of
the diagnostic fragment ion at m/z 146.0606 ± 4.1 ppm in the MS/MS spectra of the two
mono-hydroxylated metabolites (Figure 5C, see Supplementary Materials Figure S3B,C).
With retention time of 15.9 min, a minor di-hydroxilated metabolite was also identified
based on the observation of the monoisotopic signal at m/z 509.1050 ± 4.1 ppm, in the full
scan HRMS-ESI(+) spectra (see Supplementary Materials Figure S4B). Identification of the
diagnostic fragment ion at m/z 150.0551 ± 1.3 ppm in the MS/MS spectrum confirms the
di-hydroxylation on the indole ring (Figure 5C, see Supplementary Materials Figure S4B).
The observation of the fragment ion at m/z 162.0551 ± 1.2 ppm (the di-hydroxylated
version of the mentioned diagnostic fragment ion for mono-OH-7s metabolites), represents
an additional evidence that the main site of Phase I biotransformation is the indole ring.
This constitutes an expected metabolic transformation [26], which is not linked with drug
bioactivation processes [27], and, therefore, is not anticipated to be a toxicity red flag
alert. Nonetheless, taking into consideration the moderate metabolic stability of the parent
compound, it might be relevant to assess the activity of hydroxylated metabolites, following
further improvement of this scaffold.

Figure 5. (A) Stability of compound 7s in human plasma; (B) stability of compound 7s in human liver microsomes;
(C) HRMS evidence for the identification of the mono-OH-7s (major) and di-OH-7s (minor) metabolites.

3. Materials and Methods
3.1. Chemistry

General information: THF was dried using sodium wire and benzophenone as in-
dicator. (R)-Tryptophanol was obtained by reduction of (R)-tryptophan using lithium
aluminum hydride [28]. Other reagents were obtained from commercial suppliers (Sigma-
Aldrich, Alfa Aesar, and Fluorochem). General information concerning the equipment used
for the elucidation of the products’ chemical structures and product characterization (NMR,
melting point, optical rotations, MS, and elemental analysis) are presented in our earlier
publication [21]. Multiplicities in 1H NMR spectra are given as: s (singlet), d (doublet),
dd (double doublet), ddd (doublet of doublets of doublets), t (triplet), and m (multiplet).
Compounds 7h, 7j, and 7j’ showed purity ≥ 95% by LC-MS, performed in a LaChrom
HPLC constituted of a Merck Hitachi pump L-7100, Merck Hitachi autosampler L-7250, and
a Merck Hitachi UV detector L-7400. Analyses were performed with a LiChrospher®100
RP-8 (5 µm) LiChroCART® 250-4 column at room temperature, using a mobile phase
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solution constituted of 65% acetonitrile and 35% Milli-Q water. Peaks were detected at
λ = 254 nm.

General procedure for the synthesis of compounds 7a–j, 7j’, and 8a–g: To a suspension
of enantiopure tryptophanol (0.53 mmol, 1.0 eq.) in toluene (5 mL) was added the appropri-
ate oxocarboxylic acid (0.58 mmol, 1.1 eq.). The mixture was heated at reflux for 10–25 h in
a Dean–Stark apparatus. The reaction mixture was concentrated in vacuo and the residue
obtained was dissolved in EtOAc (10 mL). The organic phase was washed with saturated
aqueous solution of NaHCO3 (15 mL) and brine (15 mL), dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by silica gel flash chromatography using
a mixture of EtOAc/n-hexane as eluent.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-phenyltetrahydropyrrolo[2,1-b]oxazol-5(6H)-one
(7a): Following the general procedure, to a solution of (R)-tryptophanol (0.102 g, 0.536 mmol)
in toluene (5 mL) was added 3-benzoyl propionic acid (0.105 g, 0.590 mmol). Reaction
time: 19 h. The compound was purified by flash chromatography (EtOAc/n-hexane 1:1)
and recrystallized from EtOAc/n-hexane to give pale pink crystalline solid (0.166 g, 95%);
α25

D = −54.7◦ (c = 2.0, MeOH); 1H NMR spectra was found to be identical to the one re-
ported [15] and obtained for compound 8a. Anal. Calcd. for C21H20N2O2·0.05H2O: C,
75.67%; H, 6.09%; N, 8.41%. Found C: 75.22%; H: 5.87%; N: 8.23%. The m.p. value was
found to be identical to the one reported for compound 8a.

(3S,7aS)-3-((1H-indol-3-yl)methyl)-7a-phenyltetrahydropyrrolo[2,1-b]oxazol-5(6H)-one
(8a): Following the general procedure, to a solution of (S)-tryptophanol (0.101 g, 0.529 mmol)
in toluene (5 mL) was added 3-benzoyl propionic acid (0.104 g, 0.582 mmol). Reaction
time: 24 h. The compound was purified by flash chromatography (EtOAc/n-hexane 1:1)
and recrystallized from EtOAc/n-hexane to give pale pink crystalline solid (0.127 g, 72%);
α25

D = +40.4◦ (c = 2.0, MeOH); m.p.: 153–156 ◦C; 1H NMR (300 MHz, CDCl3) δ 7.99 (s, 1H,
NH), 7.50 (d, J = 6.0 Hz, 2H, ArH), 7.46–7.29 (m, 5H, ArH), 7.17 (t, J = 7.5 Hz, 1H, ArH),
7.10–7.05 (m, 2H, ArH), 4.62–4.52 (m, 1H, H-3), 4.16 (t, J = 8.1 Hz, 1H, H-2), 3.63–3.58 (m,
1H, H-2), 3.07 (dd, J = 14.3, 6.2 Hz, 1H, indole-CH2), 2.96–2.75 (m, 1H, CH2), 2.68–2.35 (m,
3H, CH2, and indole-CH2), 2.34–2.14 (m, 1H, CH2) ppm; Anal. Calcd. for C21H20N2O2: C:
75.88%; H: 6.06%; N: 8.43%. Found C: 75.95%; H: 5.76%; N: 8.36%. 1H NMR spectra was
found to be identical to the one reported [15].

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4-fluorophenyl)tetrahydropyrrolo[2,1-b]oxazol-
5(6H)-one (7b): Following the general procedure, to a solution of (R)-tryptophanol (0.100 g,
0.526 mmol) in toluene (5 mL) was added 3-(4-fluorobenzoyl) propionic acid (0.114 g,
0.581 mmol). Reaction time: 19 h. The compound was purified by flash chromatogra-
phy (EtOAc/n-hexane 1:1) and recrystallized from EtOAc/n-hexane to give pale yellow
crystalline solid (0.113 g, 70%); α25

D = −48.8◦ (c = 2.0, MeOH); 1H NMR was found to be
identical to the one obtained for compound 8b. Anal. Calcd. for C21H19FN2O2: C: 71.98%;
H: 5.47%; N: 8.00%. Found C: 72.09%; H: 5.49%; N: 7.94%. The m.p. value was found to be
identical to the one reported for compound 8b.

(3S,7aS)-3-((1H-indol-3-yl)methyl)-7a-(4-fluorophenyl)tetrahydropyrrolo[2,1-b]oxazol-
5(6H)-one (8b): Following the general procedure, to a solution of (S)-tryptophanol (0.102 g,
0.535 mmol) in toluene (5 mL) was added 3-(4-fluorobenzoyl) propionic acid (0.115 g,
0.588 mmol). Reaction time: 21 h. The compound was purified by flash chromatography
(EtOAc/n-hexane 1:1) and recrystallized from EtOAc/n-hexane to give orange crystalline
solid (0.156 g, 83%); α25

D = +39.5◦ (c = 2.0, MeOH); m.p.: 197-198 ◦C; 1H NMR (300 MHz,
CDCl3) δ 8.00 (s, 1H, NH), 7.51-7.41 (m, 3H, ArH), 7.33 (d, J = 8.1 Hz, 1H, ArH), 7.21–7.15
(m, 1H, ArH), 7.11–7.03 (m, 4H, ArH), 4.62–4.53 (m, 1H, H-3), 4.17 (dd, J = 8.8 Hz, 7.4 Hz,
1H, H-2), 3.59 (dd, J = 8.8 Hz, 6.9Hz, 1H, H-2), 3.05 (dd, J = 14.7 Hz, 6.2Hz, 1H, indole-CH2),
2.90–2.78 (m, 1H, CH2), 2.65–2.43 (m, 3H, CH2, and indole-CH2), 2.24 − 2.15 (m, 1H, CH2)
ppm; 13C NMR (75 MHz, CDCl3) δ 180.3 (C=O), 162.8 (d, Cq, JC-F = 245.3 Hz), 138.8 (d, Cq,
J = 3.1 Hz), 136.3 (Cq), 127.5 (Cq), 126.9 (d, ArCH, J = 8.1 Hz), 122.3 (ArCH), 122.2 (ArCH),
119.6 (ArCH), 118.9 (ArCH), 115.5 (d, ArCH, J = 21.5 Hz), 111.6 (Cq), 111.3 (ArCH), 102.2
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(C-7a), 72.8 (C-2), 55.8 (C-3), 35.2 (CH2), 32.7 (CH2), 29.8 (indole-CH2). Anal. Calcd. for
C21H19FN2O2: C: 71.98%; H: 5.47%; N: 8.00%. Found C: 72.48%; H: 5.37%; N: 8.03%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4-chlorophenyl)tetrahydropyrrolo[2,1-b]oxazol-
5(6H)-one (7c): Following the general procedure, to a solution of (R)-tryptophanol (0.103 g,
0.541 mmol) in toluene (5 mL) was added 3-(4-chlorobenzoyl) propionic acid (0.127 g,
0.596 mmol). Reaction time: 18 h. The compound was purified by flash chromatogra-
phy (EtOAc/n-hexane 1:1) and recrystallized from EtOAc/n-hexane to give pale yellow
crystalline solid (0.133 g, 67%); α25

D = −63.1◦ (c = 2.0, MeOH); 1H NMR was found to be
identical to the one obtained for compound 8c. Anal. Calcd. for C21H19ClN2O2: C: 68.76%;
H: 5.18%; N: 7.62%. Found C: 68.76%; H: 5.22%; N: 7.64%. The m.p. value was found to be
identical to the one reported for compound 8c.

(3S,7aS)-3-((1H-indol-3-yl)methyl)-7a-(4-chlorophenyl)tetrahydropyrrolo[2,1-b]oxazol-
5(6H)-one (8c): Following the general procedure, to a solution of (S)-tryptophanol (0.104 g,
0.545 mmol) in toluene (5 mL) was added 3-(4-chlorobenzoyl) propionic acid (0.128 g,
0.600 mmol). Reaction time: 23 h. The compound was purified by flash chromatogra-
phy (EtOAc/n-hexane 1/1) and recrystallized from EtOAc/n-hexane to give pale pink
crystalline solid (0.164 g, 82%); α25

D = +54.5◦ (c = 2.0, MeOH); m.p.: 206–208 ◦C; 1H NMR
(300 MHz, CDCl3) δ 7.98 (s, 1H, NH), 7.47–7.32 (m, 6H, ArH), 7.21–7.16 (m, 1H, ArH),
7.12–7.06 (m, 2H, ArH), 4.62–4.52 (m, 1H, H-3), 4.17 (dd, J = 8.8 Hz, 7.5 Hz, 1H, H-2), 3.59
(dd, J = 8.8 Hz, 6.9 Hz, 1H, H-2), 3.05 (dd, J = 15.1 Hz, 7.5 Hz, 1H, indole-CH2), 2.89–2.78 (m,
1H, CH2), 2.65–2.44 (m, 3H, CH2, and indole-CH2), 2.22–2.14 (m, 1H, CH2) ppm; 13C NMR
(75 MHz, CDCl3) δ 180.3 (C=O), 141.5 (Cq), 136.3 (Cq), 134.3 (Cq), 129.0 (ArCH), 127.4 (Cq),
126.7 (ArCH), 122.3 (ArCH), 122.2 (ArCH), 119.5 (ArCH), 118.8 (ArCH), 111.4 (Cq), 111.3
(ArCH), 102.1 (C-7a), 72.9 (C-2), 55.8 (C-3), 35.1 (CH2), 32.6 (CH2), 29.8 (indole-CH2). Anal.
Calcd. for C21H19ClN2O2: C: 68.76%; H: 5.22%; N: 7.62%. Found C: 68.94%; H: 5.06%;
N: 7.60%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4-bromophenyl)tetrahydropyrrolo[2,1-b]oxazol-
5(6H)-one (7d): Following the general procedure, to a solution of (R)-tryptophanol (0.102 g,
0.536 mmol) in toluene (5 mL) was added 3-(4-bromobenzoyl) propionic acid (0.153 g,
0.590 mmol). Reaction time: 18 h. The compound was purified by flash chromatography
(EtOAc/n-hexane 1:1) and recrystallized from EtOAc/n-hexane to give pale pink crystalline
solid (0.182 g, 83%); α25

D = −53.6◦ (c = 2.0, MeOH); 1H NMR was found to be identical to
the one obtained for compound 8d. Anal. Calcd. for C21H19BrN2O2·0.15H2O: C: 60.92%;
H: 4.71%; N: 6.77%. Found C: 60.47%; H: 4.55%; N: 6.55%. The m.p. value was found to be
identical to the one reported for compound 8d.

(3S,7aS)-3-((1H-indol-3-yl)methyl)-7a-(4-bromophenyl)tetrahydropyrrolo[2,1-b]oxazol-
5(6H)-one (8d): Following the general procedure, to a solution of (S)-tryptophanol (0.102 g,
0.536 mmol) in toluene (5 mL) was added 3-(4-bromobenzoyl) propionic acid (0.151 g,
0.589 mmol). Reaction time: 18 h. The compound was purified by flash chromatogra-
phy (EtOAc/n-hexane 1:1) and recrystallized from EtOAc/n-hexane to give pale yellow
crystalline solid (0.159 g, 72%); α25

D = +52.3◦ (c = 2.0, MeOH); m.p.: 207-210 ◦C. 1H NMR
(300 MHz, CDCl3) δ 7.97 (s, 1H, NH), 7.52–7.45 (m, 3H, ArH), 7.37–7.32 (m, 3H, ArH),
7.21–7.05 (m, 3H, ArH), 4.62–4.52 (m, 1H, H-3), 4.17 (dd, J = 8.8 Hz, 7.4 Hz, 1H, H-2), 3.59
(dd, J = 8.8 Hz, 6.9 Hz, 1H, H-2), 3.05 (dd, J = 14.7 Hz, 6.1 Hz, 1H, indole-CH2), 2.89–2.78
(m, 1H, CH2), 2.65–2.44 (m, 3H, CH2, and indole-CH2), 2.22–2.14 (m, 1H, CH2) ppm; 13C
NMR (75 MHz, CDCl3) δ 180.3 (C=O), 142.1 (Cq), 136.3 (Cq), 131.8 (ArCH), 127.5 (Cq), 127.1
(ArCH), 122.5 (Cq), 122.2 (ArCH), 122.1 (ArCH), 119.7 (ArCH), 118.9 (ArCH), 111.6 (Cq),
111.3 (ArCH), 102.1 (C-7a), 72.9 (C-2), 55.8 (C-3), 35.1 (CH2), 32.7 (CH2), 29.8 (indole-CH2).
Anal. Calcd. for C21H19BrN2O2: C: 61.33%; H: 4.66%; N: 6.81%. Found C: 61.26%; H: 4.48%;
N: 6.76%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(p-tolyl)tetrahydropyrrolo[2,1-b]oxazol-5(6H)-one
(7e): Following the general procedure, to a solution of (R)-tryptophanol (0.103 g, 0.541 mmol)
in toluene (5 mL) was added 3-(4-methylbenzoyl) propionic acid (0.114 g, 0.596 mmol). Re-
action time: 19 h. The compound was purified by flash chromatography (EtOAc/n-hexane
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1:1) and recrystallized from EtOAc/n-hexane to give pale pink crystalline solid (0.160 g,
86%); α25

D = −58.7◦ (c = 2.0, MeOH); 1H NMR was found to be identical to the one obtained
for compound 8e. Anal. Calcd. for C22H22N2O2: C: 76.28%; H: 6.40%; N: 8.09%. Found C:
75.87%; H: 6.23%; N: 8.06%. The m.p. value was found to be identical to the one reported
for compound 8e.

(3S,7aS)-3-((1H-indol-3-yl)methyl)-7a-(p-tolyl)tetrahydropyrrolo[2,1-b]oxazol-5(6H)-one
(8e): Following the general procedure, to a solution of (S)-tryptophanol (0.100 g, 0.526 mmol)
in toluene (5 mL) was added 3-(4-methylbenzoyl) propionic acid (0.112 g, 0.583 mmol). Re-
action time: 18 h. The compound was purified by flash chromatography (EtOAc/n-hexane
1:1) and recrystallized from EtOAc/n-hexane to give pale pink crystalline solid (0.097 g,
53%); α25

D = +45.1◦ (c = 2.0, MeOH); m.p.: 210–213 ◦C. 1H NMR (300 MHz, CDCl3) δ 8.00
(s, 1H, NH), 7.47–7.32 (m, 4H, ArH), 7.21–7.06 (m, 5H, ArH), 4.60–4.50 (m, 1H, H-3), 4.15
(dd, J = 8.7 Hz, 7.4 Hz, 1H, H-2), 3.61 (dd, J = 8.8 Hz, 6.9 Hz, 1H, H-2), 3.09 (dd, J = 14.7 Hz,
6.1 Hz, 1H, indole-CH2), 2.90–2.79 (m, 1H, CH2), 2.64-2.43 (m, 3H, CH2, and indole-CH2),
2.39 (s, 3H, CH3), 2.26-2.17 (m, 1H, CH2) ppm; 13C NMR (75 MHz, CDCl3) δ 180.3 (C=O),
139.9 (Cq), 138.2 (Cq), 136.3 (Cq), 129.3 (ArCH), 127.5 (Cq), 125.2 (ArCH), 122.3 (ArCH),
122.2 (ArCH), 119.6 (ArCH), 119.0 (ArCH), 111.9 (Cq), 111.2 (ArCH), 102.6 (C-7a), 72.9
(C-2), 55.7 (C-3), 35.4 (CH2), 32.9 (CH2), 29.9 (indole-CH2), 21.4 (CH3). Anal. Calcd. for
C22H22N2O2: C: 76.28%; H: 6.40%; N: 8.09%. Found C: 76.49%; H: 6.27%; N: 8.16%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4-methoxyphenyl)tetrahydropyrrolo[2,1-b]oxazol-
5(6H)-one (7f): Following the general procedure, to a solution of (R)-tryptophanol (0.100 g,
0.526 mmol) in toluene (5 mL) was added 3-(4-methoxybenzoyl) propionic acid (0.121 g,
0.581 mmol). Reaction time: 24 h. The compound was purified by flash chromatogra-
phy (EtOAc/n-hexane 1:1) and recrystallized from EtOAc/n-hexane to give pale yellow
crystalline solid (0.106 g, 56%); α25

D = −43.0◦ (c = 1.0, MeOH); 1H NMR was found to be
identical to the one obtained for compound 8f. Anal. Calcd. for C22H22N2O3·0.15H2O: C:
72.36%; H: 6.17%; N: 7.67%. Found C: 72.22%; H: 6.21%; N: 7.53%. The m.p. value was
found to be identical to the one reported for compound 8f.

(3S,7aS)-3-((1H-indol-3-yl)methyl)-7a-(4-methoxyphenyl)tetrahydropyrrolo[2,1-b]oxazol-
5(6H)-one (8f): Following the general procedure, to a solution of (S)-tryptophanol (0.101 g,
0.533 mmol) in toluene (5 mL) was added 3-(4-methoxybenzoyl) propionic acid (0.122 g,
0.586 mmol). Reaction time: 25 h. The compound was purified by flash chromatogra-
phy (EtOAc/n-hexane 1:1) and recrystallized from EtOAc/n-hexane to give pale yellow
crystalline solid (0.134 g, 69%); α25

D = +48.1◦ (c = 1.0, MeOH); m.p.: 185–187 ◦C. 1H NMR
(300 MHz, CDCl3) δ 8.00 (s, 1H, NH), 7.47–7.32 (m, 4H, ArH), 7.20–7.05 (m, 3H, ArH),
6.92–6.89 (m, 2H, ArH), 4.61–4.50 (m, 1H, H-3), 4.15 (dd, J = 8.4 Hz, 7.7 Hz, 1H, H-2), 3.84
(s, 3H, O-CH3), 3.61 (dd, J = 8.7 Hz, 7.0 Hz, 1H, H-2), 3.08 (dd, J = 14.7 Hz, 6.2 Hz, 1H,
indole-CH2), 2.90–2.79 (m, 1H, CH2), 2.64–2.44 (m, 3H, CH2, and indole-CH2), 2.25–2.17
(m, 1H, CH2) ppm; 13C NMR (75 MHz, CDCl3) δ 180.2 (C=O), 159.7 (Cq), 136.3 (Cq), 134.9
(Cq), 127.5 (Cq), 126.6 (ArCH), 122.2 (ArCH), 119.5 (ArCH), 119.0 (ArCH), 114.1 (ArCH),
111.8 (Cq), 111.2 (ArCH), 102.5 (C-7a), 72.8 (C-2), 55.7 (OCH3), 55.5 (C-3), 35.3 (CH2), 32.8
(CH2), 29.8 (indole-CH2). Anal. Calcd. for C22H22N2O3: C: 72.91%; H: 6.12%; N: 7.73%.
Found C: 72.73%; H: 5.76%; N: 7.73%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4-(methylsulfonyl)phenyl)tetrahydropyrrolo[2,1-
b]oxazol-5(6H)-one (7g): Following the general procedure, to a solution of (R)-tryptophanol
(0.106 g, 0.557 mmol) in toluene (5 mL) was added 3-(4-methylsulfonylbenzoyl) propionic
acid (0.157 g, 0.613 mmol). Reaction time: 22 h. The compound was purified by flash
chromatography (EtOAc/n-hexane 7:3) and recrystallized from EtOAc/n-hexane to give
a pale yellow crystalline solid (0.171g, 75%); α25

D = −57.2◦ (c = 2.0, MeOH); 1H NMR was
found to be identical to the one obtained for compound 8g. Anal. Calcd. for C22H22N2O4S:
C: 64.37%; H: 5.40%; N: 6.82%. Found C: 64.31%; H: 5.32%; N: 6.81%. The m.p. value was
found to be identical to the one reported for compound 8g.

(3S,7aS)-3-((1H-indol-3-yl)methyl)-7a-(4-(methylsulfonyl)phenyl)tetrahydropyrrolo[2,1-
b]oxazol-5(6H)-one (8g): Following the general procedure, to a solution of (S)-tryptophanol
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(0.100 g, 0.526 mmol) in toluene (5 mL) was added 3-(4-methylsulfonylbenzoyl) propionic
acid (0.148 g, 0.578 mmol). Reaction time: 23 h. The compound was purified by flash
chromatography (EtOAc/n-hexane 7:3) and recrystallized from EtOAc/n-hexane to give
yellow crystalline solid (0.131 g, 61%); α25

D = +66.9 (c = 2.0, MeOH); m.p.: 205–207 ◦C. 1H
NMR (300 MHz, CDCl3) δ 8.01 (s, 1H, NH), 7.90–7.88 (m, 2H, ArH), 7.62–7.59 (m, 2H,
ArH), 7.43 (d, J = 7.9 Hz, 1H, ArH), 7.33 (d, J = 8.1 Hz, 1H, ArH), 7.21–7.16 (m, 1H, ArH),
7.11–7.06 (m, 1H, ArH), 7.00 (d, J = 2.3 Hz, 1H, ArH), 4.66–4.56 (m, 1H, H-3), 4.22 (dd,
J = 8.9, 7.4 Hz, 1H, H-2), 3.61 (dd, J = 8.9, 7.0 Hz, 1H, H-2), 3.10 (s, 3H, SO2CH3), 3.00
(dd, J = 15.5, 5.9 Hz, 1H, indole-CH2), 2.92–2.75 (m, 1H, CH2), 2.70–2.45 (m, 3H, CH2, and
indole-CH2), 2.21–2.13 (m, 1H, CH2) ppm; 13C NMR (75 MHz, CDCl3) δ 180.1 (C=O), 149.2
(Cq), 140.5 (Cq), 136.3 (Cq), 128.0 (ArCH), 127.5 (Cq), 126.2 (ArCH), 122.4 (ArCH), 119.7
(ArCH), 118.7 (ArCH), 111.4 (Cq), 111.1 (ArCH), 101.8 (C-7a), 72.9 (C-2), 56.0 (C-3), 44.6
(SO2CH3), 35.1 (CH2), 32.6 (CH2), 29.5 (indole-CH2). Anal. Calcd. for C22H22N2O4S: C:
64.37%; H: 5.40%; N: 6.82%. Found C: 64.59%; H: 5.51%; N: 6.69%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(3-chloro-4-methylphenyl)tetrahydropyrrolo[2,1-
b]oxazol-5(6H)-one (7h): Following the general procedure, to a solution of (R)-tryptophanol
(0.041 g, 0.218 mmol) in toluene (2 mL) was added 4-(3-chloro-4-methylphenyl)-4-oxobutanoic
acid (0.058 g, 0.254 mmol). Reaction time: 10 h. The compound was purified by flash
chromatography (EtOAc/n-hexane 1:1) and recrystallized from CH2Cl2/n-hexane to give
a white solid (0.077 g, 93%); α25

D = −29.6◦ (c = 1.0, CH2Cl2); m.p.: 171–172 ◦C. 1H NMR
(300 MHz, CDCl3): δ 7.97 (s, 1H, NH), 7.50 (d, J = 1.4 Hz, 1H, ArH), 7.48 (d, J = 8.1 Hz,
1H, ArH), 7.33 (d, J = 8.0 Hz, 1H, ArH), 7.28–7.23 (m, 2H, ArH), 7.21–7.15 (m, 1H, ArH),
7.13–7.09 (m, 1H, ArH), 7.06 (d, J = 2.4 Hz, 1H, ArH), 4.62–4.50 (m, 1H, H-3), 4.16 (dd,
J = 8.8, 7.4 Hz, 1H, H-2), 3.61 (dd, J = 8.8, 6.9 Hz, 1H, H-2), 3.10 (dd, J = 14.6, 6.0 Hz, 1H,
indole-CH2), 2.85 (ddd, J = 16.3, 9.8, 8.1 Hz, 1H, CH2), 2.62 (dd, J = 10.1, 3.3 Hz, 1H, CH2),
2.50 (ddd, J = 18.4, 9.6, 6.1 Hz, 2H, CH2, and indole-CH2), 2.41 (s, 3H, CH3), 2.25–2.15 (m,
1H, CH2); 13C NMR (75 MHz, CDCl3) δ 180.1 (C=O), 160.6 (Cq), 142.3 (Cq), 136.2 (Cq),
134.9 (Cq), 131.4 (ArCH), 127.4 (Cq), 125.9 (ArCH), 123.5 (ArCH), 122.3 (ArCH), 122.2
(ArCH), 119.6 (Cq), 118.9 (ArCH), 111.6 (ArCH), 111.2 (ArCH), 101.8 (C-7a), 72.9 (C-2),
55.7 (C-3), 35.1 (CH2), 32.7 (CH2), 29.8 (indole-CH2), 20.0 (CH3). LRMS (ESI) m/z calcd for
C22H21ClN2O2: 380, found 381 [M+H]+.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(3-fluoro-4-methoxyphenyl)tetrahydropyrrolo[2,1-
b]oxazol-5(6H)-one (7i): Following the general procedure, to a solution of (R)-tryptophanol
(0.100 g, 0.526 mmol) in toluene (5 mL) was added 3-(3-fluoro-4-methoxybenzoyl) propionic
acid (0.131 g, 0.578 mmol). Reaction time: 22 h. The compound was purified by flash
chromatography (EtOAc/n-hexane 1:1) and recrystallized from EtOAc/n-hexane to give a
pale yellow crystalline solid (0.139 g, 69%); α25

D = −51.3◦ (c = 2.0, MeOH); m.p.: 131–132 ◦C;
1H NMR (300 MHz, (CDCl3) δ 8.01 (s, 1H, NH), 7.47 (d, J = 7.9 Hz, 1H, ArH), 7.33 (d,
J = 8.0 Hz, 1H, ArH), 7.23–7.04 (m, 5H, ArH), 6.93 (t, J = 8.4 Hz, 1H, ArH), 4.61–4.41 (m,
1H, H-3), 4.16 (dd, J = 8.7, 7.4 Hz, 1H, H-2), 3.92 (s, 3H, O-CH3), 3.61 (dd, J = 8.8, 6.9 Hz,
1H, H-2), 3.08 (dd, J = 13.9, 6.0 Hz, 1H, indole-CH2), 2.90–2.83 (m, 1H, CH2), 2.64–2.43
(m, 3H, CH2, and indole-CH2), 2.24–2.15 (m, 1H, CH2) ppm; 13C NMR (75 MHz, CDCl3) δ
180.2 (C=O), 152.2 (d, Cq, JC-F = 245.2 Hz), 147.5 (Cq), 147.3 (Cq), 136.3 (Cq), 135.7 (d, Cq,
J = 5.2 Hz), 127.4 (Cq), 122.0 (d, ArCH, J = 6.3 Hz), 120.8 (d, ArCH, J = 3.5 Hz), 119.5
(ArCH), 118.8 (ArCH), 113.2 (d, ArCH, J = 1.6 Hz), 113.2 (ArCH), 111.5 (Cq), 111.3 (ArCH),
101.9 (C-7a), 72.9 (C-2), 56.5 (C-3), 55.8 (OCH3), 35.2 (CH2), 32.9 (CH2), 29.8 (indole-CH2).
Anal. Calcd. for C22H21FN2O3: C: 69.46%; H: 5.56%; N: 7.36%. Found C: 69.49%; H: 5.76%;
N: 7.12%.

(3R,7aR,7S)-3-((1H-indol-3-yl)methyl)-7a-(4-chlorophenyl)-7-methyltetrahydropyrrolo
oxazol-5(6H)-one (7j) and (3R,7aR,7R)-3-((1H-indol-3-yl)methyl)-7a-(4-chlorophenyl)-7-
methyltetrahydropyrrolo[2,1-b]oxazol-5(6H)-one (7j‘): Following the general procedure,
to a solution of (R)-tryptophanol (0.039 g, 0.207 mmol) in toluene (2 mL) was added
4-(4-chlorophenyl)-3-methyl-4-oxobutanoic acid (0.057 g, 0.239 mmol). Reaction time:
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17 h. Two compounds were purified by flash chromatography (EtOAc/n-hexane 2:3) and
recrystallized from CH2Cl2/n-hexane.

(7j): The product was obtained as a white solid (0.055 g, 69%); α25
D = −30.5◦ (c = 1.0,

CH2Cl2); m.p.: 201–202 ◦C. 1H NMR (300 MHz, CDCl3): δ 8.00 (s, 1H, NH), 7.41 (d,
J = 8.6 Hz, 3H, ArH), 7.34 (d, J = 8.8 Hz, 3H, ArH), 7.18 (t, J = 7.4 Hz, 1H, ArH), 7.11 (s,
1H, ArH), 7.07 (d, J = 7.4 Hz, 1H, ArH), 4.67–4.56 (m, 1H, H-3), 4.13 (t, J = 8.0 Hz, 1H,
H-2), 3.58 (dd, J = 8.5, 6.6 Hz, 1H, H-2), 3.04–2.85 (m, 2H, CH2, and indole-CH2), 2.44 (td,
J = 15.1, 8.1 Hz, 2H, CH2, and indole-CH2), 2.18 (dd, J = 17.3, 5.6 Hz, 1H, CH2), 1.12 (d,
J = 7.1 Hz, 3H, CH3); 13C NMR (75 MHz, CDCl3) δ 181.1 (C=O), 141.4 (Cq), 136.2 (Cq), 134.2
(Cq), 128.9 (ArCH), 127.5 (Cq), 127.0 (ArCH), 122.3 (ArCH), 122.1 (ArCH), 119.6 (ArCH),
118.8 (ArCH), 111.8 (Cq), 111.2 (ArCH), 103.0 (C-7a), 72.3 (C-2), 56.5 (C-3), 40.0 (CH2), 39.7
(CH2), 29.7 (indole-CH2), 14.0 (CH3). LRMS (ESI) m/z calcd for C22H21ClN2O2: 380, found
381 [M+H]+.

(7j’): The product was obtained as white solid (0.014 g, 18%); α25
D = −45.7◦ (c = 1.0,

CH2Cl2); m.p.: 205-206 ◦C. 1H NMR (300 MHz, CDCl3): δ 7.95 (s, 1H, NH), 7.48 (d,
J = 7.9 Hz, 1H, ArH), 7.34 (t, J = 8.7 Hz, 5H, ArH), 7.19 (t, J = 7.3 Hz, 1H, ArH), 7.10 (t,
J = 7.3 Hz, 1H, ArH), 6.99 (s, 1H, ArH), 4.55 (td, J = 12.4, 6.8 Hz, 1H, H-3), 4.24–4.17 (m, 1H,
H-2), 3.64 (dd, J = 8.6, 7.1 Hz, 1H, H-2), 3.10 (dd, J = 14.7, 5.3 Hz, 1H, indole-CH2), 2.78–2.63
(m, 2H, CH2), 2.48 (dt, J = 15.8, 8.1 Hz, 2H, CH2, and indole-CH2), 0.65 (d, J = 6.5 Hz,
3H, CH3); 13C NMR (75 MHz, CDCl3) δ 177.1 (C=O), 137.9 (Cq), 136.3 (Cq), 134.4 (Cq),
128.7 (ArCH), 127.9 (ArCH), 127.5 (Cq), 122.4 (ArCH), 122.2 (ArCH), 119.7 (ArCH), 119.0
(ArCH), 111.6 (Cq), 111.2 (ArCH), 104.1 (C-7a), 73.5 (C-2), 54.8 (C-3), 42.1 (CH2), 41.3
(CH2), 29.6 (indole-CH2), 16.4 (CH3). LRMS (ESI) m/z calcd for C22H21ClN2O2: 380, found
381 [M+H]+.

General procedure for the synthesis of 7k–l: The (R)-tryptophanol-derived oxazolopy-
rrolidone lactam (0.129 mmol) was dissolved in dry DMF (5 mL), and the solution was
cooled to 0 ◦C, under N2 atmosphere. Sodium hydride (NaH) in 60% dispersion in mineral
oil (0.250 mmol, 2.0 eq.) was added portion wise and the mixture stirred for 15 min. The
appropriate protecting reagent (0.320 mmol, 2.5 eq.) was added and the reaction mixture
stirred at room temperature for 3–6 h. After reaction completion, water (10 mL) was
added followed by EtOAc (10 mL). The aqueous phase was washed with EtOAc (2x10 mL);
the combined organic phases were washed with brine (10 mL), dried with MgSO4, and
concentrated in vacuo. The residue was purified by silica gel flash chromatography using
EtOAc/n-hexane as eluent.

(3R,7aR)-7a-(4-chlorophenyl)-3-((1-ethyl-1H-indol-3-yl)methyl)tetrahydropyrrolo[2,1-
b]oxazol-5(6H)-one (7k): Following the general procedure, to a solution of 7c (0.120 g,
0.327 mmol) in DMF (13.5 mL) was added NaH (0.016 g, 0.654 mmol) and ethyl iodide
(65.4 µL, 0.818 mmol). Reaction time: 3 h. The compound was purified by flash chromatog-
raphy (EtOAc/n-hexane 1:2) to afford the title compound as a pale yellow oil (0.101 g,
78%); 1H NMR (300 MHz, CDCl3) δ 7.39 (d, J = 7.9 Hz, 1H. ArH), 7.36–7.17 (m, 5H, ArH),
7.16–7.08 (m, 1H, ArH), 7.04–6.97 (m, 1H, ArH), 6.87 (s, 1H, ArH), 4.48 (m, 1H, H-3), 4.08
(dd, J = 8.8, 7.5 Hz, 1H, H-2), 4.01 (q, J = 7.3 Hz, 2H, CH2CH3), 3.52 (dd, J = 8.8, 7.0 Hz, 1H,
H-2), 3.01 (dd, J = 14.6, 5.3 Hz, 1H, indole-CH2), 2.84–2.70 (m, 1H, CH2), 2.58–2.36 (m, 3H,
CH2, and indole-CH2), 2.15–2.07 (m, 1H, CH2), 1.33 (t, J = 7.3 Hz, 3H, CH2CH3); 13C NMR
(75 MHz, CDCl3) δ 180.2 (C=O), 141.6 (Cq), 136.1 (Cq), 134.3 (Cq), 129.0 (ArCH), 128.1 (Cq),
126.8 (ArCH), 125.3 (ArCH), 121.7 (ArCH), 119.2 (ArCH), 119.1 (ArCH), 110.0 (Cq), 109.4
(ArCH), 102.1 (C-7a), 72.9 (C-2), 55.9 (C-3), 40.9 (CH2CH3), 35.2 (CH2), 32.8 (CH2), 29.7
(indole-CH2), 15.6 (CH2CH3). Anal. Calcd. for C23H23ClN2O2: C: 69.96%; H: 5.87%; N:
7.09%. Found C: 70.12%; H: 6.40%; N: 6.95%.

(3R,7aR)-3-((1-acetyl-1H-indol-3-yl)methyl)-7a-(4-chlorophenyl)tetrahydropyrrolo[2,1-
b]oxazol-5(6H)-one (7l): Following the general procedure, to a solution of 7c (0.094 g,
0.256 mmol) in DMF (9.5 mL) was added NaH (12.3 mg, 0.512 mmol) and acetic anhydride
(60.6 µL, 0.641 mmol). Reaction time: 6 h. The compound was purified by flash chromatog-
raphy (EtOAc/n-hexane 1:1) to afford the title compound as a white powder (0.072 g, 69%);
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m.p.: 66–67 ◦C; 1H NMR (300 MHz, CDCl3) δ 8.32 (d, J = 7.8 Hz, 1H, ArH), 7.56 (s, 1H,
ArH), 7.28–7.11 (m, 7H, ArH), 4.61–4.45 (m, 1H, H-3), 4.20 (dd, J = 8.7, 7.6 Hz, 1H, H-2),
3.49 (dd, J = 8.7, 6.5 Hz, 1H, H-2), 2.80–2.52 (m, 3H, CH2, and indole-CH2), 2.52 (s, 3H,
CH3), 2.48–2.35 (m, 2H, CH2, and indole-CH2), 2.16–2.02 (m, 1H, CH2); 13C NMR (75 MHz,
CDCl3) δ 180.9 (C=O), 168.9 (C=O), 141.2 (Cq), 135.9 (Cq), 134.5 (Cq), 130.6 (Cq), 129.1
(ArCH), 126.6 (ArCH), 125.5 (ArCH), 123.7 (ArCH), 123.3 (ArCH), 118.7 (ArCH), 118.3 (Cq),
116.8 (ArCH), 102.4 (C-7a), 72.6 (C-2), 54.9 (C-3), 34.7 (CH2), 32.4 (CH2), 29.6 (indole-CH2),
24.2 (CH3). Anal. Calcd. for C23H21ClN2O3: C: 67.56%; H: 5.18%; N: 6.85%. Found C:
67.37%; H: 5.47%; N: 6.72%.

Procedure for the synthesis of tert-butyl 3-(((3R,7aR)-7a-(4-chlorophenyl)-5-
oxohexahydropyrrolo[2,1-b]oxazol-3-yl)methyl)-1H-indole-1-carboxylate (7m): To a so-
lution of 7c (0.070 g, 0.191 mmol) in THF (7.0 mL) was added anhydrous Et3N (58.6 µL,
0.420 mmol), DMAP (0.006 g, 0.048 mmol), and Boc2O (0.054 g, 0.248 mmol). The reaction
mixture was stirred at room temperature for 3 h. After reaction completion, the mixture
was concentrated in vacuo and the crude was dissolved in EtOAc (20 mL). The organic
phase was washed with a sat. sol. of NH4Cl (2 × 15 mL), a sat. sol. of NaHCO3 (2 × 15 mL)
and brine (15 mL). The combined organic phases were dried with MgSO4, concentrated in
vacuo and the compound was purified by flash chromatography (EtOAc/n-hexane 2:3) to
afford the title compound as a pale yellow powder (0.059 g, 66%); m.p.: 163–165 ◦C; 1H
NMR (300 MHz, CDCl3) δ 8.01 (d, J = 7.6 Hz, 1H, ArH), 7.37–7.30 (m, 4H, ArH), 7.29–7.18
(m, 3H, ArH), 7.14 (td, J = 7.5, 1.1 Hz, 1H, ArH), 4.57–4.40 (m, 1H, H-3), 4.14 (dd, J = 8.8,
7.5 Hz, 1H, H-2), 3.51 (dd, J = 8.9, 7.0 Hz, 1H, H-2), 2.90 (ddd, J = 14.7, 5.7, 1.2 Hz, 1H,
indole-CH2), 2.85–2.70 (m, 1H, CH2), 2.59–2.30 (m, 3H, CH2, and indole-CH2), 2.16–2.05
(m, 1H, CH2), 1.58 (s, 9H, C(CH3)3); 13C NMR (75 MHz, CDCl3) δ 180.3 (C=O), 149.8 (C=O),
141.4 (Cq), 134.4 (Cq), 130.4 (Cq), 129.1 (ArCH), 126.6 (ArCH), 124.7 (ArCH), 123.5 (ArCH),
122.7 (ArCH), 119.1 (ArCH), 116.1 (Cq), 115.4 (ArCH), 102.1 (C-7a), 83.8 (C(CH3)3), 72.8
(C-2), 55.2 (C-3), 35.2 (CH2), 32.7 (CH2), 29.5 (indole-CH2), 28.4 (C(CH3)3); Anal. Calcd. for
C26H27ClN2O4: C: 66.88%; H: 5.83%; N: 6.00%. Found C: 66.90%; H: 6.16%; N: 5.89%.

General procedure for the synthesis of 7n–u: To a solution of the appropriate tryptophanol-
derived oxazolopiperidone lactams (0.230 mmol) in dioxane (2.3 mL) was added Pd(PPh3)2Cl2
(0.023 mmol, 0.1 eq) and 1 M aq. sol. of Na2CO3 (690 µL), followed by the appropriate
boronic acid (0.280 mmol,1.2 eq.). The resulting mixture was degassed and stirred at 100 ◦C,
under N2 atmosphere, for 2–5 h. After cooling to room temperature, the reaction mixture
was diluted with CH2Cl2, filtered in celite, and concentrated in vacuo. The residue was
purified by silica gel flash chromatography using EtOAc/N-hexane as eluent.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4’-chloro-[1,1’-biphenyl]-4-yl)tetrahydropyrrolo
oxazol-5(6H)-one (7n): Following the general procedure, to a solution of 7d (0.036 g,
0.088 mmol) in dioxane (1.0 mL) was added Pd(PPh3)2Cl2 (0.003 g, 8.8 µmol), 1 M aq.
sol. of Na2CO3 (266 µL), and 4-chlorophenylboronic acid (0.017 g, 0.107 mmol). Reaction
time: 4 h. The compound was purified by flash chromatography (EtOAc/n-hexane 2:3)
to afford the title compound as a white solid (0.036 g, 94%); m.p.: 201–204 ◦C; 1H NMR
(300 MHz, CDCl3) δ 8.08 (s, 1H, NH), 7.63–7.50 (m, 6H, ArH), 7.48–7.39 (m, 3H, ArH), 7.33
(d, J = 8.1 Hz, 1H, ArH), 7.22–7.12 (m, 1H, ArH), 7.12–7.01 (m, 2H, ArH), 4.70–4.52 (m, 1H,
H-3), 4.20 (dd, J = 8.7, 7.4 Hz, 1H, H-2), 3.66 (dd, J = 8.8, 6.8 Hz, 1H, H-2), 3.11 (dd, J = 15.1,
6.6 Hz, 1H, indole-CH2), 3.01–2.78 (m, 1H, CH2), 2.73–2.44 (m, 3H, CH2, and indole-CH2),
2.38–2.17 (m, 1H, CH2); 13C NMR (75 MHz, CDCl3) δ 180.3 (C=O), 142.3 (Cq), 140.1 (Cq),
139.1 (Cq), 136.3 (Cq), 133.9 (Cq), 129.2 (ArCH), 128.5 (ArCH), 127.5 (Cq), 127.4 (ArCH),
125.9 (ArCH), 122.3 (ArCH), 122.2 (ArCH), 119.6 (ArCH), 118.9 (ArCH), 111.8 (Cq), 111.3
(ArCH), 102.4 (C-7a), 73.0 (C-2), 55.8 (C-3), 35.2 (CH2), 32.8 (CH2), 29.9 (indole-CH2); Anal.
Calcd. for C27H23ClN2O2: C: 73.21%; H: 5.23%; N: 6.32%. Found C: 73.56%; H: 5.83%;
N: 5.92%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4’-(trifluoromethyl)-[1,1’-biphenyl]-4-yl)tetrahydropyrrolo
[2,1-b]oxazol-5(6H)-one (7o): Following the general procedure, to a solution of 7d (0.050 g,
0.122 mmol) in dioxane (1.4 mL) was added Pd(PPh3)2Cl2 (0.004 g, 12.2 µmol), 1 M aq. sol.
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of Na2CO3 (370 µL), and 4-(trifluoromethyl)phenylboronic acid (0.028 g, 0.148 mmol). Re-
action time: 3 h. The compound was purified by flash chromatography (EtOAc/n-hexane
2:3) to afford the title compound as a white solid (0.050 g, 86%); m.p.: 201–203 ◦C; 1H NMR
(300 MHz, CDCl3) δ 7.99 (s, 1H, NH), 7.72 (s, 4H, ArH), 7.64–7.55 (m, 4H, ArH), 7.43 (d,
J = 7.5 Hz, 1H, ArH), 7.33 (d, J = 8.1 Hz, 1H, ArH), 7.21–7.14 (m, 1H, ArH), 7.12–7.03 (m, 2H,
ArH), 4.67–4.53 (m, 1H, H-3), 4.20 (dd, J = 8.8, 7.4 Hz, 1H, H-2), 3.65 (dd, J = 8.8, 6.8 Hz, 1H,
H-2), 3.10 (dd, J = 15.0, 6.5 Hz, 1H, indole-CH2), 2.91–2.83 (m, 1H, CH2), 2.67–2.48 (m, 3H,
CH2, and indole-CH2), 2.33–2.22 (m, 1H, CH2); 13C NMR (75 MHz, CDCl3) δ 180.3 (C=O),
143.9 (Cq), 142.7 (Cq), 139.8 (Cq), 136.0 (Cq), 129.5 (q, Cq, J = 32.3 Hz), 127.8 (ArCH), 127.6
(ArCH), 127.1 (Cq), 125.8 (q, ArCH, J = 3.7 Hz), 125.7 (ArCH), 124.2 (q, Cq, JC-F = 270.2 Hz),
122.3 (ArCH), 122.2 (ArCH), 119.6 (ArCH), 118.1 (ArCH), 111.7 (Cq), 111.2 (ArCH), 102.4
(C-7a), 72.9 (C-2), 55.8 (C-3), 35.2 (CH2), 32.8 (CH2), 29.9 (indole-CH2); Anal. Calcd. for
C28H23F3N2O2: C: 70.58%; H: 4.87%; N: 5.88%. Found C: 70.09%; H: 5.19%; N: 5.83%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4’-hydroxy-[1,1’-biphenyl]-4-yl)tetrahydropyrrolo
oxazol-5(6H)-one (7p): Following the general procedure, to a solution of 7d (0.050 g,
0.122 mmol) in dioxane (1.4 mL) was added Pd(PPh3)2Cl2 (0.004 g, 12.2 µmol), 1 M aq. sol.
of Na2CO3 (370 µL), and 4-hydroxyphenylboronic acid (0.021 g, 0.148 mmol). Reaction
time: 2 h. The compound was purified by flash chromatography (EtOAc/n-hexane 3:2)
to afford the title compound as a white solid (0.044 g, 85%); m.p.: 223–225 ◦C; 1H NMR
(300 MHz, CDCl3) δ 7.98 (s, 1H, NH), 7.62–7.43 (m, 7H, ArH), 7.34 (d, J = 7.8 Hz, 1H, ArH),
7.18 (t, J = 7.6 Hz, 1H, ArH), 7.10–7.05 (m, 2H, ArH), 6.95 (d, J = 8.5 Hz, 2H, ArH), 5.21 (s,
1H, OH), 4.68–4.51 (m, 1H, H-3), 4.20 (dd, J = 8.5, 7.8 Hz, 1H, H-2), 3.66 (dd, J = 8.6, 6.8 Hz,
1H, H-2), 3.13 (dd, J = 14.9, 6.3 Hz, 1H, indole-CH2), 2.98–2.76 (m, 1H, CH2), 2.75–2.46
(m, 3H, CH2, and indole-CH2), 2.33–2.24 (m, 1H, CH2); 13C NMR (75 MHz, (CD3)2SO) δ
179.5 (C=O), 157.2 (Cq), 140.8 (Cq), 139.9 (Cq), 136.0 (Cq), 130.1 (Cq), 127.7 (ArCH), 126.9
(Cq), 126.0 (ArCH), 125.5 (ArCH), 122.9 (ArCH), 121.0 (ArCH), 118.3 (ArCH), 117.9 (ArCH),
115.8 (ArCH), 111.4 (ArCH), 109.9 (Cq), 101.7 (C-7a), 72.3 (C-2), 55.3 (C-3), 40.4 (CH2), 32.8
(CH2), 29.8 (indole-CH2); Anal. Calcd. for C27H24N2O3·0.15H2O: C: 75.91%; H: 5.75%; N:
6.56%. Found C: 75.74%; H: 5.85%; N: 6.57%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4’-(hydroxymethyl)-[1,1’-biphenyl]-4-yl)tetrahydropyrrolo
oxazol-5(6H)-one (7q): Following the general procedure, to a solution of 7d (0.070 g,
0.170 mmol) in dioxane (2.0 mL) was added Pd(PPh3)2Cl2 (0.005 g, 17.0 µmol), 1 M aq. sol.
of Na2CO3 (520 µL), and 4-(hydroxymethyl)phenylboronic acid (0.032 g, 0.208 mmol). Re-
action time: 3 h. The compound was purified by flash chromatography (EtOAc/n-hexane
3:2) to afford the title compound as a pale yellow solid (0.053 g, 71%); m.p.: 213–215 ◦C;
1H NMR (300 MHz, CDCl3) δ 8.00 (s, 1H, NH), 7.65–7.44 (m, 9H, ArH), 7.33 (d, J = 8.0 Hz,
1H, ArH), 7.17 (t, J = 7.3 Hz, 1H, ArH), 7.11–7.02 (m, 2H, ArH), 4.77 (s, 2H, CH2), 4.67–4.53
(m, 1H, H-3), 4.19 (t, J = 8.0 Hz, 1H, H-2), 3.66 (t, J = 8.0 Hz, 1H, H-2), 3.11 (dd, J = 14.7,
6.0 Hz, 1H, indole-CH2), 2.95–2.78 (m, 1H, CH2), 2.69–2.47 (m, 3H, CH2, and indole-CH2),
2.38–2.20 (m, 1H, CH2); 13C NMR (75 MHz, CDCl3) δ 180.3 (C=O), 142.0 (Cq), 140.9 (Cq),
140.4 (Cq), 140.1 (Cq), 136.3 (Cq), 127.5 (ArCH), 127.4 (Cq), 127.3 (ArCH), 127.2 (ArCH),
125.8 (ArCH), 122.3 (ArCH), 122.2 (ArCH), 119.6 (ArCH), 119.0 (ArCH), 111.9 (Cq), 111.3
(ArCH), 102.5 (C-7a), 73.0 (C-2), 65.3 (CH2OH), 55.8 (C-3), 35.3 (CH2), 32.8 (CH2), 29.9
(indole-CH2); Anal. Calcd. (C28H26N2O3·0.40H2O): C: 75.44%; H: 6.07%; N: 6.29%. Found
C: 75.18%; H: 6.21%; N: 6.14%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(3’-chloro-[1,1’-biphenyl]-4-yl)tetrahydropyrrolo
oxazol-5(6H)-one (7r): Following the general procedure, to a solution of 7d (0.070 g,
0.170 mmol) in dioxane (2.0 mL) was added Pd(PPh3)2Cl2 (0.005 g, 17.0 µmol), 1 M aq.
sol. of Na2CO3 (520 µL), and 3-chlorophenylboronic acid (0.033 g, 0.208 mmol). Reaction
time: 4 h. The compound was purified by flash chromatography (EtOAc/n-hexane 1:1)
to afford the title compound as a pale yellow solid (0.059 g, 78%); m.p.: 204–206 ◦C; 1H
NMR (300 MHz, CDCl3) δ 7.98 (s, 1H, NH), 7.47 (t, J = 1.6 Hz, 1H, ArH), 7.43 (s, 4H, ArH),
7.36 (dt, J = 7.4 Hz, 1.6 Hz, 1H, ArH), 7.30 (d, J = 7.7 Hz, 1H, ArH), 7.25–7.17 (m, 3H,
ArH), 7.06–7.00 (m, 1H, ArH), 6.95–6.91 (m, 2H, ArH), 4.51–4.42 (m, 1H, H-3), 4.05 (dd,
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J = 8.9, 6.9 Hz, 1H, H-2), 3.51 (dd, J = 8.8, 6.8 Hz, 1H, H-2), 2.95 (dd, J = 14.4, 6.6 Hz, 1H,
indole-CH2), 2.80–2.66 (m, 1H, CH2), 2.53–2.34 (m, 3H, CH2, and indole-CH2), 2.22–2.08
(m, 1H, CH2); 13C NMR (75 MHz, CDCl3) δ 180.3 (C=O), 142.51 (Cq), 142.46 (Cq), 139.9
(Cq), 136.3 (Cq), 134.9 (Cq), 130.3 (ArCH), 127.8 (ArCH), 127.6 (ArCH), 127.6 (Cq), 127.5
(ArCH), 125.9 (ArCH), 125.4 (ArCH), 122.3 (ArCH), 119.6 (ArCH), 118.9 (ArCH), 111.7 (Cq),
111.3 (ArCH), 102.4 (C-7a), 72.9 (C-2), 55.7 (C-3), 35.2 (CH2), 32.8 (CH2), 29.8 (indole-CH2);
Anal. Calcd. for C27H23ClN2O2: C: 73.21%; H: 5.23%; N: 6.32%. Found C: 72.91%; H: 5.70%;
N: 6.24%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(3’,4’-dichloro-[1,1’-biphenyl]-4-yl)tetrahydropyrrolo
oxazol-5(6H)-one (7s): Following the general procedure, to a solution of 7d (0.070 g,
0.170 mmol) in dioxane (2.0 mL) was added Pd(PPh3)2Cl2 (0.005 g, 17.0 µmol), 1 M aq. sol.
of Na2CO3 (520 µL), and 3,4-dichlorophenylboronic acid (0.040 g, 0.208 mmol). Reaction
time: 4 h. The compound was purified by flash chromatography (EtOAc/n-hexane 1:1) to
afford the title compound as a pale yellow solid (0.069 g, 85%); m.p.: 176–178 ◦C; 1H NMR
(300 MHz, CDCl3) δ 7.98 (s, 1H, NH), 7.71 (d, J = 2.1 Hz, 1H, ArH), 7.49 (s, 5H, ArH), 7.38
(dd, J = 8.4 Hz, 2.2 Hz, 2H, ArH), 7.27 (d, J = 8.1 Hz, 1H, ArH), 7.11 (d, J = 8.1 Hz, 1H, ArH),
7.06–6.97 (m, 2H, ArH), 4.65–4.45 (m, 1H, H-3), 4.14 (dd, J = 8.7, 7.4 Hz, 1H, H-2), 3.58
(dd, J = 8.8, 6.8 Hz, 1H, H-2), 3.02 (dd, J = 15.0, 6.6 Hz, 1H, indole-CH2), 2.87–2.76 (m, 1H,
CH2), 2.65–2.38 (m, 3H, CH2„ and indole-CH2), 2.26–2.15 (m, 1H, CH2); 13C NMR (75 MHz,
(CD3)2SO) δ 180.3 (C=O), 142.9 (Cq), 140.7 (Cq), 138.9 (Cq), 136.2 (Cq), 132.9 (Cq), 131.7
(Cq), 131.0 (ArCH), 128.9 (ArCH), 127.5 (Cq), 127.4 (ArCH), 126.3 (ArCH), 126.0 (ArCH),
122.3 (ArCH), 122.2 (ArCH), 119.6 (ArCH), 118.8 (ArCH), 111.7 (Cq), 111.3 (ArCH), 102.3
(C-7a), 72.8 (C-2), 55.8 (C-3), 35.2 (CH2), 32.9 (CH2), 29.9 (indole-CH2); Anal. Calcd. for
C27H22Cl2N2O2: C: 67.93%; H: 4.65%; N: 5.87%. Found C: 67.96%; H: 4.90%; N: 5.73%.
HRMS-ESI m/z calcd for C27H22Cl2N2O2: 476.1058, found 477.1143 ± 3.6 ppm [M+H]+.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4-(pyridin-4-yl)phenyl)tetrahydropyrrolo[2,1-
b]oxazol-5(6H)-one (7t): Following the general procedure, to a solution of 7d (0.070 g,
0.170 mmol) in dioxane (2.0 mL) was added Pd(PPh3)2Cl2 (0.005 g, 17.0 µmol), 1 M aq. sol.
of Na2CO3 (520 µL), and 4-pyridinylboronic acid (0.026 g, 0.208 mmol). Reaction time: 2 h.
The compound was purified by flash chromatography (EtOAc/n-hexane 3:1) to afford the
title compound as a pale yellow solid (0.068 g, 97%); m.p.: 214–215 ◦C; 1H NMR (300 MHz,
CDCl3) δ 8.69 (d, J = 5.6 Hz, 2H, ArH), 8.23 (s, 1H, NH), 7.63 (q, J = 8.4 Hz, 4H, ArH), 7.54
(d, J = 5.9 Hz, 2H, ArH), 7.43 (d, J = 7.8 Hz, 1H, ArH), 7.32 (d, J = 8.0 Hz, 1H, ArH), 7.17 (t,
J = 7.4 Hz, 1H, ArH), 7.12–7.01 (m, 2H, ArH), 4.71–4.55 (m, 1H, H-3), 4.21 (t, J = 8.1 Hz, 1H,
H-2), 3.65 (dd, J = 8.6, 7.0 Hz, 1H, H-2), 3.09 (dd, J = 14.7, 6.1 Hz, 1H, indole-CH2), 2.88 (ddd,
J = 24.1, 12.1, 6.3 Hz, 1H, CH2), 2.72–2.45 (m, 3H, CH2, and indole-CH2), 2.37–2.20 (m, 1H,
CH2); 13C NMR (75 MHz, CDCl3) δ 180.3 (C=O), 150.5 (ArCH), 147.9 (Cq), 144.0 (Cq), 138.2
(Cq), 136.3 (Cq), 127.5 (ArCH), 126.1 (ArCH), 122.4 (ArCH), 122.3 (ArCH), 121.8 (ArCH),
119.6 (ArCH), 118.9 (ArCH), 111.6 (Cq), 111.3 (ArCH), 102.3 (C-7a), 73.0 (C-2), 55.81 (C-3),
35.19 (CH2), 32.75 (CH2), 29.85 (indole-CH2). Anal. Calcd. for C26H23N3O2·0.20H2O: C:
75.59%; H: 5.72%; N: 10.17%. Found C: 75.90%; H: 5.81%; N: 9.73%.

(3R,7aR)-3-((1H-indol-3-yl)methyl)-7a-(4-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)phenyl)
tetrahydropyrrolo[2,1-b]oxazol-5(6H)-one (7u): Following the general procedure, to a so-
lution of 7d (0.070 g, 0.170 mmol) in dioxane (2.0 mL) was added Pd(PPh3)2Cl2 (0.005 g,
17.0 µmol), 1 M aq. sol. of Na2CO3 (520 µL), and 1,4-benzodioxane-6-boronic acid (0.037 g,
0.208 mmol). Reaction time: 5 h. The compound was purified by flash chromatography
(EtOAc/n-hexane 1:1) to afford the title compound as a pale yellow solid (0.022 g, 28%);
m.p.: 286–288 ◦C; 1H NMR (300 MHz, CDCl3) δ 7.97 (s, 1H, NH), 7.56–7.44 (m, 5H, ArH),
7.33 (d, J = 8.0 Hz, 1H, ArH), 7.19–7.08 (m, 5H, ArH), 6.95 (d, J = 8.3 Hz, 1H, ArH), 4.64–4.54
(m, 1H, H-3), 4.31 (s, 4H, CH2), 4.18 (dd, J = 8.7, 7.5 Hz, 1H, H-2), 3.65 (dd, J = 8.8, 6.9 Hz,
1H, H-2), 3.11 (dd, J = 14.7, 6.1 Hz, 1H, indole-CH2), 2.93–2.82 (m, 1H, CH2), 2.67–2.45 (m,
3H, CH2, and indole-CH2), 2.37–2.19 (m, 1H, CH2); 13C NMR (75 MHz, CDCl3) δ 180.4
(C=O), 143.9 (Cq), 143.6 (Cq), 141.4 (Cq), 140.7 (Cq), 136.3 (Cq), 134.2 (Cq), 127.3 (Cq), 126.9
(ArCH), 125.4 (ArCH), 122.3 (ArCH), 122.0 (ArCH), 120.4 (ArCH), 119.4 (ArCH), 118.8
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(ArCH), 117.6 (ArCH), 115.8 (ArCH), 111.8 (Cq), 111.2 (ArCH), 102.4 (C-7a), 72.9 (C-2), 64.7
(CH2), 55.7 (C-3), 35.2 (CH2), 32.9 (CH2), 29.9 (indole-CH2). Anal. Calcd. for C29H26N2O4:
C: 74.66%; H: 5.68%; N: 6.00%. Found C: 74.65%; H: 5.70%; N: 5.67%.

3.2. Biological Assays
3.2.1. Cytotoxicity Assays

The cytotoxicity was assessed in different cell lines with the endpoint MTT, using pre-
viously reported procedure [29–31]. The following cells were obtained from the American
Type Culture Collection: human embryonic kidney epithelial cell line (HEK 293T, ATCC
HBT-22™), breast cancer cell line (MDA-MB-231, ATCC HTB-26™), osteosarcoma cell line
(MG-63, ATCC CRL-1427™), gastric adenocarcinoma cell line (AGS, ATTC CRL-1739TM),
prostate cancer cell line (DU-145, ATTC HTB-81™), and lung carcinoma cell line (A-549,
ATCC CCL-185™). All cell lines were seeded at 2 × 104 cells/well with exception of A-549
cell line, which was seeded at 5 × 103 cells/well.

3.2.2. Caspase 3/7 Activity Assay

The activity of caspase 3/7 was determined by fluorimetric assay based on the hy-
drolysis of the peptide substrate acetyl-Asp-Glu-ValAsp-7-amido-4-methylcoumarin (Ac-
DEVD-AMC) by caspase 3/7 using a previously reported procedure [32].

3.3. In Vitro Stability Assays
3.3.1. Buffer and Human Plasma Stabilities for Compound 7s

Human plasma was obtained from healthy volunteers and provided by Instituto
Português do Sangue, Lisbon, Portugal. Buffer and human plasma stabilities were deter-
mined by standard methodology [33]. Specifically, human plasma was centrifuged (5 min,
2000× g, room temperature) and, then, diluted 50% in PBS buffer (pH 7.4). The reactions
were initiated by the addition of a solution of compound 7s (4 mM in DMSO, 25 µL) to
975 µL of plasma solution, at 37 ◦C, obtaining a final concentration of 100 µM. Solutions
were stirred at 37 ◦C and 100 µL aliquots were collected at different time points: 0, 30, 60,
120, and 180 min (one additional aliquot was collected at 24 h). A cold reserpine solution
(internal standard, 5 µM in acetonitrile, 300 µL) was then added to quench the reactions.
Following centrifugation (10 min, 10,000× g, room temperature), the clear supernatants
were stored at −20 ◦C until further analysis by HPLC-DAD. Assays were run in duplicate
and procaine was used as a positive control for plasma stability. Additional control assays
were conducted using PBS (pH 7.4) instead of a plasma solution. HPLC-DAD analysis was
performed as previously described [34].

3.3.2. Metabolic Stability for Compound 7s

The evaluation of the metabolic stability of compound 7s was conducted in human
liver microsomes (GIBCOTM, 20 donors) by a previously reported procedure [35]. Specif-
ically, for a total incubation volume of 1 mL, in 100 mM phosphate buffer at pH 7.4, 7s
(10 µM), human liver microsomes (0.8 mg protein/mL), NADPH (1 mM), and NADPH
regeneration system (10 µL, Vivid® Regeneration System, 100×) were used. Nevirapine
was used as a positive control. Additional control incubations were performed in the
absence of 7s or NADPH, and using heat-denatured (90 ◦C, 15 min) microsomes. The
resulting mixtures were incubated at 37 ◦C, and all assays were run in duplicate. Aliquots
(50 µL) were collected at different time points (0, 5, 10, 20, 30, 40, 50, 60, 75, 90, 120, and
180 min and 24 h) and 50 µL of cold reserpine solution (2.5 µM in acetonitrile) was then
added to quench the reactions. Following centrifugation (10 min, 10,000× g, 4 ◦C), the
supernatants were stored at −20 ◦C until LC-MS and LC-HRMS/MS analysis.

3.3.3. Half-Life t1/2 Determination

Samples from the metabolic stability assay were analyzed by LC-MS using the experi-
mental conditions previously described [36]. The in vitro depletion half-life of 7s, t1/2, was
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calculated using Equation (1), assuming that the compound follows a first-order kinetic
trend (see Supplementary Materials Figure S2). The “slope” was determined from linear
fitting of the natural logarithm of the concentration of drug remaining plotted against time.

t1/2 =
ln2

slope
(1)

The intrinsic clearance was calculated using Equation (2) [24,25]

CLint =
0.693

t 1
2

× mL incubation
mg microsomes

× 45 mg microsomes
g liver

× 26 g liver
Kg b.w.

(2)

3.3.4. Metabolite Identification

The 60 min aliquot was analyzed by LC-HRMS/MS, as previously described [36]. All
spectra corresponding to metabolites were then manually checked. The mass deviation
from the accurate mass of the identified metabolites remained below 5 ppm for the pre-
cursor and product ions. After their detection, structural characterization of the potential
metabolites was based on tandem mass data (see Supplementary Materials Figures S2–S4).

4. Conclusions

A series of enantiopure tryptophanol-derived bicyclic lactams was prepared, and its
antiproliferative activity was evaluated in AGS cells. From the first screening emerged com-
pound 7c, a (R)-tryptophanol derivative with a para-chloro phenyl substituent, which was
selected for further optimization. Introduction of an additional di-halogenated aromatic
ring in 7c structure led to two derivatives 2.3- to 2.7-fold more active in AGS cells. These
compounds also showed moderate activity in prostate cancer cells, representing useful hit
compounds for further optimization in this type of cancer. More importantly, additional
assays with the two compounds showed they are not toxic in normal HEK 293T cells, and
that the antiproliferative activity in AGS cells occurs through apoptosis. Stability studies
with the most potent derivative, compound 7s, showed that the compound is stable in PBS
and human plasma. Moreover, incubation assays in human liver microsomes, followed by
LC-HRMS/MS analysis, showed that this compound is moderately metabolically stable
and that the major metabolites stem from mono-hydroxylation of the indole ring, which is
not anticipated to be a toxicity red flag alert.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-824
7/14/3/208/s1: crystallographic information for compounds 7j, 7j’, and 8b; LC-HRMS/MS data for
compound 7s and its metabolites; NMR spectra of compounds 7h, 7j, 7j’, 7o, and 7s.
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Abstract: In order to develop novel chemotherapeutic agents with potent anticancer activities, a
series of new 2,5-diaryl/heteroaryl-1,3,4-oxadiazoles were designed and synthesized. The structures
of the new compounds were established using elemental analyses, IR and NMR spectral data. The
compounds were evaluated for their anticancer potential on two standardized human cell lines, HT-
29 (colon adenocarcinoma) and MDA-MB-231 (breast adenocarcinoma). Cytotoxicity was measured
by MTS assay, while cell cycle arrest and apoptosis assays were conducted using a flow cytometer, the
results showing that the cell line MDA-MB-231 is more sensitive to the compounds’ action. The results
of the predictive studies using the PASS application and the structural similarity analysis indicated
STAT3 and miR-21 as the most probable pharmacological targets for the new compounds. The
promising effect of compound 3e, 2-[2-(phenylsulfanylmethyl)phenyl]-5-(4-pyridyl)-1,3,4-oxadiazole,
especially on the MDA-MB-231 cell line motivates future studies to improve the anticancer profile
and to reduce the toxicological risks. It is worth noting that 3e produced a low toxic effect in the D.
magna 24 h assay and the predictive studies on rat acute toxicity suggest a low degree of toxic risks.

Keywords: cytotoxic agents; apoptosis induction; HT-29 cells; MDA-MB-231 cells; mechanism
prediction; STAT inhibitors; miR-21; hydrazide derivatives; nitrogen scaffolds

1. Introduction

Cancer, a severe human health issue, is among the leading causes of death on a global
scale, and so far chemotherapy remains a main treatment option adopted worldwide
either alone or in conjunction with surgery and/or radiotherapy [1]. Despite the signifi-
cant advancement in chemotherapy over recent decades, which led to major changes in
the treatment of various cancers, the main obstacles to the success of the therapy have
remained the development of tumor-cell resistance to various chemotherapeutic agents.
Drug resistance, either existing before treatment (intrinsic) or generated after therapy
(acquired), is responsible for most the relapses of cancer, one of the major causes of death
of the disease [2,3].

In the attempt of finding effective anticancer agents, the strategy of using simple
druggable scaffolds proved to be successful in finding many relevant lead compounds [4].
A large number of nitrogen-containing heterocyclic compounds were identified as valuable
anticancer solutions [5]. Among these, oxadiazoles are receiving particular interest. De-
pending on the position of the nitrogen and oxygen atoms, the heterocycle may occur in the
form of one of the following four different isomers: 1,2,3-, 1,2,4-, 1,2,5-, and 1,3,4-oxadiazole
(Figure 1) [6].

261



Pharmaceuticals 2021, 14, 438

Figure 1. Chemical structures of oxadiazole isomers.

The greatest interest is involved with 1,3,4-oxadiazoles, as in the last years a large
number of compounds with cytotoxicity for several tumor lines have been reported. The
most active derivatives are more potent than the reference drugs, which proves the high
anticancer potential of the 1,3,4-oxadiazole ring [7–11]. The 1,3,4-oxadiazole is an important
scaffold in medicinal chemistry, with high versatility, giving rise to elevated structural
diversity. In some cases, it acts as a bioisostere for carbonyl-containing compounds such
esters, amides, and carbamates or as a flat aromatic linker to provide the appropriate
molecular geometry. The stability of the oxadiazole ring in aqueous medium, and its
capability to easily interact with bio-targets establishing π –π interactions or forming strong
hydrogen bonds, justify the interest in the development of bioactive molecules containing
this scaffold [6].

The versatility and the usefulness of the 1,3,4-oxadiazole scaffold is demonstrated by
its use as a core structure in the inhibitors of methionine aminopeptidase (MetAP2) [12],
telomerase [13,14], focal adhesion kinase (FAK) [15], thymidylate synthase (TS) [16], glyco-
gen synthase kinase-3 (GSK-3) [17], and thymidine phosphorylase (TP) [18,19]. The antitu-
mor potency of 1,3,4-oxadiazoles derivatives is also related to their ability to inhibit grow
factors such as epidermal growth factor receptor (EGFR) [20,21] or vascular endothelial
growth factor (VEGF) [22], to inhibit tubulin polymerization [23], histone deacetylases
(HDAC) [24,25], or to interact with DNA structures [26]. The structures of the repre-
sentative anticancer compounds sharing the 1,3,4-oxadiazole scaffold are presented in
Figure 2.

Figure 2. Structure of some representative bioactive compounds containing 1,3,4-oxadiazole moiety
as anticancer agents.

In view of the above findings, in order to develop novel chemotherapeutic agents with
potent anticancer activities we hereby report the synthesis, characterization and biological
evaluation of some new 2,5-diaryl/heteroaryl-1,3,4-oxadiazoles.

262



Pharmaceuticals 2021, 14, 438

2. Results
2.1. Synthesis Procedures

The compounds were designed so that the molecular weight is under 500 g/mol, and
the number of hydrogen donors and acceptors comply with the Lipinski rule.

The new 1,3,4-oxadiazole derivatives were prepared by heating under reflux and
magnetic stirring of aromatic carboxylic acids 1a–d with the hydrazide derivatives 2a–b in
the presence of phosphorus oxychloride in 59–70% yields (Scheme 1).

Scheme 1. Synthesis of the target compounds 3a–e. Reagents and conditions: (i) POCl3, reflux, 9 h.

The aromatic carboxylic acids 1a–c were prepared starting from thiophenol or the corre-
sponding p-substituted thiophenols and phtalide, according to a previously reported proce-
dure [27,28]. A synthetic procedure for the preparation of 2-[(benzenesulfonyl)methyl]benzoic
acid (1d) was reported by Patra group [29], and it consists in the reaction of methyl 2-
(bromomethyl)benzoate with sodium benzenesulfinate in dry dimethylformamide at room
temperature, followed by the hydrolysis of the resulting ester with an aqueous solution of
sodium hydroxide. The benefit of our synthesis method is the use of an alternative greener
approach and the yield advantage.

The new 1,3,4-oxadiazole derivatives 3a–e were prepared by the treatment of aromatic
carboxylic acids 1a–d with the hydrazide derivatives 2a–b in the presence of phosphorus
oxychloride. The method was adapted based on previously described procedures [30,31].

Scheme 2 presents the atoms’ numbering used for assigning the NMR signals of the
new oxadiazole derivatives.

Scheme 2. Structure of the new oxadiazole compounds and the numbering of their atoms.

In the 1H-NMR spectra of the new compounds, the aromatic hydrogens gave signals
in the range of 8.84–6.98 ppm. The methylene group CH2 (H-12) presented a singlet in the
range of 4.64–4.71 ppm for the compounds 3a–c and 3e. In the case of 3d, the S-oxidation
induces a deshielding effect that results in an approximately 1 ppm higher chemical shift
for the protons of the methylenic group. The methyl group presented a singlet at 2.22 ppm.

In the 13C-NMR spectra, the two signals in the range of 164.50–161.87 ppm are pro-
duced by the two carbons in the oxadiazole ring. The carbon atoms of the benzene and the
pyridine rings produce signals in the range of 149.80–120.41 ppm. The methylene group
(C-12) is characterized by a signal at 36.54–38.70 ppm in the compounds 3a–c and 3e, and
59.38 ppm in compound 3d.

The IR spectra of the 3a–e compounds differ significantly from the corresponding
spectra of the hydrazide derivatives 2a–b and those of the acids 1a–d.
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2.2. Anticancer Evaluation

The amplification of the cell division process is responsible for the formation of tumors.
Most tumor cells have disorders in the development of the cell cycle, which are associated
with an exacerbated proliferative process and this is responsible for the evolution of the
tumor process. In addition, the apoptotic process is inhibited in tumor cells [32,33]. In
general, cytostatic treatment aims either to induce the apoptotic process of the tumor cells
or to cause cell cycle blockage.

To determine the role of the studied compounds on tumor processes, studies were
performed on two different types of cancer (colon and breast) using the standardized
cell lines HT-29 and MDA-MB-231. The cells treated with the compounds 3a–e and the
intermediates 2a–b were subjected to flow cytometry techniques in order to examine the
apoptotic process and the cell cycle analysis. The apoptotic cells were determined by flow
cytometry using Annexin V-FITC and PI (propidium iodide) double labeling. The live cell
population, and the cells undergoing early apoptosis (Annexin+/PI−) and late apoptosis
(Annexin+/PI+) were quantified [34,35]. The distribution of the cell cycle phases in the
tumor cells treated for 24 h with the studied compounds was analyzed for their DNA
content by flow cytometry [36,37].

Cisplatin (CisPt) is frequently used for the treatment of colon adenocarcinoma, while
doxorubicin (DOX) is routinely used in the treatment of breast cancers, and was therefore
chosen as a reference (CisPt for HT-29 cells, DOX for MDA-MB-231 cells).

2.2.1. Effects on Cell Viability

The cell viability after treatment with the compounds and reference drugs was de-
termined using the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium). The HT-29 and MDA-MB-231 tumor cells were preliminarily
treated with the new compounds in concentrations from 6.25 µM up to 200 µM for 24 or
48 h in order to determine the optimal concentration. Two concentrations, 10 µM and
50 µM, were chosen to evaluate the compounds effect on the cells’ viability.

The two cell lines responded differently to treatment with the tested compounds. In
the HT-29 cell line, the tested compounds reduce viability in a similar way regardless of
the concentration used (Figure 3). In contrast, in the MDA-MB231 line, the cell viability
is affected more when the compounds are used in a higher concentration (50 µM) and
the chemical structure has a greater impact, the compound 3e having the strongest effect
(Figure 4). It is noteworthy that all the compounds analyzed have a stronger cytotoxic
effect than the effect induced by CisPt or DOX.

Figure 3. The tested compounds effects on HT-29 tumor cells’ viability. The cells were treated with
the compounds compared with cisplatin (CisPt) using two concentrations 10 µM or 50 µM for 24 h
(a) or 48 h (b). Untreated cells were considered to have 100% viability.

The new oxadiazole derivatives 3a–e reduced the HT-29 cells’ viability with values in
the range of 64.0% (3d) up to 73.2% (3c) when exposed for 24 h at 10 µM, and with values
between 61.5% (3d) and 68.1% (3b) when the concentration was 50 µM. The effect of the
compounds was higher when the exposure was doubled to 48 h. The cells’ viability was
between 50.3% (3d) and 57.7% (3e) for 10 µM, and between 39.0% (3e) and 49.4% (3c) for
the 50 µM concentration.
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Figure 4. The tested compounds effects on MDA-MB-231 tumor cells’ viability. The cells were treated
with the compounds compared with doxorubicin (DOX) using two concentrations 10 µM or 50 µM
for 24 h (a) or 48 h (b). Untreated cells were considered to have 100% viability.

The compounds 3a–e reduced the MDA-MB-231 cells’ viability with values in the
range of 39.9% (3e) up to 57.2% (3c) when exposed for 24 h at 10 µM. The viability values
were between 23.8% (3e) and 53.1% (3b) when the concentration was 50 µM. The cells’
viability was between 50.8% (3d) and 56.9% (3e) after exposure for 48 h at 10 µM, and
between 38.7% (3e) and 48.9% (3c) for the 50 µM concentration.

2.2.2. Effects on Cell Apoptosis

The HT-29 and MDA-MB-231 cells were treated for 24 h with the compounds 3a–e
and the intermediates 2a–b, and subjected to a double Annexin/PI staining technique that
allowed the detection of the apoptotic process by flow cytometry. CisPt and DOX were
used as positive controls (Table 1).

Table 1. Apoptosis of HT-29 cells and MDA-MB-231 cells induced by 24 h treatment with the tested
compounds 3a–e and 2a–b.

HT-29 Cells MDA-MB-231 Cells

Early
Apoptosis

(%)

Late
Apoptosis

(%)

Total
Apoptosis

(%)

Early
Apoptosis

(%)

Late
Apoptosis

(%)

Total
Apoptosis

(%)

Control 4.8 1.1 5.9 4.2 0.5 4.7
CisPt 1 16.5 4.2 20.7 - - -
DOX 1 - - - 11.4 2.3 13.7

3a 23.5 2.2 25.7 41.7 8.0 49.7
3b 21.7 4.8 26.5 40.5 4.7 45.2
3c 6.4 3 9.4 40.8 5.0 45.8
3d 16.5 2.7 19.2 44.3 6.6 50.9
3e 43.9 7.3 51.2 51.8 10.9 62.7
2a 53.0 12.7 65.7 45.9 12.9 58.8
2b 44.8 6.8 51.6 55.5 17.3 72.8

1 positive controls cisplatin (CisPt) for HT-29 cells and doxorubicin (DOX) for MDA-MB-231 cells.

The treatment of the HT-29 cells for 24 h with 10 µM of the compounds 3a–e increased
the total apoptosis in the range of 9.4% up to 51.2% compared to the untreated cells
(control, 5.9 %). Considering the compound 3a, the introduction of a 4-chloro substituent is
detrimental for the apoptotic effect (compound 3c), while the transformation of the sulfur
atom into a sulfone (compound 3d) slightly reduced the effect. The exchange of the benzene
ring with a pyridine (compound 3e) almost doubled the proportion of apoptotic cells.

The new oxadiazole compounds had greater effects on the MDA-MB-231 cells com-
pared to those observed on the HT-29 cells, with the total apoptosis percent’s in the range
of 45.2% up to 62.7%. All the compounds had close to three-fold stronger effects than
those of the positive control. The observed structure activity relationships are similar,
but the impact of the structural transformation is smaller. The compound 3e determined
the greatest effect in the oxadiazoles series, but it was smaller when compared with its
precursor hydrazide 2b (Figure 5).
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Figure 5. The tested compounds effects on cells’ apoptosis. The cells were treated with the test
compounds at 10 µM for 24 h. The effects on HT-29 cells can be observed compared to cisplatin
(CisPt) (a) and the effects on MDA-MB-231 cells are reported to doxorubicin (DOX) (b).

2.2.3. Cell Cycle Analysis

A flow cytometry method was used to analyze the effect induced by the studied
compounds on the cell cycle of the HT-29 tumor cells compared to the effect induced by
CisPt, and on the cell cycle of the MDA-MB-231 tumor cells using DOX as a positive control
(Figure 6).

Figure 6. The tested compounds’ effects on cell cycle phases. The cells were treated with the test
compounds at 10 µM for 24 h. The effects on HT-29 cells can be observed compared to cisplatin
(CisPt) (a) and the effects on MDA-MB-231 cells are reported to doxorubicin (DOX) (b).

The treatment of the HT-29 cells for 24 h with CisPt 10 µM induced a decrease in the
G0/G1 phase from 54% to 21%, accompanied by an increase in the S phase of the cell cycle
to 43.5% compared to the untreated cells (21.2%). The oxadiazoles 3a–d did not significantly
alter the proportion of G0/G1 phase cells compared to untreated cells, while increasing
the number of S phase cells. The compound 3e caused a different effect, augmenting the
G0/G1 phase accompanied by a decrease in the S phase.

The flow cytometry analysis on the cell cycle of the MDA-MB-231 tumor cells showed
a high percentage of G0/G1 phase (68.9%). The treatment with DOX 10 µM induced a
synchronization of the S and G2+M phases, registering an increase in the S phase (42.4%)
versus the untreated cells (5.1%), accompanied by an increase in the G2+M phases (43.9%)
versus 26% in the untreated cells. The analyzed compounds determined the arrest of the
cells in the G0/G1 phase, accompanied by a decrease in the S and G2+M phases. The
compound 3e had the greatest impact of the oxadiazoles series, increasing the number of
cells in G0/G1 and significantly reducing those in the S phase.

2.3. Daphnia Magna Toxicity Assay

The Daphnia magna (D. magna) bioassay results are summarized in Table 2. After 24 h
of exposure, the compounds 3b–e induced at all the tested concentrations a lethality rate
(L%) lower than 50%, whereas 3a induced an L% of 55% at the highest concentration. Due
to the obtained results, the median lethal concentration (LC50) was calculated only for the
compounds 3a, 2a and 2b. Although the LC50 for 2b was slightly lower than 2a, the 95%CI
of both compounds suggest a similar biological response.
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Table 2. Daphnia magna bioassay: 24 h and 48 h values, 95% confidence intervals for newly
synthetized compounds and their starting materials.

Compound 24 h 48 h
LC50 (µM) 95%CI of LC50 (µM) LC50 (µM) 95%CI of LC50 (µM)

3a 115.8 43.6 to 307.4 ND* ND*
3b ND* ND* ND* ND*
3c ND* ND* 11.5 ND*
3d ND* ND* 2.34 ND*
3e ND* ND* 3.5 2.0–7.3
2a 332.5 201.1–549.8 35.9 23.0–56.1
2b 296.0 205.3–426.7 21.8 11.5–41.1

ND*—not determined due the results obtained.

After 48 h of exposure, all the newly tested compounds exhibited a significantly
higher toxicity on D. magna. The LC50 value was not calculated for 3a and 3b because they
induced an L% between 55 and 85% at all the concentrations. In the case of the compounds
3c–e, the calculated LC50 values are between 2.34 and 11.5 µM.

2.4. Prediction of the Molecular Mechanism of Action and Toxicity
2.4.1. PASS Prediction

The prediction of an activity spectra for substances (PASS) is an algorithm that predicts
a large panel of biological activities of a given molecule using its structure as input data, and
yields a probability to be active (Pa) and a probability to be inactive (Pi) for each target [38].
Each compound’s target profile was manually analyzed, the relevant oncotargets were
selected, and the corresponding Pa values are presented in Table 3.

Table 3. The probability of compounds 3a–e to be active (Pa) as predicted by PASS analysis.

Target 3a 3b 3c 3d 3e

Transcription factor inhibitor 0.58 0.62 0.55 0.32 0.58
Transcription factor STAT inhibitor 0.61 0.64 0.61 0.42 0.65

Transcription factor STAT3 inhibitor 0.55 0.58 0.56 0.26 0.54
JAK2 expression inhibitor 0.40 0.33 0.40 0.33 0.22

Focal adhesion kinase inhibitor 0.23 0.22 0.22 0.24 0.27
Focal adhesion kinase 2 inhibitor 0.35 0.34 0.34 0.36 0.38

MAP3K5 inhibitor 0.28 0.26 - - 0.29
Vascular endothelial growth factor 1

antagonist 0.27 0.22 0.22 0.30 0.30

The Pa values are an indication of the possibility that a compound interacts with
a certain biological target, but not for the potency of the compound. The Pa values
indicate the inhibition of STAT transcription factors, especially STAT3, as the most probable
mechanism for the anti-proliferative effects of the compounds 3a–e. The results for the
compounds 3d and 3a indicate that the (phenylsulfonyl)methyl substitution reduces the
probability to inhibit STAT3 compared to the phenylthiomethyl substitution.

2.4.2. Structural Similarity Analysis

The similarity search on ChEMBL database returned 27 analog compounds, all sharing
a 1,3,4-oxadiazole central scaffold. The highest degree of structural similarity (65.00%) was
observed for the compound CHEMBL485773. The results highlight the originality of the
new synthesized compounds. Depending on their structure, the ChEMBL compounds are
registered to interact with various human targets. The most frequent targets are represented
by microRNA 21 (77.78%), Ras-related protein Rab-9A (62.96%), Niemann–Pick C1 protein
(59.26%), survival motor neuron protein (48.15%), and 15-hydroxyprostaglandin dehydro-
genase (40.74%). In Figure 7 the corresponding pIC50 or pEC50 values are represented for
the most relevant oncological target registered for the similar compounds.
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Figure 7. Structures and negative log of potency measurement for compounds structurally similar
with the target structures 3a–e. The compounds were extracted from the ChEMBL database and share
a similarity over 50% with the new synthesized compounds. The red lines represent the average
value for each target.

The target profile of the chemically similar compounds indicates the interaction with
microRNA 21 (miR-21), Ras-related protein Rab-9A, glycogen synthase kinase-3 beta, and
cellular tumor antigen p53, as the most probable interaction targets for the new synthesized
compounds 3a–e.

2.4.3. Predicted Acute Rat Toxicity

For all the compounds, the predicted results fall in the applicability domain of the
application. The predicted median lethal dose (LD50) of the new compounds after oral
and intravenous (IV) administration on rats are presented in Table 4, and they indicate a
relatively low degree of toxicity. All the new oxadiazole derivatives are predicted to be less
toxic than their corresponding hydrazides synthesis precursors.

Table 4. The predicted toxicity of the compounds 3a–e and 2a–b expressed as median lethal doses
(LD50) on rats using the GUSAR application.

Rat Acute Toxicity 3a 3b 3c 3d 3e 2a 2b

Oral LD50 (mg/kg) 1970 1977 1317 1417 1924 967 900
Oral LD50 Class 4 4 4 4 4 4 4

IV LD50 (mg/kg) 321.1 289.6 253.3 383.0 298.8 135.7 256.1
IV LD50 Class 5 4 4 5 4 4 4

3. Discussion

A series of new 2,5-diaryl/heteroaryl-1,3,4-oxadiazoles were synthesized and evalu-
ated for their anticancer potential on two standardized cell lines, HT-29 and MDA-MB-231.
At 10 µM, all the compounds reduced the cell viability after 24 h of exposure, inducing
apoptosis and perturbation of the cell cycle. The cell line MDA-MB-231 proved to be more
sensitive to the compounds’ action than HT-29.

The predictive studies using the PASS application indicated the inhibition of the STAT3
transcription factor as the most probable anticancer mechanism. Recent evidence shows
that the 1,3,4-oxadiazole scaffold is frequently used in the structure of STAT3 inhibitors
active against various cancer cells [39–41]. STAT3 is closely related to the occurrence of
cancers and is an attractive therapeutic target for oncology and drug development. It
acts in the regulation of many cellular events involving cell proliferation, differentiation,
apoptosis and angiogenesis [42]. N-[2-(1,3,4-oxadiazolyl)]-4-quinolinecarboxamide, also
known as STX-0119, is structurally similar to the 3a–e compounds and functions as a STAT3
dimerization inhibitor [43]. HJC0123 was developed based on the structure of STX-0119,
but it does not contain the oxadiazole scaffold. When administered in the MDA-MB-231
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cells, the compound blocked the phosphorylation of STAT3, reduced the cells’ viability,
promoted apoptosis, and increased the proportion of S-phase cells while reducing the
number of cells in G0/G1 [44]. The effects of HJC0123 in the MDA-MB-231 cells are similar
with those observed for compound 3e. In contrast to MDA-MB-231 tumor cell lines, STAT3
plays no major role in the colon carcinoma cell line HT-29 [45] and it could explain the
lower effects of the new compounds on this cell line.

The structural similarity analysis indicated miR-21 as a highly probable target for the
new compounds. MiR-21 is considered an oncomir because it is one of the most frequently
up-regulated miRNA in a wide type of cancers. MiR-21 is overexpressed in the MDA-MB-
231 cell line close to four-fold compared with the non-tumorigenic MCF-10A cell line. The
knockdown of miR-21 suppressed the cell growth and proliferation of the MDA-MB-231
cells [46]. The levels of miR-21 are also significantly higher in the HT-29 cells and promote
cell proliferation and migration [47].

The results of the predictive studies using the PASS application and the structural
similarity analysis indicated STAT3 and miR-21 as the most probable pharmacological
targets for the new compounds 3a–e, but also that these compounds may have multitarget
activities. This is suggested also by the significant toxic effects registered in the D. magna
48 h assay.

The chemical diversity of the 3a–e structures, and the limited number of tested com-
pounds, limits the development of structure activity relationships. The compound 3e
presented the best anticancer profile of the series, probably due to the presence of the
pyridine ring next to the oxadiazole structure. The promising effect of the compound 3e,
especially on the MDA-MB-231 cell line, a triple-negative breast cancer line, motivates
future studies to improve the anticancer profile and to reduce the toxicological risks. It
is worth noting that 3e produced a low toxic effect in the D. magna 24 h assay and the
predictive studies on rat acute toxicity suggest a low degree of toxic risks.

4. Materials and Methods
4.1. Analytical Procedures

The melting points (m.p.) were measured in open capillary tubes on an Electrothermal
9100 apparatus and are uncorrected. The 1H-NMR and 13C-NMR spectra were recorded on
a Gemini 300 BB instrument (Varian, Palo Alto, CA, USA) at room temperature, operating
at 300 MHz for 1H and 75.075 MHz for 13C. The chemical shifts were recorded as δ values
in ppm units downfield to tetrametylsilane (TMS) used as internal standard, and CDCl3
and DMSO-d6 as solvents. The coupling constants values (J) are reported in hertz (Hz) and
the splitting patterns are abbreviated as follows: s, singlet; d, doublet; t, triplet; q, quartet;
and b, broad. The carbons not attached to any protons are presented as Cq, while those
attached to a hydrogen atom are designated as CH.

The IR spectra were recorded on a FT/IR-4200 spectrometer (JASCO, Tokyo, Japan)
with an ATR PRO450-S accessory at a resolution of 4 cm−1. The elemental analyses
were performed on a Perkin–Elmer 2400 Series II CHNS/O Elemental Analyzer (Shelton,
CT, USA).

4.2. Synthesis Procedures

All the chemicals and reagents were purchased from commercial suppliers and used
without purification, unless otherwise noted.

4.2.1. Synthesis of 2-[(benzenesulfonyl)methyl]benzoic acid (1d)

To a solution of 2-(phenylthiomethyl)benzoic acid (1a) (0.02 mol) in glacial acetic acid
(100 mL), 20 mL 30% aqueous hydrogen peroxide was added dropwise. The mixture was
heated for 2 h and then left overnight at room temperature. The reaction mixture was
diluted with water and extracted with chloroform. The separated organic phase was dried
over sodium sulfate and then concentrated under reduced pressure. The crude product
was recrystallized from ethanol.
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White solid. Yield 93%, m.p. 154–155 ◦C. IR (cm−1). 1H-NMR (300 MHz, CDCl3,
δ ppm, J Hz): 8.86 (bs, 1H); 8.05 (dd, 1H, 1.4, 7.5); 7.64 (dd, 2H, 1.4, 7.5); 7.59 (tt, 1H, 1.4,
7.2); 7.55 (td, 1H, 1.4, 7.5); 7.49 (m, 1H); 7.46 (m, 2H); 7.35 (dd, 1H, 1.4, 7.5); 5.10 (s, 2H).
13C-NMR (75.075 MHz, CDCl3, δ ppm): 171.88 (C-7); 137.90 (C-9); 129.97 (C-2); 129.45
(C-1); 129.04 (C-3); 128.98 (C-11, C-13); 128.62(C-10, C-14); 133.88(C-4 or C-5); 133.74 (C-12);
133.02 (C-5 or C-4); 131.86 (C-6); 59.46 (C-8). Elemental analysis calculated for C14H12O4S
(276.31 g/mol): C 60.86%, H 4.38%, S 11.60% and found: C 60.94%, H 4.28%, S 11.69%.

4.2.2. General Procedure for the Synthesis of the 1,3,4-oxadiazoles Derivatives (3a-e)

An equimolar mixture of benzoyl hydrazine (2a, 0.01 mol) or isonicotinic hydrazide
(2b, 0.01 mol) and the appropriate aromatic acid (1a–d) (0.01 mol) in phosphorus oxychlo-
ride (45 mL) was refluxed for 9 h. The reaction mixture was slowly poured onto crushed
ice and kept overnight. The solid thus separated out was filtered and washed with water,
dried under vacuum and recrystallized from an appropriate solvent.

4.2.3. 2-Phenyl-5-[2-(phenylsulfanylmethyl)phenyl]-1,3,4-oxadiazole (3a)

White solid. Yield 69%, m.p. 111–112 ◦C. 1H-NMR (300 MHz, CDCl3, δ ppm, J Hz):
8.03 (dd, 7.7, 1.6, 2H, H-20, H-24); 7.95 (ddd, 1H, H-7); 7.42–7.49 m (3H, H-21, H-22, H-23);
7.27–7.35 m (3H; H-8, H-9, H-10); 7.22 td (2H, H-14, H-18); 7.07–7.15 m (3H, H-15, H-16,
H-17): 4.64 (s, 2H, H-12). 13C-NMR (75.075 MHz, CDCl3, δ ppm): 164.39 (C-2 or C-5);
164.26 (C-2 or C-5); 138.07 (Cq); 135.60 (Cq); 131.90 (CH); 131.61 (2CH); 131.44 (CH); 131.39
(CH); 129.51 (CH); 129.23 (2CH); 128.90 (2CH); 127.75 (CH); 127.13 (2CH); 127.02 (CH);
123.97 (CH); 122.84 (CH); 38.30 (C-12). Elemental analysis calculated for C21H16N2OS
(344.44 g/mol): C 73.23%, H 4.68%, N 8.13%, S 9.31% and found: C 73.31%, H 4.60%, N
8.20%, S 9.24%.

4.2.4. 2-Phenyl-5-[2-(p-tolylsulfanylmethyl)phenyl]-1,3,4-oxadiazole (3b)

White solid. Yield 68%, m.p. 116–117 ◦C. 1H-NMR (300 MHz, CDCl3, δ ppm, J Hz):
8.11 (dd, 7.4, 1.5, 2H, H-20, H-24); 8.01 (dd, 7.0, 2.2, 1H, H-7); 7.48–7.58 (m, 3H, H-8, H-9,
H-10); 7.40 (t, 6.5, 2H, H-21, H-23); 7.31 (t, 6.5, 1H, H-22); 7.17 (d, 8.1, 2H, H-15, H-17);
6.98 (d, 8.1, 2H, H-14, H-18); 4.66 (s, 2H, H-12); 2.22 (s, 3H, CH3). 13C-NMR (75.075 MHz,
CDCl3, δ ppm): 164.21 (C-2 or C-5); 164.16 (C-2 or C-5); 138.32 (Cq); 137.20 (Cq); 137.19
(Cq); 132.38 (CH); 132.28 (CH); 131.73 (CH); 131.34 (CH); 131.21 (CH); 129.51 (2CH); 129.32
(CH); 129.07 (2CH); 127.49 (CH); 126.96 (2CH); 123.83 (Cq); 122.64 (Cq); 38.70 (C-12); 21.01
(CH3). Elemental analysis calculated for C22H18N2OS (358.47 g/mol): C 73.72%, H 5.06%,
N 7.81%, S 8.94% and found: C 73.81%, H 4.98%, N 7.72%, S 9.01%.

4.2.5. 2-[2-[(4-Chlorophenyl)sulfanylmethyl]phenyl]-5-phenyl-1,3,4-oxadiazole (3c)

White solid. Yield 60%, m.p. 126–128 ◦C. 1H-NMR (CDCl3, δ ppm J Hz): 8.06 (dd,
1.6, 7.5, 2H, H-20, H-24); 7.97 ddd (1H, H-7); 7.47–7.50 m (3H, H-21, H-22, H-23); 7.38–7.35
m (2H; H-9, H-10); 7.26 (dd, 1H, H-8); 7.16 (d, 8.8, 2H, H-14, H-18); 7.10 (d, 8.8, 2H, H-15,
H-17); 4.65 (s, 2H, H-12); 13C-NMR (CDCl3, δ ppm): 164.42 (C-2(5)); 164.16 (C-5(2)); 137.85
(C-13); 134.03 (Cq); 133.73 (Cq); 133.21 (2CH); 131.98 (CH); 131.43 (2CH); 129.53 (CH);
129.26 (2CH); 129.04 (2CH); 127.91 (CH); 127.16 (2CH); 123.92 (Cq); 122.87 (Cq); 38.56 (C-12).
Elemental analysis calculated for C21H15ClN2OS (378.88 g/mol): C 66.57%, H 3.99%, N
7.39%, S 8.46% and found: C 66.68%, H 3.82%, N 7.48%, S 8.32%.

4.2.6. 2-[2-(Benzenesulfonylmethyl)phenyl]-5-phenyl-1,3,4-oxadiazole (3d)

White solid. Yield 59%, m.p. 195–196 ◦C. 1H-NMR (300 MHz, CDCl3, δ ppm, J Hz):
7.97 (dd, 8.0, 2.4, 2H, H-14, H-18); 7.77 (dd, 7.1, 1.8, 1H, H-7); 7.00–7.60 (m, 11H, H-arom);
5.26 (s, 2H, H-12). 13C-NMR (75.075 MHz, CDCl3, δ ppm): 164.05 (C-2 or C-5); 163.46 (C-2
or C-5); 138.07 (Cq); 134.03 (CH); 133.48 (CH); 132.09 (CH); 131.60 (CH); 129.46 (CH); 129.27
(2CH); 129.09 (CH); 128.87 (CH); 128.72 (2CH); 128.69 (CH); 127.99 (Cq); 127.02 (2CH);
124.37 (Cq); 123.53 (Cq); 59.38 (C-12). Elemental analysis calculated for C21H16N2O3S

270



Pharmaceuticals 2021, 14, 438

(376.44 g/mol): C 67.01%, H 4.28%, N 7.44%, S 8.52% and found: C 67.09%, H 4.19%,
N 7.38%, S 8.60%.

4.2.7. 2-[2-(Phenylsulfanylmethyl)phenyl]-5-(4-pyridyl)-1,3,4-oxadiazole (3e)

White solid. Yield 70%, m.p. 130–132 ◦C. 1H-NMR (300 MHz, DMSO-d6 + CDCl3
3:1, δ ppm, J Hz): 8.84 (d, 5.8, 2H, H-21, H-23); 8.07 (td, 4.0, 2.0, 1H, H-7); 8.03 (d, 5.8, 2H,
H-20, H-24); 7.39–7.49 (m, 3H, H-8, H-9, H-10); 7.13–7.26 (m, 5H, H-14, H-15, H-16, H-17,
H-18); 4.71 (s, 2H, H-12). 13C-NMR (75.075 MHz, DMSO-d6 + CDCl3 3:1, δ ppm): 164.50
(C-2 or C-5); 161.87 (C-2 or C-5); 149.90 (C-21, C-23); 137.56 (Cq); 135.07 (Cq); 131.63 (CH);
131.14 (CH); 131.03 (CH); 129.97 (2CH); 129.50 (CH); 128.64 (2CH); 127.73 (CH); 126.37 (CH);
121.70 (CH); 120.41 (2CH); 36.54 (C-12). Elemental analysis calculated for C20H15N3OS
(345.43 g/mol): C 69.54%, H 4.38%, N 12.16%, S 9.28% and found: C 69.48%, H 4.46%,
N 12.26%, S 9.19%.

4.3. Anticancer Evaluation
4.3.1. Reagents

Cisplatin (CisPt), doxorubicin (DOX), and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The stock solutions were prepared by dissolving
the compounds in a minimum amount of DMSO and kept at −20 ◦C. The working solutions
were prepared before each experiment from the stocks and the culture medium. Annexin
V-FITC/PI Apoptosis Detection Kit for flow cytometry was purchased from BioVision
Inc., Milpitas, CA, USA. Cycletest Plus DNA Reagent Kit was provided by BD Biosciences
(Becton Dickinson, USA).

4.3.2. Cell Culture and Treatments

Human cancer cell lines HT-29 (colon adenocarcinoma) and MDA-MB-231 (breast ade-
nocarcinoma) were purchased from American Type Culture Collection (ATCC). Adherent
cells were routinely maintained in culture in Dulbecco’s modified Eagle medium/nutrient
mixture F-12 (DMEM:F12) medium added by 2 mM of L-glutamine, 10% fetal bovine serum,
100 units/mL penicillin, 100 µg/mL streptomycin (Sigma-Aldrich, St. Louis, Mo, USA)
and incubated at 37 ◦C in 5% CO2 humidified atmosphere. After 24 h, adherent cells were
treated with different concentrations of the compounds for different periods of time. Cell
treatments of compounds, CisPt and DOX were carried out using concentrations of 200,
100, 50, 25, 12.5 and 6.25 µM of the drug. Then cells were detached with a nonenzymatic
solution of phosphate-buffered saline (PBS)/1 mM EDTA, washed twice in PBS.

4.3.3. Cytotoxicity Assay

All assays were performed in triplicate in 96-well microtiter plates with flat bottom
(Falcon), using CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega),
an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium)-based colorimetric assay. Briefly, 1 × 104 cells/wells were cultured in 100 µL
for 24 h, culture supernatants were discarded, and then cells were treated for 24 h and 48 h
with increasing concentrations of drugs. After the end of the incubation time, 20 µL reagent
containing a) MTS, and b) phenazine ethosulfate (PES) were added in each well. PES has
a high chemical stability that allows it to bind to MTS and form a stable solution. After
adding the coloring solution, plates were incubated for 4 h at 37 ◦C, with mild agitation
every 15 min. The method relies on the ability of metabolically active cells to reduce MTS, a
yellow tetrazolium salt to the colored formazan that is soluble in the culture medium. The
reduction in the tetrazolium compound to formazan was spectrophotometrically measured
at λ = 492 nm, using a Dynex plate reader (DYNEX Technologies-MRS). The percentage of
viability compared to untreated cells (considered 100% viable) was calculated based on the
absorbance (Abs) values as follows:

Cell viability (%) = (Abs treated cells − Abs culture medium)/(Abs untreated
cells − Abs culture medium) × 100,

(1)
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Cell viability data were expressed as the mean values ± standard deviations (SD)
of the experiments. Data were obtained in triplicates (n = 3), averaged and expressed as
mean ± SD.

4.3.4. Apoptosis Analysis

The apoptosis assay was carried out using the Annexin V-FITC Kit and the manufac-
turer’s protocol from BD Biosciences. The 5 × 105 cells/mL treated and untreated were
suspended in cold binding buffer and stained simultaneously with 5 µL FITC-Annexin V
(green fluorescence) and 5 µL PI in a dark at room temperature for 15 min. The percentages
of apoptotic cells were determined by double staining with Annexin V-FITC/ PI. In each
tube was added 400 µL of Annexin V binding buffer and the 5000 cells/sample were
collected using FACSCantoII flow cytometer (Becton Dickinson—BD) and the analysis was
performed using DIVA 6.2 software in order to identify early apoptosis (Annexin+/PI−),
late apoptosis (Annexin+/PI+) and necrosis (Annexin−/PI+) [48].

4.3.5. Cell Cycle Analysis

The assay was carried out using Cycletest Plus DNA Reagent Kit and the manufac-
turer’s protocol from BD Biosciences. Previously fixed cells (5 × 105) were washed twice
in PBS and cell pellets were resuspended in PBS. The probes were kept in the dark and at
4 ◦C until data acquisition by flow cytometry using a FACSCantoII flow cytometer (Becton
Dickinson—BD). The analysis was performed using ModFIT software in order to estimate
the DNA index (DI) and progression through cell cycle phases [49].

4.4. Daphnia Magna Toxicity Assay

D. magna Straus was maintained parthenogenetically at ‘Carol Davila’ University
(Department of Pharmaceutical Botany and Cell Biology). The culture was maintained
at 25 ◦C, a photoperiod of 16 h/8 h light/dark cycle. Prior to the determination, young
daphnids were selected according to their size and maintained for 24 h in artificial medium.
The bioassay was performed on 10 daphnids/replicates in tissue culture plates with 12 wells
(Greiner Bio-One) according to the protocol described in our previous studies [50,51]. For
each compound, six concentrations were tested, ranging from 5 to 128 µM. The hydrazides
2a (20–411 µM) and 2b (20–394 µM) were used as positive controls, and a 1% DMSO
solution as a negative control. The concentrations were selected based on the solubility
and a pre-screening assay. The final volume/well was 4 mL, and the lethality was recorded
at 24 and 48 h of exposure. All determinations were performed in duplicate. The 95%
confidence intervals (95%CI) for LC50 values were also calculated using the least square fit
method. All calculations were performed using GraphPad Prism v 5.1 software.

4.5. Prediction of the Molecular Mechanism of Action and Toxicity
4.5.1. PASS Prediction

A virtual screening was performed using the computer program PASS (prediction
of activity spectra for substances), a software product designed to evaluate the general
biological potential drug-like molecules. The compounds were inputted in PASS as mol
files and the results were analyzed if the Pa values were above the corresponding Pi
values. The resulted biological targets were manually selected based on their anticancer
treatment potential.

4.5.2. Structural Similarity Analysis

A similarity search was performed on the ChEMBL database for each compound
3a–e using a 50% threshold. The resulting structures were extracted together with their
assayed activities on human targets [52]. The entries were filtered using DataWarrior v5.2.1
software [53] to remove compounds with inexact potency values and to merge duplicate
structures into single entries with calculated average pIC50 or pEC50 values expressed as
mol/L (M).
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4.5.3. Prediction of the Compounds’ Toxicity

The freely available program GUSAR was used to predict the LD50 values of the new
compounds after oral and intravenous administration on rats [54].

5. Patents

Patent application a202000446: Camelia Elena Stecoza, George Mihai Nitulescu,
Mirela Antonela Mihaila, Marinela Bostan, Constantin Draghici, Miron Teodor Caproiu,
2-Aryl(heteroaryl)-5-[2-(phenylthiomethyl)phenyl]-1,3,4-oxadiazole derivatives, a phar-
maceutical composition containing them and their use as antitumor agent, published in
RO-BOPI, 11/2020 from 27 November 2020.

Author Contributions: Conceptualization, C.E.S.; methodology and investigation, C.E.S., G.M.N.,
C.D., M.T.C., O.T.O., M.B., M.M.; writing—original draft preparation, C.E.S., G.M.N., C.D., M.T.C.,
O.T.O., M.B., M.M.; writing—review and editing, C.E.S., G.M.N., M.M. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding. The APC was funded by the authors.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analysed during the current study are
available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA. Cancer J. Clin. 2021, 68, 394–424.
2. Wang, X.; Zhang, H.; Chen, X. Drug resistance and combating drug resistance in cancer. Cancer Drug Resist. 2019, 2, 141–160.

[CrossRef]
3. Schirrmacher, V. From chemotherapy to biological therapy: A review of novel concepts to reduce the side effects of systemic

cancer treatment (Review). Int. J. Oncol. 2019, 54, 407–419.
4. Ion, G.N.D.; Olaru, O.T.; Nitulescu, G.; Olaru, I.I.; Tsatsakis, A.; Burykina, T.I.; Spandidos, D.A.; Nitulescu, G.M. Improving the

odds of success in antitumoral drug development using scoring approaches towards heterocyclic scaffolds. Oncol. Rep. 2020, 44,
589–598. [CrossRef]

5. Lang, D.K.; Kaur, R.; Arora, R.; Saini, B.; Arora, S. Nitrogen-Containing Heterocycles as Anticancer Agents: An Overview.
Anti-Cancer Agents Med. Chem. 2020, 20, 2150–2168. [CrossRef]

6. Boström, J.; Hogner, A.; Llinàs, A.; Wellner, E.; Plowright, A.T. Oxadiazoles in medicinal chemistry. J. Med. Chem. 2012, 55,
1817–1830. [CrossRef]

7. Benassi, A.; Doria, F.; Pirota, V. Groundbreaking anticancer activity of highly diversified oxadiazole scaffolds. Int. J. Mol. Sci.
2020, 21, 8692. [CrossRef]
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Abstract: The nuclear export receptor exportin-1 (XPO1, CRM1) mediates the nuclear export of
proteins that contain a leucine-rich nuclear export signal (NES) towards the cytoplasm. XPO1 is
considered a relevant target in different human diseases, particularly in hematological malignancies,
tumor resistance, inflammation, neurodegeneration and viral infections. Thus, its pharmacological
inhibition is of significant therapeutic interest. The best inhibitors described so far (leptomycin B
and SINE compounds) interact with XPO1 through a covalent interaction with Cys528 located in
the NES-binding cleft of XPO1. Based on the well-established feature of chalcone derivatives to
react with thiol groups via hetero-Michael addition reactions, we have synthesized two series of
chalcones. Their capacity to react with thiol groups was tested by incubation with GSH to afford
the hetero-Michael adducts that evolved backwards to the initial chalcone through a retro-Michael
reaction, supporting that the covalent interaction with thiols could be reversible. The chalcone
derivatives were evaluated in antiproliferative assays against a panel of cancer cell lines and as XPO1
inhibitors, and a good correlation was observed with the results obtained in both assays. Moreover,
no inhibition of the cargo export was observed when the two prototype chalcones 9 and 10 were
tested against a XPO1-mutated Jurkat cell line (XPO1C528S), highlighting the importance of the
Cys at the NES-binding cleft for inhibition. Finally, their interaction at the molecular level at the
NES-binding cleft was studied by applying the computational tool CovDock.

Keywords: chalcones; exportin-1; covalent binding; CovDock; anticancer activity

1. Introduction

Exportin-1 (XPO1, also known as chromosome region maintenance 1, CRM1) is the
best-characterized nuclear transporter that mediates the traffic of high molecular weight
molecules (i.e., proteins or RNA) from the nucleus to the cytoplasm [1,2]. Aberrant XPO1
function is implicated in different diseases, including different types of cancers, inflamma-
tion, neurodegeneration and viral infections [3–8]. In the nucleus, exportin-1 recognizes
specific leucine-rich peptide stretches, known as nuclear export signals (NES) in cargo
proteins, and forms a ternary complex with RanGTP. When this exportin-RanGTP-cargo
complex reaches the cytoplasm, GTP is hydrolyzed to GDP, disrupting the ternary complex
and releasing the cargo [2].

XPO1 has been found to be overexpressed in a variety of solid tumors and hema-
tologic cancers, and in many cases, elevated XPO1 levels have been correlated to poor
prognosis [7,9]. Pharmacological inhibition of XPO1 has been considered an appealing an-
ticancer strategy [2,4,5,10]. Indeed, XPO1 cargo proteins include many tumor suppressors
and cell growth regulators, such as p53, Topo2, FOXOs, etc., [7,8], and XPO1 inhibition
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has been shown to restore nuclear localization and function of these tumor suppressors,
leading to apoptosis of the cancer cells [11].

The most potent XPO1 inhibitors described, either from natural or synthetic origin, are
α,β-unsaturated carbonyl compounds that bind into the NES-binding cleft of XPO1 through
covalent interactions with Cys528 [2,4,10,12,13]. These inhibitors prevent the interaction
of cargo proteins with XPO1 and, hence, block cargo export to the cytoplasm [14]. Only
recently, a non-covalent XPO1 inhibitor has been described [15], while a first report on
allosteric inhibitors with moderate affinity has been published [16].

The first XPO1 inhibitor clinically tested was the natural product leptomycin B (1,
Figure 1). However, clinical trials were discontinued due to severe cytotoxicity [17],
probably associated with irreversible inhibition. Among synthetic compounds, the N-
azolylacrylate compounds [12,13], also known as selective inhibitors of nuclear export
(SINE) exemplified by KPT-330 (selinexor) (2), KPT-185 (3) or the second generation com-
pound KPT-8602 (eltanexor) (4) (Figure 1), have been described as very slowly reversible
inhibitors [12,18–20]. Indeed, the recent FDA approval of selinexor (KPT-330, XPOVIO,
2) for the treatment of patients with heavily pretreated relapsed or refractory multiple
myeloma and diffuse B cell lymphoma supports the significance of XPO1 as a target in
hematological malignancies [21]. Other interesting XPO1 inhibitors are the 1-(pyridin-2-
ylamino)-1H-pyrrole-2,5-dione derivatives S109 (5) and CBS9106 (6) [22,23], with the latter
being evaluated in Phase 1 clinical trials [24].
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Figure 1. Chemical structures of several XPO1 inhibitors. Figure 1. Chemical structures of several XPO1 inhibitors.

The overall structure of XPO1 complexed with Ran and RanBP1 is shown in Figure 2A,
where the NES-binding cleft is colored in grey. Structurally, this cleft contains five hy-
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drophobic pockets (named Φ0–Φ4, Figure 2B) that lodge the hydrophobic key residues of
the cargo protein. Cys528 (which corresponds to Cys539 in Saccharomyces cerevisiae in the
X-ray structure) is located between the Φ3 and Φ4 pockets. While leptomycin B occupies
almost all Φ pockets [17], the KPT compounds exemplified by KPT-8602 (Figure 2C) only
occupy a small part of the NES-binding cleft [25], demonstrating that XPO1 inhibition can
be accomplished by only occupying part of the hydrophobic cleft. By analysing the binding
mode of KPT-8602, it can be concluded that an aromatic hydrophobic core is located below
the Cys-reactive residue, while more polar substituents (a pyrimidinyl ring in KPT-8602)
can be lodged over the Cys in the proximities of the Φ4 pocket.
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Figure 2. (A) Overall structure of the XPO1 protein (in deep purple), Ran (olive) and RanBP1 (sky
blue). The NES-binding cleft is shown in grey. (B) Surface representation of the NES-binding cleft
(grey) and the Φ0–Φ4 pockets. ScCys539 is shown in yellow and labelled. (C) Detailed view of
KPT-8602 (yellow spheres, pdb id: 5jlj) inside of the NES-binding cleft.

Based on these precedents, we envisioned the chalcone scaffold as a suitable α,β-
unsaturated carbonyl construct for XPO1 inhibition by interaction with Cys528 based on
their ability to behave as Michael acceptors. Indeed, quite similar α,β-unsaturated carbonyl
compounds such as caffeic acid phenylethyl ester (7, Figure 1) or curcumin (8) have been
described as XPO1 inhibitors. Moreover, since chalcones can undergo a retro-Michael
reaction, the expected inhibition should be reversible. Reversible covalent inhibitors may
have some advantages versus their irreversible counterparts, such as the possibility to
tune the residence time and/or to avoid the irreversible inhibition of off-targets [26], while
as a disadvantage they may show lower potency. Compounds 9 and 10 (Figure 3) were
proposed as prototypes, so that ring A should be lodged below the Cys where the covalent
interaction takes place, while the pyrimidine (ring B) should be located closer to the Φ4
pocket. The XPO1 inhibition obtained with these compounds triggered us to explore
closely related structural analogues (Figure 3). Thus, their synthesis, antiproliferative
activity against a panel of cancer cell lines, XPO1 inhibition and docking studies at the
NES-binding cleft of XPO1 are here described.
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2. Results and Discussion
2.1. Synthesis

It has been described by performing kinetic measurements in α-X-2′3,4,4’- tetram-
ethylchalcones that the nature of the substituent at position α of the chalcone affects their
reactivity as electrophiles versus thiol groups [27]. In such series, the α-COOEt substituent
led to a similar reactivity as that of the α-H chalcone; the α-CH3 chalcone was poorly
electrophilic, while the α-CN chalcone was the most electrophilic. Thus, in the naphthyl
series (Figure 3), the synthesis of the chalcones where R1 = H, COOCH3, CH3 or CN
was accomplished. The reaction of 1-(naphthalen-2-yl)ethan-1-one (11) with pyrimidine-5-
carbaldehyde in the presence of Ba(OH)2 afforded α-H chalcone 9 in a 55% yield (Scheme 1).
The ketone 11 reacted with dimethyl carbonate, as described, to provide the methyl 3-
oxopropanoate 12 [28], whose reaction with pyrimidine-5-carbaldehyde resulted in the
α-COOCH3 chalcone 13. Reaction of the ester 12 with NH3/dioxane at 110 ◦C [29] led to
the amide 14 that was further transformed into the chalcone 15. On the other hand, reaction
of naphthalene 16 with propionyl chloride under Friedel–Crafts acylation conditions, as
described [30], provided the 2-acyl derivative 17, together with a small proportion of its
1-isomer [31]. This mixture of isomers reacted with pyrimidine-5-carbaldehyde to yield the
α-CH3 chalcone 18 (30%). Finally, the synthesis of the α-CN derivative was addressed by
the reaction of 2-methylnaphthoate (19) with acetonitrile to provide 3-oxopropanenitrile
20 [32], which was further transformed into the α-CN chalcone 21. Compound 21 proved to
be very unstable and readily decomposed in phosphate-buffered solution (PBS), hampering
its biological evaluation.
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Scheme 1. Reagents and conditions: (a) pyrimidine-5-carbaldehyde, Ba(OH)2, methanol/water,
rt, 2 h, 55% yield; (b) as described in [28]: dimethyl carbonate, NaH, 1,4-dioxane, 70 ◦C, 3.5 h;
(c) pyrimidine-5-carbaldehyde, piperidine, AcOH, 70–100 ◦C, 2–48 h, 30–40% yield; (d) NH3, 1,4-
dioxane, 110 ◦C, 16 h, 34% yield; (e) as described in [30]: propionyl chloride, AlCl3, 1,2-DCE, rt, 16 h;
(f) as described in [32]: acetonitrile, NaH, toluene, 110 ◦C, 16 h.

A second set of modifications involved the incorporation as ring B of different
pyridines instead of the 5-pyrimidinyl of the prototype 9. To this end, the ketone 11
was reacted with different aldehydes (21–23) in the presence of Ba(OH)2, using a mixture
of methanol and water at rt, to yield the chalcones 24–26 (Scheme 2).
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In parallel, we synthesized the 3,5-dimethoxyphenyl chalcone 10 (Scheme 3) by re-
action of the 1-(3,5-dihydroxyphenyl)ethan-1-one 27 with methyl iodide to provide the
ketone 28 [33], whose reaction with pyrimidine-5-carbaldehyde afforded the chalcone 10
(64% yield). Additionally, in this case, the α-COOCH3 chalcone was synthesized through
the transformation of the ketone 28 into the methylpropionate 29 [34], and further reaction
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of this methyl ester with pyrimidine-5-carbaldehyde afforded the α-COOCH3 chalcone
30. On the other hand, as will be later shown in the molecular modeling studies, one of
the methoxy groups of the chalcone 10 seems to be pointing towards the lower part of
the NES-binding cleft that lodges the aliphatic chain of leptomycin B. Thus, one of the
methoxy groups in the chalcone 10 was replaced by either a 2-methoxyethoxy or a 3,3-
dimethylallyloxy group. To this end, the 3,5-dihydroxyacetophenone 27 was transformed
in 2 steps into the corresponding ketones 31 and 32, whose reaction with pyrimidine-5-
carbaldehyde afforded the chalcones 33 and 34 in a 32% and 41% yield, respectively.
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in [34]: dimethyl carbonate, NaH, 1,4-dioxane, 70 ◦C, 3 h; (d) pyrimidine-5-carbaldehyde, piperidine,
AcOH, 70 ◦C, 16 h, 39% yield; (e) (i) as described in [35]: MeI, Cs2CO3, DMF, rt, 16 h, (ii) 2-
bromoethylmethyl ether, Cs2CO3, DMF, 80 ◦C, 1 h, 77% yield; (f) (i) as described in [35]: MeI, Cs2CO3,
DMF, rt, 16 h; (ii) 3,3-dimethylallyl bromide, Cs2CO3, DMF, 80 ◦C, 1 h, 75% yield.

For the α-H chalcones (9, 10, 24–26, 33, 34), the configuration of the double bond was
easily assigned as E, as expected, based on the JH2-H3 value (15–16 Hz) in their 1H-NMR
spectra [36]. The configuration of the α-substituted chalcones (13, 15, 18, 21, 30) was also
assigned as E, based on previous reports [37,38].

2.2. Incubation with GSH

In order to determine if these chalcones could react with thiol groups through a hetero-
Michael addition reaction, a few selected compounds (9, 10, 13 and 18) were incubated
with glutathione (GSH). After different incubation times, the reactions were quenched
by adding 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB, Ellman´s reagent) [39,40] (1:1 ratio
with respect to the initial concentration of GSH). The course of the reaction was followed
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by HPLC, adapting reported procedures [41,42]. The prototype α-H chalcones 9 and
10 quickly reacted with GSH to provide the Michael addition products, as shown by
HPLC-MS. These adducts underwent a retro-Michael addition reaction, generating the
parent chalcone, demonstrating the reversibility of the reaction (see Figures S1 and S2).
The α-COOCH3 chalcone 13 also provided the Michael adducts with GSH after a short
reaction time, while longer incubations revealed that the adducts reverted to the parent
chalcone (Figure S3). However, under the same incubation conditions with GSH, the
α-CH3 chalcone 18 remained almost unaltered even after 4 h of incubation, and only
a very small proportion of the addition products was detected (Figure S4). As already
mentioned, the α-CN chalcone 21 could not even be tested due to instability in PBS,
suggesting a very high electrophilic character. Thus, although this assay is only qualitative,
the tendency observed among these chalcones nicely fits the reactivity described for α-X-
2´3,4,4´-tetramethylchalcones [27].

2.3. Biological Results
2.3.1. Antiproliferative Activity

The synthesized compounds were tested for their antiproliferative activity against a
panel of cancer cell lines using KPT-330 as a reference compound (Table 1).

Table 1. Antiproliferative activity of the synthesized chalcones against different tumor cell lines.

IC50 (µM) a

Comp Hap-1 b HCT-116 b NCI-H460 b DND-41 b HL-60 b K-562 b Z-138 b

9 2.3 ± 0.2 2.4 ± 0.2 2.1 ± 0.1 2.1 ± 0.5 2.0 ± 0.5 1.8 ± 0.08 1.8 ± 0.05
10 2.1 ± 0.2 4.7 ± 1.7 3.5 ± 1.5 1.5 ± 0.2 2.2 ± 0.3 7.2 ± 1.9 0.5 ± 0.05
13 ≥54.9 ≥15.5 ≥47.1 ≥30.6 >100 >100 >100
15 2.1 ± 0.7 5.3 ± 3.1 2.6 ± 0.7 8.9 ± 0.9 5.5 ± 3.6 2.1 ± 0.1 5.1 ± 2.7
18 >100 >100 >100 39.1 ± 5.3 ≥40.9 48.5 ± 2.4 >100
24 1.6 ± 0.1 3.1 ± 0.9 4.3 ± 2.2 1.8 ± 0.5 3.5 ± 2.1 2.2 ± 0.03 1.6 ± 0.1
25 3.4 ± 0.5 3.9 ± 1.5 51.6 ± 11.7 2.6 ± 0.4 1.8 ± 0.05 4.8 ± 2.8 2.3 ± 0.5
26 2.3 ± 0.3 1.9 ± 0.4 7.7 ± 1.1 1.9 ± 0.4 0.9 ± 0.2 4.0 ± 0.2 1.1 ± 0.4
30 ≥32.0 ≥22.2 17.3 ± 4.6 43.2 ± 6.4 23.4 ± 1.9 42.9 ± 0.1 47.6 ± 1.1
33 4.3 ± 2.5 34.2 ± 6.5 16.9 ± 4.5 3.7 ± 1.6 10.0 ± 0.9 37.5 ± 0.9 1.5 ± 0.2
34 10.0 ± 2.0 52.9 ± 3.6 34.5 ± 5.2 10.1 ± 0.0 40.2 ± 10.1 4.1 ± 1.9 4.6 ± 2.7

KPT-330 0.07 ± 0.03 0.10 ± 0.1 0.12 ± 0.08 0.05 ± 0.0 0.11 ± 0.1 0.09 ± 0.0 0.40 ± 0.4
a IC50: concentration of compound at which 50% of cell proliferation is inhibited. Mean value of two independent experiments ±SEM.
b Hap-1: chronic myeloid leukemia; HCT-116: colorectal carcinoma; NCI-H460: lung carcinoma; DND-41: acute lymphoblastic leukemia;
HL-60: acute myeloid leukemia; K-562: chronic myeloid leukemia; Z-138: non-Hodgkin lymphoma.

The two prototype compounds 9 and 10 inhibited proliferation against all cell lines
tested at single digit µM IC50 values, being between 5- to 30-fold less potent than the
reference compound KPT-330. The α-substituted chalcones in the naphthyl series with
an ester (compound 13) or methyl (compound 18) group were almost inactive in the
proliferation assays, while the α-CONH2 chalcone 15 was slightly less active than the
parent chalcone 9. When the 5-pyrimidinyl ring in 9 was replaced by different pyridines
(pyridin-3-yl in 24, pyridin-2-yl in 25 or pyridin-4-yl in 26), the IC50 vales were maintained
in the low µM range. Concerning the phenyl series, the α-COOCH3 chalcone 30 was
considerably less active than the α-H chalcone 10. Moreover, replacement of one of the
methoxy groups in compound 10 by longer ethers was compatible with antiproliferative
activity, although up to a 20-fold increase in IC50 values was obtained for certain cell lines.

2.3.2. XPO1 Inhibition Studies

In order to determine if the observed antiproliferative activity was caused by XPO1
inhibition, the compounds were assayed in a reporter cell line based on the subcellular
localization of a XPO1-dependent GFP reporter cargo protein [13]. Inhibition of XPO1-
mediated nuclear export of the reporter is evident by its nuclear accumulation, which can
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be visualized and quantified compared to the untreated control, where the GFP protein
localizes in the cytoplasm. Using this reporter cell line, the capacity of the synthesized
chalcones to inhibit XPO1-mediated nuclear export was determined (Table 2).

Table 2. XPO1 inhibition.

Comp IC50 (µM) a

9 2.46 ± 0.16
10 0.55 ± 0.19
13 >100
5 9.18 ± 3.28

18 >100
24 1.27 ± 0.29
25 7.28 ± 1.34
26 10.74 ± 3.24
30 87.34 ± 4.91
33 12.35 ± 1.28
34 1.59 ± 0.36

KPT-330 0.05
a IC50 (50% inhibitory concentration) is given as the mean ± SEM of two independent experiments.

The prototype chalcones 9 and 10 both in the naphthyl and phenyl series showed
significant XPO1 inhibition, with IC50 values of 2.5 and 0.55 µM, respectively. Interestingly,
among the naphthyl series, the chalcones substituted with an ester or a methyl group at
the α-position of the double bond (compounds 13 and 18, respectively) that were inactive
in the antiproliferative activity assays, were also inactive against XPO1. On the other
hand, the α-CONH2 chalcone 15 or compounds with a pyridinyl ring (24–26) instead of
the pyrimidinyl of the prototype 9, which had shown significant antiproliferative activity,
inhibited XPO1 with IC50 values around or below 10 µM. Among the phenyl series, the
α-COOCH3 derivative 30 was almost inactive against XPO1, while the extended ethers 33
and 34 were active, particularly the 3,3-dimethylallyl derivative 34, with an IC50 value of
1.59 µM.

Once XPO1 inhibition was confirmed, an additional experiment was performed for
compounds 9 and 10 employing a Jurkat leukemia cell line where the cysteine residue at
position 528 of XPO1 had been replaced by a serine residue (Jurkat XPO1C528S) [19,43]. The
effect of the mutation on the activity of the inhibitors was assessed by the visualization of
the subcellular localization of the XPO1 cargo RanBP1. As shown in Figure 4A (control
experiment), in both wild-type and mutant Jurkat cells, RanBP1 is localized in the cytoplasm
as a consequence of the correct nuclear export mediated by XPO1. When both cell lines
were treated with KPT-330 at 1 µM (used as a positive control, Figure 4B), in the wild-type
cell line, RanBP1 was accumulated in the nucleus, since KPT-330 blocked its binding to
XPO1, whereas in the mutant cell line, KPT-330 was unable to interact with XPO1; therefore,
RanBP1 remained in the cytoplasm. Similarly, when both cell lines were treated with our
prototype compounds 9 and 10 at 4 µM (Figure 4C, D, respectively), RanBP1 accumulated
in the nucleus in the case of the wild-type cells, whereas its nuclear export was not inhibited
in the mutant cell line.
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(B) 3 h after treatment with 1 µM KPT-330 (Selinexor), RanBP1 accumulates in the nucleus of wild-
type cells (left) but remains localized in the cytoplasm of mutant XPO1C528S cells (right); (C,D) 3 h
after treatment with 4 µM of prototype compounds 9 or 10, respectively, nuclear accumulation of
RanBP1 is found in wild-type Jurkat cells. In contrast, no nuclear retention of the cargo was induced 
in the mutant XPO1C528S cells. Scale bar 25 µm, and nuclei were counterstained with DAPI (blue).
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WT and C528S Jurkat cell lines are shown in Table 3. Both compounds 9 and 10 inhibited 
nuclear export of RanBP1 cargo protein with IC50 values of 2.2 and 0.3 µM, respectively, 
in the WT Jurkat cell line. These results were in agreement with the IC50 values obtained 
for XPO1 inhibition in the HeLa reporter cell line (Table 2), where the chalcone 10 was the 
most potent of the two. What is most relevant is that both compounds lost their inhibitory 
activity against the Jurkat XPO1C528S cell line, similar to the positive control KPT-330. Thus, 
these experiments evidenced the importance of Cys528 for the XPO1 inhibitory activity of 
these chalcones. 
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KPT-330 0.07 ± 0.01 >5

9 2.2 ± 0.03 >5

Figure 4. XPO1-mediated nuclear export of RanBP1 cargo protein. (A) Endogenous RanBP1 cargo
protein (green) localized in the cytoplasm of untreated wild-type and mutant XPO1C528S Jurkat cells;
(B) 3 h after treatment with 1 µM KPT-330 (Selinexor), RanBP1 accumulates in the nucleus of wild-
type cells (left) but remains localized in the cytoplasm of mutant XPO1C528S cells (right); (C,D) 3 h
after treatment with 4 µM of prototype compounds 9 or 10, respectively, nuclear accumulation of
RanBP1 is found in wild-type Jurkat cells. In contrast, no nuclear retention of the cargo was induced
in the mutant XPO1C528S cells. Scale bar 25 µm, and nuclei were counterstained with DAPI (blue).

The IC50 values of compounds 9 and 10 regarding their XPO1 inhibitory activity in
WT and C528S Jurkat cell lines are shown in Table 3. Both compounds 9 and 10 inhibited
nuclear export of RanBP1 cargo protein with IC50 values of 2.2 and 0.3 µM, respectively,
in the WT Jurkat cell line. These results were in agreement with the IC50 values obtained
for XPO1 inhibition in the HeLa reporter cell line (Table 2), where the chalcone 10 was the
most potent of the two. What is most relevant is that both compounds lost their inhibitory
activity against the Jurkat XPO1C528S cell line, similar to the positive control KPT-330. Thus,
these experiments evidenced the importance of Cys528 for the XPO1 inhibitory activity of
these chalcones.
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Table 3. IC50 values of 9 and 10 in means of XPO1 inhibition in wild-type and XPO1C528S mutant
Jurkat cell lines.

Comp
IC50 (µM) a

Jurkat XPO1WT Jurkat XPO1C528S

KPT-330 0.07 ± 0.01 >5
9 2.2 ± 0.03 >5
10 0.3 ± 0.3 >5

a IC50 (50% inhibitory concentration) is given as the mean ±SD of two independent experiments.

Thus, compounds 9 and 10, able to react with GSH in incubation studies, were among
the most potent XPO1 inhibitors and also showed good antiproliferative activity. On the
other hand, the α-CH3 chalcone 18, which poorly reacted with GSH in the incubation
assays, was unable to inhibit XPO1 and also did not show antiproliferative activity. The
most puzzling data comes from the esters 13 and 30, which were almost inactive against
XPO1 and in antiproliferation assays. However, in the incubation studies with GSH,
compound 13 seems to be as reactive as the α-H chalcone 9. Certainly, many factors can be
involved in the lack of activity of this chalcone. A potential explanation may arise by taking
into account that the XPO1 inhibition assays are performed in a cell culture, so that the
presence of esterases might convert the ester into the corresponding carboxylic acid. If this
is the case, the resulting α-COOH chalcone would be very poorly electrophilic based on
the reactivity described for α-X-2´3,4,4´-tetramethylchalcones [27], and thus, its capacity
to behave as a Michael acceptor against XPO1 would be seriously compromised.

2.4. Docking Studies

Docking molecular studies have been carried out for compounds 9 and 10 with
CovDock [44,45], a computational tool developed by Schrödinger to perform covalent
docking, using the coordinates of the S. cerevisiae XPO1 protein in its complex with KPT-
8602 [20]. Using this tool, a covalent bond is created between the SH of Cys539 (Cys528
in human XPO1) in the NES-binding cleft and the β-position of the double bond of the
chalcone.

The best-docked solution of compound 9 (Figure 5A) shows that the compound
nicely fits within the upper part of the NES-binding cleft, so that the 2-naphthyl (ring
A) has favorable interactions with the hydrophobic residues Ile555, Leu536, Phe583 and
Val559, while the pyrimidin-5-yl ring (ring B) is buried in an inner region delimited by
Ala552. As for compound 10 (Figure 5B), the best-docked solution indicates that the 3,5-
dimethoxyphenyl ring lays in a hydrophobic cavity surrounded by the residues Ile555,
Leu536 and Phe583, whereas ring B is directed to the upper part of the cleft. In addition, this
binding mode is compatible with a hydrogen bond interaction between the carbonyl group
of the ligand and the side chain of Lys579. This stabilizing interaction might help explain
the higher inhibitory activity of compound 10 compared to 9 against XPO1. Additionally,
this binding mode also suggests that one of the methoxy groups in ring A can be replaced
by other longer ethers to gain additional interactions in the lower part of the cleft. Indeed,
such ethers (compounds 33 and 34) also showed XPO1 inhibition, but did not improve the
inhibitory value of compound 10.
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Figure 5. (A) Best CovDock solution of compound 9 (shown as purple sticks) at the NES-binding
cleft of XPO1 (shown as light grey surface). (B) Best CovDock solution of compound 10 (shown as
magenta sticks) at the NES-binding cleft of XPO1 (shown as light grey surface). Selected interacting
residues from the NES-binding cleft are shown in green sticks and labeled, and hydrogen bond is
shown as dashed lines.

3. Materials and Methods
3.1. Chemistry Procedures

Melting points were measured on a M170 apparatus (Mettler Toledo, Columbus,
Ohio, USA) apparatus and are uncorrected. The elemental analysis was performed with a
CHN-O-RAPID instrument (Heraus, Hanau, Germany). The elemental compositions of the
compounds agreed within ±0.4% of the calculated values.

1H and 13C NMR spectra were recorded on a Varian INNOVA(now Agilent, Santa
Clara, CA, USA) 300 operating at 299 MHz (1H) and 75 MHz (13C), respectively, a Varian
INNOVA-400 operating at 399 MHZ (1H) and 99 MHz (13C), respectively, and a VARIAN
SYSTEM-500 operating at 499 MHz (1H) and 125 MHz (13C), respectively. Monodimen-
sional 1H and 13C spectra were obtained using standard conditions.

Compounds were also analyzed by HPLC/MS with a e2695 LC(Waters, Milford,
Massachusetts, USA), coupled to a Waters 2996 photodiode array detector and a Waters
Micromass ZQ. The column used is a Waters SunFire C18 2.1 × 50 mm, 3.5 µm, and the
mobile phases were A: acetonitrile and B: H2O, together with a constant 5% of C (H2O
with 2% formic acid) to assure 0.1% of formic acid along the run.

Analytical TLC was performed on silica gel 60 F254 (Merck, Dramstand, Germany)-
precoated plates (0.2 mm). Spots were detected under UV light (254 nm) and/or charring
with ninhydrin or phosphomolibdic acid.

Separations on silica gel were performed by preparative centrifugal circular thin-layer
chromatography (CCTLC) on a ChromatotronR (Kiesegel 60 PF254 gipshaltig (Merck)), with
a layer thickness of 1 and 2 mm and a flow rate of 4 or 8 mL/min, respectively.

General procedure for the reaction of aromatic ethanones with aldehydes under basic
conditions (General procedure A) [46].

To a solution of Ba(OH)2·8H2O (1.0–1.2 mmol) in water (0.2 mL), the corresponding
aldehyde (1.0–2.0 mmol) in methanol (1 mL) was added. To the resultant mixture, the
appropriate aromatic ketone (1.0–1.2 mmol) in methanol (8 mL) was added dropwise over
10 min and the reaction was stirred at room temperature for 2–16 h. The workup and
purification procedures are described individually.

General procedure for the reaction of aromatic ketones with pyrimidine-5-carboxaldehyde
under acid conditions (General procedure B) [47].

To a mixture containing the corresponding aromatic ketone (1.0 mmol) and pyrimidine-
5-carboxaldehyde (1.2–2.8 mmol) in glacial acetic acid (1 mL), piperidine (0.5 mmol) was
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added dropwise, and then the reaction was stirred at 70–100 ◦C for 5–48 h. Volatiles were
removed, and the residue was purified by CCTLC in the Chromatotron.

General procedure for the alkylation of phenol groups (General procedure C).
To a solution of the corresponding phenol (1.0 mmol) in anhydrous DMF (6 mL),

Cs2CO3 (1.2–1.5 mmol) was added. After stirring at rt for 10 min, the appropriate alkyl
halide (1.2 mmol) in anhydrous DMF (2 mL) was added dropwise. The resulting mixture
was heated at 80 ◦C for 0.5–5 h and then quenched with water (5 mL). Volatiles were
removed and the residue was diluted with ethyl acetate (20 mL) and washed with a
saturated solution of NH4Cl (10 mL). The organic layer was dried over Na2SO4, filtered
and evaporated to dryness. The residue was purified by CCTLC in the Chromatotron.

(E)-1-(Naphthalen-2-yl)-3-(pyrimidin-5-yl)prop-2-en-1-one (9)

Following the general procedure A, to a solution of Ba(OH)2·8H2O (111 mg, 0.35 mmol)
and pyrimidine-5-carboxaldehyde (76 mg, 0.70 mmol) in a mixture of water (70 µL) and
methanol (0.4 mL), 1-(naphthalen-2-yl)ethanone (11) (60 mg, 0.35 mmol) in methanol
(2.8 mL) was added and the reaction was stirred for 2 h. The reaction was filtered, and the
solid obtained was washed with cooled methanol and then purified by CCTLC (petroleum
ether/ethyl acetate, 1:1) to yield 50 mg (55%) of 9 as a white solid. Mp: 175–177 ◦C. MS (ES,
positive mode): m/z 261 (M+H)+. 1H NMR (300 MHz, DMSO-d6) δ: 7.61–7.77 (m, 2H, Ar),
7.81 (d, J = 15.8 Hz, 1H, CH=CH-Ar), 7.99–8.13 (m, 2H, Ar), 8.11–8.21 (m, 2H, Ar), 8.40 (d,
J = 15.9 Hz, 1H, CH=CH-Ar), 8.99 (s, 1H, Ar), 9.23 (s, 1H, Ar), 9.37 (s, 2H, Ar). 13C NMR
(75 MHz, DMSO-d6) δ: 124.4, 125.8, 127.5, 128.1, 129.0, 129.2, 129.3, 130.0, 131.3, 132.6, 134.7,
135.6, 137.3, 157.0, 159.3 (Ar, CH=CH), 188.9 (CO). Anal. calc. for (C17H12N2O): C, 78.44; H,
4.65; N, 10.76. Found: C, 78.19; H, 4.81; N, 10.53.

(E)-2-Methoxycarbonyl-1-(naphthalene-2-yl)-3-(pyrimidin-5-yl)prop-2-en-1-one (13)

Following general procedure B, a solution of methyl 3-(naphthalen-2-yl)-3- oxo-
propanoate (12) [28] (58 mg, 0.25 mmol), pyrimidine-5-carboxaldehyde (80 mg, 0.70 mmol)
and piperidine (13 µL, 0.13 mmol) in glacial acetic acid (1 mL) was stirred at 100 ◦C
overnight and evaporated. The residue was purified by CCTLC in the Chromatotron
(DCM/ethyl acetate, 12:1) to yield 32 mg (40%) of 13 as a white solid. Mp: 161–163 ◦C.
MS (ES, positive mode): m/z 319 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ: 3.76 (s, 3H,
OCH3), 7.61 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H, Ar), 7.70 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H, Ar),
7.96–8.04 (m, 2H, Ar), 8.07 (d, J = 8.6 Hz, 1H, Ar), 8.08–8.15 (m, 2H, Ar, C=CH-Ar), 8.58 (d,
J = 1.6 Hz, 1H, Ar), 8.77 (s, 2H, Ar), 9.04 (s, 1H, Ar). 13C NMR (101 MHz, DMSO-d6) δ: 53.4
(CH3), 123.7, 127.7, 127.8, 128.3, 129.7, 130.1, 130.4, 132.6, 132.7, 132.8, 134.9, 136.2, 136.6,
157.3, 159.1 (Ar, C=CH), 164.6, 194.5 (CO). Anal. calc. for (C19H14N2O3): C, 71.69; H, 4.43;
N, 8.80. Found: C, 71.49; H, 4.53; N, 9.04.

3-(Naphthalen-2-yl)-3-oxopropanamide (14)

The ester 12 (118 mg, 0.52 mmol) was dissolved in NH3/dioxane 0.5 N (2.5 mL) and
heated at 110 ◦C for 7 h. Then, volatiles were removed, and the residue was redissolved
in NH3/dioxane 0.5 N (2.5 mL) and heated at 110 ◦C overnight. Volatiles were removed,
and the residue was purified by CCTLC in the Chromatotron (hexane/ethyl acetate, 1:2)
to yield 37 mg (34%) of 14 as an amorphous solid containing a tautomeric mixture of the
3-oxopropanamide and 3-hydroxyacrylamide species (ratio 7:3). MS (ES, positive mode):
m/z 214 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ: 4.00 (s, CH2), 5.89 (s, C(OH)=CH),
7.13 (br s, NH2), 7.38 (br s, NH2) 7.55–7.72 (m, Ar), 7.75 (dd, J = 8.7, 1.8 Hz, Ar), 7.94–8.07
(m, Ar), 8.09–8.14 (m, Ar), 8.33 (d, J = 1.9 Hz, Ar), 8.65–8.71 (m, Ar), 15.31 (s, C(OH)=CH).

(E)-2-Carbamoyl-1-(naphthalene-2-yl)-3-(pyrimidin-5-yl)prop-2-en-1-one (15)

Following the general procedure B, a solution of 14 (33 mg, 0.16 mmol), pyrimidine-5-
carboxaldehyde (20 mg, 0.19 mmol) and piperidine (10 µL, 0.10 mmol) in glacial acetic acid
(1 mL) was stirred at 70 ◦C for 5 h and evaporated. The residue was purified by CCTLC
in the Chromatotron (DCM/methanol, 75:1) to yield 17 mg (36%) of 15 as an amorphous
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solid. MS (ES, positive mode): m/z 304 (M+H)+. 1H NMR (500 MHz, DMSO-d6) δ: 7.61
(ddd, J = 8.2, 6.8, 1.2 Hz, 1H, Ar), 7.65 (br s, 1H, NH2), 7.69 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H,
Ar), 7.74 (s, 1H, C=CH-Ar), 7.93–7.96 (m, 2H, NH2, Ar), 7.99 (d, J = 8.2 Hz, 1H, Ar), 8.03 (d,
J = 8.6 Hz, 1H, Ar), 8.08 (d, J = 8.2 Hz, 1H, Ar), 8.49 (s, 1H, Ar), 8.67 (s, 2H, Ar), 8.98 (s, 1H,
Ar). 13C NMR (126 MHz, DMSO-d6): 124.0, 127.7, 128.2, 128.6, 129.4, 129.8, 130.2, 130.5,
132.2, 132.5, 133.5, 135.9, 140.0, 156.7, 158.5 (Ar, C=CH), 166.4, 195.8 (CO). Anal. calc. for
(C18H13N3O2·0.5H2O): C, 69.22; H, 4.52; N, 13.45. Found: C, 68.95; H, 4.44; N, 13.26.

(E)-2-Methyl-1-(naphthalen-2-yl)-3-(pyrimidin-5-yl)prop-2-en-1-one (18)

Naphthalene was reacted with propionyl chloride as described to provide 1-(naphthalen-
2-yl)propan-1-one (17) [30] as the major product, together with a small proportion of its
1-isomer. MS (ES, positive mode): m/z 185 (M+H)+. This mixture (91 mg, 0.49 mmol),
pyrimidine-5-carboxaldehyde (144 mg, 1.33 mmol) and piperidine (24 µL, 0.25 mmol) in
glacial acetic acid (1 mL) was stirred at 100 ◦C for 48 h and evaporated, following the
general procedure B. The residue was purified by CCTLC in the Chromatotron (DCM/ethyl
acetate, 14:1) to yield 42 mg (30%) of 18 as an amorphous solid. MS (ES, positive mode):
m/z 275 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ: 2.26 (d, J = 1.5 Hz, 3H, CH3), 7.17 (s,
1H, C=CH-Ar), 7.63 (ddd, J = 8.1, 6.8, 1.4 Hz, 1H, Ar), 7.68 (ddd, J = 8.2, 6.9, 1.5 Hz, 1H, Ar),
7.87 (dd, J = 8.5, 1.7 Hz, 1H, Ar), 8.03 (d, J = 8.0 Hz, 1H, Ar), 8.07 (d, J = 8.6 Hz, 1H, Ar), 8.13
(d, J = 8.1 Hz, 1H, Ar), 8.44 (s, 1H, Ar), 8.99 (s, 2H, Ar), 9.17 (s, 1H, Ar). 13C NMR (126 MHz,
DMSO-d6) δ: 15.2 (CH3), 125.8, 127.4, 128.1, 128.8, 128.9, 129.9, 130.2, 131.5, 132.4, 133.7,
134.7, 135.1, 140.3, 157.5, 157.8 (Ar, C=CH), 198.2 (CO). Anal. calc. for (C18H14N2O): C,
78.81; H, 5.14; N, 10.21. Found: C, 78.39; H, 5.12; N, 9.89.

3-(Naphthalen-2-yl)-3-oxopropanenitrile (20) [32]

An Ace pressure tube was charged with a solution of methyl 2-naphthoate (19) (250 mg,
1.34 mmol) and acetonitrile (210 µL, 4.03 mmol) in anhydrous toluene (2.7 mL). Then, NaH
(60% dispersion in mineral oil, 162 mg, 4.03 mmol) was added, and the resulting mixture
was heated to 110 ◦C overnight. The reaction was allowed to warm to rt and quenched
with water (5 mL). Then, it was diluted with DCM (15 mL) and washed with HCl 1N
(10 mL) and brine. The organic layer was dried over Na2SO4, filtered and evaporated to
dryness. The residue was purified by flash chromatography (DCM/methanol, 100:1) to
yield 125 mg (48%) of 20 as an amorphous solid. MS (ES, positive mode): m/z 196 (M+H)+.
1H NMR (400 MHz, DMSO-d6) δ: 4.89 (s, 2H, CH2), 7.66 (ddd, J = 8.1, 6.8, 1.4 Hz, 1H, Ar),
7.72 (ddd, J = 8.2, 6.8, 1.4 Hz, 1H, Ar), 7.96 (dd, J = 8.6, 1.8 Hz, 1H, Ar), 8.03 (d, J = 8.0 Hz,
1H, Ar), 8.06 (d, J = 8.7 Hz, 1H, Ar), 8.12 (d, J = 7.9 Hz, 1H, Ar), 8.65 (m, 1H, Ar). 1H NMR
data are similar to those previously described [32].

(E)-2-Cyano-1-(naphthalene-2-yl)-3-(pyrimidin-5-yl)prop-2-en-1-one (21)

Following the general procedure B, a solution of 20 (30 mg, 0.15 mmol), pyrimidine-5-
carbaldehyde (23 mg, 0.21 mmol) and piperidine (8 µL, 0.08 mmol) in glacial acetic acid
(1 mL) was heated to 70 ◦C for 2 h and evaporated. After cooling down with an ice bath
and adding cold ethanol (3 mL), a solid precipitated, which was filtered under vacuum
and washed with cold ethanol to yield 16 mg (36%) of 21 as an amorphous yellow solid.
MS (ES, positive mode): m/z 286 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ: 7.65–7.77 (m,
2H, Ar), 7.94 (dd, J = 8.5, 1.8 Hz, 1H, Ar), 8.07 (d, J = 8.1 Hz, 1H, Ar), 8.11–8.18 (m, 2H, Ar),
8.34 (s, 1H, C=CH-Ar), 8.66 (d, J = 1.8 Hz, 1H, Ar), 9.36 (s, 1H, Ar), 9.38 (s, 2H, Ar).

(E)-1-(Naphthalen-2-yl)-3-(pyridin-3-yl)prop-2-en-1-one (24)

Following the general procedure A, to a solution of Ba(OH)2·8H2O (111 mg, 0.35 mmol)
and 3-pyridinecarboxaldehyde (21) (66 µL, 0.70 mmol) in water (70 µL) and methanol
(0.4 mL), 1-(naphthalen-2-yl)ethanone (11) (60 mg, 0.35 mmol) in methanol (2.8 mL) was
added, and the reaction was stirred for 3 h. Volatiles were removed, and the residue was
purified by CCTLC (hexane/ethyl acetate, 1:1) to yield 67 mg (73%) of 24 as a pale yellow
solid. Mp: 123–125 ◦C. MS (ES, positive mode): m/z 260 (M+H)+. 1H NMR (300 MHz,
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DMSO-d6) δ: 7.53 (dd, J = 8.0, 4.8 Hz, 1H, Ar), 7.60–7.77 (m, 2H, Ar), 7.85 (d, J = 15.7 Hz,
1H, CH=CH-Ar), 7.97–8.13 (m, 2H, Ar), 8.10–8.22 (m, 2H, Ar), 8.28 (d, J = 15.7 Hz, 1H,
CH=CH-Ar), 8.41 (dt, J = 8.1, 1.9 Hz, 1H, Ar), 8.64 (dd, J = 4.8, 1.6 Hz, 1H, Ar), 8.98 (s, 1H,
Ar), 9.09 (d, J = 2.2 Hz, 1H, Ar). 13C NMR (75 MHz, DMSO-d6) δ: 124.3, 124.4, 127.4, 128.1,
128.9, 129.2, 130.0, 131.0, 131.1, 132.7, 135.0, 135.5, 135.6, 140.8, 150.7, 151.4 (Ar, CH=CH),
189.0 (C=O). Anal. calc. for (C18H13NO): C, 83.37; H, 5.05; N, 5.40. Found: C, 83.36; H,
5.23; N, 5.46. This compound has been recently described using slightly different reaction
conditions [48].

(E)-1-(Naphthalen-2-yl)-3-(pyridin-2-yl)prop-2-en-1-one (25)

Following the general procedure A, to a solution of Ba(OH)2·8H2O (111 mg, 0.35 mmol)
and 2-pyridinecarboxaldehyde (22) (67 µL, 0.70 mmol) in water (70 µL) and methanol
(0.4 mL), 1-(naphthalen-2-yl)ethanone (11) (60 mg, 0.35 mmol) in methanol (2.8 mL) was
added, and the reaction was stirred for 7 h. Volatiles were removed, and the residue was
purified by CCTLC (hexane/ethyl acetate, 6:1) to yield 37 mg (40%) of 25 as a pale yellow
solid. Mp: 89–90 ◦C. MS (ES, positive mode): m/z 260 (M+H)+. 1H NMR (400 MHz,
DMSO-d6) δ: 7.47 (ddd, J = 6.9, 4.7, 2.4 Hz, 1H, Ar), 7.62–7.73 (m, 2H, Ar), 7.80 (d, J =
15.4 Hz, 1H, CH=CH-Ar), 7.90–7.97 (m, 2H, Ar), 8.03 (d, J = 8.0 Hz, 1H, Ar), 8.04–8.15 (m,
2H, Ar), 8.23 (d, J = 7.9 Hz, 1H, Ar), 8.34 (d, J = 15.4 Hz, 1H, CH=CH-Ar), 8.72 (d, J = 4.5
Hz, 1H, Ar), 8.88 (d, J = 1.8 Hz, 1H, Ar). 13C NMR (101 MHz, DMSO-d6) δ: 124.4, 125.3,
125.6, 127.5, 128.2, 129.1, 129.3, 130.3, 131.0, 132.8, 135.1, 135.6, 137.7, 143.5, 150.5, 153.3
(Ar, CH=CH), 189.7 (CO). Anal. calc. for (C18H13NO): C, 83.37; H, 5.05; N, 5.40. Found: C,
83.22; H, 5.08; N, 5.26. This compound has been recently described using slightly different
reaction conditions [48].

(E)-1-(Naphthalen-2-yl)-3-(pyridin-4-yl)prop-2-en-1-one (26)

Following the general procedure A, to a solution of Ba(OH)2·8H2O (111 mg, 0.35 mmol)
and 4-pyridinecarboxaldehyde (23) (52 µL, 0.53 mmol) in water (70 µL) and methanol
(0.5 mL), 1-(naphthalen-2-yl)ethanone (11) (60 mg, 0.35 mmol) in methanol (2.8 mL) was
added and the reaction was stirred for 2 h. Water was added, and the resulting solid was
isolated and then purified by CCTLC (hexane/ethyl acetate/triethylamine, 3:1:0.04) to yield
30 mg (32%) of 26 as a pale yellow solid. Mp: 135–137 ◦C. MS (ES, positive mode): m/z 260
(M+H)+. 1H NMR (400 MHz, DMSO-d6) δ: 7.64–7.73 (m, 2H, Ar), 7.76 (d, J = 15.7 Hz, 1H,
CH=CH-Ar), 7.87–7.92 (m, 2H, Ar), 8.01–8.10 (m, 2H, Ar), 8.12–8.20 (m, 2H, Ar), 8.35 (d,
J = 15.7 Hz, 1H, CH=CH-Ar), 8.68–8.73 (m, 2H, Ar), 8.98 (s, 1H, Ar). 13C NMR (126 MHz,
DMSO-d6) δ: 123.0, 124.5, 126.8, 127.5, 128.2, 129.1, 129.4, 130.1, 131.4, 132.7, 134.8, 135.7,
141.4, 142.3, 150.8 (Ar, CH=CH), 189.3 (CO). Anal. calc. for (C18H13NO): C, 83.37; H, 5.05;
N, 5.40. Found: C, 83.30; H, 5.00; N, 5.18. This compound has been recently described
using slightly different reaction conditions [48].

(E)-1-(3′,5′-Dimethoxyphenyl)-3-(pyrimidin-5′’-yl)prop-2-en-1-one (10)

Following the general procedure A, to a solution of Ba(OH)2·8H2O (132 mg, 0.42 mmol)
and pyrimidine-5-carbaldehyde (91 mg, 0.84 mmol) in water (84 µL) and methanol (0.5 mL),
1-(3,5-dimethoxyphenyl)ethan-1-one (28) [33] (76 mg, 0.42 mmol) in methanol (3.4 mL)
was added, and the reaction was stirred overnight. The reaction was filtered and the
solid obtained was washed with cooled methanol and then purified by CCTLC in the
Chromatotron (hexane/ethyl acetate, 1:3) to yield 72 mg (64%) of 10 as a white solid. Mp:
184–185 ◦C. MS (ES, positive mode): m/z 271 (M+H)+. 1H NMR (400 MHz, DMSO-d6)
δ: 3.85 (s, 6H, OCH3), 6.83 (t, J = 2.3 Hz, 1H, Ar), 7.31 (d, J = 2.3 Hz, 2H, Ar), 7.74 (d,
J = 15.8 Hz, 1H, CH=CH-Ar), 8.17 (d, J = 15.8 Hz, 1H, CH=CH-Ar), 9.21 (s, 1H, Ar), 9.34 (s,
2H, Ar). 13C NMR (101 MHz, DMSO-d6) δ: 56.1 (OCH3), 105.9, 106.9, 125.8, 129.2, 137.8,
139.5, 157.2, 159.4, 161.2 (Ar, CH=CH), 188.7 (CO). Anal. calc. for (C15H14N2O3): C, 66.66;
H, 5.22; N, 10.36. Found: C, 66.79; H, 5,24; N, 10,33.

(E)-2-Methoxycarbonyl-1-(3′,5′-dimethoxybenzoyl)-3-(pyrimidin-5′-yl)prop-2-en-1-one (30)
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Following the general procedure B, a solution of methyl 3-(3′,5′-dimethoxyphenyl)-3-
oxopropanoate (29) [34] (50 mg, 0.21 mmol), pyrimidine-5-carbaldehyde (31 mg, 0.29 mmol)
and piperidine (10 µL, 0.10 mmol) in acetic acid (1 mL) was stirred at 70 ◦C overnight
and evaporated. The residue was purified by CCTLC in the Chromatotron (hexane/ethyl
acetate, 1:1) to yield 27 mg (39%) of 30 as a pale yellow solid. Mp: 81–82 ◦C. MS (ES, positive
mode): m/z 329 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ: 3.76 (s, 3H, COOCH3), 3.77 (s,
6H, OCH3), 6.83 (t, J = 2.3 Hz, 1H, Ar), 7.00 (d, J = 2.3 Hz, 2H, Ar), 8.00 (s, 1H, C=CH-Ar),
8.73 (s, 2H, Ar), 9.10 (s, 1H, Ar). 13C NMR (75 MHz, DMSO-d6) δ: 53.1 (COOCH3), 55.9
(OCH3), 106.9, 127.6, 134.4, 136.4, 137.1, 157.2, 159.1, 161.3 (Ar, CH=CH), 164.4 (COOCH3),
193.83 (CO). Anal. calc. for (C17H16N2O5): C, 62.19; H, 4.91; N, 8.53. Found: C, 62.56; H,
4.99; N, 8.20.

1-(3-Methoxy-5-(2-methoxyethoxy)phenyl)ethan-1-one (31)

3,5-Dihydroxyacetophenone (27) was reacted with methyl iodide as described [49] to
provide 1-(3-hydroxy-5-methoxyphenyl)ethan-1-one (MS (ES, positive mode): m/z 167
(M+H)+) together with 1-(3,5-dimethoxyphenyl)ethan-1-one (28). The 3-hydroxy derivative
(52 mg, 0.31 mmol) was reacted with Cs2CO3 (151 mg, 0.46 mmol) and 2-bromoehtyl methyl
ether (34 µL, 0.37 mmol) in anhydrous DMF (0.9 mL) at 80 ◦C for 5 h, following the general
procedure C. After workup, the residue was purified by CCTLC in the Chromatotron
(DCM/ethyl acetate, 40:1) to yield 54 mg (77%) of 31 as a colourless oil. MS (ES, positive
mode): m/z 225 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ: 2.55 (s, 3H, COCH3), 3.31 (s,
3H, OCH3), 3.63–3.68 (m, 2H, OCH2), 3.80 (s, 3H, OCH3), 4.11–4.17 (m, 2H, OCH2), 6.78 (t,
J = 2.3 Hz, 1H, Ar), 7.06 (m, 1H, Ar), 7.08 (m, 1H, Ar).

1-(3-Methoxy-5-((3-methylbut-2-en-1-yl)oxy)phenyl)ethan-1-one (32)

As described for the synthesis of 31, 1-(3-hydroxy-5-methoxyphenyl)ethan-1-one
(67 mg, 0.40 mmol) was reacted with Cs2CO3 (196 mg, 0.60 mmol) and 3,3- dimethylallyl-
bromide (58 µL, 0.48 mmol) in anhydrous DMF (1.2 mL) at 80 ◦C for 1 h, following the
general procedure C. After workup, the residue was purified by CCTLC in the Chroma-
totron (DCM/ethyl acetate, 80:1) to yield 71 mg (75%) of 32 as a colourless oil. MS (ES,
positive mode): m/z 235 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ: 1.72 (s, 3H, CH3), 1.74
(s, 3H, CH3), 3.79 (s, 3H, OCH3), 4.58 (d, J = 6.8 Hz, 2H, OCH2CH), 5.42 (m, 1H, OCH2CH),
6.76 (t, J = 2.3 Hz, 1H, Ar), 7.04 (dd, J = 2.3, 1.4 Hz, 1H, Ar), 7.07 (dd, J = 2.3, 1.3 Hz, 1H, Ar).

(E)-1-(3′-Methoxy-5′-(2-methoxyethoxy)phenyl)-3-(pyrimidin-5′’-yl)prop-2-en-1-one (33)

Following the general procedure A, to a solution of Ba(OH)2·8H2O (94 mg, 0.30 mmol)
and pyrimidine-5-carbaldehyde (40 mg, 0.37 mmol) in water (60 µL) and methanol (0.3 mL),
the ketone 31 (69 mg, 0.30 mmol) in methanol (2.4 mL) was added, and the reaction was
stirred for 1.5 h. Volatiles were removed, and the residue was purified by CCTLC in the
Chromatotron (DCM/MeOH, 80:1) to yield 29 mg (32%) of 33 as an amorphous white solid.
MS (ES, positive mode): m/z 325 (M+H)+. 1H NMR (400 MHz, DMSO-d6) δ: 3.32 (s, 3H,
OCH3), 3.67–3.71 (m, 2H, OCH2), 3.84 (s, 3H, OCH3), 4.17–4.22 (m, 2H, OCH2), 6.84 (d,
J = 2.3 Hz, 1H, Ar), 7.29 (dd, J = 2.3, 1.3 Hz, 1H, Ar), 7.34 (dd, J = 2.3, 1.4 Hz, 1H, Ar), 7.74
(d, J = 15.8 Hz, 1H, CH=CH-Ar), 8.17 (d, J = 15.8 Hz, 1H, CH=CH-Ar), 9.20 (s, 1H, Ar), 9.34
(s, 2H, Ar). 13C NMR (101 MHz, DMSO-d6) δ: 56.1, 58.6, 67.8, 70.8 (CH2, CH3), 106.3, 106.8,
107.7, 125.8, 129.2, 137.8, 139.5, 157.2, 159.4, 160.5, 161.2 (Ar, CH=CH), 188.7 (CO). Anal.
calc. for (C17H18N2O4): C, 64.96; H, 5.77; N, 8.91. Found: C, 64.59; H, 5.68; N, 8.78.

(E)-1-(3′-Methoxy-5′-((3-methylbut-2-en-1-yl)oxy)phenyl)-3-(pyrimidin-5′’-yl)prop-2-en-1-
one (34)

Following the general procedure A, to a solution of Ba(OH)2·8H2O (82 mg, 0.26 mmol)
and pyrimidine-5-carbaldehyde (34 mg, 0.31 mmol) in water (52 µL) and methanol (0.26 mL),
the ketone 32 (61 mg, 0.26 mmol) in methanol (2.1 mL) was added and the reaction was
stirred for 2 h. Water was added, and the resulting solid was isolated and then purified by
CCTLC in the Chromatotron (hexane/ethyl acetate, 1:1) to yield 39 mg (41%) of 34 as an
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amorphous white solid. MS (ES, positive mode): m/z 325 (M+H)+. 1H NMR (300 MHz,
DMSO-d6) δ: 1.74 (s, 3H, CH3), 1.75 (s, 3H, CH3), 3.84 (s, 3H, OCH3), 4.62 (d, J = 6.8 Hz,
2H, OCH2CH), 5.42 (m, 1H, OCH2CH), 6.82 (t, J = 2.2 Hz, 1H, Ar), 7.28 (t, J =2.2 Hz, 1H,
Ar), 7.32 (t, J = 2.3 Hz, 1H, Ar) 7.73 (d, J = 15.8 Hz, 1H, CH=CH-Ar), 8.16 (d, J = 15.8 Hz,
1H, CH=CH-Ar), 9.20 (s, 1H, Ar), 9.34 (s, 2H, Ar). 13C NMR (101 MHz, DMSO-d6) δ: 18.5,
25.9, 56.1, 65.2 (CH2, CH3), 106.5, 106.6, 107.9, 120.0, 125.80, 129.2, 137.7, 138.1, 139.4, 157.2,
159.3, 160.4, 161.2 (Ar, CH=CH, C(CH3)2=CH), 188.7 (CO). Anal. calc. for (C19H20N2O3):
C, 70.35; H, 6.21; N, 8.64. Found: C, 70.21; H, 6.29; N, 8.35.

3.2. GSH Reactivity Assay

A 500 µM sample of the tested compound was incubated with 5 mM reduced L-
glutathione for 24 h at 37 ◦C with a final volume of 200 µL. As a solvent system, 20 mM
PBS buffer pH 7.4 with 2 mM EDTA:DMSO (1:1) was used [50]. To perform the assay, stock
solutions of 20 mM of the chalcones (9, 10, 13 and 18) and 15 mM of reduced L-glutathione
were freshly prepared for every experiment and then diluted properly to give the final
electrophile:nucleophile ratio (1:10). A 5 mM solution of 5,5′-dithiobis(2-nitrobenzoic acid)
(DTNB) was prepared in the same solvent system to quench the reaction. After different
time points (10 min, 1 h, 4 h and 24 h), an aliquot of 20 µL of the incubation mixture
was quenched by adding 20 µL of the DTNB stock solution, mixed thoroughly, and then
analyzed by HPLC. HPLC analysis was performed in Agilent 1120 compact LC, column
ACE 5 C18-300 (15 cm × 4.6 mm); UV detection was performed at λ = 254 nm. Solvents
used were acetonitrile for bottle A and H2O (containing 0.05% TFA) for bottle B, and the
flow rate was 1mL/min. The gradients used were: (A) incubations with chalcone 9: from
10% to 80% of solvent A in 10 min; (B) incubations with chalcones 10 and 18: from 10%
to 100% of solvent A in 10 min. The new peaks were analysed by LC-MS. As controls, a
500 µM solution of the α,β-unsaturated compound was also analysed, and a 5 mM reduced
L-glutathione solution was quenched by adding DNTB at the same time points. In general,
after 6 h of incubation, no GSH was detected.

3.3. Biological Assays
3.3.1. Cell Culture and Reference Compounds

Cancer cell lines HCT-116, NCI-H460, HL-60, K-562 and Z-138 were acquired from
the American Type Culture Collection (ATCC, Manassas, VA, USA). The DND-41 cell line
was purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ Leibniz-Institut, Brunswick, Germany), and the HAP-1 cell line was ordered from
Horizon Discovery (Horizon Discovery Group, Water Beach, UK). All cell lines were
cultured as recommended by the suppliers. Culture media were purchased from Gibco Life
Technologies and supplemented with 10% fetal bovine serum (HyClone, GE Healthcare
Life Sciences, Chicago, Illinois, USA).

Stably transfected HeLa NLSSV40-AcGFP-NESPKI were cultured as described in Ver-
cruysse et al. [19] CRISPR/Cas9 genome editing of the Jurkat cell line was performed as in
Neggers et al. [43] to generate a XPO1C528S mutant cell line.

Reference inhibitor KPT-330 was purchased from Selleckchem, and stock solutions
were prepared in DMSO.

3.3.2. Cell Proliferation Assays

Adherent cell lines HCT-116, NCI-H460 and Hap-1 cells were seeded at a density
between 500 and 1500 cells per well in 384-well tissue culture plates (Greiner). After
overnight incubation, cells were treated with different concentrations of the test compounds.
Suspension cell lines HL-60, K-562, Z-138 and DND-41 were seeded at densities ranging
from 2500 to 5500 cells per well in 384-well culture plates containing the test compounds at
the same concentration points. The plates were incubated and monitored at 37 ◦C for 72 h
in an IncuCyte (Essen BioScience Inc., Sartorius; Göttingen, Germany for real-time imaging
of cell proliferation. Brightfield images were taken every 3 h, with one field imaged per well
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under 10×magnification. Cell growth was then quantified based on the percent cellular
confluence, as analysed by the IncuCyte image analysis software, and used to calculate
IC50 values by logarithmic interpolation. Compounds were tested in two independent
experiments and represented as mean ± SEM.

3.3.3. XPO1 Phenotypic Reporter Assay

To study the XPO1-mediated nuclear export, stably transfected HeLa NLSSV40-AcGFP-
NESPKI reporter cells were seeded at 8000 cells per well in 96-well all clear tissue culture
plates (TPP). After overnight incubation, cells were treated with different doses of com-
pound or solvent (DMSO) for 2 h and then fixed and counterstained with DAPI. Fluo-
rescence was read on an ArrayScan XTI High Content Reader (Thermo Fisher Scientific,
Waltham, MA, USA). Nuclear and cytoplasmic compartments were segmented and their
average pixel intensities in the green channel were quantitated employing the HCS Stu-
dio software. Genedata Screener software was used for dose-response curve fitting, and
calculation of EC50 values was based on the percentage of cells having a predominant
nuclear localisation (ratio of nuclear to cytoplasmic signal equal or above 1.4) of the reporter
construct. Compounds were tested in two independent experiments and represented as
mean ± SEM.

3.3.4. Immunofluorescence Staining of RanBP1

RanBP1 immunofluorescence staining was performed on both wild type and mutant
XPO1C528S Jurkat cells treated with compound or solvent (DMSO) for 3 h. Cells were
harvested at 400× g, washed in PBS and then transferred into an 8-well µ-Slide (Ibidi)
pretreated with 0.1% (w/v) poly-L-lysine (Sigma). Cells were allowed to adhere to the slides
and then subsequently fixed (4% PFA in PBS), washed and permeabilized (0.2% Triton X-100
in PBS). Further immunofluorescence staining was then performed according to standard
procedures. Employed antibodies were rabbit anti-RanBP1 (ab97659, Abcam, Cambridge,
UK) at a 1:500 dilution and secondary Alexa Fluor 488 goat anti-rabbit antibody (A11008,
Invitrogen, ThermoFisher Scientific). Cell nuclei were counterstained with DAPI, and the
samples were imaged by confocal microscopy on a Leica TCS SP5 confocal microscope
(Leica Microsystems, Weitzlar, Germany), employing a HCX PL APO 63× (NA 1.2) water
immersion objective. Subsequently, fluorescence was read on an ArrayScan XTI High
Content Reader (Thermo Fisher Scientific, Waltham, MA, USA). Nuclear and cytoplasmic
compartments were segmented, and their average pixel intensities in the green channel
were quantitated similarly as for the XPO1 phenotypic reporter assay.

3.4. Computational Methods

The crystal structure of XPO1 complex with KPT-8602 was retrieved from the Protein
Data Bank [51] (pdb id: 5JLJ [20]).

The Schrödinger Suite v2018-3 has been used for all the computational studies [52].
The 3D structure of all compounds used in the modelling studies were generated using the
graphical interface Maestro, and these were then optimized using the tool Macromodel. For
the docking studies, all ligands were prepared with LigPrep in Maestro, and the receptor
protein was prepared with the Protein Preparation Wizard.

Covalent docking was performed with CovDock [44]. The KPT-8602-XPO1 X-Ray
structure was used for all covalent docking studies. Cys539 was selected as the reactive
residue and Michael addition was selected as the reaction type. A grid box of 10 Å was
defined. CovDock was used with the default parameters published in reference [44], except
for the number of final poses per ligand, which was set up to 10. MMGBSA analysis was
also chosen. Results were visually inspected and analysed using the computer graphics
program PyMOL [53].
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4. Conclusions

Most of the described XPO1 inhibitors are α,β-unsaturated carbonyl compounds
able to react with Cys528 at the NES-binding cleft of XPO1. Based on these examples, we
synthesized two series of chalcones with a six-membered N-heterocycle as ring B and tested
their XPO1 inhibitory activity. Most of the synthesized compounds inhibited XPO1 function
in a reporter cell line, and this inhibition nicely correlated with their antiproliferative
activity in cell culture assays, with compounds 9, 10, 24 and 34 as the most potent. Moreover,
in a mutant Jurkat cell line where the Cys528 of XPO1 had been mutated to a Ser (Jurkat
XPO1C528S), the capacity of the prototype compounds 9 and 10 to inhibit XPO1 mediated
nuclear export of the cargo protein was abolished, indicating the importance of Cys at
position 528 for the inhibitory activity of our compounds, as also demonstrated for KPT-
330 [43]. Finally, the interaction of the chalcones 9 and 10 with the NES-binding cleft
has been analyzed through covalent docking with CovDock. Thus, these chalcones may
represent an alternative scaffold in the search for XPO1 inhibitors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14111131/s1, Figures S1–S4: Chromatograms of the incubations of chalcones 9, 10, 13 and
18 with GSH. 1H and 13C NMR spectra of the tested compounds.
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Abstract: Thymidylate synthase (TS) has emerged as a hot spot in cancer treatment, as it is
directly involved in DNA synthesis. In the present article, nine hybrids containing 1,2,3-triazole
and 1,3,4-oxadiazole moieties (6–14) were synthesized and evaluated for anticancer and in vitro
thymidylate synthase activities. According to in silico pharmacokinetic studies, the synthesized
hybrids exhibited good drug likeness properties and bioavailability. The cytotoxicity results indicated
that compounds 12 and 13 exhibited remarkable inhibition on the tested Michigan Cancer Foundation
(MCF-7) and Human colorectal Carcinoma (HCT-116) cell lines. Compound 12 showed four-fold
inhibition to a standard drug, 5-fluoruracil, and comparable inhibition to tamoxifen, whereas
compound 13 exerted five-fold activity of tamoxifen and 24-fold activity of 5-fluorouracil for
MCF-7 cells. Compounds 12 and 13 inhibited thymidylate synthase enzyme, with an half maximal
inhibitory concentration, IC50 of 2.52 µM and 4.38 µM, while a standard drug, pemetrexed, showed
IC50 = 6.75 µM. The molecular docking data of compounds 12 and 13 were found to be in support
of biological activities data. In conclusion, hybrids (12 and 13) may inhibit thymidylate synthase
enzyme, which could play a significant role as a chemotherapeutic agent.

Keywords: thymidylate synthase; cytotoxicity; 1,2,3-triazole; 1,3,4-oxadiazole; 5-fluoruracil;
pemetrexed; docking

1. Introduction

Cancer is uncontrolled cell growth and cell proliferation, and remains a global burden despite the
advancements in cancer diagnosis and treatment [1]. The available anticancer drugs on the market
develop resistance against the chemotherapeutic agents and toxicity to normal cells [2,3]. Chemotherapy
is the only effective treatment, causing the inhibition of cancer cell growth and induction of apoptosis,
as the DNA levels in tumor cells are significantly higher than in normal cells [4,5]. Interestingly,
thymidylate synthase (TS) has now emerged as an important target for chemotherapy for cancer
treatment, as it is directly involved in DNA synthesis [6].
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Thymidylate synthase enzyme catalyzes the reductive methylation of deoxyuridine monophosphate
(dUMP) to deoxythymidine monophosphate (dTMP) and 5,10-methylenetetrahydrofolate (CH2THF) [7,
8]. This dTMP upon phosphorylation changes into thymine triphospate (dTTP), which acts as a direct
precursor for the synthesis of DNA [9,10]. The blocking of dTMP causes a decrease in deoxythymidine
triphosphate (dTTP), thereby interrupting DNA biosynthesis causing DNA damage [11]. In addition,
TS inhibition causes an increase in dUMP, leading to surge in the deoxyuridine triphosphate (dUTP)
level [12]. One of the anticancer drugs, 5-fluoruracil (5-FU), acts as a strong thymidylate inhibitor for
various cancers [13]. Also, a 5-FU metabolite, fluorodeoxyuridine monophosphate (FdUMP), binds
with a TS active site to form a stable ternary complex, thus blocking the binding of the dUMP with TS
and leading to the inhibition of dTMP synthesis [14].

Heterocycle has been a main pharmacophore in drug discovery and development. In the last few
years, there is an emergence in the development of different 1,2,3-triazole-linked heterocycles, due to
their excellent pharmacological properties, including anticancer [15], antiviral [16], antidiabetic [17],
antimicrobial [18], anti-inflammatory [19], and antitubercular [20]. Compounds containing
1,2,3-triazoles have been reported to exert anticancer effect by inhibiting TS enzymes [21–23]. On the
other hand, 1,3,4-oxadiazole plays a crucial part in medicinal chemistry. Zibotentan, an anticancer
drug containing 1,3,4-oxadiazole as a pharmacophore, is used for various cancers [24]. Furthermore,
1,3,4-oxadiazole-linked heterocycles have also been reported to act as potential TS inhibitors [25,26].
Therefore, combining these two heterocycles in one molecule may lead to development of effective TS
inhibitor (Figure 1).
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Figure 1. Reported thymidylate synthase inhibitors containing 1,3,4-oxadiazole and 1,2,3-triazoles. 
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tried to conjugate 1,3,4-oxadiazole and 1,2,3-triazole pharmacophore in a single hybrid, which can 

inhibit the TS enzyme effectively. In this work, we describe the synthesis, pharmacokinetic study, 

anticancer, and TS inhibitory activities. The active compounds were docked against the thymidylate 

synthase enzymes to see the molecular interactions of active compounds with binding proteins.  

2. Results and Discussion 

Figure 1. Reported thymidylate synthase inhibitors containing 1,3,4-oxadiazole and 1,2,3-triazoles.

In our previous work, we have reported thiazolidinedione-linked 1,3,4-oxadiazole as a promising
TS inhibitor [27]. In continuation of our work to develop an effective TS inhibitor, we tried to conjugate
1,3,4-oxadiazole and 1,2,3-triazole pharmacophore in a single hybrid, which can inhibit the TS enzyme
effectively. In this work, we describe the synthesis, pharmacokinetic study, anticancer, and TS inhibitory
activities. The active compounds were docked against the thymidylate synthase enzymes to see the
molecular interactions of active compounds with binding proteins.
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2. Results and Discussion

2.1. Chemistry

Esterification of benzoic acid 1 in the presence of MeOH and concentrated H2SO4 yielded methyl
benzoate 2, which further reacted with hydrazine monohydrate in absolute ethanol to give acid
hydrazide 3. To this acid hydrazide 3 were added ethanol, carbon disulphide, and KOH, and the
mixture was stirred for 24 h and then refluxed for 14 h. After completion of the reaction, monitored by
Thin Layer Chromatography (TLC), the reaction mixture was concentrated, and 100 mL cold water
was added. The acidification of aqueous solution with concentrated HCl (pH 3–4) produced a white
precipitate, which was filtered and recrystalized in ethanol to afford compound 4. The propargylation
of compound 4 in the presence of potassium carbonate and propargyl bromide yielded the key
intermediate 5. Finally, the key intermediate 5, using a click chemistry approach with different aromatic
azides in the presence of copper sulphate pentahydrate and sodium ascorbate, yielded final compounds
6–14 (Figure 2).
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Figure 2. Synthesis of 1,3,4-oxadiazole linked 1,2,3-triazole hybrids. Reagents and conditions:
(a) Methanol, Conc. H2SO4, reflux, 6h; (b) Absolute ethanol, H2N-NH2.H2O, reflux 4h; (c) Absolute
ethanol, CS2, KOH, stir, 24 h; (d) reflux, 14 h, Conc. HCl; (e) Acetone, K2CO3, Propargyl bromide, stir,
50–60 ◦C, 6h; (f) tert.butanol:water (1:1), CuSO4.5H2O, sodium ascorbate, stir, 6–12 h.

All the synthesized conjugates have been confirmed using different analytical techniques, such as
IR, NMR, and mass spectrometry. Formation of the compounds 2 and 3 were done by the presence of
the molecular ion peak at 137 in Electron Spray Ionisation (ESI ) mass spectra and from their boiling
point and melting point, respectively [28]. Formation of compound 4 was done by the presence of
stretching frequency of an oxadiazole ring at 1500–1600 cm−1,–SH bond stretching at 2400 cm−1 in the
IR spectrum, presence of an S–H singlet at δ 10.77 ppm in the 1H NMR spectrum, and the molecular
ion signal at δ 179 [M + H]+ in mass spectrum. The propargylation of compound 4 to compound 5 was
confirmed by the absence of chemical shift of an –SH proton at δ 10.77 ppm, as well as the presence
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of a triplet at δ 2.34 ppm and a singlet at δ 4.5 ppm for terminal alkyne proton and S–CH2- protons,
respectively. Finally, the formation of the compound 5 was supported by the presence of a molecular
ion signal at 217 [M + H] + in the ESI mass spectrum. Structural confirmation of final hybrids 6–14 was
observed by disappearance of terminal alkyne proton peak at δ 2.34 ppm, as well as the appearance of
a 1,2,3-triazole ring proton in the range of δ 8.19–8.89 ppm with additional aromatic protons. Finally,
the presence of molecular ion peaks in the mass spectrum confirmed the formation of all the final
compounds (The spectra are provided in Supplementary Materials).

2.2. Pharmacokinetics Studies/ADME Predictions

Nowadays, in silico pharmacokinetic predictions are extensively used in drug discovery to reduce
the cost and time. To be orally available, the molecule is not only required to have excellent biological
activity, but it must follow the desired pharmacokinetic properties. The in silico studies that have been
carried out on synthesized molecules 6–14 have been to check whether these molecules satisfy the
desirable pharmacokinetics or not, which plays a crucial role in drug discovery. The physicochemical
properties directly affect the pharmacokinetic behavior. The synthesized molecules should obey the
Lipinski [29] and Veber [30] rules for an orally available drug. The molecule must follow the following
paremeters: molecular weight (MW) should be less than 500, the number of hydrogen bond acceptors
(HBAs) should be fewer than 10, the number of hydrogen bond donors (HBD) should be fewer than 5,
the partition coefficient (logP) should be less than 5, and the number of rotatable bonds should be ≤10
for drug likeness and good bioavailability (Table 1).

Table 1. Pharmacokinetic/Absorption, Distribution, Metabolism and Elimination (ADME) predictions
of the target compounds 6–14.

No.
Lipinski Parameters

nROTB e TPSA f %ABS g BBB h GI
ABS iMW a HBAs b HBDs c LogP d Violations

6 349.41 5 0 3.54 0 5 94.93 76.24 No High
7 349.41 5 0 3.5 0 5 94.93 76.24 No High
8 369.83 5 0 3.33 0 5 94.93 76.24 No High
9 369.83 5 0 3.5 0 5 94.93 76.24 No High
10 414.28 5 0 3.62 0 5 94.93 76.24 No High
11 380.38 7 0 2.97 0 6 140.75 60.44 No Low
12 335.38 5 0 3.21 0 5 94.93 76.24 No High
13 393.42 7 0 3.39 0 7 121.23 67.17 No High
14 379.39 7 1 2.48 0 6 132.23 63.38 No High

a Molecular weight; b hydrogen bond acceptors; c hydrogen bond donors; d partition coefficient; e number of rotatable
bonds; f topological polar surface area; g absorption (%); h blood–brain barrier; i gastro-intestinal absorption.

From the above data, it was noticed that the synthesized molecules 6–14 follow the desired
pharmacokinetic properties. All the final compounds, except compound 11, showed high
gastrointestinal absorption. The % absorption of the molecules was found to be in the range 60.44–76.24.
Compounds 6, 7, 8, 9, 10, and 12 showed the highest absorption of 76.24%, while compound 11
showed the lowest absorption at 60.44%. All the compounds followed Lipinki and Veber rules, i.e.,
molecular weight ranging from 335–414, hydrogen bond acceptors ranging from 5–7, hydrogen bond
donors ranging from 0–1, lipophilicity appearing in the range 2.48–3.62, and the number of rotatable
bonds between 5 and 7. The synthesized compounds exhibited higher logP values, in the range
2.48–3.62, suggesting higher cell membrane permeability. The final hybrids exhibited topological
polar surface areas (TPSAs) between 94.93–140.75 A2, which suggests good intestinal absorption.
The pharmacokinetic results indicate that these compounds satisfy the criteria for good drug likeness
parameters and good bioavailability.
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2.3. Biological Studies

2.3.1. Cytotoxicity Assay

The final compounds 6–14 were screened for their antiproliferative effect using an MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay. These compounds were tested
against breast MCF-7 and colorectal HCT-116 cell lines. These compounds exhibited moderate to
significant activity compared to standard drugs tamoxifen and 5-fluorouracil (5-FU). The results are
presented in Table 2.

Table 2. The IC50 (µM) of the synthesized compounds (6–14) against tested human cancer cell lines
(MCF-7 and HCT-116).a

Compound MCF-7 b HCT-116 c

6 79.80 89.20
7 30.70 34.30
8 73.30 107.50
9 34.40 36.70

10 25.90 32.70
11 98.20 102.30
12 5.80 14.80
13 1.26 17.30
14 40.60 46.80

Tam d 5.12 26.41
5-FU e 24.74 32.68

a IC50 values are the concentrations that cause 50% inhibition of cancer cell growth. Data represent the mean values
± standard deviation of three independent experiments, performed in triplicate; b breast cancer (MCF-7); c colorectal
cancer (HCT-116); d Tam: tamoxifen; e 5-FU: 5-florouracil, which was used as a reference drug (positive control).

Among the tested compounds, compounds 12 and 13 showed significant inhibitory effects on the
viability of MCF-7 and HCT-116 cells (Figure 3). Compound 12 (IC50 = 5.8 µM) showed comparable
inhibition to the standard drug tamoxifen (IC50 = 5.12) µM and four-fold inhibition compared to
the standard drug 5-fluoruracil (IC50 = 24.74 µM). Compound 13, however, was found to exhibit
promising inhibition against MCF-7, with IC50 = 1.26 µM, while the two standard drugs, tamoxifen
and 5-florouracil, showed IC50 = 5.12 µM and 24.74 µM, respectively. It is clear from the results that
compound 13 was more potent in exerting the anticancer effect, with five times the activity of tamoxifen
and 24 times the activity of 5-fluorouracil for MCF-7 (Figure 4).

The same two compounds (12 and 13) also displayed significant inhibition against HCT-116 cells.
Compound 12 (IC50 = 14.8 µM) revealed 1.7-fold activity compared to tamoxifen (IC50 = 25.41 µM)
and 2.2-fold activity compared to 5-fluorouracil (IC50 = 32.68 µM) against HCT-116, while compound
13 (IC50 = 17.3 µM) displayed 1.9-fold activity compared to 5-FU and 1.5-fold the activity of tamoxifen.
Other compounds, 6, 7, 8, 9, 10, 11, and 14, exhibited moderate cytotoxicity with the MCF-7, with IC50

values in the range 25.9–98.28 µM. On the other hand, compounds 6, 7, 9, 10, and 14 displayed
inhibition with IC50 values in the range of 32.7–89.2 µM, whereas compounds 8 and 11 were found to
be inactive (IC50 > 100) against the HCT-116 cells.
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Figure 3. Antiproliferative effects of compound 12 in HCT-116 and MCF-7 cells. Cell viability
was expressed as a percentage of vehicle control (ethanol 1% (v/v)) and was measured by MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay. The values represent the mean
± standard error of the mean (SEM) for three independent experiments performed in triplicate.
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Figure 4. Antiproliferative effects of compound 13 in HCT-116 and MCF-7 cells. Cell viability was
expressed as a percentage of vehicle control (ethanol 1% (v/v)) and was measured by MTT assay.
The values represent the mean ± SEM for three independent experiments performed in triplicate.

The most potent compounds, 12 and 13, were also tested on non-tumorigenic cell line HEK 293
(normal human embryonic kidney) cells, in order to investigate the toxicity and selectivity of these
two potent compounds (Figures 5 and 6). It was found that these two compounds (12 and 13) showed
IC50 values above 50 µM on HEK 293 cells, which was higher than those observed against the two
cancer cell lines—MCF-7: IC50 = 5.8 µM (12), 1.26 µM (13); HCT-116: IC50 = 14.8 µM (12), 17.3 µM
(13)—indicating that these molecules was less toxic to human normal cells and selective to cancerous
cells. From these results, it is clear that compound 12 with no substituents and compound 13 with a
–COOMe group at the ortho position exerted promising antiproliferative effects on both the tested cells,
whereas the presence of halogens and electron withdrawing groups (nitro) on the aromatic ring did
not played a significant role in exerting the anticancer effect.
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Figure 6. Antiproliferative effects of compound 13 on the viability of cancerous MCF-7 and HCT-116 
cells, as well as non-tumorigenic HEK-293 cells. The values represent the mean ± SEM for three 
independent experiments performed in triplicate. * p < 0.05 between indicate groups, via two-way 
ANOVA (Bonferroni post-test). 
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enzyme, which results in the blocking of dUMP with TS, leading to inactivation of dTMP. This 
inactivation of dTMP results in a reduction of deoxythymidine triphosphate (dTTP), leading to the 
disruption of DNA synthesis and cessation of cell growth and proliferation (Figure 7). These results 
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2.3.2. In Vitro Thymidylate Synthase Activity

Thymidylate synthase (TS) has become an important target for cancer treatment, as it is involved in
DNA synthesis. The inhibition of this enzyme plays a vital role in chemotherapy treatment. The active
compounds (12 and 13) from the MTT assay were screened for in vitro thymidylate synthase, to confirm
its mechanism of action. These compounds inhibited the TS enzyme significantly compared to the
standard drug pemetrexed. Compound 12 inhibited TS with IC50 = 2.52 µM, and 13 inhibited it with
IC50 = 4.38 (Table 3). It was observed that compounds 12 and 13 showed 2.6- and 1.5-fold activity
compared to pemetrexed (IC50 = 6.75 µM). From these results, it can be inferred that compounds 12
and 13 inhibit TS by binding with the active binding site of the enzyme, which results in the blocking
of dUMP with TS, leading to inactivation of dTMP. This inactivation of dTMP results in a reduction of
deoxythymidine triphosphate (dTTP), leading to the disruption of DNA synthesis and cessation of cell
growth and proliferation (Figure 7). These results support our antiproliferative results.
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Table 3. In vitro thymidylate synthase (TS) activity of the active compounds 12 and 13, as well as PTX.

Compounds IC50 (µM)

12 2.52
13 4.38

PTX 6.75

IC50 values are the mean ± SD of three separate experiments. PTX: pemetrexed.
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2.4. Molecular Docking

It is a computational technique used frequently to know the possible interactions of a molecule with
a receptor. The active compounds from in vitro studies were docked against TS proteins (PDB = 6QXG)
to support our in vitro thymidylate synthase results, as well as to know the possible binding modes
with the protein. The 5-fluorouracil has been reported as a TS inhibitor that interacts with the active
binding site of the protein through different residues [31,32]. Therefore, we have docked our active
compounds 12 and 13 against this protein, in order to support our in vitro findings.The results are
presented in Figure 8 and Table 4.

Table 4. Docking scores of active compounds 12 and 13 against human thymidylate synthase
protein 6QXG.

Compound Docking Score Amino Acid Residue

12 −3.81 ASN 226
13 −4.25 ASN 226, PHE 225, HIE 196

5-FU −3.5 ASP 218, ASN 226
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Figure 8. Molecular docking of the active compounds 12 and 13, as well as 5-FU, against thimidylate
synthase (TS) protein 6QXG. (A) Binding mode of 12, 13, and 5-FU at the TS binding site, with a
three-dimensional (3D) plot. (B) Binding mode of 12, 13, and 5-FU at the TS binding site on a
two-dimensional (2D) plot. 5-FU: 5-fluorouracil.

From the docking results, it was observed that compound 12 (−3.81) and 13 (−4.25) showed higher
dock scores than the standard drug 5-fluorouracil (−3.5). The nitrogen of the 1,2,3-triazole ring in
compounds 12 and 13 showed hydrogen bonding interactions with ASN 226 residues, while two pi–pi
interactions were also observed in compound 13. One pi interaction was between a 1,2,3-oxadiazole
ring and HIE 196, and another was the interaction of a 1,2,3-triazole ring with a PHE 225 residue.
The standard drug 5-FU showed H-bonding interactions of ASP 218 with a C=O group at the 2 position,
and ASN 226 with N–H and a C=O group at the 3 and 4 positions. The binding pattern of compounds
12 and 13, as well as 5-FU, was found to be similar to the thymidylate synthase protein. These finding
suggests that these two compounds (12 and 13) exert anticancer effects by inhibiting the thymidylate
synthase enzyme, which supports the in vitro TS results of hybrids 12 and 13, with IC50 values of 2.52
and 4.38 µM, respectively.
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3. Experimental

3.1. Chemistry

The chemicals and other reagents were procured from Sigma Aldrich (Germany) and Loba Chem
(India), and were used without further purification. FTIR spectra were recorded on a Thermo Scientific
iS 50 by ATR method. Nuclear magnetic resonance (NMR) analysis was performed on Bruker 300 and
850 MHz instruments in CDCl3 or DMSO-d6 solvents; tetramethylsilane (TMS) was used as an internal
reference. Chemical shift and coupling constant are provided in parts per million (ppm) and Hertz,
respectively. All the samples were analyzed by mass spectrometry on a Thermo Scientific-LCQ Fleet
(LCF10605) using the electron spray ionization method, and are provided in m/z. The melting points
of the compounds were determined on the electro-thermal melting point apparatus (Stuart SMP40).
A LEECO Elementar Analyzer was used for elemental analysis of the synthesized compounds, which
was reported in % standard; these were ±0.4% of the calculated values. Monitoring of the reaction and
purity of the compounds were checked on a silica gel G plate (Merck, Germany).

3.2. General Procedure for the Synthesis of 1,3,4-Oxadiazole Linked 1,2,3-Triazole Hybrids (6–14)

Compound 5 (0.01 mmole) was charged in a 100 mL round-bottom flask, followed by addition
of tert-BuOH–H2O (1:1, 30–50 mL). The reaction mixture was heated to get a clear solution and
cooled to room temperature. To this reaction mixture, copper sulphate pentahydrate (0.0013 mmol)
and sodium ascorbate (0.0013 mmol) was added and stirred for 30 mins, followed by drop-wise
addition of aromatic azides (0.15 mmole). The reaction mixture was stirred for 5–12 hrs at room
temperature, and the progress of the reaction was monitored by TLC, using n-hexane/ethylacetate (6:4)
as eluents. After completion of the reaction, water (50 mL) was added to the reaction mixture and the
products were extracted with dichloromethane (100 mL × 2). The dichloromethane layer was combined,
dried over anhydrous sodium sulphate, concentrated, and recrystallized using dichloromethane and
cyclohexane to get target compounds 6–14 in 65–85% yield.

3.2.1. 4-((5-phenyl–1,3,4-oxadiazol–2-ylthio)methyl)-1-p-tolyl–1H-1,2,3-triazole (6)

Grey crystals, yield = 80%, melting point (MP) = 146–147 ◦C. IR (ATR) νmax: 3086 (C–H), 1559
(C=C), 1518 1468, 1340, 1257, 1232 (C=N, C–N), 1192, 1079 (C–O), 700, 688 (C–S) cm−1. 1H NMR
(300 MHz, CDCl3): δ 2.40 (s, 3H), 4.69 (s, 2H), 7.28 (d, J = 8.1 Hz, 2H), 7.46–7.59 (m, 5H), 7.98 (d,
J = 7.2 Hz, 2H), 8.19 (s, 1H). 13C NMR (75 MHz, CDCl3): δ 21.01, 27.25, 120.41, 122.48, 123.49, 126.87,
129.86, 130.68, 132.49, 134.68, 138.86, 143.91, 163.40, 165.84. ESI MS: 350 (M+ + H). C18H15N5OS
(calculated): C = 61.87; H = 4.33; N = 20.04; O = 4.58; S = 9.18; observed: C = 61.42; H = 4.35; N = 20.01;
O = 4.60; S = 9.16.

3.2.2. 4-((5-phenyl–1,3,4-oxadiazol-2-ylthio)methyl)–1-o-tolyl-1H–1,2,3-triazole (7)

White powder, yield = 75%, MP = 112–113 ◦C. IR (ATR) νmax: 3123 (C–H aromatic), (C–H), 2920
(C–H), 1606, 1557 (C=C), 1505, 1491, 1466, 1382, 1341 (C=N, C–N), 1185, 1076 (C–O), 701, 683 (C–S)
cm−1. 1H NMR (300 MHz, CDCl3): δ 2.52 (s, 3H), 4.75 (s, 2H), 7.11–7.14 (m, 2H), 7.57–7.66 (m, 3H),
7.77–8.0 (3, 4H), 8.72 (s, 1H). 13C NMR (75 MHz, CDCl3): δ 17.75, 27.33, 123.51, 125.94, 126.41, 126.89,
127.43, 129.86, 130.31, 131.80, 132.50, 133.47, 136.57, 142.86, 163.36, 165.87. ESI MS: 350 (M+ + H).
C18H15N5OS (calculated): C = 61.87; H = 4.33; N = 20.04; O = 4.58; S = 9.18; observed: C = 61.82;
H = 4.36; N = 20.01; O = 4.60; S = 9.17.

3.2.3. 4-((5-phenyl–1,3,4-oxadiazol–2-ylthio)methyl)–1-(2-chlorophenyl)-1H–1,2,3-triazole (8)

White crystals, yield = 65%, MP = 111–112 ◦C. (ATR) νmax: 3142, 3089 (C–H aromatic), 1557 (C=C),
1490, 1470, 1342 (C=N, C–N), 1192, 1073, 1064 (C–O), 769, 717 (C–Cl), 704, 686 (C–S) cm−1. 1H NMR
(300 MHz, CDCl3): δ 4.71 (s, 1H), 7.39–7.61 (m, 7H), 7.97–8.00 (m, 2H), 8.23 (s, 1H). 13C NMR (75 MHz,
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CDCl3): δ 27.19, 123.49, 126.51, 126.89, 128.77, 128.85, 128.92, 129.86, 130.99, 132.13, 132.50, 134.80,
142.98, 163.31, 165.87. ESI MS: 370 (M+ + H), 372 (M+ + 2 + H). C17H12N5OS (calculated): C = 55.21;
H = 3.27; N = 18.94; O = 4.33; S = 8.67; observed: C = 55.16; H = 3.30; N = 18.89; O = 4.35; S = 8.64.

3.2.4. 4-((5-phenyl–1,3,4-oxadiazol-2-ylthio)methyl)–1-(4-chlorophenyl)-1H–1,2,3-triazole (9)

Brown powder, yield = 75%, MP = 200–202 ◦C. (ATR) νmax: 3082 (C–H, aromatic), 2920 (C–H),
1558 (C=C), 1490, 1473, 1448, 1427, 1339 (C=N, C–N), 1195, 1093, 1077, 1051 (C–O), 846, 827 (C–Cl), 702,
686 (C–S) cm−1. 1H NMR (300 MHz, CDCl3): δ 4.68 (s, 2H), 7.26–7.28 (m, 5H), 7.49 (t, J = 7.8 Hz, 2H),
7.67 (d, J = 8.7 Hz, 2H), 7.87 (d, J = 6.6 Hz, 2H), 8.24 (s, 1H). 13C NMR (75 MHz, CDCl3): δ 27.18, 119.06,
120.30, 122.77, 123.47, 126.83, 128.97, 129.81, 132.00, 132.45, 134.64, 137.92, 144.23, 163.33, 165.82. ESI MS:
370 (M++H), 372 (M++2+H). C17H12N5OS (calculated): C = 55.21; H = 3.27; N = 18.94; O = 4.33;
S = 8.67; observed: C = 55.16; H = 3.30; N = 18.93; O = 4.37; S = 8.63.

3.2.5. 4-((5-phenyl–1,3,4-oxadiazol–2-ylthio)methyl)-1-(3-bromophenyl)-1H–1,2,3-triazole (10)

White flakes, yield = 70%, MP = 146–148 ◦C. IR (ATR) νmax: 3137, 3083 (C–H, aromatic), 1607,
1588 (C=C), 1558, 1486, 1471, 1461, 1341, 1289, 1255 (C=N, C–N), 1191, 1077, 1046 (C–O), 702 (C–S), 691
(C–Br) cm−1. 1H NMR (300 MHz, CDCl3): δ 4.67 (s, 2H), 7.35–7.68 (m, 6H), 7.92–8.00 (m, 3H), 8.24 (s,
1H). 13C NMR (75 MHz, CDCl3): δ 27.19, 119.53, 122.79, 122.89, 123.09, 123.50, 126.87, 129.86, 131.95,
132.28, 132.49, 138.02, 144.22, 163.32, 165.85. ESI MS: 414 (M+ + H), 416 (M+ + 2 + H). C17H12N5OS:
(calculated): C = 49.29; H = 2.92; N = 16.90; O = 3.86; S = 7.74; observed: C = 49.31; H = 2.94; N = 16.87;
O = 3.83; S = 7.76.

3.2.6. 4-((5-phenyl–1,3,4-oxadiazol–2-ylthio)methyl)–1-(4-nitrophenyl)-1H–1,2,3-triazole (11)

Light orange solid, yield = 65%, MP = 202–204 ◦C. IR (ATR) νmax: 3127, 3079 (C–H, aromatic),
1596 (C=C), 1558 (N–O) 1523, 1505, 1473, 1388 (C=N, C–N), 1260, 1232, 1191, 1109 (C–O), 703, 686
(C–S) cm−1. 1H NMR (850 MHz, DMSO–d6) δ: 4.79 (s, 2H), 7.27–8.01 (m, 9H), 8.26 (s, 1H). 13C NMR
(213 MHz, DMSO) δ: 27.25, 120.17, 12.87, 123.38, 126.60, 127.47, 127.66, 128.54, 128.70, 131.98, 132.22,
137.11, 147.54, 163.52, 165.58. ESI MS: 381 (M + H). C17H12N6O3S (calculated): C = 53.68; H = 3.18; N =

22.09; O = 12.62; S = 8.43; observed: C = 53.69; H = 3.20; N = 22.07; O = 12.62; S = 8.42.

3.2.7. 4-((5-phenyl–1,3,4-oxadiazol–2-ylthio)methyl)-1-phenyl-1H–1,2,3-triazole (12)

White flakes, yield = 75%, MP = 130–131 ◦C. IR (ATR) νmax: 3144 (C–H), 1594 (C=C), 1506, 1466,
1344, 1290, 1256 (C=N, C–N), 1191, 1173, 1077, 1064 (C–O), 702, 683 (C–S) cm−1. 1H NMR (300 MHz,
CDCl3): δ 4.69 (s, 2H), 7.36–8.24 (m, 10H), 8.35 (s, 1H).13C NMR (75 MHz, CDCl3): δ 27.26, 120.55,
122.58, 123.51, 126.86, 129.21, 129.85, 130.34, 132.48, 136.92, 143.99, 163.37, 165.85; ESI MS: 336 (M+ +

H). C17H13N5OS (calculated): C = 60.88; H = 3.91; N = 20.88; O = 4.77; S = 9.56; observed: C = 60.81;
H = 3.95; N = 20.85; O = 4.80; S = 9.55.

3.2.8. Methyl 2-(4-((5-phenyl–1,3,4-oxadiazol-2-ylthio)methyl)-1H–1,2,3-triazol–1-yl)benzoate (13)

Brown flakes, yield = 70%, MP = 119–120 ◦C. IR (ATR) νmax: 3127, 3083 (C–H, aromatic), 2953
(C–H), 1727 (C=O), 1602, 1558 (C=C), 1506, 1472, 1450, 1340, 1272 (C=N, C–N), 1192, 1134, 1053 (C–O),
702, 688 (C–S) cm−1. 1H NMR (300 MHz, CDCl3): δ 3.85 (s, 3H), 4.68 (s, 2H), 6.99 (d, J = 9.0 Hz, 2H),
7.21–7.75 (m, 5H), 7.93–8.44 (m, 2H), 8.45 (s, 1H). 13C NMR (75 MHz, DMSO) δ:27.30, 56.00, 115.32,
122.21, 122.51, 122.83, 123.51, 126.86, 129.84, 130.34, 132.46, 143.66, 163.40, 165.84, 169.77. ESI MS: 394
(M+ + H). C19H15N5O3S (calculated): C = 58.01; H = 3.84; N = 17.80; O = 12.20; S = 8.15; observed:
C = 58.02; H = 3.82; N = 17.81; O = 12.21; S = 8.14.

307



Pharmaceuticals 2020, 13, 390

3.2.9. 2-(4-((5-phenyl–1,3,4-oxadiazol–2-ylthio)methyl)-1H–1,2,3-triazol–1-yl)benzoic acid (14)

White solid, yield = 72%, MP = 119–120 ◦C. IR (ATR) νmax: 3127 (brs–OH) 3083, 2953 (C–H),
1727 (C = O), 1602, 1558 (C=C), 1506, 1472, 1450, 1340, 1272 (C=N, C–N), 1260, 1192, 1134, 1053
(C–O), 702, 688 (C–S) cm−1.1H NMR (400 MHz, DMSO): δ 4.69 (s, 2H), 7.13–7.24 (m, 2H), 7.41–7.99
(m, 7H), 8.89 (s, 1H), 10.66 (s, 1H).13C NMR (213 MHz, DMSO): δ 27.26, 120.01, 125.48, 126.76, 132.57,
134.09, 135.61, 138.57, 143.77, 163.92, 165.21, 167.27; ESI MS: 380 (M+ + H). C18H13N5O3S (calculated):
C = 56.98; H = 3.45; N = 18.46; O = 12.65; S = 8.45; observed: C = 56.99; H = 3.47; N = 18.43; O = 12.64;
S = 8.45.

3.3. Anticancer Activity

3.3.1. Cell Lines and Culture Medium

The human breast cancer cell line (MCF-7) used in the present study was obtained from
Dr. Neamatallah’s lab. The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 10,000 units/mL penicillin/streptomycin, and 1%
(v/v) L-glutamine at 37 ◦C in humidified 5% CO2 incubator.

3.3.2. Cytotoxicity Assay

The cytotoxicity activity was done by MTT assay [33]. Breast MCF-7 and colorectal HCT-116
cancer cells were added at 1 × 105 cells/mL into a 96-well plate with three replicates, and incubated
overnight for attachment at 37 ◦C in a 5% CO2 humidified atmosphere. Drug concentrations at
six serial dilutions (100.0, 50.0, 10.0, 1.0, 0.5, and 0.1 µM) were added in triplicate and incubated
at 37 ◦C and 5% CO2 for 72 h. Drugs were dissolved in 0.1% DMSO as a vehicle. Untreated cells
were used as control. Tamoxifen and 5-fluorouracil (5-FU) was used as positive controls. Thereafter,
each well for each time point was removed and replaced with 100 µM of full medium containing 10%
3-(4,5- dimethylthiaxolyl-2)-2,5-diphenyltetrazoliumbromide (MTT) (10 mg/mL). Then the media was
removed and 100 µl of DMSO was added, and cells were incubated for a further 5 mins at 37 ◦C and 5%
CO2. Plates were quantified using the SpectraMax M3 plate reader at 570 nm. The percentage inhibition
was calculated as 100 − ((mean OD of treated cell × 100)/Mean OD of vehicle treated cells (DMSO)).
All the experiments were repeated in at least three independent experiments (Table 2, Figures 3–6).

3.4. In Vitro Thymidylate Synthase Enzyme Assay

A thymidylate synthase enzymatic assay was carried out according to the reported method [34,35].
It involves a mixture containing 2-mercaptoethanol (0.1 M), (6R,S)-tetrahydrofolate (0.0003 M),
formaldehyde (0.012 M), MgCl2 (0.02 M), dUMP (0.001 M), TrisHCl (0.04 M), and NaEDTA (0.00075
M).This assay was done spectrophotometrically at 30◦ C and pH 7.4. The reaction was initiated by the
addition of an amount of enzyme, giving a change in absorbance at 340 nm of 0.016/min in the absence
of inhibitor. The percent inhibition was determined at a minimum of four inhibitor concentrations
within 20% of the 50% point. The standard deviations for determination of the 50% points were within
± 10% of the values given. The results are presented in Table 3 and Figure 7.

3.5. Molecular Docking

Molecular docking studies involve mainly protein selection and preparation, grid generation,
ligand preparation, docking, and further analysis of docking studies. A protein with accession number
6QXG was selected and downloaded from Protein Data Bank. This protein is reported to act as a
thymidylate synthase inhibitor. The protein was imported, optimized, and minimized by removing
unwanted molecules and other defects reported by the software. The minimized protein was used for
grid generation, which involves the selected ligand as the reference, as it signifies the binding sites of
the drug with respect to the target. Molecules drawn in 3D form were refined by the LigPrep module.
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The molecules were subjected to an OPLS-2005 force field to generate a single, low-energy 3D structure
for each input structure. Docking studies was carried using Glide software. It was carried out using
extra precision and write XP descriptor information. This generates favorable ligand poses, which
are further screened through filters to examine the spatial fit of the ligand in the active site. Ligand
poses, which pass through an initial screening, are subjected to evaluation and minimization of grid
approximation. Scoring was then carried on energy-minimized poses to generate a Glide score [36]
(Table 4, Figure 8).

4. Conclusions

In the present article, a series of nine hybrids of 1,2,3-triazole and 1,3,4-oxadiazole moieties
(6–14) have been described. The final compounds have been characterized using different analytical
techniques. These hybrids have been tested for in vitro anticancer and thymidylate synthase activities.
According to in silico pharmacokinetic studies, the synthesized hybrids exhibited good drug likeness
properties and bioavailability. The cytotoxicity results indicated that compounds 12 and 13 exhibited
remarkable inhibition on the tested MCF-7 and HCT-116 cell lines. Compound 12 showed four-fold
inhibition compared to the standard drug 5-fluoruracil, and comparable inhibition to tamoxifen,
whereas compound 13 exerted five-fold and 24 times the activity of tamoxifen and 5-fluorouracil,
respectively, for MCF-7 cells. The same compounds (12 and 13) also revealed significant inhibition
against HCT-116 cells. Compound 12 revealed 1.7-fold activity of tamoxifen and 2.2-fold activity of
5-fluorouracil, while compound 13 displayed 1.9-fold the activity of 5-FU and 1.5-fold that of tamoxifen
against HCT-116. The in vitro thymidylate synthase activity results supported our cytotoxicity results.
Compounds 12 and 13 inhibited thymidylate synthase enzyme with IC50 values of 2.52 µM and 4.38 µM,
respectively, while the standard drug pemetrexed showed an IC50 of 6.75 µM. The molecular docking
data of compounds 12 and 13 supported the in vitro biological activity data. In conclusion, hybrids
(12 and 13) may inhibit the thymidylate synthase enzyme, which could play a significant role as a
chemotherapeutic agent.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/13/11/390/s1,
Figures S1–S9: 1H NMR spectra of all final compounds; Figures S10–S18: 13C NMR spectra of all final compounds;
Figures S19–S27: Mass spectra of all final compounds.
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Abstract: In this paper, a series of novel abietyl and dehydroabietyl ureas, thioureas, amides, and
thioamides bearing adamantane moieties were designed, synthesized, and evaluated for their in-
hibitory activities against tyrosil-DNA-phosphodiesterase 1 (TDP1). The synthesized compounds
were able to inhibit TDP1 at micromolar concentrations (0.19–2.3 µM) and demonstrated low cytotox-
icity in the T98G glioma cell line. The effect of the terpene fragment, the linker structure, and the
adamantane residue on the biological properties of the new compounds was investigated. Based on
molecular docking results, we suppose that adamantane derivatives of resin acids bind to the TDP1
covalent intermediate, forming a hydrogen bond with Ser463 and hydrophobic contacts with the
Phe259 and Trp590 residues and the oligonucleotide fragment of the substrate.

Keywords: tyrosil-DNA-phosphodiesterase 1; adamantane; resin acid; TDP1

1. Introduction

DNA in living organisms is constantly exposed to a variety of physical and chem-
ical stresses, and damage occurs as a result. Bulk DNA damage is caused by UV light
and environmental mutagens, and X-rays cause DNA double-strand breaks. Defects in
the repair of DNA damage are implicated in a variety of diseases, many of which are
typified by neurological dysfunction and/or increased genetic instability and cancer [1].
Traditional cancer chemotherapy is aimed at damaging the DNA of malignant cells, and
the results depend on the effectiveness of their repair systems. Recently, compounds that
act as DNA repair inhibitors have been considered as potential drugs [2,3]. The enzyme
tyrosil-DNA-phosphodiesterase 1 (TDP1) is one of the promising ones [4]. This enzyme
is an important supplementary target for anticancer therapies based on topoisomerase
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inhibitors 1 (TOP1), since it plays a key role in the removal of TOP1-DNA adducts stabilized
by TOP1 inhibitors such as camptothecine [5] and its clinical derivatives [6]. TDP1 is also
capable of hydrolysing apurinic sites, and thus leading to their repair. This may be the
key activity needed for the repair of DNA damage caused by antitumour alkylating drugs
such as temozolomide (TMZ), as well as ionising radiation [7]. Thus, the inhibition of
TDP1 activity may significantly enhance the therapeutic effect of some anticancer agents.
SCAN1 is a natural mutant of TDP1 where His493 is replaced with Arg493 in the binding
pocket [8]. The mutation changes the geometry of the enzyme active site, and the enzyme
remains covalently bound to DNA. This mutation leads to a severe neurodegenerative
disease spinocerebellar ataxia syndrome with axonal neuropathy (SCAN1). It is currently
suggested that the pathology is caused by the accumulation of the SCAN1-DNA covalent
cleavage complexes [9]. It is assumed that nerve cells especially suffer from the accu-
mulation of such adducts due to their nonproliferative nature leading to the progressive
accumulation of unrepaired DNA lesions [10]. Therefore, suppression of SCAN1 activity
could potentially improve the SCAN1 patients’ condition and prevent the progression of
the disease. The search for inhibitors of key DNA repair enzymes is a promising area of
medical chemistry, as it represents one of the ways to design effective therapies for cancer,
as well as cardiovascular and neurodegenerative diseases. Recently, a number of TDP1
inhibitor structural classes have been studied, including pyrimidine nucleosides [11], fu-
ramidine [12], compounds with benzopentathiepine moiety [13], indenoisoquinolines [14],
and 5-arylidenethioxothiazolidinones [15] (Figure 1).
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Figure 1. Structures of known TDP1 inhibitors.

Hybrid molecules created from different pharmacophores of natural and synthetic
equivalents are successfully used in pharmaceutical practice [16]. New hybrid compounds
have been synthesised starting from the pharmacophoric natural compounds with in-
hibitory properties against TDP1. These include phenolic usnic acid derivatives A [17],
7-hydroxycoumarins B [18], and 4-arylcoumarins C [19], derivatives of deoxycholic acid
D [20] and adamantanecarboxylic acid monoterpene esters E [21] (Figure 2).

Our group previously obtained a set of ureas and thioureas based on the natural
terpenoid dehydroabietylamine [22]. These compounds are able to inhibit TDP1 in the
submicromolar range. They also lack toxicity against different cell lines in concentra-
tions up to 100 µM. For the first time, we have shown that dehydroabietylamine TDP1
inhibitors in combination with TMZ demonstrate a better cytotoxic effect on glioblas-
toma cells than TMZ alone, taken at the same concentration. Compound 1 (Figure 3),
which has a fragment of resin acid and adamantane, was an efficient inhibitor of TDP1
activity in vitro, and enhanced the cytotoxic effect of TMZ on glioblastoma cells. We syn-
thesised a series of dehydroabietylamine derivatives containing the heterocyclic fragment
2-thioxoimidazolidin-4-ones and studied their activity against TDP1 [23]. It is important
to note that not all of the synthesized heterocyclic derivatives are suitable for studying
inhibitory activity, as some of the substances proved to be extremely insoluble. In addition,
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the combination of an adamantane fragment with terpenes of various structures has been
shown to be successful in identifying new inhibitors of the TDP1 repair enzyme [23–27].
Since the combination of a terpene resin acid backbone with an adamantane fragment in
compound 1 proved to be most successful and the compound had the most important bio-
logical properties, we set out in the present study to synthesise analogues of compound 1 to
examine their structural activity. The design of the target derivatives is shown in Figure 3.
It includes the variations of the linker type and length, diterpene, and adamantane moieties.
Understanding which structural blocks are most important for the target biological activity
and whether more active agents can be obtained by available synthetic methods is the main
goal of the presented work.
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2. Results and Discussion
2.1. Chemistry

Dehydroabietylamine (DHAm) is a diterpenic primary amine obtained from dehydroabietic
acid (DHA). Dehydroabietic and abietic acids are components of resins of coniferous plants; for
example, the high acid content is found in the resin of Picea obovata [27]. Dehydroabietylamine
can be directly obtained from the resin by the reduction of dehydroabietyl nitrile.
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The synthetic route for obtaining compounds 1–12 is shown in Scheme 1. A set of
ureas and thioureas 1–4 was obtained by the interaction of dehydroabietylamine hy-
drochloride with 1- and 2- adamantyl isocyanates and isothiocyanates. The starting
isocyanates and isothiocyanates were synthesized using the methods described earlier.
In particular, 1-adamantyl isocyanate was obtained by the Curtius rearrangement of 1-
adamantyl acyl azide formed in situ by interaction of corresponding acyl chloride with
sodium azide [28]. Isomeric 2-adamantyl isocyanate was synthesized by the reaction of
2-adamantylamine hydrochloride with triphosgene in the presence of sodium hydrocar-
bonate, with dichloromethane used as a solvent [29]. Refluxing of 1-adamantaneamine
with phenyl isothiocyanate in dry toluene resulted in 1-adamantane isothiocyanate [30].
To obtain 2-adamantyl isothiocyanate, 2-adamantaneamine hydrochloride was treated by
triethylamine followed by carbon disulfide and DMAP/Boc2O subsequently [31]. For
the present study, we re-synthesised compound 1, which previously showed the best
inhibitory characteristics and the ability to enhance the cytostatic properties of TMZ. Mono-
substituted urea 5 was prepared by treating dehydroabietylamine hydrochloride with
potassium cyanate. Amide and thioamide groups were considered as another variant of
linker structurally similar to the ureas. The target amides 6 and 7 were obtained from
dehydroabietylamine hydrochloride and 1- and 2-adamantanecarbonyl chlorides. The
amide group of compound 6 was converted to thioamide using Lawesson’s reagent. The
reaction proceeded under harsh conditions. Refluxing in toluene led to the formation of
thioamide 8. Compound 8 was isolated individually with a small yield. When the reaction
was carried out in lower boiling solvents, the target product was not detected, even after a
long period.

Pharmaceuticals 2021, 14, x FOR PEER REVIEW 5 of 18 
 

 

chlorides, which were then converted to azides by interaction with NaN3. The azides un-
derwent Curtius rearrangement by refluxing in toluene, resulting in decarboxylation and 
the formation of the corresponding isocyanates. Reaction of the obtained resin acid isocy-
anates with 1- and 2-adamantylamine hydrochlorides in the presence of a base provided 
good yields of the ureas 9−12 (80−90%).  

As a result of this work, compounds 2−12 (Scheme 1) were synthesised and charac-
terized using physico-chemical methods. The ureas 1 and 2 (and thioureas 3 and 4) dif-
fered from one another by the position of the adamantane fragment (1 and 2 respectively). 
Monosubstituted urea 5, without the adamantane fragment in its structure, was prepared 
to clarify the contribution of this moiety to the studied compounds. Substances 6−8 have 
linkers of a different type. Ureas 9−10 differed from the leading compound 1 by lacking a 
CH2 group in the linker, while ureas 11–12, in addition to the above, differed in the terpene 
part.  

H
NH2

. HCl
H

NH

NH
X

R

N C XAd

CHCl3, Et3N
24 h, 25 oС

R =

1-Ad

2-Ad

1-Ad

2-Ad

X =

O

O

S

S

Yield, %

70

72

70

75

1

2

3

4

O
H

N
C
H

O
HO

1. SOCl2, CH2Cl2
2. NaN3, H2O
3. Toluene, 110 oС

CH3CN, Et3N
24 h, 25 oС

H
NH

R
O

R =

1-Ad

2-Ad

Yield, %

50

46

6

7

Ad Cl

O

CHCl3/EtOH, Et3N
24 h, 25 oС HN H

NH
O R

R =

1-Ad

2-Ad

Yield, %

85

80

9

10

R =

1-Ad

2-Ad

Yield, %

90

80

11

12
O
H

N
C
H

O
HO

1. SOCl2, CH2Cl2
2. NaN3, H2O
3. Toluene, 110 oС

CHCl3/EtOH, Et3N
24 h, 25 oС HN H

NH
O R

H
NH

R
S

Lawesson's reagent
o-xylene, 3 h, 140 oС

R =

1-Ad

Yield, %

108H
NH

NH2
O

5 Yield 46%

KNCO
H2O/EtOH
6 h, 80 oС

dehydroabietylamine
hydrochloride

dehydroabietic
acid nordehydroabietyl

isocyanate

abietic acid norabietyl
isocyanate

Ad-NH2
. HCl

Ad-NH2
. HCl

 

Scheme 1. General procedure for the synthesis of compounds 1−12. 

2.2. TDP1 Assay and Cytotoxicity Studies 
The primary screening of the inhibitory activities against TDP1 was performed using 

an in vitro cell-free system involving the recombinant TDP1 and a fluorescent reporter 
probe as previously described [13]. The IC50 values were found for derivatives 2−12 (and 
are presented in Table 1), a commercially available TDP inhibitor Furamidine was used as 
a reference drug [12]. We show here that the obtained compounds have the capacity to 
inhibit TDP1 in vitro within a 0.19−2.3 µM range. As can be seen from the data in the table, 

Scheme 1. General procedure for the synthesis of compounds 1–12.

316



Pharmaceuticals 2021, 14, 422

To obtain the target compounds 9–12, starting with the dehydroabietic and abietic
acids, the following synthetic route was taken. Following the three-step procedure de-
scribed previously [32], nordehydroabietyl and norabietyl isocyanates were prepared.
According to this method, treatment of the resin acids with SOCl2 afforded the correspond-
ing chlorides, which were then converted to azides by interaction with NaN3. The azides
underwent Curtius rearrangement by refluxing in toluene, resulting in decarboxylation
and the formation of the corresponding isocyanates. Reaction of the obtained resin acid iso-
cyanates with 1- and 2-adamantylamine hydrochlorides in the presence of a base provided
good yields of the ureas 9–12 (80–90%).

As a result of this work, compounds 2–12 (Scheme 1) were synthesised and character-
ized using physico-chemical methods. The ureas 1 and 2 (and thioureas 3 and 4) differed
from one another by the position of the adamantane fragment (1 and 2 respectively). Mono-
substituted urea 5, without the adamantane fragment in its structure, was prepared to
clarify the contribution of this moiety to the studied compounds. Substances 6–8 have
linkers of a different type. Ureas 9–10 differed from the leading compound 1 by lacking
a CH2 group in the linker, while ureas 11–12, in addition to the above, differed in the
terpene part.

2.2. TDP1 Assay and Cytotoxicity Studies

The primary screening of the inhibitory activities against TDP1 was performed using
an in vitro cell-free system involving the recombinant TDP1 and a fluorescent reporter
probe as previously described [13]. The IC50 values were found for derivatives 2–12 (and
are presented in Table 1), a commercially available TDP inhibitor Furamidine was used
as a reference drug [12]. We show here that the obtained compounds have the capacity to
inhibit TDP1 in vitro within a 0.19–2.3 µM range. As can be seen from the data in the table,
only compound 5—monosubstituted urea (lacking the adamantane moiety)—showed no
activity against TDP1.

All the compounds with the exception of 5 were able to inhibit TDP1 at micromolar
concentrations (0.19–2.3 µM). We studied the structure–activity relationship for a number
of the compounds synthesized. After considering the effect of the diterpene fragment
on the inhibitory characteristics, we conclude that ureas with dehydroabietyl 1–2 and
nordehydroabietyl 9–10 backbone work in lower concentrations than with norabietyl 11–12.
For ureas 1–2 and 9–10, the IC50 values were in the 0.19–0.8 µM range, and for ureas
11–12, the IC50 values were higher—1.4–1.7 µM. However, ureas 9–12, lacking a CH2
group in the terpene part, demonstrated extremely low solubility in water and almost
all organic solvents, which does not make them promising for further study. The choice
of 1-adamantane or 2-adamantane substituent did not significantly affect the inhibitory
characteristics, but their absence negatively affected them. Monosubstituted urea 5 (without
any bulky fragment) showed no activity at concentrations up to 15 µM. In a previous
study [22], we showed that a decrease in the size of the substituent led to a decrease in
activity, and the date obtain herein consistent with this. Among the compounds belonging
to the urea, thiourea, amide, and thioamide classes, compound 8 with the thioamide linker
inhibited TDP1 in the highest concentrations (IC50 = 2.3 µM).
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Table 1. Inhibitory activity of compounds 1–12 against TDP1 and predicted LogP (main determinant
of brain tissue binding).
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terpene part, demonstrated extremely low solubility in water and almost all organic sol-
vents, which does not make them promising for further study. The choice of 1-adaman-
tane or 2-adamantane substituent did not significantly affect the inhibitory characteristics, 
but their absence negatively affected them. Monosubstituted urea 5 (without any bulky 
fragment) showed no activity at concentrations up to 15 µM. In a previous study [22], we 
showed that a decrease in the size of the substituent led to a decrease in activity, and the 
date obtain herein consistent with this. Among the compounds belonging to the urea, thi-
ourea, amide, and thioamide classes, compound 8 with the thioamide linker inhibited 
TDP1 in the highest concentrations (IC50 = 2.3 µM).  

QSAR prediction methods offer a useful tool to identify drug-like compounds [33,34], 
and therefore we have calculated LogP values for synthesized inhibitors as main determi-
nant of brain tissue binding. Octanol/water LogP predicted with GALAS algorithm [35] 
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tane or 2-adamantane substituent did not significantly affect the inhibitory characteristics, 
but their absence negatively affected them. Monosubstituted urea 5 (without any bulky 
fragment) showed no activity at concentrations up to 15 µM. In a previous study [22], we 
showed that a decrease in the size of the substituent led to a decrease in activity, and the 
date obtain herein consistent with this. Among the compounds belonging to the urea, thi-
ourea, amide, and thioamide classes, compound 8 with the thioamide linker inhibited 
TDP1 in the highest concentrations (IC50 = 2.3 µM).  

QSAR prediction methods offer a useful tool to identify drug-like compounds [33,34], 
and therefore we have calculated LogP values for synthesized inhibitors as main determi-
nant of brain tissue binding. Octanol/water LogP predicted with GALAS algorithm [35] 

1-Ad 0.94 ± 0.18 7.48
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nant of brain tissue binding. Octanol/water LogP predicted with GALAS algorithm [35] 
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10 nor-DGAA

Pharmaceuticals 2021, 14, x FOR PEER REVIEW 6 of 18 
 

 

only compound 5 —monosubstituted urea (lacking the adamantane moiety)—showed no 
activity against TDP1.  

Table 1. Inhibitory activity of compounds 1−12 against TDP1 and predicted LogP (main determi-
nant of brain tissue binding) 

Compound 
   

IC50 (TDP1), 
μM LogP 

1 DGAAm 
 

1-Ad 0.19 ± 0.03 7.50 

2 DGAAm 
 

2-Ad 0.80 ± 0.20 7.31 

3 DGAAm 
 

1-Ad 1.50 ± 0.50 7.60 

4 DGAAm 
 

2-Ad 0.67 ± 0.19 7.38 

5 DGAAm 
 

- > 15 5.45 

6 DGAAm 
 

1-Ad 0.94 ± 0.18 7.48 

7 DGAAm 
 

2-Ad 1.80 ± 0.40 7.34 

8 DGAAm 
 

1-Ad 2.30 ± 0.80 8.28 

9 nor-DGAA 1-Ad 0.57 ± 0.16 7.19 

10 nor-DGAA 
 

2-Ad 0.59 ± 0.15 7.27 

11 nor-AA 
 

1-Ad 1.70 ± 0.60 6.72 

12 nor-AA 
 

2-Ad 1.40 ± 0.30 6.30 

Furamidine - - - 1.20 ± 0.30 - 
IC50: 50% inhibiting concentration. 

All the compounds with the exception of 5 were able to inhibit TDP1 at micromolar 
concentrations (0.19−2.3 µM). We studied the structure−activity relationship for a number 
of the compounds synthesized. After considering the effect of the diterpene fragment on 
the inhibitory characteristics, we conclude that ureas with dehydroabietyl 1−2 and norde-
hydroabietyl 9−10 backbone work in lower concentrations than with norabietyl 11−12. For 
ureas 1−2 and 9−10, the IC50 values were in the 0.19−0.8 µM range, and for ureas 11−12, 
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tane or 2-adamantane substituent did not significantly affect the inhibitory characteristics, 
but their absence negatively affected them. Monosubstituted urea 5 (without any bulky 
fragment) showed no activity at concentrations up to 15 µM. In a previous study [22], we 
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TDP1 in the highest concentrations (IC50 = 2.3 µM).  
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and therefore we have calculated LogP values for synthesized inhibitors as main determi-
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IC50: 50% inhibiting concentration.

QSAR prediction methods offer a useful tool to identify drug-like compounds [33,34],
and therefore we have calculated LogP values for synthesized inhibitors as main determi-
nant of brain tissue binding. Octanol/water LogP predicted with GALAS algorithm [35]
and QSAR software ACD/Percepta (www.acdlabs.com accessed on 29 April 2021) indi-
cate that the obtained adamantane derivatives have similar lipophilicity (Table 1). The
corresponding rate of brain penetration LogPS and extent of brain penetration LogBB,
calculated using LogP, molecular size, and H-bonding parameters as inputs, are suitable
for penetration into the central nervous system (see Table S1).

Since dehydroabietylamine and its derivatives are known to possess high cytotoxicity
against several cancer cells lines [36–38], the ureas, thioureas, amides, and thioamide (1–12)
synthesised in the present study were tested against the T98G glioma cells. Since we used
the T98G glioblastoma cell line for the first time for our experiments, we first attempted to
perform the cytotoxicity study in a range of concentrations from 10 to 100 µM, as we did
previously with the TDP1 inhibitory compounds when working with the other cell lines.
However, the cytotoxicity at 50 and 100 µM of our compounds turned out to be rather high
in the T98G cell line. We then measured the cytotoxicity of individual TDP1 inhibitors at 2.5,
5, 10, and 25 µM. The studied compounds were prepared as 50 mM stock solutions in DMSO
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and added to T98G glioma cells at 2.5 µM to 25 µM concentrations, either individually or in
combination with 1000 or 2000 µM of TMZ. Preparation of stock solutions showed that the
studied compounds varied in their solubility in DMSO. Compounds 9, 10, 11, and 12 failed
to dissolve either at 50 µM or at 10 µM concentrations. They were therefore discarded from
the later cytotoxicity studies.

When individual compounds were added to T98G glioma cells at 2.5, 5, 10, and 25 µM
concentrations, they demonstrated moderate toxicity. The cell viabilities at 2.5 and 5 µM
lay within the 90–100% range (Figure 4).
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studied; however, the concentrations of their solutions may be significantly different from those 
indicated in dilutions. 

To investigate the cytotoxicity of combinations of the studied compounds with TMZ, 
we combined 5 µM concentrations of each with 1000 µM or 2000 µM of TMZ and com-
pared their toxicity with 1000 µM and 2000 µM of TMZ alone. At 1000 µM, TMZ was 
almost non-toxic to our cell culture, with ~95% of cells surviving the treatment. Adding 5 
µM of the compounds to 1000 µM of TMZ did not increase the cytotoxicity to the glioma 
cells. Higher cytotoxicity was obtained with 2000 µM of TMZ, which inhibited cell viabil-
ity by ~40%. Combining the compounds with 2000 µM of TMZ resulted in considerably 
higher toxicity (i.e., an increase of 5−15%) compared with TMZ alone, which indicated the 
additive profile of the action of TDP1 inhibitors with TMZ. The effects of combinations of 
dehydroabietylamine derivatives 1−4 and 6−8 with TMZ on T98G viability are shown in 
Figure 5.  

Figure 4. Individual cytotoxicity of studied compounds in the T98G and SNB19 glioma cell lines. * Compounds 7 and 8
formed visible micelles when stock solutions were dissolved in a cell growth medium, as shown by light microscopy. The
cytotoxicity of these compounds was studied; however, the concentrations of their solutions may be significantly different
from those indicated in dilutions.

To investigate the cytotoxicity of combinations of the studied compounds with TMZ,
we combined 5 µM concentrations of each with 1000 µM or 2000 µM of TMZ and compared
their toxicity with 1000 µM and 2000 µM of TMZ alone. At 1000 µM, TMZ was almost
non-toxic to our cell culture, with ~95% of cells surviving the treatment. Adding 5 µM of
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the compounds to 1000 µM of TMZ did not increase the cytotoxicity to the glioma cells.
Higher cytotoxicity was obtained with 2000 µM of TMZ, which inhibited cell viability
by ~40%. Combining the compounds with 2000 µM of TMZ resulted in considerably
higher toxicity (i.e., an increase of 5–15%) compared with TMZ alone, which indicated the
additive profile of the action of TDP1 inhibitors with TMZ. The effects of combinations of
dehydroabietylamine derivatives 1–4 and 6–8 with TMZ on T98G viability are shown in
Figure 5.

Pharmaceuticals 2021, 14, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 5. Cytotoxicities of combinations of studied compounds with temozolomide in T98G gli-
oma cell line. 
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due attacks the 3′-phosphotyrosyl bond of the substrate, and the His493 residue activates 
the water molecule to cleave the covalent intermediate [39–41]. This offers two potential 
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phosphohistidine intermediate; and (2) the inhibition of the second step to prevent the 
intermediate hydrolysis [4,42]. Using molecular docking, we tested the discussed resin 
acid derivatives against both the molecular model of the apo form and that of the covalent 
intermediate. The inhibitors were found to bind preferentially to the intermediate struc-
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A resin acid fragment occupies part of the peptide binding site—peptide is released 
upon the intermediate formation—and forms hydrophobic contacts with the side chain of 
Trp590. An adamantane fragment interacts with both the Phe259 residue of the oligonu-
cleotide binding site and with methylene (ribose) and the methyl (nucleobase) groups of 
the oligonucleotide. A carbamide linker forms a hydrogen bond with the Ser463 side 
chain, whilst its NH groups are orientated towards the solvent. 

We conclude that adamantane derivatives of resin acids stabilize the TDP1 interme-
diate (covalent complex of TDP1 with DNA) in a manner that is analogous with the stabi-
lisation of topoisomerase−DNA covalent complexes by camptothecins [43,44]. It is worth 
noting that compound 5, which lacked the adamantane fragment, failed to inhibit TDP1. 
Using our proposed model, this can be explained as follows: monosubstituted urea has an 
additional hydrogen bond donor, the –NH2 group, which is orientated towards a hydro-
phobic adamantane-binding region. This may result in the unfavourable interaction of 
compound 5 with the TDP1 intermediate. 
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cell line.

2.3. Molecular Docking Studies

The reaction catalyzed by TDP1 proceeds in two steps: the nucleophile His263 residue
attacks the 3′-phosphotyrosyl bond of the substrate, and the His493 residue activates
the water molecule to cleave the covalent intermediate [39–41]. This offers two potential
therapeutic strategies: (1) the inhibition of the first step to prevent the formation of the
3′-phosphohistidine intermediate; and (2) the inhibition of the second step to prevent the
intermediate hydrolysis [4,42]. Using molecular docking, we tested the discussed resin
acid derivatives against both the molecular model of the apo form and that of the covalent
intermediate. The inhibitors were found to bind preferentially to the intermediate structure,
as demonstrated in Figure 6.

A resin acid fragment occupies part of the peptide binding site—peptide is released
upon the intermediate formation—and forms hydrophobic contacts with the side chain of
Trp590. An adamantane fragment interacts with both the Phe259 residue of the oligonu-
cleotide binding site and with methylene (ribose) and the methyl (nucleobase) groups of
the oligonucleotide. A carbamide linker forms a hydrogen bond with the Ser463 side chain,
whilst its NH groups are orientated towards the solvent.

We conclude that adamantane derivatives of resin acids stabilize the TDP1 inter-
mediate (covalent complex of TDP1 with DNA) in a manner that is analogous with the
stabilisation of topoisomerase–DNA covalent complexes by camptothecins [43,44]. It is
worth noting that compound 5, which lacked the adamantane fragment, failed to inhibit
TDP1. Using our proposed model, this can be explained as follows: monosubstituted urea
has an additional hydrogen bond donor, the –NH2 group, which is orientated towards a
hydrophobic adamantane-binding region. This may result in the unfavourable interaction
of compound 5 with the TDP1 intermediate.
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ate, ΔGcalc = −9.0 kcal/mol. (A) Inhibitor’s interactions with a covalently bound DNA fragment and 
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and Trp590 in yellow. The dotted line indicates a hydrogen bond. (B) Van der Waal’s representa-
tion of the modeled TDP1–inhibitor complex. 
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analytical and spectroscopic studies were conducted at the Chemical Service Center for 
the collective use of the Siberian Branch of the Russian Academy of Sciences (SB RAS). 

3.1.1. General Procedure for the Synthesis of Ureas and Thioureas 1–4 

Figure 6. Position of the resin acid derivative 1 in the molecular model of human TDP1 intermediate,
∆Gcalc = –9.0 kcal/mol. (A) Inhibitor’s interactions with a covalently bound DNA fragment and
TDP1 residues. The oligonucleotide is shown in orange, His263 in green, and hydrophobic Phe259
and Trp590 in yellow. The dotted line indicates a hydrogen bond. (B) Van der Waal’s representation
of the modeled TDP1–inhibitor complex.

3. Materials and Methods
3.1. Chemistry

All reagents and solvents were purchased from commercial sources and were used as
received without further purification. Reactions were monitored by thin-layer chromatogra-
phy (TLC) in silica gel. The TLC plates were visualised by exposure to ultraviolet light (254
and 365 nm). Merck (Merck KGaA, Darmstadt, Germany) silica gel (63–200 µm) was used
for column chromatography. The 1H and 13C NMR spectra in CDCl3, CD3OD, and DMSO-
d6 were recorded on a Bruker AV-400 spectrometer (400.13 and 100.61 MHz, respectively,
Bruker, Billerica, MA, USA). The residual signals of the solvent were used as references
(δH 7.24, δC 76.90 for CDCl3; δH 2.50, δC 39.50 for DMSO-d6). High-resolution mass
spectra were recorded on a Thermo Scientific DFS instrument (Thermo Fisher Scientific
Inc., Waltham, MA, USA) in full scan mode over the m/z range of 0–500 by ionisation with
an electron impact of 70 eV, and direct introduction of samples. IR spectra were recorded
on a Vector22 spectrometer (KBr, Bruker, Billerica, MA, USA). Thin-layer chromatography
was performed on Silufol plates (UV-254, Merck KGaA, Darmstadt, Germany). The atomic
numbering in the compounds is provided for the assignment of signals in the NMR spectra
and is different from the atomic numbering in the systematic name. The analytical and
spectroscopic studies were conducted at the Chemical Service Center for the collective use
of the Siberian Branch of the Russian Academy of Sciences (SB RAS).
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3.1.1. General Procedure for the Synthesis of Ureas and Thioureas 1–4

Dehydroabietylamine hydrochloride (0.5 g, 1.55 mmol) and triethylamine (0.28 mL,
2.0 mmol) were dissolved in CHCl3 (25 mL) and an equimolar amount of the appropriate
adamantyl isocyanate or isothiocyanate was added. The reaction mixture was stirred on a
magnetic stirrer for 24 h at room temperature. Conversion was monitored by TLC. The
reaction mixture was washed with 10 mL of distilled water. The organic layer was dried
over anhydrous Na2SO4 and filtered. The resultant liquid was evaporated under vacuum.
The residue was purified using column chromatography on silica gel with CHCl3 as an
eluent and a MeOH gradient from 0 to 100%.

N-abieta-8,11,13-trien-18-yl-N’-1-adamantylurea (1). The spectral data for the com-
pound 1 has been described previously [22].

N-abieta-8,11,13-trien-18-yl-N’-2-adamantylurea (2). Yield 72%, white powder. M.p.
150 ◦C. IR (KBr) νmax 3361, 2908, 1629, 1562 cm−1. 1H NMR (400MHz, CDCl3, δ, ppm,
J/Hz): 6.86 (1H, s, H–14), 6.96 (1H, d, J11, 12 = 8.2, H–12), 7.14 (1H, d, J11, 12 = 8.2, H–11),
5.06 and 5.26 (1H both, s, NH), 0.87 (3H, s, Me–19), 1.20 (6H, d, J16, 15 = 6.9, Me–16 and
Me–17), 1.18 (3H, s, Me–20), 2.80 (1H, sept, J15, 16 = 6.9, H–15), 2.82–2.95 (2H, m, 2H–7),
2.24 (1H, d, 2J = 12.3, H–1e), 3.72–3.83 (1H, m, H–23), 2.95–3.13 (2H, m, H–18), 1.65–1.91
(15H, m, H–22, H–26, H-27, H-28, 2H-25, 2H-24, 2H-30, 2H-29, H-3e, H-3a, H-6e), 1.27-1.65
(7H, m, 2H-31, H-5a, H-6a, H-2a, H-2e, H–1a). 13C NMR (100MHz, CDCl3, δ, ppm): 158.10
(C-20), 147.21 (C-9), 145.31 (C-13), 134.77 (C-8), 126.68 (C-14), 124.05 (C-11), 123.59 (C-12),
18.43 (Me-19), 23.85 (Me-17 and Me-16), 25.16 (Me-20), 27.19 and 27.04 (C-22, C-26), 32.48
and 32.43 (C-27, C-28), 33.28 (C-15), 45.03 (C-5), 53.92 (C-23), 18.58 (C-2), 18.70 (C-6), 30.05
(C-7), 31.60 and 31.57 (C-25, C-30), 50.61 (C-18), 37.30 and 37.27 (C-23, C-28), 38.29 (C-4),
37.51 (C-3), 37.16 (C-10), 37.06 (C-1), 38.36 (C–30). Found, m/z: 462.3613 [M]+. C31H46ON2.
Calculated, m/z: 462.3605.

N-abieta-8,11,13-trien-18-yl-N’-1-adamantylthiourea (3). Yield 70%, white powder.
M.p. 103 oC. IR (KBr) νmax 3265, 2908, 1538 cm–1 1H NMR (400MHz, CDCl3, δ, ppm,
J/Hz): 6.88 (1H, s, H–14), 6.95 (1H, d, J11, 12 = 8.1, H–12), 7.13 (1H, d, J11, 12 = 8.1, H–11), 0.98
(3H, s, Me–19), 1.18 (6H, d, J16, 15 =6.9, Me–16 and Me–17), 1.20 (3H, s, Me–20), 2.79 (1H,
sept, J15, 16 = 6.9, H–15), 2.82–2.98 (2H, m, 2H–7), 2.29 (1H, d, 2J = 13.0, H–1e), 2.00–2.21 (4H,
m, H–26, H–27, H–28, H–6a), 1.83–1.99 (8H, m, 2H-23, 2H-24, 2H-25, H-6e, H-2a), 3.23-3.40
and 3.65-3.84 (2H, m, H-18), 1.36–1.44 (1H, d, 2J = 13.0, H-1a), 1.45-1.81 (9H, m, 2H-29,
2H-30, 2H-31, H-3, H-2e, H–5a). 13C NMR (100MHz, CDCl3 + CD3OD, δ, ppm): 181.35
(C-21), 146.72 (C-9), 145.42 (C-13), 134.17 (C-8), 126.48 (C-14), 123.75 (C–11), 123.51 (C-12),
18.26 (Me-19), 23.60 and 23.69 (Me-17 and Me-16), 24.66 (Me-20), 33.15 (C-15), 46.00 (C-5),
29.04 (C-26, C–27, C-28), 18.29 (C-2), 18.72 (C-6), 29.66 (C-7), 38.21 (C-4), 37.28 (C-1), 37.14
(C–10), 36.54 (C-3), 53.66 (C-18), 35.66 (C-29, C-30, C-31), 42.00 (C-23, C-24, C-25), 56.15
(C–22). Found, m/z: 478.3380 [M]+. C31H46N2S. Calculated, m/z: 478.3376.

N-abieta-8,11,13-trien-18-yl-N’-2-adamantylthiourea (4). Yield 75%, white powder.
M.p. 116 oC. IR (KBr) νmax 3278, 2908, 1537 cm−1. 1H NMR (400MHz, CDCl3, δ, ppm,
J/Hz): 6.86 (1H, s, H–14), 6.95 (1H, d, J11, 12 = 8.1, H–12), 7.12 (1H, d, J11, 12 = 8.1, H–11),
6.94 and 5.21 (1H both, s, NH), 0.95 (3H, s, Me–18), 1.19 (6H, d, J16,15 = 6.9, Me–16 and
Me–17), 1.19 (3H, s, Me–19), 2.79 (1H, sept, J15,16 =6.9, H–15), 2.92–2.92 (2H, m, 2H–7), 4.05
(1H, br s, H–23), 3.09-3.62 (2H, m, 2H-18), 2.26 (1H, 2J = 12.6, H–1e), 1.94-2.10 (2H, m, H-22,
H-26), 1.26–1.51 (4H, m, H-6, 2H-2, H–1a), 1.51-1.93 (16H, m, 2H-24, 2H-29, 2H-25, 2H-31,
2H-30, H–27, H-28, H-6, 2H-3, H–5). 13C NMR (100MHz, CDCl3, δ, ppm): 181.06 (C-21),
146.72 (C-9), 145.47 (C-13), 134.37 (C-8), 126.67 (C-14), 123.89 (C-11), 123.65 (C-12), 18.44
(Me-19), 23.87 and 23.82 (Me-17 and Me-16), 25.02 (Me-20), 33.24 (C-15), 45.76 (C-5), 26.78
(C-27, C-28), 31.58 (C-22, C-26), 57.83 (C-23), 55.31 (C-18), 18.40 (C-2), 18.93 (C-6), 29.86
(C-7), 31.72 (C-25, C-31), 38.11 (C-4), 37.57 (C-1), 36.57 (C-30), 36.78 (C-24, C-29), 37.26 and
37.16 (C-10 and C–3). Found, m/z: 478.3368 [M]+. C31H46N2S. Calculated, m/z: 478.3376.
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3.1.2. Synthesis of Urea 5

Dehydroabietylamine hydrochloride (0.34 g, 1.06 mmol) was dissolved in EtOH
(30 mL), and an aqueous solution of potassium cyanate (0.1 g of KNCO in 5 mL of water)
was added. The mixture was refluxed for 6 h, then cooled to room temperature. The
solvent was evaporated under vacuum. The solid residue was dissolved in CHCl3 (20 mL)
and washed with water (10 mL) and 5% aqueous NaOH solution (10 mL). The urea was
purified using column chromatography on silica gel with CHCl3 as an eluent and a MeOH
gradient from 0 to 20%.

N-abieta-8,11,13-trien-18-ylurea (5). Yield 46%, white powder. M.p. 108 oC. IR (KBr)
νmax 3430, 2927, 1652 cm−1. 1H NMR (400MHz, CDCl3, δ, ppm, J/Hz): 6.86 (1H, s, H–14),
6.96 (1H, d, J11, 12 = 8.2, H–12), 7.14 (1H, d, J11, 12 = 8.2, H–11), 0.89 (3H, s, Me–19), 1.19 (6H,
d, J16, 15 = 6.9, Me–16 and Me–17), 1.18 (3H, s, Me–20), 2.25 (1H, d, 2J = 12.3, H–1e), 2.79
(1H, sept, J15, 16 = 6.9, H–15), 2.93–3.00 and 3.02–3.11 (1H both, m, H–18), 2.80–2.95 (2H, m,
H–7), 1.77–1.94 (2H, m, H–6e, H–3a), 1.52–1.76 (3H, m, H–2e, H–3e, H–1a), 1.26–1.50 (3H,
m, H–6e, H–2a H–5a), 4.53 (2H, s, NH2), 4.96 (1H, s, NH). 13C NMR (100MHz, CDCl3, δ,
ppm): 159.18 (C–21), 147.17 (C–9), 145.47 (C–13), 134.72 (C–8), 126.72 (C–14), 124.02 (C–11),
123.65 (C–12), 23.85 (Me–17 and Me–16), 25.05 (Me–20), 33.29 (C–15), 44.87 (C–5), 29.95
(C–7), 38.28 (C–4), 37.27 (C–1, C–10), 35.89 (C–3), 50.73 (C-18), 18.76 (Me–19, C–2, C–6).
Found, m/z: 328.2503 [M]+. C21H32ON2. Calculated, m/z: 328.2509.

Norabietyl isocyanate. Yield 56%, light-yellow oil. IR (KBr) νmax 2933, 2250, 1459 cm−1.
1H NMR (400MHz, CDCl3, δ, ppm, J/Hz): 5.77 (1H, s, H-14), 5.39-5.44 (1H, m, H-7), 1.00
and 0.99 (3H both, , J16, 15=6.9, Me-16 and Me-17), 0.75 (3H, s, Me-18), 1.34 (3H, s, Me-19),
2.21 (1H, sept, J15, 16=6.9, H-15), 2.27 (1H, d, J=18.2, H-5), 1.08 (1H, dt, J=3.8, J=13.3, H-11a),
0.81-0.88 (1H, m, H-1a), 1.15-1.29 (2H, m, H-2a, H-2e), 1.42-1.48 (1H, m, H-3), 1.54-1.70
(3H, m, H-1e, H-11e, H-9), 1.74-1.80 (1H, m, H-3e), 1.80-1.86 (1H, m, H-6a), 1.86-2.03 (3H,
m, H-6e, H-12a, H-12e). 13C NMR (100MHz, CDCl3, δ, ppm): 145.18 (C-13), 135.22 (C-8),
122.13 (C-14), 119.97 (C-7), 21.17 and 20.62 (Me-17 and Me-16), 23.66 (Me-18), 13.32 (Me-19),
34.66 (C-15), 50.60 (C-9), 51.30 (C-5), 19.18 (C-2), 27.20 (C-12), 22.54 (C-11), 23.86 (C-6),
35.59 (C-10), 38.00 (C-1), 43.14 (C-3), 61.24 (C-4), 121.92 (C-20). Found, m/z: 299.2240 [M]+.
C20H29ON. Calculated, m/z: 299.2244.

3.1.3. General Procedure for the Synthesis of Amides 6–7

Dehydroabietylamine hydrochloride (1.0 g, 3.1 mmol) was mixed with an equimolar
amount of 1- or 2-adamantanecarbonyl chloride (0.62 g, 3.1 mmol) in 30 mL of CH3CN with
the addition of Et3N (0.56 mL, 4.0 mmol). The reaction mixture was stirred on a magnetic
stirrer for 24 h at room temperature. Upon completion, the solvent was evaporated under
vacuum. The solid residue was dissolved in CHCl3 (20 mL) and washed with water (15 mL).
The organic layer was dried over anhydrous Na2SO4 and filtered. The resultant liquid was
evaporated under vacuum. The residue was purified using column chromatography on
silica gel with hexane/ethyl acetate system, with a concentration gradient (EtOAc 0–25%)
as an eluent.

N-abieta-8,11,13-trien-18-yladamantan-1-carboxamide (6). Yield 50%, white powder.
M.p. 90 oC. IR (KBr) νmax 3363, 2906, 1639, 1525 cm−1. 1H NMR (400MHz, CDCl3, δ,
ppm, J/Hz): 6.88 (1H, d, J12,14=1.7, H-14), 6.98 (1H, dd, J11, 12=8.2, J12,14=1.7, H-12), 7.16
(1H, d, J11, 12=8.2, H-11), 0.91 (3H, s, Me-19), 1.21 (6H, d, J16, 15=6.9, Me-16 and Me-17), 1.20
(3H, s, Me-20), 2.81 (1H, sept, J15, 16=6.9, H-15), 2.28 (1H, d, 2J=12.3, H-1e), 3.17-3.22 and
3.08-3.13 (1H both, m, H-18), 2.85-2.91 and 2.73-2.79 (1H both, m, H-7), 1.99-2.02 (3H, m,
H-26, H-27, H-28), 1.80-1.83 (6H, m, H-23, H-24, H-25), 1.84-1.89 (1H, m, H-6e), 1.42 (1H,
d, 2J=13.0, H-3e), 1.32-1.39 (2H, m, H-5a, H-1a), 1.62-1.75 (8H, m, H-29, H-30, H-31, H-3a,
H-2e), 1.22-1.30 (2H, m, H-6e, H-2a). 13C NMR (100MHz, CDCl3, δ, ppm): 177.7 (C-21),
146.9 (C-9), 145.4 (C-13), 134.6 (C-8), 126.8 (C-14), 124.1 (C-11), 123.7 (C-12), 18.4 (Me-19),
23.84 and 23.80 (Me-17 and Me-16), 25.4 (Me-20), 33.3 (C-15), 46.2 (C-5), 28.0 (C-26, C-27,
C-28), 18.5 (C-2), 18.9 (C-6), 30.4 (C-7), 36.4 (C-29, C-30, C-31), 39.3 (C-23, C-24, C-25), 38.3
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(C-4), 37.5 (C-1), 37.3 (C-10), 36.2 (C-3), 49.5 (C-18), 40.8 (C-22). Found, m/z: 447.3490 [M]+.
C31H45ON. Calculated, m/z: 447.3496.

N-abieta-8,11,13-trien-18-yladamantan-2-carboxamide (7). Yield 46%, white powder.
M.p. 94 oC. IR (KBr) νmax 3311, 2904, 1642, 1542 cm−1. 1H NMR (400MHz, CDCl3, δ,
ppm, J/Hz):6.87 (1H, s, H-14), 6.97 (1H, d, J11, 12=8.1, H-12), 7.15 (1H, d, J11, 12=8.1, H-11),
0.92 (3H, s, Me-19), 1.20 (6H, d, J16, 15=6.9, Me-16 and Me-17), 1.19 (3H, s, Me-20), 2.80 (1H,
sept, J15, 16=6.9, H-15), 2.27 (1H, d, 2J=12.7, H-1e), 2.73-2.94 (2H, m, H-7), 5.59 (1H, s, NH),
3.13-3.26 (2H, m, H-18), 2.39-2.47 (1H, m, H-23), 2.16-2.23 (2H, m, H-22, H-26), 1.63-1.80 (7H,
m, H-24, H-29, H-25, H-31, H-30, H-3, H-6), 1.52-1.63 (3H, m, H-5a, H-1e, H-3), 1.80-2.00
(6H, m, H-24, H-29, H-25, H-31, H-28, H-27), 1.29-1.46 (4H, m, H-6, 2H-2, H-1a). 13C NMR
(100MHz, CDCl3, δ, ppm): 173.9 (C-21), 147.0 (C-9), 145.5 (C-13), 134.7 (C-8), 126.8 (C-14),
124.0 (C-11), 123.7 (C-12), 18.5 (Me-19), 23.8 and 23.9 (Me-17 and Me-16), 25.2 (Me-20), 33.3
(C-15), 45.6 (C-5), 50.0 (C-23), 29.96 and 30.04 (C-22, C-26), 27.24 and 27.36 (C-27, C-28),
18.5 (C-2), 18.9 (C-6), 30.2 (C-7), 49.5 (C-18), 33.16 and 33.21 (C-25, C-31), 38.20 and 38.26
(C-25, C-31, C-4), 36.3 (C-3), 37.22, 37.31, 37.33 (C-10, C-1, C-30). Found, m/z: 447.3503
[M]+. C31H45ON. Calculated, m/z: 447.3500.

3.1.4. Synthesis of Thioamide 8

Amide 6 (0.4 g, 0.9 mmol) and Lawesson’s reagent (0.18 g, 0.45 mmol) were refluxed
in o-xylene (20 mL) for 3 h. Conversion was monitored by TLC. The solvent was removed
under vacuum. The residue was purified using column chromatography on silica gel with
CHCl3 as an eluent and a MeOH gradient from 0 to 20%.

N-abieta-8,11,13-trien-18-yladamantan-1-carbothioamide (8). Yield 10%, light-yellow
powder. M.p. 166 oC. IR (KBr) νmax 3386, 2904, 1525 cm−1. 1H NMR (400MHz, CDCl3,
δ, ppm, J/Hz): 6.89 (1H, s, H-14), 6.99 (1H, d, J11, 12=8.2, H-12), 7.15 (1H, d, J11, 12=8.2,
H-11), 7.42 (1H, s, NH), 0.99 (3H, s, Me-19), 1.21 (6H, d, J16, 15=6.9, Me-16 and Me-17),
1.22 (3H, s, Me-20), 2.81 (1H, sept, J15, 16=6.9, H-15), 2.72-2.93 (2H, m, 2H-7), 2.31 (1H, m,
H-1e), 3.75-3.85 (1H, m, H-18), 3.48-3.56 (1H, m, H-18), 2.04-2.14 (3H, m, H-26, H-27, H-28),
1.50-1.56 (1H, m, H-3a), 1.91-2.03 (7H, m, 2H-23, 2H-24, 2H-25, H-6e), 1.28-1.47 (3H, m, H-5a,
H-1a, H-3e), 1.60-1.91 (9H, m, 2H-28, 2H-29, 2H-30, H-6a, H-2a, H-2e). 13C NMR (100MHz,
CDCl3, δ, ppm): 212.88 (C-21), 146.27 (C-9), 145.28 (C-13), 134.11 (C-8), 126.56 (C-14), 123.84
(C-11), 123.56 (C-12), 18.33 (Me-19), 23.54 and 23.49 (Me-17 and Me-16), 25.08 (Me-20), 32.97
(C-15), 46.75 (C-5), 28.14 (C-26, C-27, C-28), 18.18 (C-2), 18.79 (C-6), 30.04 (C-7), 35.93 (C-29,
C-30, C-31), 41.53 (C-23, C-24, C-25), 37.85 (C-4), 37.27 (C-1), 37.18 (C-10), 36.56 (C-3), 56.12
(C-18), 46.08 (C-22). Found, m/z: 463.3264 [M]+. C31H45NS. Calculated, m/z: 463.3267.

3.1.5. General Procedure for the Synthesis of Norabietyl and Nordehydroabietyl Ureas

Norabietyl or nordehydroabietyl isocyanate (0.3 g, 1.0 mmol) was dissolved in CHCl3
(15 mL). An equimolar amount (0.19 g, 1.0 mmol) of 1- or 2-adamantylamine hydrochloride
with triethylamine (0.17 mL, 1.2 mmol) was dissolved in EtOH (15 mL) and added to
isocyanate solution. The reaction mixture was stirred on a magnetic stirrer for 24 h at room
temperature. The precipitated norabietyl ureas were filtered off and were not additionally
purified. The nordehydroabietyl urea solutions were washed with water (15 mL) and dried
over Na2SO4. The solvent was removed in vacuo. The solid residues were recrystallized
from acetonitrile.

N-1-adamantyl-N’-[(1R,4aS,10aR)-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-
octahydrophenanthren-1-yl]urea (9). Yield 85%, white powder. M.p. 235 oC. IR (KBr)
νmax 3357, 2906, 1629, 1554 cm−1. 1H NMR (400MHz, CDCl3 + CD3OD, δ, ppm, J/Hz):
6.76 (1H, s, H–14), 6.87 (1H, d, J11, 12 = 8.2, H–12), 7.05 (1H, d, J11, 12 = 8.2, H–11), 1.07 (3H,
s, Me–18), 1.11 (6H, d, J16, 15 = 6.9, Me–16 and Me–17), 1.10 (3H, s, Me–19), 2.71 (1H, sept,
J15, 16 = 6.9, H–15), 2.74-2.83 (2H, m, 2H–7), 2.10 (2H, m, H–1e, H–5a), 1.88–2.01 (4H, m,
H–25, H–26, H–27, H–6e), 1.73–1.86 (8H, m, 2H–22, 2H–23, 2H–24, H–3e, H–3a), 1.47–1.66
(9H, m, 2H–28, 2H–29, 2H–30, H–6a, H–2a, H–2e), 1.30-1.40 (1H, m, H–1a). 13C NMR
(100MHz, CDCl3 + CD3OD, δ, ppm):157.17 (C–20), 146.74 (C–9), 145.16 (C–13), 134.44 (C-8),
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126.44 (C–14), 124.08 (C–11), 123.49 (C–12), 20.76 (Me–18), 23.62 and 23.66 (Me–17 and
Me–16), 24.77 (Me–19), 33.15 (C–15), 46.93 (C–5), 29.25 (C–25, C-26, C-27), 18.59 (C–2), 19.46
(C–6), 30.11 (C–7), 36.18 (C–28, C-29, C-30), 42.13 (C–22, C-23, C-24), 55.77 (C–4), 37.89 (C–1),
37.50 and 37.46 (C–10 and C-3), 50.04 (C-21). Found, m/z: 448.3445 [M]+. C30H44ON2.
Calculated, m/z: 448.3448.

N-2-adamantyl-N’-[(1R,4aS,10aR)-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,9,10,10a-
octahydrophenanthren-1-yl]urea (10). Yield 80%, white powder. M.p. 233 oC. IR (KBr)
νmax 3357, 2912, 1623, 1556 cm−1. 1H NMR (400MHz, CDCl3, δ, ppm, J/Hz): 6.78 (1H, s,
H–14), 6.89 (1H, d, J11, 12 = 8.2, H–12), 7.07 (1H, d, J11, 12 = 8.2, H–11), 1.20 (3H, s, Me–18),
1.11 (6H, d, J16, 15 = 6.9, Me–16 and Me–17), 1.10 (3H, s, Me–19), 2.73 (1H, sept, J15, 16 = 6.9,
H–15), 2.74–2.87 (2H, m, 2H–7), 2.15 (1H, d, 2J = 12.3, H–1e), 3.64 (1H, s, H–22), 1.29–1.41
(1H, m, H–1a), 1.42–1.54 (2H, m, H–24, H–29), 1.94–2.08 (2H, m, H–23, H–28), 1.78–1.93 (2H,
m, H–24, H–29), 1.55–1.65 (4H, m, H–26, H–27, 2H–30), 1.65–1.78 (11H, m, 2H–2, 2H–3,
2H–6, H–5, H–21, H–25, H–23, H–28). 13C NMR (100MHz, DMSO-d6, δ, ppm, J/Hz): 157.25
(C–20), 147.74 (C–9), 145.54 (C–13), 134.99 (C-8), 127.00 (C–14), 124.69 (C–11), 124.16 (C–12),
21.91 (Me–18), 24.14 and 24.48 (Me–17 and Me–16), 25.25 (Me–19), 46.53 (C–5), 30.43 (C–7),
18.89 (C–2), 20.06 (C–6), 55.76 (C–4), 53.25 (C-22), 27.46 and 27.52 (C-21, C-25), 31.80 and
31.92 (C-24, C-29), 32.86 and 32.94 (C-26, C-27), 33.43 (C–15), 37.57 (C-3), 37.73 (C–10), 38.32
and 38.36 (C–1, C-30), 37.97 and 37.92 (C-23, C-28). Found, m/z: 448.3449 [M]+. C30H44ON2.
Calculated, m/z: 448.3448.

N-1-adamantyl-N’-[(1R,4aR,10aR)-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,4b,5,6,10,10a-
decahydrophenanthren-1-yl]urea (11). Yield 90%, white powder. M.p. 224 oC. IR (KBr)
νmax 3346, 2906, 1633, 1560 cm−1. 1H NMR (400MHz, CDCl3 + CD3OD, δ, ppm, J/Hz):
5.65 (1H, s, H–14), 5.30 (1H, s, H–7), 0.88 and 0.89 (3H both, d, J16, 15=6.9, Me–16 and Me–17),
0.67 (3H, s, Me–18), 1.12 (3H, s, Me–19), 2.10 (1H, sept, J15, 16 = 6.9, H–15), 0.95–1.10 (2H, m,
H–1a, H–11a), 1.32–1.48 (2H, m, H–2a, H–2e), 1.63–1.73 (2H, m, H–3a, H–11e), 1.48–1.57
(6H, m, 2H–29, 2H–30, 2H–28), 1.72–1.87 (9H, m, 2H–22, 2H–23, 2H–24, H–1e, H–3e, H–9),
1.87–2.05 (8H, m, H-25, H-26, H–27, H–5, H–6a, H–6e, 2H–12). 13C NMR (100MHz, CDCl3
+ CD3OD, δ, ppm): 156.99 (C–20), 145.02 (C–13), 135.33 (C-8), 122.19 (C–14), 120.64 (C–7),
29.32 (C–25, C-26, C-27), 36.22 (C–28, C-29, C-30), 42.21 (C–22, C–23, C–24), 21.10 and
20.53 (Me–17 and Me–16), 21.38 (Me–18), 13.61 (Me–19), 34.65 (C–15), 50.65 (C–9), 47.00
(C–5), 19.15 (C–2), 27.20 (C–12), 35.44 (C–10), 38.14 (C–1), 37.92 (C–3), 22.49 (C–11), 23.50
(C–6), 55.45 (C–4), 50.17 (C–21). Found, m/z: 450.3600 [M]+. C30H46ON2. Calculated,
m/z: 450.3605.

N-2-adamantyl-N’-[(1R,4aR,10aR)-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,4b,5,6,10,10a-
decahydrophenanthren-1-yl]urea (12). Yield 80%, white powder. M.p. 213 oC. IR (KBr)
νmax 3395, 2908, 1629, 1556 cm−1. 1H NMR (400MHz, CDCl3 + CD3OD, δ, ppm, J/Hz):
5.62 (1H, s, H–14), 5.27 (1H, s, H–7), 0.88 and 0.87 (3H both, d, J16, 15 = 6.9, Me–16 and
Me–17), 0.67 (3H, s, Me–18), 1.13 (3H, s, Me–19), 2.08 (1H, sept, J15, 16 = 6.9, H–15), 0.93–1.10
(2H, m, H–1a, H–11a), 1.32–1.48 (4H, m, H–2a, H–2e, H–24, H–29), 1.54–1.61 (2H, m, 2H–30),
1.89–2.05 (5H, m, H–5, H–6a, H–6e, 2H–12), 1.73–1.89 (3H, m, H–1e, H–3e, H–9), 1.60–1.75
(10H, m, H–3a, H–11e, H–26, H–27, H–21, H–25, 2H–23, 2H–28, H–24, H–29), 3.59 (1H, s,
H–22). 13C NMR (100MHz, CDCl3 + CD3OD, δ, ppm): 157.29 (C–20), 144.82 (C–13), 135.25
(C–8), 122.11 (C–14), 120.52 (C–7), 13.53 (Me–19), 21.03 and 20.47 (Me–17 and Me–16), 21.28
(Me–18), 22.42 (C–11), 23.40 (C–6), 27.13 (C–12), 27.05 and 26.90 (C–21, C-25), 31.37 (C–24,
C-29), 32.38 and 32.40 (C–26, C–27), 34.55 (C–15), 35.35 (C–10), 37.05 and 37.03 (C–23, C–28),
38.10 (C–1), 37.92 (C–3), 37.35 (C–30), 46.87 (C–5), 50.68 (C–9), 55.33 (C–4), 53.10 (C–22).
Found, m/z: 450.3604 [M]+. C30H46ON2. Calculated, m/z: 450.3605.

3.2. TDP1 Assay

The recombinant TDP1 was purified to homogeneity by chromatography on Ni-
chelating resin and phosphocellulose P11 as previously described [45], using plasmid pET
16B-TDP1, kindly provided by Dr. K.W. Caldecott (University of Sussex, United Kingdom).
The TDP1 activity measurements were carried out as described [13]. Briefly, TDP1-biosensor
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with fluorofore (FAM) at the 5′-end and a fluorescence quencher (BHQ1) at the 3′-end at a
final concentration of 50 nM were incubated in a 200 µL volume that contained TDP1 buffer
(50 mM Tris-HCl pH 8.0, 50 mM NaCl, and 7 mM β-mercaptoethanol) supplemented with
purified 1.5 nM TDP1 and various concentrations of inhibitor. Fluorescence measurements
(Ex485/Em520 nm) were carried out during the linear phase of the reaction (from 0 to 8 min
for TDP1) every 55 sec. The reactions were incubated at a constant temperature of 26 ◦C in
a POLARstar OPTIMA fluorimeter (BMG LABTECH, GmbH). The influence of compounds
was evaluated by comparing the fluorescence increase rate in the presence of compounds
with that of DMSO control wells. The data were imported into the MARS Data Analysis
2.0 program (BMG LABTECH), and the IC50 values (the concentration of a compound
required to reduce the enzyme activity by 50%) were calculated. The TDP1-biosensor
5′-(5,6 FAM-aac gtc agg gtc ttc c-BHQ1)-3′ was synthesised in the Laboratory of Biomedical
Chemistry, Institute of Chemical Biology and Fundamental Medicine, Novosibirsk, Russia.

3.3. Cytotoxicity Experiments

Individual TDP1 inhibitors were prepared as 50 mM stock solutions in DMSO and
were added to the cells at 2.5, 5, 10, or 25 µM. Temozolomide was prepared as 200 mM
stock solution in DMSO and was added at 1 mM or 2 mM concentrations, either alone
or in combination with TDP1 inhibitors. T98G and SNB19 glioma cells were maintained
in DMem/F12 medium supplemented with 10% foetal bovine serum, l-glutamine, and
penicillin/streptomycin and were split at 10,000 cells/well into the 96-well plates for
cytotoxicity experiments. The drugs or drug combinations were incubated with cells for
72 h, then the MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
was added for 4 h. The produced purple formazan dye reporting the activity of cellular
oxireductases was dissolved overnight in 10% solution of acidified SDS and the absorbance
was measured using a Tecan plate reader. Each concentration of individual substance or
each drug combination was tested in triplicate. The data obtained were processed using
MS Excel software and presented as histogram plots.

3.4. Molecular Docking

The models of the apo form and covalent intermediate of human TDP1 were based on
the 1NOP crystal structure [46] and constructed as reported in our previous work [47,48].
Molecular docking of inhibitors was performed with Lead Finder 1.1.15 [49,50]. An en-
ergy grid box with edges of 35 Å was centred on the Nε2 atom of the catalytic residue
His263 and overlapped the active site and adjacent cavities. In our previous study, the
TDP1 substrate-binding groove was identified and mapped based on the 1NOP structure
(covalent complex with substrate analogue), and successfully tested in docking runs with
diazaadamantane derivatives as reference TDP1 inhibitors [48]. Docking was done using
a genetic algorithm in ‘extra precision’ mode. The protein structure was rigid, whereas
rotating functional/rotatable groups of ligands was allowed. VMD 1.9.2 was used to
visualise molecular structures [51].

4. Conclusions

As a result of this study, we synthesized a set of compounds containing the diterpene
fragment. The effect of the terpene structural blocks, the length and structure of the ureide
linker, and the site of attachment of the adamantane residue on the biological properties of
the new abietylamine-based compounds were investigated, and in particular their ability
both to inhibit the DNA repair enzyme TDP1 and to enhance the cytotoxic effect of TMZ.
In this library of compounds, we studied the structure of compounds with demonstrated
biological activity. The choice of 1-adamantane or 2-adamantane substituent did not
significantly affect the inhibitory characteristics, but their absence negatively affected them.
Ureas on nordehydroabietyl and norabietyl isocyanates lacking a CH2 group in the terpene
part, demonstrated extremely low solubility in water and almost all organic solvents,
which does not make them promising for further study. The starting compound 1 was

326



Pharmaceuticals 2021, 14, 422

the most effective in the inhibition of TDP1 and compound 2 was the most effective in the
sensitization of glioma T98G cells to TMZ. We found some synergistic effects on cells T98G
when using repair enzyme inhibitors, but they are not as high as we expected. At the same
time, the substances we described could be of considerable interest when studied on other
cancer cell lines or simultaneously with other cytostatics.
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Abstract: The mucin (MUC) family is a group of highly glycosylated macromolecules that are
abundantly expressed in mammalian epithelial cells. MUC proteins contribute to the formation
of the mucus barrier and thus have protective functions against infection. Interestingly, some
MUC proteins are aberrantly expressed in cancer cells and are involved in cancer development
and progression, including cell growth, proliferation, the inhibition of apoptosis, chemoresistance,
metabolic reprogramming, and immune evasion. With their unique biological and structural features,
MUC proteins have been considered promising therapeutic targets and also biomarkers for human
cancer. In this review, we discuss the biological roles of the transmembrane mucins MUC1 and
MUC16 in the context of hallmarks of cancer and current efforts to develop MUC1- and MUC16-
targeted therapies.

Keywords: mucin; MUC1; MUC16; immunotherapy; cancer vaccine; CAR (chimeric antigen recep-
tor); ADC (antibody-drug conjugate)

1. Introduction

Mucins are large and highly glycosylated proteins that provide hydration and lu-
brication to the epithelial luminal surface of body duct, including the gastrointestinal,
respiratory, and reproductive tracts. Mucins also act as a physical barrier against var-
ious pathogens in the epithelium [1,2]. Mucins are classified into two types: secreted
or transmembrane (membrane-bound) mucins. Secreted mucins are comprised of gel-
forming and non-gel-forming mucins, and include MUC2, MUC5AC, MUC5B, MUC6,
MUC7, MUC8, MUC9 (OVGP1), and MUC19. Transmembrane mucins, comprising a
single membrane-spanning domain and a cytoplasmic domain, have been identified as
MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC13, MUC14 (endomucin), MUC15, MUC16,
MUC17, MUC20, MUC21 (epiglycanin), and MUC22 [3,4].

MUC1 was the first mucin to be identified [5]. After its initial identification in human
pancreatic cancer [6,7], MUC1 expression has been detected in most epithelial cells [8]. In
addition, it has been reported that MUC1 is overexpressed in a variety of cancer tissues
including in pancreatic, breast, ovarian, lung, and colon carcinomas [9]. The aberrant
expression of MUC1 can induce a loss of polarity of epithelial cells and altered down-
stream signals through its cytoplasmic domain [2,10]. Ectopically expressed MUC1 in rat
fibroblasts induces their cellular transformation and tumor formation in the mouse [11]. In
addition, a series of findings have indicated that MUC1 is an attractive target for anti-cancer
treatment [12–15].

MUC16 (also known as carbohydrate antigen 125, CA125) is the largest transmem-
brane mucin and is normally expressed in the epithelium of the upper respiratory tract,
ocular surface, mesothelium lining body cavities (pleural, peritoneal, and pelvic cavities),
internal organs, and male and female reproductive organs [16–18]. Since MUC16 is known
to be overexpressed on the surface of ovarian cancer cells and cleaved/shed into blood,
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it is a well-established serum biomarker for ovarian cancer [19]. Even though signaling
pathways via the MUC16 cytoplasmic domain are largely unknown, a strong correlation
between the serum CA125/MUC16 level and ovarian cancer prognosis also suggests that
MUC16 is a potential therapeutic target for the treatment of ovarian cancer [20].

A variety of therapeutic agents have been explored to target onco-mucins for cancer
treatment. The extracellular domain of membrane-bound mucins on the surface of cancer
cells can be a potential target for monoclonal antibody-based cancer therapeutics [21,22]. It
is also feasible to modulate signaling pathways directly through the cytoplasmic domain
of mucins or to boost the host immune reaction against tumor via vaccinations with mucin
antigens [22]. The purpose of this review is to summarize both intrinsic and extrinsic
roles of MUC1 and MUC16 in modulating tumorigenesis and the recent advances made in
exploiting the therapeutic potential of these transmembrane mucins.

2. Transmembrane Mucin Structure
2.1. Core Structural Characteristics

Transmembrane mucins are type I membrane proteins with a single membrane span.
Their N-terminal extracellular region comprises a tandem-repeat (TR) domain, SEA (sea
urchin sperm protein enterokinase and agrin) domain, and/or an EGF (epidermal growth
factor)-like domain [2]. The TR domain contains a variable number of repeated amino acid
sequences and is rich in serine, threonine, and proline (S/T/P). These S/T/P residues are
the sites for O-linked N-acetylgalactosamine (GalNAc) addition to initiate further N-linked
glycosylation chain reactions [23]. The TR domain underlies the physical and chemical
features of these molecules, such as lubrication or immune protection, due to its highly
glycosylated structure. The SEA domain has a highly conserved cleavage site located close
to the outside of the cell membrane. Proteolytic cleavage of transmembrane mucins divides
them into an N-terminal subunit containing an extracellular TR and C-terminal subunit
harboring the transmembrane and cytoplasmic domains. These two subunits can form a
non-covalent and stable complex [10]. The EGF-like domain shares sequence homology
with growth factors such as EGF or cytokines and interacts with growth factor receptors
such as the ErbB receptor [24]. The cytoplasmic domain of transmembrane mucins is
relatively short. Due to the presence of known protein-binding motifs and tyrosine residues
for phosphorylation, this domain is considered to have a role in signal transduction. The
specific structures of MUC1 and MUC16 are described below in more detail.

2.2. Structure of MUC1

MUC1, also known as EMA (tumor-associated epithelial membrane antigen) or CD227,
is a large, glycosylated protein with expected molecular weights ranging from 120 to
500 kDa, depending on the glycosylation status. A variable number tandem repeat (VNTR)
domain in MUC1 consists of 20–125 repeats of a 20 amino acid sequence (PAPGSTAP-
PAHGVTSAPDTR). MUC1 also contains a 110 amino acid long single SEA, short trans-
membrane region, and 74 amino acids of cytoplasmic region (Figure 1A). Its cytoplasmic
domain has several short (4~9 amino acid long) protein-binding motifs that facilitate
its interaction with GSK3β (glycogen synthase kinase 3 beta), β-catenin, GRB2 (growth
factor receptor-bound protein 2), SRC, and ESR1 (estrogen receptor 1) [25–30]. It also
possesses a p53 binding region, which is a relatively long 37 amino acid sequence [31].
MUC1 has several isoforms, some of which do not have TR regions, such as the J13 or Y
variants [32–34].

2.3. Structure of MUC16

MUC16 is the largest transmembrane mucin and comprises ~14,000 amino acids
with molecular weights ranging from 1.5 to 5 MDa. MUC16 contains three major do-
mains: an N-terminal domain (MUC16-N), a tandem repeat domain (MUC16-TR), and
a C-terminal domain (MUC16-C) (Figure 1B). Its N-terminal domain contains multiple
serine-rich regions inside of a ~12,000 amino acid long threonine-rich region, which is
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exclusively O-glycosylated. The TR domain contains 12~60 repeats of 156 amino acids with
an interspersed SEA domain, which harbors both O-linked and N-linked glycosylation
sites [35]. Unlike MUC1, MUC16 has been known to contain 16 SEA modules [36]. The
C-terminal domain of MUC16 comprises an extracellular domain, short transmembrane
region, and a 32 amino acid cytoplasmic domain. The cytoplasmic domain of MUC16
contains a polybasic amino acid motif (RRRKK) that associates with ezrin/radixin/moesin
(ERM) actin-binding proteins [37]. The MUC16 cytoplasmic domain also contains several
serine/threonine/tyrosine residues; the third tyrosine residue of the cytoplasmic domain
is known to be phosphorylated by c-Src kinase [35,38].

Figure 1. Schematic representation of the MUC1 and MUC16 structures. (A) MUC1 is a stable heterodimeric complex with
an N-terminal subunit (MUC1-N) and C-terminal subunit (MUC1-C). The variable number tandem repeat (VNTR) region in
MUC1-N is composed of a 20 amino acid repeat sequence that is extensively O-glycosylated at the serine and threonine
residues. SEA domain is auto-cleaved and non-covalently linked to the extracellular domain (ECD) of the MUC1-C subunit.
MUC1-C is anchored in the plasma membrane of cells via its transmembrane domain (TMD). The cytoplasmic domain (CD)
of MUC1 contains potential binding motifs for various signaling proteins with phosphorylation sites. (B) MUC16 is a single
transmembrane glycoprotein consisting of a large N-terminal domain (MUC16-N) and tandem repeat domain (MUC16-TR)
that is interspersed with an SEA domain and C-terminal domain (MUC16-C).

3. The Role of Transmembrane Mucins in Tumorigenesis

Transmembrane mucins have long been considered promising anti-cancer targets
because they are abnormally overexpressed in various carcinomas of the lung [39–41],
breast [42–44], pancreas [45–47], digestive tract [48–51], and ovary [52,53]. Among the
transmembrane mucin family, MUC1 and MUC16 are the most well-studied in terms of
their clinical significance in tumorigenesis. To determine differences of MUC1 and MUC16
expression in tumor and normal tissues, the MUC1 and MUC16 mRNA levels in multiple
types of tumor tissues were analyzed in the cancer genomics database TCGA (The Cancer
Genome Atlas) (Figure 2). MUC1 expression was higher in BRCA (breast invasive carci-
noma), CESC (cervical squamous cell carcinoma and endocervical adenocarcinoma), GBM
(glioblastoma), LGG (brain lower grade glioma), DLBC (lymphoid neoplasm diffuse large
B-cell lymphoma), PAAD (pancreatic adenocarcinoma), OV (ovarian serous cystadenocar-
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cinoma), THYM (thymoma), and UCEC (uterine corpus endometrial carcinoma) compared
with adjacent normal tissues. On the contrary, lower expression was observed in ACC
(adrenocortical carcinoma), KIRC (kidney renal clear cell carcinoma), KIRP (kidney renal
papillary cell carcinoma), LAML (acute myeloid leukemia), LUSC (lung squamous cell
carcinoma), SKCM (skin cutaneous melanoma), and TGCT (testicular germ cell tumors).
MUC16 expression was significantly higher in the LUAD (lung adenocarcinoma), OV,
PAAD, UCEC, and UCS (uterine carcinosarcoma) compared with adjacent normal tissues.

Tumorigenesis is a complex process involving a variety of events inside and outside
of transformed cells. Abnormal alterations of these biological events are well-characterized
as “hallmarks of cancer” [54]. Although each hallmark of cancer is initiated by a specific
gene, some genes are known as multifunctional master regulators of several hallmarks.
Many reports have suggested that transmembrane mucins may play multiple roles in
tumorigenesis and tumor progression. We here summarize the detailed tumorigenic roles
of MUC1 and MUC16 in the context of cancer hallmarks.
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Normal tissues (N, green dots) represent TCGA and GTEx normal tissues. Expression values are presented as log-normalized
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3.1. Uncontrolled Proliferation

One of the essential hallmarks of cancer cells is an unlimited proliferative potential
sustained by abnormal growth signaling pathways. Constitutive activation of growth
factor signaling is conferred by oncogenic mutations or by the overexpression of receptor
tyrosine kinases (RTKs), followed by protein–protein interactions that transmit downstream
signals [56]. The cytoplasmic domain of MUC1 has several protein-binding motifs and
phosphorylation sites that are important for protein–protein interactions. RTKs are known
to interact directly with MUC1 for oncogenic signaling. ErbB is a family of RTKs consisting
of ErbB1 (also known as EGF receptor), ErbB2 (also known as HER2/Neu), ErbB3, and
ErbB4. MUC1 interacts with all of the ErbB family receptors to transmit oncogenic signaling
reciprocally. The cytoplasmic domain of MUC1 was found in breast cancer cell lines to be
phosphorylated by ErbB1 at the YEKV motif, resulting in c-Src and β-catenin recruitment
and downstream signaling [57]. Reciprocally, MUC1 also potentiates ErbB signaling. The
increased expression of MUC1 activates MAPK signaling through a physical interaction
with ErbB1 and inhibition of ErbB1 degradation in breast cancer cells [58,59]. MUC1 also
binds to fibroblast growth factor receptor 3 (FGFR3), another key RTK in tumorigenesis.
Upon FGF1 ligand stimulation, FGFR3 interacts with MUC1 and phosphorylates the YEKV
motif of the MUC1 cytoplasmic domain. This phosphorylated MUC1 forms a complex with
β-catenin and translocates into the nucleus [60]. MUC1 also increases cytosolic β-catenin
levels by inhibiting GSK3β-mediated phosphorylation and degradation. A serine-rich
motif (SRM) of MUC1 interacts directly with the Armadillo repeats of β-catenin [61].

Estrogen receptor alpha (ERα) is a nuclear receptor that acts as an oncogene in a
specific type of hormone-dependent (ER+) breast cancer. The nuclear localization and
dimerization of ERα by estrogen stimuli activates the transcription of genes that contain an
estrogen response element (ERE) within their regulatory regions. MUC1 interacts with the
DNA-binding domain of ERα directly and thereby stabilizes ERα by blocking proteasomal
degradation, resulting in enhanced ERα response gene transcription and the proliferation
of breast cancer cells [29].

3.2. Evading Cell Death and Resistance to Stress

Another important hallmark of cancer is resistance to apoptotic cell death. Fast
proliferating cancer cells face various stress conditions arising from internal (e.g., DNA
replication, protein translation and degradation, and mitochondrial respiration) or external
(e.g., tumor microenvironment and anti-cancer drugs) factors. Cellular stress pathways usu-
ally accompany apoptotic signals to eliminate damaged or transformed cells. Cancer cells
evade stress-induced apoptosis through various mechanisms, and MUC1 has a protective
role that contributes to this survival. First, MUC1 attenuates the genotoxic stress induced
by DNA damage from DNA replication mechanisms or the actions of anti-cancer drugs.
MUC1 regulates p53-dependent gene transcription through its direct association with the
p53 regulatory domain and p53-responsive element. Upon treatment of cancer cells with
DNA damage inducing agents (e.g., cisplatin and etoposide), MUC1 promotes transcription
of growth arrest genes and suppresses p53-dependent apoptotic genes, thereby promoting
the survival of these cells upon exposure to anti-cancer agents [31]. On the other hand,
MUC1 directly exploits the drug efflux system through the transcription of multidrug
resistance (MDR) genes, which has been reported to protect both lung and pancreatic
cancer cells from chemotherapeutics [62,63].

MUC1 attenuates mitochondrial apoptotic factors such as cytochrome c or Bcl-xL
(B-cell lymphoma-extra-large), protecting cancer cells from anti-cancer genotoxins such
as cytarabine, gemcitabine, and cisplatin [64,65]. Upon genotoxic stress, c-Abl combined
with 14-3-3 protein localizes in the nucleus where it activates the proapoptotic c-Jun N-
terminal kinase (JNK) pathway [66]. MUC1 blocks this nuclear translocation of the c-Abl
protein and thereby inhibits the apoptotic response to genotoxic anti-cancer drugs [67]. The
constitutive activation of the NF-κB pathway is another anti-apoptotic mechanism activated
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by genotoxic stress. Oncogenic MUC1 promotes the phosphorylation and degradation of
IκBα via an association with IKKβ and IKKγ [68].

MUC1 provides survival advantage to cancer cells by scavenging oxidative stress.
MUC1 dephosphorylates and activates FOXO3a, which is tightly regulated by the PI3K/AKT
pathway. FOXO3a activation induces its nuclear localization and the subsequent transcrip-
tion activation of ROS scavenging genes. The stable downregulation of MUC1 has been
shown to increase the intracellular ROS levels and sensitize breast cancer cells to ROS-
induced necrosis [69].

Cancer cells are exposed to Fas (CD95/APO-1) and the Fas ligand (FasL) mediated
apoptosis pathway when engaged by tumor-killing lymphocytes. The MUC1 cytoplas-
mic domain binds to Fas-associated death domain (FADD) and regulates FADD-induced
caspase-8 activation. Hence, MUC1-high expressing cancer cells can evade the extrinsic
apoptosis pathway [70].

MUC16 is also known to play an anti-apoptotic role in cancer cells. The ectopic
expression of the c-terminal domain of MUC16 induces cisplatin resistance in ovarian
cancer cells [71]. Lakshmanan et al. have also previously demonstrated a chemoresistant
role of MUC16 in lung cancer cells that is mediated through the suppression of p53 [72].
Although its binding partners and precise molecular mechanisms underlying the resistance
phenotypes are still unknown, the cytoplasmic domain of MUC16 is believed to have a
signaling role that is comparable to MUC1.

3.3. Reprogramming Energy Metabolism

Since aerobic glycolysis was proposed as a unique glucose metabolic process in cancer,
reprogramming pathways for acquiring nutrients and their subsequent metabolism are
also an accepted cancer hallmark [54,73]. The altered expression of mucins in various
cancer tissues is additionally suggested as a mediator of this reprogramming of energy
metabolism. Chaika et al. demonstrated in an earlier study that MUC1 increases the glucose
metabolism levels in pancreatic cancer. MUC1 overexpression also showed an association
with increased glucose uptake, and with HIF-1α, GLUT1, and LDHA protein expression,
in an orthotopic mouse model of pancreatic cancer. MUC1, together with HIF-1α, binds to
the hypoxia response element (HRE) in the promoter region of the key glycolysis enzymes
ENO1 and PGM2. Furthermore, a prior metabolomics study has illustrated a global
metabolic shift, including amino acid metabolism and the TCA cycle, as well as glycolysis,
in MUC1-overexpressing pancreatic cells [74]. MUC16 also has a similar role in metabolic
reprogramming in pancreatic cancer through the mTOR (mammalian target of rapamycin)
and c-MYC pathways [75]. Another study has suggested a role of the cytoplasmic domain
of MUC1 in these processes. Rat fibroblasts transformed via the ectopic expression of
MUC1 show altered glucose uptake and lactate production. MUC1 stimulates pyruvate
kinase M2 (PKM2), a key mediator of anaerobic glycolysis, through a direct association [76].
MUC1 also contributes to altering the pentose phosphate pathway (PPP) and the nucleotide
metabolism of pancreatic cancer cells. Inducing sufficient DNA damage is necessary to
kill cancer cells during radiation therapy. However, cancer cells can be protected from
DNA damage stress by an upregulated PPP and stronger nucleotide metabolism to secure
a larger nucleotide pool [77]. High MUC1 expression also reduces cancer cell sensitivity to
radiation in vitro and in vivo. This resistance is reverted by inhibiting glycolysis and the
PPP with 3-bromopyruvate (BrPA) and 6-amino nicotinamide (6AN), respectively [78].

Altered lipid metabolism is also associated with cancer progression. Since cancer cells
use lipids as signaling molecules as well as building blocks or an energy source, altered
lipid metabolism is observed in the pathogenesis of cancer [79]. Pitroda et al. proposed a 38-
gene set, designated as MLMS (MUC1-induced lipid metabolism signature), that consists
of differentially expressed genes associated with lipid metabolism in MUC1-transformed
3Y1 cells. The MLMS contains genes involved in cholesterol metabolism, lipid transport,
and fatty acid synthesis. MLMS overexpression is associated with a poor prognosis in
tamoxifen-treated breast cancer patients, suggesting that altered lipid metabolism may
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induce tamoxifen resistance [80]. MLMS gene expression patterns are correlated with
ER-dependent gene expression, as MUC1 binds to the ERE in association with ERα [29].

3.4. EMT and Metastasis

Invasion and metastasis are closely related to a poor prognosis in cancer patients.
The epithelial–mesenchymal transition (EMT) is the first stage in cancer cell movement,
which is represented by a loss of cell polarity. Along with the concurrent phenotypic
changes, the molecular mechanisms underlying EMT have been well-studied [81]. Recently,
a series of studies has lent support to the role of the mucins in the EMT in breast and
pancreatic cancers. Analyses of MUC1-overexpressing cells and knockout mouse models
have demonstrated that the EMT process is strongly affected by MUC1 in pancreatic
cancer. As an example of this, the EMT is blocked when all tyrosine residues in the MUC1
cytoplasmic domain are substituted for phenylalanine. This MUC1 mutant cannot bind
to β-catenin and therefore fails to translocate to the nucleus to promote the transcription
of EMT genes [82]. Grover et al. have reported similar findings—i.e., that the tyrosine
residues of the MUC1 cytoplasmic domain are important for TGF-β-induced EMT in
pancreatic cancer [83]. The direct association of MUC1 to TWIST1 and ZEB1 (zinc-finger
E-box-binding homeobox 1) has also been shown to regulate the EMT process in breast
cancer when two major immune-related signal pathways are activated—i.e., STAT3 (signal
transducer and activator of transcription 3) and NF-κB, respectively [84,85].

MUC16 is also a mediator of EMT in pancreatic cancer, and its knockdown results in
a decreased migration of cancer cells in vitro and reduced metastasis in vivo. Indeed, the
recently described interaction between MUC16 and FAK is suggested as a mechanism of
pancreatic cancer metastasis [86]. Lakshmanan et al. have demonstrated that MUC16 is
expressed in the metastatic lymph nodes of lung cancer patients. A MUC16 knockdown
also markedly decreases lung cancer cell migration via JAK2/STAT3/GR (glucocorticoid
receptor)-mediated TSPYL5 (testis-specific protein Y-encoded-like 5) downregulation [72].

3.5. Avoiding Immune Surveillance

The host immune system continuously eliminates newly transformed cancerous cells
by recognizing tumor-specific antigens or cellular stress-induced markers [87]. This process,
referred to as “immune surveillance”, is a major hurdle to be overcome by cancer cells
for their propagation [88]. Since mucins expressed in normal epithelial tracts have an
important role in mucosal immunity against bacterial infection, cancer-associated mucins
have been thought to modulate cancer immunity. Mucins engage several strategies to
avoid host immunity, including (1) blocking the interaction between immune cells and
cancer cells, (2) modulating immune cell signaling via co-stimulatory or co-inhibitory
molecules, and (3) regulating proinflammatory cytokine production. Because of the large
and glycosylated structure of their extracellular region, mucin proteins have an inhibitory
role against cell–cell interactions [89,90].

Immune cell infiltration analysis of TCGA samples has indicated a strong negative
correlation between mucin mRNA expression and cytotoxic lymphocyte infiltration of
a tumor (Figures 2 and 3) [91]. The infiltration of CD8+ T cells was indicated to be
significantly lower in MUC1-high tumors (BRCA, GBM, LGG, PAAD, THYM, and UCEC)
and MUC16-high ovarian cancer, which was assessed by several prediction algorithms.
Low NK cell infiltration was also predicted by MUC1-high BRCA, GBM, LGG, and UCEC,
but this correlation was found to be relatively weaker than that for CD8+ T cell infiltration
(Figure 3). Although the mechanism of reduced T or NK infiltration of mucin-high tumors
is not yet fully elucidated, several studies have reported immune suppression mechanisms
that support these aforementioned results.
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Figure 3. Correlation between mucin expression and tumor-infiltrating T and NK cells. Tumor infiltration analysis of CD8+
T cells and NK cells was conducted using the TIMER2.0 web portal [91]. The row names in the heatmap represent the
TCGA tumor types and number of samples analyzed. Various deconvolution methods were applied to the prediction of
tumor-infiltrating immune cells using TCGA bulk RNAseq data. The deconvolution methods are indicated by the column
names, along with the type of lymphocyte, i.e., TIMER [92], EPIC [93], MCP-counter [94], CIBERSORT [95], quanTIseq [96]
and xCell [97].

Overexpressed MUC1 and MUC4 on the surfaces of cancer cells provide steric hin-
drance for the conjugation between cancer cells and cytotoxic lymphocytes, resulting in
a decreased cancer cell lysis [98,99]. Glycosylated MUC1 on cancer cells directly binds to
selectin or siglec family proteins expressed on immune cells including macrophages and
suppresses their functions [100–102]. Furthermore, MUC1 plays as an immune checkpoint
molecule by binding to intercellular adhesion molecule 1 (ICAM-1) on T cells and inhibiting
their functions [103,104]. Cancer-associated MUC1 inhibits dendritic cell (DC) maturation
and promotes IL-10highIL-12low regulatory DC differentiation, which enables tumors to es-
cape immune surveillance [105,106]. MUC1 is also expressed on DCs that contribute to the
suppression of immune responses. In MUC1-deficient mice, DCs showed a more activated
phenotype with higher expression of co-stimulatory molecules, including CD40, CD80, and
CD86, leading to an augmented CD4+ T cell activation [107]. The ovarian cancer antigen
MUC16 (CA125) is known to interact with the immune suppressive molecule galectin-1
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and with mesothelin on leukocytes [108,109]. Ovarian cancer cell-derived MUC16 induces
an attenuated cytotoxic activity of human NK cells with phenotypic alterations [110,111].
MUC1 also plays an intrinsic role in cancer cell immune evasion through its cytoplasmic
domain. MUC1 upregulates programmed death-ligand 1 (PD-L1) expression in non-small
cell lung cancer (NSCLC), and this is reversed by the MUC1 cytoplasmic domain inhibitor
GO-203. The p65/ZEB1 pathway that regulates the transcription of PD-L1, as well as
TLR9, IFN-γ, MCP-1 (monocyte chemoattractant protein-1), and GM-CSF (granulocyte-
macrophage colony-stimulating factor) in cancer cells, is activated by MUC1 [112]. The
similar mechanism of PD-L1 upregulation by MUC1 was reported in triple-negative breast
cancer (TNBC) [113]. Proinflammatory cytokines are important for boosting the immune
response to cancer cells. Reciprocally, these cytokines also stimulate mucin overexpression
in various cancer cells. Interleukin-6 (IL-6) and IFN-γ activate STAT3 and STAT1 proteins,
which bind to the MUC1 promoter region to enhance gene transcription in breast cancer
cells [114]. TNF-α and IFN-γ increase MUC16 expression in breast, endometrial, and
ovarian cancers via NF-κB-mediated transcription regulation [115]. Conversely, MUC1
promotes the expression of proinflammatory cytokines such as IL-6 and TNF-α by binding
to their promoter regions, resulting in a feedback loop that promotes chronic inflammation
in the malignant microenvironment [116].

4. Targeting Transmembrane Mucins for Cancer Treatment

Many studies have demonstrated that the mucin family of proteins are promising tar-
gets for cancer therapeutics. Due to their roles in cancer signal transduction pathways, the
signaling pathways of transmembrane mucins may have particular potential in anti-tumor
therapy research. The extracellular domain of membrane-bound mucins can also be a good
target for antibody-mediated therapies such as neutralizing antibodies, chimeric antigen re-
ceptors (CARs), bi-specific T-cell engagers (BiTEs), and antibody–drug conjugates (ADCs).
The cancer-specific expression of certain mucin proteins also suggests the possibility of
developing a mucin antigen-based cancer vaccine [117]. We describe below the current
attempts at developing mucin-targeted cancer therapeutics (Figure 4).

4.1. Therapeutic Targeting of MUC1

MUC1 therapeutic candidates are under development for a variety of cancer types,
including both solid and blood cancers (Table 1). The absence of an enzymatic pocket inside
the MUC1 protein prevents its targeting by a small molecule inhibitor, but peptide inhibitors
and RNA aptamers may be viable options for direct-binding inhibitors of MUC1. GO-203 is
a cell-penetrating peptide inhibitor of MUC1 dimerization through its direct binding to the
CQCRRK region of the MUC1 cytoplasmic domain [118]. The cytoplasmic domain of MUC1
binds a number of key oncogenic proteins, and a block of the dimerization of MUC1 could
have anti-tumor effects through a variety of mechanisms, depending on the cell type. Since
AKT-S6K1-eIF4A is one of the main pathways altered by MUC1, GO-203 has anti-tumor
potency by blocking the AKT pathway in multiple tumor types, such as colon, esophageal,
bladder, and breast [119–122]. GO-203 also shows potential in combination with standard
chemotherapies in chemo-resistant cancer cells or hard-to-treat cancer types [121,122]. In
TNBC, GO-203 combined with the PARP (poly (ADP-ribose) polymerase) inhibitor olaparib
shows anti-cancer potency by blocking MUC1-C-induced epigenetic reprogramming and
activating the DNA damage response [123]. In KRAS mutant lung adenocarcinoma, GO-
203 suppresses MUC1-induced MYC transcription synergically when combined with the
JQ-1 BET inhibitor [124]. GO-203 also shows synergism with lenalidomide and bortezomib
against drug-resistant multiple myeloma by regulating TCF4/β-catenin and ER/oxidative
stress mechanisms, respectively [125,126]. GO-203 further provides anti-cancer effects
against FLT3-mutant leukemia and T cell lymphoma [127,128]. Moreover, in association
with the tumor immune microenvironment, GO-203 is known to suppress PD-L1 and
induce IFN-γ in NSCLC [129].
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Figure 4. Anti-cancer therapeutic candidates that target MUC1 and MUC16. The aberrant expression of MUC1 and
MUC16 in tumors provides potential strategies for targeting these molecules to kill cancer cells. (A) The direct MUC1
inhibitor GO-203 is a cell-permeable peptide that binds and blocks MUC1-C. (B) The extracellular domain of mucin in
cancer cells is a potential target for monoclonal antibody-based therapies. ADCs dump toxins into cancer cells through the
endocytosis of MUC1- and MUC16-binding antibodies. BiTE can recruit CD3+ or CD28+ cytotoxic T lymphocytes to MUC1-
or MUC16-overexpressing cancer cells. CAR-T or NK cells directly kill cancer cells by recognizing MUC1 and MUC16
antigens. (C) Cancer vaccines elicit an active immune response by stimulating antigen-presenting cells (e.g., dendritic cells)
against mucin protein antigens.

Selective RNA aptamer binding to the extracellular domain of MUC1 is another
strategy for targeting MUC1-high cancer cells. Perepelyuk et al. have previously de-
signed MUC1-aptamer-hybrid nanoparticles to deliver anti-tumor microRNAs into MUC1-
overexpressing cancer cells. These miRNA-29b-loaded hybrid nanoparticles (MAFMIL-
HNs) show anti-tumor effects in a lung cancer mouse model by downregulating DNMT3B
(DNA methyltransferase 3 beta), a direct target of the miRNA payload [130]. Furthermore,
using a dual payload strategy, geistein-miRNA-29b-biconjugate hybrid nanoparticles (GML-
HNs) showed a greater potency than a single payload nanoparticle in a mouse lung cancer
model by targeting AKT, PI3K, DNMT3B, and MCL-1 (myeloid cell leukemia-1) [131].
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Recent advances in antibody technology have led to a variety of antibody-based
therapeutics, such as ADC, BiTE, and CAR therapies, as well as neutralizing therapeutic
antibody approaches. BM7-PE and M-1231 are the leading candidates for MUC1 ADCs
in present clinical trials. BM7-PE, developed at Oslo University Hospital, comprises anti-
MUC1 antibody BM7, conjugated to pseudomonas exotoxin A (PE). In a preclinical study,
BM7-PE has shown anti-metastatic effects and promoted long-term survival in a breast
cancer nude rat model [132]. BM7-PE is now in a phase 1/2 clinical trial for metastatic
colorectal cancer (NCT04550897). M-1231 is a bispecific antibody–drug conjugate target-
ing the epidermal growth factor receptor (EGFR) and MUC1, and it is now in a phase 1
clinical trial for various metastatic solid tumors. Pab-001 is the first-in-class therapeutic
antibody to target OT-MUC1 (onco-tethered MUC1). The highly glycosylated region of
transmembrane MUC1 is prone to cleavage by extracellular matrix proteases. The cleaved
MUC1-N subunit is released into the blood, thereby sequestering the anti-MUC1 antibody
that recognizes the shed MUC1-N domain. Pab-001 targets the extracellular portion of the
cleaved MUC1-C subunit to overcome this drawback [133,134]. Pab-001-MMAE ADC has
shown promising results against TNBC and other cancers in various preclinical settings.
DS-3939 is a PankoMab-GEX (gatipotuzumab) ADC [135], targeting a tumor-specific mucin
carbohydrate–protein epitope (TA-MUC1). Bispecific antibodies using PankoMab are
under development. PM-CD3-GEX is a BiTE (bispecific T cell engager), which recruits anti-
tumor CD3+ T cells to MUC1-expressing cancer cells. PM-IL15-GEX is an immunocytokine
that combines interleukin-15 with PankoMab-GEX to stimulate anti-tumorigenic NK or T
cells. PM-PDL-GEX is a trifunctional antibody targeting MUC1, PD-L1, and FcγR. PD-L1
inhibition and FcγR activation act as an immunostimulant for anti-tumor leukocytes.

After remarkable successes against B cell lymphoma and multiple myeloma, chimeric
antigen receptor (CAR) technology is seeking new target molecules for the expansion of
its application to solid tumors. Since MUC1 is such a target candidate due to its aberrant
expression in various solid tumors, several CAR therapies targeting MUC1 antigen are
now under development. It must be noted however that the basal expression of MUC1
in normal tissues can induce significant adverse effects (Figure 2). This has led to new
strategies in anti-MUC1 CAR therapies to ensure its safety and efficacy. We below describe
recent advances in this regard.

Tn-MUC1 CAR developed by Tmunity Therapeutics is a leading MUC1 CAR-T cell
therapy that is currently under phase 1 clinical trial (NCT04025216). Because Tn (GalNAcα1-
O-Ser/Thr) is the most prevalent abnormal glycoform found in cancer tissues, the Tn
glycoform of MUC1 (Tn-MUC1) is a promising target for CAR therapy. Tn-MUC1 CAR-T
has shown anti-tumor potency against T cell lymphomas and pancreatic tumors in a target-
specific manner [136]. The MUC-1 pCAR developed by Leucid Bio is a parallel CAR (pCAR)
platform that introduces two chimeric antigen receptors side-by-side with different antigen-
binding domains and with co-stimulatory domains or cytokine-stimulatory receptors,
respectively (WO2020183158). This combination of dual receptors is expected to give
T cells more specificity against MUC1-positive tumors and more efficacy than standard
CAR-Ts, which have low potency against solid tumors. huMNC2-CAR44 T cells produced
by Minerva Biotechnologies Corp are harboring scFv against a cleaved form of MUC1
present on solid cancer cells. huMNC2-CAR44 is in phase 1 clinical trials (NCT04020575)
for breast, ovarian, pancreatic, and lung cancer, which are highly MUC1*-positive tumor
types. NK cells are also considered as good hosts for CAR therapy. ONKT-103 is a MUC1
targeting CAR-NK cell therapy developed by ONK Therapeutics. ONKT-103 maximizes
anti-tumor activity by introducing a DR5-TRAIL variant death receptor signaling pathway.
TRAIL in NK cells stimulates the DR5 death receptor of cancer cells and leads to FADD-
caspase-mediated apoptosis. ONKT-103 is currently at a preclinical stage and is being
tested in the targeting of ovarian, breast, and lung cancers.
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4.2. Therapeutic Targeting of MUC16 and Other Mucins

Along with MUC1, other membrane-bound mucins have also been considered as
potential targets for anti-cancer treatment. We summarize below the various attempts
made at targeting MUC16 and other mucins (Table 2).

MUC16 is approved by the FDA for its diagnostic usage [137]. Targeting MUC16 for
cancer therapeutics is expected to improve the poor prognosis of ovarian cancer. Oregov-
omab (OvaRex) is the first monoclonal antibody drug investigated in clinical trials. Ore-
govomab binds the glycosylated region of MUC16 with high affinity (1.16 × 1010/M) and
induces indirect immune responses via an anti-idiotype antibody induction cascade [138].
Oregovomab (Ab1) induces anti-oregovomab antibodies (anti-idiotype antibodies; Ab2),
which in turn induces anti-anti-idiotype antibodies (Ab3). Ab3 antibodies recognize the
original MUC16 antigen, resulting in immune cell-mediated killing of MUC16-expressing
tumor cells. Various clinical trials of this agent have been conducted in different settings
for ovarian cancers [139]. Oregovomab has shown very promising results in a phase 2
trial in combination with carboplatin and paclitaxel (CP), as compared with CP only, for
97 patients with stage III/IV ovarian cancer. The progression-free survival (PFS) outcome
was 41.8 months for CP plus oregovomab vs. 12.2 for CP only (p = 0.0027, HR = 0.46, 95%
CI = 0.28–0.7) [140]. The co-administration of CP with oregovomab resulted in an increase
in MUC16-specific IFN-γ+ CD8+ T lymphocytes in the peripheral blood, demonstrating
the activation of an immune response to oregovomab [141]. However, despite encouraging
results from a combination study with standard chemotherapies, oregovomab monother-
apy did not show a clinical benefit in phase 2 and phase 3 clinical trials [142,143]. Another
phase 3 clinical trial (NCT04498117) of oregovomab is ongoing for newly diagnosed ovarian
cancer patients in conjunction with carboplatin and paclitaxel chemotherapy.

Abagovomab is an anti-idiotype antibody (Ab2), generated against the anti-MUC16
antibody OC125 (Ab1). Abagovomab induces a specific Ab3 response, which in turn
activates a cellular cytotoxic response against MUC16-expressing cancer cells. As an
ovarian cancer vaccine for maintenance therapy, abagovomab has shown very promising
results in terms of an immune response and overall survival (OS) improvements (median
OS 23.5 vs. 4.9 months; p < 0.001) in a phase 1b/2 trial [144]. However, a multicenter phase
3 MIMOSA study of abagovomab involving 888 patients (NCT00418574) failed to confirm
these clinical benefits (HR for RFS = 1.099; p = 0.301, HR for OS = 1.150; p = 0.322) [145].
Subsequent analysis of the MIMOSA study findings indicated that abagovomab does not
augment MUC16-specific cytotoxic T lymphocytes (CTLs) [146]. A high level of MUC16-
specific CTLs was found to be associated with a good prognosis, regardless of abagovomab
treatment. Further analysis has suggested that the proportion of IFN-γ+ CD8+ T cells is a
factor determining the clinical benefits of abagovomab and could therefore be a predictive
biomarker for this drug [147].

DMUC5754A (RG-7458, sofituzumab vedotin) is an ADC that comprises the hu-
manized anti-MUC16 antibody conjugated to a potent anti-mitotic agent, monomethyl
auristatin E (MMAE). A phase 1 study of DMUC5754A was performed for patients with
platinum-resistant ovarian cancer (OC) and unresectable pancreatic cancer (PC). Despite
the safe profile of DMUC5754A, the response rate was only 17% (5/29; 1 CR; 4 PRs) for
the OC cases, with neither CR nor PR observed for any of the PC patients [148]. Regen-
eron is currently developing MUC16 BiTEs that co-target MUC16-positive cancer and T
cells. REGN4018 (MUC16/CD3 BiTE) shows MUC16-dependent anti-tumor potency and
good tolerability in both murine and monkey models [149]. REGN4018 is now under
phase 2 clinical trials alone and in combination with the PD-1 antibody cemiplimab or
with REGN5668 (MUC16/CD28 BiTE) for recurrent ovarian cancer patients (NCT03564340,
NCT04590326). JCAR-020, developed by Juno/Celgene/Bristol-Myers Squibb, is a MUC16
CAR-T cell therapy that harbors an interleukin-12 receptor agonist. JCAR-020 is currently
under a phase 1 clinical trial (NCT02498912).
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In addition to MUC1 and MUC16, other transmembrane mucins have been assessed
as potential cancer targets. The aberrant expression and pathogenesis of MUC13 in pan-
creatic cancer leads to the development of anti-MUC13 antibodies that can be used for
diagnostic and therapeutic purposes [150–152]. Amgen is developing a BiTE targeting CD3
and MUC17 for the treatment of gastric and esophageal cancer, and this is now in a phase 1
trial (WO2019133961A1, NCT04117958).

4.3. Tumor Vaccines

Therapeutic cancer vaccines are designed to activate a host’s immune system to
eradicate cancer cells. The host immune system not only generates antibodies that recognize
a specific cancer antigen but also induces a CTL-mediated tumor cell killing. Along with
mucin-targeting passive immunotherapies such as the administration of a therapeutic
antibody or engineered CTLs, vaccination with mucin antigens has also been vigorously
attempted for treating various solid tumors.

CVac are autologous monocyte-derived DCs primed with a mannosylated MUC1
protein. Two phase 2 clinical studies have now been conducted with these cells: one for
advanced OC patients with progressive disease after standard chemotherapy [153], and one
for maintenance therapy after clinical remission in OC patients [154]. The CVac DC vaccine
was found to have adequate safety with minimal adverse effects but failed to increase the
PFS compared with standard chemotherapy alone. However, in a sub-group analysis that
divided participants into first (CR1) and second clinical remission (CR2) groups, CVac
produced a promising improvement in the PFS (HR = 0.32) and OS (HR = 0.17) in the
CR2 group. This result however was from a small-sized randomized trial (n = 10 for each
group), and a phase 3 clinical trial with a large cohort will be needed to verify this finding.

ImMucin is a 21-mer peptide vaccine comprising the signal peptide domain of the
MUC1 protein that binds to various MHC class I and class II alleles [155]. A phase 1/2
study of ImMucin for multiple myeloma with co-administration of GM-CSF demonstrated
a safe tolerability of this vaccination, the successful induction of a vaccine-mediated cellular
and humoral immune response, and clinical disease control in 11/15 patients (duration:
17.5–41.3 months after study completion) [156].

Dr. Finn and colleagues have also designed a peptide sequence from MUC1 as a tumor
vaccine. Direct administration of a 100-mer clinical grade peptide (5 repeats of 20-mer
peptide) with adjuvants has shown the tolerability and immunogenicity of this vaccine in
phase 1 and phase 2 clinical trials for pancreatic cancer and colon cancer patients [157,158].
This peptide has also been exploited as a MUC1 peptide pulsed autologous DC vaccine
for patients with pancreatic and biliary tumors after resection of their primary tumors. In
that particular clinical study, 4/12 patients survived without recurrence, with a median
survival of 26 months (range, 13–69 months) [159].

ONT-10 is a liposome therapeutic vaccine consisting of two repeats of a 20-mer syn-
thetic glycopeptide from MUC1 combined with pentaerythritol lipid A (PET Lipid A),
a TLR4 agonist. A preclinical study of ONT-10 indicated an induction of a cellular and
humoral immune response to MUC1 and anti-tumor effects in syngenic B16-MUC1 and
MC38-MUC1 models [160]. A phase 1 study of 28 advanced solid cancer patients demon-
strated that ONT-10 is safe and well-tolerated, but neither CR nor PR was observed [161].
Recently, a phase 1b study of ONT-10 in combination with varlilumab (anti-CD27 agonistic
antibody) was performed in advanced ovarian and breast cancer patients (NCT02270372).
Emepepimut-S (also known as Tecemotide or L-BLP25) is another developed peptide vac-
cine for MUC1. However, in a phase 3 study in NSCLC patients, no significant difference
in OS was observed [162].

ETBX-061 is a therapeutic adenovirus vaccine targeting the MUC1 protein. Consider-
ing the heterogenetic nature of solid tumors, ETBX-061 has been studied in combination
with other vaccines or therapeutic agents in clinical trials. A triple (CEA/MUC1/Brachyury)
vaccine combination regimen was studied in a phase 1 clinical trial for advanced cancer

346



Pharmaceuticals 2021, 14, 1053

patients that confirmed antigen-specific T cell generation and disease control (60% SD
and 40% PD) [163]. Other clinical studies with different regimens have also been reported
(Table 3). TG4010 is a modified vaccinia Ankara (MVA) expressing MUC1 and interleukin-2.
In a phase 2b/3 trial for advanced NSCLC, TG4010 plus chemotherapy produced a signif-
icant improvement in the PFS relative to a placebo plus chemotherapy, but the survival
benefit was marginal only (5.9 vs. 5.1 months) [164]. MicroVAC LLC is developing an ad-
sig-hMUC1/ecdCD40L vaccine in which a fusion protein of MUC1 (TAA; tumor-associated
antigen) is combined with the extracellular domain (ECD) of the CD40 ligand (CD40L)
to boost DC activation and promote T and B cell expansion [165]. A small cohort phase
1 study of this vaccine has demonstrated that it is safe and has encouraging anti-tumor
activity [166]. A phase 1 clinical study is now ongoing with a larger number of patients.
Other mucin-targeting vaccines under development are summarized in Table 3.
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5. Conclusions and Perspectives

Transmembrane mucins have important functions in maintaining mucosal structure
and physiological homeostasis. Mucins are heavily glycosylated proteins that overexpress
in different types of cancers. Many efforts have been continued to find new therapeutic
strategies for exploiting the overexpression and aberrant glycosylation of some trans-
membrane mucins. Many therapeutic agents targeting mucins are under different stages
of clinical trial for several cancers. These agents include antibody-based therapeutics,
small molecule inhibitors, vaccines, and cell therapy. A better understanding of mucin
glycoproteins in terms of shedding mechanism, aberrant glycosylation, possible splice
variants, oncogenic signaling cascades, and interacting binding partners would be required
to develop more effective mucin-based therapeutic strategies.
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Abstract: We report the synthesis and biochemical evaluation of compounds that are designed as
hybrids of the microtubule targeting benzophenone phenstatin and the aromatase inhibitor letrozole.
A preliminary screening in estrogen receptor (ER)-positive MCF-7 breast cancer cells identified 5-((2H-
1,2,3-triazol-1-yl)(3,4,5-trimethoxyphenyl)methyl)-2-methoxyphenol 24 as a potent antiproliferative
compound with an IC50 value of 52 nM in MCF-7 breast cancer cells (ER+/PR+) and 74 nM in triple-
negative MDA-MB-231 breast cancer cells. The compounds demonstrated significant G2/M phase
cell cycle arrest and induction of apoptosis in the MCF-7 cell line, inhibited tubulin polymerisation,
and were selective for cancer cells when evaluated in non-tumorigenic MCF-10A breast cells. The
immunofluorescence staining of MCF-7 cells confirmed that the compounds targeted tubulin and
induced multinucleation, which is a recognised sign of mitotic catastrophe. Computational docking
studies of compounds 19e, 21l, and 24 in the colchicine binding site of tubulin indicated potential
binding conformations for the compounds. Compounds 19e and 21l were also shown to selectively
inhibit aromatase. These compounds are promising candidates for development as antiproliferative,
aromatase inhibitory, and microtubule-disrupting agents for breast cancer.

Keywords: phenstatin; letrozole; tubulin polymerisation inhibitor; aromatase inhibitor; breast cancer;
hybrid molecule; dual-targeting molecule; apoptosis; designed multiple ligand

1. Introduction

Designing single agents that act against multiple biological targets is of increasing
interest and prominence in medicinal chemistry [1–4]. Dual-targeting drugs are designed
with the potential to be more potent and efficient and overcome many of the disadvantages
of single drugs such as low solubility, side effects [5], and multidrug resistance (MDR).
While the molecular mechanisms of resistance to chemotherapeutics have been identified,
MDR is known to be a key factor in the failure of breast cancer chemotherapy [6]. Tradition-
ally, drugs have been designed to target a single biological target (protein), aiming for high
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selectivity and thus avoiding unwanted effects due to off-target events. The interaction
of a drug with multiple target proteins has been regarded as potentially associated with
adverse side effects. However, for complex diseases such as cancer, it is now recognised
that a single-target drug may not achieve the optimum therapeutic effect. Molecules that
are effective at more than one target protein may overcome incomplete efficacy and demon-
strate an increased safety profile compared to single-targeted ones [2]. Dual-targeting
strategies may offer a more favourable outcome of cancer treatment.

A possible strategy to improve the outcome for postmenopausal breast cancer patients
is to design compounds with dual aromatase and tubulin targeting activities, which may
offer the potential benefits of improved efficacy and fewer side effects [7,8]. The objective
of our research is to investigate a new series of 1-(diarylmethyl)-1H-1,2,4-triazoles and 1-
(diarylmethyl)-1H-imidazoles as a novel class of antimitotic compounds with an interesting
biochemical profile particularly as tubulin-targeting agents and aromatase inhibitors for
the treatment of breast cancer.

Breast cancer is the most commonly diagnosed cancer in women; it is estimated that
approximately one in eight women will develop breast cancer during their lifetime, and it
is the most frequent cause of death for women in the age group 35–55 [9]. There were over
two million new cases in 2018 [10], and the number of cases is predicted to rise due to an
ageing population [11,12]. Mortality has decreased due to improved screening and early
detection together with the use of adjuvant therapy [13]. Approximately 70–80% of breast
cancers are hormone-dependent; their growth is stimulated in response to the hormone
estrogen, with the majority of these estrogen receptor positive (ER+) cancers also expressing
the progesterone receptor (ER+/PR+ cancers). Upregulation of the gene encoding the PR is
directly mediated by ER, and PR modulates ERα action in breast cancer [14].

Aromatase (CYP19A1), a member of the cytochrome P-450 enzyme superfamily, catal-
yses the aromatisation of C-19 androgens to C-18 estrogens in the final step in estrogen
biosynthesis, and it is an attractive target for selective inhibition [15–17]. Estrogen de-
privation is an effective therapeutic intervention for hormone-dependent breast cancer
(HDBC) and has been clinically established by the inhibition of the aromatase enzyme. The
aromatase inhibitors (AIs), e.g., letrozole 1 [18], anastrozole 2 [19], and exemestane [20]
(Figure 1a), prevent the stimulating effects of estrogen in breast tissue [19], and they are
approved in the treatment of a wide spectrum of breast cancers [21]. These AIs have
demonstrated superior efficacy in postmenopausal women and have few associated risks
apart from reduction in bone density [8,21–23], and emerging resistance [24,25].

The selective estrogen receptor modulator (SERM) tamoxifen 3a (Figure 1a) is effective
for the treatment of ER+ breast cancer [13]; however, resistance is a clinical problem [26]
together with a small increase in incidences of blood clots and endometrial cancers for
postmenopausal women [27,28]. The potential advantage of the tamoxifen metabolites
endoxifen (3b) and norendoxifen (3c) in endocrine-refractory metastatic breast cancer is
reported [29]. Breast cancers that are (ER+/PR+) are likely to respond to hormone therapy
such as tamoxifen and anastrozole [23], while the prophylatic use of tamoxifen, raloxifene,
or anastrozole is recommended for postmenopausal women at high risk of developing
breast cancer [30,31]. Approximately 20% of breast cancers overexpress the human epider-
mal growth factor receptor 2 (HER2), which promotes the growth of cancer cells.

Effective treatments for HER2+ breast cancers include the monoclonal antibody
trastuzumab [32], the antibody–drug conjugate ado-trastuzumab emtansine [33], and
the dual tyrosine kinase inhibitor lapatinib which targets both the HER/neu and the epi-
dermal growth factor receptor (EGFR) [34]. Breast cancers are classified as triple negative
(TNBC) when their growth is not supported by estrogen and progesterone nor by the
presence of HER2 receptors. The clinical options for treatment of TNBC are limited due
to poor response to hormonal therapy, resulting in low 5-year survival rates [35]. There is
extensive diversity among breast cancer patients, and each sub-type of breast cancer has
unique characteristics. The identification of sub-type-specific network biomarkers can be
useful in predicting the survivability of breast cancer patients [36].
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Figure 1. Cont.
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Figure 1. (a) Aromatase inhibitors (letrozole, anastrozole, Exemestane), SERMs (Tamoxifen, Endoxifen, Norendoxifen,
Raloxifene), kinase inhibitors Lapatinib, Alpelisib, Tucatinib, steroid sulfatase inhibitor Irosustat and mutant p53 inhibitor
PRIMA-1, (b) Combretastatins 4a–f, Isocombretastatins 5,6, phenstatins 7a–e, colchicine binding site inhibitors 8a,b, 9a–c
and target structures 10.

FDA-approved drugs for breast cancer in 2019 include the antibody–drug conju-
gate Fam-trastuzumab deruxtecan [37] (HER2-directed antibody and topoisomerase in-
hibitor) for the treatment of unresectable or metastatic HER2-positive breast cancer [38],
the phosphoinositide-3-kinase (PI3Kα) inhibitor alpelisib [39] for the treatment of HER2-
negative, PIK3CA-mutated, advanced or metastatic breast cancer [40] and in 2020, tuca-
tinib, an orally bioavailable, small molecule tyrosine kinase inhibitor for patients with
HER2-positive metastatic breast cancer [41]. The microtubule-stabilising drugs pacli-
taxel, docetaxel, and the epothilone ixabepilone were approved for use in patients with
metastatic breast cancer (MBC), alongside the microtubule destabilising vinca alkaloid
eribulin [42,43]. The FDA recently granted accelerated approval to the antibody–drug
(topoisomerase inhibitor) conjugate sacituzumab govitecan (Trodelvy) for previously
treated metastatic TNBC [44], while ladiratuzumab vedotin (a LIV-1-targeted antibody
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linked to the microtubule-disrupting agent monomethyl auristatin E (MMAE)) is in clinical
trials for locally advanced or metastatic triple-negative breast cancer [45]. The steroid
sulfatase inhibitor (STS) e.g., STX64 (Irosustat) has entered clinical trials for ER+ locally ad-
vanced or metastatic breast cancer [46], while inhibitors of mutant p53, e.g., PRIMA-1 and
PRIMA-1MET, overexpressed in TNBC have been demonstrated to be effective in vitro [47].

Combretastatins CA-4 4a, (phosphate prodrug 4b), CA-1 4c (phosphate prodrug 4d),
4e, and serine prodrug ombrabulin 4f (Figure 1b) have demonstrated impressive antiprolif-
erative potency with microtubule destabilising and anti-vascular effects in many cancers,
including breast cancer [48–50]. While many structurally related colchicine binding site
inhibitors have been reported [51–53], problems associated with the poor water solubility
and isomerisation causing an extensive loss of potency have hampered the progression
of combretastatins in clinical trials [54,55]. We have previously reported the synthesis
of a series of CA-4 analogues with structures based on the conformationally constrained
2-azetidinone ring, demonstrating potent activity in breast cancer cells [56]. Triazole [57,58]
imidazole [59,60], and pyridine-containing analogs [61] of CA-4 are also reported with
antiproliferative activity in human cancer cell lines. Isocombretastatin A4 5 [62] and 1,1-
diheterocyclic ethylenes derived from quinaldine and carbazole e.g., 6 [63] and related
conjugates [64] display potent antiproliferative effects in cancer cells and induce G2/M
cell cycle arrest [65]. The related benzophenone phenstatin 7a (Figure 1b) [66], together
with its sodium phosphate prodrug (7b) and metabolites 7c–e [67], show potent activity
in cancer cells and microtubule destabilising activity. The imidazole and indole hetero-
cycles are widely recognised as nuclei of great interest in the design of molecules with
anti-tumour activity [68,69]. Related fused-ring heterocyclic structures such as imidazo[2,1-
b][1,3,4]thiadiazoles with potent antiproliferative activity have also been reported [70]. A
variety of compounds structurally related to phenstatin, which contain the heterocycles
indole and imidazole, have been synthesised and subsequently evaluated for antimitotic
effects and vascular-disrupting effects in cancer cells [71,72]. The azaindole 8a and 2-aryl-3-
aroylindole (OXi8006) 8b are cytotoxic against selected human cancer cell lines and strongly
inhibit tubulin assembly [73,74]. Examples of novel imidazole and indole containing com-
pounds e.g., 9a [75], 9b [76], and 9c (BZML) [77] have been developed as potent tubulin
polymerisation-targeting antiproliferative agents. The imidazole derivative BZML 9c is
a novel colchicine binding site inhibitor, which also overcomes multidrug resistance by
inhibiting P-gp function and inducing mitotic catastrophe [77]. Compounds such as 9a
(VERU-111), 9b, and 9c (BZML) containing both imidazole and indole nuclei exhibit potent
activity against a panel of cancer cell lines, are not substrates of P-glycoprotein, and inhibit
tumour growth in paclitaxel-resistant cell lines. 9c inhibits tumour growth and metastasis
in vivo [75–77].

A number of approaches to the design of dual targeting breast cancer agents have
been reported e.g., ER/tubulin [78], tubulin/HSP90 [79], tubulin/HSP27 [80], ER/AI e.g.,
norendoxifen [81,82], and endoxifen [83], sulfatase/AI [84], tubulin/sulfatase [85,86] and
tubulin/angiogenesis (vascular endothelial growth factor receptor-2 (VEGFR2) [87]. We
now report the synthesis and biological evaluation of a series of 1-(diarylmethyl)-1H-1,2,4-
triazoles, 1-(diarylmethyl)-2H-1,2,3-triazoles, and 1-(diarylmethyl)-1H-imidazoles, which
are designed as hybrid scaffolds derived from the benzophenone structure of the tubulin
targeting phenstatin 7a, together with the 1,2,4-triazole of the aromatase inhibitor letrozole
2 [88]. These compounds are designed to provide a selective anti-tumour effect by targeting
tubulin polymerisation and also would be effective by inhibiting estrogen production.
Although aromatase inhibitors such as letrozole are widely used in the treatment of breast
cancer, dual tubulin–aromatase inhibitors have not been reported to date. 1-(Diarylmethyl)-
1H-1,2,4-triazole and 1-(diarylmethyl)-1H-1,2,4-imidazole derivatives have been previously
investigated as dual aromatase-steroid sulfatase inhibitors [89]. The target structures 10
are shown in Figure 1b. In addition, a number of related compounds containing the cyclic
amines pyrrolidine, piperidine, and piperazine are investigated. We wished to develop
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this strategic approach with the aim of targeting dual tubulin–aromatase inhibition and
have investigated a series of dual-targeting inhibitors.

2. Results and Discussion
2.1. Chemistry

A series of benzophenone-like compounds related in structure to phenstatin 7a were
first prepared (11a–11m). The carbonyl group of the benzophenone was subsequently
reduced to afford a benzhydryl alcohol; the heterocycles 1,2,4-triazole, 1,2,3-triazole, im-
idazole, piperidine, pyrrolidine, and piperazine were introduced in order to afford the
N-benzhydryl-heterocyclic products (Schemes 1–8). These compounds were investigated
as potential dual-active hybrids: the benzophenone scaffold was designed to interact with
tubulin, while the heterocyclic ring was incorporated to target the aromatase enzyme.

Scheme 1. Synthesis of compounds 13a–13o (Series 1). Reagents and conditions: (a) NaBH4, MeOH, 0 ◦C, (38–100%);
(b) 1,2,4-triazole, p-TSA, toluene, 4 h, 120 oC, microwave open vessel, (3–98%); (c) K2CO3, MeOH, H2O, 20 ◦C, 72 h, (16%);
(d) H2, Pd(OH)2, ethyl acetate, 20 ◦C, (67%); (e) TBAF, THF, 0 ◦C, (90%) [TBDMS, tert-butyldimethylsilyl; Bn, CH2C6H5].

Scheme 2. Synthesis of letrozole-phenstatin hybrid compounds 16a–16i (Series 2a). Reagents and conditions: (a) n-BuLi,
THF, −78 ◦C, 1.5 h, (21–89%); (b) 1,2,4-triazole, p-TSA, toluene, 4 h, 120 ◦C, microwave open vessel, (34–93%); (c) Pd(OH)2,
H2, ethyl acetate, 20 ◦C, (49%). [Bn, CH2C6H5].

362



Pharmaceuticals 2021, 14, 169

Scheme 3. Synthesis of letrozole-phenstatin hybrid compounds 19a–19e (Series 2a) and 19f-19i (Series 2b). Reagents and
conditions: (a): n-BuLi, dry THF, −78 ◦C,1.5 h, (16–88%); (b) 1,2,4-triazole, p-TSA, microwave open vessel, 4h, (64–95%);
(c) Pd(OH)2, H2, (66–82%). [Bn: CH2C6H5].

Scheme 4. Synthesis of hybrid imidazole-phenstatin compounds 20a–20l (Series 3). Reagents and conditions: (a) CDI,
CH3CN, reflux, 3 h, (10–64%); (b) K2CO3, MeOH, H2O, 20 ◦C, 72, (50%). [Bn: CH2C6H5].
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Scheme 5. Synthesis of hybrid imidazole-phenstatin compounds 21a–21l, (Series 4). Reagents and conditions: (a) CDI,
CH3CN, reflux, 3 h, (30–100%). (b) H2, Pd(OH)2, ethyl acetate, 20 ◦C, (93%). [Bn: CH2C6H5].

Scheme 6. Synthesis of phenstatin 7a and phenstatin hybrids 21b, 21c, 24, (Series 4). Reagents and conditions: (a) Eaton’s
reagent (P2O5, CH3SO3H), 60 ◦C, 3 h, [23a (60%), 23b (57%), 23c (17%]); (b) sodium acetate, methanol, refux, 2 h, (89%);
(c) NaBH4, MeOH, 0 oC, [15c (50%), 15d (89%),15i (96%)]; (d) 1,2,3-triazole, p-TSA, toluene, 4 h, 120 ◦C, microwave open
vessel, (77%); (e) CDI, CH3CN, reflux, 3 h, [21b (39%), 21c (67%)].

The target compounds are arranged as follows:
Series 1: 1-(Diarylmethyl)-1H-1,2,4-triazoles 13a–13o
Series 2a: 1-(Aryl-(3,4,5-trimethoxyphenyl)methyl)-1H-1,2,4-triazoles 16a–i, 19a–e,

1-(aryl-(3,4,5-trimethoxyphenyl)methyl)-1H-1,2,3-triazole 24
Series 2b: 4-(Aryl-(1H-1,2,4-triazol-1-yl)methyl)benzonitriles 19f–i
Series 3: 1-(Diarylmethyl)-1H-imidazoles 20a–l
Series 4: 1-(Aryl-(3,4,5-trimethoxyphenyl)methyl)-1H-imidazoles 21a–l,
Series 5: 1-(Diarylmethyl)pyrrolidines 25a–g, 1-(diarylmethyl)piperidines 26a–c and

1-(diarylmethyl)piperazines 27a–i, 28
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Scheme 7. Synthesis of pyrrolidine 25a–g and piperidine derivatives 26a–c, (Series 5). Reagents and conditions:
(a) SOCl2,CH2Cl2, 12 h, 20 oC; (b) pyrrolidine, acetonitrile,12 h, reflux (23–93%); (c) piperidine, acetonitrile,12 h, re-
flux (84–91%).

Scheme 8. Synthesis of piperazine-phenstatin compounds 27a–g, 28, (Series 5). Reagents and conditions: (a) SOCl2,
CH2Cl2,12 h, 20 oC; (b) N-phenylpiperazine, N-benzylpiperazine, N-Boc-piperazine or p-methoxyphenylpiperazine,
acetonitrile, reflux, 12 h (6–80%) (c) TFA, CH2Cl2, 30 min, 20 oC (42%); (d) H2, Pd(OH)2 (45%); (e): piperazine, ACN,
acetonitrile, reflux, 12 h (12%). [Boc:tert-Butoxycarbony; Bn: CH2C6H5].
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2.1.1. 1-(Diarylmethyl)-1H-1,2,4-triazoles (Series 1 and 2)

The general reaction scheme for the preparation of the 1-(diarylmethyl)-1H-1,2,4-
triazoles 13a–o (Series 1) heterocyclic derivatives of benzophenones is shown in Scheme 1.
These initial compounds carry a single substituent at the para position on one or both
of the aryl rings (Cl, F, Br, OH, OCH3, CH3 etc.). The benzophenones (11a–m) were
reduced with sodium borohydride to afford the secondary alcohols 12a–m, in good yields,
Scheme 1. Coupling of 1,2,4-triazole with the secondary alcohols 12a–12m to afford the
benzhydryl-1H-1,2,4-triazoles 13a–l was achieved using p-TSA as a catalyst in an open-
vessel microwave reactor. Amine 13m was obtained on treatment of amide 13i with
potassium carbonate, while the phenol 13n was obtained by hydrogenolysis of the benzyl
ether 13j with palladium hydroxide. Deprotection of the silyl ether 13k with TBAF afforded
the diphenol 13o. In the 1H-NMR spectrum of compound 13o, the singlets (8.41 and
7.97 ppm) were identified as the triazole H5 and H3 respectively, while the singlet at
6.75 ppm corresponds to the methine proton. In the 13C-NMR spectrum of 13o, the signal
at 65.12 ppm was assigned to the tertiary carbon, while the signals at 151.52 and 143.93 ppm
are assigned to C3 and C5 of the triazole (see Supplementary Information).

Since the potent tubulin-inhibiting activity of the 3,4,5-trimethoxyaryl function is very
well documented in colchicine-binding site inhibitors [90], the 1,2,4-triazole heterocycle
was next reacted with several phenstatin-type 3,4,5-trimethoxyaryl substituted benzhydryl
alcohols in order to maximise the potential tubulin activity in the scaffold structures with
aromatase-inhibiting action (Series 2). It was decided to retain in most compounds the
3,4,5-trimethoxyaryl group substitution (ring A) and introduce alternative substituents on
the second ring (ring B). A modified synthetic procedure allowing access to the desired
benzhydryl alcohol intermediates 15a–h and 18a–f is shown in Schemes 2 and 3 (step a) [91].
Scheme 2 shows the alcohols (15a–h) obtained by treatment of the appropriate aryl bro-
mides 14a–h with n-butyllithium followed by reaction with 3,4,5-trimethoxybenzaldehyde
(A ring) to afford the alcohols 15a–h in yields of 21–89%. For the preparation of compounds
(18a–d) (Scheme 3), the A ring was derived from 3,4,5-trimethoxybromobenzene followed
by reaction with the appropriate aldehyde 17a–d. The nitrile-containing compounds 18e,f
were similarly obtained from the aldehydes 17e,f and 4-bromobenzonitrile (Scheme 3).
The benzhydryl compounds were obtained in good yield after purification via flash col-
umn chromatography and the presence of the hydroxyl group was confirmed from IR
(ν 3200–3600 cm−1).

Then, the secondary alcohols 15a–h and 18a–f were reacted with 1,2,4-triazole to
afford the hybrid phenstatin/letrozole compounds 16a–h and 19a–d,f,g as racemates,
except for 19b, (Schemes 2 and 3, step b). The phenolic compounds 16i, 19e, 19h, and 19i
were obtained by hydrogenolysis over palladium hydroxide of the benzyl ethers 16b, 19a,
19f, and 19g respectively. From the 1H-NMR spectrum of compound 16c, the singlet at
6.62 ppm was assigned the tertiary aliphatic proton. The singlets at 7.91 and 8.01 ppm were
assigned to the triazole H-3 and H-5. In the 13C-NMR spectrum, the tertiary CH signal was
identified at 67.4 ppm, while the triazole ring C3 and C5 signals were identified at 143.5
and 152.3 ppm, respectively.

X-ray crystal structures of the triazole compounds 16e, 16f, and 19c (recrystallised
from dichloromethane/n-hexane) are displayed in Figure 2, while the crystal data and
structure refinement are displayed in Table 1. The length of the C-N bond between the
methine carbon and the triazole N-1 for compounds 16e, 16f, and 19c was measured at
1.470, 1.471, and 1.479 Å, respectively. The N1-N2 bond length was 1.366 Å (16e), 1.363 Å
(16f), and 1.365 Å (19c). The N1-C5 bond length of the triazole ring was observed as 1.334 Å
(16e), 1.342 Å (16f), and 1.343 Å (19c). The angle between the methine carbon and the two
aromatic rings (Ar-C1-Ar) was measured as 112.51◦, 115.08◦, and 113.53◦ respectively for
compounds 16e, 16f, and 19c. The corresponding value for the letrozole structure is 114.0◦,
while the C-N bond between the methine carbon and the triazole N-1 was 1.46 Å [92].
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Figure 2. X-ray crystallography structures of 16e, 16f, and 19c with heteroatoms labelled and
displacement shown at 50% probability.

2.1.2. 1-(Diarylmethyl)-1H-imidazoles (Series 3 and 4)

A series of related imidazole-containing compounds were also prepared 20a–l (Series
3) and 21a–k (Series 4). The secondary alcohols 12a–h, j, k, and m were coupled to imida-
zole using CDI (carbonyldiimidazole) [93] to afford products 20a–k, Series 3, (Scheme 4,
step a). The associated carbamate derivatives were not isolated in our reactions [94]. The
hydrolysis of 20i afforded the amine 20l in 50% yield (Scheme 4, step b). Structures were op-
timised with variations in electron-releasing and electron-withdrawing substituents on the
aryl rings. A further series of compounds containing the ring A type 3,4,5-trimethoxyaryl
substituents was prepared by reacting alcohols 15a,c–h, and 18a–d with CDI to afford imi-
dazole products 21a–k, Series 4, (Scheme 5, step a). The benzyl ether 21h was treated with
Pd(OH)2 to afford the phenol 21l as a racemate in 93% yield (Scheme 5, step b). In the 1H
NMR spectrum of compound 21i, the imidazole H4 was observed as a singlet at 6.88 ppm,
while the H2 and H5 were observed at 7.44, and 7.12 ppm, respectively. The singlet at 6.38
ppm was assigned to the tertiary aliphatic CH. From the 13C-NMR spectrum, the aliphatic
tertiary CH was identified at 65.2, while the signals at 138.0, 129.4, and 119.4 ppm were
assigned to the imidazole C2, C4, and C5, respectively.
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Table 1. Crystal data and structure refinement details for compounds 16e, 16f, 19c, 21i, and 26a.

Compound 16e 16f 19c 21i 26a

CCDC no. 2015431 2015432 2015433 2015434 2015435
Empirical formula C18H19N3O3 C19H21N3O3 C20H23N3O4 C22H26N2O6 C18H20FN

M (g/mol) 325.36 339.39 369.41 414.45 269.35
T (K) 100(2) 100(2) 100(2) 100(2) 100(2)

Crystal System monoclinic monoclinic monoclinic monoclinic monoclinic
SG P21/n P21/c P21/c P21/c P21/c

a (Å) 8.1796(5) 9.2487(4) 12.8748(6) 14.1937(6) 5.9228(2)
b (Å) 14.1725(10) 9.6620(4) 9.8550(5) 13.1553(5) 14.0705(5)
c (Å) 14.4742(10) 20.0006(9) 14.8091(7) 12.4613(5) 17.7920(6)
α (◦) 90 90 90 90 90
β (◦) 98.7882(11) 97.8110(10) 93.1792(8) 113.2250(10) 98.275(2)
γ (◦) 90 90 90 90 90

V (Å3) 1658.23(19) 1770.69(13) 1876.10(16) 2138.25(15) 1467.29(9)
Z 4 4 4 4 4

Dcalc (g/cm3) 1.303 1.273 1.308 1.287 1.219
µ (mm−1) 0.09 0.088 0.092 0.094 0.628

F(000) 688 720 784 880 576

Radiation MoKα

(λ = 0.71073)
MoKα

(λ = 0.71073)
MoKα

(λ = 0.71073)
MoKα

(λ = 0.71073)
CuKα

(λ = 1.54178)
Reflections
collected 61043 115661 95764 85391 20214

Independent
reflections

4298
[Rint = 0.0532,

Rsigma = 0.0237]

5438
[Rint = 0.0264,

Rsigma = 0.0097]

5504
[Rint = 0.0364,

Rsigma = 0.0143]

6261
[Rint = 0.0385,

Rsigma = 0.0188]

2684
[Rint = 0.0634,

Rsigma = 0.0356]
Data/restraints/

parameters 4298/0/217 5438/0/230 5504/0/248 6261/0/277 2684/1/191

Goodness-of-fit on
F2 (S) 1.018 1.043 1.046 1.005 1.063

Final R indexes
[I ≥ 2σ (I)] *

R1 = 0.0407,
wR2 = 0.0904

R1 = 0.0374,
wR2 = 0.1018

R1 = 0.0381,
wR2 = 0.0938

R1 = 0.0405,
wR2 = 0.0967

R1 = 0.0479,
wR2 = 0.1325

Final R indexes
[all data]

R1 = 0.0613,
wR2 = 0.1005

R1 = 0.0445,
wR2 = 0.1083

R1 = 0.0506,
wR2 = 0.1025

R1 = 0.0580,
wR2 = 0.1079

R1 = 0.0547,
wR2 = 0.1369

Largest diff.
peak/hole/e Å-3 0.31/−0.21 0.42/−0.39 0.42/−0.21 0.38/−0.24 0.19/−0.21

* R1 = Σ||Fo| − |Fc||/ Σ|Fo|, wR2 = [Σ w(Fo
2 − Fc

2)2/Σw(Fo
2)2]1/2.

Single crystal X-ray analysis was obtained for compound 21i (recrystallised from
dichloromethane/n-hexane), and the crystal structure is shown in Figure 3. The crystal data
and structure refinement for compound 21i are displayed in Table 1. The angle between the
methine carbon and the aryl rings (114.16◦) and also the bond length between the methine
carbon and the N-1 imidazole nitrogen (1.471 Å) were similar to the corresponding values
obtained for the triazole compounds 16e, 16f, and 19c (Table 1). The bond angles between
the aryl rings and the imidazole ring were determined as 111.36◦ and 111.80◦, also similar
to the corresponding values of 109.99◦ and 112.6◦ reported for letrozole [92].

An alternative approach for the preparation of phenstatin and related azole compounds
using a Friedel–Crafts acylation with Eaton’s reagent was also investigated (Scheme 6) [67].
3,4,5-Trimethoxybenzoic acid was reacted with anisole (22a), 1,2-dimethoxybenzene (22b),
or compound 22c (prepared by the protection of 2-methoxyphenol with chloroacetyl chlo-
ride) using Eaton’s reagent (readily prepared from phosphorus pentoxide and methane-
sulfonic acid) to afford respectively benzophenones 23a, 23b, and 23c (Scheme 6, Step a).
Then, these benzophenones were reduced to the benzhydryl alcohols 15c, 15d, and 15i,
respectively with sodium borohydride (Scheme 6, step a), with the concomitant removal
of the chloroacetyl protecting group of 23c. Although requiring an additional step, this
method was followed after the reaction of the aryl bromide with the aldehyde to afford
the alcohol as shown in Schemes 2 and 3 was not successful or did not afford a sufficient
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quantity of product for the next step e.g., for compound 15d, the overall yield increased to
51% compared with 30%. Then, compounds 15c and 15d were treated with CDI azole to
afford the imidazole-containing products 21b and 21c (Scheme 6, step e).

Figure 3. X-ray crystallography of compounds 21i and 26a with heteroatoms labelled and displace-
ment shown at 50% probability. a Disordered molecular structure of 26a showing the major occupied
moiety F1a. b Disordered molecular structure of 26a showing the minor occupied moiety F1B.

The phenol 15i was also reacted with 1,2,3-triazole to afford the product 24 in 77%
yield, Series 4, (Scheme 6, step d). Compound 24 is the only phenstatin derivative substi-
tuted with 1,2,3-triazole synthesised in this project and was investigated for comparison
with the 1,3,4-triazole compound series. In the 1H NMR spectrum of 24, the signal at
6.99 ppm was assigned to the tertiary CH. Interestingly, the two protons of the 1,2,3-triazole
ring were observed as a singlet with an integration of 2H at 7.83 ppm, while the signal at
134.9 ppm in the 13C-NMR spectrum of 24 was assigned to the C4 and C5 of the triazole
ring, indicating that alkylation occurred at N2 of the 1,2,3-triazole [95]. The alkylation
of 1,2,3-triazoles may result in the formation of regioisomers depending on the reaction
conditions e.g., solvent, temperature, and catalyst used [96]. The signal for the tertiary
CH was observed at 71.0 ppm. The benzophenone 23c was also used in the preparation of
phenstatin 7a [67]; the deprotection of 23c by reaction with sodium acetate afforded 7a in
89% yield (Scheme 6, step b), which was used as a positive control in the cell viability tests.
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2.1.3. 1-(Diarylmethyl)Pyrrolidines, 1-(Diarylmethyl)Piperidines, and 1-(Diarylmethyl)
Piperazines (Series 5)

The preparation of a series of benzhydryl derivatives substituted on the tertiary
carbon with the heterocycles pyrrolidine, piperidine, and piperazine was next investigated
(Series 5, Schemes 7 and 8). These products allow a comparison of biochemical activity
with the related imidazole and triazole compounds from Series 1–4. The advantages of
incorporating such heterocyclic rings into drugs are well known; i.e., they can increase the
lipophilicity, polarity, and aqueous solubility of the drug [97]. In particular, piperazine is
ranked 3rd among the 25 most common heterocycles contained in FDA-approved drugs [98].
In the present work, the corresponding secondary benzhydryl chloride was prepared from
the secondary alcohols 12b–12g, 15c, and 18a using thionyl chloride (Schemes 7 and 8,
step a) [93]. The intermediate alkyl chlorides were reacted with piperidine to afford
products 26a–c (Scheme 7, step c), while reaction with pyrrolidine yielded derivatives
25a–g (Scheme 7, step b).

An alternative synthesis of 1-(diarylmethyl)piperidines is reported using a copper(I)-
catalysed coupling reaction of aryl boronic acids with N,O-acetals and N,N-aminals [99].
All compounds are racemates apart from compound 25e and were obtained in moderate
yields (23–93%). In the 1H-NMR spectrum of compound 25b, the multiplets at 1.71–
1.80 and 2.35–2.43 ppm were assigned to the pyrrolidine methylene protons at H-3,4
and H-2,5 respectively, while the tertiary CH was observed as a singlet at 4.11 ppm. In
the 13C-NMR spectrum, the pyrrolidine C-3 and C-2 signals were at 23.5 and 53.6 ppm,
respectively. The signal at 75.7 ppm was assigned to the tertiary carbon. Single crystal
X-ray analysis for compound 26a is shown below in Figure 3 (obtained by crystallisation in
dichloromethane/n-hexane). The crystal data and structure refinement for compound 26a
are displayed in Table 1. In 26a, the disordered fluorine was modelled in two positions with
occupancies of 84% and 16%. The C1-N bond length was observed as 1.473 Å and the central
C14-C1-C8 and C14-C1-N2 angles were observed as 109.28◦ and 112.09◦, respectively. The
piperidine ring bond lengths were 1.471 Å (N2-C3), 1.474 Å (N2-C7), and 1.514 Å (C3-C4),
which differ from the N1-C bond length of the triazole ring 1.334 Å due to unsaturation.

As a further extension of this research, a related series of piperazine-containing
compounds was prepared by coupling selected secondary alcohols with the appropriate
piperazine derivative (Series 5, Scheme 8). The preparation of diarylmethylamines has
been reported by Le Gall et al. by reaction of the aldehyde and piperidine derivative to a
solution of the organozinc reagent in acetonitrile in a Mannich-type reaction [100,101]. The
secondary alcohols 12e, 15c, and 18a were treated with thionyl chloride (Scheme 8, step
a), and the resulting alkyl chloride was used immediately for the next reaction step (step
b) by addition of the appropriate piperazine (N-phenylpiperazine, N-benzylpiperazine, p-
methoxyphenylpiperazine, or N-Boc-piperazine) to afford the products 27a–g in yields up
to 80%. For the preparation of compound 27e, Boc-protected piperazine was used to avoid
the possible formation of the dimer. In the 1H-NMR spectrum of compound 27d, the broad
signal at 2.47 ppm is assigned to piperazine methylene protons; the singlet at 3.50 ppm is
assigned to the benzyl methylene, while the singlet at 4.09 ppm corresponds to the tertiary
C-1 proton. The 13C-NMR spectrum of compound 27d further confirms the proposed
structure. The signals at 51.8 and 53.3 ppm were characteristic of the piperazine ring
protons, the signals at 63.0 ppm and 75.6 ppm are assigned to the benzyl methylene and
tertiary CH, respectively. The deprotection of compound 27e with TFA afforded compound
27h as a yellow oil (42%), (Scheme 8, step c). A palladium-catalysed hydrogenolysis of 27g
afforded the phenolic compound 27i in 45% yield (step d), which is the phenylpiperazine
derivative of phenstatin. Its formation was confirmed by IR spectroscopy (3475 cm−1).

When the secondary alcohol 15c was treated with thionyl chloride followed by an
excess of piperazine (5 equivalents), the product obtained was a piperazine dimer 28
(Scheme 8). In the 1H-NMR spectrum of the dimer 28, the broad signal (2.40 ppm) is
characteristic of the piperazine methylene protons, while the signal at 4.08 ppm integrating
for 2H was assigned to the two tertiary CH protons. In the 13C-NMR spectrum, the signal
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at 52.0 ppm was assigned to the piperazine ring carbons; the signal at 75.7 ppm was
assigned to the CH, while the duplication of the aromatic signals confirmed the formation
of the product.

2.2. Stability Studies

HPLC stability studies were performed on representative compounds 21l and 24 to es-
tablish their stability at different pH systems, which mimic in vivo conditions. Compound
21l was chosen among these imidazole compounds for HPLC stability studies at three
different pH systems; acidic pH 4, pH 7.4, and basic pH 9 (acid pH found in the stomach,
basic found in the intestine, and pH 7.4 in the plasma). The degradation of compound 21l
was minimal with 80% of 23l remaining at both pH 7.4 and pH 9 and 90% at pH 4 after
24 h. The 1,2,3-triazole compound 24 was observed to be most stable at pH 4 with 65%
remaining after 24 h compared to 60% at pH 9 and 50% at pH 7.4.

3. Biochemical Results and Discussion
3.1. In Vitro Antiproliferative Activity in MCF-7 Breast Cancer Cells

The antiproliferative activity of the panel of hybrid compounds 1-(diarylmethyl)-1H-
1,2,4-triazoles (Series 1 and 2) and 1-(diarylmethyl)-1H-imidazoles (Series 3 and 4) was
initially evaluated in the MCF-7 human breast cancer cell using the standard alamarBlue
assay. In addition, a number of related compounds containing the aliphatic amines pyrroli-
dine, piperidine, and piperazine were investigated (Series 5). The MCF-7 human breast
cancer cell line is estrogen receptor (ER)-positive, progesterone receptor (PR)-positive, and
HER2 negative. Compounds were initially screened at two concentrations (1 and 0.1 µM)
for antiproliferative activity in MCF-7 cells to determine the structure–activity relationship
for these hybrid compounds and to identify the most potent compounds for further inves-
tigation. Compounds that were synthetic intermediates for the final compound were not
screened, as they were not considered as potential actives in the study. The results obtained
from this preliminary screen are displayed in Figures 4–6. Then, those compounds showing
potential activity (cell viability <50%) were selected for further evaluation at different
concentrations and in other cell lines. CA-4 (4a) (24% viable cells at 1 µM) and phenstatin
(7a) (30% viable cells at 1 µM) induced a potent antiproliferative effect and were used as
positive controls. Ethanol (1% v/v) was used as the vehicle control (with 99% cell viability).
The preliminary results obtained for these novel compounds (Series 1–5) are discussed by
structural type.

3.1.1. Series 1: 1-(Diarylmethyl)-1H-1,2,4-triazoles 13b–g, l–o

The first class of compounds tested 1-(diarylmethyl)-1H-1,2,4-triazoles (13b–g, 13l–o,
Figure 4A) were weakly active, with 68–90% viability for the two concentrations tested
(1 µM and 0.1 µM). These compounds carry a single substituent at the para position on one
or both aryl rings (Cl, F, Br, OH, OCH3, CH3, etc.) indicating that the triazole ring alone is
not sufficient for the induction of antiproliferative activity in MCF-7 cells. The most active
compounds were the diphenolic derivative 13o with 68% viability (1 µM) and the amino
compound 13m (72% viability 1 µM). It appears that specific substituents are required on
both the A and B rings of the benzophenone for activity, as also observed for phenstatin
and analogues [67].

3.1.2. Series 2: 1-(Aryl-(3,4,5-Trimethoxyphenyl)Methyl)-1H-1,2,4-Triazoles 16a,c–i, 19b–e,
19h, 19i and 1-(Phenyl(3,4,5-Trimethoxyphenyl)Methyl)-1H-1,2,3-Triazole 24

Since the potent tubulin inhibiting activity of the 3,4,5-trimethoxyaryl function is very
well documented [90], the preliminary screening in MCF-7 cells of the panel of 1,2,4-triazole
containing compounds (16a, c–i, 19b–e) synthesised having the 3,4,5-trimethoxyphenyl
motif (A ring) together with various substituents on the B ring was next investigated
(Figure 4B, two concentrations of 1 µM and 0.1 µM). The most potent compound was
identified as 19e having the characteristic 3-hydroxy-4-methoxyaryl B ring as in phenstatin
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and CA-4 (29% viability at 1 µM), while the ethanol control (1% v/v) resulted in 99%
viability. Two compounds with moderate activity were identified as 16c (4-methoxy group
in the B ring) with 75% cell viability at 1 µM and 16g (4-fluoro in B ring) with 77% viable
cells at 1 µM. The remaining 3,4,5-trimethoxyphenylmethyl-1H-1,2,4-triazole compounds
investigated having various substituents on the B ring e.g., 4-F, 4-CN, 4-OH, 4-CH3 were
not as potent as the lead compound with viability >80% at 1 µM, while compounds 19h
and 19i were found to be inactive with half maximal inhibitory concentration (IC50) values
greater than 100 µM. This result demonstrated that even small changes to the phenstatin
scaffold were unfavourable for antiproliferative activity. From the initial screening results,
it was concluded that the 1,2,4-triazole heterocycle alone was not sufficient to improve
activity in the benzhydryl compounds compared to phenstatin.

Figure 4. Preliminary cell viability data for (A) Series 1: 1-(diarylmethyl)-1H-1,2,4-triazoles 13b–g, l–o (B) Series 2: 1-
(diarylmethyl)-1H-1,2,4-triazoles 16a, c–i, 19b–e, 1-(diarylmethyl)-2H-1,2,3-triazole 24 in MCF-7 breast cancer cells. Cell
proliferation of MCF-7 cells was determined with an alamarBlue assay (seeding density 2.5 × 104 cells/mL per well for
96-well plates). Compound concentrations of either 1 or 0.1 µM for 72 h were used to treat the cells (in triplicate) with
control wells containing vehicle ethanol (1% v/v). The mean value + SEM for three independent experiments is shown. The
positive controls used are CA-4 and phenstatin.
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Figure 5. Preliminary cell viability data for (A) Series 3: 1-(diarylmethyl)-1H-imidazoles 20b-h, k, l and (B) Series 4:
1-(diarylmethyl)-1H-imidazoles 21a–g, i–l in MCF-7 breast cancer cells. Cell proliferation of MCF-7 cells was determined
with an alamarBlue assay (seeding density 2.5 × 104 cells/mL per well for 96-well plates). Compound concentrations of
either 1 or 0.1 µM for 72 h were used to treat the cells (in triplicate) with control wells containing vehicle ethanol (1% v/v).
The mean value ± SEM for three independent experiments is shown. The positive controls used are CA-4 and phenstatin.

The IC50 value for the most potent triazole–phenstatin hybrid compound 19e was
determined in MCF-7 as 0.42 ± 0.07 µM at 72 h (Table 2). 19e is a hybrid of phenstatin with
the 3,4,5-trimethoxyaryl motif (ring A) and the 3-hydroxy-4-methoxyaryl B ring, but it is
also related to the aromatase inhibitor letrozole due to the 1,2,4-triazole heterocycle. The
hybrid structure suggests a potential for dual tubulin/aromatase activity, and therefore,
this compound was selected for aromatase inhibition assay.
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Figure 6. Preliminary cell viability data for (A) Series 5: 1-(diarylmethyl)pyrrolidines and 1-
(diarylmethyl)piperidines 25a–g, 26a–c and (B) Series 5: 1-(diarylmethyl)piperazines 27c,d,f,i, and h
in MCF-7 breast cancer cells. Cell proliferation of MCF-7 cells was determined with an alamarBlue
assay (seeding density 2.5 × 104 cells/mL per well for 96-well plates). Compound concentrations of
either 10, 1, or 0.1 µM for 72 h were used to treat the cells (in triplicate) with control wells containing
vehicle ethanol (1% v/v). The mean value ± SEM for three independent experiments is shown. The
positive controls used are CA-4 and phenstatin.

Table 2. Antiproliferative effects of selected azole compounds 19e, 21l, and 24 in MCF-7, MDA-MB-
231 human breast cancer cells, and HL-60 leukaemia cell line.

Compound

Antiproliferative
Activity a

MCF-7 Cells
IC50 (µM)

Antiproliferative
Activity a

MDA-MB-231 Cells
IC50 (µM)

Antiproliferative
Activity a

HL-60 Cells
IC50 (µM)

19e 0.042 ± 0.070 0.978 ± 0.130 0.261 b

21l 0.132 ± 0.007 0.237 ± 0.040 0.156 ± 0.052
24 0.052 ± 0.040 0.074 ± 0.030 0.173 ± 0.055

CA-4 0.0039 ± 0.00032 c 0.0430c 0.0019 ± 0.0005 c

a IC50 values are half maximal inhibitory concentrations required to block the growth stimulation of MCF-7,
MDA-MB-231, and HL-60 cells. Values represent the mean (SEM (error values 10−6) for three experiments
performed in triplicate. b Antiproliferative activity for compound 19e against HL-60 from NCI. c The IC50 value
obtained for CA-4 in this assay are in agreement with the reported values for CA-4 in MCF-7 and MDA-MB-231
human breast cancer and leukaemia cell lines (see Refs. [62,102,103]).
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Compound 24 is the only example synthesised containing the 1,2,3-triazole hete-
rocycle and is also a direct analogue of phenstatin because of the presence of the 3,4,5-
trimethoxyaryl motif (ring A) and the 3-hydroxy-4-methoxyaryl B ring. This structure
showed excellent activity in MCF-7 cells with 27% cell viability at 1 µM and the IC50
value for the compound was determined as 52 nM (Table 2), which compares with CA-4
(IC50 = 3.9 nM) [102,103]. 24 was selected for further studies on different cell lines and for
cell cycle analysis. Phenstatin (7a) was synthesised in our laboratory for use as a positive
control (IC50 = 1.61 ± 2.7 nM) [104].

3.1.3. Series 3: 1-(Diarylmethyl)-1H-Imidazoles 20b–h,k,l

The results obtained from the preliminary screening of the benzhydryl imidazole
derivatives, 20b–k and l are shown in Figure 5A. These compounds carry a single sub-
stituent at the para position on one or both aryl rings (Cl, F, Br, OH, OCH3, CH3, etc). This
library of compounds did not show any significant activity, with cell viability of 67–90%
at concentrations of 1 and 0.1 µM, as observed for the Series 1 1,2,4-triazole derivatives
13b–g and l–o, indicating that the imidazole ring alone is not sufficient for antiproliferative
activity. The most active compounds in this panel were identified as the 4-nitro derivative
20b and the 4-fluoro substituted compound 20d (73% and 67% cell viability respectively
at 1 µM).

3.1.4. Series 4: 1-(Aryl-(3,4,5-Trimethoxyphenyl)Methyl)-1H-Imidazoles 21a-g, i-l

The results obtained from the preliminary screening of the panel of phenstatin hybrid
compounds carrying imidazole as the heterocyclic ring (21a–g, i–l) in MCF-7 cells are
shown in Figure 5B. From the library of 3,4,5-trimethoxydiphenylmethyl-1H-imidazole
derivatives (21a–g, i–l), compound 21l was significantly the most active (31% viable cells
at 1 µM), confirming the observation that the phenstatin scaffold is required for optimum
activity. The remaining compounds in the series demonstrated weak activity, with viability
>80% at 1 µM. The IC50 value of the most potent imidazole containing compound 21l was
determined as 0.132 ± 0.007 µM in MCF-7 cells (Table 2), and this compound was selected
for further evaluations in other cancer cell lines and cell cycle analysis in MCF-7 cells.

3.1.5. Series 5: 1-(Diarylmethyl)Pyrrolidines 25a–g and 1-(Diarylmethyl)Piperidines 26a–c,
and 1-(Diarylmethyl)Piperazines 27a–g, 28

The results of preliminary evaluation of the panel of pyrrolidine and piperidine
derivatives 25a–g and 26a–c in MCF-7 cells are shown Figure 6A. These compounds
were not sufficiently active when compared to the positive controls CA-4 and phen-
statin (7a). The most potent examples were identified as the piperidine derivative 26b,
showing the lowest percentage of viable cells (78%) at 1 µM and containing the 3,4,5-
trimethoxyphenyl (ring A) and 4-methoxyphenyl (Ring B), together with the correspond-
ing pyrrolidine containing compounds 25g and 25d (82% and 80% viability at 1 µM). The
(3,4,5-trimethoxyphenyl)(methyl)piperazine derivatives (27c,d,f,h,i) were screened at three
concentrations (10, 1, 0.1 µM) (Figure 6B). Compound 27f was identified as the most ac-
tive, with a percentage of viable cells of 42% at 10 µM, 76% at 1 µM and 84% at 0.1 µM.
Benzylpiperazine 27i, which is more closely related in structure to phenstatin, displayed
promising antiproliferative activity at 10 µM (48% cell viability).

From the results obtained above, it is interesting to see that inclusion of the triazole
heterocycle on the phenstatin scaffold (as in compounds 21l and 24) results in greater
antiproliferative effects in the MCF-7 cell line than the corresponding imidazole compound
(19e). By comparison, replacement of the azole with pyrrolidine, piperidine, or piperazine
resulted in decreased antiproliferative activity. The antiproliferative activity of the most
potent azole compounds 19e, 21l, and 24 may be correlated to the logP values (see Sup-
plementary Information). The imidazole compound 19e has a lower logP (2.41) when
compared to the 1,2,4-triazole compound 21l (logP of 2.91) and the 1,2,3-triazole compound
24 (logP 3.50); the antiproliferative activity of the compounds 19e, 21l, and 24 in MCF-7
cells are determined as IC50 = 0.42, 0.13, and 0.052 µM, respectively. In addition, the total
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polar surface (TPSA) area for these compounds is in the range 74.22–87.86 Å2 < 140 Å2.
However, compounds with higher logP values e.g., the piperazine compounds 27f (5.50)
and 27d (4.67) display poor activity.

3.2. Antiproliferative Activity of Selected Analogues in MDA-MB-231 and HL60 Cell Lines

A number of the more potent compounds synthesised were evaluated in the triple-
negative MDA-MB-231 cell line with 72 h incubation time (see Table 2). For the triazole
compound 19e, an IC50 value of 0.98 µM was obtained in MDA-MB-231 cells, although this
is not as potent as observed in the MCF-7 cells (IC50 = 0.42 µM, Table 2). The lower IC50
value for the imidazole compound 21l (0.237 µM) indicates that the imidazole heterocycle
in 21l contributes to the antiproliferative activity more effectively than the 1,2,4-triazole
ring in compound 19e. The novel 1,2,3-triazole compound 24 was the best of all analogues
tested in MCF-7 cells (IC50 = 0.052 µM). The result obtained for 24 in the MDA-MB-231 cell
line was also very promising (IC50 = 0.074 µM), Table 2, and compares very favourably with
the reported activity of phenstatin in MDA-MB-231 cells (IC50 = 1.5 µM [105]), indicating
that the 1,2,3-triazole has very potent antiproliferative effects compared to imidazole or
1,2,4-triazole present in the related compounds 21l and 19e. Since the antiproliferative
effects of 1,2,3-triazole–phenstatin hybrid compounds has not previously been investigated,
this heterocycle is especially interesting for further development.

In a further study, the antiproliferative effects of the novel imidazole compound 21l,
1,3,4-triazole compound 19e, and the 1,2,3-triazole compound 24 (structurally related to
letrozole and phenstatin) in HL-60 leukaemia cells was also investigated. HL-60 leukaemia
cells were used as an in vitro model for acute myeloid leukaemia. Both MCF-7 and HL-
60 cell lines are CA-4 sensitive are highly susceptible to the effects of tubulin-targeting
compounds [102]. The IC50 value of 0.156 µM obtained for imidazole compound 21l
identifies it as a lead compound for future development. The 1,2,3-triazole compound 24
was also potent in the leukaemia HL-60 cell line with an IC50 value of 0.173 µM, while
19e was less potent, IC50 = 261 µM. (IC50 value for phenstatin = 0.031 µM [106]). This
experiment demonstrated the selective effect of interchanging the imidazole, 1,3,4-triazole,
and 1,2,3-triazole heterocycles on cell viability in HL-60 cells.

3.3. NCI Cell Line Screening for 19e, 21l, 25g, 26b, and 27d

Five novel substituted phenstatin compounds from the present work ((19e, (Series 2)
21l, (Series 4), 25g, 26b and 27d (Series 5)) were selected for evaluation in the NCI 60 cell
line screen [107] following initial analysis of the Lipinski (drug-like) properties from the
Tier-1 profiling screen, together with predictions of the relevant absorption, distribution,
metabolism, excretion, and toxicity (ADMET) properties e.g., metabolic stability, permeabil-
ity, blood–brain barrier partition, plasma protein binding, and human intestinal absorption
properties (see Tables S1 and S2 Supplementary Information). The compounds are pre-
dicted to be moderately lipophilic–hydrophilic, revealing their drug-like pharmacokinetic
profiles and are potentially suitable candidates for further investigation.

The results obtained for the triazole compound 19e in the NCI 60 cancer cell line
screening (GI50 values, five doses) [107] are shown in Table 3. (GI50 is defined as the
concentration for 50% of maximal inhibition of cell proliferation). In general, 19e showed
good activity on most of the cell lines with GI50 values in the sub-micromolar range. The
activity was particularly potent in all of the leukaemia, CNS, and prostate cancer cell lines.
The activity in MCF-7 cells (GI50 = 0.347 µM) was in close agreement with the value obtained
from our in-house viability assay of 0.424 µM. The compound displayed significant activity
in the TNBC cell lines HS-578T (GI50 = 0.548 µM) and MDA-MB-468 (GI50 = 0.371 µM)
and in the BT-549 invasive ductal carcinoma cell line (GI50 = 0.618 µM). Potent anti-cancer
activity was also observed against the ovarian cancer cells, e.g., OVOCAR-3 cell line
(0.323 µM) and colon cancer, e.g., chemoresistant HT-29 cells (GI50 = 0.330 µM). The best
activity for 19e among all of the 60 cell lines tested was the melanoma cell line MDA-MB-
435 in which the GI50 value was 0.181 µM. The MID GI50 was calculated as 0.243 µM over
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all 60 cell lines. The MID value obtained for TGI (total growth inhibition) was 53.7 µM,
and for LC50, it was 97.7 µM, indicating that the lethal concentration of the drug is very
high and well above the GI50 value, indicating that 19e has low toxicity. The results of the
NCI COMPARE analysis for compound 19e are shown in Table 4. Based on the GI50 mean
graph and on the TGI mean graph, the compound with the highest rank was vinblastine
sulphate with r values of 0.586 and 0.737, respectively. Correlation values (r) are Pearson
correlation coefficients.

Table 3. Antiproliferative evaluation of compounds 21l and 19e in the NCI 60 cell line in vitro screen a.

Cell Line
Compound 21l c Compound 19e d

Cell Line
Compound 21l c Compound 19e d

GI50 (µM) b GI50 (µM) b GI50 (µM) b GI50 (µM) b

Leukemia Melanoma
CCRF-CEM 0.289 0.402 LOX IMV1 0.523 0.523
HL-60 (TB) 0.229 0.261 MALME-3M Nd e Nd e

K-562 0.225 0.427 M14 0.180 0.374
MOLT-4 0.565 0.510 MDA-MB-435 0.119 0.181

RPMI-8226 0.385 0.452 SK-MEL-2 0.324 0.361
SR 0.182 0.376 UACC-62 0.668 0.550

Non-Small Cell
Lung Cancer SK-MEL-28 Nd e Nd e

A549/ATCC 0.836 0.969 SK-MEL-5 0.367 0.440
HOP-62 0.516 0.514 UACC-257 1.44 >100
HOP-92 28.6 9.69 Ovarian Cancer
EKVX 0.702 2.24 IGROV1 0.862 0.959

NCI-H226 0.640 1.43 OVCAR-3 0.264 0.323
NCI-H23 0.882 0.977 OVCAR-4 3.44 3.02

NCI-H332M 0.789 0.696 OVCAR-5 0.648 1.99
NCI-H460 0.377 0.414 OVCAR-8 0.450 1.14
NCI-H552 0.247 0.395 NCI/ADR-RES 1.92 1.18

Colon Cancer SK-OV-3 0.465 0.402
COLO 205 0.361 0.332 Renal Cancer
HCT-2998 1.72 1.35 786-0 0.369 0.475
HCT-116 0.249 0.448 A498 0.304 0.324
HCT-15 0.264 0.438 ACHN 0.693 0.653
HT29 0.312 0.330 CAKI-1 0.681 0.567
KM12 0.389 0.418 RXF 393 Nde 0.321

SW-620 0.387 0.431 SN12C 0.910 0.853
CNS Cancer TK-10 Nde >100

SF-268 0.731 0.469 UO-31 0.883 0.903
SF295 0.307 0.325 Breast Cancer
SF539 0.217 0.300 MCF-7 0.339 0.347

SNB-19 0.532 0.578 MDA-MB-
231/ATCC 0.664 1.50

SNB-75 0.192 Nde HS 578T 0.414 0.548
AC 0.391 0.446 BT-549 0.306 0.618

Prostate cancer T-47D Nde Nde

PC-3 0.384 0.431 MDA-MB-468 0.316 0.371
DU-145 0.407 0.530

MG-MID (µM) f 0.234 0.243
a Data obtained from NCI in vitro human tumour cell screen 5 dose assay. b GI50 is the molar concentration of the compound causing 50%
inhibition of growth of the tumour cells; c NSC 78806; d NSC 788805; e Nd: Not determined; f MG-MID: the mean of GI50 values over all
cell lines for the tested compound.

The National Cancer Institute (NCI) screening of imidazole compound 21l also demon-
strated very good results showing that the compound not only is active against breast
cancer cells but also against other types of cancer (see Table 2). Compound 21l proved
active against all of the leukaemia cell lines; in particular, very promising activity was
measured in SR cells (GI50 = 0.182 µM) and HL60 (GI50 = 0.229 µM), confirming our in-
house evaluation. The activity against CNS cancer varied in a range between GI50= 0.192
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and 0.731 µM. Particularly good was also the activity against the breast cancer panel with
GI50 values in the range of 0.306–0.664 µM, including the TNBC cell line MDA-MB-468
(GI50 = 0.316 µM). Of all the cell lines evaluated in the panel, compound 21l was most
potent against melanoma MDA-MB-435 cells with GI50 = 0.119 µM. The MID GI50 value
for the 60 cell line panel was 0.234 µM. MID TGI and LC50 values of 40.7 and 100 µM
respectively are an indication of the low toxicity of the compound, as the median lethal
dose is very high compared to the GI50 values. From the COMPARE analysis results shown
in Table 3, it was observed that based on the mean GI50 value, the activity of our 21l is
most closely related to paclitaxel (r = 0.587). Based on TGI values, the compound with the
highest ranking was maytansine (r = 0.775); both are tubulin-targeting agents. Correlation
values (r) are Pearson correlation coefficients and LC50 values all >0.1 mM.

Table 4. Standard COMPARE analysis of compounds 19e and 21l a.

Rank 19e r 21l r

Based on GI50
mean graph

Based on GI50
mean graph

1
Vinblastine

sulphate,
hiConc:-7.6

0.586 Paclitaxel (Taxol)
hiConc:-6.0 0.587

2 S-Trityl-L-
cysteine 0.575 S-Trityl-L-

cysteine 0.58

3 Maytansine 0.547 Paclitaxel (Taxol)
hiConc:-4.0 0.544

4 Rhizoxin 0.544 Maytansine 0.53

5
Vinblastine

sulphate,
hiConc:-5.6

0.509 Paclitaxel (Taxol)
hiConc:-4.6 0.518

Based on TGI
mean graph

Based on TGI
mean graph

1 Vinblastine
sulfate 0.737 Maytansine

hiConc: -9.0 0.775

2 Rhizoxin 0.726 Vinblastine
sulfate 0.765

3 Paclitaxel (Taxol) 0.704 Rhizoxin 0.748

4 Maytansine
hiConc:-9.0 0.696 Paclitaxel (Taxol) 0.703

5 Maytansine
hiConc:-4.0 0.689 Maytansine

hiConc:-9.0 0.700

a The target set was the standard agent database and the target set endpoints were selected to be equal to the
seed endpoints. Standard COMPARE analysis was performed. Correlation values (r) are Pearson correlation
coefficients. Vinblastine sulfate and maytansine appear at different concentrations, as it has been tested by the
NCI at multiple concentration ranges (see reference 107).

Compounds 25g, 26b, and 27d were also selected for evaluation in the NCI 60 cell line
one-dose screen (see Table S4, Supplementary Information). The mean growth percentages
for 25g, 26b, and 27d were 73.1%, 34.2%, and 65.5% over the 60 cell line panel at 10 µM.
Interestingly, the piperidine compound 26b displayed significant potency in the breast
cancer panel, with mean growth of 30.3% over this cell panel, with notable potency in the
triple negative breast cancer cell lines HS587T (16.6% growth) and MDA-MB-468 (9.3%
growth). In the leukaemia panel, the mean growth obtained is 23.5% over this 60 cell panel
and significantly 4.36% growth for the acute myeloid leukaemia HL-60 cell line. Compound
26b also displayed notable potency in the CA-4 resistant colon cancer cell line HT-29 with
7.93% growth recorded.

3.4. Evaluation of Toxicity in MCF-10A Cells

The potent phenstatin derivatives 19e, 21l, and 24 were selected for toxicity evaluation
in the non-tumorigenic MCF-10A epithelial breast cancer cell line. The human mammary
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epithelial cell line MCF10A is widely used as an in vitro model for normal breast cell
function and transformation [108]. The viability of the MCF-10A cells was determined after
treatment with compounds 19e and 21l at four different concentrations of 10, 1, 0.5, and
0.4 µM for 24 h (Figure 7A,B). It was observed that at the highest concentration (10 µM),
compounds 19e and 21l show a cell death of approximately 50%. At 1 µM concentration,
compound 19e does not show any loss in cell viability (99% viability), while compound 21l
resulted in 73% cell viability, still above the IC50 values of 0.42 µM (19e) and 0.13 µM (21l)
in MCF-7 cells. When the experiment was repeated with an increased incubation time of
48 h, it was observed that the percentage of viable cells at 10 µM concentration decreased
for compounds 19e and 21l to approximately 30% (Figure 7A,B). The percentage of viable
cells at 1 µM decreased to 64% for compound 21l, while it did not change significantly
for 19e (>94%). For both compounds, viability at 0.5 µM and 0.4 µM is close to 100%,
which means that the compounds are not toxic toward healthy cells at lower concentrations
corresponding to their IC50 values. The third screening for 19e and 21l was performed at
72 h, which is the incubation time used through all the screenings in MCF-7 (Figure 7A,B).
It is interesting to note that as the concentration of the drug decreases from 1 to 0.5 and
0.4 µM, the percentage of viable cells increases significantly, with viable cells percentage
>80% at 0.4 µM for all compounds tested. This demonstrates that even at concentrations
that are toxic to the MCF-7 cancer cells, the MCF-10A are not killed by the drug. Therefore,
the compounds selected demonstrate good antiproliferative activity and additionally show
good selectivity and low cytotoxicity to normal cells. Compound 24 was evaluated in
MCF-10A cells at three different concentrations: 10, 1, and 0.1 µM over 72 h (Figure 7C).
The percentage of viable cells at the three different concentrations was 61%, 71%, and 96%,
respectively, with higher percentage of cells alive at the lower concentration. Compound 24
demonstrates good selectivity for cancer cells and low cytotoxicity even if the percentage of
viable cells at 1 µM was slightly lower than the value observed previously for compounds
19e and 21l (>80%) at 72 h. These results are also supported by the low toxicity of the
compounds determined from the NCI evaluation. Tubulin-targeting drugs such as taxanes
and vinca alkaloids are among the most effective anti-cancer therapeutics in the treatment
of castration-resistant prostate cancer and triple-negative breast cancer. However, their use
is limited by toxicities including neutropenia and neurotoxicity; additionally, tumour cells
can develop resistance to these drugs [109]. Our results demonstrate that azoles 19e, 21l,
and 24 were less toxic to normal human breast cells than to breast cancer cells, providing a
potential window of selectivity.

3.5. Effects of Compounds 21l and 24 on Cell Cycle Arrest and Apoptosis

To investigate further the mechanism of action of the novel azole compounds synthe-
sised, the effect of selected potent compounds 21l and 24 was investigated in MCF-7 cells
by flow cytometry and propidium iodide (PI) staining, allowing the percentage of cells in
each phase of the cell cycle to be quantified (Figure 8). For the imidazole compound 21l,
three time points were analysed (24, 48, and 72 h), and the values obtained for apoptosis
and the G2/M phase of the cell cycle were quantified (concentration 1 µM), as shown in
Figure 8A. It was observed that the percentage of cells undergoing apoptosis (sub-G1)
increases significantly at all three time points to 15%, 31%, and 37% respectively compared
to the background level of apoptosis with the vehicle ethanol (2%, 4%, and 2%) at the
corresponding time points. It is also interesting to notice how the percentage of cells in the
G2/M phase for the treated sample (47%, 43%, and 40%) is statistically higher than the cells
in the same phase for the control sample treated with the vehicle (26%, 25%, 25%) at the
corresponding time points. G2/M cell cycle arrest is strongly associated with an inhibition
of tubulin polymerisation. CA-4 and related tubulin targeting compounds cause G2/M
arrest. Hence, the higher percentage of cells observed in cells treated with 21l may suggest
that the mechanism of action is indeed the inhibition of tubulin polymerisation.
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Figure 7. Screening of phenstatin derivatives 19e (A) and 21l (B) in MCF-10A cells at 24, 48, 72 h
and (C) 24 in MCF-10A and MCF-7 cells at 72 h. (A,B) Effect of compounds 19e and 21l on the
viability of non-tumorigenic MCF-10A human mammary epithelial cells. Cells were treated with
the indicated concentrations for 21, 48, or 72 h. Cell viability was expressed as a percentage of
vehicle control (ethanol 1% (v/v)) and was determined by alamarBlue assay (average + SEM of three
independent experiments). (C) Effect of compound 24 on the viability of non-tumorigenic MCF-10A
human mammary epithelial cells and MCF-7 breast cancer cells. Cells were treated with the indicated
concentrations for 72 h. Cell viability was expressed as a percentage of vehicle control (ethanol 1%
(v/v)) and was determined by alamarBlue assay (average ± SEM of three independent experiments).
Statistical analysis was performed using two-way ANOVA (***, p < 0.001).
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Figure 8. Compound (A) 19e, (B) 24, and (C) phenstatin (7a) in MCF-7 induced G2/M arrest followed
by apoptosis in a time-dependent manner in MCF-7 cells. Cells were treated with either vehicle
control (v) (0.1% ethanol (v/v)] or compound 19e, 24, or phenstatin (7a) (1 µM) for 24, 48, and 72 h).
Then, cells were fixed, stained with PI, and analysed by flow cytometry. Cell cycle analysis was
performed on histograms of gated counts per DNA area (FL2-A). The number of cells with <2 N
(sub-G1), 2 N (G0G1), and 4 N (G2/M) DNA content was determined with CellQuest software. Values
represent as the mean ± SEM for three separate experiments. Statistical analysis was performed
using two-way ANOVA (**, p < 0.01, ***, p < 0.001).

The 1,2,3-triazole compound 24, which was the most potent compound evaluated in
the viability assay, demonstrated the same effects on the relative percentages of cells in
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apoptosis and the G2/M phase, as shown in Figure 8B. Apoptosis increased with time, with
a statistically significant difference compared to vehicle control at 72 h. A high percentage
of cells were arrested in the G2/M phase (52%, 56%, and 59%) at time points 24, 48, and
72 h respectively, following treatment with compound 24 with a much lower percentage of
cells in the G2/M phase for the sample treated with the vehicle (28%, 23%, and 24%) at the
same time points.

Phenstatin 7a was used as a positive control through all the biological experiments.
Cell cycle analysis of MCF-7 cells treated with phenstatin at time points 24, 48, and 72 h and
a concentration of 1 µM showed a very low percentage of cells undergoing apoptosis at 24
and 48 h, as shown in Figure 8C. Apoptosis increased to 18% between 48 and 72 h, while
the percentage of cells in the G2/M phase was correspondingly high (65%, 49%, and 51%
at 24, 48, and 72 h, respectively). This pattern was also observed in the compounds 21l and
24 tested, but the percentage of cells in apoptosis was always higher than for phenstatin,
possibly suggesting differences in the effects of these compounds on tubulin arising from
the presence of the azole in the modified structures.

The role of apoptosis in the inhibition of MCF-7 and MDA-MB-231 cell growth was
further examined. MCF-7 and MDA-MB-231cells were treated with compound 21l for
48 h and stained with Annexin V-fluorescein isothiocyante (FITC)/propidium iodide (PI)
and then analysed by flow cytometry. Dual staining with Annexin-V and PI facilitates dis-
crimination between live cells (annexin-V−/PI−), early apoptotic cells (annexin- V+/PI−),
late apoptotic cells (annexin-V+/PI+), and necrotic cells (annexin-V−/PI+). Compound
21l induced both early and late apoptosis in MCF-7 cells in a concentration-dependent
manner when compared to the untreated control cells (Figure 9A). When MCF- 7 cells were
treated with 21l (0.1, 0.5, and 1 µM), the average proportion of Annexin V-stained positive
cells (total apoptotic cells) increased from 0.9% in control cells to 14.1%, 17.5%, and 19.3%,
respectively. These results suggested that compound 21l induces the apoptosis of MCF-7
cells in a dose-dependent manner. In MDA-MB-231 cells, the percentage of cells observed
in apoptosis following treatment with 21l was significantly lower with 3.6%, 5.9%, and
6.9% at 0.1, 0.5, and 1.0 µM respectively, as shown in Figure 9B. In contrast, for phenstatin,
the Annexin V-stained positive cells (total apoptotic) cells were determined as 36.1% and
46% in MCF-7 cells at 0.1 µM and 0.5 µM, respectively, as shown in Figure 9A. The total
apoptotic MDA-MB-231 cells were determined as 16.6% and 17.9% following treatment
with phenstatin (0.1 and 0.5 µM), respectively, as shown in Figure 9B.

3.6. Tubulin Polymerisation

Compound 21l was selected for further analysis using a tubulin polymerisation assay.
Its promising antiproliferative activity (IC50 = 0.237 µM in MCF-7 cells) combined with
structural features related to phenstatin 7a and CA-4 indicate that the mechanism of action
of this compound could be the inhibition of tubulin polymerisation. The assay is based
on the capacity of microtubules to scatter light proportionally to their concentration. The
imidazole compound 21l (red) showed good inhibition of tubulin polymerisation after
60 min (Vmax value 2.84± 0.10 mOD/min at 10 µM), corresponding to a 1.34-fold reduction
of the polymer mass compared to the vehicle, as shown in Figure 10A. Paclitaxel (in green)
was used as a positive control as it stabilises polymerised tubulin, as shown in Figure 10A.
Phenstatin 7a is a potent inhibitor of tubulin polymerisation comparable to CA-4 [66],
as shown in Figure 10B. Incubation with either imidazole 21l or phenstatin resulted in a
significant inhibition of tubulin polymerisation and assembly.
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Figure 9. Compound 21l induced cell apoptosis in (A) MCF-7 breast cancer cells and (B) MDA-MB-
231 breast cancer cells. MCF-7 breast cancer cells and MDA-MB-231 breast cancer cells were treated
with 21l or phenstatin (7a) (1 µM) or control vehicle (0.1% ethanol (v/v)), and the percentage of
apoptotic cells was determined by staining with Annexin V-FITC and PI. In each panel, the lower
left quadrant shows cells that are negative for both PI and Annexin V-FITC, the upper left shows
only PI cells that are necrotic. The lower right quadrant shows Annexin-positive cells that are in
the early apoptotic stage and the upper right shows both Annexin/PI positive, which are in late
apoptosis/necrosis. Control cells and cells treated with phenstatin 7a and 21l at 48 h are shown,
respectively. Values represent the mean of three independent experiments.
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Figure 10. Effect of compound 21l on tubulin polymerisation in vitro. (A) Tubulin polymerisation
assay for compound 21l at 10 µM. (B) Paclitaxel (10 µM) and phenstatin (7a) (10 µM) were used as
references while ethanol (1% v/v) and DMSO (1% v/v) were used as vehicle controls. Purified bovine
tubulin and guanosine-5’-triphosphate (GTP) were mixed in a 96-well plate. The polymerisation
reaction was initiated by warming the solution from 4 to 37 ◦C. The effect on tubulin assembly
was monitored in a Spectramax 340PC spectrophotometer at 340 nm at 30 s intervals for 60 min at
37 ◦C. DMSO. Fold inhibition of tubulin polymerisation was calculated using the Vmax value for each
reaction. The results represent the mean for three separate experiments.

Following the experiment above, the in vitro effects of compounds 19e and 21l were
examined on the microtubule structure of MCF-7 breast cancer cells with confocal mi-
croscopy using anti-tubulin antibodies. Paclitaxel and phenstatin, a known polymeriser
and depolymeriser of tubulin respectively, were used as controls. In Figure 11A, a well-
organised microtubule network (stained green) is clearly seen for the vehicle control,
together with the MCF-7 cell nuclei (stained blue). Hyperpolymerisation of tubulin was
demonstrated in the paclitaxel-treated sample (Figure 11B), whereas the phenstatin-treated
sample Figure 11C shows an extensive depolymerisation of tubulin. Cells treated with the
azoles 19e (Figure 11D) and 21l (Figure 11E) displayed disorganised microtubule networks
with similar effects to phenstatin, together with multinucleation (formation of multiple
micronuclei), which is a recognised sign of mitotic catastrophe [110] previously observed
by us and others upon treatment with tubulin-targeting agents such as CA-4 and related
compounds in non-small cell lung cancer cells and breast cancer MCF-7 cells [111,112].
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Figure 11. Compounds 19e and 21l depolymerise the microtubule network of MCF-7 breast can-
cer cells. Cells were treated with (A) vehicle control (0.1% ethanol (v/v)), (B) paclitaxel (1 µM),
(C) phenstatin (7a) (1 µM), (D) compound 19e (10 µM), or (E) compound 21l (10 µM) for 16 h. Cells
were fixed in ice-cold methanol and stained with mouse monoclonal anti-α-tubulin–fluorescein isoth-
iocyante (FITC) antibody (clone DM1A) (green), Alexa Fluor 488 dye, and counterstained with DAPI
4’-6’-diamidino-2-phenylindole (blue). Images obtained with Leica SP8 confocal microscopy, Leica
application suite X software. Representative confocal micrographs of three separate experiments are
shown. Scale bar indicates 25 µm.

3.7. Effects of Compounds 21l and 24 on Expression Levels of Apoptosis-Associated Proteins

Some of the novel compounds synthesised during the project were selected for further
investigation of their mechanism of action as pro-apoptotic agents based on their effect on
the expression of proteins that can regulate apoptosis or proteins involved in the regulation
of DNA repair. The effects of compounds 21l and 24 on apoptosis were evaluated by
Western blotting. Apoptosis regulating proteins Bcl-2 and Mcl-1 were investigated along
with PARP. PARP (poly ADP-ribose polymerase) is involved in the repair of DNA single-
strand breaks in response to environmental stress [113]; and PARP cleavage is considered
a hallmark of apoptosis. Bcl-2 is an anti-apoptotic protein that prevents apoptosis by
sequestering caspases (apoptosis promoters) or by preventing the release of pro-apoptotic
cytochrome c and AIF (apoptosis inducing factor) from the mitochondria into the cyto-
plasm [114]. The Mcl-1 protein belongs to the Bcl-2 family; it is also an anti-apoptotic
protein localised in the mitochondrial outer membrane that acts at a very early stage in the
cascade, leading to the release of the cytochrome c [115]. Pro- and anti-apoptotic members
of the Bcl-2 family can heterodimerise and titrate each other’s functions. If the expression
levels of Mcl-1 and Bcl-2 are reduced (by drug treatment), apoptosis may be triggered.

From the results obtained, no change in the expression levels of two anti-apoptotic
proteins was observed, indicating that Bcl-2 and Mcl-1 may not play a critical role in the
pro-apoptotic mechanism of action of the compounds (Figure 12). A significant reduction
in the expression of full-length PARP (116 kDa) between the vehicle and the treated MCF-7
cells was observed (Figure 12), suggesting that 21l and 24 cause PARP cleavage. PARP

385



Pharmaceuticals 2021, 14, 169

enzymes play a crucial role in the DNA repair, and PARP cleavage is affected by caspase
3 activity. PARP enzymes are found in the cell nucleus and are activated by damage of
the DNA single strand; therefore, the inhibition of DNA repair in cancer cells represents
an attractive strategy in cancer therapy [116]. In conclusion, the proposed mechanism of
action of these compounds as pro-apoptotic drugs is supported by the observed increase
in the percentage of cell in subG1 in the cell cycle profile, the flow cytometric analysis of
Annexin V/PI-stained cells, and also by PARP cleavage.

Figure 12. Effects of 21l and 24 on expression of PARP (poly ADP-ribose polymerase) and anti-
apoptotic proteins Bcl-2 and Mcl-1. MCF-7 cells were treated with either vehicle control (ethanol,
0.1% v/v) or with compounds 21l and 24 (1 µM) for 24 h. After the required time, cells were harvested
and separated by SDS-PAGE to detect the level of the apoptosis-related proteins. The membrane was
probed with anti-PARP or anti-cleaved PARP antibodies. Results are representative of three separate
experiments. To confirm equal protein loading, each membrane was stripped and re-probed with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody.

3.8. Aromatase Inhibition

An objective of this research was the design of dual-acting tubulin/aromatase in-
hibitors. The evaluation of the aromatase inhibitory activity of the most potent compounds
prepared was next investigated. Three compounds of the phenstatin hybrid panel 21l,
24 and 19e were selected for evaluation against two cytochrome members of the P450
family: CYP19 and CYP1A1. CYP19 is the aromatase cytochrome directly responsible for
the synthesis of estradiol by the aromatisation of its steroid precursors testosterone and
androstenedione, while CYP1A1 is involved in the metabolism of estrogen. The specificity
of aromatase inhibition was evaluated by an assay carried out with xenobiotic-metabolising
cytochrome P450 enzymes CYP1A1. The methodology applied in this study requires the
detection of the hydrolysed dibenzylfluorescein (DBF) by the aromatase enzyme [117].
Aromatase and CYP1A1 inhibition were quantified by measuring the fluorescent inten-
sity of fluorescein, the hydrolysis product of dibenzylfluorescein (DBF), by aromatase
as previously described [118,119]. Naringenin was used as a positive control, yielding
IC50 values of 4.9 µM. The test was initially conducted at one concentration (20 µg/mL).
Further experiments to determine the IC50 value were performed if the compound caused
greater than 90% inhibition at 20 µg/mL. The results are presented in Table 5. Of these,
1,2,3-triazole 24 was inactive, as it did not show any inhibition of the enzyme at 20 µg/mL,
0.05 µM (0.01% for CYP19 and 12.81% for CYP1A1), whereas imidazole 21l (0.05 µM) and
1,2,4-triazole 19e (0.05 µM) were active in the first screen against CYP19 (Table 5). The
inhibition for imidazole 21l, although potent, was not concentration-dependent, and the
IC50 could not be determined. 1,2,4-Triazole 19e inhibited aromatase in a concentration-
dependent manner, and its IC50 was determined as 29 µM. Of all the tested compounds (21l,
24, and 19e), none showed significant inhibition of CYP1A1, yielding IC50 values above
53 µM, which is regarded as inactive [119,120]. From the results obtained, we can suggest
that the 1,2,4-triazole heterocycle is required for aromatase inhibition in the phenstatin
related compound 19e. Therefore, the 1,2,4-triazole compound 19e could be identified as
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a potential dual-acting drug for the treatment of breast cancer targeting both aromatase
inhibition and tubulin polymerisation.

Table 5. Inhibitory effect of compounds 19e, 21l, and 24 on aromatase and CYP1A1 activity.

Compound % Inhibition at 20 µg/mLa IC50 (µM) a,b

CYP19 CYP1A1 CYP19 CYP1A1

19e 85.34 18.08 29.62 >53.85
21l 74.73 18.44 >53.99 >53.99
24 0.01 12.81 >53.85 >53.85

a The values are mean values of at least three experiments; b Concentration required to decrease the aromatase
and CYP1A1 inhibition activity by 50%.

3.9. Molecular Docking of Phenstatin Hybrids 19e, 21l, and 24

Compounds 19e, 21l, and 24 were next examined in tubulin molecular docking exper-
iments to rationalise the observed biochemical activities. These three molecules contain
a 3-hydroxy-4-methoxy substituted aromatic ring and a 3,4,5-trimethoxyphenyl ring and
differ in the nitrogen heterocycle that is substituted on the benzyhdryl linkage. The com-
pounds phenstatin 7a and N-deacetyl-N-(2-mercaptoacetyl)colchicine (DAMA-colchicine)
were used as reference compounds in the docking experiments. Since the compounds
19e, 21l, and 24 were synthesised as racemates, both R and S enantiomers of each com-
pound were docked in the crystallised tubulin structure 1SA0 [121] and ranked based on
the substituent and enantiomer giving the best binding results as illustrated in Figure
13. The co-crystallised tubulin DAMA–colchicine structure 1SA0 [121] was used for this
study, as it has been demonstrated that both CA-4 4a and phenstatin 7a interact at the
colchicine-binding site of tubulin. Figure 13A–C shows the binding of the S enantiomers,
the ranking for the binding of the three different compounds in order: S-21l, S-24, and
S-19e. All three compounds demonstrate a strong interaction with the same amino acid
residue Lys352. Compound S-21l forms a hydrogen bond acceptor interaction between an
imidazole nitrogen and Ser178. The imidazole also forms a π–CH interaction with Leu248.
Compounds S-24 and S-19e show very similar behaviour; they do not bind Ser178 but
still have the same interaction with Leu248. In the R-enantiomer series, the heterocycle is
directed differently, and very different binding poses and less favourable binding interac-
tions between the ligands and the tubulin binding site are predicted for these compounds
(Figure 13D–F). In order to maintain the A and C-ring overlays, the heterocycle would clash
with binding site amino acids, so for the three R-enantiomers, the heterocycle overlays with
either the A or C-ring and the 3,4,5-trimethoxyphenyl mapping is no longer possible or not
as ideal.

Compound S-21l was the highest ranked compound in the series; therefore, it would
be of interest to obtain in vitro results for the enantiomerically pure compound. Phenstatin
7a also maps well to the colchicine binding pose with the 3,4-5-trimethoxyaryl residues
overlaying effectively and the B-ring 4-methoxy group positioned to form a hydrogen bond
with Lys352 (Figure 12G). The results provide rationalisation of the observed biochemical
experiments in which cell cycle and tubulin binding was confirmed, indicating that these
compounds are apoptotic and tubulin depolymerising agents.
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Figure 13. Docking of compounds 19e, 21l, and 24 in the colchicine binding site of tubulin. Overlay of the X-ray structure of
tubulin co-crystallised with DAMA-colchicine (PDB entry 1SA0) on the best-ranked docked poses of the three S enantiomers
(A) 21l, (B) 24, and (C) 19e. Overlay of the X-ray structure of tubulin co-crystallised with DAMA-colchicine (PDB entry
1SA0) on the best ranked docked poses of the three R enantiomers (D) 21l, (E) 24, (F) 19e, and (G) Phenstatin (7a). Ligands
are rendered as tube and amino acids as a line. Tubulin amino acids and DAMA-colchicine are coloured by atom type; the
three heterocycles are coloured green. The atoms are coloured by element type, carbon = grey, hydrogen = white, oxygen =
red, nitrogen = blue, sulphur = yellow. Key amino acid residues are labelled, and multiple residues are hidden to enable a
clearer view.

4. Materials and Methods
4.1. Chemistry

All reagents were commercially available and were used without further purification
unless otherwise indicated. Anhydrous solvents were purchased from Sigma. Uncorrected
melting points were measured on a Gallenkamp apparatus. Infrared (IR) spectra were
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recorded on a Perkin Elmer FT-IR Paragon 1000 spectrometer. 1H and 13C nuclear magnetic
resonance spectra (NMR) were recorded at 27 ◦C on a Brucker DPX 400 spectrometer
(400.13 MHz, 1H; 100.61 MHz, 13C) in CDCl3 (internal standard tetramethylsilane (TMS)).
For CDCl3, 1H NMR spectra were assigned relative to the TMS peak at 0.00 ppm, and 13C
NMR spectra were assigned relative to the middle CDCl3 peak at 77.0 ppm. Electrospray
ionisation mass spectrometry (ESI-MS) was performed in the positive ion mode on a
liquid chromatography time-of-flight mass spectrometer (Micromass LCT, Waters Ltd.,
Manchester, UK). The samples were introduced to the ion source by an LC system (Waters
Alliance 2795, Waters Corporation, Milford, MA, USA) in acetonitrile/water (60:40% v/v)
at 200 µL/min. The capillary voltage of the mass spectrometer was at 3 kV. The sample
cone (de-clustering) voltage was set at 40 V. For exact mass determination, the instrument
was externally calibrated for the mass range m/z 100 to 1000. A lock (reference) mass (m/z
556.2771) was used. Mass measurement accuracies of < ±5 ppm were obtained. Thin-layer
chromatography (TLC) was performed using Merck Silica gel 60 TLC aluminium sheets
with fluorescent indicator visualising with UV light at 254 nm. Flash chromatography
was carried out using standard silica gel 60 (230–400 mesh) obtained from Merck. All
products isolated were homogenous on TLC. The purity of the tested compounds was
determined by HPLC. Analytical high-performance liquid chromatography (HPLC) was
performed using a Waters 2487 Dual Wavelength Absorbance detector, a Waters 1525
binary HPLC pump, and a Waters 717 plus Autosampler. The column used was a Varian
Pursuit XRs C18 reverse phase 150 × 4.6 mm chromatography column. Samples were
detected using a wavelength of 254 nm. All samples were analysed using acetonitrile
(60%)/water (40%) over 10 min and a flow rate of 1 mL/min. Microwave experiments
were carried using a Biotage Discover CEM microwave synthesiser on a standard power
setting (maximum power supplied is 300 watts) unless otherwise stated. Details of the
synthesis and characterisation of intermediate compounds and target azole products are
available in the Supporting Information.

4.1.1. (3-Hydroxy-4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methanone, Phenstatin (7a)

2-Methoxy-5-(3,4,5-trimethoxybenzoyl)phenyl 2-chloroacetate (23c) (1 eq, 1.28 mmol,
0.51 g) was reacted with sodium acetate (4.5 eq, 5.76 mmol, 0.47 g) in methanol (10 mL)
at reflux for 2 h. After cooling, the mixture was concentrated under reduced pressure.
Distilled water was added to the residue, and the resulting precipitate was filtered and
recrystallised from ethanol. Yield: 89% (0.361 g) white solid Mp: 152–156 ◦C [66,67]. 1H
NMR (400 MHz, CDCl3) δ 7.42 (d, J = 2.1 Hz, 1H, Ar-H), 7.37 (dd, J = 8.3, 2.1 Hz, 1H, Ar-H),
7.01 (s, 2H, Ar-H), 6.90 (d, J = 8.4 Hz, 1H, Ar-H), 3.96 (s, 3H, OCH3), 3.91 (s, 3H, OCH3),
3.86 (s, 6H, OCH3). 13C NMR (101 MHz, CDCl3) δ 194.63 (C=O), 152.75 (2 × C-O), 150.17
(C-O), 145.29 (C-OH), 141.61 (C-O), 133.13 (C), 131.03 (C), 123.61 (CH), 116.19 (CH), 109.66
(CH), 107.49 (2 × CH), 60.93 (OCH3), 56.28 (2 × OCH3), 56.07 (OCH3). LRMS (EI): found
319.37 (M+H)+; C17H19O6 requires 319.12. IR: νmax (ATR) cm−1: 3249, 3003, 2840, 1632,
1578, 1505, 1443, 1414, 1331, 1236, 1222, 1118, 1002, 931, 892, 870, 758, 736, 670, 639, 576.

4.1.2. General Method A: Preparation of Alcohols

To a solution of the benzophenone in methanol (25 mL), NaBH4 (1 eq) was added in
small portions. The solution was stirred at 0 ◦C until the reaction was complete from TLC.
Dilute HCl (10%) was added, and the solvent was removed with the rotary evaporator.
Then, the product was dissolved in ethyl acetate (30 mL) and washed with water (20 mL)
and brine (10 mL), dried over sodium sulphate, filtered, and concentrated. Purification via
flash column chromatography (eluent: n-hexane/ethyl acetate 1:1) afforded the product.

N-(4-(Hydroxy(Phenyl)Methyl)Phenyl)Acetamide (12i)

As per general method A, a solution of compound 11i (1 eq, 0.5 mmol, 0.12 g) in
methanol (25 mL) was treated with sodium borohydride (1 eq, 0.5 mmol, 0.02 g). The
product was isolated without further purification, as an oil (0.1 g, 83%). IR: νmax (ATR)
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cm−1: 3058, 1653, 1601, 1512, 1408, 1370, 1250, 1174, 1092, 1018. 1H NMR (400 MHz, CDCl3)
δ 7.43 (s, 2H, Ar-H), 7.32 (s, 2H, Ar-H), 7.31 (d, J = 1.4 Hz, 2H, Ar-H), 7.29 (d, J = 2.4 Hz,
2H, Ar-H), 7.27 (s, 1H, Ar-H), 5.20 (s, 1H, CH-OH), 2.14 (s, 3H, CH3). 13C NMR (101 MHz,
CDCl3) δ 168.28 (NH-C=O), 143.72 (C), 138.02 (C), 137.10 (C-NH), 128.36 (2 × CH), 127.59
(2 × CH), 127.44 (CH), 126.82 (2 × CH), 119.80 (2 × CH), 84.92 (CH-OH), 30.91 (CH3).
LRMS (EI): C15H16NO2, 242.27 (M+H)+.

4-(Hydroxy(Phenyl)Methyl)Phenyl 2,2,2-Trifluoroacetate (12j)

As per general method A, a solution of compound 11j (1 eq, 2.12 mmol, 0.622 g) was
treated with sodium borohydride (1 eq, 2.12 mmol, 0.08 g). Following purification via flash
column chromatography (eluent: n-hexane/ethyl acetate 1:1), the product was isolated as a
white solid, 89% (0.562 g) Mp. 145–147 ◦C. IR: νmax (ATR) cm−1: 3299, 1701, 1602, 1542,
1494, 1448, 1420, 1246, 1178, 1152, 1016. 1H NMR (400 MHz, CDCl3) δ 7.73–7.66 (m, 1H,
Ar-H), 7.52 (d, J = 8.6 Hz, 2H, Ar-H), 7.41 (d, J = 8.6 Hz, 2H, Ar-H), 7.35–7.32 (m, 4H, Ar-H),
5.84 (s, 1H, CH-OH). 13C NMR (101 MHz, CDCl3) δ 163.43 (C=O), 143.40 (C-O), 141.94 (C),
132.90 (C), 128.62 (2 × CH), 127.84 (CH), 127.47 (2 × CH), 126.49 (2 × CH), 120.45 (2 × CH),
113.60 (CF3), 75.65 (CH-OH). HRMS (EI): found 294.0745 (M−2H)+; C15H9F3O3 requires
294.0504.

4.1.3. General Method B: Preparation of 1-(Diarylmethyl)-1H-1,2,4-Triazoles

To a solution of the secondary alcohol (1 eq) in toluene (60 mL), in a round-bottom
flask connected to a Dean-Stark trap was added 1,2,4-triazole (3 eq) and p-toluenesulfonic
acid (200 mg, 0.61 eq). The source of heating used for the reaction was a Biotage open
vessel microwave reactor (90–250 W). The reaction mixture was heated at reflux for 4 h,
the toluene was evaporated, and the crude product was dissolved in ethyl acetate (30 mL)
and washed with water (20 mL) and brine (10 mL). The solution was dried over sodium
sulphate, filtered, and concentrated under reduced pressure. The crude product was
purified via flash chromatography (n-hexane/ethyl acetate, 1:1) over silica gel to afford the
desired product.

1-((4-Fluorophenyl)(Phenyl)Methyl)-1H-1,2,4-Triazole (13c)

As per general method B, compound 12d (1 eq, 2.47 mmol, 0.5 g) was reacted with 1,2,4-
triazole and p-TSA in toluene. The crude product was purified via flash chromatography
(eluent: n-hexane/ethyl acetate 5:3), white crystals, 26% (0.16 g), Mp. 96–99 ◦C, (HPLC
97%). IR: νmax (ATR) cm−1: 3120, 3051, 3010, 1605, 1509, 1496, 1276, 1228, 1207, 1160,
1137, 1015. 1H NMR (400 MHz, CDCl3) δ 6.72 (s, 1 H, CH-N-R), 7.02–7.08 (m, 2 H, Ar-H),
7.08–7.13 (m, 4 H, Ar-H), 7.35–7.39 (m, 3 H, Ar-H), 7.91 (s, 1 H, CH-N), 8.01 (s, 1 H, CH-N).
13C NMR (101 MHz, CDCl3) δ 67.13 (CH-N-R), 115.83 (CH), 116.05 (CH), 128.00 (2 ×
CH), 128.76 (CH), 129.04 (2 × CH), 129.90 (CH), 129.98 (CH), 133.85 (C), 137.74 (C), 143.47
(CH-N), 152.41 (CH-N), 163.87 (C-F). HRMS (EI): found 252.0941 (M − H)+; C15H11FN3
requires 252.0937.

2,2,2-Trifluoro-N-(4-(Phenyl(1H-1,2,4-Triazol-1-yl)Methyl)Phenyl)Acetamide (13i)

As per general method B, compound 12j (1 eq, 1.67 mmol, 0.49 g) was reacted with
1,2,4-triazole and p-TSA in toluene. The crude product was purified via flash chromatog-
raphy (eluent: n-hexane/ethyl acetate 1:1) to afford a pale yellow solid, 26%, 0.154 g, Mp.
143–145 ◦C. IR: νmax (ATR) cm−1: 3112, 3039, 1725, 1612, 1560, 1503, 1252, 1209, 1186,
1159, 1135. 1H NMR (400 MHz, CDCl3) δ 6.74 (s, 1 H, CH-N-R), 7.16 (d, J = 8.54 Hz, 4 H,
Ar-H), 7.36 (d, J = 1.83 Hz, 3 H, Ar-H), 7.58 (d, J = 8.54 Hz, 2 H, Ar-H), 7.92 (s, 1 H, CH-N),
8.02 (s, 1 H, CH-N). 13C NMR (101 MHz, CDCl3) δ 154.64 (C=O), 152.33 (CH-N), 143.54
(CH-N), 137.34 (C), 135.97 (C-NH), 135.40 (C), 129.08 (2 × CH), 128.88 (CH), 128.11 (2 ×
CH), 120.80 (2 × CH), 114.14 (CF3), 67.23 (CH-N-R). HRMS (EI): found 347.1116 (M + H)+;
C17H14F3N4O requires 347.1119.
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1-((4-(Benzyloxy)Phenyl)(Phenyl)Methyl)-1H-1,2,4-Triazole (13j)

As per general method B, compound 12k (1 eq, 2.41 mmol, 0.7 g) was reacted with 1,2,4-
triazole and p-TSA in toluene. The crude product was purified via flash chromatography
(eluent: n-hexane/ethyl acetate 1:2) to afford a white solid, 54%, 0.44 g, Mp. 132–134 ◦C. IR:
νmax (ATR) cm−1: 3089, 3033, 3050, 2888, 2853, 1576, 1452, 1379, 1289, 1276, 1245, 1171, 1041.
1H NMR (400 MHz, CDCl3) δ 5.04 (s, 2 H, CH2), 6.69 (s, 1 H, CH-N-R), 6.95 (d, J = 8.54 Hz,
2 H, Ar-H), 7.05–7.09 (m, 4 H, Ar-H), 7.31–7.42 (m, 8 H, Ar- H), 7.89 (s, 1 H, CH-N), 8.00 (s,
1 H, CH-N). 13C NMR (101 MHz, CDCl3) δ 158.93 (C-O), 152.24 (CH-N), 143.43 (CH-N),
138.32 (C), 136.57 (C), 130.10 (C), 129.63 (2 × CH), 128.86 (2 × CH), 128.60 (2 × CH), 128.40
(2 × CH), 128.07 (CH), 127.75 (2 × CH), 127.42 (CH), 115.19 (2 × CH), 70.07 (CH-N-R),
67.35 (CH2). LRMS (EI): found 341.90 (M+); C22H19N3O requires 341.15.

1-((4-Ethoxyphenyl)(Phenyl)Methyl)-1H-1,2,4-Triazole (13l)

As per general method B, compound 12m (1 eq, 1.98 mmol, 0.45 g) was reacted with
1,2,4-triazole and p-TSA in toluene. The crude product was purified via flash chromatogra-
phy (eluent: n-hexane/ethyl acetate 1:1) to afford white crystals, 98%, 0.54 g, Mp. 98–100 ◦C,
(HPLC 97%). IR: νmax (ATR) cm−1: 3091, 2926, 1611, 1579, 1468, 1458, 1430, 1390, 1375,
1248, 1138, 1015. 1H NMR (400 MHz, CDCl3) δ 1.41 (t, J = 7.02 Hz, 3 H, CH3), 4.03 (q,
J = 6.71 Hz, 2 H, CH2), 6.71 (s, 1 H, CH-N-R), 6.86–6.90 (m, 2 H, Ar-H), 7.05–7.11 (m, 4 H,
Ar-H), 7.32–7.40 (m, 3 H, Ar-H), 7.90 (s, 1 H, CH-N), 8.02 (s, 1 H, CH-N). 13C NMR (101
MHz, CDCl3) δ 14.76 (CH3), 63.55 (CH2), 67.42 (CH-N-R), 114.82 (2 × CH), 127.74 (CH),
128.38 (2 × CH), 128.86 (2 × CH), 129.63 (2 × CH, C), 138.43 (C), 143.45 (CH-N), 152.22
(CH-N), 159.14 (C-O). HRMS (EI): found 280.1447 (M + H)+; C17H18N3O requires 280.1450.

1-((4-(Benzyloxy)phenyl)(3,4,5-trimethoxyphenyl)methyl)-1H-1,2,4-triazole (16b)

As per general method B, compound 15b (1 eq, 1.06 mmol, 0.405 g) was reacted with
1,2,4-triazole (3 eq, 3.19 mmol, 0.22 g) and p-TSA (0.61 eq, 200 mg) in toluene (60 mL). The
crude product was purified via flash chromatography (eluent: n-hexane/ethyl acetate 1:1),
pale yellow oil, 72%, 0.33 g. IR: νmax (ATR) cm−1: 1589, 1504, 1453, 1330, 1230, 1175, 1120,
1005. 1H NMR (400 MHz, CDCl3) δ 3.73 (s, 6 H, OCH3), 3.82 (s, 3 H, OCH3), 5.06 (s, 2 H,
CH2), 6.28 (s, 2 H, Ar-H), 6.62 (s, 1 H, CH-N-R), 6.96 (d, J = 8.54 Hz, 2 H, Ar-H), 7.08 (d, J =
8.54 Hz, 2 H, Ar-H), 7.31–7.42 (m, 5 H, Ar-H), 7.91 (s, 1 H, CH-N), 8.01 (s, 1 H, CHN). 13C
NMR (101 MHz, CDCl3) δ 158.98 (C), 153.54 (2 × C), 152.25 (CH), 143.47 (CH), 137.97 (C),
136.53 (C), 133.76 (C), 129.84 (C), 129.55 (2 × CH), 128.62 (2 × CH), 128.11 (CH), 127.44 (2
× CH), 115.24 (2 × CH), 104.98 (2 × CH), 70.09 (CH2), 67.43 (CH), 60.84 (OCH3), 56.12 (2
× OCH3). HRMS (EI): found 454.1748 (M+Na)+; C25H25N3NaO4 requires 454.1743.

1-(Phenyl(3,4,5-Trimethoxyphenyl)Methyl)-1H-1,2,4-Triazole (16e)

As per general method B, compound 15e (1 eq, 3.2 mmol, 0.87 g) was reacted with
1,2,4-triazole (3 eq, 9.6 mmol, 0.66 g) and p-TSA (0.6 eq, 200 mg) in toluene (60 mL). The
crude product was purified via flash chromatography (eluent: n-hexane/ethyl acetate 1:1),
white crystals, 70%, 0.735 g, Mp. 139–140 ◦C, (HPLC 100%). IR: νmax (ATR) cm−1: 3119,
2944, 1592, 1502, 1454, 1434, 1420, 1332, 1270, 1219, 1120. 1H NMR (400 MHz, CDCl3) δ 3.74
(s, 6 H, OCH3), 3.83 (s, 3 H, OCH3), 6.32 (s, 2 H, Ar-H), 6.67 (s, 1 H, CH-N-R), 7.13 (d, J
= 7.32 Hz, 2 H, Ar-H), 7.35–7.40 (m, 3 H, Ar-H), 7.93 (s, 1 H, CH-N), 8.02 (s, 1 H, CH-N).
13C NMR (101 MHz, CDCl3) δ 56.10 (2 × OCH3), 60.83 (OCH3), 67.89 (CH-N-R), 105.32
(2 × CH), 128.01 (2 × CH), 128.70 (CH), 128.94 (2 × CH), 133.32 (C), 137.69 (C-O), 138.10
(C), 143.55 (CH-N), 152.32 (CH-N), 153.56 (2 × C-O). HRMS (EI): found 348.1314 (M+Na)+;
C18H19N3NaO3 requires 348.1324.

1-((3-(Benzyloxy)-4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methyl)-1H-1,2,4-
Triazole (19a)

As per general method B, compound 18a (1 eq, 2.43 mmol, 1.0 g) was reacted with
1,2,4-triazole (3 eq, 7.3 mmol, 0.5 g) and p-TSA (200 mg) in toluene (60 mL). The toluene
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was evaporated, and the crude product was dissolved in ethyl acetate (30 mL), washed
with water (20 mL), brine (10 mL), dried over sodium sulphate and concentrated under
reduced pressure, white solid, 64%, 0.71 g, Mp. 98–100 ◦C. IR: νmax (ATR) cm−1: 3440, 2938,
1591, 1517, 1464, 1416, 1253, 1127, 1006. 1H NMR (CDCl3, 400 MHz) δ 8.02 (s, 1H, CH-N),
7.83 (s, 1H, CH-N), 7.29–7.35 (m, 5H, Ar-H), 6.89 (d, J = 8.53 Hz, 1H, Ar-H), 6.69–6.74 (m,
1H, Ar-H), 6.66 (d, J = 2.01 Hz, 1H, Ar-H), 6.59 (s, 1H, CH-N-R), 6.23 (s, 2H, Ar-H), 5.08 (s,
2H, CH2), 3.91 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.72 (s, 6H, OCH3). 13C NMR (CDCl3,
100 MHz) δ 153.0 (COBn), 151.8 (CH-N), 149.5 (C), 147.6 (C), 143.0 (CH-N), 137.4 (C), 136.0
(C), 133.2 (C), 129.3 (C), 128.1 (2 × CH), 127.6 (2 × CH), 126.8 (CH), 120.9 (CH), 113.7 (CH),
111.2 (CH), 104.3 (2 × CH), 77.0 (CH2), 70.5 (CH-N-R), 67.0 (OCH3), 60.4 (OCH3), 55.6
(OCH3), 55.5 (OCH3). HRMS (EI): 484.1833 (M + Na)+; C26H27N3NaO5 requires 484.1848.

4-((3-(Benzyloxy)-4-Methoxyphenyl)(1H-1,2,4-Triazol-1-yl)Methyl)Benzonitrile (19f)

As per the general method B, 18e (1 eq., 600 mg, 1.73 mmol), 1,2,4-triazole (3 eq.,
360 mg, 5.21 mmol) and p-TSA (0.5 eq, 0.87 mmol, 150 mg) were reacted in a microwave
reactor. The fixed microwave was set to 120 W for the duration of the reaction. The product
was purified via flash chromatography on silica gel (DCM: EtOAc, gradient 25:1 to 10:1) to
afford a yellow solid, 507 mg, 74%, Mp. 91–93 ◦C. IR: νmax (KBr) cm−1: 3032, 2934, 2228,
1607, 1513, 1441, 1264, 1139, 1015. 1H NMR (CDCl3, 400 MHz) δ 8.04 (s, 1H, CH), 7.88
(s, 1H, CH), 7.61 (d, J = 8.53 Hz, 2H, Ar-H), 7.30–7.37 (m, 5H, Ar-H), 7.06 (d, J = 8.03 Hz,
2H, Ar-H), 6.91 (d, J = 8.03 Hz, 1H, Ar-H), 6.76 (dd, J = 1.51, 8.03 Hz, 1H, Ar-H), 6.64 (d,
J = 13.55 Hz, 2H, Ar-H), 5.10 (s, 2H, CH2), 3.92 (s, 3H, OCH3). 13C NMR (CDCl3, 100 MHz)
δ 151.9 (NCHN), 150.0 (Cq), 147.8 (Cq), 143.1 (NCHN), 135.9 (Cq), 132.1, 128.2, 127.7, 127.7,
127.6, 126.7, 121.5, 117.8 (Cq), 114.2, 111.8, 111.3 (Cq), 70.6 (CH2), 66.5 (CH), 55.6 (OCH3).
HRMS (EI): 395.1516 (M − H)-; C24H19N4O2 requires 395.1508.

4-((4-(Benzyloxy)Phenyl)(1H-1,2,4-Triazol-1-yl)Methyl)Benzonitrile (19g)

As per general method B, 18f (1 eq., 3 g, 9.51 mmol), 1,2,4-triazole (3 eq., 1.69 g,
24.5 mmol) and p-TSA (1.0 eq, 1.74 mmol, 300 mg) were reacted for 4 h. The fixed microwave
was set to 95 W for the duration of the reaction. The material was purified via flash
chromatography on silica gel (DCM: EtOAC, gradient 25:1 to 10:1) to afford a pale yellow
solid, 2.33 g, 67%, Mp. 79–81 ◦C. IR: νmax (KBr) cm−1: 3443, 3118, 2920, 2227, 1608, 1561,
1511, 1418, 1394, 1217, 1169, 1154, 1039. 1H NMR (CDCl3, 400 MHz) δ 8.07 (s, 1H, CH), 7.99
(s, 1H, CH), 7.68 (d, J = 8.53 Hz, 2H, Ar-H), 7.33–7.48 (m, 5H, Ar-H), 7.19 (d, J = 8.53 Hz,
2H, Ar-H), 7.11–7.16 (m, 2H, Ar-H), 6.98–7.05 (m, 2H, Ar-H), 6.75 (s, 1H, CH), 5.10 (s, 2H,
CH2). 13C NMR (CDCl3, 100 MHz) δ 159.0 (COBn), 152.2 (NCHN), 143.4 (NCHN), 135.9
(Cq), 132.2, 129.7, 128.3, 128.0, 127.8 (Cq), 127.0, 117.8 (Cq), 115.1, 111.9 (Cq), 69.7 (CH2),
66.4 (CH). HRMS (EI): 365.1408 (M−H)-; C23H17N4O requires 365.1402.

5-((2H-1,2,3-Triazol-1-yl)(3,4,5-Trimethoxyphenyl)Methyl)-2-Methoxyphenol (24)

As per general method B, compound 15i (1 eq, 0.2 mmol, 0.5 g) was reacted with
1,2,3-triazole (3 eq, 1.5 mmol, 0.33 g) of and p-TSA (0.61 eq, 200 mg) in toluene (60 mL).
The crude product was purified via flash column chromatography (eluent: n-hexane/ethyl
acetate 1:1), yellow oil, 77%, 0.143 g, (HPLC 98%). IR: νmax (ATR) cm−1: 3392, 2939, 2838,
1590, 1507, 1458, 1419, 1330, 1275, 1236, 1120, 1001, 1025. 1H NMR (400 MHz, DMSO-d6) δ
9.01 (s, 1H, OH), 7.83 (s, 2H, Ar-H), 6.99 (s, 1H, CH), 6.83 (d, J = 8.4 Hz, 1H, Ar-H), 6.65 (d,
J = 2.2 Hz, 1H, Ar-H), 6.60 (s, 2H, Ar-H), 6.56 (dd, J = 8.4, 2.1 Hz, 1H, Ar-H), 3.70 (s, 3H,
OCH3), 3.65 (s, 6H, OCH3), 3.62 (s, 3H, OCH3). 13C NMR (101 MHz, DMSO-d6) δ 153.12
(2 × C-O), 147.78 (C-O), 146.67 (C-O), 137.49 (C), 135.21 (C), 134.90 (CH), 131.93 (CH, C),
119.34 (CH), 115.79 (CH), 112.28 (CH), 105.96 (2 × CH), 70.96 (CH-N-R), 60.42 (OCH3),
56.29 (2 × OCH3), 56.01 (OCH3). LRMS (EI): found 394.26 (M + Na)+; C19H21N3NaO5
requires 394.14.
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4.1.4. 4-(Phenyl(1H-1,2,4-Triazol-1-yl)Methyl)Aniline (13m)

To a solution of compound 13i (1 eq, 0.44 mmol, 0.154 g) in MeOH and water, K2CO3
(4 eq, 1.78 mmol, 0.25g) was added. The mixture was stirred for 72 h; then, it was acidified
with HCl 10% (50 mL) and extracted with DCM (3 × 25 mL). The acid phase was made
alkaline with aqueous NaOH (15%) and extracted with DCM (3 × 25 mL). The organic
extracts were combined, dried over Na2SO4, filtered and concentrated under reduced
pressure, orange solid, 16%, 0.043 g, Mp. 149–151 ◦C. IR: νmax (ATR) cm−1: 3357, 3194,
3124, 1611, 1517, 1504, 1273, 1209, 1184, 1134, 1022. 1H NMR (400 MHz, DMSO-d6) δ 5.15
(s, 2 H, NH), 6.49 (m, 2 H, Ar-H), 6.77 (s, 1 H, CH-N-R), 6.88 (d, J = 8.54 Hz, 2 H, Ar-H),
7.09 (d, J = 7.32 Hz, 2 H, Ar-H), 7.22–7.35 (m, 3 H, Ar-H), 7.98 (s, 1 H, CH-N), 8.40 (s, 1 H,
CH-N). 13C NMR (101 MHz, DMSO-d6) δ 65.76 (CH-N-R), 113.57 (2 × CH), 125.32 (2 ×
CH), 127.44 (2 × CH), 127.51 (C), 128.38 (CH), 129.15 (2 × CH), 140.02 (C), 143.92 (CH-N),
148.58 (C-NH2), 151.60 (CH-N). LRMS (EI): found 251.18 (M+); C15H16N4 requires 251.13.

4.1.5. 4-(Phenyl(1H-1,2,4-Triazol-1-yl)Methyl)Phenol (13n)

Compound 13j (1 eq, 1.28 mmol, 0.44 g) was stirred in ethyl acetate (20 mL) and
palladium hydroxide (0.05 g) under hydrogen atmosphere for 3 h. Then, the crude product
was purified via flash chromatography (eluent: n-hexane/ethyl acetate 1:2), off-white solid,
67%, 0.217 g, Mp. 189–191 ◦C, (HPLC 93%). IR: νmax (ATR) cm−1: 3104, 2599, 1612, 1590,
1512, 1493, 1449, 1372, 1283, 1238, 1217, 1025. 1H NMR (400 MHz, CDCl3) δ 6.68 (s, 1 H,
CH-N-R), 6.81 (d, J = 7.93 Hz, 2 H, Ar-H), 7.01 (s, 2 H, Ar-H), 7.07 (d, J = 6.10 Hz, 2 H, Ar-H),
7.34 (s, 3 H, Ar-H), 7.89 (s, 1 H, CH-N), 8.00 (s, 1 H, CH-N). 13C NMR (101 MHz, CDCl3)
δ 156.13 (C-OH), 151.53 (CH-N), 142.78 (CH-N), 138.00 (C), 129.82 (2 × CH), 129.53 (C),
128.92 (2 × CH), 128.52 (CH), 127.70 (2 × CH), 115.89 (2 × CH), 67.62 (CH-N-R). HRMS
(EI): found 250.0981 (M - H)+; C15H12N3O requires 250.0981.

4.1.6. General Method C: Preparation of Secondary Alcohols 15b, 15c, 15d, 15g, 15h

A solution of the aryl bromide in dry THF was cooled to −78◦ under nitrogen. n-BuLi
was added dropwise, and the mixture was allowed to stir for 1 h under nitrogen. After 1 h,
a solution of the aryl aldehyde in dry THF was added, and the mixture was stirred for a
further 1.5 h at −78 ◦C. The mixture was stirred at room temperature for 2 h; then, it was
concentrated under reduced pressure to remove the THF. The residue was dissolved in
DCM (30 mL) and washed with water (20 mL) and brine (10 mL), dried over sodium sulfate,
filtered, and concentrated. Then, the crude product was purified via flash chromatography
(eluent: n-hexane/ethyl acetate).

(4-(Benzyloxy)Phenyl)(3,4,5-Trimethoxyphenyl)Methanol (15b)

As per general method C, compound 14b (1 eq, 5.2 mmol, 1.37 g) in dry THF (50 mL)
was treated with n-BuLi (2.4 mL) followed by the addition 3,4,5-trimethoxybenzaldehyde
(1 eq, 5.2 mmol, 1 g). The crude product was purified via flash chromatography (eluent:
n-hexane/ethyl acetate 1:1), white solid, 21%, 0.405 g, Mp. 98–102 ◦C. IR: νmax (ATR) cm−1:
3477, 2935, 2833, 1590, 1503, 1451, 1418, 1329, 1301, 1287, 1231, 1178, 1121, 1002. 1H NMR
(400 MHz, CDCl3) δ 3.81 (s, 9 H, CH3), 5.04 (s, 2 H, CH2), 5.72 (s, 1 H, CH-OH), 6.58 (s,
2 H, Ar-H), 6.93 (d, J = 8.54 Hz, 2 H, Ar-H), 7.24–7.31 (m, 3 H, Ar-H), 7.31–7.37 (m, 2 H,
Ar-H), 7.40 (t, J = 7.02 Hz, 2 H, Ar-H). 13C NMR (101 MHz, CDCl3) δ 56.08 (2 × OCH3),
60.81 (OCH3), 70.03 (CH2), 75.85 (CH-OH), 103.38 (2 × CH), 114.83 (2 × CH), 127.44 (2 ×
CH), 127.90 (CH), 127.98 (C), 128.42 (2 × CH), 136.16 (C-O), 136.88 (2 × C), 139.58 (2 ×
CH), 153.23 (2 × C-O), 158.34 (C-OBn). LRMS (EI): Found 403.21 (M + Na)+; C23H24NaO5
requires 403.15.

(4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methanol (15c)

Method (i) As per general method C, 1-bromo-4-methoxybenzene 14c (1 eq, 7.2 mmol,
1.34 g) in dry THF (50 mL) was treated with n-BuLi (3.3 mL) followed by the addition
after 1 h of 3,4,5-trimethoxybenzaldehyde (1 eq, 7.2 mmol, 1.41 g). The crude product was
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purified via flash chromatography (eluent: n-hexane/ethyl acetate gradient 7:3 to 1:1), pink
solid, 22%, 0.5 g, Mp. 107–109 ◦C [103]. IR: νmax (ATR) cm−1: 3358, 2936, 2837, 1611, 1590,
1508, 1459, 1423, 1325, 1234, 1125, 1055, 1034, 1000. 1H NMR (400 MHz, CDCl3) δ 3.79 (s,
3 H, CH3), 3.81 (s, 9 H, CH3), 5.73 (d, J = 2.44 Hz, 1 H, CH-OH), 6.59 (s, 2 H, Ar-H), 6.86
(d, J = 8.54 Hz, 2 H, Ar-H), 7.28 (d, J = 8.54 Hz, 2 H, Ar-H). 13C NMR (101 MHz, CDCl3) δ
55.26 (OCH3), 56.07 (2 × OCH3), 60.80 (OCH3), 75.85 (CH-OH), 103.36 (2 × CH), 113.87
(2 × CH), 127.86 (C), 135.89 (C), 137.13 (C-O), 139.63 (2 × CH), 153.21 (2 × C-O), 159.11
(C-O). HRMS (EI): found 327.1221 (M+Na)+ C17H20NaO5 requires 327.1209. Method (ii) As
per general method A, compound 22c (1 eq, 4.16 mmol, 1.26 g) was treated with sodium
borohydride (3 eq, 12.48 mmol, 0.47 g). The product was obtained as a pink solid, 50%,
0.6 g, Mp. 107–109 ◦C, which was identical (1H-NMR, 13C-NMR, HRMS, IR) to the sample
obtained through general method C.

(3,4-Dimethoxyphenyl)(3,4,5-Trimethoxyphenyl)Methanol (15d)

Method (i) As per general method C, compound 14d (1 eq, 7.2 mmol, 1.56 g) in
dry THF (50 mL) was treated with n-BuLi (3.3 mL) followed by the addition of 3,4,5-
trimethoxybenzaldehyde (1 eq, 7.2 mmol, 1.41 g). The crude product was purified via flash
chromatography (eluent: n-hexane/ethyl acetate 5:3) as a dark oil, 30%, 0.725 g [67]. IR:
νmax (ATR) cm−1: 3503, 2936, 2835, 1587, 1504, 1452, 1413, 1328, 1259, 1229, 1120, 1024,
1003. 1H NMR (400 MHz, CDCl3) δ 3.82–3.83 (m, 9 H, CH3), 3.86 (s, 3 H, CH3), 3.86 (s, 3
H, CH3), 5.71 (d, J = 2.90 Hz, 1 H, CH-OH), 6.60 (s, 2 H, Ar-H), 6.83 (d, J = 8.29 Hz, 1 H,
Ar-H), 6.88 (dd, J = 8.29, 1.66 Hz, 1 H, Ar-H), 6.93 (d, J = 2.07 Hz, 1 H, Ar-H). 13C NMR (101
MHz, CDCl3) δ 55.82 (2 × OCH3), 56.02 (2 × OCH3), 60.74 (OCH3), 75.90 (CH-OH), 103.44
(2 × CH), 109.74 (CH), 110.86 (CH), 118.93 (CH), 136.25 (C), 137.10 (C), 139.50 (C-O), 148.45
(C-O), 148.94 (C-O), 153.11 (2 × C-O). HRMS (EI): found 357.1305 (M + Na)+; C18H22NaO6
requires 357.1314. Method (ii) As per general method A, compound 20a (1 eq, 3.9 mmol,
1.3 g) was treated with sodium borohydride (3 eq, 11.73 mmol, 0.44 g). The product was
afforded as a dark oil, 89%, 1.16 g which was identical (1H-NMR, 13C-NMR, HRMS, IR) to
the sample obtained by general method C.

4.1.7. 4-((1H-1,2,4-Triazol-1-yl)(3,4,5-Trimethoxyphenyl)Methyl)Phenol (16i)

Compound 16b (1 eq, 0.76 mmol, 0.330 g) was dissolved in ethyl acetate (20 mL) and
stirred with palladium hydroxide (0.05 g) under a hydrogen atmosphere. The reaction
mixture was filtered through Celite, and the solvent was concentrated. The crude product
was purified via flash chromatography (eluent: n-hexane/ethyl acetate 1:2), yellow oil,
49%, 0.16 g, (HPLC 96%). IR: νmax (ATR) cm−1: 3113, 2999, 2939, 2837, 1592, 1505, 1459,
1420, 1332, 1274, 1236, 1123. 1H NMR (400 MHz, CDCl3) δ 3.76 (s, 6 H, OCH3), 3.85 (s, 3
H, OCH3), 6.31 (s, 2 H, Ar-H), 6.63 (s, 1 H, CH-N-R), 6.85 (d, J = 8.54 Hz, 2 H, Ar-H), 7.06
(d, J = 8.54 Hz, 2 H, Ar-H), 7.94 (s, 1 H, CH-N), 8.04 (s, 1 H, CH-N). 13C NMR (101 MHz,
CDCl3) δ 56.13 (2 × OCH3), 60.85 (OCH3), 67.58 (CH-N-R), 105.01 (2 × CH), 115.94 (2 ×
CH), 129.67 (2 × CH), 133.64 (2 × C), 137.41 (C-O), 143.43 (CH-N), 151.97 (CH-N), 153.55
(2 × C-O), 156.58 (C-OH). HRMS (EI): found 340.1302 (M − H)+; C18H18N3O4 requires
340.1297.

4.1.8. 5-((1H-1,2,4-Triazol-1-yl)(3,4,5-Trimethoxyphenyl)methyl)-2-Methoxyphenol (19e)

Compound 19a (1 eq, 0.43 mmol, 0.2 g) was dissolved in ethyl acetate (20 mL) and
stirred with palladium hydroxide (0.05 g) under hydrogen atmosphere. The reaction
mixture was filtered through Celite, and the solvent was concentrated. The crude product
was purified via flash chromatography (eluent: n-hexane/ethyl acetate 1:2), white solid,
76%, 0.12 g, Mp. 61–63 ◦C. IR: νmax (ATR) cm−1: 3389, 2936, 1591, 1508, 1461, 1276,
1127, 1010. 1H NMR (CDCl3, 400 MHz) δ 8.04 (s, 1H, CH-N), 7.97 (s, 1H, CH-N), 6.86 (d,
J = 8.53 Hz, 1H, Ar-H), 6.76 (d, J = 2.01 Hz, 1H, Ar-H), 6.67 (dd, J = 2.01, 8.03 Hz, 1H, Ar-H),
6.61 (s, 1H, CH-N-R), 6.33 (s, 2H, Ar-H), 3.90 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 3.77 (s, 6H,
OCH3). 13C NMR (CDCl3, 100 MHz) δ 153.1 (2 × C-O), 151.6 (CH-N), 146.5 (C-OH), 145.6
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(C-O), 143.0 (CH-N), 137.4 (C-O), 133.2 (C), 130.0 (C), 119.6 (CH), 114.2 (CH), 110.4 (CH),
104.5 (2 × CH), 67.1 (CH-N-R), 60.4 (OCH3), 55.7 (2 × OCH3), 55.5 (OCH3). HRMS (EI):
394.1363 (M + Na)+; C19H21N3NaO5 requires 394.1379.

4.1.9. 4-((3-Hydroxy-4-Methoxyphenyl)(1H-1,2,4-Triazol-1-yl)Methyl)Benzonitrile (19h)

Compound 19f (190 mg, 0.479 mmol) and Pd(OH)2 (20%, 20 mg) were reacted in
ethyl acetate (25 mL) for 60 min under a hydrogen atmosphere. The material was purified
via flash chromatography over silica gel (DCM: EtOAc, gradient 10:1 to 5:1) to afford the
product as a white solid, 120 mg, 82%, Mp. 168–170 ◦C. IR: νmax (KBr) cm−1: 3123, 2937,
2842, 2230, 1609, 1592, 1505, 1442, 1278, 1132, and 1022. 1H NMR (CDCl3, 400 MHz) δ 8.07
(s, 1H, CH), 8.05 (s, 1H, CH), 7.68 (d, J = 8.53 Hz, 2H, Ar-H), 7.19 (d, J = 8.03 Hz, 2H, Ar-H),
6.88 (d, J = 8.03 Hz, 1H, Ar-H), 6.77 (s, 1H, CH), 6.66–6.74 (m, 2H, Ar-H), 3.93 (s, 3H, OCH3),
13C NMR (CDCl3, 100 MHz), δ 151.8 (NCHN), 146.9 (Cq), 145.9 (Cq), 143.2 (NCHN), 132.2,
128.6 (Cq), 127.8, 120.2, 117.8 (Cq), 114.5, 111.9 (Cq), 110.5, 66.5 (CH), 55.6 (OCH3), HRMS
(EI): 305.1039 (M − H)-, C17H13N4O2 requires 305.1039.

4.1.10. 4-((4-Hydroxyphenyl)(1H-1,2,4-Triazol-1-yl)Methyl)Benzonitrile (19i)

Compound 19g (400 mg, 1.09 mmol) and Pd(OH)2 (20%, 20 mg) were reacted in ethyl
acetate (25 mL) for 60 min under a hydrogen atmosphere. The material was purified via
flash chromatography over silica gel (DCM: EtOAc, gradient 10:1 to 5:1) to afford the
product as a brown solid, 200 mg, 66%, Mp. 78–81 ◦C [89]. IR: νmax (KBr) cm−1: 3409 (br.),
2333 (CN), 1641, 1607, 1284, 1169. 1H NMR (DMSO-d6, 400 MHz) δ 10.60 (br. s., 1H, OH),
8.01 (d, J = 8.03 Hz, 2H, Ar-H), 7.80 (d, J = 8.03 Hz, 2H, Ar-H), 7.67 (d, J = 8.53 Hz, 2H,
Ar-H), 6.91 (d, J = 8.53 Hz, 2H, Ar-H) 13C NMR (DMSO-d6, 100 MHz) δ 193.1 (C=O), 162.7
(COH), 142.2 (Cq), 132.8, 132.5, 129.5, 126.9 (Cq), 118.3 (Cq), 115.5, 113.8 (Cq) HRMS (EI):
222.0557 (M − H)-, C14H8NO2 requires 222.0555.

4.1.11. General Method D: Preparation of 1-(Diarylmethyl)-1H-Imidazoles

To a solution of the secondary alcohol (1 eq) in dry acetonitrile (60 mL), CDI was
added (1.3 eq). The mixture was refluxed for 3 h under nitrogen, the acetonitrile was
evaporated, and the crude product was dissolved in DCM (30 mL) and washed with water
(20 mL) and brine (10 mL). The product was dried over sodium sulphate and concentrated
under reduced pressure. The crude product was purified via flash chromatography over
silica gel to afford the desired product (eluent: n-hexane/ethyl acetate 1:1).

1-((4-Bromophenyl)(Phenyl)methyl)-1H-Imidazole (20c)

As per general method D, compound (12c) was reacted with CDI in ACN at re-
flux for 3 h. Then, the crude product was purified via flash chromatography (eluent:
n-hexane/ethyl acetate 1:2), white solid, 10%, 0.06 g, Mp. 126–128 ◦C. IR: νmax (ATR)
cm−1: 3130, 1758, 1487, 1475, 1387, 1289, 1253, 1061. 1H NMR (400 MHz, CDCl3) δ 6.98
(s, 1 H, CH-N-R), 7.09 (s, 1 H, CH-N), 7.26 (s, 1H, CH-N), 7.34–7.42 (m, 6 H, Ar-H), 7.47
(s, 1 H, Ar-H), 7.52 (d, J = 8.54 Hz, 2 H, Ar-H), 8.20 (s, 1 H, CH-N). 13C NMR (101 MHz,
CDCl3) δ 80.51 (CH-N-H), 117.12 (CH-N), 122.91 (C), 127.06 (2 × CH), 128.83 (CH), 128.93
(CH-N), 128.95 (2 × CH), 130.91 (2 × CH), 132.00 (2 × CH), 137.07 (C), 137.36 (C), and
137.74 (CH-N). HRMS (EI): found 313.0337 (M + H)+; C16H14

79BrN2 requires 313.0340.

1-((3-(Benzyloxy)-4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methyl)-1H-Imidazole (21h)

As per general method D, compound 18a (1 eq, 1.71 mmol, 0.70 g) was reacted with
CDI in ACN (50 mL) at reflux for 1 h. The crude product was then purified via flash
chromatography (eluent: n-hexane/ethyl acetate/methanol 10:2:1), colourless oil, 49%,
0.380 g. IR: νmax (ATR) cm−1: 2937, 2836, 1590, 1506, 1455, 1419, 1330, 1229, 1122, 1076, 1004.
1H NMR (400 MHz, CDCl3), δ 3.68 (s, 6 H, OCH3), 3.84 (s, 3 H, OCH3), 3.88 (s, 3 H, OCH3),
5.04 (s, 2 H. CH2), 6.16 (s, 2 H, Ar-H), 6.31 (s, 1 H, CH-N-R), 6.58 (d, J = 2.07 Hz, 1 H), 6.66
(dd, J = 8.29, 2.07 Hz, 1 H, Ar-H), 6.73 (s, 1 H, Ar-H), 6.84 (d, J = 8.71 Hz, 1 H, CH-N), 7.05

395



Pharmaceuticals 2021, 14, 169

(s, 1 H, CH-N), 7.26–7.31 (m, 5 H, Ar-H), 7.33 (s, 1 H, CH-N). 13C NMR (101 MHz, CDCl3),
δ 56.00 (OCH3), 56.07 (2 × OCH3), 60.85 (OCH3), 64.60 (CH2), 70.98 (CH-N-R), 104.79 (2 ×
CH), 111.60 (CH), 114.16 (CH), 119.21 (CH), 121.16 (CH), 127.29 (3xCH), 127.94 (CH), 128.52
(2 × CH), 129.29 (C), 131.14 (C), 136.56 (2 × C), 137.71 (CH), 147.98 (C-O), 149.75 (C-OBn),
153.41 (2 × C-O). HRMS (EI): found 461.2056 (M+H)+; C27H29N2O5 requires 461.2076.

1-(Bis(3,4,5-Trimethoxyphenyl)Methyl)-1H-Imidazole (21i)

As per general method D, compound 18b (1 eq, 1.38 mmol, 0.51 g) was reacted with
CDI in ACN (50 mL) at reflux for 3 h. Then, the crude product was purified via flash
chromatography (eluent: n-hexane/ethyl acetate 1:1) to afford an orange solid, 52%, 0.3 g,
Mp. 154–156 ◦C, (HPLC 100%). IR: νmax (ATR) cm−1: 2934, 2830, 1589, 1504, 1455, 1329,
1226, 1121, 1106, 1003. 1H NMR (400 MHz, CDCl3) δ 3.77 (s, 12 H, OCH3), 3.87 (s, 6 H,
OCH3), 6.32 (s, 4 H, Ar-H), 6.38 (s, 1 H, CH-N-R), 6.88 (s, 1 H, CH-N), 7.12 (s, 1 H, CH-N),
7.44 (s, 1 H, CH-N). 13C NMR (101 MHz, CDCl3) δ 56.22 (4xOCH3), 60.91 (2 × CH3),
65.15 (CH-N-R), 105.24 (4xCH), 119.35 (CH-N), 129.44 (CH-N), 134.47 (2 × C), 137.44 (2 ×
C-O), 138.02 (CH-N), 153.53 (4xC-O). HRMS (EI): found 413.1718 (M − H)+; C22H25N2O6
requires 413.1713.

4.1.12. 4-((1H-Imidazol-1-yl)(Phenyl)Methyl)Aniline (20l)

To a solution of compound 20i (1 eq, 0.20 mmol, 0.07 g) in MeOH and water K2CO3
(4 eq, 0.81 mmol, 0.11 g) was added. The mixture was stirred for 72 h and then acidified
with HCl 10% (50 mL) and extracted with DCM (3 × 25 mL). The acid phase was made
basic with NaOH (15%) and extracted with DCM (3 × 25 mL). Organic phases combined,
dried over Na2SO4, filtered, and concentrated. The crude product was purified via flash
chromatography (eluent: n-hexane/ethyl acetate 1:1), orange oil, [122] 50%, 0.01 g. IR:
νmax (ATR) cm−1: 3130, 1696, 1613, 1560, 1515, 1491, 1283, 1259, 1215, 1151, 1103, 1068. 1H
NMR (400 MHz, CDCl3) δ 3.72 (br. s., 2 H, NH2), 6.39 (s, 1 H, CH-N-R), 6.62 (d, J = 8.54
Hz, 2 H, Ar-H), 6.82 (s, 1 H, CH-N), 6.89 (d, J = 7.93 Hz, 2 H, Ar-H), 7.02–7.07 (m, 3 H,
Ar-H), 7.27–7.35 (m, 3 H, Ar-H), 7.38 (s, 1 H, CH-N). 13C NMR (101 MHz, CDCl3), δ 64.62
(CH-N-R), 115.01 (2 × CH), 118.07 (CH), 127.60 (3xCH), 127.99 (C), 128.67 (3xCH), 129.42
(2 × CH), 139.90 (C, CH), 146.52 (C-NH2), HRMS (EI): found 250.1338 (M+H)+; C16H16N3
requires 250.1344.

4.1.13. 5-((1H-Imidazol-1-yl)(3,4,5-Trimethoxyphenyl)Methyl)-2-Methoxyphenol (21l)

1-((3-(Benzyloxy)-4-methoxyphenyl)(3,4,5-trimethoxyphenyl)methyl)-1H-imidazole
(21h) (1 eq, 0.83 mmol, 0.38 g) was stirred in ethyl acetate (20 mL) and palladium hy-
droxide (0.05 g) under hydrogen atmosphere for 1 h. The product was filtered through
Celite, and the solvent was removed under reduced pressure, off-white solid, 93%, 0.28 g,
Mp. 154–157 ◦C, (HPLC 97%). IR: νmax (ATR) cm−1: 3136, 2932 2836, 1589, 1532, 1452, 1437,
1331, 1294, 1223, 1121, and 1084. 1H NMR (400 MHz, DMSO-d6) δ 9.05 (s, 1H, OH), 7.58
(s, 1H, Ar-H), 7.07 (s, 1H, Ar-H), 6.91 (s, 1H, Ar-H), 6.87 (d, J = 8.4 Hz, 1H, Ar-H), 6.57 (s,
1H, CH-N-R), 6.54 (d, J = 2.2 Hz, 1H, Ar-H), 6.47 (dd, J = 8.3, 2.1 Hz, 1H, Ar-H), 6.43 (s, 2H,
Ar-H), 3.71 (s, 3H, OCH3), 3.65 (s, 6H, OCH3), 3.62 (s, 3H, OCH3). 13C NMR (101 MHz,
DMSO-d6) δ 153.34 (2 × C-O), 147.72 (C-OH), 146.90 (C-O), 137.45 (CH-N), 136.30 (C-O),
132.66 (2 × C), 128.84 (CH-N), 119.69 (CH-N), 118.98 (CH), 115.48 (CH), 112.53 (CH), 105.71
(2 × CH), 63.56 (CH), 60.44 (OCH3), 56.32 (2 × OCH3), 56.01 (OCH3). HRMS (EI): found
369.1453 (M − H)+; C20H21N2O5 requires 369.1451.

4.1.14. (4-Methoxyphenyl)(3,4,5-trimethoxyphenyl)methanone (23a)

Anisole (1 eq, 7.0 mmol, 0.75 g 0.75 mL) was reacted with 3,4,5-trimethoxybenzoic acid
(1.5 eq, 10.5 mmol, 2.23 g) in Eaton’s reagent (0.99 g P2O5/6.69 mL CH3SO3H). The mixture
was stirred at 60 ◦C for 3 h under N2. The product was diluted in DCM (60 mL) and poured
in a separatory funnel containing NaHCO3 50% (40 mL) and extracted. The crude product
was purified via flash chromatography (eluent: n-hexane/ethyl acetate 5:4) to afford a pink
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solid, 60%, 1.26 g, Mp. 76–81 ◦C [103]. IR: νmax (ATR) cm−1: 3401, 2951, 2837, 1641, 1600,
1510, 1494, 1445, 1332, 1305, 1233, 1250, 1111, 1018, 1025, 922, 840, 696, 761, 738, 696, 611.
1H NMR (400 MHz, CDCl3) δ 3.88 (s, 6 H, OCH3), 3.90 (s, 3 H, OCH3), 3.94 (s, 3 H, OCH3),
6.98 (d, J = 8.53 Hz, 2 H, Ar-H), 7.02 (s, 2 H, Ar-H), 7.83 (d, J = 9.03 Hz, 2 H, Ar-H). 13C
NMR (101 MHz, CDCl3), δ 55.46 (OCH3), 56.25 (2× OCH3), 60.92 (OCH3), 107.40 (2× CH),
113.50 (2 × CH), 130.23 (C), 132.34 (2 × CH), 133.30 (C), 141.54 (C-O), 152.78 (2 × C-O),
163.08 (C-O), 194.61 (C=O). HRMS (EI): Found 325.1056 (M+Na)+; C17H18NaO5 requires
325.1052. (Eaton’s reagent was prepared from phosphorus pentoxide and methanesulfonic
acid in a weight ratio P2O5:CH3SO3H of 1:10, mixed in a round-bottomed flask and heated
at 40 ◦C under nitrogen atmosphere until homogenous).

4.1.15. (3,4-Dimethoxyphenyl)(3,4,5-Trimethoxyphenyl)Methanone (23b)

1,2-Dimethoxybenzene (1 eq, 7.24 mmol, 1 g) was reacted with 3,4,5-trimethoxybenzoic
acid (1.5 eq, 10.86 mmol, 2.30 g) in Eaton’s reagent (1.02 g P2O5/7.24 mL CH3SO3H). The
mixture was stirred at 60 ◦C for 3 h under N2. The product was diluted in DCM (60 mL)
and poured in a separatory funnel containing NaHCO3 50% (40 mL) and extracted. The
crude product was purified via flash chromatography (eluent: n-hexane/ethyl acetate 5:4)
to afford an orange solid, 57%, 1.37 g, Mp. 128–131 ◦C [67]. IR: νmax (ATR) cm−1: 2942,
1640, 1599, 1576, 1411, 1330, 1256, 1232, 1118, 1026. 1H NMR (400 MHz, CDCl3) δ 3.89 (s, 6
H, OCH3), 3.94 (s, 3 H, OCH3), 3.95 (s, 3 H, OCH3), 3.98 (s, 3 H, OCH3), 6.92 (d, J = 8.29 Hz,
1 H, CH), 7.04 (s, 2 H, Ar-H), 7.40 (d, J = 2.07 Hz, 1 H, Ar-H), 7.47 (d, J = 2.07 Hz, 1 H, Ar-H).
13C NMR (101 MHz, CDCl3) δ 56.07 (2 × OCH3), 56.30 (2 × OCH3), 60.96 (OCH3), 107.44
(2 × CH), 109.76 (CH), 112.25 (CH), 125.04 (CH), 130.30 (2 × C), 148.95 (2 × C-O), 152.80
(3xC-O), 194.62 (C=O). HRMS (EI): Found 333.1330 (M+H)+; C18H21O6 requires 333.1338.

4.1.16. General Method E for the Preparation of Diarylmethylpyrrolidines,
Diarylmethylpiperidines and Diarylmethylpiperazines

The benzhydryl alcohol (1 eq) was reacted with thionyl chloride (5 eq) in dry DCM
(30 mL) for 12 h. The reaction mixture was concentrated under reduced pressure, and the
crude product was used in the next step without any further purification. The chlorinated
benzhydryl alcohol was reacted with pyrrolidine or piperidine (5 eq) in dry ACN (30 mL)
and refluxed for 12 h. The solvent was removed, and the residue was dissolved in DCM
(50 mL) and washed with 1 M NaOH (30 mL). The organic phase was dried over sodium
sulphate, filtered, and concentrated. Then, the crude product was purified via flash
chromatography (eluent: n-hexane/ethyl acetate).

1-((4-Bromophenyl)(Phenyl)methyl)Pyrrolidine (25b)

As per general method E, compound 12c (1 eq, 2.9 mmol, 0.82 g) was treated with
thionyl chloride followed by reaction with pyrrolidine (5 eq, 14.5 mmol, 1.03 g, 1.20 mL)
in acetonitrile (ACN) (50 mL) at reflux for 12 h. The crude product was purified via flash
chromatography (eluent: n-hexane/ethyl acetate 9:1), white solid, 37%, 0.345, Mp. 70–72 ◦C,
(HPLC 95%). IR: νmax (ATR) cm−1: 2964, 2784, 1648, 1585, 1484, 1450, 1280, 1194, 1070, 1009.
1H NMR (400 MHz, CDCl3) δ 1.71–1.80 (m, 4 H, CH2), 2.35–2.43 (m, 4 H, CH2), 4.11 (s, 1 H,
CH-N.R), 7.14–7.19 (m, 1 H, Ar-H), 7.23 (s, 1 H, Ar-H), 7.27 (s, 1 H, Ar-H), 7.31–7.42 (m, 6
H, Ar-H). 13C NMR (101 MHz, CDCl3) δ 23.53 (2 × CH2), 53.55 (2 × CH2), 75.72 (CH-N-R),
120.44 (C-Br), 127.00 (CH), 127.36 (2 × CH), 128.45 (2 × CH), 129.15 (2 × CH), 131.46 (2
× CH), 143.44 (C), 143.75 (C). HRMS (EI): found 316.0711 (M+H)+; C17H19

79BrN requires
316.0701.

1-((4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methyl)Piperidine (26b)

As per general method E, compound 15c (1 eq, 1.83 mmol, 0.59 g) was treated with
thionyl chloride (5 eq) in dry DCM (30 mL) for 12 h, then reacted with piperidine (5 eq,
9.15 mmol, 0.78 g, 0.90 mL) in dry ACN (50 mL) and refluxed for 12 h. The product did not
require any further purification, brown oil, 54%, 0.37 g, (HPLC 95%). IR: νmax (ATR) cm−1:
2956, 2813, 1598, 1507, 1450, 1419, 1331, 1230, 1174, 1145, 1125, 1031. 1H NMR (400 MHz,
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CDCl3) δ 1.42 (d, J = 4.98 Hz, 2 H, CH2), 1.52–1.57 (m, 4 H, CH2), 2.28 (d, J = 4.15 Hz, 4 H,
CH2), 3.76 (s, 3 H, OCH3), 3.78 (s, 3 H, OCH3), 3.82 (s, 6 H, OCH3), 4.06 (s, 1 H, CH-N-R),
6.63 (s, 2 H, Ar-H), 6.80 (d, J = 8.71 Hz, 2 H, Ar-H), 7.27 (d, J = 8.71 Hz, 2 H, Ar-H). 13C
NMR (101 MHz, CDCl3) δ 158.38 (C-O), 153.00 (2 × C-O), 139.44 (C), 136.40 (C-O), 134.97
(C), 128.97 (2 × CH), 113.60 (2 × CH), 104.46 (2 × CH), 76.03 (CH-N-R), 60.74 (OCH3),
56.03 (2 × OCH3), 55.14 (OCH3), 53.04 (2 × CH2), 26.23 (2 × CH2), 24.68 (2 × CH2). LRMS
(EI): found 372.17 (M+H)+; C22H30NO4 requires 372.21.

1-((4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methyl)-4-Phenylpiperazine (27c)

As per general method E, compound 15c (1 eq, 0.805 mmol, 0.26 g) was reacted with
1-phenyl-piperazine (5 eq, 4.02 mmol, 0.81 g, 0.79 mL) in dry ACN (40 mL) and refluxed for
12 h under nitrogen atmosphere. The crude product was purified via flash chromatography
(eluent: n- hexane/ethyl acetate 1:1) to afford a white solid, 74%, 0.26 g, Mp. 125 oC, (HPLC
98%). IR: νmax (ATR) cm−1: 2950, 2823, 1590, 1501, 1451, 1418, 1386, 1301, 1227, 1122, 1176,
1032, 1004. 1H NMR (400 MHz, CDCl3) δ 2.53 (dt, J = 10.47, 4.92 Hz, 4 H, CH2), 3.18 (t,
J = 4.77 Hz, 4 H, CH2), 3.77 (s, 3 H, OCH3), 3.78 (s, 3 H, OCH3), 3.83 (s, 6 H, OCH3), 4.11 (s,
1 H, CH-N-R), 6.67 (s, 2 H, Ar-H), 6.83 (d, J = 8.71 Hz, 2 H, Ar-H), 6.89 (d, J = 8.29 Hz, 2
H, Ar-H), 7.21–7.26 (m, 3 H, Ar-H), 7.33 (d, J = 8.71 Hz, 2 H, Ar-H). 13C NMR (101 MHz,
CDCl3) δ 158.65 (C-O), 153.20 (2 × C-O), 151.26 (C), 138.76 (C), 136.65 (C-O), 134.42 (C),
129.04 (2 × CH), 128.88 (2 × CH), 119.48 (CH), 115.74 (2 × CH), 113.87 (2 × CH), 104.37 (2
× CH), 75.56 (CH-N-R), 60.76 (OCH3), 56.07 (2 × OCH3), 55.18 (OCH3), 51.86 (CH2), 49.18
(CH2). LRMS (EI): found 449.19 (M+H)+; C27H33N2O4 requires 449.24.

Tert-Butyl 4-((4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methyl)Piperazine-1-
Carboxylate (27e)

As per general method E, compound 15c (1 eq, 0.86 mmol, 0.28 g) was treated with
excess thionyl chloride and then reacted with BOC-piperazine (5 eq, 4.3 mmol, 0.8 g) in
dry ACN (40 mL) and refluxed for 12 h under nitrogen atmosphere. The product was
obtained as a yellow oil, 80%, 0.32 g. IR: νmax (ATR) cm−1: 3475, 2938, 2835, 1682, 1591,
1503, 1451, 1418, 1240, 1120, 1175, 1120, 1002, 1078. 1H NMR (400 MHz, CDCl3) δ 2.07 (s,
9 H, CH3), 2.78 (s, 4 H, CH2), 3.37 (s, 4 H, CH2), 3.74 (s, 3 H, OCH3), 3.75 (s, 3H, OCH3),
3.80 (s, 6H, OCH3), 4.04 (s, 1 H, CH-N-R), 6.61 (s, 2 H, Ar-H), 6.80 (d, J = 8.8 Hz, 2 H, Ar-H),
7.27 (d, J = 8.7 Hz, 2 H, Ar-H). 13C NMR (101 MHz, CDCl3) δ 158.64 (C-O), 154.77 (C=O),
153.17 (2 × C-O), 138.50 (C), 136.67 (C-O), 134.12 (C), 128.85 (2 × CH), 113.85 (2 × CH),
104.37 (2 × CH), 79.60 (CH-N-R), 75.42 (C-(CH3)3), 60.73 (OCH3), 56.04 (2 × OCH3), 55.15
(OCH3), 51.62 (2 × CH2), 45.73 (2 × CH2), 28.38 (3xCH3). LRMS (EI): found 473.26 (M+H)+;
C26H37N2O6 requires 473.26.

1-((3-(Benzyloxy)-4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methyl)-4-
Phenylpiperazine (27g)

As per general method E, compound 18a (1 eq, 0.58 mmol, 0.25 g) was first reacted
with thionyl chloride; then, it was treated with phenylpiperazine (5 eq, 2.91 mmol, 0.47 g,
0.44 mL) in dry ACN (50 mL) at reflux for 12 h. The crude product was purified via flash
column chromatography (eluent: n-hexane/ethyl acetate 1:1) to afford the product as
off-white powder, 67%, 0.21 g, Mp. 124–126

◦C, (HPLC 99%). IR: νmax (ATR) cm−1: 2957,
2831, 1599, 1507, 1450, 1419, 1232, 1174, 1119, 1031, 925, 823, 726, 698. 1H NMR (400 MHz,
CDCl3) δ 2.41–2.54 (m, 4 H, CH2), 3.11–3.13 (m, 4 H, CH2), 3.80 (s, 9 H, OCH3), 3.86 (s, 3
H, OCH3), 4.05 (s, 1 H, CH-N-R), 5.16 (s, 2 H. CH2), 6.60 (s, 2 H, Ar-H), 6.81–6.85 (m, 1 H,
Ar-H), 6.90 (d, J = 8.29 Hz, 2 H,Ar-H), 6.92–6.95 (m, 1 H, Ar-H), 6.99–7.01 (s, 1 H, Ar-H),
7.23–7.29 (m, 4 H, Ar-H), 7.32–7.34 (m, 2 H, Ar-H), 7.38–7.43 (m, 2 H, Ar-H). 13C NMR
(101 MHz, CDCl3) δ 49.15 (2 × CH2), 51.73 (2 × CH2), 55.95 (2 × OCH3), 56.08 (OCH3),
60.79 (OCH3), 71.06 (CH2), 75.51 (CH-N-R), 104.37 (2 × CH), 111.56 (C), 113.85 (CH), 115.72
(2 × CH), 119.48 (CH), 120.84 (CH), 127.25 (CH), 127.79 (2 × CH), 128.48 (2 × CH), 129.07
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(2 × CH), 134.78 (C-O), 137.16 (2 × C), 138.48 (C), 147.93 (C-O), 148.84 (C), 151.26 (C-OBn),
153.17 (2 × C-O). LRMS (EI): found 555.16 (M+H)+; C34H39N2O5 requires 555.29.

1,4-bis((4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methyl)Piperazine (28)

As per general method E, compound 15c (1 eq, 0.99 mmol, 0.32 g) was treated with
excess thionyl chloride, followed by a reaction with piperazine (5 eq, 4.95 mmol, 0.42 g)
in dry ACN (40 mL), and the reaction mixture was refluxed for 12 h under nitrogen atmo-
sphere. The crude product was purified via flash chromatography (eluent: n- hexane/ethyl
acetate 1:1). The product was obtained as a brown solid, 12%, 0.08 g, Mp. 220 oC. IR: νmax
(ATR) cm−1: 3059, 3025, 2957, 2819, 1599, 1450, 1419, 1331, 1300, 1287, 1232, 1174, 1108,
1031. 1H NMR (400 MHz, CDCl3) δ 2.40 (br. s, 8 H, CH2), 3.73 (s, 6 H, OCH3), 3.75 (s, 6
H, OCH3), 3.80 (s, 12 H, OCH3), 4.08 (s, 2 H, CH-N-R), 6.62 (s, 4 H, Ar-H), 6.78 (d, J = 7.88
Hz, 4 H, Ar-H), 7.28 (d, J = 7.46 Hz, 4 H, Ar-H). 13C NMR (101 MHz, CDCl3), δ 158.57 (2
× C-O), 153.10 (4xC-O), 138.59 (2 × C), 136.62 (2 × C-O), 134.27 (2 × C), 128.91 (4xCH),
113.74 (4xCH), 104.49 (4xCH), 75.70 (2 × CH), 60.73 (2 × OCH3), 56.06 (4xOCH3), 55.16 (2
× OCH3), 52.00 (4xCH2). LRMS (EI): found 658.77 (M)+; C38H46N2O8 requires 658.33.

4.1.17. 1-((4-Methoxyphenyl)(3,4,5-Trimethoxyphenyl)Methyl)Piperazine (27h)

A solution of 27e (0.21 mmol, 0.1 g) in DCM (15 mL) was treated with trifluoroacetic
acid (TFA) (1 mL) for 30 min at 20 oC. The reaction mixture was quenched with NaHCO3,
washed with water and brine, dried over sodium sulphate, filtered, and concentrated to
afford the product as a yellow oil, 42%, 0.03 g. IR: νmax (ATR) cm−1: 3477, 2937, 2835, 1689,
1591, 1504, 1451, 1418, 1326, 1234, 1119, 1078, 1034. 1H NMR (400 MHz, CDCl3) δ 3.41 (br.
s., 4 H, CH2), 3.46 (br. s., 4 H, CH2), 3.77 (s, 3 H, OCH3), 3.79 (s, 3 H, OCH3), 3.83 (s, 6 H,
OCH3), 4.07 (s, 1 H, CH-N-R), 6.64 (s, 2 H, Ar-H), 6.83 (d, J = 8.71 Hz, 2 H, Ar-H), 7.30 (d,
J = 8.29 Hz, 2 H, Ar-H). 13C NMR (101 MHz, CDCl3) δ 45.22 (2 × CH2), 51.65 (2 × CH2),
55.19 (OCH3), 56.07 (2 × OCH3), 60.76 (OCH3), 75.44 (CH-N-R), 103.71 (2 × CH), 104.40 (2
× CH), 113.82 (2 × CH), 128.89 (C), 129.25 (C), 134.16 (C-O), 138.53 (C), 153.20 (2 × C-O),
158.68 (C-O). LRMS (EI): found 372.09 (M)+ C21H28N2O4 requires 372.20.

4.1.18. 2-Methoxy-5-((4-Phenylpiperazin-1-yl)(3,4,5-Trimethoxyphenyl)Methyl)Phenol (27i)

Compound (27g) (1 eq, 0.21 mmol, 0.1 g) was stirred in ethyl acetate (25 mL) and
palladium hydroxide (0.05 g) under a hydrogen atmosphere. The reaction mixture was
filtered through Celite and the solvent evaporated to afford the product as a light brown
oil, 45%, 0.04 g, (HPLC 97%). IR: νmax (ATR) cm−1: 3475, 2937, 2834, 1591, 1503, 1451, 1418,
1327, 1231, 1119, 1077. 1H NMR (400 MHz, CDCl3) δ 2.47–2.62 (m, 4 H, CH2), 3.18–3.20
(m, 4 H, CH2), 3.80 (s, 3 H, OCH3), 3.83–3.88 (d, 9H, OCH3), 4.06 (s, 1 H, CH-N-R), 5.58 (s,
1 H, OH), 6.69 (s, 2 H, Ar-H), 6.78 (d, J = 8.29 Hz, 1 H, Ar-H), 6.84 (t, 1 H, Ar-H), 6.91 (d,
J = 7.88 Hz, 3 H, Ar-H), 7.05 (s, 1 H, Ar-H), 7.25–7.27 (m, 2 H, Ar-H). 13C NMR (101 MHz,
CDCl3), δ 49.21 (2 × CH2), 51.88 (2 × CH2), 55.89 (OCH3), 56.09 (2 × OCH3), 60.77 (OCH3),
75.74 (CH), 104.34 (2 × CH), 110.44 (CH), 113.82 (2 × CH), 115.75 (CH), 119.40 (2 × CH),
128.20 (2 × CH), 135.78 (C-O), 138.70 (C), 145.63 (C), 151.30 (2 × C-O), 153.22 (C), 156.37 (2
× C-O). LRMS (EI): found 464.95 (M+H)+ C27H33N2O5 requires 464.23.

4.2. Stability Study of Compounds 21l and 24

Stability studies for compounds 21l and 24 were performed by analytical HPLC using
a Symmetry® column (C18, 5 mm, 4.6 × 150 mm), a Waters 2487 Dual Wavelength Ab-
sorbance detector, a Waters 1525 binary HPLC pump, and a Waters 717 plus Autosampler
(Waters Corporation, Milford, MA, USA). Samples were detected at λ 254 nm using ace-
tonitrile (70%)/water (30%) as the mobile phase over 15 min and a flow rate of 1 mL/min.
Stock solutions of the compounds are prepared using 10 mg of compounds 21l and 24 in
10 mL of mobile phase (1 mg/mL). Phosphate buffers at the desired pH values (4, 7.4, and 9)
were prepared following the British Pharmacopoeia monograph 2020. Then, 30 µL of stock
solution was diluted with 1 mL of appropriate buffer, shaken, and injected immediately.
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Samples were withdrawn and analysed at time intervals of t = 0 min, 5 min, 30 min, 60 min,
and hourly for 24 h.

4.3. X-ray Crystallography

Data for samples 16e, 16f, 19c, 21e, and 26a were collected on a Bruker APEX DUO
using Mo Kα and Cu Kα radiation (λ = 0.71073 and 1.54178 Å). Each sample was mounted
on a MiTeGen cryoloop and data were collected at 100(2) K using an Oxford Cobra cryosys-
tem. Bruker APEX [123] software was used to collect and reduce data, determine the space
group, solve, and refine the structures. Absorption corrections were applied using SADABS
2014 [124]. Structures were solved with the XT structure solution program [125] using
Intrinsic Phasing and refined with the XL refinement package [126] using Least Squares
minimisation. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
assigned to calculated positions using a riding model with appropriately fixed isotropic
thermal parameters. Molecular graphics were generated using OLEX2 [127]. All structures
are racemates. In 26a, the disordered fluorine was modelled in two positions with occu-
pancies of 84% and 16%. Geometric restraints (SADI) were used to model the C-F bond
lengths. Crystallographic data for the structures in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication nos. 201543,
2015432, 2015433, 2015434, and 2015435. Copies of the data can be obtained, free of charge,
on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, (fax: +44-(0)1223-336033
or e-mail:deposit@ccdc.cam.ac.uk).

4.4. Biochemical Evaluation of Activity

All biochemical assays were performed in triplicate and on at least three independent
occasions for the determination of mean values reported.

4.4.1. Cell Culture

The human breast carcinoma cell line MCF-7 was purchased from the European Collec-
tion of Animal Cell Cultures (ECACC) and cultured in Eagles minimum essential medium
with 10% foetal bovine serum, 2 mM L-glutamine, and 100 µg/mL penicillin/streptomycin.
The medium was supplemented with 1% non-essential amino acids. The human breast car-
cinoma cell line MDA-MB-231 was purchased from the ECACC. MDA-MB-231 cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
foetal bovine serum, 2 mM L-glutamine, and 100 µg/mL penicillin/streptomycin (complete
medium). HL-60 cells were derived from a patient with acute myeloid leukaemia and were
obtained from the ECACC (Salisbury, UK). Cells were cultured in RPMI-1640 Glutamax
medium supplemented with 10% FCS media and 100 µg/mL penicillin/streptomycin.
MCF-10A cells were obtained as a kind gift from Dr Susan McDonnell, School of Chemical
and Bioprocess Engineering, University College Dublin and were cultured in Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12; Gibco) supplemented with
5% horse serum (Invitrogen), 20 ng mL−1 epidermal growth factor (Merck Millipore), 0.5 µg
mL−1 hydrocortisone (Sigma,-Aldrich, Arklow, Co. Wicklow, Ireland), 100 ng mL−1 cholera
toxin (Sigma, Aldrich, Arklow, Co. Wicklow, Ireland), 10 µg mL−1 insulin (Sigma, Aldrich,
Arklow, Co. Wicklow, Ireland), and penicillin/streptomycin 5000 U mL−1 (1%)(Gibco,
Biosciences, 3 Charlemont Terrace, Crofton Road, Dun Laoghaire, Co Dublin, A96 K7H7,
Ireland). Cells were maintained at 37 ◦C in 5% CO2 in a humidified incubator. All cells
were sub-cultured 3 times/week by trypsinisation using TrypLE Express (1×).

4.4.2. Cell Viability Assay

Cells were seeded at a density of 2.5 × 104 cells/well (MCF-7, MDA-MB-231, MCF-
10A cells) and 1 × 104 cells/well (HL-60) in 96-well plates (200 µL per well). After 24 h,
cells were then treated with either medium alone, vehicle control (1% ethanol (v/v)) or
with serial dilutions of CA-4 (4a), phenstatin (7a) or selected compounds (0.001–100 µM) in
triplicate. Cell proliferation for MCF-7, MDA-MB-231, and MCF-10A cells was analysed
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using the alamarBlue assay (Invitrogen Corp.) according to the manufacturer’s instructions.
After 67–69 h, alamarBlue (10% (v/v)) was added to each well, and plates were incubated
for 3–5 h at 37 ◦C in the dark. Fluorescence was read using a 96-well fluorimeter with
excitation at 530 nm and emission at 590 nm. Results were expressed as percentage viability
relative to vehicle control (100%). Dose–response curves were plotted, and IC50 values
(concentration of drug resulting in 50% reduction in cell survival) were obtained using the
commercial software package Prism (GraphPad Software, Inc., La Jolla, CA, USA).

4.4.3. Cell Cycle Analysis

Cells were seeded at a density of 1 × 105 cells/well in 6-well plates (3 mL) and treated
with indicated compound 19e, 24, and phenstatin (7a), (1 µM) for 24, 48, or 72 h. The cells
were collected by trypsinisation and centrifuged at 800× g for 15 min. Cells were washed
twice with ice-cold phosphate-buffered saline (PBS) and fixed in ice-cold 70% ethanol
overnight at −20 ◦C. Fixed cells were centrifuged at 800× g for 15 min and stained with
50 µg/mL of PI, containing 50 µg/mL of DNase-free RNase A, at 37 ◦C for 30 min. The
DNA content of cells (10,000 cells/experimental group) was analysed by flow cytometer at
488 nm using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA), and all
data were recorded and analysed using the CellQuest Software (Becton-Dickinson)

4.4.4. Annexin V/PI Apoptotic Assay

Apoptotic cell death was detected by flow cytometry using Annexin V and propidium
iodide (PI). MCF-7 and MDA-MB-231 cells were seeded in 6-well plates at a density of
1 × 105 cells/mL (3 mL) and treated with either vehicle (0.1% (v/v) EtOH), Phenstatin
(7a), or 21l at different concentrations for the selected time. Then, cells were harvested
and prepared for flow cytometric analysis. Cells were washed in 1X binding buffer (20×
binding buffer: 0.1M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4;
1.4 M NaCl; 25 mM CaCl2 diluted in dH2O) and incubated in the dark for 30 min on ice
in Annexin V-containing binding buffer (1:100). Then, cells were washed once in binding
buffer and then re-suspended in PI-containing binding buffer (1:1000). Samples were
analysed immediately using the BD Accuri flow cytometer (BD Biosciences, 2350 Qume
Dr, San Jose, CA, USA) and prism software for analysis of the data (GraphPad Software,
Inc., 2365 Northside Dr., Suite 560, San Diego, CA, USA). Four populations are produced
during the assay: Annexin V and PI negative (Q4, healthy cells), Annexin V positive and PI
negative (Q3, early apoptosis), Annexin V and PI positive (Q2, late apoptosis), and Annexin
V negative and PI positive (Q1, necrosis).

4.4.5. Immunofluorescence Microscopy

Confocal microscopy was used to study the effects of drug treatment on MCF-7
cytoskeleton. For immunofluorescence, MCF-7 cells were seeded at 1 × 105 cells/mL on
eight chamber glass slides (BD Biosciences). Cells were treated with vehicle (1% ethanol
(v/v)), CA-4 (0.01 µM), paclitaxel (1 µM), phenstatin (1 µM), compound 19e (10 µM), or
compound 21l (10 µM) for 16 h. Following treatment, cells were gently washed in PBS,
fixed for 20 min with 4% paraformaldehyde in PBS, and permeabilised in 0.5% Triton
X-100. Following washes in PBS containing 0.1% Tween (PBST), cells were blocked in 5%
bovine serum albumin diluted in PBST. Then, cells were incubated with mouse monoclonal
anti-α-tubulin−FITC antibody (clone DM1A) (Sigma) (1:100) for 2 h at room temperature
(rt). Following washes in Phosphate Buffered Saline with Tween®20 (PBST), cells were
incubated with Alexa Fluor 488 dye (1:500) for 1 h at rt. Following washes in PBST, the
cells were mounted in Ultra Cruz Mounting Media (Santa Cruz Biotechnology, Santa Cruz,
CA) containing 4,6-diamino-2-phenolindol dihydrochloride (DAPI). Images were captured
by Leica SP8 confocal microscopy with Leica application suite X software. All images in
each experiment were collected on the same day using identical parameters. Experiments
were performed on three independent occasions.
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4.4.6. Evaluation of Expression Levels of Anti-Apoptotic Proteins Mcl-1, Bcl-2 and
PARP Cleavage

MCF-7 cells were seeded at a density of 1 × 105 cells/flask (10 mL) in T25 flasks.
After 48 h, whole cell lysates were prepared from untreated cells or cells treated with
vehicle control (EtOH, 0.1% v/v) or selected compound 21l or 24 (1 µM). MCF-7 cells
were harvested in Radioimmunoprecipitation assay buffer (RIPA) buffer supplemented
with protease inhibitors (Roche Diagnostics), phosphatase inhibitor cocktail 2 (Sigma-
Aldrich), and phosphatase inhibitor cocktail 3 (Sigma-Aldrich). Equal quantities of protein
(as determined by a bicinchoninic acid assay (BCA assay) were resolved by SDS-PAGE
(12%) followed by transfer to polyvinylidene fluoride PVDF membranes. Membranes
were blocked in 5% bovine serum albumin/Tris-buffered saline with 0.1% Tween®20
Detergent (TBST) for 1 h. Membranes were incubated in the relevant primary antibodies at
4 ◦C overnight, washed with TBST, and incubated in horseradish peroxidase-conjugated
secondary antibody for 1 h at rt and washed again. Western blot analysis was performed as
described above using antibodies directed against Mcl-1 (1:1000) (Millipore), Bcl-2 [1:500]
(Millipore), and PARP followed by incubation with a horseradish peroxidase-conjugated
anti-mouse antibody (1:2000) (Promega, Madison, WI, USA). All blots were probed with
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (1:5000) (Millipore) to
confirm equal loading. Proteins were detected using enhanced chemiluminescent Western
blot detection (Clarity Western ECL substrate) (Bio Rad) on the ChemiDoc MP System (Bio
Rad). Experiments were performed on three independent occasions.

4.4.7. Tubulin Polymerisation Assay

The assembly of purified bovine tubulin was monitored using a kit, BK006, purchased
from Cytoskeleton Inc. (Denver, CO, USA). The assay was carried out in accordance with
the manufacturer’s instructions using the standard assay conditions [128]. Briefly, purified
(>99%) bovine brain tubulin (3 mg/mL) in a buffer consisting of 80 mM piperazine-N,N’-
bis(2-ethanesulfonic acid) (PIPES) (pH 6.9), 0.5 mM ethylene glycol tetraacetic acid (EGTA),
2 mM MgCl2, 1 mM guanosine-5’-triphosphate (GTP)GTP and 10% glycerol was incubated
at 37 ◦C in the presence of either vehicle (2% (v/v) ddH2O) paclitaxel, phenstatin (7a), or
21l (all at 10 µM). Light is scattered proportionally to the concentration of polymerised
microtubules in the assay. Therefore, tubulin assembly was monitored turbidimetrically at
340 nm in a Spectramax 340 PC spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA). The absorbance was measured at 30 s intervals for 60 min.

4.4.8. Cytochrome P450 Assays (CYP19 (Aromatase) and CYP1A1)

The substrate DBF (dibenzylfluorescein) was obtained from Gentest Corporation
(Woburn, MA). All human recombinant cytochrome P450 enzymes were purchased from
BD Biosciences, San Jose, CA. Aromatase and CYP1A1 inhibition were quantified by mea-
suring the fluorescent intensity of fluorescein, the hydrolysis product of dibenzylfluorescein
(DBF), by aromatase, as previously described [118,119]. In brief, the test substance (10 µL)
was pre-incubated with a NADPH regenerating system (90 µL of 2.6 mM NADP+, 7.6 mM
glucose 6-phosphate, 0.8 U/mL glucose 6-phosphate dehydrogenase, 13.9 mM MgCl2,
and 1 mg/mL albumin in 50 mM potassium phosphate, pH 7.4), for 10 min, at 37 ◦C,
before 100 µL of the enzyme and substrate (E/S) mixture were added (4.0 pmol/well of
CYP19/0.4 µM DBF; 5.0 pmol/well of CYP2C8/2.0 µM DBF; 5.0 pmol/well of CYP3A4/
2.0 µM DBF and 0.5 pmol/well of CYP1A1/2.0 µM DBF). The reaction mixtures were
incubated for 30 min (excepting CYP1A1, 25 min) at 37 ◦C to allow the generation of
product, quenched with 75 µL of 2 N NaOH, shaken for 5 min, and incubated for 2 h at
37 ◦C to enhance the noise/background ratio. Finally, fluorescence was measured at 485 nm
(excitation) and 530 nm (emission). Three independent experiments were performed, each
one in triplicate, and the average values were used to construct dose–response curves.
At least four concentrations of the test substance were used, and the IC50 value was cal-
culated (TablecurveTM2D, AISN Software, EUA, 1996). Naringenin was used as positive
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controls, yielding an IC50 value of 4.9 µM. Compounds 19e, 21l, and 24 were dissolved in
dimethyl sulfoxide (DMSO) and diluted to final concentrations. An equivalent volume of
DMSO was added to control wells, and this had no measurable effect on cultured cells or
enzymes. Compounds are considered for further experiments when showing inhibition
great than 90%.

4.5. Molecular Modelling and Docking Study

The X-ray structure of bovine tubulin co-crystallised with N-deacetyl-N-(2-mercaptoacetyl)-
colchicine (DAMA-colchicine) 1SA0 [121] was downloaded from the PDB website. A
UniProt Align analysis confirmed a 100% sequence identity between human and bovine β

tubulin. The crystal structure was prepared using QuickPrep (minimised to a gradient of
0.001 kcal/mol/Å), Protonate 3D, Residue pKa and Partial Charges protocols in MOE 2015
with the MMFF94x force field [129]. Both enantiomers of selected compounds 19e, 24, and
21l were drawn in ChemBioDraw 13.0, saved as mol files, and opened in MOE. For both
enantiomers of each compound, MMFF94x partial charges were calculated, and each was
minimised to a gradient of 0.001 kcal/mol/Å. Default parameters were used for docking,
except that 300 poses were sampled for each enantiomer, and the top 50 docked poses were
retained for subsequent analysis.

5. Conclusions

In this work, a novel series of heterocyclic phenstatin-based compounds have been
designed and synthesised as tubulin-targeting agents. The structural modifications intro-
duced on the phenstatin moiety included the nitrogen heterocycles 1,2,4-triazole, 1,2,3-
triazole, and imidazole to afford a hybrid structure of the vascular targeting agent phen-
statin and the aromatase inhibitor letrozole, which contains a 1,2,4-triazole heterocycle. The
introduction of aliphatic amines such as pyrrolidine, piperazine, and various piperidine
derivatives was also achieved. The resulting compounds were investigated for potential
dual activity as tubulin and aromatase inhibitors. All novel compounds were initially
evaluated in the MCF-7 breast cancer cell line and of particular interest were compounds
19e, 21l, and 24, which displayed antiproliferative activity in the nanomolar range e.g.,
19e (IC50 = 424 nM, 21l (IC50 = 132 nM), and 24 (IC50 = 52 nM). They were selected for
further studies to provide a better understanding of their mechanism of action in breast
cancer cells.

The most potent compounds 21l and 24 were evaluated in MCF-10A cells (normal
breast epithelial cells) for cytotoxicity. Minimal cell death was observed when treated
at a concentration similar to the IC50 value of the compounds in MCF-7 cells, indicating
that the compounds were selective towards cancer cells. Compounds showed impressive
antiproliferative activity at nanomolar levels against a range of susceptible human cancer
cell lines when tested in the 60 cancer cell line panel of the NCI. Cell cycle analysis of com-
pounds 21l and 24 resulted in an increase in G2/M arrest and apoptotic cell death in MCF-7
cells. Flow cytometric analysis of Annexin V/PI-stained cells indicated that compound 21l
induces the apoptosis of MCF-7 cells in a dose-dependent manner. Compounds 21l and 24
were also shown to promote PARP cleavage and an inhibition of tubulin polymerisation.
The tubulin effects were confirmed when MCF-7 cells treated with the azoles 19e and 21l
displayed disorganised microtubule networks with similar effects to phenstatin, together
with multinucleation.

The molecular docking of selected compounds indicated possible binding to the
colchicine-binding site of tubulin and a preference for the S enantiomer. The results
showed an efficient introduction of the azoles 1,2,4-triazole, 1,2,3-triazole, and imidazole on
the phenstatin scaffold structure to retain antiproliferative effects. The selective inhibition
of aromatase is an important tool to select compounds that act as chemopreventative agents
for hormone-dependent cancer [130]. The aromatase inhibition of the most potent antipro-
liferative compounds 19e, 21l, and 24 was evaluated, and compound 19e was identified as
the most potent with over 85% inhibition of CYP19 at 20 µM and an IC50 of 29 µM. We can
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conclude that the 1,2,4-triazole heterocycle is essential for aromatase inhibition in these com-
pounds, and its activity was optimised when included in a phenstatin-related scaffold such
as 19e. On the basis of the structural modifications of phenstatin described in this work,
e.g., introduction of the azoles 1,2,4-triazole, 1,2,3-triazole, and imidazole on the phenstatin
scaffold, we have developed lead compounds that exhibit promising anti-cancer properties
with potential for further development. The investigation of the stereoselective effects of
the compounds together with the optimisation of the dual aromatase–antiproliferative
action of compound 19e is in progress.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424
-8247/14/2/169/s1. Tier-1 profiling and Lipinski properties of selected compounds; details of
experimental procedures and spectroscopic data; full NCI60 cell line data for compounds 19e, 21l,
25g, 26b and 27d.
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ADC Antibody–drug conjugate
ATR Attenuated total reflection
CDI 1,1’-Carbonyldiimidazole
DEPT Distortionless Enhancement by Polarization Transfer
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide
ECACC European Collection of Animal Cell Cultures
EGFR Epidermal growth factor receptor
ER Estrogen receptor
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FACS Fluorescence activated cell sorting
FBS Foetal bovine serum
GI50 50% Growth inhibitory concentration
HER2 Human epidermal growth factor receptor 2
HER/neu Receptor tyrosine-protein kinase erbB-2, CD340
HDBC Hormone-dependent breast cancer
HR Hormone receptor
LC50 Median lethal concentration
MBC Metastatic breast cancer
MDR Multidrug resistance
MEM Minimum essential media
NCI National Cancer Institute
NMR Nuclear magnetic resonance
PARP Poly (ADP-ribose) polymerase
PBS Phosphate buffered saline
PI Propidium iodide
PIK3CA Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha
PR Progesterone receptor
RIPA Radioimmunoprecipitation assay
SERM Selective estrogen receptor modulator
STS Steroid sulfatase
TGI Total growth inhibitory concentration
TLC Thin layer chromatography
TNBC Triple negative breast cancer

References
1. O’Boyle, N.M.; Meegan, M.J. Designed multiple ligands for cancer therapy. Curr. Med. Chem. 2011, 18, 4722–4737. [PubMed]
2. Ramsay, R.R.; Popovic-Nikolic, M.R.; Nikolic, K.; Uliassi, E.; Bolognesi, M.L. A perspective on multi-target drug discovery and

design for complex diseases. Clin. Transl. Med. 2018, 7, 3. [CrossRef]
3. Gediya, L.K.; Njar, V.C.O. Promise and challenges in drug discovery and development of hybrid anticancer drugs. Expert Opin.

Drug Dis. 2009, 4, 1099–1111. [CrossRef] [PubMed]
4. Morphy, R.; Kay, C.; Rankovic, Z. From magic bullets to designed multiple ligands. Drug Discov. Today 2004, 9, 641–651. [CrossRef]
5. Fortin, S.; Berube, G. Advances in the development of hybrid anticancer drugs. Expert Opin. Drug Discov. 2013, 8, 1029–1047.

[CrossRef]
6. Ji, X.; Lu, Y.; Tian, H.; Meng, X.; Wei, M.; Cho, W.C. Chemoresistance mechanisms of breast cancer and their countermeasures.

Biomed. Pharm. 2019, 114, 108800. [CrossRef] [PubMed]
7. Jelovac, D.; Macedo, L.; Goloubeva, O.G.; Handratta, V.; Brodie, A.M. Additive antitumor effect of aromatase inhibitor letrozole

and antiestrogen fulvestrant in a postmenopausal breast cancer model. Cancer Res. 2005, 65, 5439–5444. [CrossRef]
8. Howell, A.; Cuzick, J.; Baum, M.; Buzdar, A.; Dowsett, M.; Forbes, J.F.; Hoctin-Boes, G.; Houghton, J.; Locker, G.Y.; Tobias,

J.S.; et al. Results of the ATAC (arimidex, tamoxifen, alone or in combination) trial after completion of 5 years’ adjuvant treatment
for breast cancer. Lancet 2005, 365, 60–62.

9. American Cancer Society. Breast Cancer Facts & Figures 2019–2020; American Cancer Society Inc.: Atlanta, GA, USA, 2019.
10. World Cancer Research Fund, Breast Cancer Statistics. Available online: https://www.Wcrf.Org/dietandcancer/cancer-trends/

breast-cancer-statistics (accessed on 4 November 2020).
11. Cancer Trends 37—Breast Cancer, 1994–2016. Available online: https://www.Ncri.Ie/publications/cancer-trends-and-

projections/cancer-trends-37-breast-cancer-1994-2016 (accessed on 4 November 2020).
12. Cancer Incidence Projections for Ireland, 2020–2045. Available online: https://www.Ncri.Ie/publications/cancer-trends-and-

projections/cancer-incidence-projections-ireland-2020-2045 (accessed on 4 November 2020).
13. Early Breast Cancer Trialists’ Collaborative Group. Tamoxifen for early breast cancer: An overview of the randomised trials.

Lancet 1998, 351, 1451–1467. [CrossRef]
14. Mohammed, H.; Russell, I.A.; Stark, R.; Rueda, O.M.; Hickey, T.E.; Tarulli, G.A.; Serandour, A.A.; Birrell, S.N.; Bruna, A.; Saadi,

A.; et al. Progesterone receptor modulates eralpha action in breast cancer. Nature 2015, 523, 313–317. [CrossRef] [PubMed]
15. Blakemore, J.; Naftolin, F. Aromatase: Contributions to physiology and disease in women and men. Physiology 2016, 31, 258–269.

[CrossRef]
16. Spinello, A.; Ritacco, I.; Magistrato, A. Recent advances in computational design of potent aromatase inhibitors: Open-eye on

endocrine-resistant breast cancers. Expert Opin. Drug Discov. 2019, 14, 1065–1076. [CrossRef]
17. Khodarahmi, G.; Asadi, P.; Farrokhpour, H.; Hassanzadeh, F.; Dinari, M. Design of novel potential aromatase inhibitors via

hybrid pharmacophore approach: Docking improvement using the qm/mm method. RSC Adv. 2015, 5, 58055–58064. [CrossRef]

405



Pharmaceuticals 2021, 14, 169

18. Bhatnagar, A.S. The discovery and mechanism of action of letrozole. Breast Cancer Res. Treat. 2007, 105 (Suppl. 1), 7–17. [CrossRef]
[PubMed]

19. Fabian, C.J. The what, why and how of aromatase inhibitors: Hormonal agents for treatment and prevention of breast cancer.
Int. J. Clin. Pract. 2007, 61, 2051–2063. [CrossRef]

20. Deeks, E.D.; Scott, L.J. Exemestane: A review of its use in postmenopausal women with breast cancer. Drugs 2009, 69, 889–918.
[CrossRef] [PubMed]

21. Kumler, I.; Knoop, A.S.; Jessing, C.A.; Ejlertsen, B.; Nielsen, D.L. Review of hormone-based treatments in postmenopausal
patients with advanced breast cancer focusing on aromatase inhibitors and fulvestrant. ESMO Open 2016, 1, e000062. [CrossRef]

22. Pistelli, M.; Mora, A.D.; Ballatore, Z.; Berardi, R. Aromatase inhibitors in premenopausal women with breast cancer: The state of
the art and future prospects. Curr. Oncol. 2018, 25, e168–e175. [CrossRef]

23. Needleman, S.J.; Tobias, J.S. Review of the ATAC study: Tamoxifen versus anastrozole in early-stage breast cancer. Expert Rev.
Anticancer Ther. 2008, 8, 1871–1881. [CrossRef] [PubMed]

24. Miller, W.R.; Larionov, A.A. Understanding the mechanisms of aromatase inhibitor resistance. Breast Cancer Res. 2012, 14, 201.
[CrossRef] [PubMed]

25. Hanker, A.B.; Sudhan, D.R.; Arteaga, C.L. Overcoming endocrine resistance in breast cancer. Cancer Cell 2020, 37, 496–513.
[CrossRef]

26. Chang, M. Tamoxifen resistance in breast cancer. Biomol. Ther. 2012, 20, 256–267. [CrossRef] [PubMed]
27. Ali, S.; Coombes, R.C. Endocrine-responsive breast cancer and strategies for combating resistance. Nat. Rev. Cancer 2002, 2,

101–112. [CrossRef]
28. Fleming, C.A.; Heneghan, H.M.; O’Brien, D.; McCartan, D.P.; McDermott, E.W.; Prichard, R.S. Meta-analysis of the cumulative

risk of endometrial malignancy and systematic review of endometrial surveillance in extended tamoxifen therapy. Br. J. Surg.
2018, 105, 1098–1106. [CrossRef] [PubMed]

29. Goetz, M.P.; Suman, V.J.; Reid, J.M.; Northfelt, D.W.; Mahr, M.A.; Ralya, A.T.; Kuffel, M.; Buhrow, S.A.; Safgren, S.L.; McGovern,
R.M.; et al. First-in-human phase I study of the tamoxifen metabolite z-endoxifen in women with endocrine-refractory metastatic
breast cancer. J. Clin. Oncol. 2017, 35, 3391–3400. [CrossRef] [PubMed]

30. Sestak, I. Preventative therapies for healthy women at high risk of breast cancer. Cancer Manag. Res. 2014, 6, 423–430. [CrossRef]
31. Cuzick, J.; Sestak, I.; Cawthorn, S.; Hamed, H.; Holli, K.; Howell, A.; Forbes, J.F.; Investigators, I.-I. Tamoxifen for prevention of

breast cancer: Extended long-term follow-up of the ibis-i breast cancer prevention trial. Lancet Oncol. 2015, 16, 67–75. [CrossRef]
32. Costa, R.L.B.; Czerniecki, B.J. Clinical development of immunotherapies for her2(+) breast cancer: A review of HER2-directed

monoclonal antibodies and beyond. NPJ Breast Cancer 2020, 6, 10. [CrossRef]
33. Li, B.T.; Shen, R.; Buonocore, D.; Olah, Z.T.; Ni, A.; Ginsberg, M.S.; Ulaner, G.A.; Offin, M.; Feldman, D.; Hembrough, T.; et al.

Ado-trastuzumab emtansine for patients with her2-mutant lung cancers: Results from a phase ii basket trial. J. Clin. Oncol. 2018,
36, 2532–2537. [CrossRef]

34. Tsang, R.Y.; Sadeghi, S.; Finn, R.S. Lapatinib, a dual-targeted small molecule inhibitor of egfr and her2, in her2-amplified breast
cancer: From bench to bedside. Clin. Med. Insights Ther. 2011, 3, 1–13. [CrossRef]

35. Yin, L.; Duan, J.J.; Bian, X.W.; Yu, S.C. Triple-negative breast cancer molecular subtyping and treatment progress. Breast Cancer Res.
2020, 22, 61. [CrossRef]

36. Jubair, S.A.; Alkhateeb, A.; Tabl, A.A.; Rueda, L.; Ngom, A. A novel approach to identify subtype-specific network biomarkers of
breast cancer survivability. Netw. Modeling Anal. Health Inform. Bioinform. 2020, 9, 43. [CrossRef]

37. Iwata, T.N.; Ishii, C.; Ishida, S.; Ogitani, Y.; Wada, T.; Agatsuma, T. A HER2-targeting antibody-drug conjugate, trastuzumab
deruxtecan (ds-8201a), enhances antitumor immunity in a mouse model. Mol. Cancer 2018, 17, 1494–1503. [CrossRef] [PubMed]

38. Enhertu (Trastuzumab Deruxtecan) Approved in the US for HER2-Positive Unresectable or Metastatic Breast Cancer Following
Two or More Prior Anti-HER2 Based Regimens. Available online: https://www.astrazeneca.com/media-centre/press-
releases/2019/enhertu-trastuzumab-deruxtecan-approved-in-the-us-for-her2-positive-unresectable-or-metastatic-breast-
cancer-following-2-or-more-prior-anti-her2-based-regimens.html (accessed on 4 November 2020).

39. FDA Approves Alpelisib for Metastatic Breast Cancer. Available online: https://www.fda.gov/drugs/resources-information-
approved-drugs/fda-approves-alpelisib-metastatic-breast-cancer (accessed on 4 November 2020).

40. Andre, F.; Ciruelos, E.; Rubovszky, G.; Campone, M.; Loibl, S.; Rugo, H.S.; Iwata, H.; Conte, P.; Mayer, I.A.; Kaufman, B.; et al.
Alpelisib for pik3ca-mutated, hormone receptor-positive advanced breast cancer. N. Engl. J. Med. 2019, 380, 1929–1940. [CrossRef]
[PubMed]

41. A Study of Tucatinib, vs. Placebo in Combination with Capecitabine & Trastuzumab in Patients with Advanced her2+ Breast
Cancer (her2climb). Available online: https://www.Clinicaltrials.Gov/ct2/show/nct02614794 (accessed on 4 November 2020).

42. Jordan, M.A.; Wilson, L. Microtubules as a target for anticancer drugs. Nat. Reviews Cancer 2004, 4, 253–265. [CrossRef]
43. Van Vuuren, R.J.; Visagie, M.H.; Theron, A.E.; Joubert, A.M. Antimitotic drugs in the treatment of cancer. Cancer Chemother. Pharm.

2015, 76, 1101–1112. [CrossRef]
44. FDA Grants Accelerated Approval to Sacituzumab Govitecan-Hziy for Metastatic Triple Negative Breast Cancer. Available

online: https://www.Fda.Gov/drugs/drug-approvals-and-databases/fda-grants-accelerated-approval-sacituzumab-govitecan-
hziy-metastatic-triple-negative-breast-cancer (accessed on 4 November 2020).

406



Pharmaceuticals 2021, 14, 169

45. Safety and Efficacy of Sgn-Liv1a Plus Pembrolizumab for Patients with Locally-Advanced or Metastatic Triple-Negative Breast
Cancer. Available online: https://www.Clinicaltrials.Gov/ct2/show/nct03310957 (accessed on 4 November 2020).

46. Potter, B.V.L. Sulfation pathways: Steroid sulphatase inhibition via aryl sulphamates: Clinical progress, mechanism and future
prospects. J. Mol. Endocrinol. 2018, 61, T233–T252. [CrossRef]

47. Synnott, N.C.; Murray, A.; McGowan, P.M.; Kiely, M.; Kiely, P.A.; O’Donovan, N.; O’Connor, D.P.; Gallagher, W.M.; Crown, J.;
Duffy, M.J. Mutant p53: A novel target for the treatment of patients with triple-negative breast cancer? Int. J. Cancer 2017, 140,
234–246. [CrossRef] [PubMed]

48. Pettit, G.R.; Singh, S.B.; Boyd, M.R.; Hamel, E.; Pettit, R.K.; Schmidt, J.M.; Hogan, F. Antineoplastic agents. 291. Isolation and
synthesis of combretastatins A-4, A-5, and A-6(1A). J. Med. Chem. 1995, 38, 1666–1672. [CrossRef] [PubMed]

49. Perez-Perez, M.J.; Priego, E.M.; Bueno, O.; Martins, M.S.; Canela, M.D.; Liekens, S. Blocking blood flow to solid tumors by
destabilizing tubulin: An approach to targeting tumor growth. J. Med. Chem. 2016, 59, 8685–8711. [CrossRef] [PubMed]

50. Su, M.; Huang, J.; Liu, S.; Xiao, Y.; Qin, X.; Liu, J.; Pi, C.; Luo, T.; Li, J.; Chen, X.; et al. The anti-angiogenic effect and novel
mechanisms of action of combretastatin A-4. Sci. Rep. 2016, 6, 28139. [CrossRef]

51. Lu, Y.; Chen, J.; Xiao, M.; Li, W.; Miller, D.D. An overview of tubulin inhibitors that interact with the colchicine binding site.
Pharm. Res. 2012, 29, 2943–2971. [CrossRef]

52. McLoughlin, E.C.; O’Boyle, N.M. Colchicine-binding site inhibitors from chemistry to clinic: A review. Pharmaceuticals 2020, 13, 8.
[CrossRef]

53. Greene, L.M.; Meegan, M.J.; Zisterer, D.M. Combretastatins: More than just vascular targeting agents? J. Pharmacol. Exp. Ther.
2015, 355, 212–227. [CrossRef]

54. Gaspari, R.; Prota, A.E.; Bargsten, K.; Cavalli, A.; Steinmetz, M.O. Structural basis of cis- and trans-combretastatin binding to
tubulin. Chem 2017, 2, 102–113. [CrossRef]

55. Pettit, G.R.; Toki, B.E.; Herald, D.L.; Boyd, M.R.; Hamel, E.; Pettit, R.K.; Chapuis, J.C. Antineoplastic agents. 410. Asymmetric
hydroxylation of trans-combretastatin a-4. J. Med. Chem. 1999, 42, 1459–1465. [CrossRef]

56. Malebari, A.M.; Fayne, D.; Nathwani, S.M.; O’Connell, F.; Noorani, S.; Twamley, B.; O’Boyle, N.M.; O’Sullivan, J.; Zisterer, D.M.;
Meegan, M.J. Beta-lactams with antiproliferative and antiapoptotic activity in breast and chemoresistant colon cancer cells. Eur. J.
Med. Chem. 2020, 189, 112050. [CrossRef] [PubMed]

57. Odlo, K.; Hentzen, J.; dit Chabert, J.F.; Ducki, S.; Gani, O.A.; Sylte, I.; Skrede, M.; Florenes, V.A.; Hansen, T.V. 1,5-disubstituted
1,2,3-triazoles as cis-restricted analogues of combretastatin A-4: Synthesis, molecular modeling and evaluation as cytotoxic agents
and inhibitors of tubulin. Bioorganic Med. Chem. 2008, 16, 4829–4838. [CrossRef] [PubMed]

58. Mustafa, M.; Anwar, S.; Elgamal, F.; Ahmed, E.R.; Aly, O.M. Potent combretastatin A-4 analogs containing 1,2,4-triazole: Synthesis,
antiproliferative, anti-tubulin activity, and docking study. Eur. J. Med. Chem. 2019, 183, 111697. [CrossRef] [PubMed]

59. Romagnoli, R.; Baraldi, P.G.; Prencipe, F.; Oliva, P.; Baraldi, S.; Tabrizi, M.A.; Lopez-Cara, L.C.; Ferla, S.; Brancale, A.; Hamel,
E.; et al. Design and synthesis of potent in vitro and in vivo anticancer agents based on 1-(3’,4’,5’-trimethoxyphenyl)-2-aryl-1h-
imidazole. Sci. Rep. 2016, 6, 26602. [CrossRef]

60. Li, W.; Xu, F.; Shuai, W.; Sun, H.; Yao, H.; Ma, C.; Xu, S.; Yao, H.; Zhu, Z.; Yang, D.H.; et al. Discovery of novel quinoline-chalcone
derivatives as potent antitumor agents with microtubule polymerization inhibitory activity. J. Med. Chem. 2019, 62, 993–1013.
[CrossRef]

61. He, J.; Zhang, M.; Tang, L.; Liu, J.; Zhong, J.; Wang, W.; Xu, J.P.; Wang, H.T.; Li, X.F.; Zhou, Z.Z. Synthesis, biological evaluation,
and molecular docking of arylpyridines as antiproliferative agent targeting tubulin. ACS Med. Chem. Lett. 2020, 11, 1611–1619.
[CrossRef] [PubMed]

62. Messaoudi, S.; Treguier, B.; Hamze, A.; Provot, O.; Peyrat, J.F.; De Losada, J.R.; Liu, J.M.; Bignon, J.; Wdzieczak-Bakala, J.;
Thoret, S.; et al. Isocombretastatins a versus combretastatins a: The forgotten isoca-4 isomer as a highly promising cytotoxic and
antitubulin agent. J. Med. Chem. 2009, 52, 4538–4542. [CrossRef]

63. La Regina, G.; Bai, R.; Rensen, W.M.; Di Cesare, E.; Coluccia, A.; Piscitelli, F.; Famiglini, V.; Reggio, A.; Nalli, M.; Pelliccia, S.; et al.
Toward highly potent cancer agents by modulating the c-2 group of the arylthioindole class of tubulin polymerization inhibitors.
J. Med. Chem. 2013, 56, 123–149. [CrossRef] [PubMed]

64. Kumar, G.B.; Nayak, V.L.; Sayeed, I.B.; Reddy, V.S.; Shaik, A.B.; Mahesh, R.; Baig, M.F.; Shareef, M.A.; Ravikumar, A.; Kamal, A.
Design, synthesis of phenstatin/isocombretastatin-oxindole conjugates as antimitotic agents. Bioorganic Med. Chem. 2016, 24,
1729–1740. [CrossRef] [PubMed]

65. Naret, T.; Khelifi, I.; Provot, O.; Bignon, J.; Levaique, H.; Dubois, J.; Souce, M.; Kasselouri, A.; Deroussent, A.; Paci, A.; et al. 1,1-
diheterocyclic ethylenes derived from quinaldine and carbazole as new tubulin-polymerization inhibitors: Synthesis, metabolism,
and biological evaluation. J. Med. Chem. 2019, 62, 1902–1916. [CrossRef]

66. Pettit, G.R.; Toki, B.; Herald, D.L.; Verdier-Pinard, P.; Boyd, M.R.; Hamel, E.; Pettit, R.K. Antineoplastic agents. 379. Synthesis of
phenstatin phosphate. J. Med. Chem. 1998, 41, 1688–1695. [CrossRef] [PubMed]

67. Ghinet, A.; Rigo, B.; Henichart, J.P.; Le Broc-Ryckewaert, D.; Pommery, J.; Pommery, N.; Thuru, X.; Quesnel, B.; Gautret, P.
Synthesis and biological evaluation of phenstatin metabolites. Bioorganic Med. Chem. 2011, 19, 6042–6054. [CrossRef]

68. Cascioferro, S.; Attanzio, A.; Di Sarno, V.; Musella, S.; Tesoriere, L.; Cirrincione, G.; Diana, P.; Parrino, B. New 1,2,4-oxadiazole
nortopsentin derivatives with cytotoxic activity. Mar. Drugs 2019, 17, 35. [CrossRef] [PubMed]

407



Pharmaceuticals 2021, 14, 169

69. Carbone, D.; Parrino, B.; Cascioferro, S.; Pecoraro, C.; Giovannetti, E.; Di Sarno, V.; Musella, S.; Auriemma, G.; Cirrincione, G.;
Diana, P. 1,2,4-oxadiazole topsentin analogs with antiproliferative activity against pancreatic cancer cells, targeting GSK3b kinase.
ChemMedChem 2021, 16, 537–554. [CrossRef]

70. Cascioferro, S.; Petri, G.L.; Parrino, B.; Carbone, D.; Funel, N.; Bergonzini, C.; Mantini, G.; Dekker, H.; Geerke, D.; Peters, G.J.;
et al. Imidazo[2,1-b] [1,3,4]thiadiazoles with antiproliferative activity against primary and gemcitabine-resistant pancreatic cancer
cells. Eur. J. Med. Chem. 2020, 189, 112088. [CrossRef] [PubMed]

71. Chang, C.Y.; Chuang, H.Y.; Lee, H.Y.; Yeh, T.K.; Kuo, C.C.; Chang, C.Y.; Chang, J.Y.; Liou, J.P. Antimitotic and vascular disrupting
agents: 2-hydroxy-3,4,5-trimethoxybenzophenones. Eur. J. Med. Chem. 2014, 77, 306–314. [CrossRef] [PubMed]

72. Brancale, A.; Silvestri, R. Indole, a core nucleus for potent inhibitors of tubulin polymerization. Med. Res. Rev. 2007, 27, 209–238.
[CrossRef] [PubMed]

73. Hadimani, M.B.; Macdonough, M.T.; Ghatak, A.; Strecker, T.E.; Lopez, R.; Sriram, M.; Nguyen, B.L.; Hall, J.J.; Kessler, R.J.; Shirali,
A.R.; et al. Synthesis of a 2-aryl-3-aroyl indole salt (Oxi8007) resembling combretastatin A-4 with application as a vascular
disrupting agent. J. Nat. Prod. 2013, 76, 1668–1678. [CrossRef] [PubMed]

74. Tung, Y.S.; Coumar, M.S.; Wu, Y.S.; Shiao, H.Y.; Chang, J.Y.; Liou, J.P.; Shukla, P.; Chang, C.W.; Chang, C.Y.; Kuo, C.C.; et al.
Scaffold-hopping strategy: Synthesis and biological evaluation of 5,6-fused bicyclic heteroaromatics to identify orally bioavailable
anticancer agents. J. Med. Chem. 2011, 54, 3076–3080. [CrossRef]

75. Chen, J.; Ahn, S.; Wang, J.; Lu, Y.; Dalton, J.T.; Miller, D.D.; Li, W. Discovery of novel 2-aryl-4-benzoyl-imidazole (ABI-III)
analogues targeting tubulin polymerization as antiproliferative agents. J. Med. Chem. 2012, 55, 7285–7289. [CrossRef] [PubMed]

76. Wang, Q.; Arnst, K.E.; Wang, Y.; Kumar, G.; Ma, D.; White, S.W.; Miller, D.D.; Li, W.; Li, W. Structure-guided design, synthesis, and
biological evaluation of (2-(1H-indol-3-yl)-1H-imidazol-4-yl)(3,4,5-trimethoxyphenyl) methanone (ABI-231) analogues targeting
the colchicine binding site in tubulin. J. Med. Chem. 2019, 62, 6734–6750. [CrossRef]

77. Bai, Z.; Gao, M.; Zhang, H.; Guan, Q.; Xu, J.; Li, Y.; Qi, H.; Li, Z.; Zuo, D.; Zhang, W.; et al. BZML, a novel colchicine binding
site inhibitor, overcomes multidrug resistance in a549/taxol cells by inhibiting P-gp function and inducing mitotic catastrophe.
Cancer Lett. 2017, 402, 81–92. [CrossRef] [PubMed]

78. O’Boyle, N.M.; Pollock, J.K.; Carr, M.; Knox, A.J.; Nathwani, S.M.; Wang, S.; Caboni, L.; Zisterer, D.M.; Meegan, M.J. Beta-lactam
estrogen receptor antagonists and a dual-targeting estrogen receptor/tubulin ligand. J. Med. Chem. 2014, 57, 9370–9382. [CrossRef]
[PubMed]

79. Knox, A.J.; Price, T.; Pawlak, M.; Golfis, G.; Flood, C.T.; Fayne, D.; Williams, D.C.; Meegan, M.J.; Lloyd, D.G. Integration of ligand
and structure-based virtual screening for the identification of the first dual targeting agent for heat shock protein 90 (Hsp90) and
tubulin. J. Med. Chem. 2009, 52, 2177–2180. [CrossRef]

80. Zhong, B.; Chennamaneni, S.; Lama, R.; Yi, X.; Geldenhuys, W.J.; Pink, J.J.; Dowlati, A.; Xu, Y.; Zhou, A.; Su, B. Synthesis and
anticancer mechanism investigation of dual Hsp27 and tubulin inhibitors. J. Med. Chem. 2013, 56, 5306–5320. [CrossRef]

81. Lv, W.; Liu, J.; Skaar, T.C.; Flockhart, D.A.; Cushman, M. Design and synthesis of norendoxifen analogues with dual aromatase
inhibitory and estrogen receptor modulatory activities. J. Med. Chem. 2015, 58, 2623–2648. [CrossRef] [PubMed]

82. Lv, W.; Liu, J.; Lu, D.; Flockhart, D.A.; Cushman, M. Synthesis of mixed (E,Z)-, (E)-, and (Z)-norendoxifen with dual aromatase
inhibitory and estrogen receptor modulatory activities. J. Med. Chem. 2013, 56, 4611–4618. [CrossRef] [PubMed]

83. Lu, W.J.; Desta, Z.; Flockhart, D.A. Tamoxifen metabolites as active inhibitors of aromatase in the treatment of breast cancer.
Breast Cancer Res. Treat. 2012, 131, 473–481. [CrossRef] [PubMed]

84. Woo, L.W.; Bubert, C.; Purohit, A.; Potter, B.V. Hybrid dual aromatase-steroid sulfatase inhibitors with exquisite picomolar
inhibitory activity. ACS Med. Chem. Lett. 2011, 2, 243–247. [CrossRef] [PubMed]

85. Dohle, W.; Jourdan, F.L.; Menchon, G.; Prota, A.E.; Foster, P.A.; Mannion, P.; Hamel, E.; Thomas, M.P.; Kasprzyk, P.G.; Ferrandis,
E.; et al. Quinazolinone-based anticancer agents: Synthesis, antiproliferative sar, antitubulin activity, and tubulin co-crystal
structure. J. Med. Chem. 2018, 61, 1031–1044. [CrossRef]

86. Dohle, W.; Prota, A.E.; Menchon, G.; Hamel, E.; Steinmetz, M.O.; Potter, B.V.L. Tetrahydroisoquinoline sulfamates as potent
microtubule disruptors: Synthesis, antiproliferative and antitubulin activity of dichlorobenzyl-based derivatives, and a tubulin
cocrystal structure. ACS Omega 2019, 4, 755–764. [CrossRef]

87. Gangjee, A.; Pavana, R.K.; Ihnat, M.A.; Thorpe, J.E.; Disch, B.C.; Bastian, A.; Bailey-Downs, L.C.; Hamel, E.; Bai, R. Discovery of
antitubulin agents with antiangiogenic activity as single entities with multitarget chemotherapy potential. ACS Med. Chem. Lett.
2014, 5, 480–484. [CrossRef]

88. Doiron, J.; Soultan, A.H.; Richard, R.; Toure, M.M.; Picot, N.; Richard, R.; Cuperlovic-Culf, M.; Robichaud, G.A.; Touaibia,
M. Synthesis and structure-activity relationship of 1- and 2-substituted-1,2,3-triazole letrozole-based analogues as aromatase
inhibitors. Eur. J. Med. Chem. 2011, 46, 4010–4024. [CrossRef]

89. Wood, P.M.; Woo, L.W.; Labrosse, J.R.; Trusselle, M.N.; Abbate, S.; Longhi, G.; Castiglioni, E.; Lebon, F.; Purohit, A.; Reed,
M.J.; et al. Chiral aromatase and dual aromatase-steroid sulfatase inhibitors from the letrozole template: Synthesis, absolute
configuration, and in vitro activity. J. Med. Chem. 2008, 51, 4226–4238. [CrossRef]

90. Negi, A.S.; Gautam, Y.; Alam, S.; Chanda, D.; Luqman, S.; Sarkar, J.; Khan, F.; Konwar, R. Natural antitubulin agents: Importance
of 3,4,5-trimethoxyphenyl fragment. Bioorganic Med. Chem. 2015, 23, 373–389. [CrossRef]

408



Pharmaceuticals 2021, 14, 169

91. Misawa, T.; Aoyama, H.; Furuyama, T.; Dodo, K.; Sagawa, M.; Miyachi, H.; Kizaki, M.; Hashimoto, Y. Structural development
of benzhydrol-type 1′-acetoxychavicol acetate (aca) analogs as human leukemia cell-growth inhibitors based on quantitative
structure-activity relationship (QSAR) analysis. Chem. Pharm Bull. 2008, 56, 1490–1495. [CrossRef] [PubMed]

92. Wang, J.B.; Bei, F.L.; Li, R.Y.; Yang, X.J.; Wang, X. Synthesis, characterization and single crystal structure of 4,4′-(1H-1,2,4-triazol-1-
methylene)-bisbenzonitrile. Chin. J. Org. Chem. 2004, 24, 550.

93. Plobeck, N.; Delorme, D.; Wei, Z.Y.; Yang, H.; Zhou, F.; Schwarz, P.; Gawell, L.; Gagnon, H.; Pelcman, B.; Schmidt, R.; et al. New
diarylmethylpiperazines as potent and selective nonpeptidic delta opioid receptor agonists with increased in vitro metabolic
stability. J. Med. Chem. 2000, 43, 3878–3894. [CrossRef]

94. Tang, Y.; Dong, Y.; Vennerstrom, J.L. The reaction of carbonyldiimidazole with alcohols to form carbamates and N-alkylimidazoles.
Synthesis 2004, 15, 2540–2544. [CrossRef]

95. Ohta, S.; Kawasaki, I.; Uemura, T.; Yamashita, M.; Yoshioka, T.; Yamaguchi, S. Alkylation and acylation of the 1,2,3-triazole ring.
Chem. Pharm. Bull. 1997, 45, 1140–1145. [CrossRef]

96. Belskaya, N.P.; Subbotina, J.; Lesogorova, S. Synthesis of 2H-1,2,3-Triazoles; Springer: Berlin/Heidelberg, Germany, 2014.
97. Martins, P.; Jesus, J.; Santos, S.; Raposo, L.R.; Roma-Rodrigues, C.; Baptista, P.V.; Fernandes, A.R. Heterocyclic anticancer

compounds: Recent advances and the paradigm shift towards the use of nanomedicine’s tool box. Molecules 2015, 20, 16852–16891.
[CrossRef]

98. Vitaku, E.; Smith, D.T.; Njardarson, J.T. Analysis of the structural diversity, substitution patterns, and frequency of nitrogen
heterocycles among U.S. FDA approved pharmaceuticals. J. Med. Chem. 2014, 57, 10257–10274. [CrossRef]

99. Sakai, N.; Hori, H.; Yoshida, Y.; Konakahara, T.; Ogiwara, Y. Copper(I)-catalyzed coupling reaction of aryl boronic acids with
N,O-acetals and N,N-aminals under atmosphere leading to alpha-aryl glycine derivatives and diarylmethylamine derivatives.
Tetrahedron 2015, 71, 4722–4729. [CrossRef]

100. LeGall, E.; Troupel, M.; Nedelec, J. One-step three-component coupling of aromatic organozinc reagents, secondary amines, and
aromatic aldehydes into functionalized diarylmethylamines. Tetrahedron 2006, 62, 9953–9965. [CrossRef]

101. Sengmany, S.L.; LeGall, E.; LeJean, C.; Troupel, M.; Nedelec, J. Straightforward three-component synthesis of diarylmethylpiper-
azines and 1,2-diarylethylpiperazines. Tetrahedron 2007, 63, 3672–3681. [CrossRef]

102. Malebari, A.M.; Greene, L.M.; Nathwani, S.M.; Fayne, D.; O’Boyle, N.M.; Wang, S.; Twamley, B.; Zisterer, D.M.; Meegan, M.J.
Beta-lactam analogues of combretastatin A-4 prevent metabolic inactivation by glucuronidation in chemoresistant HT-29 colon
cancer cells. Eur. J. Med. Chem. 2017, 130, 261–285. [CrossRef]

103. Cushman, M.; Nagarathnam, D.; Gopal, D.; He, H.M.; Lin, C.M.; Hamel, E. Synthesis and evaluation of analogues of (z)-1-
(4-methoxyphenyl)-2-(3,4,5-trimethoxyphenyl)ethene as potential cytotoxic and antimitotic agents. J. Med. Chem. 1992, 35,
2293–2306. [CrossRef] [PubMed]

104. Barbosa, E.G.; Bega, L.A.; Beatriz, A.; Sarkar, T.; Hamel, E.; do Amaral, M.S.; de Lima, D.P. A diaryl sulfide, sulfoxide, and sulfone
bearing structural similarities to combretastatin a-4. Eur. J. Med. Chem. 2009, 44, 2685–2688. [CrossRef] [PubMed]

105. Kamal, A.; Kumar, G.B.; Vishnuvardhan, M.V.; Shaik, A.B.; Reddy, V.S.; Mahesh, R.; Sayeeda, I.B.; Kapure, J.S. Synthesis of
phenstatin/isocombretastatin-chalcone conjugates as potent tubulin polymerization inhibitors and mitochondrial apoptotic
inducers. Org. Biomol. Chem. 2015, 13, 3963–3981. [CrossRef]

106. Alvarez, R.; Alvarez, C.; Mollinedo, F.; Sierra, B.G.; Medarde, M.; Pelaez, R. Isocombretastatins A: 1,1-diarylethenes as potent
inhibitors of tubulin polymerization and cytotoxic compounds. Bioorganic Med. Chem. 2009, 17, 6422–6431. [CrossRef]

107. National Cancer Institute. DCTD Division of Cancer Treatment and Diagnostics, DTP Development Therapeutics Programme; National
Cancer Institute: Bethesda, MD, USA; Available online: https://dtp.cancer.gov/organization/btb/default.htm (accessed on
20 February 2020).

108. Qu, Y.; Han, B.; Yu, Y.; Yao, W.; Bose, S.; Karlan, B.Y.; Giuliano, A.E.; Cui, X. Evaluation of MCF10a as a reliable model for normal
human mammary epithelial cells. PLoS ONE 2015, 10, e0131285. [CrossRef]

109. Visconti, R.; Grieco, D. Fighting tubulin-targeting anticancer drug toxicity and resistance. Endocr. Relat. Cancer 2017, 24, T107–T117.
[CrossRef] [PubMed]

110. Mc Gee, M.M. Targeting the mitotic catastrophe signaling pathway in cancer. Mediat. Inflamm. 2015, 2015, 146282. [CrossRef]
[PubMed]

111. Vitale, I.; Antoccia, A.; Cenciarelli, C.; Crateri, P.; Meschini, S.; Arancia, G.; Pisano, C.; Tanzarella, C. Combretastatin CA-4 and
combretastatin derivative induce mitotic catastrophe dependent on spindle checkpoint and caspase-3 activation in non-small cell
lung cancer cells. Apoptosis Int. J. Program. Cell Death 2007, 12, 155–166. [CrossRef]

112. O’Boyle, N.M.; Ana, G.; Kelly, P.M.; Nathwani, S.M.; Noorani, S.; Fayne, D.; Bright, S.A.; Twamley, B.; Zisterer, D.M.; Mee-
gan, M.J. Synthesis and evaluation of antiproliferative microtubule-destabilising combretastatin A-4 piperazine conjugates.
Org. Biomol. Chem. 2019, 17, 6184–6200. [CrossRef]

113. Satoh, M.S.; Lindahl, T. Role of poly(ADP-ribose) formation in DNA repair. Nature 1992, 356, 356–358. [CrossRef] [PubMed]
114. Tsujimoto, Y. Role of BCL-2 family proteins in apoptosis: Apoptosomes or mitochondria? Genes Cells 1998, 3, 697–707. [CrossRef]
115. Michels, J.; Johnson, P.W.; Packham, G. Mcl-1. Int. J. Biochem. Cell Biol. 2005, 37, 267–271. [CrossRef] [PubMed]
116. Davar, D.; Beumer, J.H.; Hamieh, L.; Tawbi, H. Role of PARP inhibitors in cancer biology and therapy. Curr. Med. Chem. 2012, 19,

3907–3921. [CrossRef]

409



Pharmaceuticals 2021, 14, 169

117. Stresser, D.M.; Turner, S.D.; McNamara, J.; Stocker, P.; Miller, V.P.; Crespi, C.L.; Patten, C.J. A high-throughput screen to identify
inhibitors of aromatase (CYP19). Anal. Biochem. 2000, 284, 427–430. [CrossRef]

118. Maiti, A.; Cuendet, M.; Croy, V.L.; Endringer, D.C.; Pezzuto, J.M.; Cushman, M. Synthesis and biological evaluation of (+/-)-
abyssinone II and its analogues as aromatase inhibitors for chemoprevention of breast cancer. J. Med. Chem. 2007, 50, 2799–2806.
[CrossRef]

119. Endringer, D.C.; Guimaraes, K.G.; Kondratyuk, T.P.; Pezzuto, J.M.; Braga, F.C. Selective inhibition of aromatase by a dihydroiso-
coumarin from xyris pterygoblephara. J. Nat. Prod. 2008, 71, 1082–1084. [CrossRef]

120. Yu, C.; Shin, Y.G.; Kosmeder, J.W.; Pezzuto, J.M.; van Breemen, R.B. Liquid chromatography/tandem mass spectrometric
determination of inhibition of human cytochrome p450 isozymes by resveratrol and resveratrol-3-sulfate. Rapid Commun.
Mass Spectrom. 2003, 17, 307–313. [CrossRef] [PubMed]

121. Ravelli, R.B.; Gigant, B.; Curmi, P.A.; Jourdain, I.; Lachkar, S.; Sobel, A.; Knossow, M. Insight into tubulin regulation from a
complex with colchicine and a stathmin-like domain. Nature 2004, 428, 198–202. [CrossRef] [PubMed]

122. Tafi, A.; Anastassopoulou, J.; Theophanides, T.; Botta, M.; Corelli, F.; Massa, S.; Artico, M.; Costi, R.; Di Santo, R.; Ragno, R.
Molecular modeling of azole antifungal agents active against Candida albicans. 1. A comparative molecular field analysis study.
J. Med. Chem. 1996, 39, 1227–1235. [CrossRef]

123. Bruker AXS Inc. Bruker APEX v2014; Bruker AXS Inc.: Madison, WI, USA, 2014.
124. SADABS. Area Detector Absorption Correction Program, Sheldrick, G.M. University of Göttingen, Germany. 2014. Available

online: https://journals.iucr.org/e/services/stdswrefs.html; (accessed on 20 February 2021).
125. Sheldrick, G.M. Shelxt-integrated space-group and crystal-structure determination. Acta Cryst. A Found. Adv. 2015, 71, 3–8.

[CrossRef] [PubMed]
126. Sheldrick, G.M. Crystal structure refinement with Shelxl. Acta Cryst. C Struct. Chem. 2015, 71, 3–8. [CrossRef] [PubMed]
127. Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. Olex2: A complete structure solution, refinement

and analysis program. J. Appl. Crystallogr. 2009, 42, 339–341. [CrossRef]
128. Cytoskeleton. Available online: https://www.Cytoskeleton.Com/tubulin-resources (accessed on 1 December 2020).
129. Chemical Computing Group Inc. Molecular Operating Environment (MOE), 2015.10; Chemical Computing Group Inc.: Montreal,

QC, Canada, 2015.
130. Kendall, A.; Dowsett, M. Novel concepts for the chemoprevention of breast cancer through aromatase inhibition.

Endocr. Relat. Cancer 2006, 13, 827–837. [CrossRef] [PubMed]

410



pharmaceuticals

Article

Synthesis and Cytotoxic Activity of Combretastatin A-4 and
2,3-Diphenyl-2H-indazole Hybrids

Jaime Pérez-Villanueva 1,* , Félix Matadamas-Martínez 1,2, Lilián Yépez-Mulia 3,* , Vadim Pérez-Koldenkova 4 ,
Martha Leyte-Lugo 5 , Karen Rodríguez-Villar 6 , Francisco Cortés-Benítez 1 , Ana Perla Macías-Jiménez 1,
Ignacio González-Sánchez 5 , Ariana Romero-Velásquez 7, Juan Francisco Palacios-Espinosa 1

and Olivia Soria-Arteche 1

Citation: Pérez-Villanueva, J.;

Matadamas-Martínez, F.;

Yépez-Mulia, L.; Pérez-Koldenkova,

V.; Leyte-Lugo, M.; Rodríguez-Villar,

K.; Cortés-Benítez, F.; Macías-Jiménez,

A.P.; González-Sánchez, I.;

Romero-Velásquez, A.; et al.

Synthesis and Cytotoxic Activity of

Combretastatin A-4 and

2,3-Diphenyl-2H-indazole Hybrids.

Pharmaceuticals 2021, 14, 815.

https://doi.org/10.3390/

ph14080815

Academic Editors: Mary J. Meegan

and Niamh M. O’Boyle

Received: 11 May 2021

Accepted: 13 August 2021

Published: 19 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Departamento de Sistemas Biológicos, División de Ciencias Biológicas y de la Salud, Universidad Autónoma
Metropolitana-Xochimilco (UAM-X), Ciudad de México 04960, Mexico;
felixmatadamas@yahoo.com.mx (F.M.-M.); jcortesb@correo.xoc.uam.mx (F.C.-B.);
anmacp61@gmail.com (A.P.M.-J.); jpalacios@correo.xoc.uam.mx (J.F.P.-E.);
soriao@correo.xoc.uam.mx (O.S.-A.)

2 Maestría y Doctorado en Ciencias Farmacéuticas, División de Ciencias Biológicas y de la Salud,
Universidad Autónoma Metropolitana-Xochimilco (UAM-X), Ciudad de México 04960, Mexico

3 Unidad de Investigación Médica en Enfermedades Infecciosas y Parasitarias, UMAE Hospital de Pediatría,
Centro Médico Siglo XXI, Instituto Mexicano del Seguro Social, Ciudad de México 06720, Mexico

4 Laboratorio Nacional de Microscopía Avanzada, Centro Médico Nacional Siglo XXI, Instituto Mexicano del
Seguro Social, Ciudad de México 06720, Mexico; vadim.perez@imss.gob.mx

5 Catedrático CONACYT Comisionado a Departamento de Sistemas Biológicos, División de Ciencias
Biológicas y de la Salud, Universidad Autónoma Metropolitana-Xochimilco (UAM-X),
Ciudad de México 04960, Mexico; mleyte@correo.xoc.uam.mx (M.L.-L.);
ignacio.gonzalez.s@gmail.com (I.G.-S.)

6 Doctorado en Ciencias Biológicas y de la Salud, Universidad Autónoma Metropolitana (UAM),
Ciudad de México 04960, Mexico; qkarenrodv@hotmail.com

7 Maestría en Ciencias Biológicas, Universidad Nacional Autónoma de México (UNAM),
Ciudad de México 04510, Mexico; ariromerov@gmail.com

* Correspondence: jpvillanueva@correo.xoc.uam.mx (J.P.-V.); lilianyepez@yahoo.com (L.Y.-M.);
Tel.: +52-5-54-83-72-59 (J.P.-V.); Fax: +52-5-55-94-79-29 (J.P.-V.)

Abstract: Cancer is the second leading cause of death, after cardiovascular diseases. Different strate-
gies have been developed to treat cancer; however, chemotherapy with cytotoxic agents is still the
most widely used treatment approach. Nevertheless, drug resistance to available chemotherapeutic
agents is still a serious problem, and the development of new active compounds remains a constant
need. Taking advantage of the molecular hybridization approach, in the present work we designed,
synthesized, and tested the cytotoxic activity of two hybrid compounds and seven derivatives based
on the structure of combretastatin A-4 and 2,3-diphenyl-2H-indazole. Practical modifications of
reported synthetic protocols for 2-pheny-2H-indazole and 2,3-dipheny-2H-indazole derivatives under
microwave irradiation were implemented. The cytotoxicity assays showed that our designed hybrid
compounds possess strong activity, especially compound 5, which resulted even better than the
reference drug cisplatin against HeLa and SK-LU-1 cells (IC50 of 0.16 and 6.63 µM, respectively), and
it had similar potency to the reference drug imatinib against K562 cells. Additionally, in silico and
in vitro studies strongly suggest tubulin as the molecular target for hybrid compound 5.

Keywords: cancer; combretastatin A-4; cytotoxic activity; hybrid compounds; indazole

1. Introduction

Cancer is “a group of diseases characterized by uncontrollable growth and spread
of abnormal cells, which can then invade adjoining parts of the body and spread to other
organs” [1,2]. Globally, after cardiovascular diseases, cancer is the second leading cause of
death [2]. Different strategies have been developed to treat cancer; however, chemotherapy
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with cytotoxic agents is still the most widely used treatment approach. Nevertheless,
drug resistance to available chemotherapeutic agents is still a serious problem, and the
development of new active compounds remains a constant need [3].

The indazole nucleus is considered an important heterocyclic moiety in medicinal
chemistry, since several derivatives harboring this scaffold have shown anticancer, hypo-
glycemic, antiprotozoal, anti-inflammatory, antimicrobial, anti-HIV, and antihypertensive
activities [4–7]. Furthermore, some drugs containing the indazole nucleus have been ap-
proved as anticancer agents (e.g., pazopanib, axitinib, and niraparib) [6]. Previous studies
focused on the search of antiprotozoal compounds showed that 2,3-diphenyl-2H-indazole
(4) exhibits cytotoxic activity against HeLa cells (IC50 = 125 µM) [8]. Although the cytotoxic
activity of this compound is weak, it reveals itself as a new scaffold of interest to develop
new cytotoxic agents with the appropriate substituents. Hence, taking advantage of the
molecular hybridization approach, in the present work we designed, synthesized, and
tested the cytotoxic activity of two hybrid compounds (5 and 6) inspired on 2,3-diphenyl-
2H-indazole and the natural product Combretastatin A-4 (CA-4, Figure 1). CA-4, isolated
from the bushwillow tree Combretum caffrum, is a well-known cytotoxic stilbenoid that acts
as a tubulin polymerization inhibitor by binding to the colchicine site [9]. The hybridization
of both molecules, 2,3-diphenyl-2H-indazole and CA-4, was pursued to increase the cyto-
toxic effect by combination of two biologically active structures [8–10]. Additionally, the
stabilization of the cis-diphenyl pattern, that can isomerize into the trans isomer in CA-4
(less active), could be achieved by replacing the ethylene bridge in CA-4 by the indazole
moiety [9,10]. To learn more about the structural requirements of hybrid compounds to
exhibit cytotoxic activity, structurally simplified derivatives (1–3 and 7–9) and the unsub-
stituted reference compound 4 are also synthesized and their cytotoxic activity tested. In
addition, the effect of the best cytotoxic compound is characterized and its effect on tubulin
is studied by in silico and in vitro assays.

Figure 1. Molecular design of hybrid compounds.

2. Results and Discussion
2.1. Chemistry

The hybrid compounds and their derivatives (1–9) were synthesized as illustrated in
Scheme 1. Compounds 1–3 were obtained by a slight modification of Cadogan’s method,
where the commercially available 2-nitrobenzaldehyde was heated with aniline or the
appropriate substituted aniline under microwave irradiation to afford the corresponding
Schiff base, which was then treated with triethyl phosphite to give the 2-phenyl-2H-
indazole derivatives 1–3 [11]. Compounds 1–3 were selectively brominated at the three-
position employing a previously described method using bromine in acetic acid [12]. The
2,3-diphenyl-2H-indazole (4) and derivatives (5 and 6) were synthesized by a palladium-
catalyzed coupling reaction, employing a slight modification under microwave irradiation
of the previously reported conventional method under reflux [13]. It is worth mentioning
that the microwave irradiation method gave the best yields and improved the reaction
times for compounds 4–6 as compared to the same examples employing the original
report (see Table S1 in the supporting information). Finally, employing the commercially
available 3-bromo-1H-indazole as starting material, 3-phenyl-1H-indazole derivatives 7–9
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were synthesized using this same microwave-assisted method. Compounds 5 and 9 were
obtained by using the commercially available 3-acetoxy-4-methoxyphenylboronic acid
pinacol ester; nonetheless, the 3-acetoxy group was hydrolyzed in situ under the basic
reaction conditions to directly obtain the desired compounds (5 and 9). All synthesized
compounds were characterized by 1H NMR and 13C NMR spectroscopy. The data on
previously reported structures were consistent with literature reports (1, 2, 4 and 7). It
is important to note that hybrids 5 and 6, and derivatives 3, 8, and 9, resulted in new
structures, which were also characterized by mass spectrometry; particularly, the most
active compound 5 was also characterized by high resolution mass spectrometry. The
nuclear magnetic resonance and mass spectra of these compounds can be found in the
Supporting Information (Figures S1–S29).

Scheme 1. Synthesis of indazole derivatives 1–9. Reagents and conditions: (a) 1. Aniline or substituted aniline, EtOH;
2. P(OEt)3, 150 ◦C; (b) Br2, AcOH; (c) appropriate phenylboronic acid or phenylboronic acid pinacol ester, 1-propanol,
Pd(OAc)2, (C6H5)3P, Na2CO3, H2O.

2.2. Cytotoxicity Assays

CA-4 and several CA-4 derivatives have been shown to have cytotoxic potency and
anti-proliferative activity in a variety of human cancer cells, such as non-small cell lung
cancer [14], ovarian cancer [15], and human leukemia cells [16,17], among others [18].
Therefore, in this study, three cancer cell lines—HeLa (human cervix), SK-LU-1 (human
non-small cell lung), and K562 (human chronic myelogenous leukemia)—were selected. It
is worth mentioning that the cell lines selected are representative of some high incidence
cancer types [2]. The antiproliferative activity of all compounds (1–9) was initially tested
at 50 micromolar after 48 h of exposition using the MTT assay on HeLa cells. Briefly,
hybrids 5 and 6 possessed the best cytotoxic effect at 50 µM (Table S2). This result suggests
that the entire 2,3-diphenyl-2H-indazole scaffold is important for the cytotoxic effect.
The simplified structures based on 2-phenyl-2H-indazole (1–3) and 3-phenyl-1H-indazole
derivatives (7–9) at the same concentration resulted in higher viability values. Thus, we
decided to determine IC50 values for compounds 5 and 6 on HeLa, SK-LU-1, and K562 cells.
Compound 4 was included as unsubstituted reference, whereas cisplatin and imatinib
were included as reference drugs, Table 1. The results of IC50 showed the major effect
for substituted hybrids (5 and 6) on HeLa, SK-LU-1, and K562 cells as compared with
the unsubstituted compound 4. Compound 5 displayed higher cytotoxic effect than 6
against the three cell lines: particularly, with an IC50 value of 0.16 µM against HeLa cells,
making compound 5 241-fold more active than 6. Compound 5 was 116 times more active
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against HeLa cells and slightly more active against SK-LU-1 cells (two-fold) than the
reference drug cisplatin, which is employed for cervical and lung cancer therapy [19].
Additionally, compound 5 showed against K562 cells, similar in vitro activity to imatinib, a
drug used for the therapy of chronic myelogenous leukemia [20]. Cytotoxicity values for
CA-4 has been extensively reported on HeLa cells after 48 h by MTT assay. In ChEMBL
database [21], 18 reference values were found with IC50 ranging from 0.003 to 14.830 µM,
with a median value of 0.011 µM, which indicates that CA-4 is still 15-fold more cytotoxic
than compound 5 (0.16 µM). Whereas no reports were found for CA-4 on SK-LU-1 cells,
two reference values were found on K562 cells under the same assay conditions (0.0048 and
0.046 µM) [21]. Therefore, the cytotoxic activity for compound 5 is still lower as compared
with previous CA-4 reports, but it showed higher activity than cisplatin and imatinib,
the reference drugs included in this study (Table 1). On the other hand, some studies
suggest that antioxidants may lead to interferences with the MTT assay [22,23]; hence,
the antioxidant activity of compounds 4–6, was studied employing the DPPH and ABTS
models. Results can be found at the supporting information (Table S3). Compounds were
inactive on DPPH test, whereas very poor effect was found on ABTS test for compounds 5
and 6, with IC50 values of 216 and 262 µM, respectively. Therefore, the intrinsic reductive
potential of the compounds tested is not involved in the determination of IC50 values
on MTT assays. In addition, the purity of the compounds 4, 5, and 6 was determined
by quantitative NMR to ensure that the observed IC50 values were caused by the pure
compounds (purity > 95%, Table S4).

Table 1. Cytotoxicity (IC50 [µM] ± SE) for compounds 5 and 6 and reference compounds 4, cisplatin,
and imatinib on different cancer cell lines.

Compound HeLa SK-LU-1 K562

4 125.8 ± 14.8 1 96.43 ± 8.65 > 120
5 0.16 ± 0.01 6.63 ± 0.52 1.68 ± 0.27
6 38.6 ± 7.51 25.21 ± 9.06 18.59 ± 1.56

Cisplatin 18.5 ± 3.0 12.0 ± 2.5 -
Imatinib - - 2.37 ± 0.12

1 Reference [8].

Bright-field microscopy reveals the presence of spherical cells on HeLa cultures treated
with hybrid compounds 5 and 6 after 48 h (Figure S30 in supporting information) as
compared with the typically observed epithelial polygonal morphology. This result and the
reported effect of CA-4 on microtubule assemblage, allowed us to consider microtubules
as a possible target of the synthesized hybrids. Hence, in silico and in vitro studies were
also performed.

2.3. Molecular Docking

To investigate the potential binding mode of hybrids 5 and 6 and their derivatives
(1–4 and 7–9) to the colchicine binding site of beta-tubulin, we performed docking simu-
lations using AutoDock 4.2 and the X-Ray structure of Tubulin-cis-CA-4 Complex (PDB:
5LYJ) [24,25]. For comparison, CA-4 and colchicine were also docked. The comparison
of co-crystalized and docked CA-4 structures superimposes with Root Mean Square De-
viation (RMSD) of 0.835 Å, validating our method. As expected, CA-4 and colchicine fit
at the binding site with ∆G values of −7.45 and −8.24 kcal/mol, respectively. Interest-
ingly, we found an improved docking score for indazole inhibitors 4 (−8.92 kcal/mol), 5
(−9.90 kcal/mol), and 6 (−9.60 kcal/mol) suggesting their higher affinity. It is worth to
emphasize the score found for the 2-phenyl-2H-indazole derivatives 1–3 (−7.06, −6.73,
and −6.49 kcal/mol respectively) and the 3-phenyl-1H-indazole derivatives 7–9 (−5.81,
−6.79, and −6.50 kcal/mol respectively) suggesting a lower affinity. Moreover, the 3,4,5-
trimethoxyphenyl at N2 or C3 for 5 and 6, respectively, is oriented in same way as found in
colchicine and CA-4 (Figure 2). Furthermore, this moiety produces hydrophobic interac-
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tions with Ala250, Ala316 and π-σ interactions with Leu255. Unlike CA-4, the 3-hydroxy-
4-methoxy substituted ring at C3 or N2 for 5 and 6, respectively, is positioned to form an
H-bond with the side chain of Asn101 (distance = 2.0 Å and 2.1 Å for compounds 5 and 6,
respectively), hydrophobic interactions with Lys254 as well as π-interactions with Thr179.
Conversely, the indazole core of both analogs is oriented into a cavity and is further stabi-
lized by hydrophobic interactions with residues Val181, Ala316, and Lys352. Surprisingly,
compound 5 produced an extra π-sulfur contact with Met259. Thus, this compound fits
better into the colchicine binding site of tubulin, providing slightly better binding energy
than obtained for compound 6.

Figure 2. Molecular coupling of compounds 5 and 6 at the colchicine site on beta-tubulin. (A) Binding mode of colchicine
(orange), CA-4 (green) and compound 5 (cyan) docked into the colchicine binding site cavity (lilac) (PDB: 5LYJ). (B) Binding
mode of compound 5 (cyan) and 6 (khaki) docked into the colchicine binding site cavity. 2D diagram of docked compounds 5
(C) and 6 (D) into the colchicine binding site cavity showing their interaction with the binding site residues.
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2.4. In Vitro Tubulin Polymerization Assays

To learn more about the effect of compounds 5 and 6 on tubulin polymerization, we
conducted a polymerization assay [26–28]. Figure 3 shows the drug-dependent effect on
tubulin polymerization, in presence of paclitaxel (PTX), CA-4 and hybrid compounds 5 and 6
or vehicle. The polymerization Vmax value was enhanced 2.7 times in the presence of the
stabilizing agent PTX, with respect to vehicle (84 vs. 31 mOD/min). On the other hand,
the microtubule destabilizing drug, CA-4, reduced 3.4 times the Vmax value as compared
to vehicle (9 vs. 31 mOD/min). Compounds 5 and 6 decreased the polymerization Vmax,
3.8 and 1.3 times, respectively, in comparison to vehicle (8 and 24 vs. 31 mOD/min). These
results suggest that hybrid compound 5 is a potential inhibitor of tubulin polymerization
that displays an effect similar to that of CA-4 at 10 µM.

Figure 3. Effect of hybrid compounds 5 and 6 on tubulin polymerization. Polymerization reactions
were carried out by incubation at 37 ◦C and followed by absorbance readings at 340 nm for 53 min
at 37 ◦C. CA-4 and PTX were used as positive controls. All compounds were used at a final
concentration of 10 µM.

2.5. Indirect Immunofluorescence (IFI)

The effect of compounds 5, PTX and CA-4 on HeLa cells tubulin network was exam-
ined by IFI (Figure 4). The well-organized tubulin network can be observed on untreated
HeLa cells. In the case of PTX, a microtubule stabilizing agent, it leaded to an asymmetrical
cell shape, and collapse of the tubulin network with the appearance of microtubule arrays
and tubulin bundles. Compound 5 induced a loss of organized microtubule structure;
tubulin staining was diffuse and disorganized with aggregated staining in parts. In addi-
tion, morphological changes such as round-shaped cells, formation of protuberances in the
cytoplasm, nucleus size increase, and multinucleation were observed, all of them indicative
features of mitotic catastrophe [29]. Meanwhile, treatment with CA-4, a destabilizing agent,
resulted in small round-shaped cells with a disrupted microtubule cytoskeleton; multiple
punctuate signals of beta tubulin were visible in the cytoplasm while nuclear damage
characterized by multilobular deformed nuclei and micronuclei was evident.
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Figure 4. Effect of compound 5, PTX, and CA-4 on HeLa cells tubulin network analyzed by indirect immunofluorescence.
Cells were treated with DMSO at 0.01% (Control), compound 5 (0.16 µM), CA-4 (1.49 µM) and PTX (0.08 µM) for 24 h.
Cell samples were incubated with anti-beta-tubulin antibody at 1:1000 dilution and anti-mouse IgG-FITC diluted 1:1000
as secondary antibody. The nuclear DNA was stained with 4,6-diamidino-2-phenylindole (DAPI). Beta-tubulin is stained
in green, DNA in blue. First column: Bright-field images, second column: Beta-tubulin array, stained with FITC, third
column: DAPI stain, fourth column: Merge. Samples were visualized by confocal microscopy. Arrow: Tubulin aggregates;
Arrowhead: Multinucleation; Asterisk: Macronuclei. Scale bar: 20 µm.

It is known that the interference of microtubule dynamics by CA-4 and some deriva-
tives consequently disrupts mitotic progression and induce cytostasis and ultimately leads
to apoptosis and cell death [30–32]. Therefore, the effect of compound 5 on the cell cycle
of HeLa cells was analyzed by flow cytometry. Data showed that, in fact, HeLa cells
were arrested in G2/M phase by compound 5 (52.5%), sharing this feature with CA-4
(42.5%) (Figure 5). In addition, it was also shown that compound 5 triggers the apoptosis
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of HeLa cells (Figure S31 in supplementary information). Our data agrees with the mech-
anism of action of different microtubule depolymerizing agents such as nocodazole [33],
colchicine [34], and CA-4 and its derivatives [31,35] that induce the program cell death.

Figure 5. Analysis of cell cycle progression of HeLa cells by flow cytometry: (A) Control cells,
(B) treated with compound 5, (C) treated with CA-4. HeLa cells were treated with compound 5
(0.16 µM) and CA-4 (1.49 µM) for 48 h.

2.6. Effect of Compound 5, PTX, and CA-4 on Soluble and Polymerized Tubulin

IFI assays showed that compound 5 induced alterations in the microtubule network.
Then, to identify the mechanism by which compound 5 affects the stability of microtubules,
soluble and polymerized tubulin protein obtained from treated HeLa cells were analyzed by
Western blotting. PTX and CA-4 were included as microtubule stabilizing and destabilizing
agents, respectively, and DMSO as a negative control. In control and treated samples, bands
of 50 kDa corresponding to beta-tubulin were detected (Figure 6A). Densitometric analysis
showed that in cells treated with CA-4 or compound 5, the fraction of soluble tubulin
increased in comparison to the control condition or PTX treatment. On the contrary, in cells
treated with PTX, an increase of polymerized tubulin was evident. The ratio of soluble
to polymerized tubulin fractions was determined for each compound and changes in
the tubulin polymerization state following drug treatment were evidenced (Figure 6B).
PTX showed a lower ratio of soluble-to-polymerized tubulin compared to control due to
its stabilizing effect of the polymerized state of tubulin proteins. Meanwhile, CA-4 and
compound 5 displayed a higher soluble-to-polymerized tubulin ratio in comparison to
control or PTX. This suggests that compound 5 exhibits an inhibitory activity of tubulin
polymerization similar to that of CA-4. This inhibitory activity was indeed observed in the
tubulin polymerization assay.
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Figure 6. (A) Western blot analysis of soluble and polymerized tubulin fractions of cells without treatment (Ctrl) and cells
treated with compound 5 (0.16 µM), CA-4 (1.49 µM), and PTX (0.08 µM). (B) Ratio of soluble-to-polymerized tubulin of the
data A. MW = molecular weight.

3. Materials and Methods
3.1. Chemistry

All chemicals were obtained from Sigma-Aldrich (Sigma-Aldrich, Toluca, MEX,
Mexico). Reactions were monitored by TLC on 0.2 mm percolated silica gel 60 F254 plates
(Merck, Darmstadt, Germany) and visualized by irradiation with a UV lamp (Cole-Parmer,
Vernon Hills, IL, USA). Silica gel 60 (70–230 mesh) was used for column chromatography
(Macherey-Nagel, Düren, Germany). Melting points were determined in open capillary
tubes with a Büchi M-565 melting point apparatus (Büchi, Flawil, Switzerland) and are un-
corrected. Microwave-assisted reactions were carried out in a Monowave 300 monomodal
reactor equipped with a hydraulic pressure sensing device and an infrared temperature-
sensor (Anton-Paar, Graz, Austria). 1H NMR and 13C NMR were measured with an Agilent
DD2 spectrometer (Agilent, Santa Clara, CA, USA), operating at 600 and 151 MHz for 1H
and 13C, respectively. Chemical shifts are given in parts per million relatives to tetram-
ethylsilane (Me4Si, δ = 0); J values are given in Hz. Splitting patterns are expressed as
follow: s, singlet; d, doublet; t, triplet; q, quartet; dd, doublet of doublet; td, triplet of
doublet; ddd, doublet doublet of doublet; dq, doublet of quartets; m, multiplet; bs, broad
singlet. The purity of compounds 4, 5, and 6 was determined by quantitative NMR spec-
troscopy (qNMR) using sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as internal
standard (Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA). High resolution
mass spectra were recorded on a Bruker ESI/APCI-TOF, MicroTOF-II-Focus spectrometer
(Bruker, Billerica, MA, USA) by electrospray ionization (ESI); whereas low resolution Mass
spectra were recorded on a Waters Xevo TQ-MS spectrometer (Waters, Milford, MA, USA)
by electron impact (EI).

3.1.1. General Procedure for the Synthesis of 2-Phenyl-2H-indazole Derivatives

2-Phenyl-2H-indazole derivatives were synthesized employing a slight modification of
the Cadogan method [11]. A 10 mL microwave vial was charged with 2-nitrobenzaldehyde
(0.5 g, 3.308 mmol), aniline or the appropriate substituted aniline (3.308 mmol, 1 eq) and
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anhydrous ethanol (3 mL). The mixture was heated at 160 ◦C under microwave irradiation
for 10 min. The mixture was transferred to a round bottom flask and distilled under
vacuum. The evaporation residue was treated with triethyl phosphite (10 mmol) and
heated at 150 ◦C (0.5–2 h) until the starting material was totally consumed. Then, the
phosphite excess was oxidized with 20 mL of 5% hydrogen peroxide solution. The product
was extracted with ethyl acetate (20 mL × 3) and the combined organic phase was finally
washed with brine (20 mL) and dried with anhydrous sodium sulfate. The organic solution
was refluxed for 10 min with activated carbon (200 mg), and filtered and concentrated under
vacuum distillation. The evaporation residue was purified using column chromatography
with silica and hexane-ethyl acetate (85:15) as a mobile phase, the combined fractions
containing the product were concentrated to 10–20 mL under reduced pressure and cooled
to induce crystallization. The solid was finally filtered and washed with cold hexane to
give the product.

2-Phenyl-2H-indazole (1)

White solid, 56% yield, mp: 81–82 ◦C (lit: 81–82 ◦C) [11]. The spectroscopic data
matched previously reported data [36]: 1H NMR (600 MHz, CDCl3) δ 8.40 (d, J = 0.9 Hz,
1H), 7.91–7.88 (m, 2H), 7.79 (dd, J = 8.8, 0.9 Hz, 1H), 7.70 (dt, J = 8.5, 1.0 Hz, 1H), 7.54–7.50
(m, 2H), 7.41–7.37 (m, 1H), 7.32 (ddd, J = 8.8, 6.6, 1.0 Hz, 1H), 7.11 (ddd, J = 8.4, 6.6, 0.7 Hz,
1H); 13C NMR (151 MHz, CDCl3) δ (ppm): 149.78, 140.52, 129.54, 127.88, 126.81, 122.76,
122.44, 120.99, 120.39, 120.37, 117.94.

2-(3,4,5-Trimethoxyphenyl)-2H-indazole (2)

Pale yellow solid, 61% yield, mp: 94–95 (lit: 82–84 ◦C) [37]. The spectroscopic data
matched previously reported data [37]: 1H NMR (600 MHz, CDCl3) δ 8.36 (d, J = 0.8 Hz,
1H), 7.78 (dt, J = 9.6, 0.8 Hz, 1H), 7.70 (dt, J = 8.3, 1.0 Hz, 1H), 7.33 (ddd, J = 8.8, 6.6, 1.0 Hz,
1H), 7.14–7.10 (m, 3H), 3.97 (s, 6H), 3.90 (s, 3H). 13C NMR (151 MHz, CDCl3) δ 153.78,
149.62, 137.83, 136.55, 126.82, 122.67, 122.45, 120.64, 120.26, 117.79, 98.93, 61.04, 56.39.

5-(2H-Indazol-2-yl)-2-methoxyphenol (3)

White solid, 33% yield, mp: 143–144 ◦C. 1H NMR (600 MHz, CDCl3) δ 8.29 (d,
J = 0.8 Hz, 1H), 7.80–7.76 (m, 1H), 7.71–7.67 (m, 1H), 7.46 (d, J = 2.6 Hz, 1H), 7.39 (dd,
J = 8.7, 2.6 Hz, 1H), 7.31 (ddd, J = 8.7, 6.6, 1.0 Hz, 1H), 7.10 (ddd, J = 8.4, 6.5, 0.7 Hz, 1H),
6.94 (d, J = 8.6 Hz, 1H), 6.06 (s, 1H), 3.93 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 149.53,
146.46, 146.33, 134.60, 126.60, 122.64, 122.25, 120.47, 120.27, 117.77, 112.72, 110.92, 108.17,
56.21; MS (HR-ESI) for C14H13N2O2 [M + H]+, calcd: m/z 241.0972, found: m/z 241.0970.

3.1.2. General Procedure for the Synthesis of 3-Bromo-2-phenyl-2H-indazole Derivatives

2-Phenyl-2H-indazole (2 mmol), or the appropriate substituted derivative (2–3), was
dissolved in acetic acid (10 mL) at room temperature. The formed solution was treated,
drop to drop gradually during a period of 1 h at room temperature, with a second solution
of bromine 2.1 mmol in 10 mL of acetic acid. The resulting solution was stirred overnight at
room temperature. The mixture was treated with 2 mL of water and then quenched under
100 mL of iced water. The solid formed was filtered under vacuum and dried. The product
was used crude for to the next reaction [12].

3-Bromo-2-phenyl-2H-indazole (1b)

White solid, 86% yield, a sample was recrystallized from ethanol/water to give mp:
77–79 (lit: 75.5–77 ◦C) [12]. 1H NMR (600 MHz, CDCl3) δ 7.74 (dt, J = 8.8, 0.8 Hz, 1H),
7.70–7.66 (m, 2H), 7.59 (dt, J = 8.5, 1.0 Hz, 1H), 7.57–7.50 (m, 3H), 7.37 (ddd, J = 8.7, 6.6,
1.1 Hz, 1H), 7.18 (ddd, J = 8.4, 6.6, 0.7 Hz, 1H); 13C NMR (151 MHz, CDCl3) δ 149.20, 139.26,
129.23, 129.04, 127.58, 126.17, 122.97, 122.89, 119.68, 118.19, 106.13.
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3-Bromo-2-(3,4,5-trimethoxyphenyl)-2H-indazole (2b)

White solid, 91% yield, mp: 115–117. 1H NMR (600 MHz, CDCl3) δ 7.73 (dt, J = 8.7,
0.8 Hz, 1H), 7.58 (dt, J = 8.4, 1.0 Hz, 1H), 7.37 (ddd, J = 8.8, 6.6, 1.1 Hz, 1H), 7.19 (ddd, J = 8.4,
6.6, 0.7 Hz, 1H), 6.89 (s, 2H), 3.93 (s, 3H), 3.92 (s, 6H); 13C NMR (151 MHz, CDCl3) δ 153.24,
149.02, 138.70, 134.73, 127.64, 123.02, 122.80, 119.61, 118.06, 106.22, 103.93, 61.01, 56.35.

3-Bromo-2-(3,4,5-trimethoxyphenyl)-2H-indazole (3b)

White solid, 98% yield, mp: 118–121. 1H NMR (600 MHz, CDCl3) δ 7.72 (d, J = 8.8 Hz,
1H), 7.57 (dt, J = 8.4, 0.9 Hz, 1H), 7.35 (ddd, J = 8.7, 6.6, 1.0 Hz, 1H), 7.23 (d, J = 2.5 Hz, 1H),
7.18–7.13 (m, 2H), 6.97 (d, J = 8.6 Hz, 1H), 6.08 (s, 1H), 3.97 (s, 3H); 13C NMR (151 MHz,
CDCl3) δ 148.90, 147.34, 145.76, 132.66, 127.46, 122.81, 122.64, 119.61, 118.03, 112.99, 110.26,
106.46, 56.16.

3.1.3. General Procedure for Palladium-Catalyzed Coupling Reactions

A 10 mL microwave vial was charged with the properly substituted 3-bromo-2-phenyl-
2H-indazole or 3-bromo-1H-indazole (0.6 mmol), the appropriate phenylboronic acid or
phenylboronic acid pinacol ester (0.63 mmol), palladium (II) acetate (0.006 mmol, 1%),
triphenylphosphine (0.018 mmol, 3%), sodium carbonate (1.2 mmol), water (0.6 mL), and
n-propanol (3 mL). The mixture was heated at 150 ◦C under microwave irradiation for
20 min. The reaction was poured into 15 mL of water and extracted thrice with 15 mL of
ethyl acetate. The organic phase was washed with brine (15 mL), dried with anhydrous
sodium sulfate, and concentrated under vacuum. The evaporation residue was purified by
column chromatography using hexane-ethyl acetate, 90:10 for compound 4 and 75:25 for
compounds 5 and 6.

2,3-Diphenyl-2H-indazole (4)

White solid, 72% yield; mp: 107–108 ◦C (lit: 102–103 ◦C) [38]. The spectroscopic data
matched previously reported data [8,38]: 1H NMR (600 MHz, CDCl3) δ 7.82–7.79 (m, 1H),
7.73–7.70 (m, 1H), 7.45–7.42 (m, 2H), 7.41–7.34 (m, 9H), 7.14 (ddd, J = 8.4, 6.6, 0.8 Hz, 1H);
13C NMR (151 MHz, CDCl3) δ 148.99, 140.24, 135.41, 129.91, 129.69, 128.97, 128.76, 128.30,
128.25, 126.98, 126.02, 122.50, 121.74, 120.52, 117.76; Purity (qNMR, % w/w) 98.01 ± 2.10.

2-Methoxy-5-(2-(3,4,5-trimethoxyphenyl)-2H-indazol-3-yl)phenol (5)

White solid, 84% yield; mp: 160–162 ◦C; 1H NMR (600 MHz, CDCl3) δ 7.77 (dt, J = 8.8,
0.9 Hz, 1H), 7.69 (dt, J = 8.5, 1.0 Hz, 1H), 7.35 (ddd, J = 8.7, 6.6, 0.9 Hz, 1H), 7.12 (ddd, J = 8.5,
6.6, 0.8 Hz, 1H), 7.03 (d, J = 2.1 Hz, 1H), 6.88 (d, J = 8.4 Hz, 1H), 6.84 (dd, J = 8.3, 2.0 Hz, 1H),
6.68 (s, 2H), 5.84 (s, 1H), 3.92 (s, 3H), 3.87 (s, 3H), 3.72 (s, 6H); 13C NMR (151 MHz, CDCl3)
δ 153.09, 148.68, 146.72, 145.78, 137.82, 135.82, 135.23, 127.00, 123.07, 122.24, 121.89, 121.60,
120.58, 117.46, 115.69, 110.78, 103.61, 60.98, 56.13, 55.98; MS (HR-ESI) for C23H23N2O5
[M + H]+, calcd: m/z 407.1601, found: m/z 407.1595; Purity (qNMR, % w/w) 98.46 ± 1.7.

2-Methoxy-5-(3-(3,4,5-trimethoxyphenyl)-2H-indazol-2-yl)phenol (6)

White solid, 68% yield, mp: 192–194 ◦C; 1H NMR (600 MHz, CDCl3) δ 7.78 (dt, J = 8.8,
0.9 Hz, 1H), 7.74 (dt, J = 8.5, 1.0 Hz, 1H), 7.36 (ddd, J = 8.7, 6.6, 1.0 Hz, 1H), 7.15 (ddd, J = 8.4,
6.5, 0.7 Hz, 1H), 7.10 (d, J = 2.4 Hz, 1H), 6.90 (dd, J = 8.6, 2.5 Hz, 1H), 6.83 (d, J = 8.6 Hz, 1H),
6.58 (s, 2H), 5.97 (s, 1H), 3.92 (s, 3H), 3.90 (s, 3H), 3.73 (s, 6H); 13C NMR (151 MHz, CDCl3)
δ 153.34, 148.65, 146.71, 145.87, 138.11, 135.36, 133.90, 126.86, 125.15, 122.41, 121.25, 120.39,
117.93, 117.76, 112.95, 110.28, 106.95, 60.98, 56.20, 56.14; MS (EI) m/z 407.25 ([M + H]+,
100%); Purity (qNMR, % w/w) 96.65 ± 1.43.

3-Phenyl-1H-indazole (7)

Light yellow solid, 80% yield, mp: 105–107 ◦C (lit: 106-107) [39]. The spectroscopic
data matched previously reported data [40]: 1H NMR (600 MHz, CDCl3) δ 11.44 (s, 1H),
8.05–7.99 (m, 3H), 7.56–7.51 (m, 2H), 7.47–7.42 (m, 1H), 7.37–7.33 (m, 1H), 7.29–7.25 (m,
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1H), 7.23–7.19 (m, 1H); 13C NMR (151 MHz, CDCl3) δ 145.74, 141.68, 133.56, 128.93, 128.17,
127.72, 126.78, 121.34, 121.09, 120.96, 110.22.

3-(3,4,5-Trimethoxyphenyl)-1H-indazole (8)

Yellow oil, 94% yield; 1H NMR (600 MHz, CDCl3) δ 11.04 (bs, 1H), 8.01 (dt, J = 8.2,
0.9 Hz, 1H), 7.43–7.38 (m, 2H), 7.26–7.23 (m, 1H), 7.22 (s, 2H), 3.94 (2s, J = 0.5 Hz, 9H);
13C NMR (151 MHz, CDCl3) δ 153.67, 145.73, 141.74, 138.27, 129.12, 126.95, 121.49, 120.97,
120.86, 110.23, 104.87, 61.02, 56.26; MS (EI) m/z 285.20 ([M + H]+, 100%).

5-(1H-Indazol-3-yl)-2-methoxyphenol (9)

White solid, 85% yield, mp: 190–194 ◦C; 1H NMR (600 MHz, DMSO-d6) δ 13.06 (s,
1H), 9.18 (s, 1H), 7.99 (d, J = 8.2 Hz, 1H), 7.56 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 2.1 Hz, 1H),
7.41–7.36 (m, 2H), 7.18 (t, J = 7.7 Hz, 1H), 7.05 (d, J = 8.3 Hz, 1H), 3.83 (s, 3H); 13C NMR
(151 MHz, DMSO-d6) δ 147.44, 146.67, 143.12, 141.42, 126.64, 125.83, 120.57, 120.53, 119.87,
117.70, 113.91, 112.45, 110.37, 55.56; MS (EI) m/z 241.14 ([M + H]+, 100%).

3.2. Cytotoxicity Assays in Human Cells

HeLa (derived from human epithelial cervical cancer, ATCC 93021013), SK-LU-1
(derived from human non-small lung adenocarcinoma ATCC 93120835), and K562 (derived
from a patient in the blast crisis stage of chronic myelogenous leukemia ATCC 93112521)
cancer cell lines were chosen to test the cytotoxicity of all compounds. Cancer cell lines
were kindly provided by Dr. Marco A. Cerbón, Laboratory of Molecular Endocrinology,
Facultad de Química UNAM.

HeLa, SK-LU-1, and K562 cell lines were grown in DMEM (BioWest, Riverside, MO,
USA) supplemented with 10% FBS (BioWest, Riverside, MO, USA) and maintained in
standard culture conditions (37 ◦C, 95% humidity, and 5% CO2). Cells were grown to a
density of 80% and then were harvested using sterile PBS/EDTA (pH 7.4) before starting
every experiment. Cells were seeded in 96-well plates (7 × 103 cells/well in 200 µL of
DMEM) and maintained 24 h in standard conditions. Afterwards, cells were exposed
during 48 h to tested compounds dissolved in DMSO (J.T. Baker, Phillipsburg, NJ) at
different concentrations and diluted in 50 µL of DMEM, to reach 250 µL in the well. After
treatment, cellular viability was analyzed by MTT assay, the absorbance of formazan was
determined using a microplate reader Epoch 2 (BioTek, Winooski, VT, USA) at 540 nm
and the viability for each concentration was related to the vehicle (100%). The IC50 was
calculated from dose-response curve by non-linear fit using the Software OriginPro 7.0
(RockWare, Golden, CO, USA) [8,41,42].

3.3. Molecular Docking

Docking studies were performed using AutoDock 4.2, whereas the graphical interface
AutoDockTools 1.7.1 suite was used to prepare and analyze the docking simulations [24].
The X-Ray structure of tubulin-cis-CA-4 complex was retrieved from Protein Data Bank
(http://www.rcsb.org/ (accessed on 2 February 2019)) entry 5LYJ [25,43,44]. First, chains
A and B were selected and the solvent molecules as well as CA-4 were removed. The
pdb structure was submitted for minimization using the YASARA web server (YASARA,
Vienna, Austria) [45]. The minimized protein was then exported to AutoDockTools in-
terface 1.7.1. Hydrogen atoms were added and Gasteiger-Marsilli charges were assigned
to the atoms into the protein as well. The chemical structures of CA-4, colchicine and
indazole were retrieved from ZINC database [46]. Ligands were built by systematic mod-
ifications of indazole and then energy-minimized by semiempirical PM6 method using
Gaussian 09 software [47]. Docking simulations were performed using a grid box of size
50 Å × 50 Å × 50 Å with a spacing of 0.345 Å focused on the binding region of CA-4 (coor-
dinates: x = 17.85, y = 65.75 and z = 42.59). The search was carried out with the Lamarckian
Genetic Algorithm. A total of 50 GA runs with a maximal number of 25,000,000 evaluations,
a mutation rate of 0.02 and an initial population of 150 conformers were covered. Docking
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results were clustered using a root mean square (RMS) tolerance = 1. Finally, each ligand
with the best cluster size and the lowest binding free energy was further selected for the
analysis. The docking protocol was validated by comparison of docked CA-4 and the
co-crystalized CA-4. The ligand interactions were analyzed using AutoDockTools 1.7.1
interface along with BIOVIA Discovery Studio Visualizer 2016 [48]. Figures and 2D dia-
grams were produced with UCSF Chimera program [49], and BIOVIA Discovery Studio
Visualizer 2016.

3.4. Tubulin Polymerization Assays

The in vitro tubulin polymerization assays were performed using the kit manufactured
by Cytoskeleton, Inc., catalog number BK006P (Cytoskeleton, Denver, CO, USA). Assays
were carried out following the instructions provided by the manufacturer [26–28]. Briefly,
compounds 5, 6, and references (PTX and CA-4) were dissolved in DMSO and tested at
10 µM. The tubulin polymerization assay was conducted at 37 ◦C, recording the change in
absorbance every minute at 340 nm after test compound was added.

3.5. Indirect Immunofluorescence Assays

HeLa cells (4 × 105) were seeded on coverslips in 30 mm petri dishes and incubated
in DMEM with 10% of fetal bovine serum (FBS) for 24 h with compound 5 (0.16 µM).
DMSO (0.01%) was included as negative control and PTX (0.08 µM) and CA-4 (1.49 µM)
as positive controls. After removal of the supernatant, the cells were fixed with 4% of
paraformaldehyde in phosphate-buffered saline 1× (PBS) pH 7.4 for 1 h at 4 ◦C and
permeabilized with 0.5% Triton X-100-SDS for 10 min. Nonspecific binding was blocked
with 3% bovine serum albumin (BSA) in PBS for 1 h at 37 ◦C. Afterwards, treated cells
were incubated with a monoclonal antibody anti-beta-tubulin (Sigma-Aldrich, T0198)
diluted 1:1000 in PBS for 1 h at room temperature and washed three times with PBS;
subsequently incubation with secondary anti-mouse-FITC antibody (Millipore, AP308F)
diluted 1:500 and 4′,6′-diamidino-2-phenylindole (DAPI) at 0.5 µg/mL was carried out
for 1 h at room temperature in the dark. The cover slips were washed three times with
PBS and mounted on glass slides with Vectashield (Vector Laboratories). Images were
acquired on a Nikon Ti Eclipse inverted confocal microscope equipped with an A1 imaging
system. Imaging was performed using a 20× (dry, NA = 0.8) objective lens. Excitation was
performed sequentially using the laser lines provided by the manufacturer (403 nm—DAPI,
488 nm—FITC, brightfield) and the appropriate emission filters.

3.6. Cell Cycle Analysis

Cell cycle progression was monitored by flow cytometry using propidium iodide (PI,
Sigma, St. Louis, MO, USA). For this, HeLa cells were treated for 48 h with compound 5
(0.16 µM) and CA-4 (1.49 µM). Afterwards, cells were collected by centrifugation, washed
with PBS, and fixed with ice-cold 75% ethanol. The fixed cells were harvested by centrifu-
gation at 1400 rpm for 5 min and resuspended in 500 µL of PBS, and treated with RNase A
(100 µg/mL, 30 min, 37 ◦C). After incubation, the cells were stained with PI at 10 µg/mL
at 37 ◦C for 30 min.

3.7. Western Blot Analysis of Soluble and Polymerized Tubulin in HeLa cells

HeLa cells (1.65 × 106 cells) cultured in DMEM medium complemented with FBS
(10%) were seeded in 60 mm petri dishes and treated with compound 5 at 0.16 µM for
24 h at 37 ◦C. PTX (0.08 µM) and CA-4 (1.49 µM) were included as positive controls and
DMSO (0.01%) as negative control. Soluble and polymerized tubulin were obtained as
previously recommended [50]. To collect soluble fraction, cells were permeabilized with
300 µL lysis buffer (80 mM Pipes-KOH (pH 6.8), 1 mM MgCl2, 1mM EGTA, 0.2% Triton
X-100, 10% glycerol, 0.1% protease inhibitor cocktail (Sigma-Aldrich)) for 3 min at 30 ◦C.
Afterwards, the soluble tubulin contained in the supernatant was gently removed. Polymer-
ized tubulin (insoluble fraction) was obtained in the pellet with 200 µL of Laemmli’s buffer
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(180 mM, Tris-HCl (pH 6.8), 6% SDS, 15% glycerol, 7.5% β-mercaptoethanol and 0.01% of
bromophenol blue) which was heated for 3 min at 95 ◦C. Protein concentration was deter-
mined by 2-D Quant kit (GE Healthcare). Fractions containing soluble and polymerized
tubulin were run on SDS-12% polyacrylamide gel for 1 h 30 min at 100 V and transferred
to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The membrane was blocked
with 3% BSA in PBS overnight at 4 ◦C and further incubated with an anti-beta-tubulin
monoclonal antibody (Sigma-Aldrich, T0198) at 1:1000 dilution for 1 h 30 min at 37 ◦C.
After this, the membrane was washed 3× with PBS and incubated with goat anti-mouse
IgG- horseradish peroxidase conjugated as secondary antibody (Millipore, AP308P) (1:1000
dilution) for 1 h 30 min at 37 ◦C (Merck Millipore, Burlington, MA, USA). Bands were re-
vealed with 4-chloro-1-naphtol. Images were captured with a photodocumenter (UVITEC,
Cambridge, UK) and intensity of each band was analyzed with Quantity One 4.6 software
(Bio-Rad, Hercules, CA, USA).

3.8. Antioxidant Evaluation
3.8.1. DPPH Assay

In a 96-well plate, 200 µL of an ethanolic solution of DPPH (0.208 mM) and 100 µL of
the compound solution at different concentrations (10, 50, 100, 200, and 300 µM) were added.
Ethanol was used as a negative control, while Trolox was used as positive control. The
plates were incubated for 30 min in dark. Finally, the DPPH discoloration was measured
by absorbance in a microplate reader Epoch 2 (BioTek, Winooski, VT, USA) at 515 nm. The
IC50 values were calculated from the dose–response curve by non-linear fit [51].

3.8.2. ABTS Assay

The determinations were carried out employing a slight modification of the previously
reported method [52]. Briefly, stock solutions of ABTS at 7 mM and potassium persulfate
at 2.45 mM were mixed in equal proportions. The resulted solution was stored for 12 h at
room temperature in dark. Then, in a 96-well plate, 20 µL of the compound solution (at
concentrations of 10, 50, 100, 200 and 300 µM) and 180 µL the reactive solution were added.
Ethanol was used as a negative control, while Trolox was used as positive control. Plates
were incubated for 10 min in dark. Then, the absorbance was measured in a microplate
reader Epoch 2 (BioTek, Winooski, VT, USA) at 734 nm. The IC50 values were calculated
from the dose–response curve by non-linear fit [51].

4. Conclusions

Two hybrid compounds of CA-4 and 2,3-diphenyl-2H-indazole (5 and 6) and seven re-
lated derivatives were synthesized with microwave assisted chemistry showing short
reaction times and good yields. The seven derivative compounds were designed and
synthesized to gain knowledge about the importance of different substituents on the
cytotoxic activity. Biological evaluation revealed that hybrid compounds 5 and 6 have
strong cytotoxic activity against HeLa, SK-LU-1, and K562 cancer cell lines. The 3,4,5-
trimethoxyphenyl and 4-methoxy-3-hydroxyphenyl groups at positions 2 and 3 of the
indazole nucleus were essential to the observed cytotoxic effect, at least on the three cell
lines tested. Compound 5 possess the best cytotoxic effect on HeLa, SK-LU-1, and K562
cell lines as compared with 4 and 6. Additionally, its cytotoxic effect is greater than the
reference drug cisplatin against HeLa and SK-LU-1 cells and similar in potency than the
reference drug imatinib against K562 cells. Molecular docking studies and in vitro tubu-
lin polymerization assay strongly suggest tubulin as a molecular target for compound 5;
however, an additional action mechanism for compound 5 can be also involved. Taken
altogether, data demonstrated that compound 5 is a potent agent that induces G2/M arrest
via disrupting the microtubule network that deserves further research and, importantly, it
provides information for exploring new CA-4 analogues.
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Abstract: Heterocyclic compounds are one of the main groups of organic compounds possessing wide
range of applications in various areas of science and their derivatives are present in many bioactive
structures. They display a wide variety of biological activities. Recently, more and more attention has
been focused to such heterocyclic compounds as azoles. In this work, we have synthesized a series of
new imidazole derivatives incorporating a benzenesulfonamide moiety in their structure, which then
were evaluated for their cytotoxicity against human triple-negative breast cancer MDA-MB-231 and
human malignant melanoma IGR39 cell lines by MTT assay. Benzenesulfonamide-bearing imidazole
derivatives containing 4-chloro and 3,4-dichlorosubstituents in benzene ring, and 2-ethylthio and
3-ethyl groups in imidazole ring have been determined as the most active compounds. Half-maximal
effective concentration (EC50) of the most cytotoxic compound was 27.8 ± 2.8 µM against IGR39 cell
line and 20.5 ± 3.6 µM against MDA-MB-231 cell line. Compounds reduced cell colony formation
of both cell lines and inhibited the growth and viability of IGR39 cell spheroids more efficiently
compared to triple-negative breast cancer spheroids.

Keywords: benzenesulfonamides; imidazoles; alkylated; anticancer activity; colony formation;
tumor spheroids

1. Introduction

After huge breakthrough in pharmaceutical chemistry in early twentieth century, treat-
ing more and more previously incurable or difficult-to-treat diseases has become common
practice in doctor’s offices nowadays. Research and synthesis of various functionalized het-
erocycle compounds have contributed significantly to this progress. Heterocycles are one of
the largest classical divisions in organic chemistry and they play important role in modern
drug design due to their wide range of biological properties [1]. A lot of marketed drugs
contains aromatic or saturated, fused or spirocyclic heterocyclic moieties. The heteroatoms
can provide potential binding interactions to the target and the cyclic nature limits struc-
tural flexibility, thus reducing the entropic penalty of binding [2]. Imidazole derivatives
showed a wide scope of applicability in medicinal chemistry in recent years. Molecules
bearing an imidazole moiety have become a promising antifungal [3], antibacterial [4,5], an-
tituberculosis [6], and anti-inflammatory [7] agents. However, oncological diseases remain
a major threat to the society due to their mutagenic and insidious nature [8,9]. Thus, there
is an urgent need to develop new anticancer agents to combat these illnesses. Recently,
imidazole derivatives gained a lot of interest in the development of lead molecules and
drug candidates for cancer treatment [10–12]. For instance, newly designed trans-restricted
analogues of resveratrol were synthesized in which the C–C double bond of the natural
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derivative has been replaced by 1,4-diaryl-substituted imidazole analogues [13]. One of the
resveratrol analogues (Figure 1) showed very high cytotoxic activity and potency against
NCI-60 tumor cells. Furthermore, a study was conducted, in which phenylmethimazole
was tested against triple negative breast cancer cells MDA-MB-231, Hs578T, MDA-MB-468
(Figure 1) [14]. This research showed that phenylmethimazole significantly inhibited inter-
leukin 6 (IL-6) expression by MDA-MB-231 and other triple-negative breast cancer (TNBC)
cell lines.
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Therefore, based on recent studies, benzenesulfonamide-bearing imidazole derivatives
were synthesized in this work. Two cancer cell lines, namely TNBC cell line MDA-MB-231
and human melanoma cell line IGR39 were selected to test cytotoxic activity and compound
effect on cell colony-forming ability. Both cancer types are considered very aggressive
and have a low survival prognosis. Resistance to drugs occurs quite often in the case of
melanoma treatment with targeted therapeutics, due to BRAF mutations [15]. More than
half of patients with TNBC at an early stage have a recurrence of the disease, and about 40%
of them die within the first 5 years [16]. We decided to explore synthesized compounds in
clonogenic assay, which shows a single cell ability to grow into a colony [17] and mimics the
cell ability to survive and proliferate after chemotherapy. We also tested novel compound
effect on cancer cell spheroid (three-dimensional cultures) growth, as this model much
better represents the real spatial connections between cells found in real tumor, compared
to monolayers cell cultures [18,19]. As a continuation of our interest in further search for
the nitrogen-containing heterocyclic molecules possessing biological activity [20–22], we
report the synthesis of a series of compounds bearing benzenesulfonamide and imidazole
moieties, and evaluation of their anticancer activity.

2. Results and Discussion
2.1. Chemistry

The 3-((2-oxopropyl)amino)benzenesulfonamide (2) was prepared in the reaction of
amine 1 with 1-chloropropanone in small amount of water at reflux (Scheme 1). The
structures of 2 and all other compounds have been confirmed by the data of FT-IR, 1H
and 13C NMR spectroscopy as well as elemental analysis data. Later, compound 2 has
been cyclized to imidazolethiol 3 during the reaction with KSCN in glacial acetic acid
in a presence of HCl as a catalyst. In a 1H NMR spectrum of compound 3, the singlets
assigned to the protons in the CH group at 8.20 ppm and in the SH group at 12.39 ppm have
proven the presence of 1H-imidazolethiol moiety in the molecule. It is widely known that
similar thiolamides can exist in theirs thione/thiol forms due to ongoing tautomerism [23].
However, the carbon attributed to the C-SH group resonated at 161.29 ppm in the 13C
NMR spectrum, which shows, that in this case, compound 3 exists as thiol in DMSO-
d6 solution [24]. Moreover, in FT-IR spectrum, absorption at 2664 cm−1 was attributed
to S-H bond stretching, which shows that thiol form is also predominant in the crystal.
Furthermore, 3-aminobenzenesulfonamide (1) was treated with various α-haloketones in
water/1,4-dioxane solution to obtain compounds 4–9, which were later used as precursors
for synthesis of corresponding imidazoles 10–15 in similar reaction conditions as were in
product 3 synthesis (Scheme 1) [25]. We also found out, that these imidazole derivatives
10–15 (or the rest in this work) can be purified without using any organic solvents. For
purification, these imidazole derivatives can be dissolved into 5% sodium hydroxide
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aqueous solution instead. Then, after filtration, the acidification of the obtained solution
with glacial acetic acid will provide purer forms of the desired products without any
significant loss to the purified amount of it. We also wanted to modify some of the
pharmacokinetic properties of 1H-imidazole derivatives 10–15 to see, how it would affect
the cancer cells. We decided to perform S-alkylation of 1H-imidazole 11 to reach higher
solubility in organic solvents and lipophilicity. As a result, in the first attempt, imidazole
11 was treated with ethyl iodide in DMF overnight to obtain compound 16. In a 1H NMR
spectrum for 16, the triplet assigned to the protons in the CH3 group at 1.30 ppm and
quartet assigned to the protons in the CH2 group at 3.15 ppm have proved the presence of
ethyl moiety in the molecule. Elemental analysis data of 16 confirmed that imidazole 16
did not form hydroiodide salt. Moreover, to increase reaction rate, we used triethylamine
as a base catalyst, which shortened the reaction time to 3 h.
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Furthermore, compounds 4–9 were dissolved in glacial acetic acid and treated with
urea to afford oxoimidazoles 17–22 (Scheme 1). For instance, in a 1H NMR spectrum for
17, the singlet was assigned to the proton of the NH group at 11.23 ppm. The resonances
in 13C NMR spectrum at 106.27 ppm and 152.34 were attributed to CH or C=O groups
respectively, which have proven the presence of oxoimidiazole moiety in the molecule. In
addition, typical absorption of C=O bond stretching is also present in the FT-IR spectrum
of compound 17 at 1703 cm−1. Similar results were also observed analyzing compounds
18–22 NMR spectra. Keto tautomer form was also justified after the reaction of imidazole
20 with ethyl iodide in DMF at room temperature. In the presence of triethylamine as base
catalyst, after 10 h compound 23 was obtained. In a 1H NMR spectrum for 23, the triplet
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at 1.30 ppm was assigned to the protons in the CH3 group and quartet at 3.14 ppm was
assigned to the protons in the CH2 group to confirm that an alkylation of compound 20
was successful. However, in 13C NMR spectrum, the carbon attributed to the N-CH2 group
resonated at 27.56 ppm. The chemical shift of this carbon atom was observed more towards
the high field, than O-CH2 groups carbon would have resonated [26]. This confirms that
N-alkylation occurred during the alkylation of imidazole 23.

3-Amino-4-hydroxybenzenesulfonamide (24) was used in reactions with α-haloketones
in water/1,4-dioxane mixture to obtain precursors 25–30 for further synthesis of imidazoles
31–36 (Scheme 2). Compounds 25–30 were treated with potassium thiocyanate and HCl in
glacial acetic acid to afford 2-mercaptomidazoles 31–36. For instance, in 1H NMR spectrum
for 31, the singlets at 10.89 ppm and 12.92 ppm were assigned to the protons in the OH at
SH groups, respectively. In the 13C NMR spectrum for 31, carbon attributed to the C-SH
group resonated at 163.65 ppm. Furthermore, 2-oxo-1H-imidazoles 37–42 were obtained
during the corresponding reactions between compounds 25–30 and urea in glacial acetic
acid (Scheme 2). In a 1H NMR spectrum for 37, the singlets were assigned to the protons in
the OH group at 10.84 ppm and in the NH group at 11.11 ppm. Moreover, the resonances
in 13C NMR spectrum at 109.71 ppm and 154.82 was attributed to CH and C=O groups
respectively, which have proven the presence of 2-oxoimidiazole moiety in the molecule.
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2.2. Anticancer Activity

Tested imidazole derivatives showed different activity against human triple-negative
breast cancer and human melanoma cell lines at 100 µM concentration (Figure 2). Almost
half of compounds were more active against MDA-MB-231 cell line, and eight compounds
showed higher cytotoxicity against IGR39 cell line. Other compounds possessed a similar
activity against both types of cancer cells. More active compounds (5, 8, 12, 16, 18, 19, 23),
that reduced cell viability below 50%, have been identified between non-hydroxylated
compounds, especially with imidazolone fragment. 4-Hydroxybenzenesulfonamide deriva-
tives with thioimidazole ring (compounds 31–36) were practically inactive against both
tested cell lines. It is worthy to notice, that the most active compounds in separate groups
contained either 4-chloro (5, 18, 26, 38) or 3,4-dichloro (12, 19, 27, 39) substituents. The least
active compounds were those containing cyano group in phenyl ring (the only active com-
pound was 8). Two compounds (23 and 16) contain 2-ethylthio and 3-ethyl substituents in
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imidazole ring, which could contribute to their high anticancer activity, and the importance
of this fragment in this position could be of great interest in the future research.
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cell line. It was 1.4 times more active against IGR39 and 1.8 times more active against 
MDA-MB-231 cell lines, compared to the second most active compound 16 from this series 
(Figure 3B). Moreover, the selectivity of compound 23 against cancer cell lines compared 
to noncancerous cells was the highest between tested compounds. To compare with, 
IGR39 cell line was shown to be resistant to BRAF inhibitor dabrafenib, which is approved 
and used in clinics as a second line drug for malignant melanoma (EC50 value after 6 days 
of incubation was >50 µM) [27]. Dabrafenib reduces melanoma cell line SK-MEL-24 via-
bility by MTT assay after 72 h of incubation at a concentration of 35.9 µM [28]. In general, 
malignant melanoma is characterized as highly mutated and lethal type of cancer [29], 
and for years was treated with conventional relatively toxic drugs with limited effective-
ness [30]. However, despite the targeted therapy that affects BRAF and MEK pathways, 

Figure 2. Effect of tested compounds on cancer cell viability at 100 µM concentration after 72 h of incubation, n = 3.
Experiments were repeated three times, calculating the mean and standard deviation. The number of the most active
compounds selected for further experiments are shown in red.

The most active compounds were imidazole derivatives 8, 16, 19, 23, 25, and 28, which
reduced cell viability of at least one cell line below 10%, and they were then tested more
thoroughly both against human cancer cell lines and normal cells lines (fibroblasts (HF)
and endothelial cells (EC)). The effective concentrations that reduce cell viability by 50%
(EC50 values) have been established (Figure 3A).
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Compound 23 was established to be the most active of tested compounds, its EC50
value was 27.8 ± 2.8 µM against IGR39 cell line and 20.5 ± 3.6 µM against MDA-MB-231
cell line. It was 1.4 times more active against IGR39 and 1.8 times more active against
MDA-MB-231 cell lines, compared to the second most active compound 16 from this series
(Figure 3B). Moreover, the selectivity of compound 23 against cancer cell lines compared to
noncancerous cells was the highest between tested compounds. To compare with, IGR39
cell line was shown to be resistant to BRAF inhibitor dabrafenib, which is approved and
used in clinics as a second line drug for malignant melanoma (EC50 value after 6 days of
incubation was >50 µM) [27]. Dabrafenib reduces melanoma cell line SK-MEL-24 viability
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by MTT assay after 72 h of incubation at a concentration of 35.9 µM [28]. In general,
malignant melanoma is characterized as highly mutated and lethal type of cancer [29], and
for years was treated with conventional relatively toxic drugs with limited effectiveness [30].
However, despite the targeted therapy that affects BRAF and MEK pathways, the failure
of treatment, side effects, and the development of resistance shows that there is a need of
novel therapeutic strategies [31]. IGR39 cell line is considered to be as one the most resistant
to drugs melanoma cell lines [32] and there are limited data of agent activity in this cell line.
Another cell line A375, which is more sensitive to drugs, responds to the treatment with
dacarbazine better, but still after 48 h of incubation with it, half of cells remained viable
when incubated with 25–50 µg/mL of drug [33]. Meanwhile, targeted BRAF inhibitor
vemurafenib achieves 50% of A375 cell viability reduction at 139 nM concentration but
only at >10 µM concentration reduces human melanoma cell line SK-MEL-2 viability by
50% [34].

Doxorubicin, which is considered as a chemotherapeutic agent against triple-negative
breast cancer, reduces MDA-MB-231 cell viability below 50% at 5 µM concentration [35],
and strategies of combining this drug with the other compounds sensitizing cells to its
treatment [36] or enhancing doxorubicin transport inside [37], are widely explored. This
type of cancer has limited treatment option, and quite often includes such non-specific
drugs as anthracyclines, taxanes, platinum derivatives, and fluorouracil [38]. As this type
of cancer is very heterogenous and has limited possibilities for development of targeted
agents, available more specific therapeutics show limited effectiveness. It is very invasive
and resistant to many available drugs [16], thus search for the newer, more effective agents
for this type of cancer is a long-term ongoing process.

Both types of cancer are characterized as recurrent, thus we decided to test the com-
pound effect on single cell ability to survive and proliferate using clonogenic assay. The
most active agents 8, 16, 19, 23, 25, and 28 were tested for their effect on IGR39 and
MDA-MB-231 cell colony formation at 50% of their established EC50 concentrations.

Almost all compounds showed greater activity on MDA-MB-231 cell colony growth
(Figure 4). The most active compound 23, which was the most cytotoxic in MTT assay,
showed comparable activity with compounds 8 and 16 against both cell lines. In the
presence of compound 23, MDA-MB-231 cell colony area dropped down to 27.1 ± 6.6%,
compared to the control (p < 0.05) (Figure 4). All three compounds produced almost twice
more expressed effect on MDA-MB-231 than IGR39 cell line. Compounds 19 and 28 were
active only on one of tested cell line.

As previously mentioned, the strategy of combinational therapy is being extensively
studied and investigated whether this approach could reduce the resistance of cancer
to available therapy. It has been established MERTK inhibitor UNC2025 reduces colony
formation of BRAF mutant and BRAF wild-type cell lines at 300–500 nM concentration [39].
Combinations of dacarbazine and all-trans retinoic acid were shown to be more active
against the B16F10 melanoma cell colony growth compared to dacarbazine alone [40]. Yuan
et al. [28] determined that the combination of 3.2 µM A100 and 0.8 µM dabrafenib decreases
cell growth of SK-MEL-24 more efficiently compared to single agent dabrafenib. However,
this effect has not been found in the case of other tested melanoma cell lines A375 and
WM115. It means, that the different response to the same drug and its combination exist
between different cell lines, thus it would be worthy to study the effect of our synthesized
derivatives in some other melanoma cell lines, too.
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Figure 4. Effect of compounds on cell colony formation. (A) Photos of human melanoma IGR39 and
human triple-negative breast cancer MDA-MB-231 colonies at the end of experiment. (B) Area of
colonies at the end of experiment. Asterisks (*) indicate p < 0.05 and (**) indicate p < 0.01 compared
to the control (untreated cells). Experiments were repeated three times, calculating the mean and
standard deviation.

Many studies have been done on MDA-MB-231 cell colony formation in the presence
of drugs used for triple-negative breast cancer treatment, novel compounds, or their
combinations. Franco et al. [41] established that MDA-MB-231 cell colony formation is
reduced more efficiently by 70 nM of doxorubicin compared to 70 nM of paclitaxel. Alkaloid
aloperine derived from plants could inhibit MDA-MB-231 cell colony formation number
up to ~40% compared to the control; however, at rather high concentration of 400 µM [42].
By using clonogenic assay, it has been shown that the clinically used cholesterol level
lowering drug pitavastatin it 90% from its EC50 value could reduce MDA-MB-231 cell
colony formation up to 40% [43]. Combination of 5 nM eribulin (non-taxane microtubule
dynamics inhibitor) and CDK2 inhibitor 300 nM CYC065 reduced the MDA-MB-231 cell
colony growth after 4 days treatment [44]. In summary, the beneficial effect of different
compounds and their combinations on MDA-MB-231 cell colony formation ability provides
hopes in combating the triple-negative breast cancer recurrence after the treatment. Novel
benzenesulfonamide-bearing imidazole derivatives could be also explored as sensitizers of
cells to the conventional therapy.

Three-dimensional cell models are gaining more and more attention from cell bi-
ologists, especially in testing activity and mechanisms of novel substances due to their
high resemblance to the real tumors [45,46]. It has been shown that such cell systems
regain tissue-specific functions and are more predictive as in vivo models compared to
cell monolayers [47]. Thus, the effects of novel benzenesulfonamide-bearing imidazole
derivatives 8, 16, 19, 23, 25, and 28 on melanoma IGR39 and triple-negative breast cancer
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MDA-MB-231 cell spheroid growth (Figure 5) were studied. As shown in Figure 5C, all
tested compounds reduced IGR39 spheroid growth much more efficiently in comparison to
the control group. Meanwhile, the effect of compounds on MDA-MB-231 spheroid growth
was negligible. Compounds 8, 16, and 19 showed a similar inhibitory effect on IGR39
spheroid growth, however the most cytotoxic compound 23 was not the most active one
in 3D cultures. Compounds 25 and 28 did not show activity in both types of spheroids,
compared to control groups (Figure 5C).
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Figure 5. Effect of compounds on 3D cell cultures. (A) Photos of human melanoma IGR39 tumor spheroids at different
periods of experiment. (B) Photos of human triple-negative breast cancer MDA-MB-231 tumor spheroids at different
periods of experiment. (C) Spheroid size at the end of experiment. (D) Cell viability in MDA-MB-231 and IGR39 spheroids.
Asterisks (*) indicate p < 0.05 and (**) indicate p < 0.01 compared to the control (untreated spheroids). Scale bars indicated
200 µm. Each group contained 8–10 spheroids. Data are presented as means ± standard deviations.
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It is known that compounds’ effect on spheroid growth does not necessarily correlate
with their effect on cell viability [48]. We determined that the only compound 28 did
not reduce cell viability in MDA-MB-231 spheroids (Figure 5D). Meanwhile, all other
compounds diminished cell viability in both types of spheroids, and compound 28 also
reduced viability of IGR39 3D cultures. Interestingly, differences between cell viability in
spheroids were not so big as the size of spheroids. In addition, despite the size of IGR39
spheroids treated with compound 19 was the smallest one between all groups, the viability
of these spheroids was higher compared to those incubated with compounds 8, 16, and
23. This could be explained that cells inside the spheroids could become more hypoxic,
denser and this could lead to a lower viability. Some spheroids, especially treated with
compound 8 and 19, at the end of experiment began to disintegrate (Figure 5A,B). It has
been shown that cytostatic drug docetaxel affects external cells in melanoma spheroids
formed from three types of cells: melanoma cells, keratinocytes, and fibroblasts [49]. In our
case, spheroids were also formed from several types of cells: cancer cells and fibroblasts.
We could only speculate that the compounds could have different effects both on different
cells and different zones in spheroids, but it has yet to be established yet.

Hundsberger et al. [50] demonstrated that a huge differences could be detected be-
tween 2D and 3D cultures depending on cell line and different concentrations of the same
compound. Huang et al. [51] established that triple-negative breast cancer spheroids exhibit
an increased resistance to anticancer compounds due significantly up-regulated levels of
EMT-associated proteins. Similarly, in our research we established higher resistance of
MDA-MB-231 spheroids to the tested compounds in comparison with melanoma cell line,
and the differences between 2D and 3D models were shown.

In summary, benzenesulfonamide-bearing imidazole derivatives 8, 16, and 23 have
shown melanoma and triple-negative breast cancer cell colony formation and tumor
spheroid growth inhibition activity and require further attention as possible anticancer
agents from very aggressive and invasive types of tumours.

3. Materials and Methods
3.1. Chemistry

Reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). The reaction
course and purity of the synthesized compounds were monitored by TLC using aluminum
plates pre-coated with silica gel 60 F254 (MerckKGaA, Darmstadt, Germany). Melting points
were determined on a MEL-TEMP (Electrothermal, Bibby Scientific Company, Burlington,
NJ, USA) melting point apparatus and are uncorrected. IR spectra (ν, cm−1) were recorded
on a Perkin–Elmer Spectrum BX FT-IR spectrometer (PerkinElmer, Inc., Waltham, Mas-
sachusetts, United States) using KBr pellets. The 1H and 13C-NMR spectra were recorded
in DMSO-d6 on a Bruker Avance III (400 MHz, 101 MHz) spectrometer. Chemical shifts
(δ) are reported in parts per million (ppm) calibrated from TMS (0 ppm) as an internal
standard for 1H NMR, and DMSO-d6 (39.43 ppm) for 13C NMR. Elemental analyses (C,
H, N) were performed on an Elemental Analyzer CE-440 (Exeter Analytical, Inc., North
Chelmsford, MA, USA). Compounds 2-23 and 25-42 synthesis methods, identification data
and NMR spectra can be found in Supplementary Materials file. The peak shapes are
denoted as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad.

3.2. Cell Culturing

The human melanoma IGR39 and the human triple-negative breast cancer MDA-
MB-231 cell lines, as well as the human endothelial cells (EC) CRL-1730 were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA). Human foreskin
fibroblasts (HF) CRL-4001 were originally obtained from ATCC and kindly provided by
Prof. Helder Santos (University of Helsinki, Finland). IGR39, MDA-MB-231, EC, and HF
were cultured in Dulbecco’s Modified Eagle’s GlutaMAX medium (Gibco (Carlsbad, CA,
USA)). Medium was supplemented with 10,000 U/mL penicillin, 10 mg/mL streptomycin
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(Gibco), and 10% fetal bovine serum (Gibco). Cells were incubated at 37 ◦C in a humidified
atmosphere containing 5% CO2. They were used until the passage of 20.

3.3. Cell Viability Assay

Cell viability was tested using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT; Sigma-Aldrich Co., St. Louis, MO, USA) assay, as described elsewhere [52].
Briefly, IGR39 and MDA-MB-231 cells were seeded in 96-well plates (Corning) in triplicate
repeats at a volume of 100 µL (5 × 103 cells/well). After 24 h, the cells were treated
with 100 µM of various concentrations of tested compounds. Only medium without cells
was used as a positive control, and the medium with 0.5% DMSO (Sigma-Aldrich Co.)
served as a negative control. After 72 h, the medium from cells was discarded and the fresh
medium containing 0.5 mg/mL of MTT solution (Sigma-Aldrich Co.) was added. Cell were
incubated for the next 4 h. Then the liquid was aspirated, and the colored formazan product
was dissolved in 100 µL DMSO (Sigma-Aldrich Co.). The absorbance was measured at 570
and 630 nm using a multi-detection microplate reader. Compound effect on cell viability
was calculated using a formula:

Relative cell viability (%) =
A − A0

ANC − A0

where:
A—mean of absorbance of tested compound,
A0—mean of absorbance of blank (no cells, positive control),
ANC—mean of absorbance of negative control (only cells, no treatment).
For establishing EC50 of the most active compounds, the same MTT procedure has

been applied, only the compound serial dilutions from 50 µM to 1.56 µM have been made
in a medium and added to the cells in triplicate repeats. EC50 value that represent the
concentration of a compound causing 50% reduction of cancer cell metabolic activity has
been calculated using Hill equation.

3.4. Colony Formation Assay

Colony formation assay was applied to evaluate the inhibitory effect of the most active
compounds on cell ability to survive, and proliferate by forming colonies, as described
elsewhere [43]. Briefly, both, melanoma IGR39 and triple-negative breast cancer MDA-MB-
231 cells were seeded into 12-well plates in triplicate repeats (2 × 102 cells/well) and grown
in DMEM GlutaMAX supplemented with 10% FBS (ThermoFisher Sicentific, Waltham,
MA, USA) and 1% antibiotics (ThermoFisher Scientific, Waltham, MA, USA) at 37 ◦C in a
humidified atmosphere containing 5% CO2. After 24 h, the fresh medium containing tested
compound 8, 16, 19, 23, 25, and 28 at a concentration representing 50% of calculated EC50
values were added to cells, followed by incubation at 37 ◦C in a humidified atmosphere
containing 5% CO2 for the next 10 days (for IGR39 cell line) and 12 days (for MDA-MB-231
cell line), replenishing the media with the compounds once a week. Cells treated with
medium containing 0.5% DMSO served as a negative control. After incubation, the colonies
were stained with 0.1% Crystal Violet (Sigma-Aldrich Co.) solution. To start with, the
media from cells was removed and the cells were washed once with sterile PBS. Then, the
cells were fixed in a 4% formaldehyde (Thermo Scientific) solution and washed with PBS
two times to remove the fixative, and stained with Crystal Violet solution for 20 min. After
the stain had been removed, the remaining stain residues were washed three times sterile
water. Lastly, the plates were dried overnight, and imaged with SYNGENE G:BOX gel
doc system (Synoptics Limited, Cambridge, UK), using GeneSys software version 1.5.5.0,
followed by quantification Gene tools software version 4.3.8.

3.5. Compound Activity in Spheroids

Magnetic 3D Bioprinting method was used to form spheroids, as described else-
where [43]. Briefly, melanoma IGR39, triple-negative breast cancer MDA-MB-231 cells and
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human fibroblasts at 70% confluency in a 6-well plate were incubated with Nanoshuttle
(Nano 3D Biosciences, Inc., Houston, TX, USA) for 8 h at 37 ◦C in a humidified atmosphere
containing 5% CO2. Then, cells were trypsinized, centrifuged, and seeded into ultra-low
attachment 96-well plate in a volume of 100 µL (1 × 103 IGR39 and 1 × 103 human fibrob-
lasts/well, and 2 × 103 MDA-MB-231 and 2 × 103 human fibroblasts/well). The plate was
placed on a magnetic drive (Nano 3D Biosciences, Inc., Houston, TX, USA) and incubated
for 2 days at 37 ◦C in a humidified atmosphere containing 5% CO2. Then the fresh medium
containing tested compound concentration representing 100% of calculated EC50 values
was added to the wells. The spheroids were captured every two days using the Olympus
IX73 inverted microscope (OLYMPUS CORPORATION). The quantitative analysis of com-
pound anticancer activity in spheroids was performed using ImageJ (National Institutes of
Health) and Microsoft Office Excel 2016 software.

3.6. Statistical Analysis

All biological experiments were repeated at least three times, calculating the mean
and standard deviation. The data was processes using Microsoft Office Excel 2016 software
(Microsoft Corporation, Redmond, WA, USA). Statistical analysis was performed by using
Student’s t-test. The level of significance was set as p < 0.05.

4. Conclusions

In this study, the chemical transformations of benzenesulfonamides were carried
out and a series of 1-substituted imidazoles with aliphatic, aromatic fragments were
synthesized and evaluated for their anticancer activities in 2D and 3D models in vitro.

In the MTT assay, compounds were more effective against human triple-negative
breast cancer MDA-MB-231 cell line, compared to malignant melanoma IGR39 cell line.
Benzenesulfonamide-bearing imidazole derivatives containing 4-chloro and
3,4-dichlorosubstituents in benzene ring, and 2-ethylthio and 3-ethyl groups in imidazole
ring have been determined as the most active compounds. These compounds reduced cell
colony formation of both cell lines. Tested derivatives inhibited the growth and viability of
IGR39 cell spheroids more efficiently compared to triple-negative breast cancer spheroids.

The obtained results suggest that benzenesulfonamide-bearing imidazole could be a
suitable core for the anticancer compounds against such aggressive and invasive tumour
types as malignant melanoma and triple-negative breast cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14111158/s1, Figure S1: 1H NMR of compound 2 at 400 MHz (DMSO-d6), Figure S2:
13C NMR of compound 2 at 101 MHz (DMSO-d6), Figure S3: 1H NMR of compound 3 at 400 MHz
(DMSO-d6), Figure S4: 13C NMR of compound 3 at 101 MHz (DMSO-d6), Figure S5: 1H NMR of
compound 4 at 400 MHz (DMSO-d6), Figure S6: 13C NMR of compound 4 at 101 MHz (DMSO-d6),
Figure S7: 1H NMR of compound 5 at 400 MHz (DMSO-d6), Figure S8: 13C NMR of compound 5
at 101 MHz (DMSO-d6), Figure S9: 1H NMR of compound 6 at 400 MHz (DMSO-d6), Figure S10:
13C NMR of compound 6 at 101 MHz (DMSO-d6), Figure S11: 1H NMR of compound 7 at 400 MHz
(DMSO-d6), Figure S12: 13C NMR of compound 7 at 101 MHz (DMSO-d6), Figure S13: 1H NMR of
compound 8 at 400 MHz (DMSO-d6), Figure S14: 13C NMR of compound 8 at 101 MHz (DMSO-d6),
Figure S15: 1H NMR of compound 9 at 400 MHz (DMSO-d6), Figure S16: 13C NMR of compound 9 at
101 MHz (DMSO-d6), Figure S17: 1H NMR of compound 10 at 400 MHz (DMSO-d6), Figure S18: 13C
NMR of compound 10 at 101 MHz (DMSO-d6), Figure S19: 1H NMR of compound 11 at 400 MHz
(DMSO-d6), Figure S20: 13C NMR of compound 11 at 101 MHz (DMSO-d6), Figure S21: 1H NMR of
compound 12 at 400 MHz (DMSO-d6), Figure S22: 13C NMR of compound 12 at 101 MHz (DMSO-d6),
Figure S23: 1H NMR of compound 13 at 400 MHz (DMSO-d6), Figure S24: 13C NMR of compound
13 at 101 MHz (DMSO-d6), Figure S25: 1H NMR of compound 14 at 400 MHz (DMSO-d6), Figure
S26: 13C NMR of compound 14 at 101 MHz (DMSO-d6), Figure S27: 1H NMR of compound 15 at
400 MHz (DMSO-d6), Figure S28: 13C NMR of compound 15 at 101 MHz (DMSO-d6), Figure S29: 1H
NMR of compound 16 at 400 MHz (DMSO-d6), Figure S30: 13C NMR of compound 16 at 101 MHz
(DMSO-d6), Figure S31: 1H NMR of compound 17 at 400 MHz (DMSO-d6), Figure S32: 13C NMR of
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compound 17 at 101 MHz (DMSO-d6), Figure S33: 1H NMR of compound 18 at 400 MHz (DMSO-d6),
Figure S34: 13C NMR of compound 18 at 101 MHz (DMSO-d6), Figure S35: 1H NMR of compound 19
at 400 MHz (DMSO-d6), Figure S36: 13C NMR of compound 19 at 101 MHz (DMSO-d6), Figure S37:
1H NMR of compound 20 at 400 MHz (DMSO-d6), Figure S38: 13C NMR of compound 20 at 101 MHz
(DMSO-d6), Figure S39: 1H NMR of compound 21 at 400 MHz (DMSO-d6), Figure S40: 13C NMR of
compound 21 at 101 MHz (DMSO-d6), Figure S41: 1H NMR of compound 22 at 400 MHz (DMSO-d6),
Figure S42: 13C NMR of compound 22 at 101 MHz (DMSO-d6), Figure S43: 1H NMR of compound 23
at 400 MHz (DMSO-d6), Figure S44: 13C NMR of compound 23 at 101 MHz (DMSO-d6), Figure S45:
1H NMR of compound 25 at 400 MHz (DMSO-d6), Figure S46: 13C NMR of compound 25 at 101 MHz
(DMSO-d6), Figure S47: 1H NMR of compound 26 at 400 MHz (DMSO-d6), Figure S48: 13C NMR of
compound 26 at 101 MHz (DMSO-d6), Figure S49: 1H NMR of compound 27 at 400 MHz (DMSO-d6),
Figure S50: 13C NMR of compound 27 at 101 MHz (DMSO-d6), Figure S51: 1H NMR of compound 28
at 400 MHz (DMSO-d6), Figure S52: 13C NMR of compound 28 at 101 MHz (DMSO-d6), Figure S53:
1H NMR of compound 29 at 400 MHz (DMSO-d6), Figure S54: 13C NMR of compound 29 at 101 MHz
(DMSO-d6), Figure S55: 1H NMR of compound 30 at 400 MHz (DMSO-d6), Figure S56: 13C NMR of
compound 30 at 101 MHz (DMSO-d6), Figure S57: 1H NMR of compound 31 at 400 MHz (DMSO-d6),
Figure S58: 13C NMR of compound 31 at 101 MHz (DMSO-d6), Figure S59: 1H NMR of compound 32
at 400 MHz (DMSO-d6), Figure S60: 13C NMR of compound 32 at 101 MHz (DMSO-d6), Figure S61:
1H NMR of compound 33 at 400 MHz (DMSO-d6), Figure S62: 13C NMR of compound 33 at 101 MHz
(DMSO-d6), Figure S63: 1H NMR of compound 34 at 400 MHz (DMSO-d6), Figure S64: 13C NMR of
compound 34 at 101 MHz (DMSO-d6), Figure S65: 1H NMR of compound 35 at 400 MHz (DMSO-d6),
Figure S66: 13C NMR of compound 35 at 101 MHz (DMSO-d6), Figure S67: 1H NMR of compound 36
at 400 MHz (DMSO-d6), Figure S68: 13C NMR of compound 36 at 101 MHz (DMSO-d6), Figure S69:
1H NMR of compound 37 at 400 MHz (DMSO-d6), Figure S70: 13C NMR of compound 37 at 101 MHz
(DMSO-d6), Figure S71: 1H NMR of compound 38 at 400 MHz (DMSO-d6), Figure S72: 13C NMR of
compound 38 at 101 MHz (DMSO-d6), Figure S73: 1H NMR of compound 39 at 400 MHz (DMSO-d6),
Figure S74: 13C NMR of compound 39 at 101 MHz (DMSO-d6), Figure S75: 1H NMR of compound 40
at 400 MHz (DMSO-d6), Figure S76: 13C NMR of compound 40 at 101 MHz (DMSO-d6), Figure S77:
1H NMR of compound 41 at 400 MHz (DMSO-d6), Figure S78: 13C NMR of compound 41 at 101 MHz
(DMSO-d6), Figure S79: 1H NMR of compound 42 at 400 MHz (DMSO-d6), Figure S80: 13C NMR of
compound 42 at 101 MHz (DMSO-d6).
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Abstract: Substituted thiourea derivatives possess confirmed cytotoxic activity towards cancer but also
normal cells. To develop new selective antitumor agents, a series of 3-(trifluoromethyl)phenylthiourea
analogs were synthesized, and their cytotoxicity was evaluated in vitro against the cell line panel.
Compounds 1–5, 8, and 9 were highly cytotoxic against human colon (SW480, SW620) and prostate
(PC3) cancer cells, and leukemia K-562 cell lines (IC50 ≤ 10 µM), with favorable selectivity over
normal HaCaT cells. The derivatives exerted better growth inhibitory profiles towards selected tumor
cells than the reference cisplatin. Compounds incorporating 3,4-dichloro- (2) and 4-CF3-phenyl (8)
substituents displayed the highest activity (IC50 from 1.5 to 8.9 µM). The mechanisms of cytotoxic
action of the most effective thioureas 1–3, 8, and 9 were studied, including the trypan blue exclusion
test of cell viability, interleukin-6, and apoptosis assessments. Compounds reduced all cancerous cell
numbers (especially SW480 and SW620) by 20–93%. Derivatives 2 and 8 diminished the viability of
SW620 cells by 45–58%. Thioureas 1, 2, and 8 exerted strong pro-apoptotic activity. Compound 2
induced late apoptosis in both colon cancer cell lines (95–99%) and in K-562 cells (73%). All derivatives
acted as inhibitors of IL-6 levels in both SW480 and SW620 cells, decreasing its secretion by 23–63%.

Keywords: thiourea; cytotoxic activity; apoptosis; interleukin-6; trypan blue assay

1. Introduction

Cancer is now considered as the second cause of death after cardiovascular disorders.
It is estimated that the number of newly diagnosed tumor cases will increase to 15 million
episodes every year [1]. Currently, the most common method used for the treatment of
cancer is chemotherapy. However, powerful chemotherapeutics also have an adverse
impact on non-cancerous cells, slowing their growth and/or inducing apoptosis. Thus, the
main challenge for the pharmaceutical industry is to synthesize new anticancer agents that
are more effective and selective but less toxic for normal cells.

One of the most suitable strategies in the field of drug development is the combination
of two bioactive nuclei. The (thio)urea branch is an element of several medicines with
anticancer profiles, such as sorafenib, multikinase-inhibitory diarylthiorea derivative, or
tenovin-1, the benzylthiourea, which acts as a reversible inhibitor of class III HDAC sirtuins
(Figure 1). On the other hand, it was reported that (hetero)aryl terminal fragments of
thiourea moiety, enriched with electron-negative substituents, could provide biological
responses, not only cytotoxic [2–4], but also antibacterial [2–8], antiviral [2,9–12], antimy-
cobacterial [5,13], antioxidant [14], and anti-inflammatory [6] properties, as well as central
nervous system activation [15–18].
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Figure 1. Anticancer agents derived from diaryl(thio)urea and the common scaffold of the designed target 3-
(trifluoromethyl)phenylthioureas.

Large numbers of 1,3-disubstituted derivatives of urea and thiourea have been re-
ported to possess antiproliferative properties against various solid and leukemia tumor
cell lines, simultaneously resulting in low side effects. The most effective agents were found
in a group of derivatives with electron-withdrawing substituents introduced to the terminal
phenyl rings. In recent years, some trifluoromethyl- and trifluoromethoxyphenyl(thio)ureas
bearing the thiochroman ring have been synthesized, which exerted an ovarian cancer cell
inhibitory effect [19]. Several biphenyl thiourea derivatives, which incorporated CF3, nitro,
and halogen groups on the pendent aryl rings, were described as inhibitors of lung cancer
cell A549 growth, with blocking of K-Ras protein as the identified mechanism [20]. It was
reported that 2-bromo-5-(trifluoromethoxy)phenylthiourea, the derivative of quinazoline,
suppressed proliferation and migration of human cervical HeLa cells via inhibition of
the Wnt/β-catenin signaling pathway [21]. Representative 7-trifluoromethyl-quinolinyl-
piperazine compounds based on the thiourea scaffold showed improved anti-breast cancer
action [22]. In their presence, the membrane integrity of the cytoplasm, mitochondria, and lyso-
somes of cancer cells were compromised. Series of 4-thiazolidinone-phenylaminopyrimidine
hybrids bearing orto-chloro and para-CF3 substituents displayed anticancer activity on
chronic myeloid leukemia cells, inducing programmed cell death by inhibition of AbI
kinase [23]. Within a group of 1,2,4-triazole-linked (thio)urea conjugates synthesized by
Tokala et al., the 4-cyanophenyl derivative with bis(trifluoromethyl)phenyl moiety ex-
pressed the highest apoptosis-inducing activity against the breast cancer cell line [24]. The
representative diarylurea endowed with both CF3/OCF3 substituents has recently been
developed as an inhibitor of the most lethal and aggressive subtype of breast cancer [25]. Se-
lective kinase inhibitory agents towards hepatocellular carcinoma cells were found among
a series of conformationally restricted fluorinated ureas, analogues of sorafenib [26].

Within the thiourea derivatives, halogenated phenyl-containing heterocyclic thioureas
play important roles as anticancer agents against solid tumors, such as derivatives of 1,3,4-
thiadiazine [27], dihydroquinoline [28], pyridine [29], piperidine [30], quinazoline [31,32],
or thiazole [33]. Their mechanisms of action include inhibition of vascular endothelial
growth factor receptor 2 [27], epidermal growth factor receptor kinase [31,32], or acetyl-
cholinesterase [33]. Similarly, the presence of the nitrophenyl moiety at the thiourea branch
is identified to impart promising cytotoxic activity towards various solids tumors, includ-
ing lung, colorectal [34], prostate, and breast [35] carcinoma, acting via mitogen kinase
enzyme (MK-2) inhibition [34].

The 3-(Trifluorometyl)phenylthiourea moiety is a versatile scaffold in medicinal chemistry,
also used previously by our team for the design of new compounds with variable and improved
pharmacological profiles, mainly antimicrobial [2,8], antiviral [2,12], and CNS-activating [15]
compounds. Herein, we focus on possible mechanisms of the cytotoxic properties of a series
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of 3-(trifluorometyl)phenylthiourea analogs, incorporating differential electron-withdrawing
terminal groups.

2. Results and Discussion
2.1. Chemistry

The final 1,3-disubstituted thioureas 1–12 were synthesized in a single-step reac-
tion of 3-(trifluoromethyl)aniline with various isothiocyanates, belonging to a group of
dihalogenophenyl (1–4), halogenomethylphenyl (5, 6), alkylphenyl (12), or monophenyl-
substituted (7–11) derivatives (Scheme 1). The presented selection of the phenyl ring
terminal groups allowed an investigation of the impact of the substitution isomerism,
as well as the influence of the electron-withdrawing elements attached to the benzene
ring on the biological properties within the tested thiourea series. The synthesis of
compounds 1, 2, 9, 10, and 12 was described previously. The structures of the newly syn-
thesized derivatives (3–8, 11) were characterized by both 1H and 13C NMR spectroscopy
and HRMS analysis.
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2.2. Biological Studies
2.2.1. Cytotoxic Activity

As a first step in assessing their cytotoxic properties, all thioureas of the series were
assayed against four human carcinoma cell lines, such as SW480 (primary colon cancer),
SW620 (metastatic colon cancer), PC3 (metastatic prostate cancer), and K-562 (chronic
myelogenous leukemia), as well as against the normal cell line HaCaT (immortalized
human keratinocytes). Table 1 lists the compound concentrations that produced 50% of
growth inhibition (IC50, µM), generated by the MTT method [36], in comparison with two
commonly used chemotherapeutic agents, doxorubicin and cisplatin.

Dihalogenophenyl derivatives (1–4), followed by para-substituted thioureas (8, 9) were
the most active among the series towards all tumor cell lines. They were particularly potent
against SW620 cells, which appeared to be the most susceptible among the studied patho-
logical cells. The lowest IC50 was achieved by 3,4-dichlorophenylthiourea (2) and equaled
1.5 ± 0.72 µM. Its isomer 3, and also derivatives of 4-(trifluoromethyl)phenylthiourea (8)
and 4-chlorophenylthiourea (9), inhibited the growth of metastatic colon cancer cells at con-
centrations ranging from 5.8 ± 0.76 to 7.6 ± 1.75 µM. The 3-chloro-4-fluorophenylthiourea
(1) filled up the group of the most outstanding cytotoxic agents towards the SW620 cell
line (IC50 = 9.4 ± 1.85 µM). Moderate anticancer potency at the level of 14.0–18.7 µM was
observed for derivatives 4, 10, and 11. Importantly, the strongest inhibitors of the growth of
these cells (1–4, 8, 9) were also described by high selectivity indexes (SIs), ranging from 4.6
(compound 1) to 16.5 (compound 2). In addition, when compared to cisplatin, substances 2,
3, and 9 were found to be more effective, considering both their IC50 values and selectivity
factors. The potency of compound 2 was up to 4.5 times stronger and its SI and 18 times
higher than the reference metalodrug.
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Table 1. Cytotoxic activity (IC50, µM) of hte studied compounds estimated by the MTT assay a.

Compound Cancer Cells Normal Cells

SW480 d SW620 e PC3 f K562 g HaCaT h

R IC50
b SI

c IC50 SI IC50 SI IC50 SI IC50

1 3-Cl,4-F-Ph 12.7 ± 1.53 3.4 9.4 ± 1.85 4.6 53.6 ± 2.94 0.8 6.8 ± 1.57 6.4 43.6 ± 4.22

2 3-Cl,4-Cl-
Ph 9.0 ± 1.42 2.7 1.5 ± 0.72 16.5 31.7 ± 2.07 0.8 6.3 ± 1.28 3.9 24.7 ± 0.05

3 2-Cl,4-Cl-
Ph 30.1 ± 3.11 1.7 5.8 ± 0.76 9.0 13.7 ± 7.04 3.8 54.3 ± 1.86 1.0 52.1 ± 0.95

4 2-Cl,3-Cl-
Ph 22.5 ± 0.10 0.6 14.0 ± 1.73 1.0 10.5 ± 2.52 1.3 35.9 ± 0.07 0.4 13.9 ± 1.70

5 2-CH3,3-Cl-
Ph 7.3 ± 0.89 7.6 23.2 ± 4.07 2.4 51.8 ± 3.19 1.1 52.5 ± 2.14 1.1 55.6 ± 1.74

6 2-CH3,5-Cl-
Ph 15.6 ± 4.10 0.9 22.1 ± 4.36 0.7 65.9 ± 10.50 0.2 40.3 ± 3.88 0.4 14.5 ± 1.08

7 2-CF3-Ph >100 0.7 30.1 ± 9.74 2.2 17.1 ± 0.57 3.8 76.5 ± 4.57 0.9 65.7 ± 3.83
8 4-CF3-Ph 8.9 ± 1.14 4.6 7.6 ± 1.75 5.4 6.9 ± 1.64 6.0 54.8 ± 0.24 0.8 41.3 ± 0.17
9 4-Cl-Ph 38.1 ± 4.38 1.9 6.7 ± 1.74 10.7 22.6 ± 1.25 3.2 10.2 ± 0.35 7.4 71.5 ± 3.08

10 4-CN-Ph 20.6 ± 3.59 2.4 18.7 ± 5.92 2.7 66.2 ± 4.47 0.8 12.9 ± 4.33 3.9 50.1 ± 4.89
11 4-Br-Ph 41.5 ± 4.46 0.4 16.2 ± 4.08 1.1 76.6 ± 4.70 0.2 74.2 ± 6.82 0.2 17.2 ± 0.64

12 -CH2CH2-
Ph 25.3 ± 8.53 2.2 38.2 ± 3.10 1.5 26.7 ± 3.95 2.1 23.8 ± 0.45 2.3 55.4 ± 1.08

Doxorubicin i - 0.8 ± 0.10 0.4 0.3 ± 0.08 1.0 0.3 ± 0.12 1.0 0.2 ± 0.10 1.5 0.3 ± 0.11
Cisplatin j - 10.4 ± 0.90 0.6 6.7 ± 1.10 0.9 13.2 ± 2.10 0.5 8.2 ± 4.08 0.8 6.3 ± 0.70

a Data are expressed as mean SD, b IC50 (µM)—the concentration of the compound that corresponds to 50% growth inhibition of the cell
line (as compared to the control) after cells were cultured for 72 h with the individual compound. c The SI (Selectivity Index) was calculated
using the formula: SI = IC50 for the normal cell line/IC50 cancer cell line. d Human primary colon cancer (SW480), e Human metastatic
colon cancer (SW620), f Human metastatic prostate cancer (PC3), g Human chronic myelogenous leukemia (K562), h Human immortal
keratinocyte cell line from adult human skin (HaCaT). i,j The reference compounds.

The disubstituted chlorine-containing derivatives 2 and 5, as well as 4-(trifluoromethyl)-
phenyl compound (8), applied at concentrations of 7.3–9.0 µM were able to effectively inhibit
primary SW480 cell lines, while also being more potent than cisplatin. Additionally, within
all compounds, the thiourea 5 was highly selective against SW480 cells vs. the other
pathological lines tested. On the other hand, the selectivity of both thioureas towards
HaCaT cells was advantageous, extending between 2.7 and 7.6. Moreover, the values of
IC50 of their close structural analogs, 1 and 6, ranged from 12.7 ± 1.53 to 15.6 ± 4.10 µM.

A significant cytotoxic effect on the erythroleukemic K-562 cell lines was observed
for dihalogenophenylthioureas 1 and 2, as well as for the monosubstituted derivative 9,
with all of them containing at least one chlorine atom attached to the terminal ring.
Analogs 1 and 2 were 20–30% more effective and several-fold more selective than the
reference drug cisplatin. The antiproliferative potency of the para-substituted derivatives 9
and 10 was estimated at IC50 of 10.2–12.9 µM.

Prostate cancer cells belonged in the group that were the least vulnerable to the
presence of thiourea compounds; however, three halogenated analogs still exerted higher
than (compounds 4, 8) or comparable (derivative 3) activity to cisplatin. Their concentra-
tions corresponding to 50% growth inhibition of the PC3 line varied from 6.9 ± 1.64 to
13.7 ± 7.04 µM, and their selectivity indexes were also favorable (1.3–6.0). The most potent
4-(trifluoromethyl)phenylthiourea (8) was also strongly effective against both colon cancer
lines but not K-562 cells.

The cytotoxic action of the 2-phenylethylthiourea derivative 12 against cancer cells
differed from 23.8 ± 0.45 to 38.2 ± 3.10 µM, depending on the tumor line tested, and it
was the only inefficient compound of the designed series. It is worth mentioning that
generally the lower the IC50 values assigned, the higher the SI found. The most promising
drug candidates (1–4, 8, 9) were weakly cytotoxic towards normal HaCaT cell lines. While
none of the tested compounds were as potent as ciprofloxacin, the most effective of them
expressed a better cytotoxic profile than cisplatin, and possessed higher selectivity indexes
in comparison with both referential chemotherapeutics.
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A wide selection of the character, location, and number of phenyl ring substituents of
the thiourea branch allowed investigation of the influence of the structure of the studied
compounds on their antitumor activity. According to our studies, the terminal benzene
moiety functionalities were arranged with their increasing impact on cytotoxicity as fol-
lows: 4-bromo- (11) < 2-(trifluoromethyl)- (7) < 2-methyl-5-chloro- (6) < 4-cyano- (10) <
2-methyl-3-chloro- (5) < 2,3-dichloro- (4) << 2,4-dichloro- (3) < 4-chloro- (9) < 3-chloro-4-
fluoro- (1) < 4-(trifluoromethyl)- (8) < 3,4-dichloro- (2). As shown, the most pronounced
cytotoxic effect was associated with an incorporation of two halogen atoms in the benzene
ring, whereby chlorine (2, 3) or fluorine (1) were in the para- position. Considering the
active monosubstituted derivatives, this position of the phenyl moiety was favored by
the trifluoromethyl group (8) or chlorine (9). The replacement chlorine with fluorine is
less beneficial in the case of disubstituted derivatives (2 → 1) and heavily unfavorable
in a group of monosubstituted thioureas (9→ 11). Similarly, the noticeable decrease in
bioactivity was observed when the electron-donating methyl group was introduced instead
of the second halogen (5, 6). Furthermore, from the closest mutual arrangement of both
methyl and chlorine groups with the highest activity, the thiourea 5 is more effective against
SW480 and selective towards HaCaT cells than its isomer 6. Considering other isomers
of the substituent position, the most cytotoxic profile was exerted by compound 2 with
the 3,4-dichlorophenyl fragment. The change of substituent locations to carbons 2,4 or 2,3
(derivatives 3 and 4, respectively) led to a gradual reduction in their biological potency. By
analogy, the replacement of the ortho-substituted CF3 group (7) for the para (8) position was
much more fruitful. While an exchange of this voluminous substituent for chlorine (8→ 9)
still gave a strongly active analog, switching it into the cyano (10) or bromo (11) group
considerably diminished the antitumor effect. Finally, the introduction of the unsubstituted
alkylphenyl group (12) to the thiourea branch dramatically decreased the compound’s
bioactivity.

The most potent derivatives (1–3, 8, 9) were selected for further investigations of their
mechanisms of cytotoxic action.

2.2.2. Antiproliferative Activity

In order to estimate the tumor and normal cell population density and their viability
after treatment with compounds 1–3, 8, and 9, the trypan blue dye exclusion assay was
performed. The live cell number of all cancerous cells incubated for 72 h with the studied
thioureas was considerably lower in comparison with the controls (Table 2; Figure S1A).
The highest reduction in cell amount was denoted for both colon SW480 and SW620 cells
treated with the dichlorophenyl derivative 2, and it accounted for 93%. This compound
also considerably reduced the PC3 and K-562 cell number by 69% and 66%, respectively.
Similarly, a noticeable decline in both colon cancer cell populations was observed after
treatment with the ortho-substituted compound 8. The number of live cells equaled 12%
and 18%, respectively, as compared to controls. This thiourea also led to a reduction of PC3
cells of 38%, and leukemia K-562 cell lines of 27%. The number of SW620 and PC3 cells
decreased by 72% and 63% in the presence of para-substituted compound 9. However, the
reducing influence of this thiourea on the number of other cancerous cells was at the level of
21–32%. It is worth noting that the amount of PC3 cells also diminished to 24% compared
to the control after long-term exposure to the IC50 concentration of dihalogenophenyl
derivative 1. A significant effect on the other studied pathological cells was also noticed
and accounted for 32–46%. Furthermore, the derivative 3 reduced the amount of live cancer
cells by 32–59%, of which its decreasing impact on colon cancer cells was the greatest. The
obtained results show that thioureas 1–3, 8, and 9 exerted a cytostatic effect on cancer cells,
suppressing their growth and proliferation.
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Table 2. Trypan blue assay. The effect of compounds 1, 2, 3, 8, and 9 on the live cell number and viability (%) in SW480, SW620, PC3,
K-562, and HaCaT cells. Cells were incubated for 72 h with the tested compounds used in their IC50 concentrations, then cells were
harvested, stained with trypan blue, and analyzed using a cell counter. Data are expressed as the mean ± SD.- “control without
compound”, a Human primary colon cancer (SW480), b Human metastatic colon cancer (SW620), c Human metastatic prostate cancer
(PC3), d Human chronic myelogenous leukemia (K562), e Human immortal keratinocyte cell line from adult human skin (HaCaT).

Compound Cell Number × 105 Viability (%)

Cancer cell line

SW480 a

- 3.6 ± 0.20 93 ± 1.35
1 2.0 ± 0.30 69 ± 1.30
2 0.3 ± 0.35 45 ± 2.40
3 1.5 ± 0.10 90 ± 1.30
8 0.4 ± 0.15 90 ± 2.30
9 2.5 ± 0.12 72 ± 2.25

SW620 b

- 5.7 ± 0.10 96 ± 3.30
1 1.3 ± 0.25 79 ± 1.30
2 0.4 ± 0.22 42 ± 1.30
3 2.4 ± 0.20 93 ± 2.33
8 1.0 ± 0.20 55 ± 1.11
9 1.6 ± 0.11 84 ± 3.08

PC3 c

- 3.4 ± 0.25 97 ± 2.30
1 2.3 ± 0.15 93 ± 1.50
2 2.4 ± 0.16 93 ± 1.40
3 1.8 ± 0.18 58 ± 1.20
8 2.1 ± 0.12 82 ± 1.10
9 1.2 ± 0.15 73 ± 1.99

K-562 d

- 4.4 ± 0.15 98 ± 1.30
1 1.8 ± 0.24 93 ± 2.05
2 1.0 ± 0.21 55 ± 1.03
3 3.0 ± 0.27 85 ± 1.20
8 3.2 ± 0.14 88 ± 1.10
9 3.5 ± 0.22 90 ± 2.40

Normal cell line HaCaT e

- 9.2 ± 0.25 98 ± 1.30
1 6.5 ± 0.15 97 ± 1.33
2 1.6 ± 0.31 84 ± 1.03
3 7.8 ± 0.14 96 ± 3.01
8 4.9 ± 0.28 98 ± 1.02
9 8.6 ± 0.12 98 ± 1.50

In addition, after thiourea treatment, the viability of the majority of pathological cell
lines was diminished, which proved not only the cytostatic, but also the cytotoxic influence
of the selected derivatives (Table 2; Figure S1B). This effect was clearly observed in both
SW480 and SW620 cells for thioureas 1, 2, and 9. The largest decrease of cell viability was
found for the compound 2 (by 48% and 58%, respectively), while substances 2 and 9 were
efficient in 16–24%. Additionally, the derivative 8 reduced the viability of SW620 cells
by 45%. Derivatives 2, 3, and 9 decreased the survival of PC3 cells by 15–39%, as compared
to the control, and the most evident cytotoxic activity in these cells was observed for 3.
The K-562 cell line was the least sensitive to incubation with the evaluated compounds.
Its viability was diminished by 10–15% after 72 h of contact with thioureas 2, 3, and 8.
Importantly, the various concentrations of the target compounds did not affect normal
HaCaT cells’ viability.

2.2.3. Apoptotic Activity

To estimate the mechanism of anticancer activity of the selected compounds 1–3, 8, and
9, their effect on both early and late apoptosis was evaluated by flow cytometry analysis. As
shown in Figures 2–4, the studied derivatives applied in their IC50 concentrations induced
considerably late apoptosis or necrosis in cancerous cells compared to controls. The

448



Pharmaceuticals 2021, 14, 1097

apoptosis-activating effect was the strongest in the SW480, SW620, and K-562 cell lines, and
the most noticeable activity was observed for the thiourea 2, followed by its analogs 1 and
8. Dichlorophenyl derivative 2 and fluorinated thiourea 8 showed a very high percentage
of SW480 cells in late apoptosis (95% ± 1.5% and 97% ± 1.2%, respectively). Other tested
substances also significantly influenced primary colon cancer cells, causing 24% ± 0.4%
(compound 9) to 60% ± 1.8% (compound 1) of SW480 cells to be in late apoptosis. The
derivative 2 was similarly the most potent activator of apoptosis in metastatic SW620
cells (99% ± 0.5%), in comparison with the thiourea 1 (57% ± 1.2%). The pro-apoptotic
impact of derivatives 3, 8, and 9 in these cells was not so spectacular and did not exceed
26%. On the other hand, thiourea-derived compounds 1 and 2 considerably affected the
level of late apoptosis in leukemia K-562 cells, and gave comparable results (74% ± 3.8%
and 73% ± 2.0%, respectively). Additionally, visible late apoptosis-inducing properties
in these cell lines were denoted for the compound 9 (47% ± 3.0%), which was twice as
strong towards the colon tumor cells mentioned above. The apoptotic properties of analogs
3 and 8 in K-562 cells varied from 30% ± 1.6% to 33% ± 2.3%. In contrary, treatment
of PC3 cells with thiourea derivatives did not increase their apoptosis, except for the
compound 8 (25% ± 1.5%). The analysis performed in HaCaT cells, incubated with the
studied substances 1, 8, and 9, revealed the low level of cells in late apoptosis, counted
from 11% to 14%. Whereas the apoptosis-generating influence of derivatives 2 and 3
on normal keratinocytes was higher (29% and 23%), their selectivity measured by MTT
methods is favorable. The obtained results are in agreement with the IC50 values assigned
to pathological cancer cell lines.
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(D) K-562, and (E) HaCaT cells detected with Annexin V-FITC/PI by flow cytometry. Cells were incubated for 72 h with the
tested compounds. Dot plot diagrams show representative experiments. The lower left (LL) quadrant represents viable cells
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and the upper left (UL) quadrant necrotic cells.
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2.2.4. Inhibition of IL-6 Release

Interleukin-6 (IL-6) is a cytokine that stimulates the inflammatory and auto-immune
processes in many diseases, including pancreatic, prostate, and colon cancers. As its level
is higher in advanced and metastatic cancer, IL-6 is also involved in tumor development
and progression [37].

Because of the low secretion of IL-6 by leukemic cells compared to solid tumors, and
in addition to the lack of IL-6 receptors in K-562 cells [38], studies of the effect of derivatives
1–3, 8, and 9 on the inhibition of IL-6 release were carried out on primary and secondary
solid tumor cells (SW480, SW620, and PC3). The results are given in Table 3 and Figure
S2. A remarkable inhibition of the IL-6 level was denoted for both colon cancer cell lines.
Compound 2, identified as the strongest inhibitor, reduced the interleukin level by 54%
(in SW480 cells) and 63% (SW620 cells). A significant effect was also observed in these
cells for its structural isomer 3 (39% and 23% of inhibition, respectively). Additionally,
compound 3 considerably affected the IL-6 level produced by PC3 cells, and reduced it
by 33%. Similarly, the treatment with derivative 1 was effective for both colon cancer
cells. In its presence, IL-6 release decreased by 28–36%, as compared to controls. For
monosubstituted derivatives 8 and 9, the observed IL-6-reducing influence was weaker.
They both inhibited IL-6 secretion in SW480 and SW620 cell lines by 25–32%. In contrast to
compound 9, thiourea 8 additionally diminished the cytokine level in PC3 cells by 26%.

Table 3. Effects of compounds 1–3, 8, and 9 on IL-6 levels, measured by the ELISA test. Data are
expressed as the mean ± SD from a Human primary colon cancer (SW480), b Human metastatic
colon cancer (SW620), c Human metastatic prostate cancer (PC3), d Human immortal keratinocyte
cell line from adult human skin (HaCaT).

Compound IL-6 Concentration (pg/mL)

Cancer cell line

SW480 a

Control 7.8 ± 0.03
1 5.7 ± 0.01
2 3.6 ± 0.02
3 4.8 ± 0.04
8 5.3 ± 0.01
9 5.5 ± 0.02

SW620 b

Control 7.7 ± 0.05
1 4.9 ± 0.01
2 2.8 ± 0.03
3 5.9 ± 0.03
8 5.8 ± 0.06
9 5.2 ± 0.03

PC3 c

Control 10.9 ± 0.07
1 9.6 ± 0.02
2 9.1 ± 0.04
3 7.3 ± 0.06
8 8.1 ± 0.08
9 9.9 ± 0.03

Normal cell line HaCaT d

Control 9.7 ± 0.03
1 8.7 ± 0.03
2 9.1 ± 0.03
3 8.9 ± 0.01
8 9.1 ± 0.06
9 9.0 ± 0.01

3. Materials and Methods
3.1. Chemistry
3.1.1. General Procedure

(Trifluoromethyl)aniline was supplied by Alfa Aesar (Stock No. A15910). Isothio-
cyanates were purchased from Alfa Aesar or Sigma Aldrich. Acetonitrile, chloroform, and
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methanol were supplied by POCh (Polskie Odczynniki Chemiczne). All chemicals were of
analytical grade and were used without any further purification. Prior to usage, acetonitrile
was kept in crown cap bottles over anhydrous phosphorus pentoxide (Carl Roth, Karlsruhe,
Germany). The NMR spectra were recorded on a Bruker AVANCE DMX400 spectrometer,
operating at 300 (1H NMR) and 75.5 MHz (13C NMR). The spectra were measured in
DMSO and are given as δ values (in ppm) relative to TMS. Mass spectral ESI measurements
were carried out on an LCT Micromass TOF HiRes apparatus. Flash chromatography
was performed on Merck silica gel 60 (200–400 mesh) using chloroform:methanol mixture.
Analytical TLC was carried out on silica gel F254 (Merck, Darmstadt, Germany) plates
(0.25 mm thickness).

General Procedure for the Preparation of N-aryl-[3-(trifluoromethyl)phenyl]thiourea
Derivatives (1–12)

A solution of commercially available 3-(trifluoromethyl)aniline (0.0031 mol, 0.50 g) in
anhydrous acetonitrile (5 mL) was treated with appropriate isothiocyanate (0.0031 mol)
and the mixture was stirred at room temperature for 24 h. Then, solvent was removed on
a rotary evaporator. The residue was purified by column chromatography (chloroform:
methanol; 9.5:0.5 vol.) to yield derivatives 1–12.

1-(3-chloro-4-fluorophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (1) was synthesized as
described previously [39].

1-(3,4-dichlorophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (2) was synthesized as de-
scribed previously [39].

1-(2,4-dichlorophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (3) Yield 70%, cream powder,
m.p. 155–157 ◦C. 1H NMR (300 MHz, DMSO) δ (ppm): 10.22 (s, 1H, NH), 9.73 (s, 1H, NH),
8.00 (s, 1H, Ar-H), 7.80–7.77 (d, 1H, J = 9.0 Hz, Ar-H), 7.71–7.70 (d, 1H, J = 3.0 Hz, Ar-H),
7.62–7.55 (m, 2H, Ar-H), 7.50–7.43 (m, 2H, Ar-H). 13C NMR (75.5 MHz, DMSO) δ (ppm):
180.62, 140.11, 135.34, 131.49, 131.30, 131.07, 129.62, 129.06 (q, JC-F = 31.7 Hz), 129.06, 128.43,
127.48, 124.03 (q, JC-F = 272.6 Hz), 120.97 (q, JC-F = 3.8 Hz), 119.91 (q, JC-F = 3.8 Hz). HRMS
(ESI) calc. for C14H8N2F3SCl2 [M − H]−: 362.9726, found: 362.9737.

1-(2,3-dichlorophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (4) Yield 65%, white powder,
m.p. 140–142 ◦C. 1H NMR (300 MHz, DMSO) δ (ppm): 10.24 (s, 1H, NH), 9.83 (s, 1H, NH),
7.99 (s, 1H, Ar-H), 7.80–7.77 (d, 1H, J = 9.0 Hz, Ar-H), 7.61–7.53 (m, 3H, Ar-H), 7.50–7.47 (m,
1H, Ar-H), 7.41–7.35 (m, 1H, Ar-H). 13C NMR (75.5 MHz, DMSO) δ (ppm): 180.63, 140.13,
138.17, 131.90, 129.62, 129.32, 129.05 (q, JC-F = 31.7 Hz), 128.63, 128.35, 127.88, 127.47, 124.03
(q, JC-F = 272.6 Hz), 120.98 (q, JC-F = 3.8 Hz), 119.93 (q, JC-F = 4.5 Hz). HRMS (ESI) calc. for
C14H8N2F3SCl2 [M − H]−: 362.9726, found: 362.9737.

1-(3-chloro-2-methylphenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (5) Yield 65%, white
powder, m.p. 163–165 ◦C. 1H NMR (300 MHz, DMSO) δ (ppm): 9.95 (s, 1H, NH), 9.77 (s,
1H, NH), 7.94 (m, 1H, Ar-H), 7.79–7.75 (m, 1H, Ar-H), 7.61–7.44 (m, 2H, Ar-H), 7.41–7.34
(m, 1H, Ar-H), 7.26–7.23 (m, 2H, Ar-H), 2.27 (s, 3H, CH3). 13C NMR (75.5 MHz, DMSO) δ
(ppm): 180.80, 140.43, 139.07, 133.85, 133.50, 129.44, 129.36 (q, JC-F = 31.7 Hz), 128.73, 127.51,
127.23, 127.10, 124.07 (q, JC-F = 272.6 Hz), 120.72 (q, JC-F = 3.8 Hz), 119.98 (q, JC-F = 4.5 Hz),
15.27. HRMS (ESI) calc. for C15H11N2F3SCl [M − H]−: 343.0315, found: 343.0284.

1-(5-chloro-2-methylphenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (6) Yield 63%, cream
powder, m.p. 146–148 ◦C. 1H NMR (300 MHz, DMSO) δ (ppm): 10.03 (s, 1H, NH), 9.64
(s, 1H, NH), 7.96–7.93 (m, 1H, Ar-H), 7.79–7.74 (m, 1H, Ar-H), 7.59–7.54 (t, 1H, J = 7.5 Hz,
Ar-H), 7.50–7.45 (m, 1H, Ar-H), 7.39–7.38 (d, 1H, J = 3.0 Hz, Ar-H), 7.31–7.28 (m, 1H, Ar-H),
7.26–7.20 (m, 1H, Ar-H), 2.23 (s, 3H, CH3). 13C NMR (75.5 MHz, DMSO) δ (ppm): 180.55,
140.34, 138.83, 133.84, 131.85, 129.85, 129.51, 128.99 (q, JC-F = 31.7 Hz), 127.52, 126.43, 125.86,
124.10 (q, JC-F = 271.8 Hz), 120.75 (q, JC-F = 4.5 Hz), 119.95 (q, JC-F = 3.8 Hz), 17.29. HRMS
(ESI) calc. for C15H11N2F3SCl [M − H]−: 343.0315, found: 343.0284.

1-[2-(trifluoromethyl)phenyl]-3-[3-(trifluoromethyl)phenyl]thiourea (7) Yield 72%, white
powder, m.p. 173–175 ◦C. 1H NMR (300 MHz, DMSO) δ (ppm): 10.18 (s, 1H, NH), 9.60
(s, 1H, NH), 8.05 (s, 1H, Ar-H), 7.78–7.68 (m, 3H, Ar-H), 7.60–7.47 (m, 4H, Ar-H). 13C
NMR (75.5 MHz, DMSO) δ (ppm): 181.51, 140.17, 136.79, 132.81, 132.33, 129.62, 129.05
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(q, JC-F = 31.7 Hz), 128.42, 127.52, 127.26, 126.25 (q, JC-F = 4.5 Hz), 125.85, 125.38, 120.91
(q, JC-F = 3.8 Hz), 119.74 (q, JC-F = 3.8 Hz). HRMS (ESI) calc. for C15H9N2F6S [M − H]−:
363.0368, found: 363.0391.

1-[3-(trifluoromethyl)phenyl]-3-[4-(trifluoromethyl)phenyl]thiourea (8) Yield 76%, white
powder, m.p. 134–136 ◦C. 1H NMR (300 MHz, DMSO) δ (ppm): 10.36–10.34 (m, 1H, NH),
10.26–10.23 (m, 1H, NH), 7.96–7.93 (m, 1H, Ar-H), 7.79–7.68 (m, 5H, Ar-H), 7.61–7.55 (t, 1H,
J = 9.0 Hz, Ar-H), 7.50–7.47 (m, 1H, Ar-H). 13C NMR (75.5 MHz, DMSO) δ (ppm): 179.90,
143.02, 140.14, 129.64, 129.32, 128.48, 127.43, 126.13, 125.73 (q, JC-F = 3.8 Hz), 124.26, 124.27
(q, JC-F = 32.5 Hz), 123.06, 122.38, 120.94 (q, JC-F = 3.8 Hz), 119.91 (q, JC-F = 3.9 Hz). HRMS
(ESI) calc. for C15H9N2F6S [M − H]−: 363.0368, found: 363.0391.

1-(4-chlorophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (9) was synthesized as described
previously [2].

1-(4-cyanophenyl)-3-[3-(trifluoromethyl)-phenyl]thiourea (10) was synthesized as described
previously [2].

1-(4-bromophenyl)-3-[3-(trifluoromethyl)phenyl]thiourea (11) Yield 75%, white powder,
m.p. 182–184 ◦C. 1H NMR (300 MHz, DMSO) δ (ppm): 10.09–10.08 (d, 2H, J = 3.0 Hz,
NH), 7.94 (s, 1H, Ar-H), 7.77–7.74 (d, 1H, J = 9.0 Hz, Ar-H), 7.59–7.52 (m, 3H, Ar-H), 7.48–
7.44 (m, 3H, Ar-H). 13C NMR (75.5 MHz, DMSO) δ (ppm): 179.82, 140.31, 138.52, 131.39,
129.52, 128.6 (q, JC-F = 31.0 Hz), 128.38, 127.36, 125.72, 124.06 (q, JC-F = 272.6 Hz), 120.73
(q, JC-F = 3.8 Hz), 119.85 (q, JC-F = 4.5 Hz), 118.64, 116.81. HRMS (ESI) calc. for C14H9N2F3SBr
[M − H]−: 372.9620, found: 372.9622.

1-(2-phenylethyl)-3-[3-(trifluoromethyl)-phenyl]thiourea (12) was synthesized as described
previously [2].

3.2. Biological Studies
3.2.1. Cell Culture

The human primary (SW480), metastatic (SW620) colon cancer, metastatic prostate
cancer (PC3), chronic myelogenous leukemia (K-562), and human immortal keratinocyte
(HaCaT) cell lines were purchased from the American Type Culture Collection (ATCC,
Rockville, MD, USA). The cells were cultured in medium according to protocols (MEM
for SW480 and SW620, RPMI 1640 for PC3 and K-562, and DMEM for HaCaT cells),
supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100 µg/mL), and
cultured in a 37 ◦C/5% CO2 humidified incubator. The cells were cultured until appropriate
confluence was achieved (80–90%). Next, they were harvested by treatment with 0.25%
trypsin (Gibco Life Technologies, Waltham, MA, USA) excluding the non-adherent K-562
cell line and used for studies.

3.2.2. MTT Assay

To determine the IC50 of the thiourea compounds 1–12, cells were seeded in 96-
well plates (1 × 104 cells per well) and treated for 72 h with different concentrations of
compounds. Cells without the studied compounds in medium were used as a control.

The cell viability was assessed by determination of MTT salt [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazoliumbromide] conversion by mitochondrial dehydrogenase. The
MTT assay was performed as previously described [37]. Alternatively, non-adherent
leukemic cells were centrifuged in a microplate centrifuge (400× g, 5 min) during the
collection stages. Experiments were repeated three times. Cell viability was presented as
a percent of MTT reduction in the treated cells versus the control cells. The number of
viable cells cultured without the studied compounds was assumed as 100%. A decreased
relative MTT level indicated decreased cell viability. Thiourea compounds with the highest
cytotoxic potential assessed by MTT determination (with the lowest IC50) were chosen for
subsequent assessments of cytotoxicity mechanisms.
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3.2.3. Trypan Blue Assay

Cells (1 × 105 cells per well) were seeded in 12-well plates and after 72 h of incubation
with IC50 concentrations of the studied compounds 1–3, 8, and 9, they were washed twice
with PBS (phosphate-buffered saline) and harvested. The live cell count was assessed
by the trypan blue exclusion dye assay using an automated cell counter (CountessTM
Invitrogen, Waltham, MA, USA). Untreated cells were used as the control.

3.2.4. Annexin V Binding Assay

The cells were cultured and harvested under the conditions described in Section 3.2.1.
Then, they were seeded in six-well plates (2 × 105 cells per well), and treated with the
selected thioureas 1–3, 8, and 9 at their IC50 concentration for 72 h. The effect of these
compounds on the process of early and late apoptosis and necrosis was determined as
described previously [37] by dual staining with Annexin V:FITC and propidium iodide,
according to the manufacturer’s protocol (Becton Dickinson). The cells that were Annexin
V:FITC positive and PI negative were identified as early apoptotic, and Annexin V:FITC
and PI positive as late apoptotic or necrotic.

3.2.5. Il-6 Level Assay

The IL-6 concentration in all studied cancer cells and normal HaCaT cell lines was
measured by an ELISA kit (Diaclon SAS Besancon CEDEX, Besançon, France). Cells were
seeded in 12-well plates (1 × 105 cells per well) and treated with the IC50 concentration of
the studied compounds 1–3, 8, and 9 for 72 h. IL-6 in cell culture supernatant was measured
using the enzyme-linked immunosorbent assay in accordance with the manufacturer’s
protocol.

3.2.6. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 9 software (GraphPad
Software). The results were expressed as mean ± SD from at least three independent
experiments. The statistical significance of differences between means was established
by ANOVA with Dunnett’s multiple comparison post hoc test. P values below 0.05 were
considered statistically significant.

4. Conclusions

In summary, we herein report a high-throughput synthesis of 3-(trifluoromethyl)aniline
with various isothiocyanates. The effect of all the synthesized compounds’ inhibition of
the growth of human tumor cell lines, such as SW480 (primary colon cancer), SW620
(metastatic colon cancer), PC3 (metastatic prostate cancer), and K-562 (chronic myeloge-
nous leukemia), was evaluated. Dihalogenophenyl (1–4) and para-substituted thioureas
(8, 9) were highly cytotoxic against the mentioned pathological cell cultures (IC50 ≤ 10
µM), with selectivity over normal HaCaT cells. Compounds 2, 3, and 9 were more effective
and selective than the reference cisplatin. The mechanisms of the in vitro cytotoxic activity
of the most bioactive compounds 1–3, 8, and 9 were studied. All of them were cytostatic
and reduced the cancer cells’ number, being safe for normal keratinocytes. Cytotoxic
thioureas 1, 2, and 9 considerably diminished the viability of both SW480 and SW620
cells. Derivatives 1, 2, and 8 exerted the strongest apoptosis-activating effect in SW480,
SW620, and K-562 cell lines. Among them, compound 2 showed the highest percentage of
colon cancer cells in late apoptosis. The tested derivatives revealed anti-IL-6 activity and
significantly decreased the levels of the proinflammatory cytokine produced by both colon
carcinoma cells.

The structural modifications of the thiourea terminal moieties indicated the dihalogenophenyl
derivative 2, followed by its isomer 3 and para-substituted analog 8, as the most effective in
cancer treatment. This work constitutes an evaluation of the potential and mechanisms of
cytotoxic action of thiourea-derived compounds, which will be developed.
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compounds 1, 2, 3, 8 and 9 on viability in SW480, SW620, PC3, K-562 and HaCaT cells. Figure S2.
Effects of compounds 1–3, 8 and 9 on IL-6 levels, measured by ELISA test. 1H and 13C NMR spectra
of synthesized compounds 3–8, 11. Table S1. High Resolution Mass Spectra (HRMS) of compounds 4,
6, 7, 11.
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13. Doğan, Ş.D.; Gündüz, M.G.; Doğan, H.; Krishna, V.S.; Lherbet, C.; Sriram, D. Design and Synthesis of Thiourea-Based Derivatives
as Mycobacterium Tuberculosis Growth and Enoyl Acyl Carrier Protein Reductase (Inha) Inhibitors. Eur. J. Med. Chem. 2020, 199,
112402. [CrossRef]

457



Pharmaceuticals 2021, 14, 1097

14. Kollu, U.; Avula, V.K.; Vallela, S.; Pasupuleti, V.R.; Zyryanov, G.V.; Neelam, Y.S.; Chamarthi, N.R. Synthesis, Antioxidant Activity
and Bioinformatics Studies of L-3-Hydroxytyrosine Templated N-Alkyl/Aryl Substituted Urea/Thioureas. Bioorg. Chem. 2021,
111, 104837. [CrossRef]
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Abstract: The annual number of cancer deaths continues increasing every day; thus, it is urgent to
search for and find active, selective, and efficient anticancer drugs as soon as possible. Among the
available anticancer drugs, almost all of them contain heterocyclic moiety in their chemical structure.
Xanthone is a heterocyclic compound with a dibenzo-γ-pyrone framework and well-known to have
“privileged structures” for anticancer activities against several cancer cell lines. The wide anticancer
activity of xanthones is produced by caspase activation, RNA binding, DNA cross-linking, as well
as P-gp, kinase, aromatase, and topoisomerase inhibition. This anticancer activity depends on the
type, number, and position of the attached functional groups in the xanthone skeleton. This review
discusses the recent advances in the anticancer activity of xanthone derivatives, both from natural
products isolation and synthesis methods, as the anticancer agent through in vitro, in vivo, and
clinical assays.

Keywords: xanthone; cancer; in vitro; in vivo; isolation; synthesis; heterocyclic compound

1. Introduction

Cancer is one of the most fatal diseases in the world. Cancer mainly occurs due
to gene mutations, and the condition is worsened by other carcinogenic agents. Both
gene mutations and carcinogenic agents then influence and change the cell functions and
metabolism, and thereby, the replication and spread of cancer cells are uncontrolled. The
cancer cells grow and multiplicate rapidly, thus crowding the other normal cells [1]. In
some cases, the cancer cells also attack and consume the normal cells, since cancer cells
require large amounts of biomaterials for cell division. Because of that, drastic weight loss
with lumps on the cancer cell locations is commonly found in cancer patients [2]. In 2020,
world cancer cases were reported to be 15 million. It was found that the number of men
patients (51%) is slightly higher than the number of women patients (49%). Lung, prostate,
and colorectal cancers contribute to 46% of cancer cases in men, while lung, breast, and
colorectal cancers contribute to 50% of cancer cases in women [3]. In 2021, it is estimated
that around 1.9 million new cancer cases are found in the United States, with around
0.6 million deaths. This means that one in three patients with cancer in the United States
do not survive, which is terrifying. The number of cancer and mortality cases has kept
increasing, and it is expected that world cancer cases will increase to 23.6 million in 2030 [4].

The research on anticancer drug design and development is an urgent need, because
people are suffering and the number of death cases is unstoppable until active, selective,
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and efficient anticancer drugs are found [5–7]. Cancer treatment is one of the most chal-
lenging research subjects in the medicinal and pharmacological fields [8,9]. Research into
new anticancer drugs from natural sources and synthetic methods is still being conducted.
To date, more than 85% of recent bioactive compounds have consisted of heterocyclic
structures [10,11]. Among the heterocyclic compounds, hundreds of xanthone derivatives
have been isolated, synthesized, and evaluated as anticancer agents [12–18]. The latest
review article on the anticancer activity of xanthone derivatives was reported by Na in
2009 [19]. From that report, unfortunately, an updated review on the anticancer activity
of xanthone derivative has not been available yet, as of today. This review, to a certain
extent, provides a brief update on the research and development of xanthone derivatives,
both from natural products isolation and synthesis methods, such as the anticancer agent
through in vitro, in vivo, and clinical assays.

2. Xanthone Derivatives as Anticancer Agents
2.1. Xanthone Derivatives

The name of xanthone was coined by J.C. Roberts in 1961. The word “xanthone”
comes from the word for the color yellow, “xanthos” (ξανθóς, Greek), since the xanthone
compounds are commonly obtained as yellow solids. The first reported xanthone derivative
was gentisin, which was isolated from the roots of Gentiana lutea in 1821. Xanthone with an
IUPAC name of 9H-xanthen-9-one is a heterocyclic compound with a dibenzo-γ-pyrone
framework, with a basic molecular formula of C13H8O2 [20]. The general structure of
xanthone and its atom numbering is shown in Figure 1.
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Figure 1. General structure of xanthone.

Xanthone is well-known to have “privileged structures” because this simple tricyclic
compound exhibits wide biological activities [21,22]. The wide biological activities of
xanthone derivatives are caused by their ability to bind with multiple protein receptors. It
was reported that xanthone derivatives also exhibit antimicrobial, antidiabetic, antioxidant,
antiviral, anti-Alzheimer, anti-inflammatory, and anti-tyrosinase activities. Updates on
these biological activities of xanthone derivatives have been available recently [23–29]. On
the other hand, the latest update on the anticancer activity of xanthones was reported in
2009 [19]. The anticancer activity of xanthone derivatives depends on the type, number,
and position of the attached functional groups in the xanthone framework. It was reported
that xanthone derivatives are able to bind with multiple protein receptors such as cyclooxy-
genase, protein kinase, and topoisomerase, demonstrating their anticancer activity [22].
These binding properties are also serving in self-monitoring drug application for cancer
therapy. In this case, xanthone derivatives act as anticancer agents, as well as sensor agent
for selective imaging of cytoplasm of cancer cells through fluorescence spectroscopy [30].

Briefly, xanthone derivatives can be classified into six groups according to their sub-
stituents: simple oxygenated xanthone, glycosylated xanthone, prenylated xanthone, xan-
thone dimers, xanthonolignoid, and miscellaneous xanthone. The simple oxygenated xan-
thone can be further divided into six subgroups depending on the number of oxygen atoms:
mono-oxygenated, di-oxygenated, tri-oxygenated, tetra-oxygenated, penta-oxygenated,
and hexa-oxygenated xanthones. The examples of xanthone derivative in each subgroup
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of oxygenated-xanthone are shown in Figure 2. On the other hand, glycosylated xanthone
can be divided into two subgroups: O-glycosides and C-glycosides. In O-glycosides, the
glycosidic bond is formed between anomeric carbon atom of sugar ring and oxygen atom
of hydroxyl group present in xanthone skeleton. In C-glycosides, xanthone is connected
with glycosyl moiety through the C-C bond [31]. The common example of O-glycoside
xanthone is rutinosylxanthone, while the example of C-glycoside xanthone is mangiferin,
as shown in Figure 2.
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The prenylated xanthone group is characterized by the presence of prenyl and geranyl
substituents [32]. The prenylated xanthone group contains the largest number of natural
xanthone derivatives, such as α-mangostin, caloxanthone, and calozeylxanthone, as shown
in Figure 2. Prenyl substituents are being reported as a pivotal functional group for the
anticancer activity of xanthone [33]. As an example, Castanheiro et al. reported that the
introduction of the prenyl group to the 1-hydroxyxanthone dramatically increased its
anticancer activity against the MCF-7 cell line [34]. On the other hand, xanthone dimers or
bisxanthones are quite rare, and only around 12 xanthone dimers have been reported so
far. The first isolated xanthone dimer was swertipunicoside obtained from the whole plant
of Swertia punicea in 2002. Swertipunicoside, swertifrancheside, and phomoxanthone A are
the examples of xanthone dimers [35], and their chemical structures are shown in Figure 2.

The group of xanthonolignoids is characterized by a connection between xanthone and
lignin (coniferyl alcohol) frameworks. The isolated xanthonolignoids have been reported
from Guttiferae, such as candesin D and transkielcorin. The number of xantholignoids is
also limited. Figure 2 shows the chemical structure of cadensin D and transkielcorin. On
the other hand, miscellaneous xanthones are defined for all xanthone derivatives which
could not be classified into the other groups, such as xanthofulvin and vinaxanthone, and
their chemical structures are shown in Figure 2. Thioxanthones and azaxanthones are
also categorized as miscellaneous xanthones. Klein–Junior et al. reported that around
303 simple oxygenated xanthones, 137 glycosylated xanthones, 737 prenylated xanthones,
7 xanthone dimers, 8 xanthonolignoids, and 33 miscellaneous xanthones have been isolated
within 2012–2019 [36].

2.2. Characteristics on Chemical Identification of Xanthone Derivatives

For chemical elucidation purposes, infrared (IR), ultraviolet (UV), mass (MS), and
nuclear magnetic resonance (NMR) spectra are required to determine the correct structure
of xanthone derivatives [37]. In fact, the IR and UV spectra of xanthone do not serve as
accurate tools for structure elucidation. The IR spectrum only recognizes the functional
group of xanthones (Table 1); consequently, the position and neighbor conditions of each
functional group are not understood well [22]. The UV spectrum of xanthone reflects the
absorption characteristics of xanthones chromophore in the ultraviolet region (200–400 nm).
The most found chromophore in the xanthone structure is conjugated aromatic and carbonyl
moieties; thus, non-chromophore substituents of xanthone are hardly observed. The
molecular weight of xanthone can be determined from its MS spectrum. The unsaturation
degree of xanthone, as well as halogen substituents, are mostly determined from the MS
spectrum. The core structure of the xanthone has one pyran structure, two aromatic rings,
and one C=O double bond; thus, the xanthone core itself has an unsaturation degree of 10.
The halogen substituent can be indicated by its isotopic effect on the MS spectra. Chloro-
and bromo-substituted xanthones commonly give two molecular ion fragments with m/z
of [M]+ and [M + 2]+ in 3:1 and 1:1 ratios, respectively. In contrast, elucidation of fluoro-
and iodo-substituted xanthones from their MS spectrum is difficult, as both halogen atoms
are only found as a single isotope. Therefore, fluoro- and bromo-substituents in xanthones
can be observed using the 19F-NMR and 127I-NMR techniques, respectively [38].

NMR elucidation is very useful to determine the more detailed structure of xanthone
derivatives. The aromatic protons of xanthone are generally found in the chemical shift of
6–9 ppm, depending on the protons’ environment (Table 1). Furthermore, information on
the protons’ multiplicity and coupling constant is useful to determine the substituents in
the xanthone framework [39]. The nature and position of xanthone substituents can also be
evaluated from the 13C-NMR spectrum. For the bare structure of xanthone (Figure 1), the
xanthone gives 7 carbon signals, as shown in Table 1. The presence of an additional func-
tional group shifts the chemical shift of carbon signals to lower/higher value depending on
the nature and location of the functional group [39]. A combination of 1H- and 13C-NMR
of xanthone derivative is also useful for detailed elucidation of xanthone structure. A brief
summary on the structure elucidation of xanthones using spectroscopy techniques is shown
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in Table 1. Other techniques including circular dichroism and X-ray crystallography are
very helpful in the final assessment of structure elucidation of xanthone derivatives [39–41].

Table 1. A brief summary on the structure elucidation of xanthones using spectroscopy techniques.

Xanthone Structure IR (cm−1) UV (nm) 1H-NMR (ppm) 13C-NMR (ppm)

Csp2-H 3000–3100 - 6–9 -

C=O 1650–1720

200–400

- 176

C=C aromatic 1450–1600 -

126 (C-1)
124 (C-2)
135 (C-3)
118 (C-4)

156 (C-4a)
121 (C-8a)

C-O-C ether 1000–1200 - - -

O-H 3300–3500 -

9–10 (C-2 or C-7)

-9–11 (C-4 or C-5)
10–11 (C-3 or C-6)
12–14 (C-1 or C-8)

2.3. Isolation of Xanthone Derivatives

As of today, thousands of natural xanthone derivatives have been isolated from Ama-
ranthaceae, Anacardiaceae, Annonaceae, Asteraceae, Clusiaceae, Eriocaulaceae, Fabaceae,
Filicineae, Gentianaceae, Guttiferae, Hypericaeae, Moraceae, Leguminosae, Loganiaceae,
and Polygalaceae families [42–52]. Within 2012–2019, as many as 1225 xanthone derivatives
have been isolated from natural sources. Among these families, Clusiaceae and Gen-
tianaceae are the most productive plants to give hundreds of xanthone derivatives. From
2012–2019, 48% and 16% of isolated xanthone derivatives have been obtained only from
Clusiaceae and Gentianaceae, respectively. The rest of the isolated xanthone derivatives
mainly came from Hypericacae (11%), Moraceae (8%), and Polygalaceae (6%) [34]. These
herbs have been used as traditional medicine in several countries, such as China, Thailand,
India, and Indonesia. As an example, the whole extract of Swertia chirata (Gentianaceae)
has been used as an antimalarial drug. The radix extract of Cudrania cochin (Moraceae) has
been used for hepatitis and rheumatic treatment. Additionally, crude extract of Monnina
obtusifolia (Polygalaceae) has been used as an anticancer and antimicrobial agent as an
indigenous medicine [21].

Garcinia mangostana (Clusiaceae) is a tropical plant that is widely abundant in the
Southeast Asia region, such as in Indonesia, Thailand, and Vietnam. One mangosteen plant
produces almost 3000 fruits annually. The mangosteen fruit is usually harvested in a spher-
ical form with thin purple peels. The mangosteen fruit is famous as the “queen of fruit” or
“superfruit”, due to its multi-biological purposes such as anticancer, anti-inflammatory, an-
tihypertensive, antidiabetic, and antituberculosis activities [37]. In Indonesia, mangosteen
fruit has been employed for the traditional treatment of diabetes, hypertension, and cancer.
Meanwhile, mangosteen fruit has been utilized for the traditional treatment of fatigue,
diarrhea, skin infection, and urinary disorders in Vietnam and Thailand. The mangosteen
fruit contains carbohydrates (15%), protein (0.5%), fat (0.4%), and fiber (5.0%) [37]. It
was reported that the mangosteen fruit consists of some secondary metabolites, such as
xanthones, anthocyanins, flavonoids, phenolics, and organic acids [53]. Remarkably, more
than sixty xanthone derivatives have been identified from the pericarp of the mangosteen
fruit. The major xanthones isolated from the pericarp of mangosteen fruit are α-mangostin,
β-mangostin, γ-mangostin, mangostinone, mangostanol, desoxymorellin, gambogic acid,
gartanin, 8-deoxygartanin, garcinone B, garcinone C, garcinone D, and garcinone E. Their
chemical structures are shown in Figure 3.
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Figure 3. The chemical structure of major xanthones isolated from the pericarp of mangosteen fruit.

The natural xanthone derivatives are mainly generated from acetate polymalonic and
mixed shikimic acetate pathways. Birch et al. studied the acetate polymalonic pathway
in the biosynthesis of ravelenin from Helminthosporium ravenelii using carbon-isotopes
labeling [54] (Figure 4a). Eight acyl groups were connected with each other to form
1,3,5,7,9,11,13,15-octaketonic intermediate. Then, the octaketonic intermediate was cyclized
to form benzoquinone and benzophenone intermediates. The benzophenone intermediate
was further transformed to produce ravenelin. The second pathway (mixed shikimic
acetate pathway) was reported by Fujita and Inoue in 1980 for mangiferin biosynthesis
in Anemarrhena asphodeloides (Figure 4b) [55]. In general, one aromatic ring of xanthone
was generated from the shikimic acid pathway, with another aromatic ring coming from
the acetate-malonate polyketide pathway. This mixed pathway is responsible for the
existence of almost all simple oxygenated and prenylated xanthone derivatives in nature.
It was reported that mangiferin was produced from caffeic acid and two acetate units.
Glycosidation reaction of mangiferin was found to occur on the benzophenone intermediate.
Similarly, the prenylation reaction also happened on the benzophenone intermediate, and
not directly on the caffeic acid one. Then, the benzophenone intermediate underwent the
ring-closing reaction to form the xanthone as the final product [56].

Besides isolation from the terrestrial ecosystem, xanthone isolations from the marine
ecosystem have been also reported [57]. The marine ecosystem covers almost 70% of the
earth surface, which is equivalent to 95% of the biosphere. Therefore, recent research is
focused on the exploration of marine natural products, since the marine natural products
may not be found in the terrestrial ecosystem. More than 25,000 marine natural products
have been isolated and elucidated, together with hundreds of new marine natural products
which have been discovered as of today [38]. Marine fungi have been reported as the most
abundant source for xanthone derivatives [58].
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Several research studies on the isolation of xanthone derivatives from both terrestrial
and marine ecosystems are selectively highlighted in this review article based on their
anticancer activity report. An anticancer agent can be divided into four classes based on
its half-maximal inhibitory concentration (IC50) value, i.e., strong (IC50 < 5 µM), moder-
ate (IC50 5–10 µM), weak (IC50 10–50 µM), and non-active (IC50 > 50 µM) [59]. In 2002,
Malmstrom et al. reported the isolation of shamixanthone, tajixanthone and varixanthone
from the fungus Emericella vaericolor; however, these compounds show no cytotoxic ac-
tivity against HT29, A549, and P388 cell lines at 1 µg/mL concentration [60]. In 2008,
Shao et al. successfully isolated three xanthone derivatives, named as 8-methoxycarbonyl-
1-hydroxy-9-oxo-9H-xanthene-3-carboxylic acid, dimethyl 8-methoxy-9-oxo-9H-xanthene-
1,6-dicarboxylate, and methyl 8-hydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylate from
fungus Penicillium sp. strain ZZF 32#. The crude extracts of these isolated xanthones exhibit
cytotoxic activity against KB and KBv200 cell lines with IC50 values of 1.50 and 2.50 µg/mL,
respectively [61].

In 2010, Lee et al. isolated sterigmatocystin and dihydrosterigmatocysin from the
fungus Aspergillus versicolor. Both compounds exhibited cytotoxic activity against HCT-
15, SK-OV-3, A549, XF-498, and SK-MEL-2 cell lines. It was found that sterigmatocystin
gave higher toxicity than dihydrosterigmatocysin in an IC50 range of 3.76–14.2 µM for
these cell lines. Furthermore, sterigmatocystin also gave higher anticancer activity than
dihydrosterigmatocysin against Bel-7402 and NCI-H460 cell lines. The structural difference
between sterigmatocystin and dihydrosterigmatocysin was the presence of allyl group at
the C-5 position of xanthone, demonstrating that the allyl group was critical for anticancer
activity [62]. In the same year, Huang et al. successfully isolated two xanthones, named
1,7-dihydroxy-2-methoxy-3-(3-methylbut-2-enyl)-9H-xanthen-9-one and 1-hydroxy-4,7-
dimethoxy-6-(3-oxobutyl)-9H-xanthen-9-one, from the fungus Avicennia marina. These
isolated compounds exhibited moderate cytotoxic activity against KB and KBv200 cell lines.
The 1,7-dihydroxy-2-methoxy-3-(3-methylbut-2-enyl)-9H-xanthen-9-one gave IC50 value of
20.0 and 30.0 µM, while 1-hydroxy-4,7-dimethoxy-6-(3-oxobutyl)-9H-xanthen-9-one gave
IC50 value of 35.0 and 41.0 µM against KB and KBv200 cancer cell lines, respectively [63].
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In 2011, Xu et al. reported the isolation of paeciloxanthone from the fungus Pae-
cilomyces sp. This compound exhibited moderate to strong anticancer activity against
HepG2 and AChE (acetylcholine esterase) with IC50 values of 3.33 and 6.94 µM, respec-
tively. They also reported the successful isolation of secalonic acid D from the fungus
Penicillum oxalicum and Paecilomyces sp. strain ZSU44. The secalonic acid D compound
exhibited remarkable anticancer activity against K562 and HL60 leukemia cancer cell lines
with IC50 values of 0.43 and 0.38 µM, respectively. Furthermore, secalonic acid D was able
to inhibit human topoisomerase I enzyme, with an IC50 value of 0.16 µM and minimum
inhibitory concentration (MIC) value of 0.40 µM. From a further bioassay, it was found
that secalonic acid D influenced the GSK-3β/β-catenin/c-Myc pathway, thereby arresting
the cancer cell cycle and inhibiting the proliferation of cancer cells [64]. In 2016, Tang et al.
reported the isolation of 10 new xanthone derivatives from the leaf of Garcinia oligantha.
These isolated xanthones belong to dihydroxanthone and tetrahydroxanthone groups.
These compounds exhibited moderate to strong anticancer activity against A549, HepG2,
HT-29, PC-3, and HL-7702, with IC50 values of 3.90–5.50, 4.50–10.0, 4.10–6.40, 3.20–4.60,
and 6.40–10.0 µM, respectively [65].

In 2017, a novel prenylated xanthone was isolated from the pericarp of Garcinia man-
gostana by Yang et al. This novel xanthone gave moderate to strong anticancer activity
against U-87, SGC-7901, PC-3, H490, A549, CNE-1, and CNE-2 cancer cell lines, with IC50
values of 6.39, 8.09, 6.21, 7.84, 4.84, 3.35, and 4.01 µM, respectively. The mechanism of
action of this novel prenylated xanthone occurred through apoptosis induction on the
cancer cells [66]. In 2018, Wei et al. reported the isolation of ananixanthone from the stem
bark of Calophyllum teysmanni. Furthermore, the isolated ananixanthone was modified
through esterification and alkylation reactions to give monoacetate-, diacetate-, 5-methoxy-,
and 5-O-benzyl-derivatives. These ananixanthone derivatives exhibited anticancer activ-
ity against LS174T, SNU-1, and K562 cancer cell lines, with IC50 values in the range of
2.96–50.0 µg/mL. It was reported that methoxy substituents on 5-methoxyananixanthone
had higher anticancer activity (14.7 µM) than original hydroxy substituents in the parent
compound (19.8 µM). Meanwhile, the diacetate-ananixanthone derivatives gave lower
anticancer activity (50.7–119 µM) than the parent compound (7.82–23.7 µM) [67]. In 2019,
Kaennakam et al. reported the isolation of two new xanthones, i.e., schomburgones A
and B from the bark of Garcinia schomburgkiana. Unfortunately, these compounds are non-
active against HepG2, MCF-7, HT-29, HeLa S-3, and KB cancer cells, with IC50 values of
45.05–69.22 µM [68].

In 2019, Zamakshshari et al. successfully isolated ananixanthone and caloxanthone
B from the stem bark of Calophyllum species. The first isolation of caloxanthone B from
Calophyllum species was recorded from this research. Both ananixanthone and caloxan-
thone B compounds gave moderate and strong anticancer activity against the K562 cell
line, with IC50 values of 7.21 and 3.00 µM, respectively. The anticancer activity of both
compounds may be generated from the protein kinases inhibition [69]. In 2021, Oanh
et al. reported another new xanthone derivative isolated from propolis of the stingless bee
Lisotrigona furva, with weak anticancer activity against SK-LU-1, HepG2, and KB cancer
cells in an IC50 range of 12.63–34.23 µg/mL [70]. In the same year, Wang et al. reported
two new xanthone derivatives: oxisterigmatocystins J and K from fungus Penicillium sp.
strain DWS10-P-6. Both oxisterigmatocystins exhibited weak anticancer activity against
PC-3, MDA-MB-231, and HL-60 cancer cell lines in the IC50 range of 12.0–50.0 µM [71].
The chemical structures of the aforementioned xanthones are shown in Figure 5, while the
summary of the anticancer activity of isolated xanthone derivatives is listed in Table 2.
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Figure 5. The chemical structure of isolated xanthone derivatives from natural sources.

The greatest obstacle to the anticancer activity evaluation of isolated xanthones is
the very low isolation yield, since xanthones exist as the secondary metabolites in natural
sources. To obtain a higher amount of isolated xanthone, the plant parts are cultured
and incubated in a certain malt-agar media with tryptone, glucose, and phosphate buffer
media, to maintain the pH value. Next, the xanthone derivatives are commonly isolated
through a solid-phase extraction using aqueous acetone in 4:1 v/v as the maceration solvent.
Afterwards, the aqueous solvent is subjected to a liquid–liquid extraction with ethyl acetate.
Both extracts are then evaporated under vacuum for a further partition process with
petroleum ether and/or methanol [38].

After the crude extracts have been obtained, the desired xanthones were purified using
column chromatography with gradient elution, using a mixture of solvents as the mobile
phase. Sephadex LH-20®, RP-C18, and silica gel columns are widely used as stationary
phase for this purification purpose. In general, xanthone glycosides are isolated using
cyanosilane-silica gel and methanol-water-acetonitrile as the solid and mobile phases,
respectively. Meanwhile, xanthone aglycones are generally isolated using RP-C18 and
phosphoric acid-water-acetonitrile as the solid and mobile phases, respectively. Preparative
silica gel chromatography is commonly used for rapid and simple purification of xanthones,
however, it gives a less purity than column chromatography [37].
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Table 2. Summary of the anticancer activity of isolated xanthone derivatives.

Xanthone Derivative Source IC50 (Cancer Cells) Ref.

Crude extract of xanthones Fungus Penicillium sp. strain ZZF 32#. 1.50 µg/mL (KB)
[61]2.50 µg/mL (KBv200)

Sterigmatocystin Fungus Aspergillus versicolor 3.76 µM (SK-MEL-2) [62]

1,7-Dihydroxy-2-methoxy-3-(3-methylbut-2-
enyl)-9H-xanthen-9-one

Fungus Avicennia marina

20 µM (KB)

[63]
30 µM (KBv200)

1-Hydroxy-4,7-dimethoxy-6-(3-oxobutyl)-
9H-xanthen-9-one

35 µM (KB)
41 µM (KBv200)

Secalonic acid D Fungus Penicillum oxalicum 0.43 µM (K562)
[64]0.38 µM (HL60)

Dihydroxanthone

Leaf of Garcinia oligantha

3.90 µM (A549)

[65]
3.20 µM (PC-3)

Tetrahydroxanthone 5.50 µM (A549)
4.60 µM (PC-3)

Prenylated xanthone Pericarp of Garcinia mangostana 3.35 µM (CNE-1)
[66]4.01 µM (CNE-2)

5-methoxyananixanthone Stem bark of Calophyllum teysmanni 14.7 µM (K562) [67]

schomburgones A Bark of Garcinia schomburgkiana 45.05 µM (HepG2)
[68]52.21 µM (HeLa S-3)

Ananixanthone
Stem bark of Calophyllum species

7.21 µM (K562)
[69]

Caloxanthone B 3.00 µM (K562)

Isolated xanthone
Propolis of the stingless bee

Lisotrigona furva
12.63 µg/mL (HepG2)

[70]14.36 µg/mL (SK-LU-1)

Oxisterigmatocystins J

Fungus Penicillium sp. strain DWS10-P-6

15.14 µM (HL-60)

[71]
Oxisterigmatocystins K 21.62 µM (MDA-MB-231)

12.06 µM (HL-60)

2.4. Synthesis of Xanthone Derivatives

As the isolation of xanthone derivatives is complicated and time consuming, the
synthesis of xanthone derivatives has been extensively studied. The oldest synthetic
route was reported by Kostanecki in 1829. In this synthesis route, the mixture of ortho-
hydroxybenzoic acid and polyphenol compounds in an equimolar amount was heated in
the presence of acetic anhydride or zinc(II) chloride (ZnCl2) as the dehydrating agent [72].
Later in 1955, Grover et al. employed a mixture of ZnCl2 and phosphorus oxychloride
(POCl3) as the dehydrating agent at lower temperature, giving a higher yield than the
Michael-Kostanecki route. However, the limitation of the Grover route is its incapacity to
produce xanthone derivatives from resorcinol and pyrogallol. This inability is caused by
the reaction stopping at the benzophenone intermediate [73].

The Grover Shah and Shah (GSS) method is another traditional method to synthe-
size xanthone derivatives through the cyclodehydration of 2,2′-dihydroxybenzophenone
or cycloacylation of 2-aryloxybenzoic acid synthetic route. The mixture of ZnCl2 and
POCl3 is commonly used as the cyclization agent in the GSS method. When the salicylic
acid derivative is used as the starting material, then the synthetic route occurs through
Friedel–Crafts acylation to form the 2,2′-dihydroxybenzophenone intermediate. The 2,2′-
dihydroxybenzophenone intermediate is thus cyclized through a dehydration process
to form the xanthone skeleton [74]. On the other hand, when ortho-halogen substituted
benzoic acid is used as the starting material, then the synthetic route occurs through Ullman
condensation to form the 2-aryloxybenzoic acid intermediate. The 2-aryloxybenzoic acid
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intermediate is thus cyclized through an electrophilic cycloacylation process to form the
xanthone skeleton [75].

It was reported that the yield of the GSS synthetic route through benzophenone inter-
mediate is slightly higher than the aryloxybenzoic acid intermediate. The average yield
for synthetic xanthone through the GSS-benzophenone route is 60–90%. To improve the
synthesis yield, other cyclization reagents have been evaluated, such as a mixture of phos-
phorus pentoxide (P2O5) and methanesulfonic acid (MeSO3H), trifluoromethanesulfonic
acid (F3CSO3H), trifluoroacetic acid anhydride (F3CCO2COCF3), stannic chloride (SnCl4),
triphenylphosphine (PPh3) in carbon tetrachloride (CCl4), and others. So far, a mixture
of P2O5 and MeSO3H, named as Eaton’s reagent, gave a remarkable yield (80–95%) for
xanthone derivatives. Employing Eaton’s reagent leads to a direct cyclization process of
xanthone derivatives with no detectable benzophenone intermediate [74].

Other synthetic methods to obtain a higher yield of xanthones in fewer synthetic
steps have been evaluated. Cyclization using F3CSO3H for diaryl ether is useful to pre-
pare benzoxanthone and/or xanthone dimers in a single-step reaction. Friedel–Crafts
acylation followed by the cyclization of 2,2′-dialkoxybenzophenone has been reported
as a successful synthesis route of di-oxygenated xanthone. The Robinson–Nishikawa
route employs resorcinol and cyanobenzene derivatives to form ketimine intermediate.
Afterwards, strong base such as NaOH was employed to hydrolyze the imine functional
group and form the ether bond between two aromatic rings. The Tanase synthetic route
utilizes salicylaldehyde and phloroglucinol to form the pyran ring. Then, benzylic carbon
was further oxidized by chromium(VI) oxide to obtain the xanthone structure. Potas-
sium permanganate on manganese(IV) dioxide or ruthenium(IV) complex can be also
used to replace toxic chromium(VI) oxide in the green chemistry approach. The Ullman
synthetic route is a successful method to prepare euxanthone from ortho-chlorobenzoic
acid and phenolic derivatives. The 5,6-dimethylxanthone-4-acetic acid (DMXAA) was
successfully synthesized from 3,4-dimethylbenzoic acid in 22% yield using the Ullman
synthetic route [76].

Synthesis of xanthones using 4-picoline or 4-dimethylaminopyridine organocatalyst has
been reported from its chromone and acetylene derivatives. This reaction happened through
the Diels–Alder cyclization process [77]. Other Diels–Alder approaches are [4+2] cycloaddi-
tion of vinylchromone and Fries rearrangement of phenoxyisobenzofuran-1,3-dione with
Lewis acid catalyst. The esterification of benzoic acid with phenolic derivative gave diaryl
ester as a useful intermediate for the synthesis of xanthone skeleton. The diaryl ester can
be further transformed to benzophenone intermediate through Fries rearrangement. On
the other hand, the diaryl ester can be converted into diaryl ether intermediate through the
Smiles rearrangement. Meanwhile, the direct transformation of diaryl ester to xanthone can
be done through the pyrolysis reaction, losing water molecules as the side product. Mean-
while, the Friedländer synthesis is a common route in the synthesis of xanthone glycosides.
This reaction occurs between the amino- and carbaldehyde-substituted chromones with
ketonic glycosides under alkaline conditions [78]. A brief synthesis scheme of the xanthone
derivative is shown in Figure 6.

Further improvement in the synthesis of xanthone derivatives recently focused on
heterogeneous catalysis and microwave-assisted organic synthesis (MAOS). Heteroge-
neous catalysis is desirable in the green chemistry approach for our sustainable future,
as the heterogeneous catalyst material demonstrates a faster synthesis process, a higher
product yield, and a milder reaction condition. Moreover, heterogeneous catalyst material
can be recovered for further reusability purposes [79]. On the other hand, the MAOS
technique has been widely employed in the synthesis of xanthone derivatives, as the re-
quired reaction time is significantly shortened, together with dramatic improvement in
the product yield and selectivity [80]. The MAOS synthesis of xanthone derivatives from
salicylic acid with resorcinol, pyrogallol, cresol, and phloroglucinol gave the corresponding
xanthone derivatives in 72–98% yield within 5 min reaction time [81]. Palladium-catalyzed
acylation reaction can be used for the formation of xanthone skeleton from salicylaldehyde
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and dihalotoluene in 41–81% yield [82]. The tert-butylammonium hydroxide (TBAOH)
as the base has been employed in water-based reaction under MAOS technique to give
a quantitative yield of 2-methylxanthone within 4 min [80]. In 2020, metal-free synthesis
of benzo[c]xanthone from 1,3-diarylketone was reported by Liang et al., employing 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) as the base in dimethylsulfoxide (DMSO) solution.
The attraction of H-α with DBU leads to the cyclization reaction to form the γ-pyrone scaf-
fold within 30 min in 78–93% yield [83]. Another recent approach to synthesize xanthone
derivatives was reported by Steingruber et al., employing salicylaldehyde and dibromoben-
zene derivatives using palladium nanoparticles. High yield (up to 88% yield), as well
as high regioselectivity reaction, were achieved within 30 min reaction time in which
the nanopalladium catalyst can be used up to four consecutive cycles without losing its
activity [84]. Figure 7 shows the recent examples of the synthesis of xanthone derivatives
using MAOS technique.
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Multicomponent reaction in a one-pot synthesis of xanthone derivatives has been
attracting researchers’ attention due to the simple and convenient process [85]. In this mul-
ticomponent reaction, all the reagents are mixed in a reaction system, sometimes without
any usage of solvent, and the final product is the highly substituted xanthone derivative.
One-pot synthesis of xanthone was reported by Zhao et al., involving Michael addition, cy-
clization, 1,2-addition, and elimination reactions in a consecutive process [86]. The coupling
reaction between methyl salicylate and diaryliodine triflate salt yielded xanthone derivative
in 72% yield, however, the reaction took 12 h to reach the equilibrium state [75]. In 2019,
multicomponent synthesis of xanthone dimer was reported from isocyanide, dienophile,
and 3-carbonylchromone in 79% yield through [4+2] cycloaddition [87]. Recently, in 2021,
one-pot synthesis of xanthone was reported through carbonylative Suzuki coupling re-
action by Loureiro et al. This synthetic route utilized three reagents: ortho-iodophenol,
organoboron, and carbon monoxide, with Pincer palladium as complex as the catalyst
material. The reaction yield was quantitative (~100%), however, the reaction was time-
consuming (15 h) [88]. Figure 8 shows the recent examples of the multireagent synthesis of
xanthone derivatives. More detailed information on the synthesis of xanthone derivatives
is available in the published review article by Resende et al. in 2020 [89].
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The functional groups’ interconversion of xanthone derivative is shown in Figure 9.
In general, methylation, formylation, nitration, and halogenation reactions of the xanthone
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aromatic rings can be directly performed. Afterward, the other functional groups can be
converted through reduction, oxidation, nucleophilic substitution, esterification, amidation,
diazotization, and carbon–carbon coupling reactions. As prenylated xanthones serve as
the ideal platform for large biological activities, researchers sometimes do semi-synthesis
experiments by introducing a prenyl functional group in the naturally available xanthones.
Alkylation of hydroxyxanthone using prenyl bromide with potassium carbonate as the
base is the most used protocol to obtain prenylated xanthones. However, the selectivity of
this approach is unsatisfying, as the direct alkylation to the aromatic rings of xanthone is
inevitable. Thus, this method is only useful for the functionalization of completely substi-
tuted xanthones. It means that a selective prenylation of a certain hydroxyl group in the
polyhydroxyxanthone is also hardly obtained. For a direct prenylation of the aromatic rings
of xanthone, 2-methylbut-3-en-2-ol and boron trifluoride are useful reagents for a selective
prenylation reaction. The 1,3-dihydroxy-4-prenylxanthone has been successfully obtained
from 1,3-dihydroxyxanthone by using this route. Another approach to obtain prenylated
xanthone is through a Claisen rearrangement of prenoxyxanthone. The hydroxyxanthone
at first is prenylated using prenylbromide and potassium iodide to obtain the prenoxyxan-
thone as the intermediate, and then the prenoxyxanthone was heated in the presence of
Lewis acid catalyst to obtain the prenylated xanthone. However, it should be kept in mind
that further cyclization between hydroxy and prenyl groups sometimes directly occurred
to give the dihydrobenzofuran derivative of xanthone [74]. Total synthesis of xanthone
derivatives has been reported due to the trace isolation yield of certain xanthones from
natural sources. The total synthesis of termicalcicolanone A, α-mangostin, and mangiferin
has been reported recently [90–93].
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2.5. In Vitro Anticancer Assay of Xanthone Derivatives

Figure 10 shows the commonly evaluated cancer cells through in vitro assay, such as
breast, hepatoma, cervix, colorectal, ovarian, lung, gastric, leukemia, skin, epidermoid na-
sopharynx, prostate, neuron, brain glioblastoma, and other cancer cells, including murine,
pancreatic, and renal cancer cells. Each cancer cell has its own characteristics. As an
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example, NCI-H187 is a small lung cancer cell, while NCI-H460 is a non-small lung cancer
cell. As another example, K562 represents sensitive leukemia cancer cells, while K562/R
represents drug-resistant leukemia cancer cells. On the other hand, cytotoxic assay for
normal cells usually employs H9C2, HEMC, HL-7702, and Vero cell lines [5].

The xanthone derivatives act as anticancer agents through several mechanisms of
action. First, activation of caspase proteins induces the apoptosis of cancer cells. Second,
inhibition of protein kinases leads to the proliferation of cancer cells. Third, inhibition
of aromatase enzyme leads to the inhibition of breast cancer cells’ growth [19]. Fourth,
prostaglandin PG-E2 inhibition is another mechanism for the anticancer activity of xan-
thone derivatives. The PG-E2 is a lipid biomolecule that is involved in the inflammation,
angiogenesis, apoptosis, and proliferation of cancer cells [94–97]. Fifth, topoisomerase inhi-
bition is critical to stop the DNA replication process in cancer cells [98]. Sixth, the inhibition
of P-glycoprotein (P-gp) is critical for the multidrug resistance of the cancer cells, since P-gp
protein protects the cancer cells by preventing xenobiotics transport into the membrane
cells [99,100]. Seventh, RNA bindings and DNA cross-links could significantly suppress
the replication of cancer cells [101]. In this section, a brief update on the anticancer assay of
xanthone derivatives based on the structure of xanthone derivatives will be described in
the following order: simple oxygenated xanthones, glycosylated xanthones, prenylated
xanthones, and thioxanthones. The chemical structures of the evaluated xanthones are
shown in Figure 11.

Simple oxygenated xanthones are widely explored as anticancer agents. The 1,3-
dihydroxyxanthone is well known for its remarkable anticancer activity against cancer cell
lines. In 2007, Woo et al. introduced 2-epoxypropyl group on the 1,3-dihydroxyxanthone
to improve its inhibitory activity against topoisomerase I and II proteins. Compound 1a
was inactive against MCF-7 and HeLa cells with IC50 values of 68.4 and 68.7 µM, respec-
tively. Meanwhile, an additional 2-epoxypropyl group at C-1 position (compound 1b)
drastically improved the IC50 values to 3.28 and 23.3 µM against MCF-7 and HeLa cells,
respectively [102]. It was also reported that xanthone derivatives with halohydrin, methoxy,
and amino substituents at C-3 and C-5 positions were also active for topoisomerase in-
hibition [103,104]. Furthermore, it was reported that DNA crosslinking occurred on the
targeted cancer cells after the treatment with the epoxy-xanthones.

In 2008, Varache-Lembège et al. synthesized several xanthone derivatives and evalu-
ated their anticancer activity. Among the prepared xanthones, compound 2 gave a potential
anticancer activity against KB and MCF-7 cell lines through the antiproliferative mech-
anism. The presence of nitrogen atoms in the heterocyclic rings was found to enhance
the anticancer activity of these xanthone derivatives. However, no clear structure–activity
relationship was observed with the difference of hydrazonomethyl moiety position. The
acetylated group also enhanced the anticancer activity, as the intracellular enzyme could
hydrolyze back to dihydroxyxanthone. They found that compound 2a–c exhibited strong
inhibition activity with the IC50 values of 2.40, 0.90, and 1.05 µM against KB cells, while
these compounds gave IC50 values of 1.3, 0.8, and 0.9 µM against MCF-7 cancer cell line,
respectively. These values were much lower compared to the doxorubicin with IC50 values
of 25.0 and 25.7 µM toward KB and MCF-7, respectively [105]. On the other hand, the
anticancer activity of synthetic aminoalkoxylated benzo[b]xanthones was evaluated against
HepG2, Bel-7402, HeLa, MGC-803, and CNE cell lines. Compound 3 gave the most potent
anticancer activity, with IC50 values of 3.51, 1.64, 1.59, 0.85, and 0.47 µM against HepG2, Bel-
7402, HeLa, MGC-803, and CNE cell lines, respectively. The presence of the dimethylamino
group at C-3 position on the benzo[b]xanthone structure seemed to be critical for the anti-
cancer activity against these cell lines [106]. It was reported that aminoalkanol-xanthones
could generate the overexpression of manganese superoxide dismutase, thus decreasing
reactive oxygen species (ROS)-mediated cell senescence. The aminoalkanol-xanthones
also lead mitochondrial dysfunction and cellular apoptosis on the evaluated cancer cell
lines [107].
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Figure 10. Commonly targeted cancer cells for evaluation through in vitro assay.

In 2014, Yang et al. examined the anticancer activity of several synthetic compounds
based on 1,3-dihydroxyxanthone against CNE, MGC-803, Bel-7402, and A549 cell lines. It
was reported that mono- and dioxygen functional groups were pivotal for the inhibitory
activity against protein kinases. The presence of the aminoalkoxy group showed the in-
crement of anticancer activity, while the introduction of the bromoalkoxyl group did not
improve the anticancer activity. When the terminal amino group was quaternary ammo-
nium salt, the anticancer activity of xanthone became weaker, due to poor cytomembrane
penetration. The different terminal amino substituents had different effects in the incre-
ment of anticancer activity with the order: diethylamino > dimethylamino > pyrrolidine >
piperidine > morpholino. Compound 4 exhibited the best anticancer activity, as measured
by inhibitory activity (3.57–20.1 µM) against the aforementioned cancer cells. For a specific
MGC-803 cancer cell, compound 4 exhibited a time-and dose-dependent proliferation
inhibition. For a concentration greater than 1.0 µM, MGC-803 cells viability decreased
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significantly, due to lower mitochondrial membrane potential and intracellular calcium
leading to the apoptosis mechanism [108].
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Figure 11. Evaluated xanthone derivatives as the anticancer agents through in vitro assay.

In 2014, Shen et al. synthesized several xanthones through the modification of the free
hydroxyl group of xanthone with dimethylamine group. The inhibitory activity of these
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xanthones was tested against ECA109, SGC-7901, and GLC-82 cell lines. It was found that
the presence of aminoalkyl moiety was critical to its anticancer activity, as well as DNA
binding. Moreover, the addition of dimethylamino side-chain resulted in the enhancement
of anticancer activity. Compound 5a gave the IC50 value of 25.7, 33.2, and >50.0 µM against
ECA109, SGC7901, and GLC-82 cell lines, respectively. Meanwhile, compound 5b with
aminoalkyl moiety gave lower IC50 values of 9.56, 13.3, and 16.1 µM against the same
cancer cell lines, respectively. The presence of polar aminoalkyl moiety in compound 5b
gave a higher hydrophilicity; thus, this compound could easily penetrate the cancer cell
membrane, leading to anticancer activity enhancement. Additionally, the aminoalkyl
moiety having a higher pKa value is easily protonated which generate a cationic charge in
order to bind with the DNA through its phosphate groups. This phenomenon blocked the
DNA replication which is related to the inhibitory activity against the evaluated cancer
cell lines [109]. In the same year, Fernandes et al. prepared a chiral xanthone derivative
and evaluated its anticancer activity against A375-C5, MCF-7, and NCI-H460 cell lines.
Compound 6 was the most potent anticancer agent against the A375-C5, MCF-7, and
NCI-H460 cell lines, with IC50 values of 32.2, 22.6, and 14.1 µM, respectively. They found
that the effect of the growth inhibitory activity of the xanthone compound was not only
affected by the nature and position of the substituent but also the enantioselective effect.
The presence of aryl group on the stereogenic center of xanthone was found to enhance
the inhibitory activity against cancer cell lines [110]. On the other hand, it was reported
that (R)-isomer of compound 7 gave lower IC50 value (IC50 = 24.0 µM) than the (S)-isomer
(IC50 = 112 µM) against MCF-7 cancer cell line. This phenomenon was caused by a more
stable complex conformation between the (R)-isomer with the DNA through crosslinking
reactions than the (S)-isomer one [111].

In 2016, Liu et al. synthesized xanthone derivatives bearing 3,6-disubstituted aminocar-
boxymethoxy moiety and evaluated them as the anticancer agent. Among the evaluated
xanthones, compound 8 exhibited the highest anticancer activity with the IC50 value of
6.18, 8.06, 4.76, 4.59, and 6.09 µM against PC-3, MDA-MB-231, AsPC-1, A549, and HCT-116
cell lines, respectively. Compound 8 promoted cell cycle arrest, induced cell apoptosis, and
provided antiproliferative effect on cancer cell viability. The presence of the 4-methyl group
was critical in the xanthone structure, as it exhibited a higher potent anticancer activity. In
contrast, the presence of oxygen atoms on the side chain of xanthone reduced the growth
inhibitory activity against these cancer cell lines. This effect may be generated from the
possibility of hydrogen bonds formation with other biological macromolecules outside the
active site of the protein target. Additionally, the steric effect of the substituent at the side
chain may also contribute to a lower inhibitory activity [112]. A similar result was reported
by Dai et al. whereas the substituted phenyl moiety decreased the anticancer activity of
xanthone derivatives due to steric effect [113].

Minniti et al. in 2017 investigated the anticancer activity of synthetic xanthone deriva-
tives with various polyamine moieties, including spermine, spermidine, butanediamine,
and propanediamine at C-3 position. It was reported that the presence of the secondary
amine group in the side chain significantly affected the topoisomerase II-drug interac-
tion. Compound 9 was found to give the most potent inhibition of the catalytic activity
of topoisomerase IIα, as evaluated using DNA relaxation assay. Compound 9 inhibited
DNA relaxation with the IC50 of 1.00 µM. Specifically, compound 9 acts at the DNA cleav-
age/ligation active side and compound 9 is able to inhibit the ability of DNA to stimulate
the rate of ATP hydrolysis. Furthermore, the presence of primary and secondary amine
side-chains is more important, rather than the number of primary amines in the chain, or
their distance from the primary amine [114].

In 2017, Liu et al. examined the anticancer activity of synthetic xanthones against
MCF-7, MDA-MB-231, HepG2, K562, and COLO-320 cell lines. Among the synthesized
xanthones, compound 10 showed the highest anticancer activity against MDA-MB-231 cell
line, with an IC50 value of 0.46 µM. The inhibitory activity of compound 10 against MDA-
MB-231 cell line was found to be much stronger compared to DMXAA (IC50 = 48.0 µM).
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Additionally, compound 10 also showed potent inhibitory activity against MCF-7, HepG2,
K562, and COLO-320 cell lines, with IC50 values of 3.40, 9.20, 13.4, and 10.5 µM, respectively.
The inhibitory effect was found as the result of induced apoptosis of the evaluated cancer
cell lines. The effect of the electron-withdrawing group introduced to the opposite aromatic
ring of 1,3-dihydroxyxanthone derivatives increased the anticancer activity, while the
electron-donating group showed the opposite effect. Remarkably, the xanthone derivatives
showed an enhanced inhibitory activity when combined with DMXAA. This synergistic
effect demonstrated a good approach for the design and development of more potent
anticancer drugs [115].

In 2018, Zhou et al. synthesized several xanthone derivatives and evaluated their
anticancer activity against A549 and SMMC-7721 cancer cell lines. Compounds 11a–b with
fluoro substituents were active against A549 cells, whereas compounds 11c–d were inactive
against this cancer cell line. The anticancer activity of compound 11a (IC50 = 29.9 µM)
and compound 11b (IC50 = 24.9 µM) was stronger than cisplatin (IC50 = 32.4 µM) as
the positive control. In contrast, the anticancer activity of non-fluorinated xanthones
(IC50 = 6.14–14.0 µM) was stronger than that of fluorinated ones (IC50 = 27.2–37.4 µM)
against SMMC-7721 cell line. The anticancer activity of non-fluorinated xanthones 11c–d
(IC50 = 6.14–14.0 µM) was also stronger than cisplatin (IC50 = 26.3 µM) [116].

Recently, Pedro et al. synthesized oxygenated xanthones and evaluated their anti-
cancer activity against MCF-7, TK-10, and UACC-62 cell lines. Additional oxygenated
groups in the xanthone core gave a significant effect on the anticancer activity enhancement.
Among several synthesized xanthone derivatives, compound 12 was reported as the best
anticancer agent against MCF-7, TK-10, and UACC-62 cells with the IC50 values of 21.9,
34.3, and 20.0 µM, respectively. In addition, the compound 12 is considered to be safe for
the anticancer application as no cytotoxic to the human lymphocytes (cell viability > 70%)
is observed. The nature of substituents in oxygenated xanthone structure had a significant
effect on its anticancer activity. For example, the 1,2-dihydroxyxanthone exhibited a weaker
anticancer activity than 2-hydroxy-1-methoxyxanthone. Therefore, the suitable functional
group should be considered to be a critical parameter in the design of oxygenated xanthone
derivative, with high potential for anticancer activity [117].

Our research group has been working on anticancer research employing xanthone
derivatives since 2010. Several hydroxyxanthone derivatives including 2-hydroxyxanthone,
3-hydroxyxanthone, 1,3-dihydroxyxanthone, 1,6-dihydroxyxanthone, 3,4-dihydroxyxanthone,
3,6-dihydroxyxanthone, 1,3,6-trihydroxyxanthone, 1,5,6-trihydroxyxanthone, 3,4,6-trihydro-
xyxanthone, and 1,3,8-trihydroxyxanthone have been synthesized in 2010–2021 [118–126].
Among them, 3,4,6-trihydroxyxanthone (13) was one of the most active anticancer agents. The
anticancer activity of compound 13 against WiDr cells gave an IC50 value of 37.8 µM. Further-
more, compound 13 was not toxic against Vero cell lines (IC50 = 2510 µM), giving a selectivity
index (SI) of 66.4, which was higher than doxorubicin (49.4) [127]. From the quantitative
real time-polymerase chain reaction, compound 13 suppressed the mRNA cyclooxygenase-2
(COX-2) expression by 37%, with no inhibitory expression against vascular endothelial growth
factor receptors. Therefore, it was concluded that compound 13 inhibited the COX-2 enzyme
and started chronic inflammation in the cancer cells. A molecular docking study showed that
compound 13 interacted with Tyr355 and Arg120 amino acid residues of COX-2 enzymes,
yielding a binding energy of −77.0 kcal/mol [128].

Anticancer activity of chlorinated-hydroxyxanthones has been evaluated against
HepG2 and P388 cell lines. Chlorinated-hydroxyxanthones, i.e., 4-chloro-1,3-dihydroxyxa-
nthone, 4,5,7-trichloro-1,3,6-trihydroxyxanthone and 4-chloro-3,6-dihydroxyxanthone are
inactive against HepG2 cells with IC50 values of 206–666 µM. These IC50 values are lower
than hydroxyl derivatives (786–828 µM) against the same HepG2 cancer cell line. Fur-
thermore, the SI value of chlorinated-hydroxyxanthones was higher (5.31–22.0) than
hydroxyxanthones (2.58–10.60) against HepG2 cells. On the other hand, 4-chloro-1,3-
dihydroxyxanthone also gave a lower IC50 (12.5 µM) than 1,3-dihydroxyxanthone (68.0 µM)
against the P388 cancer cell line. The 4,5,7-trichloro-1,3,6-trihydroxyxanthone gave a lower
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IC50 (5.21 µM) than 1,3,6-trihydroxyxanthone (23.5 µM) against P388 cells. Meanwhile, the
4-chloro-3,6-dihydroxyxanthone gave a lower IC50 (0.69 µM) than 3,6-dihydroxyxanthone
(10.4 µM) against P388 cancer cells. The SI value of chlorinated-hydroxyxanthones were
much higher (87.6–9200) than hydroxyxanthones (31.2–844) against P388 cell line. From
the molecular docking study, it was found that chlorinated-hydroxyxanthones were able to
inhibit the c-KIT protein through hydrogen bond interactions with Asp810, Cys809, Ile789,
His790, and Leu644 [124].

The 4,5,7-trichloro-1,3,6-trihydroxyxanthone (14) gave no anticancer activity against
HeLa (IC50 = 251 µM), T47D (IC50 = 1398 µM), and HepG2 (IC50 = 262 µM) cancer cell lines.
In contrast, compound 14 gave moderate anticancer activity against P388 (IC50 = 5.21 µM)
cancer cells. Furthermore, the IC50 value of compound 14 (IC50 = 15.9 µM) was lower than
doxorubicin (IC50 = 25.4 µM) against Raji lymphoma cell line. The toxicity of compound 14
for Vero cell lines was reported to be in IC50 of 256 µM, yielding an SI value of 16.1. From
the molecular docking study, compound 14 gave strong binding energy against Raf-1
(−79.4 kcal/mol) and c-Jun-N-terminal protein kinase (c-JNK) (−75.4 kcal/mol) proteins.
Compound 14 formed hydrogen bonds with Cys424, Lys431, Ser427, and Gly426. The
number of the hydrogen bond interactions (4) of compound 14 with Raf-1 protein was
much higher than for the native ligand (1 hydrogen bond with Cys424). Compound 14
generated additional hydrogen bonds with Met111, Glu109, and Ser34 (two hydrogen
bonds) on the active site of c-JNK protein. The number of hydrogen bond interactions (4)
of compound 14 with c-JNK protein was also higher than the native ligand (2 hydrogen
bonds with Met111 and Glu109) [124].

The synergistic effect between compound 14 and doxorubicin against Raji lymphoma
cell line has also been studied. It is well-known that drug resistance can be overcome
through drug combination as the mechanism of action of two/more drug compounds,
which may be different from in their individual usage. Furthermore, a synergistic effect
of two/more drugs could lower the dose and thus suppress the side effects to the human
body [127]. Combination of both compounds gave the combination index value in a
range of 0.06–0.29, indicating a good synergistic anticancer effect. It was reported that
compound 14 inhibited Raf-1 protein and activated c-JNK protein. Inhibition of Raf-1
protein led to a higher sensitivity of cancer cells to doxorubicin. On the other hand,
the activation of c-JNK protein led to the translocation of pro-apoptotic protein Bax to
cytoplasm and stimulated the apoptosis mechanism of cancer cells [128].

Two new brominated-hydroxyxanthones, i.e., compounds 15a and 15b, have also
been prepared from 2,4-dihydroxybenzoic acid. The compound 15a was synthesized
through bromination reaction of 2,4-dihydroxybenzoic acid first, and then followed by a
cyclization reaction with phloroglucinol. On the other hand, compound 15b was obtained
from a bromination reaction of 1,3,6-trihydroxyxanthone. Both compounds gave moderate
anticancer activity against P388 cell line, with IC50 and SI values of 6.34–10.7 µM and
43.2–74.4, respectively. The molecular docking study revealed that the anticancer activity
of brominated-hydroxyxanthones was generated by hydrogen bonding interactions with
His790, Cys809, Leu644, Ile789, and Asp810 on the active site of c-KIT protein [129].

Glycosylated xanthones have also been evaluated as anticancer agents. Mangiferin (16),
a famous glycosylated xanthone, was reported for its anticancer activity against colorec-
tal cancer cells through the inhibition of bcr/abl gene expression, thus inducing cellular
apoptosis. In 2013, Li et al. isolated mangiferin from mangosteen fruit, and evaluated
its anticancer activity against MDA-MB-231 and BT-549 cell lines. Mangiferin exhibited
poor anticancer activity against MDA-MB-231 and BT-549 cells, giving the IC50 of 299 and
274 µM, respectively. Mangiferin gave a lower expression of matrix metalloproteinase-7
(MMP-7), MMP-9, beta-catenin, and vimentin, and simultaneously gave a higher expres-
sion of E-cadherin, thus leading to the antiproliferative phenomenon [130]. On the other
hand, mangiferin also acts through influencing cell cycle arrest, activating the caspase-3
protein, and inhibiting the nuclear factor kappa B (NF-κB) pathway [131]. A synergistic
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cancer treatment employing mangiferin with doxorubicin and oxaliplatin has also been
reported to enhance the anticancer activity of mangiferin [132].

In 2015, Song et al. synthesized several xanthone derivatives bearing rhamnopyra-
noside moiety, and evaluated their anticancer activity against several cancer cell lines. It
was found that the presence of sugar moiety was crucial for anticancer activity. Compound
17 exhibited moderate to strong anticancer activity against HL-60, MDA-MB-231, MDA-
MB-468, HCT-116, PC3, Rh30, A549, BEL-7402, MKN45, A431, 786-O, and KB cell lines,
with IC50 values of 2.20, 4.30, 3.47, 2.20, 3.99, 2.37, 1.05, 2.43, 6.29, 2.59, 4.70, and 0.55 µM,
respectively. Specific to KB cancer cells, compound 17 could inhibit cell growth by inducing
apoptosis, both in extrinsic and intrinsic pathways, and arresting cell cycle progression at
the G2/M phase. It was reported that xanthone-O-glycosides at C-3 and C-6 positions were
inactive against NCl-H460, MCF-7, and A375-C5 cell lines. However, acylation of all of the
hydroxy groups of this xanthone-O-glycosides drastically enhanced the anticancer activity
against NCl-H460 and MCF-7 cell lines, with IC50 values of 0.19 and 0.46 µM, respectively.
This result demonstrated that the acetyl group on the pyranosyl ring was critical for the
anticancer activity [133].

In 2019, Alves et al. evaluated the anticancer activity of synthetic xanthone compounds,
with acetyl groups against A375-C5, MCF-7, NCI-H460, U-251, U-373, and U-87 cancer
cell lines. Compound 18 showed the most potent growth inhibitory activity against these
cancer cells. Compound 18 gave IC50 values of 135, 0.46, 0.19, 0.55, 0.42, and 0.42 µM
against A375-C5, MCF-7, NCI-H460, U-251, U-373, and U-87 cell lines, respectively. The
presence of acetyl groups in compound 18 was found to increase its anticancer activity.
However, the presence of acetyl groups led to poor water solubility, which can be overcome
by encapsulating compound 18 in a drug delivery system [12].

Prenylated xanthones are the most evaluated xanthones, due to their promising appli-
cation as the anticancer agent. In general, prenylated xanthones exhibited higher anticancer
activities than the other classes. Early in 1992, Sordat-Diserens et al. reported that com-
pound 19 isolated from the root bark of Garcinia livingstonei gave the IC50 value of 1.58 µM
against WiDr cancer cells, which was twice as low as 5-fluorouracil (IC50 = 3.08 µM) [134].
The anticancer activity of psorospermin has also been reported. Initially, psorospermin was
isolated from the radix of Psorospermum febrifugum in Africa in 1980. This compound exhib-
ited in vitro and in vivo anticancer activity against wild type and drug-resistant leukemia
cells. Furthermore, good anticancer activity of psorospermin against breast and colorectal
cancer cells has also been reported. The psorospermin acts as the anticancer agent through
DNA intercalation between base pairs at positions 11 and 12, as well as guanine alkylation
on the topoisomerase II protein with its epoxydihydrofuran moiety. The DNA alkylation
on the active site of topoisomerase II protein leads to inactivation on the DNA replication
of cancer cells [135]. Another anticancer agent based on natural xanthone derivatives
is desoxymorellin (20) isolated from the dry latex of Garcinia hanburyi. It was reported
that desoxymorellin gave IC50 values of 0.74, 0.77, and 1.15 µM against HeLa, K562, and
K562/R cell lines, respectively, through the apoptosis induction mechanism [136,137].

In 2006, Laphookhieo et al. isolated a prenylated xanthone from the roots of Cratoxylum
cochinchinense and evaluated its anticancer activity against NCI-H187. This compound
showed a potential cytotoxic effect against NCI-H187 cancer cell line with an IC50 value
of 1.45 µM. Remarkably, it showed no cytotoxic activity against KB and BC-549 cell lines,
which indicated excellent selectivity against NCI-H187 cancer cells. It was proposed
that the presence of geranyl moiety in the isolated compound corresponded to its strong
anticancer activity [138]. In the same year, Suksamrarn et al. reported the isolation of a
new prenylated type xanthone, mangostenone C (21), from the early ripe fruit of Garcinia
mangostana. The anticancer activity of mangostenone C was evaluated against KB, BC-
1, and NCI-H187 cells, giving IC50 values of 6.11, 7.70, and 8.11 µM, respectively. The
anticancer activity of mangostenone C against NCI-H187 was still weaker, but comparable
to α-mangostin (5.07 µM) and gartanin (IC50 = 2.72 µM). This finding means that the
tetraoxygen framework exhibits stronger anticancer activity [139].
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Gambogic acid is one of the most famous natural xanthones as an anticancer agent [140,141].
Gambogic acid shows strong anticancer activity against BGC-823, KB, A549, NCI-H460, HepG2,
HT-29, MCF-7, DU-145, HL-60, P388, K562/S, and K562/R cell lines in the range IC50 of
0.38–4.45 µM [136,142–146]. Furthermore, gambogic acid is very valuable for the treatment of
cholangiocarcinoma liver cancer, since no effective anticancer drug is available as of today for
this disease [56]. Gambogic acid exhibited anticancer activity for several cancer cells due to many
mechanisms of action. The main mechanism of action is apoptosis induction on cancer cells.
The apoptosis induction from gambogic acid was generated from several inhibition pathways
against NF-microB signaling, c-JNK phosphorylation, G0/G1 phase cell cycle arrest, and Bcl-2
mRNA expression. It was reported that gambogic acid also activated Bax mRNA expression
and p53, interacted to transferrin receptor 1 (TfR-1) protein, decreased mitochondria membrane
potential, accumulated reactive oxygen species, and depolymerized the microtubules [147–152].
These pathways led to a strong apoptosis induction signal on the cancer cells. In 2007, Jang et al.
isolated gambogic amide (22) as the main component in gamboge, an orange-brownish resin
exuded from the plant of Garcinia hanburryi, which is often used as traditional medicine for
cancer treatment. The anticancer activity of gambogic amide was found to be related to the
apoptotic activity against T17 cells with an IC50 of 5.00 nM. The T17 cell line was derived from
the basal forebrain of SN56 cell; therefore, T17 cells were defined as TrkA stably transfected
SN56 cells. The gambogic amide could selectively bind to TrKA, triggering its tyrosine phos-
phorylation, and preventing neuronal cell death. These phenomena yielded an agonist effect
to nerve growth factor (NGF) thus giving potent neurotrophic activity. Moreover, gambogic
amide could block apoptotic machinery independent of the Trk receptor, which led to its ability
to trigger programmed cell death for the cancer cell lines [153].

Two new xanthones isolated from Terminalia calcicola named as termicalcicolanones
A (23) and B (24) have been reported in 2007. Termicalcicolanones A and B showed weak
to moderate anticancer activity against A2780 cells, with IC50 values of 40.6 and 8.10 µM,
respectively [154]. With a similar structure, the positions of hydroxyl and pyranosyl moi-
eties on termicalcicolanone significantly influence anticancer activity [155]. A combination
of pyranoxanthone and paclitaxel has also been reported to enhance their anticancer ac-
tivity [156]. In 2010, Palmeira et al. synthesized xanthone derivatives by modifying the
dihydroxyxanthone through prenylation and ring closure reactions. The synthesized com-
pounds were evaluated as the anticancer agents against K-562, HL-60, and BV-173 cell lines.
They found that compound 25 gave the most promising inhibitory activity on the K-562
cell viability, with an IC50 value of 20.0 µM. Additionally, compound 25 gave a moderate
inhibitory activity against HL-60 and BV-173, with an IC50 value of 7.00 and 14.0 µM,
respectively. The inhibitory mechanism was suggested to come from the antiproliferative
and apoptotic effects on the evaluated cancer cell lines [157].

In 2011, Johnson et al. evaluated the anticancer activity of pure α-mangostin (26)
against LNCaP, 22Rv1, DU 145, and PC-3 cancer cell lines, with IC50 values of 5.90, 6.90,
22.5, and 12.7 µM, respectively. The α-mangostin could induce cancer cell apoptosis at
a concentration equal to or higher than 15 µM. Meanwhile, α-mangostin can promote
G0/G1 cell cycle arrest at a lower concentration (<15 µM) [158]. Other research groups
reported that α-mangostin also showed moderate anticancer activities against T47D, MDA-
MB-231, PC12, DLD-1, and HL-60 cell lines, with IC50 values of 2.44–28.5 µM [159–164].
The main mechanisms of action for α-mangostin as the anticancer agent were antiprolif-
eration, apoptosis induction, and dysfunction of mitochondria [161,165]. Furthermore,
the other mechanisms of action for α-mangostin were observed through influencing the
G0/G1 phase cell cycle arrest and inhibition of tau-phosphorylation, p38 mitogen-activated
protein kinase (MAPK), human epidermal growth factor receptor 2/phosphatidylinositol-
3-kinase/Akt (HER2/PI3K/Akt), and extracellular signal-regulated protein kinase 1/2
(ERK1/2) signaling pathways [34,166]. A synergistic effect between α-mangostin and cis-
platin has been reported for cervix cancer cells treatment [167]. The introduction of prenyl
group at C-1 position dramatically increased the anticancer activity of α-mangostin against
the MCF-7 cell line [34]. Azevedo et al. explained that 2,2-dimethyl-3,4-dihydropyran moi-
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ety was critical for the anticancer activity against HL-60, A375-C5, NCl-H460, and MCF-7
cells [168]. On the other hand, the hydroxyl groups at C-3 and C-6 positions were also
critical for the anticancer activity of α-mangostin against B16F10, MDA-MB-231, AsPC-1,
SW-620, and NCI-H460 cell lines [169].

In 2012, Chang and Yang isolated another natural xanthone, γ-mangostin (27), from
the hull of mangosteen fruit. The γ-mangostin was one of the major xanthone components
in the mangosteen fruit. The γ-mangostin was evaluated as the anticancer agent against HT-
29 cells. Unfortunately, γ-mangostin was non-active against HT-29 cells (IC50 = 68.5 µM).
This inhibitory activity occurred through the induced apoptosis mechanism [170]. Cheng
et al. synthesized benzoxanthones and evaluated their anticancer activity against A549,
MDA-MB-435, and HCT-116 cell lines. Compound 28 showed the most potent anticancer
activity, with IC50 values of 14.3, 15.8, and 5.17 µM for A549, MDA-MB-435, and HCT-
116, respectively. The inhibitory activity of compound 28 as an anticancer agent relies on
topoisomerase I protein inhibition, which led to the DNA relaxation of cancer cells [171].

In 2012, Niu et al. isolated a bioactive compound-based xanthone derivative from
the stem bark of Garcinia bracteata and evaluated its anticancer activity against HL-60. The
extraction, partition, and purification of the stem bark of Garcinia bracteata yielded up to 31
xanthone derivatives. Among them, three compounds: compound 29, globuxanthone (30),
and garciniaxanthone E (31) exhibited strong anticancer activity against HL-60 cell line, with
IC50 values of 2.80, 3.40, and 3.10 µM, respectively. Compound 29 and garciniaxanthone E
had prenyl moiety at their structure which corresponded to a stronger anticancer activity
against HL-60 cells, indicating that the prenyl groups play an important role in the growth
inhibitory activity. The number of prenyl groups was also suggested to significantly
increase the inhibitory activity of xanthone. However, the addition of prenyl groups at
the side-chain as in garciniaxanthone E did not significantly affect its activity compared
to compound 29. Garciniaxanthone E was also reported for its anticancer activity against
breast, lung, liver, gastric, colorectal, and leukemia cancer cell lines through the activation
of caspase proteins and inhibition of PG-E2 pathways [172].

Lim et al., 2012 synthesized several xanthone derivatives owing to the prenyl group,
and evaluated their anticancer activity against HeLa and MDA-MB-231 cell lines. Among
the synthesized compounds, compound 32 showed the most promising anticancer activity.
Compound 32 gave IC50 values of 8.90 and 4.50 µM against HeLa and MDA-MB-231
cell lines, respectively. The anticancer activity of compound 32 was twice as strong as
doxorubicin and cisplatin as the positive standards. The presence of nonplanar geminal-
diprenylated rings was suggested to enhance its inhibitory activity against the cancer
cell lines [173]. In the same year, Zhang et al. synthesized several xanthone derivatives
which belong to the aza-caged Garcinia analogues. The synthesized compounds were
evaluated as anticancer agents against HepG2, A549, and U-251 cell lines. Among them,
compound 33 showed the highest anticancer activity, with IC50 values of 2.62, 2.10, and
16.4 µM against HepG2, A549, and U-251 cell lines, respectively. Moreover, compound 33
also showed inhibitory activity against serine/threonine protein kinase, nuclear factor
kappa-B kinase subunit gamma (IKK-β), with an IC50 value of 8.02 µM. The introduction
of hydrophobic moiety in the aza-caged xanthone structure leads to a stronger anticancer
activity. Moreover, it was reported that the presence of substituent group with larger
volume was preferred in the anticancer activity enhancement, due to preferable interaction
with the putative receptors. Compound 33 exhibited the anticancer activity through the
apoptosis induction mechanism [174].

In 2013, Zhang et al. synthesized a natural xanthone derived from Garcinia species
and evaluated its anticancer activity against HepG2 and A549 cell lines. Compound 34
was considered to give strong anticancer activity against HepG2 and A549 cell lines with
IC50 values of 3.25 and 3.60 µM, respectively. Furthermore, compound 34 was also found
to have good bioavailability, and it was orally active, as tested through an in vivo assay.
Compound 34 was capable of giving the inhibition rate of 58% against tumor growth
(hepatoma solidity/Heps) at 100 mg/kg daily oral dose for 4 days, which was much better
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compared to the natural product with a similar structure, gambogic acid. However, a
further clinical evaluation has not been reported yet [175].

In 2015, several isolated xanthones from the branches of Garcinia achachairu were
investigated as the anticancer agents against nasopharynx cancer cells (CNE-1, CNE-2,
and SUNE1). A new prenylated xanthone (35) showed a remarkable anticancer activity
with the IC50 of 1.43, 0.73, and 2.23 µM against CNE-1, CNE-2, and SUNE1 cell lines,
respectively. On the other hand, the anticancer activity of compound 36 was evaluated
against U-251, MCF-7, NCI/ADR-RES, 786-0, NCI-H460, PC-3, HT-29, and HaCat cell
lines, giving IC50 values of 11.2, 34.0, 8.61, 19.6, 56.2, 10.5, 58.1, and 30.6 µM, respectively,
which was comparable to doxorubicin [176]. The mechanism of anticancer activity of
both compounds was suggested through the antiproliferative effect on the evaluated
cancer cell lines [177]. In 2016, Li et al. isolated xanthone derivatives from the leaves of
Garcinia paucinervis plant, which yielded a new compound, paucinervin I (37). Paucinervin
I showed strong anticancer activity against HL-60 cell line with the IC50 value of 1.30 µM.
The anticancer activity of paucinervin I was stronger than 5-fluorouracil (IC50 = 2.37 µM).
The presence of angular pyranoxanthone skeleton in paucinervin I compound seemed
to play a pivotal role in its antiproliferative activity [178]. In 2017, Yang et al. isolated a
new prenylated xanthone derivative, 7-O-demethyl mangostanin (38), from the pericarp of
mangosteen fruits, and studied its anticancer activity against CNE-1, CNE-2, A549, H490,
PC-3, SGC-7901, and U-87 cancer cell lines. The 7-O-demethyl mangostanin gave IC50
values of 3.35, 4.01, 4.84, 7.84, 6.21, 8.09, and 6.39 µM against CNE-1, CNE-2, A549, H490,
PC-3, SGC-7901, and U-87 cancer cell lines, respectively. The 7-O-demethyl mangostanin
gave a stronger anticancer activity when compared to the Hirsutanol A as the positive
control (IC50 = 6.30–15.0 µM). The mechanism of action of 7-O-demethyl mangostanin was
generated by the induction of the late and early-stage apoptosis of cancer cells [67].

In 2018, Jia et al. isolated xanthone derivatives from the stem of Garcinia paucinervis
and evaluated their anticancer activity against HL-60, PC-3, and Caco-2 cell lines. The
isolation process yielded two new xanthones, (-)paucinervin O (39) and pacinervin P (40).
Compound 39 showed strong anticancer activity, with IC50 values of 0.87 and 2.06 µM
against HL-60 and Caco-2 cells, respectively. Compound 39 owing a furan ring was found
to be more active against three cancer cell lines compared to the compounds with a dihy-
drofuran ring. On the other hand, compound 40 gave a strong anticancer activity, with
IC50 value of 4.66 µM against PC-3 cells [179]. In 2019, Liu et al. synthesized several
xanthone derivatives and evaluated their potential anticancer activity against hepatoma
cancer cells, i.e., HepG2, Hep3B, SMMC-7721, and HuH-7. They found that the presence
of the 3-methyl-2-butenyl group was crucial for the enhancement of anticancer activity
specifically against HepG2 cells. Additionally, when 3-methyl-2-butenyl and 1,3-dihydroxy
moieties formed a cyclic conjugate system, a much stronger anticancer activity was ob-
served against all evaluated cancer cells. Among them, compound 41 was found to give
the strongest anticancer activity, with IC50 values of 18.6, 36.5, 52.8, and 69.6 µM against
HepG2, Hep3B, SMMC-7721, and HuH-7, respectively. The mechanism of its anticancer
activity was reported through interactions with caspase 3, caspase 9, and poly(adenosine
diphosphate-ribose) polymerase (PARP) proteins, which participate in programmed cell
death [18].

Since a limited number of isolated and synthesized xanthone dimers and xantholig-
noids are found, both groups are rarely investigated as anticancer agents. On the other
hand, thioxanthone is a xanthone derivative in which the oxygen atom of the pyran ring
is replaced by a sulfur atom [180,181]. In 2012, Palmeira et al. reported the synthesis and
anticancer activity of 1-substituted 4-propoxythioxanthone against K562 cancer cells. It
was reported that compound 42 with the (N,N-diethylamino)ethylamino functional group
at C-1 position was the most active anticancer agent. Compound 42 gave IC50 value of
1.90 µM, which was much lower than doxorubicin (12.0 µM) [157]. In 2015, Chen et al.
synthesized 3-substituted-4-chloro-thioxanthones and evaluated their anticancer activity
for several cell lines. These thioxanthone analogues were prepared by Ullmann condensa-
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tion and Friedel–Crafts intramolecular reactions. It was known that the functional group
attachment at C-3 of thioxanthone enhanced its anticancer activity. Among the prepared
thioxanthone derivatives, compound 43 showed the most promising anticancer activity.
Compound 43 gave moderate to strong anticancer activity, with IC50 values of 7.90 and
3.90 µM for MCF-7 and MDA-MB-468 cells, respectively. Compound 43 showed no signifi-
cant toxicity effect toward H9C2 cells (>25.0 µM), demonstrating that it could be applied as
a potential candidate for an anticancer lead compound [182].

In 2016, Barbosa et al. examined the anticancer activity of synthetic thioxanthone
derivatives against MCF-7, NCI-H460, and A375-C5 cell lines. Compound 44 showed the
most potent anticancer activity, with an IC50 value of 6.10, 6.00, and 3.60 µM against MCF-7,
NCI-H460, and A375-C5 cells, respectively. The anticancer activity was caused through
the induced apoptosis mechanism. The modification of compound 44 to its hydrochloride
salt form was found to enhance its solubility and bioavailability [183]. In 2020, Ataci et al.
synthesized compound 45 and tested its cytotoxic anticancer activity against HT-29 cells.
Compound 45 showed no anticancer activity (IC50 > 165 µM) against HT-29 cell lines. In
contrast, UV light irradiation stimulated compound 45 to enhance its cytotoxic activity
(IC50 = 65.5 µM). Moreover, compound 45 exhibited higher activity compared to the
common chemotherapeutic agents, such as 5-fluorouracil (IC50 = 222 µM) and cisplatin
(IC50 = 66.4 µM). Under UV light irradiation, compound 45 released CO2 and produced
alkyl radicals, thus increasing its anticancer activity. Therefore, compound 45 has potential
for its application as a theragnostic agent toward specific targeted cancer treatment [184].
The summary of the in vitro anticancer activity of xanthone derivatives is listed in Table 3.
Meanwhile, the summary of the most promising anticancer agents based on xanthone
derivatives in this review article is shown in Figure 12.

Table 3. Summary of the in vitro anticancer activity assay of reported xanthone derivatives.

Xanthone Derivative Source IC50 (µM) (Cancer
Cells) Main Mechanism Ref.

1a
Synthesis

68.4 (MCF-7) Topoisomerase inhibition,
DNA crosslinking [102]

1b 3.28 (MCF-7)

2a

Synthesis

1.3 (MCF-7)

- [105]2b 0.8 (MCF-7)

2c 1.05 (KB)

3 Synthesis 0.47 (CNE) Mitochondrial dysfunction [106]

4 Synthesis 3.57 (MGC-803) Mitochondrial dysfunction [108]

5a
Synthesis

25.7 (ECA109)
DNA binding [109]

5b 9.56 (ECA109)

6 Synthesis 22.6 (MCF-7) DNA crosslinking [110]

(R)-7
Synthesis

24.0 (MCF-7)
DNA crosslinking [111]

(S)-7 112 (MCF-7)

8 Synthesis 4.59 (A549) Promoting cell cycle arrest [112]

9 Synthesis 1.00 (-) Topoisomerase IIα inhibition [114]

10 Synthesis 0.46 (MDA-MB-231) Apoptosis induction [115]

11a

Synthesis

27.16 (SMMC-7721)

- [116]
11b 24.9 (A549)

11c 6.14 (SMMC-7721)

11d 14.02 (SMMC-7721)

12 Synthesis 20.0 (UACC-62) - [117]
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Table 3. Cont.

Xanthone Derivative Source IC50 (µM) (Cancer
Cells) Main Mechanism Ref.

13 Synthesis 37.8 (WiDr) Suppressing mRNA COX-2 expression [127]

14 Synthesis 5.21 (P388) Raf-1 and c-JNK inhibition [124]

15a
Synthesis

6.34 (P388)
c-KIT inhibition [129]

15b 10.7 (P388)

16 Isolation 274 (BT-549) bcr/abl gene expression inhibition [130]

17 Synthesis 0.19 (NCl-H460) Promoting cell cycle arrest [133]

18 Synthesis 0.19 (NCI-H460) - [12]

19 Isolation 1.58 (WiDr) - [134]

20 Isolation 0.74 (HeLa) Apoptosis induction [136]

21 Isolation 6.11 (KB) - [140]

22 Isolation 0.005 (T17) Apoptosis induction [153]

23
Isolation

40.6 (A2780)
- [154]

24 8.10 (A2780)

25 Synthesis 7.00 (HL-60) Apoptosis induction [157]

26 Isolation 5.90 (LNCaP) Apoptosis induction [158]

27 Isolation 68.5 (HT-29) Apoptosis induction [170]

28 Synthesis 5.17 (HTC116) Topoisomerase inhibition [171]

29

Isolation

2.80 (HL-60)
Caspase activation and PG-E2

inhibition
[172]30 3.40 (HL-60)

31 3.10 (HL-60)

32 Synthesis 4.50 (MDA-MB-231) - [173]

33 Synthesis 2.10 (A549) Protein kinase inhibition [174]

34 Synthesis 3.25 (HepG2) - [175]

35
Isolation

0.73 (CNE-2)
Antiproliferative induction [176]

36 8.61 (NCI/ADR-RES)

37 Isolation 1.30 (HL-60) Antiproliferative induction [178]

38 Isolation 3.35 (CNE-1) Apoptosis induction [67]

39
Isolation

0.87 (HL-60)
- [179]

40 4.66 (PC-3)

41 Synthesis 18.6 (HepG2) Caspase activation [18]

42 Synthesis 1.90 (K562) - [157]

43 Synthesis 3.90 (MDA-MB-468) - [182]

44 Synthesis 3.60 (A375-C5) Apoptosis induction [183]

45 Synthesis >165 (HT-29) - [184]

A molecular docking study of xanthone and thioxanthone derivatives against platelet-
derived growth factor response (PDGFR) and epidermal growth factor receptor (EGFR)
protein kinases has been evaluated in our previous study. It was found that hydroxyxan-
thones with halogen substituents gave stronger binding energies (−6.87 to −7.25 kcal/mol)
than erlotinib (−6.58 kcal/mol) against EGFR protein. However, they gave weaker binding
energies (−7.92 to −8.57 kcal/mol) than imatinib (−13.4 kcal/mol) against PDGFR protein.
A similar hydrogen bond of Met769 with erlotinib was also found on the hydroxyxanthones
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with halogen substituents. Furthermore, the hydroxyxanthones with halogen substituents
gave an additional hydrogen bond with Thr766; consequently, they gave stronger binding
energy than imatinib against EGFR protein. Meanwhile, a similar hydrogen bond with
Cys673 of imatinib was also found on the hydroxyxanthones with halogen substituents.
However, the hydrogen bond between imatinib with Asp810 was not found in the hy-
droxyxanthones with halogen substituents; thus, it may be the reason why they gave
weaker binding energy than imatinib against PDGFR protein [185]. On the other hand, the
molecular docking study of xanthyl chalcone derivatives has also been conducted against
KIT tyrosine kinases. The inhibition of KIT protein kinases led to inhibiting cell growth and
proliferation of signal transduction on small cell lung cancer, gastrointestinal stromal, and
myeloid leukemia cancer cells. The xanthyl xanthone derivatives gave stronger binding
energies (−8.79 to −10.9 kcal/mol) as well as lower inhibition constants (10–364 nM) than
sunitinib (−8.25 kcal/mol; 890 nM), due to the presence of hydrogen bonds with Lys593
and Cys673 amino acid residues [186].
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Figure 12. Summary of the most promising anticancer agents based on xanthone derivatives in this review.

Rational design on the structure and anticancer activity of xanthone derivatives has
been reported; however, a comprehensive and holistic point of view is still very limited. For
example, it was reported that the hydroxyl group at C-1 position of xanthone was critical
for the anticancer activity against MCF-7 [117]. The 1-hydroxyxanthone derivative was
6 times more active in the anticancer activity than xanthone with the absence of 1-hydroxyl
substituent. On the other hand, it was reported that 1,3-diacetyl groups gave stronger
anticancer activity against MCF-7 cells [105]. The introduction of the prenyl group to the
1-hydroxyxanthone was also able to dramatically increase its anticancer activity against
MCF-7 cell line [34]. Azevedo et al. stated that diethylamino at C-8 position together with
2,2-dimethyl-3,4-dihydropyran moiety were critical for the anticancer activity of xanthone
against MCF-7 cells. On the other hand, the presence of electron-withdrawing group on
1,3-dihydroxyxanthone enhanced anticancer activity [187]. These results are confusing,
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since each researcher reported based on a limited number of anticancer activities of the
isolated and/or synthesized xanthone derivatives.

Quantitative structure–activity relationship (QSAR) is a computational approach to
rationalize the relationship between the chemical structure of drugs with their biological
activity [188]. A QSAR study on the anticancer activity of 33 haloxanthones against HepG2
and MCF-7 cells was performed in our previous study. Haloxanthones gave anticancer
activity against both cancer cells, due to the activation of c-JNK protein through hydrogen
bond interactions with Met111 and Gln109, as well as halogen interactions with Met108
and Asp112. From the QSAR analysis, it was found that IC50 of haloxanthones against
HepG2 cancer cells can be predicted through log(IC50) = −1.198(qC7) + 9.274(qC8b) −
1.887(qC8) − 23.35(qO carbonyl) − 6.034 (R2 = 0.94), where qX represented the charge
of atom X. On the other hand, it was found that IC50 of haloxanthones against MCF-7
cancer cells can be predicted through log(IC50) = 100(LUMO) + 0.36(DM) − 3.02(qC6) −
1.71(qC4) − 7.98(qC1) + 7.85 (R2 = 0.89), whereas LUMO and DM represent the lowest
unoccupied molecular orbital and dipole moment, respectively [189]. A QSAR study of
xanthone derivatives as topoisomerase IIα inhibitors was reported by Alam and Khan in
2014. It was found that IC50 of xanthones as topoisomerase IIα inhibitors can be predicted
through pIC50 = 2.19(DE) + 0.22(n(OH)) − 0.54(LogP) − 0.469(SIB) + 0.018(SSA) + 2.57
(R2 = 0.84), whereas DE, n(OH), LogP, SIB, and SSA represent dielectric energy, the group
count of hydroxyl substituents, logarithm of the partition coefficient between n-octanol and
water, shape index basic (order 3), and solvent-accessible surface area, respectively [190].

A more comprehensive QSAR study on the anticancer activity of xanthone derivatives
was investigated by Alam and Khan in 2018 [191]. They evaluated the anticancer activity
of more than one hundred xanthone derivatives from Garcinia species and built QSAR
mathematic models. They reported that the IC50 value of xanthone derivatives against
A549 cancer cell line can be predicted through log (IC50) = −39.0090(x1) − 0.8078(x2) −
1.0827(x3) − 0.0483(x4) + 0.5053(x5) − 0.0560 (R2 = 0.87), whereas x1 is a parameter of
electronegativity contribution, x2 is the atom type count descriptor class, x3 is the number
of carbon atoms connected with four single bonds, x4 is the number of C=C bonds, and
x5 is the electrotopological state of methyl group. Meanwhile, the IC50 value of xanthone
derivatives against HepG2 cancer cell line can be predicted through log IC50 = −0.6407(y1)
− 0.0336(y2) − 0.1278(y3) + 0.2226(y4) + 0.5877(y5) + 0.5940 (R2 = 0.87), whereas y1 is
electrotopological state of carbon atoms, y2 is the number of double bonds, y3 is the
number of hydrogen bond acceptor atoms, y4 is electrotopological state of methine group,
and y5 is the number of oxygen atoms. On the other hand, the IC50 value of xanthone
derivatives against U251 cancer cell line can be predicted through log IC50 (µM) = 0.0948(z1)
+ 0.5217(z2) + 0.3687(z3) + 1.1313 (R2 = 0.86), whereas z1 is the electrotopological state
of nitrogen atoms, z2 is the number of oxygen atoms, and z3 is the topological state
of carbon atoms. However, a more comprehensive QSAR study involving all reported
xanthone derivatives against a certain cancer cell is not available yet, as of today. Therefore,
computational studies on this research are still open to be investigated by researchers in
the future.

2.6. In Vivo and Clinical Anticancer Assays of Xanthone Derivatives

The xanthone derivatives showed promising in vitro anticancer activity; thus, further
investigation through in vivo and then clinical assays is required [168]. The in vivo test
of α-mangostin revealed the potential usage of α-mangostin as chemotherapeutic and
chemopreventive agents, since it could suppress tumor formation in nude mice induced
22Rv1 cell lines. Oral administration of α-mangostin was able to reduce the growth of
22Rv1 cells by more than 5 times compared to the negative control (without any oral
administration of α-mangostin), due to the activation of the caspase-3 protein [158]. It was
also reported that oral α-mangostin consumption reduced growth by 50–70% and reduced
40% of the mass of NL-17 cancer cells in the mice by suppressing the cell proliferation
and activation of apoptotic mechanisms [192]. A similar result for the oral administration
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of α-mangostin was also reported to be effective for COLO-205 and HCT-116 cells [193].
Meanwhile, intraperitoneal injection of α-mangostin on the mice inhibited 50% of the
growth of GBM8401 due to the increment of adenosine monophosphate-activated protein
kinase (AMPK) protein thus triggering the autophagy of cancer cells [194]. On the other
hand, γ-mangostin was reported for its ability for HT-29 cells through mitochondrial
collapse and apoptosis pathways [170]. An in vivo investigation on mice through oral
administration of γ-mangostin was conducted. After 1.5 h, the γ-mangostin compound
was mostly found in the blood plasma of mice [130].

It was reported that panaxanthone (a mixture of α-mangostin and γ-mangostin in
6:1 wt/wt) inhibited the DNA replication and induced the G1 phase cell cycle arrest of
cancer cells [195]. Subcutaneous injection of panaxanthone significantly inhibited the
metastatic growth of BJMC3879 cancer cells in the mice. The inhibitory activity was
related to the activation of caspase-3 and caspase-9 proteins, with a loss of cytochrome
c from the mitochondria causing the collapse of the mitochondria membrane potential
of cancer cells [196]. On the other hand, subcutaneous injection xanthone extract from
Garcinia mangostana fruit rinds containing 81% of α-mangostin and 16% of γ-mangostin
significantly reduced the tumor volume of HCT-116 on mice. The inhibitory activity was
related to the induction of apoptosis and inhibition of cancer cells migration, invasion, and
clonogenicity [197].

A clinical study for mangosteen juice (containing 3.90 g/L of α-mangostin) to the
human group (20 people) was conducted [198]. It was found that maximum α-mangostin
concentration was up to 3.10 µg/L, while the time to maximum plasma concentration
(Tmax) was found to be at 1 h, with a decrement to 65% after 4 h. A similar result was
reported in China for maximum α-mangostin concentration (4.20 µg/L) and Tmax (1 h)
value in the human group (20 people) [199]. In 2012, Chitchumroonchokchai and coworkers
reported the clinical study of mangosteen juice (containing 1.22 g/L of α-mangostin) to
the human group (10 people) with a high-fat breakfast. It was found that the maximum
α-mangostin concentration was up to 0.45 µg/L, while the Tmax value was found to be at
2–4 h on average [200]. Faster distribution of α-mangostin can be achieved through intra-
venous administration. It was reported that, after intravenous injection, the α-mangostin
was metabolized to form in its hydrogenated, oxidized, glucuronidated, and methylated
forms [201].

Detailed anticancer investigation on DMXAA has also been reported. The DMXAA
leads to vascular collapse and tumor necrosis through tumor necrosis factor-α induction.
Synergistic anticancer activity with chemotherapy agents such as doxorubicin, imatinib,
erlotinib, and sunitinib, as well as with the cancer radiotherapy technique has been re-
ported. DMXAA exhibited low toxicity to the normal cells with suitable pharmacokinetic
parameters. Furthermore, the clinical trials of DMXAA as the anticancer agent have been
evaluated in New Zealand and the United Kingdom. The phase I clinical trial of DMXAA
to 63 patients gave no drug-related myelosuppression. The DMXAA was well tolerated up
to 4900 mg/m2 dose. At a higher dose, the DMXAA gave the side effects of visual distur-
bance, tremors, confusion, slurred speech, and anxiety [202]. Unfortunately, the DMXAA
only gives strict species-specificity to the mouse stimulator of interferon genes (STING),
with no significant activity against human STING in phase III clinical trial. Researchers
are doing their best to modify the chemical structure of DMXAA, to obtain more active
anticancer agents such as in alkylated-, alkoxylated-, fluorinated-, hydrazonated-, cyclic-,
and heterocyclic substituted-derivatives [203]. However, no significant improvement in
anticancer activity has been achieved yet.

As an isostere of xanthone, thioxanthones have similar structures and physicochemical
properties to xanthone derivatives [204]. Nowadays, dozens of thioxanthone derivatives are
under investigation for a possible application as anticancer agents [99,205]. Hycanthone
and lucanthone are anticancer drug candidates based on thioxanthone structure [206].
Their anticancer activity was related to the topoisomerase inhibition and DNA intercalation
mechanisms. However, their clinical trials were stopped due to their mutagenic effect.

489



Pharmaceuticals 2021, 14, 1144

Other potential anticancer agents based on thioxanthones are SR233377 and SSR271425.
However, their clinical trials were also withdrawn due to their cardiotoxic effect [207–209].
The chemical structures of DMXAA, hycanthone, lucanthone, SR233377, and SSR271425
are shown in Figure 13.
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The most serious drawbacks for the utilization of xanthone derivatives as the anti-
cancer agent are their poor solubility in water and their reactivity to be transformed into
phase 2 conjugates form. Therefore, further technologies are critical to overcome these
limitations [210,211]. It was reported that the coating of gambogic acid in the form of
nanoparticles core shell dramatically increased its anticancer activity against HepG2 and
A549 cancer cells due to the intracellular drug delivery process [212]. To overcome the poor
solubility of thioxanthone, Yilmaz et al. prepared polymeric thioxanthone materials and
evaluated their anticancer activity against A549 cells in the radiotherapy process. Radio-
therapy is sometimes used to enhance the activity of anticancer agents through ionizing
radiation. It was reported that ionizing radiation acts as a sensitizer to enhance the inhibi-
tion of cancer cells proliferation. The thioxanthone derivative was connected to polyvinyl
alcohol and polyethylene glycol materials through covalent bonds. Two types of polymer
materials were prepared: thioxanthone-polyethylene glycol through C-N amide bond, and
thioxanthone-polyvinyl alcohol through C-O acetal bond. The thioxanthone-polyvinyl
alcohol did not decrease the A549 cell viability percentage at 0.03 mg/mL. In contrast,
thioxanthone-polyethylene glycol decreased the A549 cell viability percentage to 70% at
the same concentration. It means that thioxanthone-polyethylene glycol gave a higher anti-
cancer activity against A549 cancer cells than thioxanthone-polyvinyl alcohol. Radiating
the thioxanthone-polyethylene glycol material with 2.5 Gy exposure drastically decreased
the A549 cell viability percentage to 30%. This research offers an option for the usage of low
solubility xanthone and/or thioxanthone derivatives for in vivo and clinical uses [213]. In
contrast to the reports on the clinical study of α-mangostin and DMXAA that are available
now, the reports on both in vivo and clinical study of other xanthone derivatives are very
limited. Therefore, extensive efforts are still needed for the development of the anticancer
drug for our better health and future.

3. Conclusions and Future Direction

This review highlights the potential anticancer of xanthone derivatives, contribut-
ing to the design and develop of new drugs. Both isolated and synthesized xanthone
derivatives have been proven to have promising anticancer activities against breast, hep-
atoma, cervix, colorectal, ovarian, lung, gastric, leukemia, skin, epidermoid nasopharynx,
prostate, neuron, brain glioblastoma, and other cancer cells through in vitro assay. How-
ever, their further evaluation as anticancer agents through in vivo and clinical assays is
still limited as of today. Furthermore, a comprehensive QSAR study for the better design
of anticancer drugs based on the xanthone structure has not yet been established. These
research gaps require extensive collaborations and contributions from researchers around
the world to further develop active, selective, and efficient anticancer drugs based on
xanthone derivatives.
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Abstract: Mitoxantrone (MTX) is a pharmaceutical drug used in the treatment of several cancers
and refractory multiple sclerosis (MS). Despite its therapeutic value, adverse effects may be severe,
namely the frequently reported cardiotoxicity, whose mechanisms need further research. This work
aimed to assess if inflammation or oxidative stress-related pathways participate in the cardiotoxicity
of MTX, using the mouse as an animal model, at two different age periods (infant or adult mice) using
two therapeutic relevant cumulative doses. Histopathology findings showed that MTX caused higher
cardiac toxicity in adults. In MTX-treated adults, at the highest dose, noradrenaline cardiac levels
decreased, whereas at the lowest cumulative dose, protein carbonylation increased and the expression
of nuclear factor kappa B (NF-κB) p65 subunit and of M1 macrophage marker increased. Moreover,
MTX-treated adult mice had enhanced expression of NF-κB p52 and tumour necrosis factor (TNF-α),
while decreasing interleukin-6 (IL-6). Moreover, while catalase expression significantly increased
in both adult and infant mice treated with the lowest MTX cumulative dose, the expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and glutathione peroxidase only significantly
increased in infant animals. Nevertheless, the ratio of GAPDH to ATP synthase subunit beta decreased
in adult animals. In conclusion, clinically relevant doses of MTX caused dissimilar responses in adult
and infant mice, being that inflammation may be an important trigger to MTX-induced cardiotoxicity.

Keywords: mitoxantrone; cardiotoxicity; inflammation; oxidative stress; age; cumulative dose

1. Introduction

Mitoxantrone (MTX) is a well-established anticancer agent used in metastatic breast
cancer, acute myeloid leukaemia, non-Hodgkin’s lymphoma, acute lymphoblastic leukaemia
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in children, metastatic hormone-refractory prostate cancer, as well as in aggressive or re-
fractory multiple sclerosis (MS) [1]. MTX inhibits DNA and RNA synthesis through DNA
intercalation and topoisomerase-II inhibition [2]. MTX is used in MS because of its powerful
immunosuppressive and immunomodulatory properties, abrogating T helper cell activity,
enhancing T suppressor cell function, inhibiting B lymphocyte function, and macrophage
proliferation. MTX also inhibits the synthesis of pro-inflammatory cytokines, namely inter-
feron γ (IFN-γ), tumour necrosis factor (TNF-α), interleukin-2 (IL-2), and overall antibody
production [3,4].

Despite its clinical efficacy, MTX’s high lipophilicity facilitates its distribution to
healthy tissues and organs, namely to the heart, where it accumulates [5], which may
lead to deleterious effects in this organ. In fact, MTX-induced cardiotoxicity is one of its
most severe side effects and this can hamper its therapeutic use. MTX-induced cardiac
side effects increase with the total cumulative dose, so MTX recommended maximum
lifetime cumulative dose has been established at 140 mg/m2 for cancer treatment [6] and
100 mg/m2 in MS treatment. Nevertheless, MTX cardiotoxicity has been described in
lower cumulative doses [7]. In a study by Rivera and collaborators, cardiotoxicity was
observed in patients who received cumulative doses of ≤75 mg/m2. Actually, 19.1%
of the 97 patients enrolled have developed cardiotoxicity, with 6.19% of those receiving
≤35 mg/m2, 19.6% receiving 36–75 mg/m2, 34.0% receiving 76–105 mg/m2, and only
40.2% of the patients received >105 mg/m2 of MTX [8]. Clinical signs of MTX-inflicted
cardiotoxicity include decreased left ventricular ejection fraction, heart failure (HF), and/or
dilated cardiomyopathy [6].

Myocardial inflammation has emerged as a pathophysiologic process that contributes
to cardiac hypertrophy, fibrosis, and dysfunction [9–11]. In that context, activation and
nuclear translocation of the nuclear factor kappa B (NF-κB) may play an important role
in the regulation of cardiac inflammatory signalling pathways, being a major contributor
to myocardial dysfunction and remodelling as seen in HF [12,13]. On the other hand,
oxidative stress can activate NF-κB pathways with consequent cytokine production stimu-
lation [14,15]. Cytokines contribute to the initiation and modulation of critical responses
within the overloaded myocardium, leading to myocyte growth, apoptotic myocyte death,
and reactive fibrosis [16,17]. Interestingly, one of the cytokines involved, TNF-α, exerts
antioxidant and antiapoptotic effects in the myocardium at physiological levels [18,19], but
when levels increase, it stimulates myocyte apoptosis [20], cardiac hypertrophy, and fibro-
sis [21]. Another cytokine involved in cardiac homeostasis is interleukin-6 (IL-6), which
possesses univocal antiapoptotic properties, protecting cardiac myocytes during acute
damage [22]. However, if IL-6 levels remain chronically elevated, it promotes a sustained
inflammatory response, contributing to cardiac hypertrophy [23]. It is also a strong marker
of diastolic dysfunction, ejection fraction, risk, and severity of HF [23]. Despite the MTX’s
immunomodulatory effect on MS, to the best of our knowledge, its role on inflammatory
cardiac pathways has not been traced yet.

Noteworthy, an important factor that influences the development of MTX cardiotox-
icity is patients’ age. Available studies demonstrate that the very young and the elderly
are more prone to develop cardiotoxicity after MTX-treatment [8,24], but the effect on
adults also has an important social and economic impact, especially in a moment where
life expectancy is increasing. Several studies have also shown that MTX is able to trigger
cardiotoxicity in small children (<4 years) [25–27]. These effects can last and affect their life
expectancy and quality of life [28–31]. This factor must be put into perspective nowadays,
as prior to the 1970s, the 5-year survival of childhood cancer was lower than 50% [32],
while now it is reaching 85% [33]. Therefore, the number of children who survive can-
cer is drastically increasing, being that chemotherapy side effects, such as cardiotoxicity,
will have a long-term impact. Nevertheless, the reasons for age susceptibility towards
MTX-inflicted cardiotoxicity have been poorly investigated [34].

This study aimed to evaluate MTX-induced cardiotoxicity in two groups of animals of
different age periods (infant and adults) and two cumulative doses. The highest cumulative
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dose was used as a starting point to assess the mechanisms of cardiotoxicity induced
by MTX. The lowest cumulative dose caused less animal suffering but allowed for the
assessment of MTX interference towards inflammation or oxidative stress pathways, and
to determine early markers of heart damage that allows the study of subtle and even
non-clinically undisclosed cardiotoxic mechanisms.

2. Results

In experiment 1, both adults and infants received a 7.0 mg/kg cumulative dose and
were sacrificed 14 days after the last administration (Figure 1). The results obtained in
experiment 1 together with previously published data [34] indicate that infants are more
resilient to MTX side effects, as will be shown in this section. As suffering was apparent in
most of the animals that received the highest dose, in experiment 2, the dose was decreased
(6.0 mg/kg) (Figure 1), and two different approaches were taken:

- Infant mice were sacrificed 17 days after the last administration to determine if, with
increased lag time, infants would present signs of cardiac damage or still maintained
higher cardiac resilience;

- Adults were sacrificed earlier, namely after 7 days to determine early markers of
heart damage that may reveal subtle cardiotoxic mechanisms before unacceptable
damage occurred.

Figure 1. Schematic representation of the distribution of the animals by cumulative dose, as well as
the timeline of administration of MTX and sacrifice.

2.1. MTX Caused Significant Effects on Body Weight and Food/Water Consumption

In the infant population, 7.0 mg/kg MTX-treated animals had significantly less body
weight gain when compared to controls after the 17th day (Figure S1A). The 7.0 mg/kg
MTX-treated adult mice had a lower average body weight than the control group after
reaching the maximum cumulative dose. In detail, statistically significant differences in
body weight occurred after the 21st day, and loss of weight occurred on the 24th day
(Figure S1B).

The amount of food and water intake was based on each animal’s body weight, since
the animals were maintained in a social environment and therefore in a group. Regarding
water consumption, overall, the 7.0 mg/kg MTX-treated infants (Figure S1C) and adults
(Figure S1D) had lower consumption than controls during all the experimental periods.
Food consumption was significantly decreased in the case of the 7.0 mg/kg MTX-treated
infant group (Figure S1E), after the 14th day. Adults that received the cumulative dose of
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7.0 mg/kg had statistically significant higher food consumption in the week following the
last MTX administration, compared with the control group (Figure S1F).

In the infant population, animals had initially significant differences in the body
weight gain between the 6.0 mg/kg MTX-treated and the control groups (Figure S2A).
These initial differences were due to the random distribution, for each cage, of the mice
belonging to different litters (Figure S2A). On the other hand, in the 6.0 mg/kg MTX-treated
adult population, a statistically significant body weight decrease was observed in the last
days of the experiment (Figure S2B).

Concerning water intake, a decrease in MTX-treated infant population intake was
observed throughout the experiment, reaching statistical significance by the end of the
protocol, when compared with the control group (Figure S2C). Regarding the adults treated
with a MTX cumulative dose of 6.0 mg/kg, a statistically significant decrease in water
intake was observed in the last days of the experiment (Figure S2D). Similar to what
happened in water intake, food consumption in the 6.0 mg/kg MTX-treated infant mice
decreased, being statistically significant in the last days of the protocol, when compared
with the control group (Figure S2E). We found that a significant decrease between the food
consumption of the MTX 6.0 mg/kg-treated adults and the control group was observed
towards the end of the experiment (Figure S2F).

2.2. Plasma Levels of Total-CK and AST/ALT Ratio Were Increased in the 7.0 mg/kg MTX-Treated
Adult Mice

In the 7.0 mg/kg MTX-treated infant group, no statistically significant differences were
observed in the aminotransferase’s levels, when compared to control mice (Table S2). Con-
cerning the adult mice, a tendency for increased aspartate aminotransferase (AST)/alanine
aminotransferase (ALT) ratio of the 7.0 mg/kg MTX-treated group, compared with the
control, was observed (p = 0.06). In the 6.0 mg/kg MTX-treated infants, ALT levels were
elevated while the AST/ALT ratio was found to be decreased when compared with the
control group. Concerning the 6.0 mg/kg-treated adult mice, there were no significant
changes in plasma aminotransferases (Table S3).

In the infant mice, plasma creatine kinase–MB (CK–MB) levels were significantly
higher in the 7.0 mg/kg MTX-treated mice when compared with the respective controls
(Table S2), while no statistically significant changes were observed in the plasma total
creatine kinase (total-CK) levels. In adult mice, plasma total-CK levels were significantly
higher in the 7.0 mg/kg MTX-treated mice, compared to respective controls (Table S2), but
no meaningful changes were found in their plasma CK–MB values compared to controls.
No significant differences in CK–MB and total-CK levels were found between control and
the 6.0 mg/kg MTX-treated adult animals (Table S3). Unfortunately, in the 6.0 mg/kg-
treated infant mice, total-CK and CK–MB levels were not determined due to an insufficient
amount of plasma.

2.3. The Ratio of Heart/Body Weight Decreased in Adults after the Highest Dose of MTX

Heart to body weight ratio was significantly decreased in the 7.0 mg/kg MTX group
(Table S2). In the 6.0 mg/kg MTX-treated adult population, no significant differences
were observed in heart weight/body weight ratio (Table S3). In addition, no statistically
significant differences were observed in heart/body weight ratio between MTX-treated
infant mice and the control group, in both doses (Tables S2 and S3).

2.4. Histological Damage Occurred in Cardiac Tissue after MTX-Treatment, Adult Population
Being More Susceptible to Cardiac Damage

The qualitative histologic examination of the heart of MTX-treated mice and controls
was done using the haematoxylin and eosin staining. Major qualitative and representative
structural alterations are depicted in Figures 2 and 3. Meanwhile, the results of the semi-
quantitative analysis are presented in Table 1. Lesions in the cardiac tissue caused by MTX
were characterized by cellular degeneration, interstitial inflammatory cell infiltration, and
necrotic zones. In experiment 1, the heart of both infant and adult control mice showed a
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preserved heart tissue structure (Figure 2A,C). In the 7.0 mg/kg MTX-treated infant group,
cardiac tissue showed interstitial inflammatory cell infiltration, signs of vacuolization, as
well as necrotic zones but to a lower extent when compared with adults. In the 7.0 mg/kg
MTX-treated adult mice, the presence of cellular oedema, cytoplasmic vacuolization of
cardiomyocytes, interstitial inflammatory cell infiltration, as well as some necrotic zones
were evident (Figure 2D).

Figure 2. Cardiac histopathology evaluation done by light microscopy from MTX-treated adult and infant animals and
respective controls, as assessed by haematoxylin and eosin staining (experiment 1, mice were euthanized 14 days after the
last administration) (A–D). Light micrograph from: (A) infant mice controls in experiment 1, showing normal morphology
and structure; (B) infant mice given a cumulative dose of 7.0 mg/kg MTX; (C) adult mice in experiment 1 showed normal
morphology and structure; (D) adult mice given a cumulative dose of 7.0 mg/kg MTX. Presence of vacuolization (orange
arrow), inflammatory infiltration (yellow arrow), as well as large and uncondensed nucleus (cyan arrow). Cellular oedema
(white arrow) and necrotic zones (blue arrow) are evident only in adult mice. Scale bar = 100 µm, n = 3. Images taken at
40× amplification.
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Figure 3. Cardiac histopathology evaluation done by light microscopy from MTX-treated adult and infant animals and
respective, as assessed by haematoxylin and eosin staining controls (experiment 2, adult and infant mice were euthanized
7 or 17 days after the last administration, respectively) (A–D). Light micrograph from: (A) infant mice controls in experiment
2, showing normal morphology and structure; (B) infant mice given a cumulative dose of 6.0 mg/kg MTX; (C) adult mice
in experiment 2 showed normal morphology and structure; (D) adult mice given a cumulative dose of 6.0 mg/kg MTX.
Presence of vacuolization (orange arrow), inflammatory infiltration (yellow arrow), vascular congestion (green arrow),
necrotic zones (blue arrow), as well as large and uncondensed nucleus (cyan arrow) is evident. Scale bar = 100 µm, n = 3.
Images taken at 40× amplification.

In experiment 2, control groups did not present any changes in the tissue structure, as
expected (Figure 3A,C). The 6.0 mg/kg MTX-treated infant group showed signs of vascular
congestion, with enlarged blood vessels, necrotic zones, inflammatory infiltrations, vac-
uolization, with a large and uncondensed nucleus (Figure 3B). In MTX-treated adults, the
presence of cytoplasmic vacuolization of cardiomyocytes, vascular congestion, interstitial
inflammatory cell infiltration, as well as some necrotic zones was evident (Figure 3D,
Table 1). The lesions were most notorious in the endocardium. Signs of obstruction in some
small calibre arteries were observed in the 6.0 mg/kg MTX-treated adult mice (data not
shown). All groups showed myocardium with preserved structure (score = 0), therefore
data regarding tissue disorganization were omitted from Table 1 (data not shown).
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Table 1. Semi-quantitative analysis of morphological parameters (cellular degeneration, necrosis,
inflammatory activity, and tissue disorganization) in the heart of 7.0 mg/kg and 6.0 mg/kg MTX-
treated and controls groups, in adult and infant animals.

Hematoxylin-eosin staining
INFANT ADULT

Control MTX 7.0 mg/kg Control MTX 7.0 mg/kg

Cellular
Degeneration 0.50 ± 0.54 0.82 ± 0.63 ** 0.64 ± 0.63 1.42 ± 0.71 ****

Necrosis 0.00 ± 0.00 0.04 ± 0.20 0.00 ± 0.00 0.23 ± 0.43 ***

Inflammatory
Activity 0.22 ± 0.42 0.85 ± 0.52 **** 0.30 ± 0.46 1.02 ± 0.49 ****

Control MTX 6.0 mg/kg Control MTX 6.0 mg/kg

Cellular
Degeneration 0.07 ± 0.25 0.47 ± 0.51 *** 0.02 ± 0.13 1.00 ± 0.00 ****

Necrosis 0.00 ± 0.00 0.27 ± 0.45 ** 0.00 ± 0.00 1.02 ± 0.14 ****

Inflammatory
Activity 0.08 ± 0.27 0.50 ± 0.51 *** 0.05 ± 0.22 1.65 ± 0.49 ****

Results of haematoxylin–eosin staining, given in scores, are presented as mean ± SD and were obtained from
3 animals from each treatment group, with exception of the control in 7.0 mg/kg MTX-treated infant group of
haematoxylin–eosin staining (n = 2). Statistical comparisons were made using the Mann-Whitney test: ** p < 0.01,
*** p < 0.001, **** p < 0.0001, MTX vs. control.

2.5. Myocardial Fibrosis Was Significantly Increased in MTX-Treated Adult Mice at Both Doses

Myocardial fibrosis, which is a hallmark of cardiac hypertrophy, was assessed by
the Sirius red technique. Results are presented in Figure 4 and Table 2. No significant
differences were observed among the infant groups regarding the percentage of colla-
gen/muscle area of the heart. In contrast, the MTX-treated adults had significant increases
in the percentage of collagen/muscle area, at both doses.

Table 2. Semi-quantitative analysis of fibrosis in the heart of the 7.0 mg/kg and 6.0 mg/kg MTX-treated and respective
controls groups, in adult and infant animals.

Sirius Red Staining
INFANT ADULT

Control MTX 7.0 mg/kg Control MTX 7.0 mg/kg

% area ratio of
collagen/skeletal muscle 0.14 ± 0.07 0.17 ± 0.05 0.14 ± 0.02 0.24 ± 0.06 ****

Control MTX 6.0 mg/kg Control MTX 6.0 mg/kg

% area ratio of
collagen/skeletal muscle 0.10 ± 0.03 0.15 ± 0.03 0.10 ± 0.02 0.16 ± 0.05 **

Results of Sirius red staining, given in area of collagen/skeletal muscle, are presented as mean ± SD and were obtained from 3 animals
from each treatment group. Statistical comparisons were made using the Mann–Whitney test: ** p < 0.01, **** p < 0.0001, MTX vs. control.
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Figure 4. Sirius red cardiac staining assessed by light microscopy from MTX-treated adult and infant animals and respective
controls (A–F). Light micrograph from (A) the control infant mice (experiment 1, mice were euthanized 14 days after the last
administration); (B) infant mice injected with a cumulative dose of 7.0 mg/kg MTX; (C) control adult mice; (D) adult mice
injected with a cumulative dose of 7.0 mg/kg MTX showing higher fibrosis. (E) Control adults (experiment 2, mice were
euthanized 7 days after the last administration); (F) adult mice after receiving a cumulative dose of 6.0 mg/kg MTX. Scale
bar = 100 µm, n = 3. Images taken at 40× amplification.
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2.6. The Highest Cumulative Dose of MTX Increased Cardiac Total Glutathione in Infants, While
Decreasing Noradrenaline Cardiac Levels in Adults

The 7.0 mg/kg MTX-treated infant group presented significantly higher cardiac values
of total glutathione (tGSH) than the control group (Table 3). No differences were found in
oxidized glutathione (GSSG) and reduced glutathione (GSH)/GSSG ratio of the infant pop-
ulation treated with MTX when compared to controls. No statistically significant changes
in the cardiac levels of tGSH, GSSG, and GSH/GSSG ratio were found in 7.0 mg/kg MTX-
treated adult mice. In the 6.0 mg/kg MTX-treated infant and adult mice, no differences
were found between groups (data not shown). Moreover, no statistically significant changes
were found in the marker of lipid peroxidation, malondialdehyde (MDA), between groups
in experiment 1.

Table 3. Biochemical cardiac parameters of the 7.0 mg/kg MTX-treated and control mice.

INFANT ADULT
Control MTX 7.0 mg/kg Control MTX 7.0 mg/kg

tGSH (nmol/mg protein) 7.72 ± 1.18 9.41 ± 1.63 * 8.01 ± 0.77 8.57 ± 2.33

GSSG (nmol/mg protein) 0.62 ± 0.19 0.77 ± 0.15 0.60 ± 0.10 0.60 ± 0.34

GSH/GSSG ratio 11.94 ± 5.23 10.62 ± 2.01 11.84 ± 3.52 15.40 ± 8.63

MDA (nmol/g protein) 27.23 ± 9.23 28.42 ± 7.32 30.65 ± 7.59 34.83 ± 12.44

ATP (nmol/mg protein) 3.94 ± 1.97 3.77± 1.42 3.92 ± 1.34 3.23 ± 1.39

Creatine (nmol/mg protein) 74.77 ± 16.25 78.94 ± 11.09 82.17 ± 13.24 84.13 ± 25.30

Phosphocreatine (nmol/mg protein) 41.06 ± 9.71 43.08 ± 6.68 37.25 ± 8.11 49.10 ± 14.36 (p = 0.06)

Noradrenaline (nmol/g protein) 8.26 ± 5.18 9.03 ± 4.63 9.79 ± 1.99 4.64 ± 5.16 *
Results, in nmol/mg protein or nmol/g protein, are presented as mean ± SD and were obtained from 7 to 8 animals from each treatment
group. Statistical analyses were made using the t-test for all adult groups, with the exception of total glutathione (tGSH) and reduced
glutathione/oxidized glutathione ratio (GSH/GSSG), where the Mann–Whitney test was done. For the infant data, the Mann–Whitney test
was used. * p < 0.05, MTX 7.0 mg/kg vs. control.

In experiment 1, to understand if MTX had any impact on the cellular energetics
on the two populations (infant and adult), intracellular adenosine 5′-triphosphate (ATP)
and phosphocreatine levels were measured (Table 3). In the 7.0 mg/kg MTX condition in
both populations, no significant differences in ATP levels were observed. Furthermore, no
significant differences were seen in phosphocreatine and creatine levels in the MTX-treated
infant group, when compared to control mice. However, in the adult population, there is a
tendency for increased phosphocreatine levels in the MTX-treated group, compared with
the control group (p = 0.06).

In experiment 2, no significant changes in ATP levels were observed in 6.0 mg/kg-
treated mice of both ages (data not shown).

For experiment 1, levels of noradrenaline are depicted in Table 3. Noradrenaline
cardiac levels were significantly lower in MTX-treated adults when compared to controls.
No meaningful differences were seen between control and infant MTX-treated mice at
7.0 mg/kg.

2.7. The Expression of GAPDH Increased in the 6.0 mg/kg MTX-Treated Infant Mice

After major and general data were gathered, the animals treated with a lower cumula-
tive dose (6.0 mg/kg) were subjected to other determinations as to assess early markers of
damage in adults, or to determine the underlying reasons that make infants more resilient
to MTX-cardiac effects after a longer washout time.

In order to assess the impact of MTX treatment on cardiac metabolism, the expression
of metabolic enzymes was evaluated by Western blotting (Figure 5). No changes were
observed on the levels of ATP synthase subunit beta while the expression of the glycolytic
enzyme, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was significantly higher
in MTX-treated infant mice, compared with control mice (Figure 5A,B). No changes were
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observed in the ratio of GAPDH to ATP synthase subunit beta in MTX-treated infant
mice, when compared with control mice (Figure 5C). No changes were seen in the levels
of ATP synthase subunit beta nor in the levels of GAPDH in MTX-treated adult mice,
when compared with control mice (Figure 5D,E). Nevertheless, significant differences were
observed in the ratio of GAPDH to ATP synthase subunit beta between MTX-treated adult
mice and the control group (Figure 5F).

Figure 5. ATP synthase subunit beta (52 kDa), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (37 kDa) expression,
and ratio GAPDH to ATP synthase subunit beta evaluated by Western blotting, from (A–C) infant MTX-treated (M), and
control mice (C), and (D–F) adult mice exposed to a cumulative dose of 6.0 mg/kg MTX (M), and control (C) adult mice
(experiment 2, infant and adult mice were euthanized 17 or 7 days after the last administration, respectively). Values are
expressed as mean ± SD and were obtained from 6 (infant) and 6–7 (adult) animals from each treatment group. Statistical
comparisons were made using the t-test: * p < 0.05, MTX 6.0 mg/kg vs. control. OD: optic density. Protein loading was
confirmed by the Ponceau S staining (Figures S3 and S4).

2.8. At the Lower Cumulative Dose, Protein Carbonylation Increased in Adult Mice

The protein carbonylation in the cardiac lysates increased in the 6.0 mg/kg MTX-
treated adult mice, compared to control mice (Figure 6B). No differences were found in the
MTX-treated infant mice (Figure 6A).

2.9. MTX Increased Catalase Expression Both in Adults and Infants, While in Infants’ Glutathione
Peroxidase Expression Increased

As shown in Figure 7C, levels of glutathione peroxidase were increased in MTX-treated
infant mice, when compared with control mice, while in adults no statistically significant
differences were observed (Figure 7F). Neither in adults nor infants, superoxide dismutase/
manganese-dependent superoxide dismutase (SOD2/MnSOD) had any significant changes
after MTX administration (Figure 7A,D). On the contrary, the levels of catalase were
increased in both MTX-treated adult and infant mice, when compared with control mice
(Figure 7B,E).
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Figure 6. Protein carbonylation cardiac content evaluated by slot blot in (A) infant mice and (B) adult mice exposed to
a cumulative dose of 6.0 mg/kg MTX (experiment 2, infant and adult mice were euthanized 17 or 7 days after the last
administration, respectively). Values are expressed as mean ± SD and were obtained from six animals from each treatment
group. Statistical comparisons were made using the t-test: * p < 0.05, MTX 6.0 mg/kg vs. control. OD: optic density,
M: mitoxantrone, C: control.

Figure 7. Superoxide dismutase 2/ manganese-dependent superoxide dismutase (SOD2/MnSOD) (26.6 kDa), catalase
(60 kDa) and glutathione peroxidase (22 kDa) expression evaluated by Western blotting, from (A–C) infant MTX-treated
(M) and control (C) mice, and (D–F) adult mice exposed to a cumulative dose of 6.0 mg/kg MTX (M) and their respective
controls (C) (experiment 2, infant and adult mice were euthanized 17 or 7 days after the last administration, respectively).
Values are expressed as mean ± SD and were obtained from 6 (infant) and 6–7 (adult) animals from each treatment group.
Statistical comparisons were made using the t-test: * p < 0.05, MTX 6.0 mg/kg vs. control. OD: optic density. Protein loading
was confirmed by the Ponceau S staining (Figures S3 and S4).
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2.10. The Heart of MTX-Treated Adult Mice Showed a Higher Density of Infiltrating
M1 Macrophages

The immunohistochemistry evaluation in the heart of pro-inflammatory M1 macrophages,
using CD68+ immunostaining, and anti-inflammatory M2 macrophage, using CD206 im-
munostaining, is shown in Figure 8 and Table 4. Data analysis indicated that the number of
CD68 positive cells had a significant increase (p < 0.001) after MTX exposure in adult mice
(Table 4). Conversely, no meaningful differences were observed in the M2 subset of the adult
population treated with MTX when compared with controls. In the 6.0 mg/kg MTX-treated
infant group, no differences were observed in the M1 and M2 macrophages when compared
with controls (photomicrographs not shown).

Figure 8. Representative photomicrographs of heart immunohistochemistry from 6.0 mg/kg MTX-treated adult and respec-
tive controls (experiment 2, mice euthanized 7 days after the last administration), by a marker (CD68+) for macrophages M1
(A,B) and by a marker for (CD206) macrophage M2 (C,D) detection, and indicated by yellow arrows. Light micrograph
(A,C) from the control of M1 (A) and M2 staining (C); light micrograph (B,D) from adult mice given a cumulative dose of
6.0 mg/kg MTX and performed staining for M1 (B) or M2 (D). Scale bar = 100 µm, n = 3. Images taken at 40× amplification.
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Table 4. Number of cells staining positive for activated macrophages marked as M1 and macrophage
marked as M2 in the heart of MTX-treated and control groups, in adult and infant animals.

INFANT ADULT
Immunohistochemistry

Control MTX 6.0 mg/kg Control MTX 6.0 mg/kg

M1 macrophage 4.28 ± 3.03 9.33 ± 7.70 12.83 ± 15.37 68.11 ± 22.77 ****

M2 macrophage 66.61 ± 43.40 62.56 ± 24.92 113.70 ±
23.10 96.56 ± 28.33

Results were expressed as mean ± SD. The value of macrophages was obtained from three animals from each
treatment group. Statistical comparisons were made using the t-test for M2 macrophage evaluation in the adult
group and the Mann–Whitney test for all infant group and M1 macrophage of adult group: **** p < 0.0001, MTX
6.0 mg/kg vs. control. Three animals per treatment, and for each animal, six photos of different areas of cardiac
tissue were evaluated and quantified using ImageJ software version 1.52a.

2.11. In Adults, the Lower Cumulative Dose of MTX Significantly Increased the Expression of
NF-kB p65

Cardiac immunohistochemistry analysis was performed in order to assess the acti-
vation of the inflammatory transcriptional factor, NF-κB, namely the fraction p65. The
immunohistochemistry data of NF-κB is shown in Figure 9 and Table 5. Immunohisto-
chemical staining of NF-κB p65 in the control group showed low cytoplasmic expression
(Figure 9A). However, the 6.0 mg/kg MTX-treated adult group showed positive cytoplas-
mic and nuclear expression. In addition, in MTX-treated animals, the endothelium of
the blood vessels showed a high expression of p65, which was evident from the intense
brown staining (Figure 9B). When performing a semiquantitative analysis, a statistically
significant increase (p < 0.01) in the mean number of the NF-κB immunopositive cells in
the MTX adult group was observed when compared with the control group (Table 5).

Figure 9. Representative photomicrographs of immunohistochemistry determination of NF-κB p65 in the cardiomyocytes-
like cells from 6.0 mg/kg MTX-treated adult and respective controls (experiment 2, mice euthanized 7 days after the
last administration) (A,B). Light micrograph (A) from the controls; and (B) from adult mice given a cumulative dose of
6.0 mg/kg MTX. Scale bar = 100 µm, n = 3. Images taken at 40× amplification.

Conversely, no meaningful differences were observed in the infant population treated
with MTX when compared with controls (photomicrographs not shown).

Subsequently, Western blot analysis showed that, in the cardiac total homogenates,
MTX led to a tendency for increased expression of NF-κB p65 levels (p = 0.08) (Figure 10D),
while no differences were observed in the infant mice (Figure 10B). Furthermore, MTX-
treated adult mice had enhanced expression of NF-κB p52 (Figure 10C), while MTX-treated
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infant mice showed a tendency for increased NF-κB p52 levels (p = 0.07) in comparison
with the control group (Figure 10A).

Table 5. Number of cells staining positive for activated NF-κB in the heart of MTX-treated and
control groups, in adult and infant animals.

INFANT ADULT
Immunohistochemistry

Control MTX 6.0 mg/kg Control MTX 6.0 mg/kg

NF-kB p65 cells 28.00 ± 12.35 26.00 ± 8.62 56.28 ± 15.69 75.17 ± 17.05 **
Results were expressed in number of cells positive to NF-κB p65 and as mean ± SD. Results were obtained from
three animals from each treatment group. Statistical comparisons were made using the t-test for adult group and
the Mann–Whitney test for infant group: ** p < 0.01, MTX 6.0 mg/kg vs. control. Three animals per treatment,
and for each animal, six photos of different areas of cardiac tissue were evaluated and quantified using ImageJ
software version 1.52a.

Figure 10. Nuclear kappa B nuclear transcription factor (NF-κB) p52 (50 kDa) and NF-κB p65 (60 kDa) expression evaluated
by Western blotting, from (A,B) infant MTX-treated (M) and control (C) mice, and (C,D) adult mice exposed to a cumulative
dose of 6.0 mg/kg MTX (M) and respective controls (C) (experiment 2, infant and adult mice were euthanized 17 or
7 days after the last administration, respectively). Values are expressed as mean ± SD and were obtained from 5–6 (infant)
and 6–7 (adult) animals from each treatment group. Statistical comparisons were made using the t-test: ** p < 0.01, MTX
6.0 mg/kg vs. control. OD: optic density. Protein loading was confirmed by the Ponceau S staining (Figures S3 and S4).

2.12. MTX Increased TNF-α Cardiac Expression while it Decreased IL-6

TNF-α was evaluated and MTX-treated adult mice had a significant increase in its
expression in comparison with the control group (Figure 11D), while MTX-treated infant
mice showed a tendency for increased TNF-α levels (p = 0.09) in comparison with the
control group (Figure 11A).
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Figure 11. Tumour necrosis factor-α (TNF- α) (25 kDa), interleukin-6 (IL-6) (24 kDa), myeloperoxidase (48 kDa) expression
evaluated by western blotting, from (A–C) infant MTX-treated (M) and control (C) mice, and (D–F) adult mice exposed to a
cumulative dose of 6.0 mg/kg MTX (M) and respective controls (C) (experiment 2, infant and adult mice euthanized 17 or
7 days after the last administration, respectively). Values are expressed as mean ± SD and were obtained from 6 (infant)
and 6–7 (adult) animals from each treatment group. Statistical comparisons were made using the t-test: * p < 0.05, MTX
6.0 mg/kg vs. control. OD: optic density. Protein loading was confirmed by the Ponceau S staining (Figures S3 and S4).

Conversely, MTX significantly decreased IL-6 levels in the heart of MTX-treated adult
mice (Figure 11E), while the MTX-treated infant mice only showed a tendency for decreased
IL-6 levels (p = 0.07) in comparison with the respective control group (Figure 11B).

Finally, data showed that MTX did not alter the expression of myeloperoxidase in
both populations (Figure 11C,F).

3. Discussion

The major findings of this work were: (1) MTX treatment affected animals’ body
weight and food/water consumption; (2) histopathological examination showed that all
MTX-treated groups had cardiac injury, being more severe in adults, and only adults
had a significant increase in fibrotic tissue, in both MTX doses; (3) infants showed some
adaptation features after MTX, namely the highest cumulative dose of MTX led to increased
tGSH levels, while the expression of GAPDH and glutathione peroxidase only increased in
6.0 mg/kg MTX-treated infant animals; (4) the lower cumulative dose (6.0 mg/ kg) elicited
an increase in catalase expression, in both adult and infant mice; (5) in adults, noradrenaline
cardiac levels decreased after 7.0 mg/kg MTX, whilst at the lower cumulative dose, protein
carbonylation and the expression of NF-κB p65 and p52 subunits, and M1 macrophage
marker increased; (6) TNF-α and IL-6 were differentially expressed within the myocardium
in response to administration of MTX 6.0 mg/kg.

In experiment 1, the 7.0 mg/kg MTX-treated adult group had significantly less body
weight compared to controls, whereas changes in body weight in the infant population
were only seen after the 17th day. In fact, in experiment 2, the lowest dose of 6.0 mg/kg of
MTX also caused a statistically significant body weight decrease in the adult population
after the 21st day. We observed that, in general, food and water intake decreased in the
following days after MTX-administration. Several studies reported a loss of body weight
in mice after MTX administration [34–37]. Signs of diarrhoea after the last administration
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of MTX in adults were seen, but not in infants, and therefore this fact can contribute to
the weight decrease. In humans, MTX induces gastrointestinal alterations, such as nausea,
vomiting, diarrhoea, and mucositis [6].

Plasma AST, ALT, total-CK, and CK–MB levels were measured in animals of both
experiments. In experiment 1, no significant differences in the aminotransferase levels
(AST and ALT) were found. However, a tendency for an increase was observed in the
AST/ALT ratio of the 7.0 mg/kg MTX-treated adult population. An increased AST/ALT
ratio has been proposed as a marker for the assessment of heart damage [38]. Dores-
Sousa et al. also showed that animals sacrificed 24 h after the last MTX administration
(9.0 mg/kg cumulative dose given in six administrations) had no significant differences
in the aminotransferase levels in any of the MTX-treated groups [34]; nevertheless, three
weeks after the last administration, AST/ALT ratio increased in the remaining infant
mice, suggesting heart damage [34]. In experiment 2, only the 6.0 mg/kg-treated infant
population had elevated ALT levels, while the AST/ALT ratio was found to be significantly
decreased. Other authors reported increased ALT levels in rats treated with a cumulative
dose of 7.5 mg/kg of MTX [39]. Therefore, the classic markers of heart damage were not
a good correlation to the damage seen in this lower dose, either in earlier time point in
adults or later time point in infants.

Regarding total-CK and CK–MB, in experiment 1, the 7.0 mg/kg cumulative MTX
dose induced a significant elevation in plasma CK–MB in infant mice, which may be
indicative of recent cardiac damage. In another study, mice treated with MTX [three doses
of 2.5 mg/kg MTX (intraperitoneal (IP))], had increased serum levels of CK–MB [40]. In
addition, the total-CK values of the 7.0 mg/kg MTX-treated adults were significantly higher
than controls, which suggests that the overall muscle activity apparently is changed by
MTX. No significant differences were seen in the 6.0 mg/kg MTX mice. Conversely, the
heart weight/ body weight ratio decreased in MTX-treated adult mice at a cumulative
dose of 6.0 mg/kg. On the contrary, an increase in cardiac weight in rats 28 days after
administering three doses of 2.5 mg/kg MTX was reported [37], suggesting different
adaptation stages.

MTX treatment resulted in cardiac tissue damage manifested by histopathological
changes. The histological examination of both right and left ventricles of the 7.0 mg/kg
MTX-treated heart revealed cellular oedema, necrotic zones, signs of vacuolization, inter-
stitial inflammatory cell infiltration, all signs of cellular degeneration. In the 6.0 mg/kg
MTX-treated mice, signs of vascular congestion were observed, with enlarged blood vessels,
inflammatory infiltrations in the interstitial spaces of the cardiomyocytes, and prolifer-
ation of connective tissue, large and uncondensed nucleus, the presence of cytoplasmic
vacuolization, as well as some necrosis. Signs of obstruction in some small calibre arteries
were observed in the 6.0 mg/kg MTX-treated adult mice. These changes were more evident
in the sub-endocardial region when compared with the sub-pericardial one. According to
the published literature, MTX produces degenerative cardiomyopathy evidenced by micro-
and macro-vacuolization, intercellular oedema, atrophy, inflammatory infiltrates, aberrant
mitochondria, myolysis of cardiomyocytes, and interstitial fibrosis in rodents [34,37,41,42],
and humans [43]. These features were also observed herein, thus highlighting the relevance
of our model. In the semi-quantitative histological analysis, the changes in heart tissue
in infant mice occurred at a lower extent than in adults, in both cumulative doses. While
one would expect that cardiac plasma toxicity markers would be increased in both studied
populations, since histological damage was observed, that did not occur in the majority
of the determinations. Whether the clearance of those markers from plasma, because of
earlier damage or if the biomarkers are not sensitive enough for the damage endured, is
not clear at this point.

The sympathetic and adrenal systems are key for cardiac function, and noradrenaline
is the main neurotransmitter/hormone responsible for the rapid adjustment of the heart
to the body’s needs. In infant mice, the cardiac levels of noradrenaline did not suffer any
significant changes, while adults treated with 7.0 mg/kg MTX had lower levels of nora-
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drenaline than controls. In a previous work by the group, a cumulative dose of 9.0 mg/kg
of MTX also caused a statistically significant decrease in cardiac noradrenaline levels in
adults, suggesting that MTX causes noradrenergic dysfunction in adult animals [34], while
not affecting infants. Age-associated changes in the autonomic nervous system are linked
to increased cardiac sympathetic tone with decreased parasympathetic input, dampened
cardiovagal baroreceptor sensitivity, and reduced clearance of plasma noradrenaline [44],
which seems to be exacerbated by MTX.

Another crucial aspect of cardiac homeostasis relates to the hearts’ energetic balance.
The primary source of energy in the heart is phosphocreatine, which maintains local ATP
pools and stabilizes cellular membranes due to electrostatic interactions with phospho-
lipids [45]. Phosphocreatine has the ability to stabilize membranes and protect cells from
damage [46]. In experiment 1, in the adult population treated with 7.0 mg/kg of MTX,
a tendency existed for increased phosphocreatine levels, while no significant changes of
creatine and phosphocreatine levels in infant mice were seen. The increased phosphocrea-
tine seen in the MTX-treated adults may be an attempt to protect the cells or to stimulate
protein synthesis [46]. It is clear that the phosphocreatine system is important to promote
de novo synthesis of ATP, by means of CK action [47]. However, no changes in cardiac ATP
were verified in the heart of both MTX-treated mice compared to controls. Similar results
were reported by others, namely with a cumulative dose of 9.0 mg/kg, when animals were
sacrificed 24 h after the last administration [34] or at a 7.5 mg/kg cumulative dose and sac-
rificed 2 days after the last administration [37]. Nevertheless, in the work of Rossato et al.,
when rats were administered with the cumulative dose of 7.5 mg/kg MTX but sacrificed
28 days after the last administration, a significant depletion of cardiac ATP levels took place,
suggesting that ATP depletion is a late event [37], possibly because response/adaptation
towards insult is probably overcome at that stage. The heart consumes large amounts of
energy in the form of ATP that is continuously replenished by oxidative phosphorylation
in mitochondria and, to a lesser extent, by glycolysis. Despite unchanged ATP synthase
subunit beta levels, the expression of the glycolytic enzyme GAPDH was significantly
higher in the MTX-treated infant mice (6.0 mg/kg), while glycolytic ratio (GAPDH/ATP
synthase subunit beta) changes were seen in adults sacrificed earlier, suggesting that al-
though the infant mice are more resilient to the highest dose, later on (17 days) a metabolic
shift to glucose oxidation occurs, which may be a determinant sign of damage. A shift from
the oxidation of fatty acids to increased oxidation of glucose, along with the inhibition of
OXPHOS activity, has been described for another topoisomerase IIb inhibitor, doxorubicin,
being these key features of heart damage [48]. Recently, our group has shown through a
proteomic study in mitochondrial enriched fractions that MTX also causes downregulation
of the fatty oxidation metabolic process [49].

Although MTX has been considered with a low ability to induce oxidative stress,
several studies have been focused on those markers when MTX heart damage is being
researched [34,37,50]. While in adults given a 7.0 mg/kg cumulative dose of MTX, no
significant changes in the cardiac levels of the tGSH, GSSG, and GSH/GSSG ratio were
found, in the infants that took the same cumulative dose, cardiac tGSH levels increased
significantly. Dores-Sousa et al. had similar results when 9.0 mg/kg of MTX was admin-
istered to infant mice that presented the highest values of tGSH three weeks after the
last administration. The authors suggested that there was an adaptation response of that
population related to an up-regulation of γ-glutamylcysteine synthetase (γ-GCS) activity
in the younger population [34]. In that sense, a recent work of the group showed that
cardiac HL-1 cells exposed to MTX also had higher levels of tGSH, and that this increase
was abrogated by the γ-GCS inhibitor, buthionine sulfoximine. On the other hand, in
the 6.0 mg/kg MTX-treated infant and adult animals, in experiment 2, no differences in
tGSH and GSSG values or ratios were observed; similarly, other authors also reported
no statistically significant changes in the cardiac GSH levels in animals treated with an
acute dose of 15.0 mg/kg of MTX, 4 days after administration [50], or with a cumulative
dose of 7.5 mg/kg of MTX, 28 days after administration [37], thus advocating that the
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cumulative dose and most likely the possibility of adaptation of the infant population
may be determinant for de novo GSH synthesis. The levels of MDA, a marker of lipid
peroxidation, were evaluated in the cumulative dose of 7.0 mg/kg in infant and adult
mice, and no statistically significant changes were observed. Our data corroborate that,
although MTX clearly induces cardiac damage, it has a low capacity to induce oxidative
stress and lipid peroxidation. In fact, in our work, MTX (6.0 mg/kg) did not alter the
expression of SOD2/MnSOD but significantly increased the levels of catalase in the heart of
both adult and infant mice. Since catalase plays an important role in breaking down H2O2
and maintaining cellular redox homeostasis, this increase may be due to the adaptation of
the cells to damage caused by MTX. In fact, in low mitochondrial oxygen consumption,
an increase of H2O2 production occurred in skeletal muscle, which was accompanied by
fatty acids β-oxidation. Nevertheless, catalase transfection and overexpression led to the
normalization of energetic pathways [51]. Furthermore, and regarding glutathione peroxi-
dase, its expression increased significantly in the heart of infant mice, 17 days after the last
administration, suggesting that the heart is adjusting to MTX and that could give infant
mice more protection concerning the MTX-induced oxidative injuries. That protection can
be seen as infants had less histological damage than adults did.

The general conviction is that in in vivo models, MTX does not increase lipid perox-
idation, serum lipids, or significantly alter the redox status of the heart, indicating that
oxidative stress does not play a major role in MTX-induced cardiac damage [37,41,52].
Even so, a recent work by our group showed that MTX might increase protein oxidative
damage [53]. Herein, protein carbonylation increased significantly in the heart of adult
mice (6.0 mg/kg) exposed to MTX, suggesting that MTX is able to cause permanent changes
in proteins. Protein carbonylation may lead to protein partial or total function inactivation,
with a wide range of downstream functional consequences, subsequent cellular dysfunc-
tion, and tissue damage [54]. A previous work also showed that adult mice treated with
a 9.0 mg/kg cumulative dose of MTX had increased heart protein carbonylation, 24 h
after the last administration, while in infants those changes were not seen in the heart [34].
Once again, infants seemed more protected towards MTX-inflicted damage. Whether that
happens because they are able to activate antioxidant defences, as seen earlier, or they have
higher intrinsic proteasome activity, needs to be further looked at.

Despite the low impact of MTX at 6.0 mg/kg dose on oxidative stress markers, cardiac
immunohistochemical analysis revealed that MTX significantly increased the expression the
NF-κB p65 subunit. Subsequently, a Western blot analysis indicated that the MTX-treated
adult mice showed a tendency for increased expression of NF-κB p65 levels (p = 0.08), the
canonical NF-κB pathway, and significantly enhanced the expression of NF-κB p52 levels,
the noncanonical pathway of this transcription factor. Activation of the canonical NF-κB
pathway provides rapid responses (within minutes) [55]. In contrast, the noncanonical
pathway is comparatively slower (activated within hours) and can be sustained for longer
periods [55]. NF-κB plays an important role in regulating inflammatory response and
its activation alters the phenotype of macrophages [56]. In this study, the MTX-treated
adult mice showed a higher density of infiltrating M1 macrophages. Macrophages have
an important role in the innate immune system and have been described to be relevant
cells within the cardiovascular system [57,58]. The increase of cardiac macrophages in
adult mice can suggest that upon MTX-induced lesions, an immunologic response is in-
duced, resulting in infiltration of inflammatory cells. M1 macrophages are involved in
pro-inflammatory responses and following activation, they produce pro-inflammatory
cytokines such as IL-1, IL-6, IL-12, and TNF-α, and chemokines [56]. Notably, MTX ad-
ministration significantly altered the expression of pro-inflammatory cytokines, increasing
TNF-α and decreasing IL-6 in mice cardiac tissue, reaching statistical significance in adult
mice. The 26S proteasome activity has a role in substantially augmenting the generation of
pro-inflammatory cytokines, although immunoproteasome activity differs with aging [59].
Whether differences in the activity of proteasome on different ages implicate differential
results seen in protein carbonylation and in cytokine levels needs to be determined in more
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detail. Nonetheless, the pro-inflammatory cytokines such as TNF-α and IL-6, are responsi-
ble for the development and progression of cardiovascular diseases [60]. TNF-α has been
implicated in patients with newly diagnosed HF, where increased levels are associated
with ventricular hypertrophy, ventricular dilatation, interstitial infiltrates, interstitial fibro-
sis, rare myocyte apoptosis, a diminished ejection fraction, attenuation of β1-adrenergic
responsiveness, and expression of atrial natriuretic factor in the left ventricle [21]. IL-6
is involved in inflammation but reveals additional cardiovascular properties through the
regulation of cardiomyocyte hypertrophy and apoptosis [61]. Under stressful conditions,
namely excessive hemodynamic stimulation and mechanical stress, cytokines promote
and sustain an unbalanced status within the myocardium, with enhanced production of
TNF-α accompanied by a simultaneous reduction of IL-6 levels and insulin-like growth
factor (IGF)-1, that may critically contribute to the development of the HF phenotype [62].
Doxorubicin is an anthracycline often used in cancer that shares similar clinical cardiotox-
icity with MTX. It has been shown that doxorubicin caused a significant increase in the
production of pro-inflammatory interleukins (IL-8, IL-6, and IL-1β) in vitro, showing the
possible importance of inflammation on doxorubicin-induced cardiotoxicity [63]. Moreover,
nanoemulsions loaded with anti-inflammatory nutraceuticals inhibited the secretion of
inflammatory cytokines IL-6, IL-8, IL-1β, and TNF-α from cardiac cells incubated with
doxorubicin, suggesting that anti-inflammatory drugs activated molecular mechanisms of
cardioprotection during doxorubicin treatment [64]. Nevertheless, the inflammatory path-
ways are also affected by immune checkpoint inhibitors, nivolumab and ipilimumab, that
caused changes in NLRP3 inflammasome, MyD88 complex NF-κB/p65 expression, and in
several interleukins in co-cultures of lymphocytes with tumor or with cardiac cells. Those
changes in several inflammatory signals were also seen in the heart after ipilimumab in an
in vivo model [65]. While in peripheral blood mononuclear cells of secondary progressive
MS patients, MTX was reported to not seemly influence the production of inflammatory
mediators, IL-6, IL-12p40, IL-10, and TGF-β [66], our data shows other results in the heart.
Our data may in fact reveal other pathways of MTX-induced cardiotoxicity.

4. Materials and Methods

β-Nicotinamide adenine dinucleotide 2′-phosphate reduced (NADPH) tetrasodium
salt hydrate was acquired from PanReac AppliChem ITW Reagents (Barcelona, Spain).
Ethylenediaminetetraacetic acid (EDTA), perchloric acid (HClO4), sodium hydroxide
(NaOH), magnesium chloride (MgCl2), sodium carbonate (Na2CO3), disodium phosphate
(Na2HPO4), copper (II) sulphate (CuSO4), potassium bicarbonate (KHCO3), potassium di-
hydrogen phosphate (KH2PO4), magnesium sulphate (MgSO4), potassium chloride (KCl),
Histosec paraffin pastilles, and FolinCiocalteu reagent, mouse monoclonal dinitrophenyl
(DNP)-KLH (MAB2223) were purchased from Merck (Darmstadt, Germany). Bio-Rad DC
protein assay kit was purchased from Bio-Rad Laboratories (Hercules, CA, USA). Phos-
phate buffered saline solution (PBS) was purchased from Biochrom (Berlin, Germany),
sodium chloride (NaCl), and sodium dodecyl sulphate (SDS) from VWR (Leuven, Bel-
gium), potassium sodium tartrate from Fluka (Buchs SG, Switzerland), methanol, DPX
mounting media, and xylene from Thermo Fisher Scientific (Loughborough, UK). Har-
ris haematoxylin was purchased from Harris Surgipath (Richmond, IL, USA), eosin 1%
aqueous from Biostain (Traralgon, Australia), and Isoflurane (Isoflo®) was obtained from
Abbott Animal Health (North Chicago, IL, USA). ABX Pentra reagents were purchased
from HORIBA (Kyoto, Japan). Enhanced chemiluminescence (ECL) reagents, and 0.45 µm
Amersham Protran nitrocellulose blotting membrane were purchased from GE Healthcare
Bio-Sciences (Pittsburgh, PA, USA). Mouse monoclonal anti-ATP synthase subunit beta
(ab14730), rabbit polyclonal anti- GAPDH(ab9485), rabbit polyclonal anti-IL-6 (ab83339),
rabbit polyclonal anti-NF-κB p65 (ab16502), mouse monoclonal anti- NF-κB p100/p52
(ab71108), rabbit polyclonal anti-TNF-α (ab66579), rabbit polyclonal anti-SOD2/MnSOD
(ab13534), rabbit polyclonal anti-catalase (ab16731), rabbit polyclonal anti-glutathione
peroxidase 1 (ab22604), rabbit polyclonal anti-myeloperoxidase (ab139748), rabbit poly-
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clonal anti-mannose receptor (M2 macrophage, ab64693), rabbit polyclonal anti-CD68
(M1 macrophage, ab125212), goat anti-rabbit IgG-horseradish peroxidase (ab97051) and
rabbit anti-mouse IgG-horseradish peroxidase (ab6728) from Abcam (Cambridge, UK).
3,3’-Diaminobenzidine (DAB), HIGHDEF® DAB chromogen/substrate set was purchased
from Enzo Life Sciences (Miraflores, Portugal). Water was purified with a Milli-Q Plus
ultrapure water purification system (Millipore, Bedford, Massachusetts, USA). All the other
reagents used were purchased from Sigma Aldrich (St. Louis, MO, USA).

4.1. Animals

Male CD-1 mice (Mus Musculus) were acclimated for a week before experiments
began and were accompanied by experienced veterinarians during all experimental proce-
dures. Temperature (22 ± 2 ◦C) and humidity (50 ± 10%) were maintained at appropriate
intervals, during 12-hour light–dark cycles. The animals were kept in groups of 3 per cage,
with environmental enrichment always present. The mice were maintained on a rodent
diet (with 4RF21 GLP certificate diet from Mucedola, Settimo Milanese, Italy) and with
autoclaved water given ad libitum according to the guidelines defined by the European
Council Directive (2010/63/EU) transposed into Portuguese legislation (Decreto-Lei no.
113/2013). Considering the animals’ welfare, a “scoring system” was created (Table S1)
to evaluate and minimize their suffering and stress. All experiments with animals were
handled with the approval of the local animal welfare body (ICBAS-UP ORBEA) and the
Portuguese national authority for animal health (DGAV, processes no. 0421/000/000/2013
and 0421/000/000/2016).

4.2. Experimental Protocol

Male CD-1 mice have been considered a good model to mimic the effects of MTX
therapy in two different life stages [34]. Herein, infants and adult mice were used: the
mice in the infant group weighed 10–12 g and were 3–4 weeks old, while mice in the
adult group weighed 38–56 g and were 8–12 weeks old. According to the literature, infant
mice had not entered puberty (equivalent to children), since in this stage of development
1 human year corresponds to 56.77 mice days [67,68], meaning that at the beginning of
the administrations, the age of infant mice corresponded to roughly 135–180 human days.
On the other hand, the mice at 8 to 12 weeks old clearly reached the young adulthood
phase [67,68], since adult mice reach sexual maturity on average at 10 weeks, while in
humans, this stage corresponds to an average age of 20 years [67,68].

4.3. Administration Schedule

Since MTX is given in cycles and throughout multiple administrations in humans, the
experiments herein enclosed aimed to mimic human MTX-therapy, and drug administra-
tion was interrupted by free-drug periods [34]. Furthermore, allometric scaling was used to
ensure that the cumulative dose of MTX administered did not exceed the maximum MTX
recommended in humans [69,70], as to maintain clinical relevance. Two cumulative doses
were given: 6.0 mg/kg MTX and 7.0 mg/kg MTX. In infants (to convert dose in mg/kg
to dose in mg/m2, we multiply by Km factor 25), it corresponded in human equivalent
to 33.5 mg/m2 and 39.1 mg/m2, respectively [69,70]. In adult mice (Km factor 37), the
cumulative doses of 6.0 mg/kg MTX and 7.0 mg/kg MTX had a human equivalent of
36.3 mg/m2 and 42.3 mg/m2, respectively [69,70]. These calculations were estimated from
the general body weight of infant (8.0 kg) and adult (70.0 kg) human population [69,70] at
the ages calculated previously.

The mice received IP administrations of MTX, in the afternoon period, to decrease
MTX-induced lethality attributed to the daily circadian rhythm [35]. In humans, MTX is
administered intravenously, but in mice, the IP route affords the same cardiac effects of
MTX [34], while avoiding the high risk of extravasation of the endovenous route that can
lead to tissue necrosis [71]. The doses were delivered through 6 IP injections (two per week),
alternating between the left and right side of the abdomen in order to avoid extra injury
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and pain. MTX dihydrochloride was dissolved in sterile 0.9% saline solution. Control
mice were injected with saline solution (0.9% NaCl) in the same volume and conditions as
MTX-treated mice. During the experimental period, food and water intake, body weight,
and animal welfare were assessed daily.

4.4. Blood Collection and Plasma Biomarkers

Animals were anesthetized through the inhalation of 5% isoflurane and then sacrificed
by exsanguination when fully sedated. After euthanasia, the animal’s abdominal cavity
was exposed, and blood was collected in the inferior vena cava into EDTA-containing tubes.
Blood was then centrifuged (920 g, 10 min, 4 ◦C), and the obtained plasma was stored at
−20 ◦C for the determination of AST, ALT, CK–MB, and total-CK. Plasma biomarkers were
determined through enzymatic assays in the apparatus ABX Pentra 400 with ABX Pentra
reagents (Japan), according to the manufacturer’s instructions.

4.5. Tissue Collection

Hearts were removed, weighed, and processed as follows: (1) segments of heart that
covered both the left and right ventricle were placed in 4% paraformaldehyde, pH 7.2–7.4,
and used for histological and immunohistochemistry analysis; (2) cardiac sections of the
same segments were placed in complete RIPA buffer (50 mM Tris-HCl, 150 mM NaCl,
1% Triton X-100 (v/v), 0.5% sodium deoxycholate (w/v), and 0.1% SDS (w/v), pH 8.0,
supplemented with 0.25 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM sodium
metavanadate (Na3VO4), 10 mM sodium fluoride (NaF), 1 mM DL-dithiothreitol (DTT) and
0.5% (v/v) complete protease inhibitor cocktail and stored at −80 ◦C for immunoblotting
analysis; and (3) the remaining heart was homogenized with an Ultra-Turrax® homogenizer
in ice-cold 0.1 M phosphate-buffered solution, pH 7.4. The homogenate was aliquoted for
other determinations (namely protein determination by the Lowry method [72]) or placed
to a final concentration of 5% HClO4 [for ATP, tGSH, GSH, and GSSG, catecholamines, and
lipid peroxidation]. All steps were performed on ice.

4.6. Histological Analysis of Heart Tissue

All histological procedures were conducted according to previously published pro-
cedures [34]. Sections were subjected to haematoxylin and eosin for routine histological
evaluation and Sirius red for fibrous tissue. The slides were examined and photographed
with a Carl Zeiss Imager A1 light microscope equipped with an AxioCam MRc 5 digital
camera (Oberkochen, Germany). Histopathological evidence of tissue damage was calcu-
lated according to its severity and incidence in every slide, as previously published [34].
Sections stained with Sirius red were used to assess collagen deposition, which was eval-
uated using ImageJ software (version 1.52a, http://imagej.nih.gov/ij, Wayne Rasband,
NIH, Bethesda, MD, USA). The results of collagen content are expressed as a percentage of
collagen fibres, as previously detailed [34].

4.7. Determination of Cardiac Noradrenaline Levels

In experiment 1, cardiac noradrenaline levels were determined, as described be-
fore [34]. For a more ascertain identification of the chromatographic peaks in heart samples,
two independent procedures were used: comparison of retention time with pure standards
and spiking the samples with standards of noradrenaline.

4.8. Measurement of ATP Levels

ATP levels were determined by a bioluminescent assay based on the luciferin-luciferase
reaction, as previously described [34,73]. The results were expressed as nmol of ATP per
mg of protein (nmol ATP/mg protein).
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4.9. Determination of Cardiac Creatine and Phosphocreatine Levels

In experiment 1, cardiac creatine and phosphocreatine levels were evaluated, as
described [34]. The phosphocreatine levels were calculated setting the difference between
total creatine and free creatine.

4.10. Measurement of tGSH, GSH, and GSSG

tGSH and GSSG levels were evaluated by the DTNB-GSSG reductase recycling as-
say, as previously described [34,74]. The levels of GSH were calculated by the formula:
GSH = tGSH−2 × GSSG. The results of tGSH, GSH, and GSSG were normalized to the
total protein content and were expressed as nmol of GSH or GSSG per mg of protein (nmol
GSH/mg protein or nmol GSSG/mg protein).

4.11. Assessment of Lipid Peroxidation

Lipid peroxidation was measured by assessing MDA values and comparing them
with a standard curve of MDA after reaction with thiobarbituric acid (TBA). The analysis
of MDA-equivalent content in standards and samples was performed by high-performance
liquid chromatography, as previously described [34].

4.12. Protein Carbonylation by Slot Blot Analysis

Heart sections were lysed in RIPA buffer (supplemented with PMSF, DTT, NaF,
Na3VO4, and a cocktail of protease inhibitors) through sonication and were kept at −80 ◦C
until analysis. Samples containing 20 µg of protein (as assessed by the Bio-Rad DC Protein
assay) were then processed as previously described [75]. Immunoreactive bands were
detected, and digital images were acquired using the ChemiDoc Imaging System version
2.3.0.07 (Bio-Rad, Hercules, CA, USA). The obtained images were analysed with Image Lab
software version 6.0.1 (Bio-Rad, Hercules, CA, USA).

4.13. Western Blotting Analysis

Heart tissue was lysed in a lysis buffer (RIPA supplemented with PMSF, DTT, NaF,
Na3VO4, and a cocktail of protease inhibitors). The amount of total protein was quantified
using the Bio-Rad DC Protein assay, and then the total protein (20 µg from each sample)
was fractionated by electrophoresis on a 12.5% SDS-PAGE. Gels were blotted onto a
nitrocellulose membrane (Amersham Protran, GE Healthcare, Germany) in a transfer
buffer (25 mM Tris, 192 mM glycine, pH 8.3, and 20% methanol) for 2 h (200 mA). Then,
nonspecific binding was blocked with 5% (w/v) dry non-fat milk in TBS-T (100 mM Tris,
1.5 mM NaCl, pH 8.0 and 0.5% Tween 20). Membranes were incubated with primary
antibody diluted 1:1000 (mouse anti-ATP synthase subunit beta, rabbit anti-GAPDH,
mouse anti-NF-κB p100/p52, rabbit anti-NF-κB p65, rabbit anti-SOD2/MnSOD, rabbit anti-
glutathione peroxidase 1) or 1:500 (rabbit anti-IL-6, rabbit anti-TNF-α, rabbit anti-catalase,
and rabbit anti-myeloperoxidase) in 5% w/v non-fat dry milk in TBS-T, for 2 h at room
temperature or overnight, washed and incubated with secondary horseradish peroxidase-
conjugated anti-rabbit (1:10,000) or anti-mouse (1:5000). Immunoreactive bands were
detected by enhanced chemiluminescence ECL (Amersham Pharmacia Biotech) according
to the manufacturer’s indications. The immunoreactive bands were detected using the
ChemiDoc Imaging System version 2.3.0.07 (Bio-Rad, Hercules, CA, USA). The obtained
images were analysed with Image Lab software version 6.0.1 (Bio-Rad, Hercules, CA, USA).
Protein loading was confirmed by the Ponceau S staining.

4.14. Immunohistochemistry

The detection of NF-κB subunit p65 and M1 and M2 macrophage markers was per-
formed by immunohistochemistry in a protocol already described [76], where we made
minor modifications. After heart tissue was deparaffinized, antigens were unmasked by
the pressure cooker antigen-retrieval procedure: slides were immersed in 10 mM citrate
buffer, pH 6.0, at 100 ◦C and were placed in a pressure cooker for 10 min and then cooled

522



Pharmaceuticals 2021, 14, 510

for 20–30 min. Following the blocking step, each slide was incubated with anti-NF-κB p65
polyclonal rabbit antibody (1:50), or anti-mannose receptor polyclonal rabbit antibody (M2
macrophage) (1:50), or anti-CD68 polyclonal rabbit antibody (M1 macrophage) (1:50) in
PBS containing 0.05% Tween 20 (v/v) (PBS-T) overnight (4 ◦C). After washing four times
(5 min each) with PBS, the sections were incubated for 2 h, at 37 ◦C with a goat anti-rabbit
IgG-horseradish peroxidase secondary antibody (1:100) in PBS-T. The sections were then
washed four times (5 min) under gentle stirring and incubated with DAB reagent for 1 min.
After washing, the slides were counterstained with a solution of haematoxylin-water (1:11)
for 3 min and once again washed. Finally, slides were mounted in DPX medium with cov-
erslips and routine procedures followed. Negative controls were performed as described,
with the omission of the primary antibody incubation step. All preparations were analysed
in a Carl Zeiss Imager A1 light microscope and images were recorded with a coupled
AxioCam MRc5 digital camera (Oberkochen, Germany). The semi-quantitative analysis
of IHC images was made using ImageJ software (version 1.52a, http://imagej.nih.gov/ij,
Wayne Rasband, NIH, Bethesda, MD, USA).

4.15. Statistical Analysis

Results are expressed as mean± standard deviation (SD). Statistical analyses of animal
weight, food, and water intake data were carried out by the two-way analysis of variance
(two-way ANOVA) followed by the Sidak post hoc test. When two groups and one time
point were analysed, the outliers were identified using the ROUT method (Q = 1%) first
and then statistical analysis was performed by the Student’s t-test when the distribution
was normal or by the Mann–Whitney test when the distribution was not normal. Statistical
significance was considered when p values <0.05. To perform the statistical analysis, the
GraphPad Prism 8.0 software program (San Diego, CA, USA) was used.

5. Conclusions

Inflammation plays a key role in the development and progression of cardiovascular
diseases. To the best of our knowledge, this is the first time that inflammatory signals
were shown to play an important role on MTX-induced cardiotoxicity. Overall, our work
demonstrates inflammation in cardiac tissue even when no major changes were observed
in the redox status and the ATP cardiac levels in mice exposed to lower doses of MTX.
Moreover, MTX administration caused dissimilar responses in adult and infant mice, which
may be linked to the highest antioxidant adaptation of infant or repair ability. Nonetheless,
more research is warranted to investigate the involvement of inflammation on MTX-
induced cardiotoxicity or if targeting specific mechanisms of the immune system will be
advantageous to reverse cardiotoxicity of this anticancer drug.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph14060510/s1, Figure S1. [A, B] Body weight in [A] infant and [B] adult mice exposed to a
cumulative dose of 7.0 mg/kg MTX. [C and D] Water consumption of [C] infant and [D] adult mice
exposed to a cumulative dose of 7.0 mg/kg MTX. [E, F] Food consumption of [E] infant and [F] adult
mice exposed to a cumulative dose of 7.0 mg/kg MTX. Results are presented in grams (g) of food
intake/day/weight of animal, mL of water intake/day/weight of animal, or g of body weight, and as
mean± standard deviation (SD), from 8 per group. Statistical comparisons were made using two-way
ANOVA followed by the Sidak’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001,
MTX 7.0 mg/kg vs. control). Figure S2. [A and B] Body weight in [A] infant and [B] adult mice
exposed to a cumulative dose of 6.0 mg/kg MTX. [C and D] Water consumption of [C] infant and
[D] adult mice exposed to a cumulative dose of 6.0 mg/kg MTX. [E and F] Food consumption of [E]
infant and [F] adult mice exposed to a cumulative dose of 6.0 mg/kg MTX. Results are presented
in grams (g) of food intake/day/weight of animal, mL of water intake/day/weight of animal, or
g of body weight, and as mean ± SD, from 6 per infant group and 17 per adult group. Statistical
comparisons were made using two-way ANOVA followed by the Sidak’s post hoc test * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001, MTX 6.0 mg/kg vs. control). Figure S3. Loading control
of Ponceau S staining of [A] ATP synthase subunit beta (52 kDa) and glyceraldehyde-3-phosphate
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dehydrogenase (GAPDH) (37 kDa), [B] Superoxide dismutase 2/manganese-dependent superoxide
dismutase (SOD2/MnSOD) (26.6 kDa) and Nuclear kappa B nuclear transcription factor (NF-κB)
p65 (60 kDa), [C] catalase (60 kDa) and [D] glutathione peroxidase (22 kDa), [E] Tumour necrosis
factor-α (TNF- α) (25 kDa), [F] interleukin-6 (IL-6) (24 kDa), [G] myeloperoxidase (48 kDa), [H]
NF-κB p52 (50 kDa) from infant mice exposed to a cumulative dose of 6.0 mg/kg MTX or control
animals. Figure S4. Loading control of Ponceau S staining of [A] ATP synthase subunit beta (52 kDa),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (37 kDa) and interleukin-6 (IL-6) (24 kDa),
[B] catalase (60 kDa) and glutathione peroxidase (22 kDa), [C] Tumour necrosis factor-α (TNF-
α) (25 kDa), [D] myeloperoxidase (48 kDa), [E] Superoxide dismutase 2/manganese-dependent
superoxide dismutase (SOD2/MnSOD) (26.6 kDa) and Nuclear kappa B nuclear transcription factor
(NF-κB) p52 (50 kDa) and [F] NF-κB p65 (60 kDa) from adult mice exposed to a cumulative dose of
6.0 mg/kg MTX or control animals. Table S1. General distress scoring sheet implemented for the
evaluation of the general welfare of mice during all the experiment. Table S2. Plasma biomarkers
and heart weight/body weight ratio after MTX (7.0 mg/kg cumulative dose). Table S3. Plasma
biomarkers and heart weight/body weight ratio after MTX (6.0 mg/kg cumulative dose).
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Ksiądzyna, D.; Hałoń, A.; Szkudlarek,

D.; Trocha, M.; Szandruk-Bender, M.;

Matuszewska, A.; Nowak, B.;
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Warszawy 6, 35-959 Rzeszów, Poland; akuzniar@prz.edu.pl

* Correspondence: anna.merwid-lad@umed.wroc.pl; Tel.: +48-71-784-1442

Abstract: Cyclophosphamide (CPX) exerts toxicity in the urogenital system. The current study was
designed to evaluate the effect of morin-5′-sulfonic acid sodium salt (NaMSA) on CPX-induced
urogenital toxicity in rats. NaMSA (100 mg/kg/daily) and CPX (15 mg/kg/daily) alone or in
combination and 0.9% NaCl (as a control) were given intragastrically for 10 days. Testes and
epididymes from male and urinary bladders from male and female rats were evaluated histologically.
In testes and epididymes, morphological changes and relative decrease in sperm count were assessed.
In urinary bladders edema, hemorrhage and urothelium erosions were described by 0–2 points
scoring system. Reproductive score (RS—in total 6 points) and urinary bladder score (BS—in total
6 points) were thereafter calculated. In CPX-receiving group RS (2.7) and BS (3.3) were significantly
higher than in the control (0.5 and 0.25 for RS and BS, respectively). Co-administration of NaMSA
reversed most of the morphological changes, which was reflected by lower RS and BS score (0.5
and 1.2 for RS and BS, respectively). The preliminary findings suggest that NaMSA may attenuate
CPX-induced histological changes in rat urogenital tract.

Keywords: NaMSA; cyclophosphamide; histopathology; testis; urinary bladder

1. Introduction

The male reproductive system is very sensitive to noxious factors and permanent or
transient infertility is a great clinical problem, especially in younger patients. There are
still not too many possibilities to counteract these drug-induced complications. Among
many reasons of decreased fertility or even infertility such as anatomical pathologies,
diabetes, obesity, smoking, cancers, radiation or environmental toxins, adverse effects of
many anticancer agents are very important [1–3].

Cyclophosphamide (CPX) is a conventional anticancer drug belonging to the alkylat-
ing agents [4]. Despite introduction in clinical practice, many targeted treatment options
as immunosuppressant or anticancer drugs [5], it is estimated that still every year many
patients develop and are diagnosed with cancers, which are the indication for CPX admin-
istration [6].
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Cyclophosphamide exerts significant adverse effects in the urinary tract and affects the
male reproductive system, causing disorders of spermatogenesis with oligo- and azoosper-
mia, testicular atrophy in men taking this drug and sometimes infertility, which may
be irreversible. Lesions caused by CPX in the urinary tract are also well described and
are observed after both short- or long-term treatment. In human hemorrhagic cystitis,
pyelonephritis and hematuria are common complications [7]. With the mechanism of the
urinary tract, especially the urinary bladder, injury is multifactorial and involves first of all
the reaction of CPX metabolite (acrolein) with urothelium with subsequent inflammatory
cascade. In the prevention of urinary toxicity, mainly life-threatening hemorrhagic cysti-
tis, there are a few possibilities with good hydration, systemic administration of mesna
(whose efficacy in this indication is recently discussed and doubtful), local irrigation of
the urinary bladder with various substances or sometimes even surgical, invasive proce-
dures [4,6]. Much less is known about the prevention of chronic injury of kidneys or the
reproductive system. Therefore, there is still a great need to search for compounds that
may decrease CPX-induced tissue toxicity instead or as adjuvant to standard prevention
schedules and in this way, decrease mortality due to complications of anticancer therapy
and increase patients’ quality of life. Plant-derived substances and their chemically modi-
fied derivatives are in the interest of scientists in a variety of medical indications. Many
different compounds have been until now tested in experimental studies for reduction of
cyclophosphamide-induced urogenital toxicity, especially in male rats using models of
acute or chronic cyclophosphamide administration [8–10].

Morin-5′-sulfonic acid sodium salt (NaMSA) is a derivative of natural flavonoid
morin, but as a sodium salt exerts much better water-solubility. We have described in
our previous papers that NaMSA reversed some CPX-induced changes in oxidative stress
parameters in liver and kidney in rat models of 10 days CPX administration at a daily
dose of 15 mg/kg [11] and attenuated pathological changes in intestine morphology [12].
Generation of oxidative radicals may be one of the factors responsible for damages observed
in male gonads and in the urinary tract [10,13–15]. In this paper, we describe preliminary
results of the influence of NaMSA administration on CPX-induced toxicity in male rat
gonads based on the histopathological evaluation of testes and epididymes and the effect
of NaMSA on histological toxicity in the urinary bladders of both sexes.

2. Results
2.1. Tested and Epididymes Evaluation

Results of the testes, epididymes and sperm score, and urinary bladder score are
presented in Figures 1 and 2. Intragastric CPX administration for 10 days in a daily dose
of 15 mg/kg caused significant increase in testes and epididymes histological lesions
described as irregular and diminished seminiferous tubules of a mild or severe grade along
with various levels of decreased sperm count within the lumen of seminiferous tubules.
Co-treatment with NaMSA in a daily dose of 100 mg/kg reversed those change, which was
reflected by decreased testes and epididymes score. Representative histological changes
for tested groups in testes and epididymes are presented in Figures 3 and 4, respectively.
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Figure 2. Total urinary bladder score (hemorrhage, edema, erosions, 0–6 points) in male and 

female rats. Scoring system described in the Material and Methods section. Male rats: ^ p < 0.001, 

CX vs. C; ^^ p < 0.01, M vs. CX and MCX vs. CX. female rats: * p < 0.001, CX vs. C; ** p < 0.001, M 

vs.CX; *** p < 0.01, MCX vs. CX; **** p < 0.05, MCX vs. C. Data presented as mean values. 

Figure 1. Total reproductive score (testes, epididymes and sperm, 0–6 points) and total urinary bladder score (hemorrhage,
edema, erosions, 0–6 points). Scoring system described in the Material and Methods section. Bladder score: * p < 0.001,
CX vs. C; ** p < 0.001, M vs.CX and MCX vs. CX. Reproductive score: ˆ p < 0.01, CX vs. C; ˆˆ p < 0.05, M vs. CX and
ˆˆˆ p < 0.01, MCX vs. CX. Data presented as mean values and SD.
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Figure 3. Histological cross-sections of testes (HE staining, magnification 200×). C—control group—appearance of normal
testis with orderly maturation of germ cells from the base to the center of the lumen: numerous spermatogonia (along the
basement membrane), primary and secondary spermatocytes, spermatids, and spermatozoa; M— Morin-5′-sulfonic acid
sodium salt (NaMSA) receiving group—appearance of normal testis: the seminiferous tubules with numerous germ cells;
CX—cyclophosphamide receiving group—changes grade 2—the seminiferous tubules with loss of germ cells, there is an
orderly maturation of germ cells from the base to the center of the lumen, but the number of spermatogonia (along the
basement membrane), primary and secondary spermatocytes, spermatids, and spermatozoa is decreased; MCX—group
receiving cyclophosphamide and NaMSA—changes grade 1—the seminiferous tubules with discrete germ cells loss, there
is an orderly maturation of germ cells from the base to the center of the lumen, but the number of spermatogonia (along the
basement membrane), primary and secondary spermatocytes, spermatids, and spermatozoa is slightly reduced.
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Additionally, in urinary bladders, analysis of bladder score was performed 
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NaMSA fully reversed these changes. In female rats, abnormalities caused by CPX were 

only partly reversed by NaMSA co-administration. Representative histological changes 

for tested groups for urinary bladders are presented in Figure 5. 

Figure 4. Histological cross-sections of epididymes (HE staining, magnification 200×). C—control group—no pathological
changes, tubules have thick muscular coat, the lining is composed of tall, ciliated columnar cells, without atypia; M—NaMSA
receiving group—no pathological changes, tubules have thick muscular coat, the lining is composed of tall, ciliated columnar
cells, without atypia; CX—cyclophosphamide receiving group—changes grade 1—tubules have thick muscular coat, the
lining is composed of tall, ciliated columnar cells, with some discrete changes; MCX—group receiving cyclophosphamide
and NaMSA—no pathological changes, tubules have thick muscular coat, the lining is composed of tall, ciliated columnar
cells, without atypia.

2.2. Urinary Bladder Evaluation

Hemorrhage, edema, and ulcerations/erosions in the urinary bladders were assessed
and pathological changes were also the most significant in the CPX-receiving group. Sim-
ilarly, treatment for 10 days with NaMSA reversed significantly CPX-induced changes
reflected by decreased urinary bladder scoring system shown in Figure 1.

Additionally, in urinary bladders, analysis of bladder score was performed separately
for male and female rats and results as shown in Figure 2. In male rats, the most significant
pathologies were found in the CPX-receiving group and the addition of NaMSA fully
reversed these changes. In female rats, abnormalities caused by CPX were only partly
reversed by NaMSA co-administration. Representative histological changes for tested
groups for urinary bladders are presented in Figure 5.
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Figure 5. Histological cross-sections of urinary bladders (HE staining, magnification 200×). C—control group—no
pathological changes; M—group receiving NaMSA—edema and discrete hyperemia of submucosa, there are normal
5–7 layers of transitional epithelium without atypia and some slightly dilated blood vessels; MCX—group receiving
cyclophosphamide and NaMSA—edema of submucosa, there are normal 5–7 layers of transitional epithelium without atypia
and some slightly dilated blood vessels; CX—group receiving cyclophosphamide—selected characteristic abnormalities;
CX1—erosion of normal transitional epithelium without inflammation; CX2—edema and discrete hyperemia of submucosa,
there are normal 5–7 layers of transitional epithelium without atypia and some slightly dilated blood vessels; CX3—high
degree hyperemia of submucosa, there are normal 5–7 layers of transitional epithelium without atypia and some significantly
dilated blood vessels.

3. Discussion

Cyclophosphamide belongs to the conventional anticancer agents but still is used
as an important treatment option for many solid tumors or hematological malignancies,
e.g., breast cancer or Hodgkin lymphoma. The drug is also a part of conditioning for
a bone marrow transplantation or an alternative immunosuppressant in drug-resistant
nephrotic syndrome in children or in systemic lupus erythematosus. Besides myelotoxicity
typical for many anticancer drugs, cyclophosphamide causes significant adverse effects
in the urinary tract and affects the male reproductive system with oligo- and azoosper-
mia, testicular atrophy and sometimes irreversible infertility [7]. Hemorrhagic cystitis is
a potentially life-threatening complication [16] and the recommended prevention with
mesna administration with forced saline diuresis is still one of the most often chosen
options, but not sufficient in all patients [17]. Therefore, there is a great need to search
for new substances to increase efficacy of prevention of CPX-induced toxicities. Natural
compounds, especially flavonoids, or their chemically modified derivatives are in the inter-
est of many researches due to their potential anti-inflammatory and antioxidant activities.
Morin-5’- sulfonic acid sodium salt (NaMSA) is a water-soluble derivative of naturally-
occurred morin. Morin was found in many fruits and vegetables, e.g., Psidium guajava,
Acridocarpus orientalis, Moringa oleifera, Satureja hortensis, all parts of almonds or in seaweed.
Natural morin and NaMSA was found to scavenge free radicals and protect from damage
caused by oxygen free radicals [18–21]. Among others, generation of free radicals is one of
the postulated CPX-induced toxicity in various tissues [22]. We have previously found that
NaMSA reversed CPX-induced decrease in superoxide dismutase activity and GSH level
in rat kidneys [11] and protected from CPX-caused abnormalities in the gastrointestinal
tract, revealed in a histological examination [12]. In this paper, we describe morphological
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changes in rat testes, epididymes, and urinary bladder after administration of CPX in a
daily dose of 15 mg/kg for 10 days. CPX-induced changes in urogenital tract in animals
are well described in various experimental models of CPX toxicity. The model of single
intraperitoneal injection of CPX in a dose of 200 mg/kg is often used with the studied
compound administered before or after the CPX injection to induce acute hemorrhagic
cystitis or testicular toxicity [10,23,24], but other regimens of CPX administration are also
applied, e.g., daily intraperitoneal injection of 100 mg/kg CPX dose for 3 days [25]. We
chose 10 days intragastric administration of CPX in a low daily dose of 15 mg/kg with con-
comitant administration of NaMSA (100 mg/kg) as the potentially protective agent. This
resembles more immunosuppressive rather than anticancer scheme, however, in our model
we also found significant abnormalities in histological examination in testes, epididymes,
and urinary bladders. In testes and epididymes, irregular and diminished seminiferous
tubules were described as focal or diffuse. In urinary bladders edema, hemorrhage and
urothelial erosions with desquamation of urothelium were found. Changes in the urinary
bladders were less pronounced than described by other scientists in acute models of hem-
orrhagic cystitis induced by intraperitoneal injections of high-dose CPX. In this kind of
CPX-induced bladder toxicity urothelial necrosis, vesical edema, increased urothelium
thickness, erosion, ulceration, severe hemorrhage, inflammation, leukocyte infiltration, or
even fibrosis were noticed [10,25,26].

Flavonoids were, and still are, an emerging topic for scientists due to many potential
actions as free radicals scavenging, antitumor, or anti-inflammatory effects. Among various
flavonoids, morin is of interest because it may heal injured cells [18]. Some environmental
toxins such as titanium dioxide nanoparticles or mercuric chloride (HgCl2) upregulate
expression of Bax and caspase-3 genes expression and downregulate Bcl-2. Morin or
NaMSA may attenuate those changes which, next to the antioxidant activity of both
substances, may protect from membrane damage resulting in decreased cell death and
apoptosis [18,27].

Little is known about the protective effects of morin or its water-soluble derivative—
morin-5′-sulfonic acid sodium salt—on damages caused by cyclophosphamide. Testicular
toxicity is also an adverse effect of some other anticancer agents, e.g., procarbazine. Olaynka
et al. [28] found that morin significantly restored the procarbazine-induced abnormal sperm
parameters (count, motility, percentage of normal sperm). Some studies claim that morin
protects testicular tissue from morphological injuries and pathology of sperm count and
viability induced by titanium dioxide nanoparticles [27,29]. Pretreatment with morin
significantly decreases expression of proinflammatory cytokines such as IL-1, TNF-alpha,
NF-kappaB, and histological damage in rat kidney in doxorubicin-induced toxicity [30].
In vitro morin protects from apoptosis of renal proximal tubular cells (HK-2 cell line) caused
by endoplasmic reticulum stress [31]. Recent studies also suggest that morin may increase
anticancer activity of some conventional anticancer agents, e.g., fludarabine, inhibiting
low molecular weight protein tyrosine phosphatase (LMW-PTP) [32], and may inhibit
proliferation, migration, and invasion of EJ cells of bladder cancer via many different
intracellular mechanisms [33].

To our best knowledge, little is known about the action of morin or its derivative
such as NaMSA on damages caused by cyclophosphamide or other toxins in urinary
bladder. Based on our preliminary findings, it may be suggested that NaMSA exerts some
protective effects in the urinary bladder in rats receiving CPX in low daily doses. The exact
mechanism of this activity requires further, detailed studies, also in the well-established
acute model of CPX bladder toxicity. The NaMSA effect in urinary bladders seems to be
more pronounced in male than female rats, but it also must be confirmed in the future.
A study of Bon et al. [34] examined differences in CPX-induced bladder inflammation in
male and female rats after administration of a single 100 mg/kg intraperitoneal dose. In
general, they did not observe sex differences in bladder inflammation after CPX. Neither
the time of day nor estrous cycle gave significantly different effects on the degree of cystitis
but bladder inflammation in female rats was the most severe in rats in estrous stage when

535



Pharmaceuticals 2021, 14, 192

CPX was administered in the morning. Terado et al. [35] administered intraperitoneally
CPX to ovariectomized or castrated rats and described typical histological changes in
bladders in a form of submucosal edema, urothelial damage, hemorrhage, and leukocyte
infiltration. Observed pathologies were more severe in ovariectomized females than in the
CPX-administered sham-operated females, on the other hand, in male rats castration did
not influence the severity of pathological changes in urinary bladder when compared to
the sham-operated group. Treatment of ovariectomized females with estrogen ameliorated
histological changes induced by CPX administration [35]. It was also found that estrogen
administration decreases the severity of inflammation in the bladder in mice model of
acute or chronic CPX-induced cystitis [36]. Early clinical data from very few series of cases
also suggested some additional benefits in patients treated with conjugated estrogen who
received CPX treatment, especially in decreasing hematuria. The mechanism of estrogen’s
action in controlling the CPX-induced hematuria is still unclear, but some data suggest the
action on cellular and cytokine immune response during inflammation, enhanced healing
of damaged tissue, and/or improved endothelial cell function [37–39]. In our study, the
females were not ovariectomized and we did not check the reproductive phase, so to make
conclusions about differences in NaMSA action in bladders in male and females detailed
studies are necessary. The degree of pathological changes in bladders of males and females,
expressed in 0–6-point scoring system, was not significantly different.

4. Materials and Methods
4.1. Animals

An experiment was performed after the approval of the Local Ethics Committee for
Animal Experiments in Wrocław at the Hirszfeld Institute of Immunology and Experi-
mental Therapy of Polish Academy of Sciences and all experiments were performed in
accordance with relevant named guidelines and regulations. There were 48 male and fe-
male Wistar rats, obtained from the Animal Research Center at Wroclaw Medical University
(Wrocław, Poland), with average weight of 203.5 g ± 17.6 g, housed in standard laboratory
conditions (12 h:12 h light-dark cycle, 21–23 ◦C, free access to standard rat chow and water)
arranged in four experimental groups of 12 animals each (6 males and 6 females).

4.2. Design of the Experiment

The groups were as follows: C, M, CX, and MCX, receiving 0.9% saline solution only
(Polpharma S.A., Starogard Gdański, Poland), NaMSA alone (100 mg/kg/day), cyclophos-
phamide alone (15 mg/kg/day, Sigma, Steinheim, Germany), and CPX (15 mg/kg/day)
with NaMSA (100 mg/kg/day), respectively. CPX and NaMSA were administered intra-
gastrically by the tube, after reconstitution in normal saline in 4 mL/kg volume for 10 days.
Normal saline in group C was given in the equivalent volume. CPX was given at 9 a.m.,
whereas NaMSA was administered at 2 p.m. as it was described in earlier publications
to minimize chemical interaction in the gastrointestinal tract [11,40,41]. Morin-5′-sulfonic
acid sodium salt was synthesized at the Department of Inorganic and Analytical Chemistry,
Rzeszow University of Technology, Poland, according to the methods described previ-
ously [42–44]. On the 11th day of the study rats were euthanized by dislocation of cervical
vertebrae in deep peritoneal barbiturate anesthesia.

4.3. Histological Assessment

Testes and epididymes from male and urinary bladders from male and female rats
were isolated, 4% buffered formalin fixed, paraffin-embedded and cut with a microtome
into 5 µm thick slices and stained with hematoxylin-eosin for histological examination per-
formed by two independent practiced two pathomorphologists. In testes and epididymes
changes in spermatogenic epithelium and in seminiferous tubules epithelium were de-
scribed as irregular and diminished seminiferous tubules with minimal, low grade (<25%)
focal changes (1 point) or with moderate, high grade (≥25%) diffuse changes (2 points).
Decreased amount of sperm within the lumen of seminiferous tubules was assessed ac-
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cording to the control group and described as minimal (1 point) or moderate (2 points).
Every specimen was described by points (0–6), 0 points were given when no pathologi-
cal changes were found in testes, epididymes and sperm count. Microscopic evaluation
of urinary bladders assessed hemorrhage, edema, and urothelium loss. Each pathology
was scored separately from 0 to 2 points. Scoring system of hemorrhage was as follows:
0 point—none, 1 point—mild, 2 points—severe and edema was scored as: 0 point—none,
1 point—flattening with submucosal edema, 2 points—severe. Erosions in urothelium were
scored: 0 points—none, 1 point—minimal lesions, single cells loss, exfoliation of superficial
epithelial cells, 2 points—significant mucosal erosion.

4.4. Statistical Analysis

Means ± standard deviation (SD) were used to describe experimental data. Statistical
analysis of the effects of the drug on the studied parameters was performed using analysis
of variance (ANOVA). After checking the equality of variances by Brown-Forsythe test,
specific comparisons between studies groups were done with post-hoc NIR test. Hypothe-
ses were considered positively verified if p < 0.05. Statistical analysis was performed using
STATISTICA 13 PL (StatSoft, Kraków, Poland).

5. Conclusions

In conclusion, our preliminary findings suggest that NaMSA may prevent from mor-
phological changes induced by CPX administration in the male reproductive system and in
bladders of both sexes, especially in male rats, but this requires further research in other
experimental models of CPX administration focused on detailed, potential mechanisms of
such action.
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Sodium Salt and Morin−5′−Sulfonic Acid Sodium Salt as Antidotes in the Treatment of Acute Inorganic Mercury Poisoning—
Experimental Studies. Adv. Clin. Exp. Med. 2006, 15, 581–587.

42. Kopacz, M. Sulfonic derivatives of morin. Pol. J. Chem. 1981, 55, 225–229.
43. Kopacz, M. Quercetin- and Morinsulfonates as Analytical Reagents. J. Anal. Chem. 2003, 58, 225–229. [CrossRef]
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Abstract: One of the major side effects of cyclophosphamide (CPX)—an alkylating anticancer drug
that is still clinically used—is urotoxicity with hemorrhagic cystitis. The present study was designed
to evaluate the ability of carvedilol to protect rats from cyclophosphamide-induced urotoxicity. Rats
were injected intraperitoneally (i.p.) with CPX (200 mg/kg) and administered carvedilol (2 mg/kg)
intragastrically a day before, at the day and a day after a single i.p. injection of CPX, with or
without mesna (40, 80, and 80 mg/kg i.p. 20 min before, 4 h and 8 h after CPX administration,
respectively). Pretreatment with carvedilol partly prevented the CPX-induced increase in urinary
bladder and kidney index, and completely protects from CPX-evoked alterations in serum potassium
and creatinine level, but did not prevent histological alterations in the urinary bladder and hematuria.
However, carvedilol administration resulted in significant restoration of kidney glutathione (GSH)
level and a decrease in kidney interleukin 1β (IL-1β) and plasma asymmetric dimethylarginine
(ADMA) concentrations. Not only did mesna improve kidney function, but it also completely
reversed histological abnormalities in bladders and prevented hematuria. In most cases, no significant
interaction of carvedilol with mesna was observed, although the effect of both drugs together was
better than mesna given alone regarding plasma ADMA level and kidney IL-1β concentration. In
conclusion, carvedilol did not counteract the injury caused in the urinary bladders but restored
kidney function, presumably via its antioxidant and anti-inflammatory properties.

Keywords: cyclophosphamide; carvedilol; urinary bladder; kidney; oxidative stress; toxicity

1. Introduction

Many drugs, excreted with the kidneys, are later accumulated in urine in high amounts
and may interact with urothelium for a long time, especially in the urinary bladder during
the night. Urothelium, lining the urinary tract from the kidney to the urethra, is a high-
resistance barrier preventing the diffusion of a variety of substances excreted by kidneys
to the tissues. This specific structure is, therefore, exposed to high concentrations of
endogenous waste products as well as some xenobiotics, including drugs. Additionally,
the urothelium is exposed to mechanical stretch due to the physiology of the urination
process [1]. Despite the high resistance of urothelium to noxious stimuli, they may irritate
the urinary tract, and trigger alterations in the urothelium, nonbacterial inflammatory
response (cystitis) leading finally to various injuries, e.g., edema, erosions, ulcerations, or
even hematuria. Although damages in the urinary tract are the best described for systemic
cyclophosphamide (CPX) administration, some other anticancer agents may interact with
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urothelium, causing chemical cystitis as it was found in the case of thiotepa, mitomycin
C, doxorubicin, or epirubicin, especially when they are given intravesically for urinary
bladder cancer treatment [2,3].

Despite many new, targeted biologic therapies in the treatment of malignancies or au-
toimmune diseases [4], conventional drugs, such as cyclophosphamide, are still in clinical
use. Cyclophosphamide is a DNA-alkylating agent registered, among others, in the treat-
ment of acute and chronic leukemias, Hodgkin’s and non-Hodgkin’s lymphomas, breast
and lung cancers in adults as well as sarcomas in children. It may be also used in some
life-threatening autoimmune diseases [2]. There are many possible adverse effects of CPX,
very problematic for the patients, and sometimes even fatal in the outcome, and among
these are the disorders of the urinary tract with very common cystitis or less common
hemorrhagic cystitis with micro- or macroscopic hematuria. Pyelitis, injury of renal tubules,
and increased serum creatinine levels with kidney failure are also described. Toxicity in the
urinary tract may be seen after both long- and short-term treatment. Ulcerations, necrosis,
fibrosis, contracture, or sometimes secondary cancers are also possible complications in the
urinary bladder [2,5].

The mechanism of CPX-induced injury in the urinary tract is multifactorial and
triggered mainly by the interaction of acrolein, a toxic CPX metabolite, with urothelium
that induces the inflammatory response. Up-regulation of nuclear factor kappa B (NF-κB)
is important in causing such cytokines to release as tumor necrosis factor-alpha (TNF-α),
interleukin 1β (IL-1β), or IL-6. Additionally, the generation of reactive oxygen species
(ROS), overexpression of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase
(iNOS), involvement of bradykinin, substance P, and platelet-activating factor (PAF) is
important or suggested in this pathological pathway. This leads to the destruction of the
urothelium, erosions, ulcerations, pain, and bladder overactivity with the possible role of
activation of alpha-1 adrenergic receptors [6–9]. In addition to the well-described toxicity
of CPX in urinary bladders, kidneys are also often affected. Changes in renal function,
urine amount, and composition or kidney morphology were noticed [10,11].

For the prevention of CPX-induced hemorrhagic cystitis and reduction in urinary toxi-
city, bladder irrigation or forced diuresis with prior hydration with or without intravenous
administration of mesna (sodium 2-mercapto-ethanesulphonate) are commonly used. The
postulated mechanism of mesna, a sulfhydryl compound, is that it binds the methyl group
of acrolein which leads to the formation of thioether, which is non-toxic, and does not
trigger the inflammatory process [12,13]. Recently, the efficacy of mesna in clinical practice
has been widely discussed and some trials, as well as the literature overview, indicate great
differences in the conclusions drawn [14–16]. Therefore, there is still a great need to look
for new compounds, which may prevent CPX-induced cystitis decreasing the risk of severe
hemorrhagic outcomes and additionally may prevent kidney injury.

Carvedilol is a highly lipophilic, third-generation nonselective beta-adrenergic antag-
onist, additionally acting as an antagonist of alpha-1 receptors with a ratio of beta to alpha
blockade of about 10:1. It is also one of the beta adrenolytic drugs described as biased
agonists promoting β-arrestin-mediated ERK phosphorylation, which finally suggests
inhibition of neoplastic transformation and carcinogenesis [17,18].

It is postulated that carvedilol, and its metabolites, are potent antioxidants and scav-
engers of ROS [19,20]. It is worth mentioning that carvedilol may decrease levels of proin-
flammatory cytokines, e.g., IL-1β, TNF-α and inhibits COX-2, matrix metalloproteinase 2
(MMP-2), or NF-κB expression in various inflammatory models [21–23].

Many studies focused on the preventive potential of carvedilol in anthracycline-
induced cardiotoxicity in humans and in a variety of in vitro or animal models [20,24,25],
but it was also found that carvedilol may prevent, e.g., from cisplatin-induced kidney
injury [26] or testicular and sperm damages [27], may exert nephroprotective action in the
model of cyclosporine-induced nephrotoxicity [28] or may prevent from gastric mucosa
injury after administration of acetylsalicylic acid [29]. In addition to the postulated protec-
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tion in different models of tissue damages, carvedilol seems to modulate MDR1-mediated
resistance to anticancer agents [30].

Based on these premises, our study aimed to evaluate the potential of carvedilol in
acute, cyclophosphamide-induced urinary tract toxicity.

2. Results
2.1. Body Weight Changes and Organ Weight

After the adaptation period, on day 1 of the main experiment, the mean body weight
in all experimental groups was comparable and no significant differences between groups
were noticed (CON—317.5 ± 25.3 g, CPX—324.2 ± 22.7 g, CPX-M—316.7 ± 8.9 g, CPX-C—
304.2 ± 10.8, CPX-MC—315.8 ± 12.4 g). For an explanation of the groups’ abbreviations,
please see the Materials and Methods section. In all groups receiving cyclophosphamide
intraperitoneally in a single dose of 200 mg/kg, a significant decrease in body weight in
comparison to the control group was found with the largest body weight loss in the group
receiving only CPX. Administration of mesna (200 mg/kg in divided doses), alone or with
carvedilol (2 mg/kg, for 3 days), partly prevented the body weight decrease (significant
differences vs. CON and CPX group). The action was the least pronounced in the CPX-C
group (Figure 1A).
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Figure 1. Body weight loss (A), urinary bladder index (B), kidney index (C), and liver index (D) calculated as percentages
of the total body weight. Data are presented as means ± SD. A detailed description of experimental groups is presented in
Figure 1 and the Materials and Methods section. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. CON group; # p < 0.05, ### p < 0.001
vs. CPX group; ˆ p < 0.05 vs. CPX-C group.

The urinary bladder, kidney, and liver indexes are presented in Figure 1B–D, respec-
tively. The urinary bladder index was the highest in the group receiving CPX, in which it
was over 3 times greater than in the control group, and the difference between that and the
control was significant. Administration of carvedilol alone partly prevented the increase in
bladder index (significant difference compared to the CPX and CON groups), but still it
was almost 2.5 times greater than in the control group. The most pronounced prevention
was found for groups receiving mesna. The bladder index increase in both cases was about
1.4 times greater than in the control group, but still it was significantly greater than in
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CON. However, the difference compared to the CPX group was also significant in the
CPX-M and CPX-MC groups. The action of mesna was greater than carvedilol because
significant differences were found between CPX-M vs. CPX-C and CPX-MC vs. CPX-C
groups. There was no difference between the CPX-M and CPX-MC groups. In the CPX
group, the kidney index was the highest and was significantly different from the CON
group. Administration of carvedilol only partly prevented an increase in the kidney weight
increase. The difference was still significant to the CON, but was also significant to the
CPX group. Only groups receiving mesna (CPX-M and CPX-MC) significantly prevented
the kidney index increase after CPX and the statistical differences between those and the
CPX-receiving group were significant, but insignificant with the control group. The liver
index was the highest in the CPX and CPX-C groups and was significantly different from
the control group. The addition of mesna completely prevented the increase in the liver
index (CPX-M vs. CON and CPX-MC vs. CON, p = NS in both cases).

2.2. Serum Potassium and Creatinine Levels

The highest serum potassium level on day 4 of the study was measured for the CPX
group and was significantly different from CON. Administration of mesna alone only partly
prevented the increase in serum potassium level (CPX-M vs. CON and CPX-M vs. CPX,
p < 0.05 in both comparisons). Carvedilol given alone or in combination with mesna fully
prevented the increase in the potassium level in serum and the differences between these
two groups and the control group were insignificant, but there were significant differences
with the CPX group. In the group receiving CPX, the serum creatinine level was the
highest and was significantly different from the control group (1.76 times greater than
in the CON). All studied substances fully prevented the serum creatinine level increase
and the differences between these groups and CON were insignificant, but significantly
different from the CPX group. The action of carvedilol, mesna, and the combination of
the treatment was comparable, and no significant differences were noticed between these
groups (p = NS in all comparisons). The mean values and SD for both parameters are
presented in Figure 2A,B.
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Figure 2. Serum potassium (A) and creatinine (B) levels on day 4 of the study. Data are presented as means± SD. A detailed
description of experimental groups is presented in Figure 1 and the Materials and Methods section. * p < 0.05, *** p < 0.001
vs. CON group; # p < 0.05, ### p < 0.001 vs. CPX group.

2.3. Hematuria, Urinary Bladder and Kidney Histology, Urinary Bladder and Kidney Scores

Before the intraperitoneal injection of CPX on the dipstick test, no hematuria was
noticed in any of the studied groups. Significant hematuria was noticed in the CPX and
CPX-C groups in comparison to the control group at 4 h, 8 h, 24 h, and 48 h after the
injection of CPX. Intraperitoneal administration of mesna, in an equivalent dose to that
of CPX, fully prevented the CPX-induced hematuria (significant difference compared to
CPX, but insignificant to CON). The changes in hematuria in time in all experimental
groups are presented in Figure 3. Representative images of dipstick tests of hematuria and
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macroscopic changes in urinary bladders (just after resection) are presented in Figure 4A,B,
respectively.

Table 1. Statistical comparisons of hematuria measured semi-quantitatively on the dipstick test between studied groups.
Mean values of hematuria in the studied time points with corresponding SD are presented in Figure 4. A detailed description
of experimental groups is presented in Figure 1 and in the Materials and Methods section. * p < 0.05, *** p < 0.001 vs. CON
group; ## p < 0.01, ### p < 0.001 vs. CPX group; ˆ p < 0.05, ˆˆ p < 0.01, ˆˆˆ p < 0.001 vs. CPX-C group.

5 min before i.p.
CPX or Normal
Saline Injection

4 h after i.p. CPX
or Normal Saline

Injection

8 h after i.p. CPX
or Normal Saline

Injection

24 h after i.p. CPX
or Normal Saline

Injection

48 h after i.p. CPX
or Normal Saline

Injection

CON 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

CPX 0.0 ± 0.0 2.58 ± 0.67 *** 3.92 ± 0.29 *** 4.00 ± 0.0 *** 4.00 ± 0.0 ***

CPX-M 0.0 ± 0.0 0.17 ± 0.25 ### 0.13 ± 0.31 ###,ˆˆˆ 0.58 ± 0.63 ###,ˆ 1.04 ± 1.03 ###

CPX-C 0.0 ± 0.0 1.29 ± 1.16 * 3.75 ± 0.62 *** 3.33 ± 0.65 *** 2.92 ± 0.29 ***

CPX-MC 0.0 ± 0.0 0.17 ± 0.39 ### 0.29 ± 0.45 ##,ˆˆ 0.42 ± 0.51 ###,ˆˆ 0.17 ± 0.39 ###,ˆˆ
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significantly different from the CPX group, but was significantly different from the CON 
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Figure 3. Hematuria measured semi-quantitatively on the dipstick test 5 min before, 4 h, 8 h, 24 h,
and 48 h after injection of CPX in the studied groups or normal saline in the control group. Hematuria
was evaluated from 0 to 4+ (0 means no hematuria detected and 4+ means macroscopically detectable
hematuria). Data are presented as means ± SD. A detailed description of experimental groups is
presented in Figure 1 and the Materials and Methods section, and detailed statistical comparisons are
presented in Table 1.

In the microscopic evaluation of urinary bladders, in almost all studied specimens
focal or diffuse urothelium reduction were found; therefore, these changes were not in-
volved in the scoring system as they were nonspecific to any of the performed experimental
procedure. The most pronounced changes in a form of inflammatory infiltrations, edema,
hemorrhage, or erosions were found in the group receiving only CPX. Additionally, ulcera-
tion of urothelium was found in one case. Considering the scoring system of histological
changes in urinary bladders, the highest score was calculated for the CPX group and was
significantly different from the control group. Carvedilol did not prevent histological injury
in urinary bladders and the score value in the CPX-C group was not significantly different
from the CPX group, but was significantly different from the CON group. Administration
of mesna alone or in combination with carvedilol fully prevented the histological injury
and reversed the CPX-induced changes. A significant difference between groups receiving
mesna was found in comparison to the CPX-C group. The representative images from
urinary bladder histological evaluation are presented in Figure 4C. The mean values with
the corresponding SD for urinary bladder score are presented in Figure 5A.
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noticed (the whole area is dark green), and in CPX-M group 1+ reaction is noticed (some green spots on the yellow area). 

Figure 4. Representative results of dipstick tests for hematuria (A), macroscopic images of urinary bladders (B), microscopic
images of urinary bladders (C), and microscopic images of kidneys (D). Histological images of bladders and kidneys
(hematoxylin-eosin staining, 100×magnification). On dipstick tests (A) red arrows show the area of hematuria detection. In
CON and CPX-MC groups no reaction is observed (yellow area), in CPX and CPX-C groups severe hematuria is noticed (the
whole area is dark green), and in CPX-M group 1+ reaction is noticed (some green spots on the yellow area). Macroscopic
images of urinary bladders (B) show no signs of edema in CON, CPX-M, and CPX-MC groups; urinary bladders from
CPX and CPX-C groups are significantly swollen. Microscopic images of urinary bladders (C) reveal normal urothelium
with normal lamina muscularis mucosae (CON group); inflammatory infiltrations, hemorrhages, and ulcerations (CPX
group); hyperemia and thinning of the urothelium (CPX-M group); hyperemia, erosions, and thinning of the urothelium
(CPX-C group); hyperemia with thinning of the urothelium (CPX-MC group). Microscopic images of the kidney (D) reveal
hyperemia (CON group); large hemorrhages in the renal tissue (CPX group); swelling of tubules (CPX-M and CPX-MC
groups), and atrophy of glomeruli (CPX-C group).
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Figure 5. Urinary bladder score (A) and kidney score (B) based on histological injuries evaluation. The scoring system is
presented in the Materials and Methods section. A detailed description of experimental groups is presented in Figure 1 and
the Materials and Methods section. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. CON group; ### p < 0.001 vs. CPX group; ˆ p < 0.05.
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The histological changes in the kidney were less specific and in almost all studied
specimens parenchymatous offuscation and hyperemia were described, and similarly to the
bladder scoring system, these two parameters are not involved as they are not dependent
on experimental procedures. The most pronounced pathologies were described in the CPX-
receiving group, where dilated urinary spaces, interstitial hemorrhages, and glomerular
atrophy were found in almost all examined samples. Considering the scoring system
CPX caused significant injury when compared to the control group (p < 0.01 vs. CON).
Administration of mesna (alone or with carvedilol) partly reversed the pathological changes
expressed in scoring (in both cases the differences between mesna-receiving groups to
CON and CPX groups were insignificant). Carvedilol alone did not exert any effect on
CPX-induced damages (p < 0.05 vs. CON, and p = NS vs. CPX group). However, these two
groups (CPX-C and CPX) differ in such a way that in the group receiving CPX, interstitial
hemorrhages were found in half of the specimens, whereas in the CPX-C group, interstitial
hemorrhage was noticed only in one case. From all groups receiving studied substances, the
least pronounced injuries were described in the group receiving both mesna and carvedilol,
where no cases of interstitial hemorrhage were found. The representative images from
kidney histological evaluation are presented in Figure 4D. The mean values with the
corresponding SD for kidney score are presented in Figure 5B.

2.4. Oxidative Stress Parameters in Urinary Bladder, Kidney and Liver and Kidney IL-1β Level

After the single intraperitoneal injection of CPX at a dose of 200 mg/kg, the malondi-
aldehyde (MDA) level was significantly increased in all studied tissues (urinary bladder,
kidney, and liver). Administration of mesna alone (group CPX-M) completely prevented
the CPX-induced increase in MDA level in urinary bladder and kidney (p = NS vs. CON,
p < 0.001 vs. CPX, in both tissues) and partly reversed the CPX action in the liver
(p = NS vs. CON and CPX). In none of the examined tissues was administration of carvedilol
able to reverse the increased level of MDA caused by CPX (significant difference compared
to the control group). The drug combination (group CPX-MC) only prevented the CPX-
induced changes in MDA level in the urinary bladder and liver (p = NS vs. CON and CPX)
but exerted no effect in the kidney (p < 0.01 vs. CON, p = NS vs. CPX). The mean values
with the corresponding SD for urinary bladder, kidney, and liver MDA levels are presented
in Figure 6A–C, respectively.
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CPX caused a significant decrease in glutathione (GSH) concentration in kidney
homogenates (p < 0.001 vs. CON) and both studied substances (mesna and carvedilol,
alone or in combination) reversed this action, increasing the GSH concentrations (CPX-M
vs. CPX and CPX-MC vs. CPX, p < 0.001 in both cases, and CPX-C vs. CPX, p < 0.01). It was
also noticed that injection of CPX decreased superoxide dismutase (SOD) activity and the
value was the lowest in this group from all experimental groups, but the difference between
that and the control group was not significant. In the kidney, the tendency to increase SOD
activity in comparison to the CPX group was observed in the case of all groups receiving
studied compounds, but there were only insignificant differences regarding the CON and
the CPX group. The mean values with corresponding SD for kidney GSH levels and SOD
activity are presented in Figure 6D,E, respectively.

In the kidney, CPX significantly increased the level of IL-1β in comparison to the
control group. Administration of mesna alone failed to reverse this action, but adminis-
tration of carvedilol not only prevented a CPX-induced increase in IL-1β level (CPX-C vs.
CPX and CPX-MC vs. CPX, p < 0.001), but additionally, significantly decreased the level
of this cytokine in kidney homogenates in comparison to the control group, because the
IL-1β levels were lowest in groups receiving carvedilol, especially alone (CPX-C vs. CON,
p < 0.001 and CPX-MC vs. CON, p < 0.01). The differences between the CPX-C group
and both groups receiving mesna (CPX-M and CPX-MC) were also significant. The mean
values with corresponding SD for kidney IL-1β levels are presented in Figure 6F.

2.5. Asymmetric Dimethylarginine (ADMA) and Dimethylarginine Dimethylaminotransferase
(DDAH) Assessment

Administration of CPX significantly increases the plasma ADMA level. All studied
substances (mesna and carvedilol given alone or together) completely prevented the CPX-
induced ADMA increase (p = NS vs. CON in all treated groups and significant differences
between the others and the CPX group). Additionally, the ADMA level is the lowest in the
CPX-MC group, significantly lower not only compared to the CPX group but also compared
to the CPX-M group (CPX-MC vs. CPX-M, p < 0.05). No statistically significant differences
in liver DDAH activity in comparison to the control group were noticed. However, the
highest liver DDAH activity was measured in the CPX-M group, but it was still insignificant.
Serum ADMA level and liver DDAH activity are presented in Figure 7A,B, respectively.
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3. Discussion

Based on many earlier experimental data, Ribeiro et al. [7] proposed a four-stage model
of hemorrhagic cystitis induced by cyclophosphamide, similar to the model of mucositis
(Figure 8). It involves the interaction of acrolein (the toxic metabolite of CPX) accumulated
in the bladder with urothelium and urothelial damage, followed by up-regulation of a
variety of transcription factors and proinflammatory cytokines (mainly TNF-α and IL-1β)
release from recruited macrophages. Large amounts of cytokines, ROS generation, and
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overexpression of iNOS as well as COX-2 lead to the overproduction of nitric oxide (NO)
and peroxynitrite. In the phase of clinical symptoms, erosions and ulcerations in the
urothelium are present, which results in pain and bladder dysfunction. The last phase is
the healing phase, involving fibroblasts and locally released growth factors [7,31–33].
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Figure 8. The proposed mechanism of urinary bladder toxicity induced by cyclophosphamide, based on [7,31–33].
ROS—reactive oxygen species, ONOO–—peroxynitrite, iNOS—inducible nitric oxide synthase, NO—nitric oxide, COX—
cyclooxygenase, PGE2—prostaglandin E2, IL-1—interleukin 1, IL-6—interleukin 6, TNF-α—tumor necrosis factor-alpha,
NF-κB—nuclear factor kappa B, PARP—poly (ADP-ribose) polymerase, ATP—adenosine triphosphate, NAD+—an oxidized
form of nicotinamide adenine dinucleotide. Images magnification 100×.

Acrolein is not solely the product of cyclophosphamide liver metabolism, but is also
formed endogenously during oxidative stress-mediated lipid peroxidation, myeloperoxidase-
mediated oxidation of amino acids, or may be of the environmental origin as a pollutant in
tobacco smoke or from other sources [34–36]. Acrolein is a very reactive molecule physio-
logically rapidly neutralized. Conjugation with glutathione is the most important pathway,
counting for about 60–70% of acrolein metabolism [37]. It is postulated that acrolein may
be involved in endothelial dysfunction [34,38], may interfere with NO production, and
may increase oxidative stress [39]. Another aspect of acrolein toxicity is found in the
reproductive system, where acrolein induces apoptosis in male germ cells, Sertoli cells, or
Leydig cells [35,36,40].

In clinical practice, mesna and/or hydration with or without diuretics are commonly
used to prevent dose-dependent cyclophosphamide-induced urinary toxicity such as micro-
and macrohematuria or hemorrhagic cystitis [5,14,41], which may be observed even in up to
75% of patients receiving very high intravenous doses of cyclophosphamide [12,14,42]. The
recommended total dose of mesna in humans is, in most cases, 60% (w/w) of the CPX dose
given in three divided doses (15–30 min before, 4 h and 8 h after the oxazaphosphorine),
but may be increased up to 160% of the CPX dose in four divided doses or even up

549



Pharmaceuticals 2021, 14, 1237

to 320% of the daily post-transplant cyclophosphamide dose [5,41,43]. However, the
efficacy of mesna use is currently being discussed, especially considering the CPX-induced
urinary complications in the treatment of chronic diseases [15,16]. Additionally, mesna
may cause some skin and systemic hypersensitivity-like-reactions, but it is sometimes
difficult to distinguish these from the adverse effects of the basic anticancer protocol [41,44].
Therefore, there is still a great need to search for new compounds which may be active in
alleviating CPX-induced cystitis. The first idea was to search among other drugs with thiol
groups, such as amifostine or N-acetylcysteine. Amifostine is registered for the prevention
of cisplatin-induced nephrotoxicity [45], and some studies suggest that it may be also
effective in CPX-induced bladder toxicity [42]. N-acetylcysteine is used in the treatment of
paracetamol overdose [46], but the newest study of Dobrek et al. [11,47] revealed protective
action of N-acetylcysteine in a model of acute and chronic CPX-induced bladder and
kidney toxicity. N-acetylcysteine was found to protect not only against CPX-induced
urinary toxicity but was effective in CPX-induced cardiotoxicity [48].

Due to the very complex mechanism of CPX-induced urinary toxicity, research focuses
on substances inhibiting, e.g., the inflammation cascade or overactivation of oxidative stress.
Introducing new natural or synthetic compounds to clinical practice takes a long time of pre-
clinical and clinical tests. Searching for new applications among already registered drugs
with known toxicity and pharmacokinetic is a promising way to shorten this time [49]. In
experimental studies, such attempts were made, for example, with ambroxol [50], pantopra-
zole [51], or ketamine [52]. Carvedilol has been known since the 1980s [53] and is currently
used in the treatment of essential hypertension, chronic stable angina pectoris, or heart
failure [54]. For the last almost 40 years in the history of carvedilol clinical administration,
many new properties of this drug, other than only beta non-selective and selective alpha-1
adrenergic blockade were described [19,54]. These features open new possibilities for the
use of carvedilol in indications other than cardiovascular. Carvedilol is a potent antioxidant,
metabolized to metabolites with 30–100 times greater [19,30] antioxidant activity than a par-
ent compound. It has both ROS-scavenging properties and ROS-suppressing effects. The
carbazole group in the carvedilol structure is responsible for antioxidant activity, and high
lipophilicity enables the access of the drug to the intramembrane sites which are targets
for lipid peroxidation [55]. Carvedilol is unique, having anti-inflammatory, antiapoptotic,
antifibrotic or anticancer activity [17,30,49,56,57]. Well described is carvedilol prevention
from heart injury caused by anthracyclines [20,56]. Many papers describe the alleviation by
carvedilol kidney injury caused by ischemia/reperfusion (I/R) [58,59], cisplatin [26,60], or
azithromycin [23]. Some works outline the protective action of carvedilol in other organs,
such as the pancreas of diabetic animals [61,62]. The postulated mechanisms of carvedilol
action are different and cover not only the antioxidant activity but also decrease in TNF-
α and other proinflammatory or fibrogenic cytokines (e.g., IL-1β, IL-6, IL-18, TGF-β1),
increase in anti-inflammatory cytokines (e.g., IL-10), decrease expression of MMP-2 and
MMP-9, COX-2, iNOS or caspase-3 [23,25,29,57,62,63].

In the present study, we have chosen a low dose of carvedilol (2 mg/kg) given once
daily by gastric tube for 3 days. The low dose was selected based on the earlier published
papers confirming that an intraperitoneal dose of 2 mg/kg given in 12 h intervals is effective
in the prevention of I/R kidney injury in rats where carvedilol restored antioxidants levels
(SOD, GSH, catalase) and decreased MDA level in kidney tissue altered by I/R procedure.
Moreover, doses from 1 to 3 mg/kg exerted the least pronounced hemodynamic effect,
whereas higher doses did not give additional protection in the I/R model but produced a
decrease in systolic blood pressure and heart rate [64]. The same oral dose of carvedilol
was examined by Hayashi et al. [58,59] in a similar model of kidney I/R with benefits for
serum creatinine and kidney SOD activity. What is more, Watanabe et al. [65] described
better protection of 2 mg/kg dose of carvedilol over 20 mg/kg dose in a rat model of
dilated cardiomyopathy. These findings prompted us to choose just this dose, administered
intragastrically for three consecutive days, in the model of CPX-induced urinary toxicity.
The efficacy of 2 mg/kg dose of carvedilol was also confirmed in the model of acute septic
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kidney injury [66] where, among others, a reduction in kidney MDA and an increase in
GSH levels were found, as well as improvement in serum creatinine without an impact on
baseline blood pressure.

In our study, the model of a single intraperitoneal injection of 200 mg/kg of CPX was
used to induce hemorrhagic cystitis and kidney injury as it is described in some other
papers [42,47,48,67–69]. In our experiment, CPX caused a significant decrease in total
body weight with a significant increase in urinary bladder index. Ozatica et al. [68] had
similar results after the same dose of CPX. However, in some other papers only increased
bladder index was noticed without decrease in total body weight of rats after injection of
200 mg/kg of CPX [69]. These differences may be due to the fact that Elrashidy et al. [69]
sacrificed animals 24 h after CPX administration; in our work it was 48 h, whereas in
the work of Ozatic et al., it was 7 days. Nevertheless, a significant decrease in total body
weight after CPX observed in our experiment reveals important general toxicity of CPX.
Increased bladder index indicates tissue swelling, which was also found macroscopically.
Murali et al. [70] noticed a decrease in body weight and increase in bladder weight after 4,
24, and 48 h after injection of CPX in a mice model of urotoxicity, and this action was also
significantly reversed by mesna and data were consistent with the macroscopic evaluation
of bladders. The addition of mesna in our experiment partly prevented CPX-induced
changes in both parameters. This is consistent with other published data, in which mesna
administration reversed the CPX-induced bladder edema [69,71]. Furthermore, in our study,
mesna alone or combined with carvedilol completely reversed the hematuria measured
semi-quantitatively on a dipstick test, but carvedilol alone has no hematuria-preventive
action. Administration of carvedilol partly reversed both decrease in body weight and
bladder index increase. We did not observe any synergism of mesna and carvedilol, but
the mean bladder index was the lowest in both groups receiving mesna and significantly
lower not only in the CPX group, but also in the CPX-C group. As expected, CPX caused
a significant increase in bladder MDA level, which is consistent with other studies [9,51].
What is surprising is that, despite many reports about the antioxidant activity of carvedilol
in, e.g., doxorubicin-induced cardiotoxicity [25] or in mice model of diabetes [62], we did
not observe a decrease in bladder MDA concentration. The differences may result from
given doses; 2 mg/kg for 3 days in our model and much greater doses of 15–20 mg/kg
for 14 days in a study by Amirshahrokhi et al. and even 30 mg/kg for 6 weeks in a study
by Alanazi et al. However, as mentioned earlier, some authors noted the MDA decrease
after only two intraperitoneal doses of 2 mg/kg of carvedilol [64]. The model used in
our experiment was most of all designed to evoke acute cystitis, which was confirmed in
histological evaluation of bladders. In the CPX group edema, inflammatory infiltrations,
erosions, ulcerations, and hemorrhage were noticed. Similarly, mucosal erosions, ulceration,
submucosal edema, hemorrhagic foci, and leukocyte infiltration were described by other
authors in the same model CPX injection [67–69] or our previous paper after the 10-day-
long CPX administration at a dose of 15 mg/kg daily [72]. Only treatment with mesna
completely reversed the histological injury caused by CPX and this action was not only
significant in comparison to the CPX, but also to the CPX-C group. This was confirmed
by a significant decrease in hematuria and histological bladder score. Mesna reversed the
CPX-evoked damages in many other models of bladder injury [51,69]. Carvedilol given
alone did not exert any protection from CPX-induced cystitis either in bladder score and
histologically described changes or in reducing the hematuria. It is difficult to compare
our results to other authors’ findings, since in the available for us databases we did not
find any paper describing the action of beta adrenolytic drugs on urothelium affected by
cyclophosphamide.

CPX, in contrast to ifosfamide, is not uptaken by kidney proximal tubules and the
nephrotoxic action of CPX is rather due to the generation of ROS and peroxynitrite, acti-
vation of inflammatory pathways, cell membrane disruption, mitochondrial dysfunction
and DNA or protein adducts formation by acrolein [73]. In the study we performed, cy-
clophosphamide caused a significant increase in kidney index which indicates that the
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edema of the renal tissue, and similar changes were described by Dobrek et al. [11] in a rat
model or by Jiang et al. [74] in a mice model of chronic CPX administration. In the CPX
group, we noticed a significant increase in serum potassium and creatinine levels which
was reported by many other authors after CPX injection to rats [10,75,76] or mice [77–79]
in both acute and chronic models of CPX administration. Mesna alone only partly de-
creased the potassium level, but carvedilol alone or in combination with mesna completely
reversed the CPX-induced alteration in serum potassium. In the case of creatinine, both
mesna and carvedilol, given alone or in combination, prevented a CPX-induced increase.
Carvedilol was shown to prevent an increase in creatinine level in other experimental mod-
els, e.g., I/R kidney damage [58,59] or acute septic injury [66], and our study confirmed
this preventive activity in the model of acute cyclophosphamide administration. The action
of mesna is not surprising, and a nephroprotective effect was described with similarly
acting N-acetylcysteine [11,47]. Cyclophosphamide caused alterations in oxidative stress
and inflammatory parameters evaluated in our study. We found a significant increase in
kidney IL-1β level, MDA concentration with a significant decrease in kidney GSH level
and an insignificant decrease in kidney SOD activity. Mesna was potent in reversing all
these abnormalities in kidney tissue and very similar results were obtained by Elrashidy
et al. [69] in the urinary bladder, by Ghareeb et al. [79] in the kidney, or by Hagar et al. [80]
in the pancreas. The antioxidant properties of mesna are comparable to ascorbic acid, a
very well-known antioxidant, and were also confirmed in in vitro studies [81]. Increasing
GSH concentration is of great value; as mentioned earlier, GSH is the most important path-
way to detoxifying acrolein [37]. What is surprising is that despite the well documented
antioxidant action of carvedilol in various models of tissue injury [25,57,62,64], in our study
we did not notice the impact of carvedilol on CPX-evoked increase in kidney MDA level;
we found only a significant restoration of renal GSH. We cannot exclude that a longer
treatment with a low dose of carvedilol is necessary for the full antioxidant effect to be
revealed. Interleukin 1β is an important proinflammatory cytokine and its level is increased
after CPX administration in serum [75,76], urinary bladder [69,82], kidney [75,83], and
many other tissues [84]. Carvedilol is potent in decreasing IL-1β concentration or mRNA
expression in the model of brain I/R injury [85], experimental myocardial infarction [63],
drug-induced cardiotoxicity [23,57], diabetes [62], or even in the rat model of periodonti-
tis [22]. Despite so many published papers, we did not find anything about the action of
carvedilol on CPX-induced increase in kidney IL-1β concentration or expression. In one
very recently published study by Wanas et al. [83], nebivolol, another third-generation beta
adrenolytic, decreased the IL-1β level in rat kidneys. Renal toxicity of cyclophosphamide
was confirmed by us in histological evaluation. In the CPX group, we found interstitial
hemorrhages, dilated urinary spaces, and glomerular atrophy to be the most pronounced
pathology. Additionally, in groups receiving CPX, different levels of the swelling tubules
were noticed. Similarly, other authors described swelling of proximal convoluted tubules,
inflammatory cells infiltration, tubular and glomeruli atrophy, tubular degeneration, and
dilatation in Bowman’s capsules [76–79,83]. In contrast to our study, Dobrek et al. [47] did
not reveal any significant pathology in the rat kidneys after the same intraperitoneal dose
of CPX. The main difference was time of observation after CPX dose; 24 h in the previously
mentioned study and 48 h in our experiment. In humans, the plasma half-life of CPX is
from 4 to 8 h, which means that up to 40 h may be needed to eliminate a single dose. The
plasma half-life of the active metabolites of CPX is not defined [2]. In our study, the expo-
sure of kidneys to CPX was longer than in a study of Dobrek et al. [47]. As expected, mesna
significantly reversed the CPX-induced changes, which was confirmed in the kidney score.
In contrast to nebivolol [83], carvedilol did not attenuate significantly histological changes
caused by CPX in kidneys, except for decreasing incidents of interstitial hemorrhages. It
seems, however, that the presence of kidney pathologies does not 100% correlate with
kidney function, as carvedilol alleviates CPX-induced changes in serum potassium and
creatinine concentrations, which can be interpreted as improvement of kidney function.
Dobrek et al. [11] noted that N-acetylcysteine improved CPX-induced alterations in kidney
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function, although it did not significantly improve histopathological abnormalities. Inflam-
matory cells infiltration or hemorrhages in tissues after administration of CPX are not only
characteristic for urinary bladder or kidney but are also present in other tissues, e.g., in the
heart [84].

Liver toxicity was not the primary goal of our study, but we found significantly in-
creased liver index in the CPX group, which was reversed only by mesna, but not by
carvedilol alone. Cyclophosphamide may cause abnormal hepatic function and very rarely
hepatitis and hepatomegaly [2]. A lot of research focused on finding natural, endogenous,
or synthetic compounds that may decrease CPX-induced liver toxicity interfering with
different mechanisms of injury [86–88]. We revealed only the protective action of mesna in
reversing CPX-induced liver index increase and on liver MDA concentration. Carvedilol
failed to prevent changes caused by CPX in the liver and in the case of MDA level, the ex-
planation may be the same as in the case of bladder MDA level, which was discussed earlier.
The protective action of mesna on CPX-induced increase in the liver index or MDA level
may be explained by the aforementioned acrolein-binding properties. Acrolein was found
to exert toxic action on the liver, affecting, among others, mitochondria of hepatocytes [89].
Al-Jawad et al. [90] confirmed the hepatoprotective effect of N-acetylcysteine in a carbon
tetrachloride (CCl4) model of liver injury. Despite some reports about the hepatoprotection
of carvedilol in other animal models of liver damage, such as CCl4-induced fibrosis [91]
or I/R injury [92], our preliminary data did not confirm it, but a broader panel of studied
parameters is necessary in order to make conclusions.

The protein arginine methyltransferase (PRMT) enzymes catalyze the formation of
ADMA [93]. ADMA is an inhibitor of all nitric oxide synthases isoforms, including eNOS
resulting in decreased NO production [94]. Increased level of ADMA is considered as the
determinant of endothelial dysfunction and a risk factor of cardiovascular disorders [95].
Additionally, ADMA increases the NFκB expression causing the enhanced synthesis of
proinflammatory cytokines [96]. Generated ADMA is metabolized predominantly (in
about 80%) by DDAH to citrulline and dimethylamine or excreted with the urine (in
less than 20%) [94,96]. DDAH is expressed in kidneys and many other tissues, e.g., the
liver [97,98]. Still, little is known about the impact of cyclophosphamide administration on
plasma ADMA level. In our previous work, we found that intragastrical administration
of 15 mg/kg daily dose of CPX for 10 days caused significant a decrease in serum ADMA
level with a significant increase in liver DDAH activity [99]. This was, however, a very
different model of CPX administration than we used in the current study, in which a single
dose of 200 mg/kg of CPX was administered intraperitoneally. In this study, we noticed a
significant increase in plasma ADMA level without impact on DDAH liver activity. Similar
results of plasma ADMA concentration were reported by Mansour et al. [48] in rats injected
intraperitoneally with 200 mg/kg CPX dose. Because ADMA is only in a small amount
excreted with kidneys, DDAH metabolism is one of the most important ways to decrease
ADMA plasma levels [94,96]. In our study, we did not notice a significant decrease in
DDAH activity in the liver; however, it was the lowest in the CPX-receiving group out of
all the studied groups. Probably the reason for increased ADMA level in the CPX group
is something other than inhibition of liver DDAH activity. DDAH is present in kidneys
in the renal proximal tubules [96,98,100], so unaffected kidney function is important for
ADMA clearance in both, metabolism, and excretion [100]. It was shown in some clinical
studies that impaired kidney function is associated with increased plasma ADMA lev-
els [101–103]. It cannot be excluded that an increase in ADMA is caused by decreased
kidney DDAH activity, which was not evaluated in the present study. However, Betz
et al. [104] did not find the altered renal expression of DDAH or PRMTs in the acute rat
model of ischemia/reperfusion kidney injury, but it was different from our model of injury.
On the other hand, Wang et al. found decreased DDAH2 expression with increased PRMT1
expression in kidneys of Zucker diabetic fatty rats [105] or two-kidney, one-clip (2K1C)
rat model of kidney injury [106] accompanied with increased ADMA plasma and kidney
levels. We cannot completely rule out that the acutely impaired kidney function may, at
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least partly, be responsible for the effect observed in our study. This requires further con-
firmation with a renal expression of PRMT and/or DDAH. Data concerning the action of
carvedilol on plasma ADMA level are still rather scant and contradictory. Alfieri et al. [107]
noticed the significant difference in plasma ADMA concentration after carvedilol in pa-
tients with heart failure, but only in the group responding to carvedilol treatment. On the
contrary, in a group of patients with interdialytic hypertension, carvedilol was found to
improve endothelial cell function but did not change plasma ADMA levels [108]. Data
from animal experimental models on the impact of carvedilol on ADMA levels are even
more limited. More information is found for another beta adrenolytic with vasodilating
properties: nebivolol. In the 2K1C rat model of kidney injury, nebivolol reversed increased
plasma and kidney ADMA levels, additionally increasing DDAH2 and decreasing PRMT1
kidney expression [106]. Very similar results were obtained in the kidney injury in Zucker
diabetic fatty rats [105]. Nebivolol also decreased serum ADMA levels in the cyclosporine-
injured kidneys [109]. In our study, intragastrical administration of carvedilol completely
reversed the CPX-induced increase in plasma ADMA levels, without changing the activ-
ity of liver DDAH. Nebivolol and carvedilol have some common properties, e.g., both
dilate blood vessels, release NO and have antioxidant effects [110], which may explain
the action of carvedilol on ADMA plasma concentration observed in the current study.
Additionally, in our experiment, carvedilol improved kidney function, which was reflected
in the prevention of CPX-induced increase in serum potassium and creatine concentrations
and the exertion of some antioxidant and anti-inflammatory activity, preserving kidney
GSH levels and decreasing IL-1β concentration in kidney homogenates. It is certain that
further studies on the exact mechanism and kidney DDAH/PRMT expression or intrarenal
ADMA level in CPX-induced nephrotoxicity are required. To the best of our knowledge,
nothing was published about the effect of mesna on the ADMA/DDAH pathway. Some
experimental data highlight the protective action of N-acetylcysteine [48]. The activity of N-
acetylcysteine in reducing ADMA serum and kidney levels and in restoring kidney DDAH
levels/activity was found in a mice model of renal I/R injury [111]. Administration of N-
acetylcysteine to the hemodialyzed patients also decreased serum ADMA [112]. However,
the closest to our research model is the model of CPX-induced cardiotoxicity in rats used
by Mansour et al., in which administration of 200 mg/kg of N-acetylcysteine completely
prevented the increase in serum ADMA caused by a single injection of CPX [48]. Mesna, as
with N-acetylcysteine, contains -SH groups and is an antioxidant [81]. In our experiment,
administration of 200 mg/kg of mesna in divided doses reduced the CPX-induced plasma
ADMA level. When mesna was given in combination with carvedilol, the mean value
of ADMA in the CPX-MC group was the lowest out of all the studied groups and was
significantly lower than in the CPX-M group. Mesna did not significantly influence the
liver DDAH activity, but, as it was stated earlier, to draw more accurate conclusions, the
kidney expression of DDAH and PRMT in the CPX-induced model of tissue injury should
be further investigated.

Carvedilol exerts many properties that can be important in protecting against CPX-
induced urotoxicity. Despite the complex mechanism, we did not find significant protection
against CPX-evoked cystitis or potentiation of mesna action. It cannot be excluded that
direct neutralization of acrolein than antioxidant activity of carvedilol is more important
for the prevention of cystitis. Despite a detailed review of the literature available to us,
we did not find any paper describing the action of carvedilol in CPX-induced cystitis or
nephrotoxicity, so it is difficult to compare our results with other studies. Some reports con-
firm that carvedilol prevents toxicity induced by other anticancer agents, especially in the
doxorubicin- or daunorubicin-induced cardiotoxicity [25,56], cisplatin-induced nephrotoxi-
city [26,60], testicular damage [27], or aspirin-induced gastrotoxicity [29]. In this context,
our results seem to be novel, but a little bit surprising and contrary to expectation, and
more detailed studies should be provided, especially in the field of carvedilol potential as a
nephroprotective agent.
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4. Materials and Methods
4.1. Chemicals

Cyclophosphamide subst. (Sigma, Steinheim, Germany), mesna subst. (Sigma, Steinheim,
Germany), carvedilol subst. (Sigma, Steinheim, Germany), 0.9% NaCl solution, ampules
10 mL (Polpharma S.A. Starogard Gdański, Poland), pentobarbital sodium 133.3 mg/mL +
pentobarbital 26.7 mg/mL, bottles 100 mL (Morbital®, Biowet, Puławy, Poland).

4.2. Animals

Male Wistar rats with an average weight of 315.67 g ± 17.98 g were purchased from
the Animal Research Center at Wroclaw Medical University (Wrocław, Poland) and after
2 weeks of adaptation period, they were randomly divided into five experimental groups
(12 animals/per group). Rats were housed two per cage in standard laboratory conditions
of 21–23 ◦C, 12 h:12 h light:dark cycle, free access to standard rodent feed (Agropol,
Motycz, Poland), and water ad libitum. The experiment was approved by the Local Ethics
Committee for Animal Experiments in Wrocław (No. 13/2012).

4.3. Experiment Design

Hemorrhagic cystitis in rats was induced by a single intraperitoneal (i.p.) injection
of 200 mg/kg of CPX. Mesna, as a reference treatment, was given i.p. 20 min before, 4 h
and 8 h after CPX administration at a total dose of 200 mg/kg divided in 20%, 40%, and
40% doses, respectively, which was equal to 40 mg/kg, 80 mg/kg, and 80 mg/kg for
separate injections. CPX and mesna were dissolved in normal saline and administered in a
5 mL/kg volume. Normal saline solution given intraperitoneally in the same volume and
schedule served as a control. Carvedilol was given intragastrically (i.g.) by gastric tube
(FST, Foster City, CA, USA) once daily at a dose of 2 mg/kg, dissolved in 4 mL/kg normal
saline solution, a day before, on the day, and a day after CPX administration. Animals in
the control group were given normal saline solution i.g. at the same volume and schedule.
Animals were sacrificed by cervical dislocation in barbiturate anesthesia 48 h after the
CPX administration. Before the CPX injection and after 4 h, 8 h, 24 h, and 48 h, urine
samples were taken for assessment of hematuria. Blood samples from the tail vein were
collected 24 h before CPX injection and 48 h after. Urinary bladders, kidneys, and livers
were separated, weighed, and collected for further histological evaluation and preparation
of tissue homogenates. The general organization of the experiment and the nomenclature
of the experimental groups is summarized in Figure 9.

4.4. Body Weight and Organ Weight

Body weight (BW) was checked and recorded (in grams) once daily in the morning
from day 1 to day 4 of the study. After the animals were sacrificed, the urinary bladders,
kidneys, and livers were collected and weighed. The urinary bladder, kidney, and liver
weights were expressed as the percentage of the total body weight (urinary bladder index,
kidney index, and liver index) from day 4 and calculated according to the formula:

Tissue index =
organ weight (g)

total body weight (g)
× 100%

4.5. Serum Potassium and Creatinine Levels

Forty-eight hours after the CPX administration, blood samples were collected from
the tail vein for serum potassium and creatinine measurements. The measurements in
serum were made after centrifugation in the certified commercial laboratory just after the
samples were collected.
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4.6. Hematuria

Urine samples for hematuria evaluation were collected directly on the Siemens Multi-
stix 10SG test (Siemens Healthcare, Erlanger, Germany) by a gentle massage of suprapubic
area 5 min before CPX or normal saline injection, and 4 h, 8 h, 24 h, and 48 h after CPX
or normal saline injection. The magnitude of hematuria was assessed semi-quantitatively
(from 1+ to 4+) using the scale on the dipstick, modified in this way, so that 4+ were given
when macroscopic hematuria was noticed.

4.7. Oxidative Stress Parameters in Urinary Bladder, Kidney and Liver and Kidney IL-1β Level

Part of the urinary bladder, kidney and liver tissues were homogenized on ice, with
lysis buffer (140 mM NaCl, 10 mM EDTA, 10% glycerol, 1% NP40, 20 mM Tris base,
pH 7.5) and thereafter centrifuged at 14,000 rpm for 25 min at 4 ◦C using homogenizer
Pro250 (Pro Scientific Inc., Oxford, CT, USA). MDA, GSH, SOD, and IL-1β were assayed
in supernatants. MDA concentrations were assessed in the urinary bladder, kidney, and
liver tissues, whereas GSH concentrations and SOD activity were determined in kidney
tissue using the kit and following the instructions of the manufacturers on the MARCEL
S350 PRO spectrophotometer (Marcel S.A., Sp. z o.o., Zielonka, Poland). MDA and GSH
were assayed using BIOXYTECH-MDA-586 kit and BIOXYTECH GSH-400, respectively
(OxisResearch, Portland, OR, USA), and their concentrations were expressed in µM. The
activity of SOD was evaluated using the Ransod kit (Randox Laboratories, Crumlin, UK)
following the manufacturer’s instruction, and activity was expressed as U/mg of protein.
Total protein concentration in supernatants was measured in a certified laboratory using
the Dimension RxL-Max (Siemens Healthineers Nederland B.V., Den Haag). In brief, in an
alkaline solution, cuprum interacts with peptide bond in protein; the amount of measured
Cu(II) complex is proportional to protein concentration.
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Interleukin 1β in kidney tissue was assessed by Rat IL-1β ELISA kit (DIACLONE SAS,
Besançon, France) according to the manufacturer’s instructions on Epoch ELISA Reader
(BioTek Instruments, Winooski, VT, USA) and the results were expressed in pg/mL.

4.8. ADMA and DDAH Assessment

On the last day of the study, the blood samples from the tail vein were collected
and plasma ADMA level was evaluated using E91301Ge ELISA Kit (USCN, Life Science
Inc., Houston, TX, USA) according to the manufacturer’s instruction and the results were
expressed in ng/mL. Plasma ADMA concentrations were assessed on Epoch ELISA Reader
(BioTek Instruments, Winooski, VT, USA).

DDAH activity was determined in liver tissue homogenates using the colorimetric
method on spectrophotometer MARCEL S350 PRO (Marcel Sp. z o.o., Zielonka, Poland)
according to the method described earlier [99] and expressed as µM of L-citrulline for-
mation/g protein/min at 37 ◦C. The micromethod of Tain and Baylis [113] based on the
rate of L-citrulline production was adopted to the macromethod. Shortly, homogenates of
liver tissue were mixed with phosphate buffer (pH = 6.5). The samples were incubated at
37 ◦C for 45 min after the addition of 1 mM ADMA. The samples were centrifuged after the
reaction had been stopped with 4% sulfosalicylic acid. Later, the oxime reagent (diacetyl
monoxime (0.08% w/v) in 5% acetic acid) mixed with antipyrine/H2SO4 (antipyrine (0.5%
w/v) in 50% sulfuric acid) reagent was added. Next, samples were once more incubated at
60 ◦C for 110 min and later cooled in an ice bath for 10 min. Serial dilutions of L-citrulline
were used as standard. L-citrulline formation was measured at 466 nm. Values were
subtracted from respective blanks (without ADMA).

4.9. Histological Evaluation

Part of the urinary bladders and one kidney were fixed in 4% buffered formalin and
later prepared for histological evaluation by embedding in paraffin, cutting into 4 µm slices,
and staining with hematoxylin and eosin. Samples were coded and assessed blindly by
an experienced pathologist using a microscope Olympus BX41 (Olympus Corporation,
Tokyo, Japan) with Fujitsu computer system (Fujitsu, Tokyo, Japan). In the kidney, the
following features were determined for the scoring system: the presence of interstitial
hemorrhages, glomerular atrophy, and dilation of urinary spaces. For each pathology,
0 points were given if it was absent or 1 point was given if it was present in a studied sample
(total 3 points). In samples of urinary bladders, inflammatory infiltration, hyperemia,
edema, ulcerations, erosions, and hemorrhages were determined for the scoring system.
For each observed pathology, 0 points were given when absent and 1 point was given if
present in the evaluated sample (total 6 points). From representative samples, the images
are taken in 100×magnification.

4.10. Statistical Analysis

To express experimental data on all figures, means ± standard deviations (SD) were
used. Statistical analysis of the effects of the substances on the studied parameters was
carried out with the analysis of variance (ANOVA). The equality of variances was checked
by the Brown–Forsythe test and specific comparisons between studied groups were later
performed with Tukey’s post hoc test. In the case of inequality of variance (creatinine,
hematuria, and histological urinary bladder score), the Kruskal–Wallis test was used as
a post hoc test. Hypotheses were positively verified if p < 0.05. Statistical analysis was
performed using TIBCO STATISTICA 13.3 PL (StatSoft, Kraków, Poland). Figures 2–4
and Figures 6–8 were performed using GraphPad Prism version 8.0 (GraphPad Software,
San Diego, CA, USA).

5. Conclusions

Administration of CPX caused many damages to the urinary bladder and kidneys. The
best protection against CPX-induced injury was found to be mesna, which improved most
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of the studied parameters. Carvedilol failed to counteract the injury caused in the urinary
bladders, but restored kidney function as expressed in serum potassium and creatinine
levels, and exerted antioxidant and anti-inflammatory action. Additionally, carvedilol
and mesna alone or given together prevented CPX-induced plasma ADMA elevation. It
cannot be excluded that protective action of carvedilol may be better expressed after longer
administration, e.g., 21–28 days, similarly to the duration of breaks between cycles of
chemotherapy. The results of our study, along with the data published by other researchers,
support the hypothesis of possible nephroprotection exerted by the third generation of
beta adrenolytic drugs.
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Abbreviations

ADMA Asymmetric dimethylarginine
ATP Adenosine triphosphate
CAT Catalase
CCl4 Carbon tetrachloride
CPX Cyclophosphamide
COX Cyclooxygenase
DDAH Dimethylarginine dimethylaminotransferase
eNOS Endothelial nitric oxide synthase
GSH Glutathione
IL Interleukin
iNOS Inducible nitric oxide synthase
I/R Ischemia reperfusion
MDA Malondialdehyde
MDR Multidrug resistance
MMP Matrix metalloproteinases
NAD+ Oxidized form of nicotinamide adenine dinucleotide
NF-κB Nuclear factor kappa B
NO Nitric oxide
NS Not significant
ONOO– Peroxynitrite
PAF Platelet-activating factor
PARP Poly (ADP-ribose) polymerase
PGE2 Prostaglandin
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PRMT Protein arginine methyltransferase
ROS Reactive oxygen species
SD Standard deviation
SOD Superoxide dismutase
TGF-β1 Transforming growth factor beta 1
TNF-α Tumor necrosis factor alpha
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Sozański, T.; Kuźniar, A.; et al. Morin-5′-Sulfonic Acid Sodium Salt (NaMSA) Attenuates Cyclophosphamide-Induced Histological
Changes in Genitourinary Tract in Rats—Short Report. Pharmaceuticals 2021, 14, 192. [CrossRef]

73. Moghe, A.; Ghare, S.; Lamoreau, B.; Mohammad, M.; Barve, S.; McClain, C.; Joshi-Barve, S. Molecular Mechanisms of Acrolein
Toxicity: Relevance to Human Disease. Toxicol. Sci. 2015, 143, 242–255. [CrossRef] [PubMed]

74. Jiang, S.; Zhang, Z.; Huang, F.; Yang, Z.; Yu, F.; Tang, Y.; Ding, G. Protective Effect of Low Molecular Weight Peptides from
Solenocera crassicornis Head against Cyclophosphamide-Induced Nephrotoxicity in Mice via the Keap1/Nrf2 Pathway. Antioxidants
2020, 9, 745. [CrossRef]

75. Liu, Q.; Lin, X.; Li, H.; Yuan, J.; Peng, Y.; Dong, L.; Dai, S. Paeoniflorin ameliorates renal function in cyclophosphamide-induced
mice via AMPK suppressed inflammation and apoptosis. Biomed. Pharmacother. 2016, 84, 1899–1905. [CrossRef]

76. Galal, S.M.; Mansour, H.H.; ElKhoely, A.A. Diallyl sulfide alleviates cyclophosphamide-induced nephropathic encephalopathy in
rats. Toxicol. Mech. Methods 2019, 30, 208–218. [CrossRef]

77. Hamzeh, M.; Amiri, F.T.; Beklar, S.Y.; Hosseinimehr, S.J. Nephroprotective effect of cerium oxide nanoparticles on
cyclophosphamide-induced nephrotoxicity via anti-apoptotic and antioxidant properties in BALB/c mice. Marmara Pharm. J.
2018, 22, 180–189. [CrossRef]

78. Sharma, S.; Sharma, P.; Kulurkar, P.; Singh, D.; Kumar, D.; Patial, V. Iridoid glycosides fraction from Picrorhiza kurroa attenuates
cyclophosphamide-induced renal toxicity and peripheral neuropathy via PPAR-γ mediated inhibition of inflammation and
apoptosis. Phytomedicine 2017, 36, 108–117. [CrossRef] [PubMed]

79. Ghareeb, M.A.; Sobeh, M.; El-Maadawy, W.H.; Mohammed, H.S.; Khalil, H.; Botros, S.; Wink, M. Chemical Profiling of
Polyphenolics in Eucalyptus globulus and Evaluation of Its Hepato–Renal Protective Potential Against Cyclophosphamide
Induced Toxicity in Mice. Antioxidants 2019, 8, 415. [CrossRef] [PubMed]

80. Hagar, H.H.; Almubrik, S.A.; Attia, N.M.; AlJasser, S.N. Mesna Alleviates Cerulein-Induced Acute Pancreatitis by Inhibiting the
Inflammatory Response and Oxidative Stress in Experimental Rats. Dig. Dis. Sci. 2020, 65, 1–9. [CrossRef] [PubMed]

81. Kim, J.H.; Oh, C.-T.; Kwon, T.-R.; Bak, D.-H.; Kim, H.; Park, W.-S.; Kim, B.J. Inhibition of melanogenesis by sodium 2-
mercaptoethanesulfonate. Korean J. Physiol. Pharmacol. 2020, 24, 149–156. [CrossRef]
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Abstract: Multidrug-Resistant (MDR) cancers attenuate chemotherapeutic efficacy through drug
efflux, a process that transports drugs from within a cell to the extracellular space via ABC (ATP-
Binding Cassette) transporters, including P-glycoprotein 1 (P-gp or ABCB1/MDR1). Conversely,
Toll-Like Receptor (TLR) agonist immunotherapies modulate activity of tumor-infiltrating immune
cells in local proximity to cancer cells and could, therefore, benefit from the enhanced drug efflux
in MDR cancers. However, the effect of acquired drug resistance on TLR agonist efflux is largely
unknown. We begin to address this by investigating P-gp mediated efflux of TLR 7/8 agonists. First,
we used functionalized liposomes to determine that imidazoquinoline TLR agonists Imiquimod, Re-
siquimod, and Gardiquimod are substrates for P-gp. Interestingly, the least potent imidazoquinoline
(Imiquimod) was the best P-gp substrate. Next, we compared imidazoquinoline efflux in MDR cancer
cell lines with enhanced P-gp expression relative to parent cancer cell lines. Using P-gp competitive
substrates and inhibitors, we observed that imidazoquinoline efflux occurs through P-gp and, for
Imiquimod, is enhanced as a consequence of acquired drug resistance. This suggests that enhancing
efflux susceptibility could be an important consideration in the rational design of next generation
immunotherapies that modulate activity of tumor-infiltrating immune cells.

Keywords: Imiquimod; drug efflux; multidrug resistance; immunotherapy; Toll-Like Receptor

1. Introduction

Multidrug-Resistant (MDR) cancers are implicated in over 90% of metastatic cancer
deaths, including melanomas, breast cancer, and prostate cancer [1]. A general trend among
MDR cancers is enhanced drug efflux, a term describing the expression of transport proteins
that traffic drugs from within a cell to the extracellular space, thereby lowering intracellular
drug concentration [2]. In MDR cancers, drug efflux is facilitated by the ABC (ATP-Binding
cassette) superfamily which consists of at least 48 distinct transport proteins [3,4]. Of these,
P-glycoprotein (P-gp or ABCB1/MDR1) was the first discovered [5,6] and is the most
well-studied [7,8]. P-gp is particularly promiscuous, transporting structurally diverse com-
pounds with minimal correlation other than a weak association with hydrophobicity [9–13].
Entire classes of chemotherapeutics, such as taxanes or anthracyclines, are substrates for
P-gp-mediated drug efflux [14,15], which makes defeating this mechanism of chemoresis-
tance particularly challenging [16]. However, this same promiscuity could be useful for
enhancing extracellular concentrations of small molecule immunomodulator drugs that tar-
get bystander cells in the tumor microenvironment, such as tumor-infiltrating lymphocyte
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(TIL) and tumor-associated macrophage (TAM) populations. As such, we were interested
in examining the effect of MDR on the ability of small molecule immunomodulators to
undergo drug efflux.

From the first empirical whole-organism Toll-Like Receptor (TLR) agonists in the
late 1800s [17,18], a range of proinflammatory immunotherapeutics have emerged with
mechanisms of action fundamentally orthogonal to P-gp-mediated drug resistance. Within
this drug class, imidazoquinoline TLR 7/8 agonists promote TIL and TAM reprogram-
ming along tumor-suppressing axes [19], resulting in a myriad of immune-mediated
anti-cancer effects [20–25] in both mono [26] and combination [27] therapies. To achieve
these effects, while also limiting systemic inflammatory toxicity, imidazoquinolines are
typically administered locally, via topical application or intratumoral injection. This has
led our group [28–30] and others [31–34] to develop prodrug delivery strategies that lib-
erate imidazoquinolines, either within the tumor microenvironment, or within cancer
cells themselves, by intracellular immunostimulant accumulation followed by drug efflux.
Although these strategies have the potential to facilitate delivery of imidazoquinolines to
TILs and TAMs, the results also point to drug efflux as a potential rate-limiting step in
immune cell activation for imidazoquinolines liberated within cancer cells. This suggests
that MDR cancer cells with enhanced transport protein expression could be more suscep-
tible to small-molecule immunotherapeutics. However, the effect of acquired MDR on
imidazoquinoline immunotherapeutic efflux has never been explored, apart from a recent
study that exclusively examines Resiquimod trafficking [35]. As such, we hypothesized
that identifying a pathway for imidazoquinoline efflux and establishing the effects of
acquired MDR on efflux would inform the design of the next generation of small-molecule
immunotherapeutic prodrugs.

Herein, we demonstrate that imidazoquinolines are highly variable as substrates for
P-gp efflux, both in a membrane vesicle model, as well as in vitro across a range of MDR
cancer cells (Figure 1). Overall, we find that efflux is significantly enhanced by the MDR
phenotype depending on both the type of cancer and the substituent variation regarding
N1 and C2 locations on the imidazoquinoline structure itself.
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Figure 1. In this study we establish that Imiquimod (IMQ), Resiquimod (RSQ), and Gardiquimod
(GDQ) are substrates of P-gp, and compare P-gp-mediated efflux between Multidrug-Resistant
(MDR) cancer cell lines relative to parent cell lines. We also conclude that some efflux likely occurs
through other transport proteins as well as passive transport into the extracellular space.
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2. Results
2.1. Imiquimod, Resiquimod, and Gardiquimod Are Substrates of P-gp

To determine if imidazoquinolines are substrates of P-gp, an ATPase assay using
purified membrane vesicles expressing P-gp was performed (Figure 2). All three imida-
zoquinolines were tested at the same concentrations, from 1.56 to 200 µM. Concentration
dependent activation of P-gp ATP (quantified as liberated Pi) was detectable down to
6.25 µM for IMQ. RSQ also stimulated P-gp at higher concentrations, whereas GDQ was
a poor substrate by comparison, only liberating Pi above baseline at the highest concen-
trations tested. That said, each imidazoquinoline did liberate Pi in the activation test,
confirming that all are P-gp substrates, albeit to varying degrees. Based upon this result,
we calculated imidazoquinoline P-gp substrate affinity as (Table 1): IMQ (KD = 7.66 µM)
> RSQ (KD = 24.37 µM) > GDQ (N.D.). These results were further confirmed using Swis-
sADME, which predicted each imidazoquinoline to be a substrate for P-gp [36]. None of
the three imidazoquinolines significantly inhibited maximal vanadate-sensitive ATPase
activity when tested as inhibitors, an important point because P-gp-mediated drug efflux
occurs through multiple mechanisms (Figure S3) [37].
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Figure 2. ATPase assay with IMQ, RSQ, and GDQ. In the activation test, IMQ, RSQ, and GDQ all
stimulated vanadate-sensitive ATPase activity above baseline, confirming that the imidazoquinolines are
substrates of P-gp. Error bars are standard deviation from the mean of experiments repeated in duplicate.

2.2. MDR Cancer Cell Lines Enhance P-gp Expression

MDR cancer cell lines were derived from parent cancer cell lines by introducing
1 nM Doxorubicin (Dox) in the growth media and doubling the concentration at each
passage until cell populations capable of stable proliferation in 1 µM Dox were obtained
(Figure 3A; Supplementary Material for MDR progression). This process is established to
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provide epigenetic pressure that increases expression of P-gp [38]. Western blot (Figure 3B)
confirmed that MDR-derived cell lines expressed more P-gp than their parent cancer cell
line counterparts with the amount of P-gp quantified in each of the MDR-derived cell
lines (Figure S7). P-gp localization on cellular membranes was confirmed by fluorescence
microscopy using an Anti-P-gp-Alexa Fluor 488 antibody conjugate (Figure 3C). The
4T1 cell lines were not used in the immunofluorescence assay due to spectral overlap
between the antibody and GFP expression linked to the Luc2 gene.

Table 1. cLogP and KD values of imidazoquinolines. cLogP was calculated using ChemDraw
19.1 Software—PerkinElmer. KD was estimated (sum of squares) from the membrane vesicle
P-gp assay.

Imidazoquinoline cLogP KD (µM)

Imiquimod 1.428 7.66
Resiquimod 0.036 24.37

Gardiquimod −0.254 N.D.

2.3. Imiquimod Competes with Rhodamine 123 Efflux in MDR-Derived Cancer Cell Lines

To determine whether the imidazoquinolines compete with known P-gp substrates,
competitive efflux studies were performed with Rhodamine 123 (Rh123) under active
transport conditions (37 ◦C) in both parent and MDR cancer cell lines. P-gp-mediated
Rh123 efflux was confirmed by increased Rh123 retention, quantified by Mean Fluorescence
Intensity (MFI), upon co-incubation with P-gp substrate Verapamil (VER) [39,40] and
Tariquidar (TQR), a third-generation inhibitor of P-gp [41] (Figure S1). Significant increases
in Rh123 retention were also observed in the MDR cell lines, particularly AT3B-1, TC2-
MDR, and B16-MDR cells dually loaded with Rh123 and IMQ, compared to Rh123 alone
(Figures 4A and S5). No significant increase in Rh123 retention was observed with RSQ
and GDQ, which could be indicative of either their lowered affinity for P-gp or decreased
intracellular loading concentration relative to IMQ, which we subsequently determined
by HPLC. None of the imidazoquinolines affected Rh123 retention for the 4T1-MDR or
any parent cancer cell lines (Figure 4A). Additionally, there was no increase in fluorescence
upon co-incubation with VER or TQR in the parent cell lines. These results were consistent
with enhanced P-gp expression in the MDR cell lines promoting Rh123 and IMQ efflux.
Interestingly, significant increases in MFI were observed in the presence of IMQ, in contrast
to other studies reporting imidazoquinolines such as RSQ do not affect efflux [35]. From
our competitive efflux experiments, we concluded that, with the exception of inconclusive
results in 4T1-MDR cells, IMQ competes with Rh123 in the MDR cancer cell lines for
P-gp-mediated efflux.

2.4. Imiquimod Increases Rhodamine 123 Uptake under Passive Diffusion Conditions

Although active transport efflux experiments confirmed that IMQ competes with
Rh123 in most of the MDR cancer cell lines, but not in parent cancer cell lines, this trend was
not observed with RSQ or GDQ. In order to determine if changing the loading conditions
would impact the results observed in the competitive efflux experiments, uptake studies
with Rh123 were performed under passive diffusion conditions (4 ◦C) where P-gp is
inactive [42]. No significant increases in Rh123 accumulation were observed in most of the
cell lines tested with RSQ and GDQ relative to Rh123 alone except for minimal differential
accumulation with RSQ in B16-MDR cells (Figures 4B and S6). VER exhibited the same
trend as IMQ, as did TQR, though to a lesser extent (Figure S2). Similar to the competitive
efflux experiments, this trend was only observed in the same MDR-cell lines, suggesting
that IMQ leads to more Rh123 uptake in the MDR-derived cell lines compared to their
parent counterparts under passive diffusion conditions.
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Figure 3. (A) MDR cancer cells were derived from parent cancer cell lines by incrementally increasing
the Dox concentration in growth media. (I) TRAMP-C2 (TC2) prostate parent cancer cell line. (II) B16-
F10 (B16) melanoma parent cancer cell line. (III) 4T1-Luc2 (4T1) breast parent cancer cell line.
(IV) TC2-MDR cancer cell line. (V) B16-MDR cancer cell line. (VI) 4T1-MDR cancer cell line. Scale:
200 µm (B) Western blot shows the increased expression of P-gp in MDR cancer cells compared to
parent cancer cell lines. (C) TC2-Parent, TC2-MDR, B16-Parent, and B16-MDR stained with Anti-P-
gp-Alexa Fluor 488 antibody conjugate reveals the increased expression of P-gp in MDR-derived
cancer cell lines, as well as membrane localization of P-gp.
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Figure 4. (A) Competitive experiments performed at 37 ◦C with P-gp substrate Rh123. IMQ leads to an increase in
Rh123 accumulation in MDR-derived cancer cells under active transport conditions. Data representative of triplicate
experiments. (B) Uptake experiments performed at 4 ◦C with P-gp substrate, Rhodamine 123. IMQ leads to an increase
in Rh123 accumulation in MDR-derived cancer cells under passive diffusion conditions. Data representative of triplicate
experiments. p-values were calculated between parent vs. MDR cancer cell type with * p < 0.01, ** p < 0.001 and NS:
Not significant.

2.5. Resiquimod and Gardiquimod Are Not Passively Taken up by MDR Cancer Cells

To examine the effect of MDR on uptake, cell lysate was examined for imidazoquino-
lines following loading under passive conditions (4 ◦C). Cancer cells loaded with imida-
zoquinolines (100 µM) were lysed and lysate imidazoquinoline content was quantified
by HPLC. Results of this experiment indicated that RSQ and GDQ were not significantly
taken up by TC2-MDR, B16-MDR, or AT3B-1-MDR cells; however, IMQ showed efficient
uptake under identical loading conditions (Figure 5). TC2-MDR cells had the highest
intracellular IMQ (20.75 µM) among the MDR lines derived in-house. In comparison, all
imidazoquinolines were taken up by the parent cancer cell lines. Here, the TC2-Parent
(16.58 µM) had the highest IMQ uptake, followed by the 4T1-Parent (11.06 µM) and B16-
Parent (5.72 µM) cell lines. RSQ was only detectable in parent cancer cell lines: TC2-Parent
(25.84 µM), B16-Parent (11.65 µM), and 4T1-Parent (1.34 µM). Likewise, GDQ was only
detected in parent cancer cell lines, with B16-Parent having the highest uptake (16.42 µM).
Interestingly, detectable amounts of IMQ (16.31 µM), RSQ (4.47 µM), and GDQ (10.13 µM)
are taken up by the 4T1-MDR-derived cancer cell line; however, significant competition
for P-gp-mediated efflux was not observed with Rh123 for RSQ and GDQ. Furthermore,
we also observed that MDR cell lines take up more IMQ compared to the parent cancer
cells. Finally, because imidazoquinolines are also known to directly induce apoptosis in a
variety of cancers, independent of immunogenic effects [43], we also confirmed that the
tested concentrations/incubation times were not cytotoxic to the cancer cells via resazurin
cell viability assay (Figure S4).
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Figure 5. Uptake experiments performed by loading IMQ, RSQ, or GDQ (100 µM) under passive
diffusion conditions in parent and MDR-derived cancer cell lines followed by analysis of imidazo-
quinoline in cell lysate by HPLC. Cellular uptake ratio was calculated by dividing the peak area of
substrate in lysate by the peak area calibrated for 100 µM imidazoquinoline using standard solutions.
Data representative of experiments performed in triplicate. p-values were calculated between parent
vs. MDR cancer cell lines with * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Discussion

Multidrug resistance is a major challenge for traditional chemotherapy, and attributed
to many different mechanisms, including increased DNA damage repair, reduced apoptosis,
aberrant drug metabolism, and enhanced drug efflux [44,45]. The cancer cell types chosen
for this study were B16-F10 (B16) melanoma, TRAMP-C2 (TC2) prostate, and 4T1-Luc2 (4T1)
breast cancer. These cell lines were primarily chosen based on their ability to acquire drug
resistance [46–48], as well as the established efficacy of TLR 7/8 agonists in corresponding
in vivo models [26,49–51]. As a positive control we chose AT3B-1 prostate cancer cells,
as opposed to Caco-2 or MDCK-II lines routinely used for measuring efflux of small
molecules [52], because AT3B-1 cells possessed the previously well-characterized Dox-
derived MDR phenotype [53] and have subsequently been used in studies involving
membrane transport through P-gp [54].
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The imidazoquinoline immunostimulants chosen for this study were: Imiquimod
(IMQ), Resiquimod (RSQ), and Gardiquimod (GDQ). We chose these particular imida-
zoquinolines for their extensive use in cancer immunotherapy. In particular, the TLR
7 agonist IMQ is FDA-approved for treatment of basal skin cell carcinoma and known
to confer anti-cancer immunogenicity [55]. RSQ, a more potent TLR 7/8 dual agonist,
features nanomolar potency [56], and is capable of activating TLR 8 in humans which is
expressed by myeloid-derived dendritic cells [57,58], an advantage when compared to
IMQ. GDQ, a TLR 7 agonist, is more potent than IMQ, and likewise exhibits enhanced
antitumor effects [59].

Previously, our own work implied that IMQ [29] and RSQ [30] undergo drug efflux
from a range of cancer cell lines. However, specific routes of efflux were only indirectly
investigated. In the present study, we directly confirmed that IMQ, RSQ, and GDQ are
substrates of P-gp, with variable affinity, using an ATPase membrane transport study
(Figure 2). We also concluded that the less potent TLR 7 agonist IMQ is a better substrate
for P-gp efflux than RSQ or GDQ in both membrane vesicles and MDR cancer cells.

Next, we created MDR cancer cells which overexpressed P-gp by growing the non-
MDR Parent cell lines in increasing concentrations of Dox from 1 nM to 1 µM. Each
of the cancer cell lines reached the 1 µM Dox threshold at different times. The TC2-
MDR version took 3 months, the B16-MDR took 7 months, and the 4T1-MDR cells took
over 8 months (see Supplementary Materials for timeline). Via brightfield microscopy
(Figure 3A), we observed that cell morphology changed to elongated structures at increased
Dox concentration, perhaps suggestive of the epithelial to mesenchymal transition that can
occur upon chronic exposure to chemotherapeutics [60]. Regardless, our MDR cancer cell
lines increased P-gp expression compared to parent cell lines, as quantified by Western
blot (Figures 3B and S7) with visually confirmed membrane localization via fluorescence
microscopy (Figure 3C).

With both imidazoquinoline P-gp substrate specificity and P-gp expression in MDR
cancer cell lines confirmed, we next investigated imidazoquinoline efflux in our parent
and MDR cell lines. Here, IMQ competed with Rh123 for efflux in most of the MDR-
cancer cell lines, a trend not observed in the parent cancer cell lines (Figures 4A and S5).
This result directly correlated with P-gp expression in the MDR-derived cancer cell lines
and is consistent with our previous report that IMQ competes with Rh123 for efflux in
AT3B-1 cells [29]. Alternatively, the baseline MFIs (loading with Rh123 alone) of MDR-
derived cancer cells were lower than the parent cancer cell lines, as is expected with
enhanced efflux potential from acquired drug resistance (Figure S5) [61]. This means a
smaller absolute fluorescence could appear as a larger signal when reported as a percent of
baseline accumulation. That said, it is possible that poor uptake of RSQ and GDQ in MDR
cancer cell lines could be responsible for the lack of competition observed in the efflux
experiments (Figures 4 and S6). We also observed enhanced uptake of IMQ in MDR cells
compared to parent cell lines, both with and without Rh123. This could be explained by a
variety of mechanisms. For example, drug-resistant cells could have altered membrane
permeability beyond transport protein expression. Another possibility is that P-gp may
influence substrate influx as well [62].

Based upon these results, we conclude that P-gp efflux susceptibility, which correlates
to hydrophobicity/cLogP, should be considered, alongside potency, when choosing the
optimal TLR agonist for delivery to MDR cancers. cLogP can influence P-gp efflux and does
not negatively impact passive permeability unless the values fall well outside drug-like
ranges (cLogP < 1 or cLogP ≥ 7) [15]. IMQ falls within this range; however, RSQ and GDQ
fall outside this range which could explain both the lack of uptake of RSQ and GDQ as
well as their minimal competition for efflux.

It is important to note that even though expression of P-gp was increased in the
4T1-MDR cell line, relative to the non-MDR parent line, we did not observe imidazo-
quinoline competition with Rh123. Interestingly, we did observe an increase in Luc2 gene
in the MDR-derived cell line, directly correlating to the acquisition of drug resistance
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(Figures S5 and S6). While this study demonstrates that imidazoquinolines, particularly
IMQ, are substrates for P-gp mediated efflux, it is also likely that imidazoquinolines could
serve as substrates for some of the many other ABC transporters, which may have led to no
change in Rh123 accumulation, especially in the 4T1-MDR cell line. It is also possible that
Dox-derived MDR provokes compensatory expression of other ABC transporters or other
ABC-independent efflux mechanisms as well. Although some generalizable differences in
substrate scopes do exist between transport proteins implicated in drug efflux, there is also
significant overlap, particularly with proteins associated with MDR that further complicate
both development and analysis of efflux [63–65].

4. Materials and Methods
4.1. Materials

The B16-F10 melanoma cell line was purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). As per manufacturer instructions, the B16-F10 cell
line (ATCC, Manassas, VA, USA, CRL-6475, mouse melanoma) was grown in complete
culture media composed of DMEM (VWR, Radnor, PA, USA, 6777-406) with 4.5 g L−1

glucose, 2 mM L-glutamine, 100 U mL−1 PenStrep (Caisson Labs, Smithfield, VA, USA,
PSL01), and supplemented with 10% Premium Grade HI-FBS (VWR, Radnor, PA, USA,
97068-091). Media was changed every 3–4 days. Cells were passaged upon reaching 80%
confluence. Trypsin solution (Sigma Aldrich, St. Louis, MO, USA, T-4049) was used per
manufacturer instructions to release cells before passaging which involved changing media,
counting, and seeding 3 × 105 cells in 35 mL of new complete media in a new T-175 culture
flask (VWR, Radnor, PA, USA, 10861-650).

The TRAMP-C2 prostate cell line was purchased from ATCC. As per manufac-
turer instructions, the TRAMP C2 cell line (ATCC, Manassas, VA, USA, CRL-2731,
mouse transgenic adenocarcinoma) was grown in complete culture media composed
of DMEM with 4.5 g L−1 glucose, 2 mM L-glutamine, 100 U mL−1 PenStrep, and sup-
plemented with 1 µg mL−1 Insulin (Sigma-Aldrich, St. Louis, MO, USA, I0516), 2 nM
(+)-Dehydroisoandrosterone (VWR, Radnor, PA, USA, 200008-124), 5% HI-FBS, and 5%
Nu-Serum IV (Corning, Corning, NY, USA, 355504). Media was changed every 3–4 days.
Cells were passaged upon reaching 80% confluence. Trypsin solution (Sigma Aldrich,
St. Louis, MO, USA, T-4049) was used per manufacturer instructions to release cells before
passaging which involved changing media, counting, and seeding 3 × 105 cells in 35 mL of
new complete media in a new T-175 culture flask (VWR, Radnor, PA, USA, 10861-650).

4T1-Luc2 breast cancer cell line was gifted from Darrell Irvine’s lab (Massachusetts Insti-
tute of Technology, Cambridge, MA, USA). The 4T1-Luc2 cell line (ATCC, Manassas, VA, USA,
CRL-2539-LUC2, mouse mammary gland carcinoma) was grown in complete culture media
composed of DMEM with 4.5 g L−1 glucose, 2 mM L-glutamine, 100 U mL−1 PenStrep, and
supplemented with 10% HI-FBS. Media was changed every 3–4 days. Cells were passaged
upon reaching 80% confluence. Trypsin solution (Sigma Aldrich, St. Louis, MO, USA, T-4049)
was used per manufacturer instructions to release cells before passaging which involved
changing media, counting, and seeding 3 × 105 cells in 35 mL of new complete media in a
new T-175 culture flask (VWR, Radnor, PA, USA, 10861-650).

AT3B-1 prostate cancer cells were chosen for their well-characterized P-gp expression
as a result of epigenetic pressure caused by exposure to the Doxorubicin [53]. The AT3B-1
cell line was purchased from ATCC. The AT3B-1 cell line (ATCC, Manassas, VA, USA,
CRL-2375, rat MDR prostate carcinoma) was grown in complete culture media composed
of DMEM with 4.5 g L−1 glucose, 2 mM L-glutamine, 100 U mL−1 PenStrep, supplemented
with 10% HI-FBS and 1 µM Doxorubicin (TCI America, Portland, OR, USA, D4193100MG).
Media was changed every 3–4 days. Cells were passaged upon reaching 80% confluence.
Trypsin solution (Sigma Aldrich, St. Louis, MO, USA, T-4049) was used per manufacturer
instructions to release cells before passaging which involved changing media, counting,
and seeding 3 × 105 cells in 35 mL of new complete media in a new T-175 culture flask
(VWR, Radnor, PA, USA, 10861-650).
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The B16-F10 Melanoma (B16), TRAMP C-2 prostate (TC2), and 4T1-Luc2 breast (4T1)
parent cancer cell lines were seeded at 3 × 105 cells in T-175 culture flasks separate from the
parent cancer cell lines. These cells were cultured in complete cell media which contained
Doxorubicin (Dox). The original media was composed of: DMEM with 4.5 g L−1 glucose,
2 mM L-glutamine, 100 U mL−1 PenStrep, 10% HI-FBS and 1 nM Dox. The media was
changed every 3–4 days until the cells reached 80% confluence. Trypsin solution (Sigma
Aldrich, St. Louis, MO, USA, T-4049) was used per manufacturer instructions to release
cells before passaging which involved changing media, counting, and seeding 3 × 105 cells
in 35 mL of new complete media in a new T-175 culture flask (VWR, Radnor, PA, USA,
10861-650). Dox concentration was doubled only after stable proliferation, which for some
cell lines took multiple passages, before reaching a final concentration of 1 µM (Figure 2).

4.2. ATPase Assay

Colorimetric measurement of imidazoquinoline interaction with P-gp was determined
using a PREDEASY ATPase Assay Kit (SOLVO Biotechnology, Sigma-Aldrich, St. Louis,
MO, USA) in 96-well plate format following the manufacturer’s protocol. Stock solutions
of developer and blocker were diluted using Ultrapure DNase/Rnase Free Distilled Water
(Invitrogen, Waltham, MA, USA, 10977015). Briefly, across individual wells, Imiquimod
(IMQ) (eNovation Chemicals, Green Brook, NJ, USA, SY017571), Resiquimod (RSQ) (Accel
Pharmtech, East Brunswick, NJ, USA, XP2356), Gardiquimod (GDQ) (synthesized in-house;
see Supplementary Materials) were added at 8 different concentrations (1–200 µM) to
membrane vesicles expressing hMDR1. Each well contained 4 µg membrane protein, and
1 µL of imidazoquinoline was added to arrive at the final concentrations noted. The plate
was pre-incubated (37 ◦C, 10 min) before 10 µL of MgATP solution was added to start the
reaction. The plate was incubated (37 ◦C, 10 min) before the ATPase reaction was quenched
using 100 µL of Developer Solution at room temperature. After 2 min, 100 µL of Blocker
solution was added to each well at room temperature before incubation (37 ◦C, 30 min).
Following incubation, the absorbance was measured using a microplate reader at 610 nm.
Absorbance values were used to calculate liberated Pi (Figure 2) and KD.

4.3. Western Blot

Cell lysates were extracted using Triton X-100 lysing buffer, and lysate was quantified
using Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA, USA, 23225).
For each cell lysate, 20 µg of protein was run on a 4–15% SDS gel (Bio-Rad, Hercules,
CA, USA, 4561083DC) and electrotransferred onto a PVDF membrane. The membrane
was washed with TBS and blocked overnight with 3% BSA in TBST. The membrane was
incubated with primary Rabbit anti-P-gp antibody (Abcam, Waltham, MA, USA, ab170904)
for 2 h, washed 2× for 10 min with TBST, and incubated with a secondary Goat anti-Rabbit
IgG HandL (Abcam, Waltham, MA, USA, ab97051) antibody for 1 h. Rabbit anti-β-actin
antibody (Abcam, Waltham, MA, USA, ab8227) along with the MDR AT3B-1 cell line were
used as controls (Figure 3B). As per manufacturer’s instructions, the primary antibody
detects the predominant protein band migrating in the region of 180–200 kDa and typically
will demonstrate a smear on the membrane in the region of 150–300 kDa due to the
glycosylation profile of the protein [66].

4.4. Immunofluorescence Assay

Cancer cells (parent and MDR-derived) were plated on glass coverslips (neuVitro,
Vancouver, WA, USA, GG-25-1.5-pdl) in a 6-well plate and allowed to reach 70% confluency.
The cells were fixed using 4% formaldehyde for 15 min at room temperature. After
three washes with 1 mL PBS, the cells were blocked (10% HI-FBS in PBS) for 1 h at
37 ◦C. Cells were incubated with Mouse anti-P-gp antibody conjugated to Alexa Fluor
488 (Santa Cruz Biotechnology, Dallas, TX, USA, sc55510 AF488) overnight in the dark
at 4 ◦C before incubation with Mouse IgG Fc binding protein conjugated to CruzFluor
488 (Santa Cruz Biotechnology, Dallas, TX, USA, sc533653) in the dark at room temperature
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for 1 h. Finally, coverslips were washed in PBS and mounted with Vectashield antifade
mounting medium with DAPI (Vector Labs, Burlingame, CA, USA, H-2000-10) diluted
in Vectashield antifade mounting media (Vector Labs, Burlingame, CA, USA, H-1900-
10) to 0.1 µg mL−1. Fluorescent images (40×) were acquired on a Lionheart FX (BioTek
Instruments) microscope (Figure 3C).

4.5. Competitive Efflux Studies with Rhodamine 123

Cancer cells (parent and MDR-derived) were passaged, and 1 × 106 cells were used
for each compound tested with Rhodamine 123 (Rh123) (Cayman Chemical, Ann Arbor,
MI, USA, 16672). Cells were suspended in DMEM, supplemented with 10% HI-FBS,
and 1 µM Rh123; and incubated (37 ◦C, 30 min). Following incubation with Rh123, 1 or
10 µM of imidazoquinoline (IMQ, RSQ, GDQ), and/or P-gp inhibitor of Verapamil (VER)
(Cayman Chemical, Ann Arbor, MI, USA, 14288), or Tariquidar (TQR) (Sigma-Aldrich,
St. Louis, MO, USA, SML 1790) were added to the cells and incubated for another 30 min
at 37 ◦C. After incubation, samples were centrifuged (300 RCF, 5 min) and the supernatant
discarded. Cells were fixed with 4% formaldehyde for 15 min at room temperature. The
samples were centrifuged (300 RCF, 5 min) and suspended in 1 mL cold FACS buffer.
Finally, the Mean Fluorescence Intensity (MFI) of Rh123 in the samples was measured via
flow cytometry (BD Accuri C6 Plus). Results are representative of triplicate experiments
and normalized to MFI for 1 µM Rh123 (Figure 4A and Figure S5; see Supplementary
Materials for histograms).

4.6. Uptake Studies with Rhodamine 123

Cancer cells (parent and MDR-derived) were passaged, and 1 × 106 cells were used
for each compound being tested with Rh123. Cancer cells were suspended in DMEM,
supplemented with 10% HI-FBS, and 1 µM Rh123. The cells were incubated (4 ◦C, 30 min)
followed by adding IMQ, RSQ, GDQ, VER, or TQR (1 or 10 µM) and incubating further
for 30 min at 4 ◦C. Next, samples were centrifuged (300 RCF, 5 min) and the supernatant
discarded. Cells were fixed with 4% formaldehyde for 15 min at room temperature. The
samples were centrifuged again (300 RCF, 5 min), suspended in 1 mL ice cold FACS buffer,
and analyzed in triplicate for Rh123 MFI via flow cytometry. Samples were normalized
to uptake of 1 µM Rh123 as indicated in (Figure 4B and Figure S6; see Supplementary
Materials for histograms).

4.7. Cellular Uptake Studies

Cancer cells (parent and MDR-derived) were passaged, and 5 × 106 cells were used for
each experiment. Cells were suspended in 1 mL DMEM, supplemented with 10% HI-FBS,
with 100 µM of IMQ, RSQ, or GDQ, and incubated at 4 ◦C for 30 min. Samples were
then centrifuged (300 RCF, 5 min) and washed 2 times with 1 mL cold PBS. The samples
were re-suspended in lysing buffer: For IMQ and RSQ, lysing buffer consisted of 40%
HPLC Grade acetonitrile (ACN) in HPLC Grade water (H2O) with 0.1% Trifluoroacetic
acid (TFA) and 1% v/v Trition X-100. Due to solubility differences, GDQ lysing buffer
consisted of HPLC Grade water with 0.1% TFA and 1% v/v Triton X-100. Cells were lysed
on ice for 20 min. Following the lysing step, samples were centrifuged (12500 RCF, 10 min)
with the supernatant collected and filtered using a 0.2 µm PTFE filter. Filtered samples
were analyzed by HPLC (Thermo Dionex UltiMate 3000 running Chromeleon software
(V6.80 SR14) with a C18 analytical column (Phenomenex XB-C18 100Å, 250 × 4.6 mm,
5 µm) at a flow rate of 1 mL/min, A: H2O with 0.1% TFA, B: ACN with 0.1% TFA, with UV
detection at 254 nm. For IMQ and RSQ an isocratic method (40% B) was used. For GDQ, a
gradient method (10% B for 5 min, 10 to 95% B over 14 min, 95% B for 10 min) was used.
For each of the imidazoquinolines, 9-point calibration curves were derived using standards
with concentrations ranging from 500 nM to 250 µM. The calibration curves were used to
fit using linear regression for each imidazoquinoline: IMQ (y = 0.039x; R2 = 0.9976), RSQ
(y = 0.0447x; R2 = 0.9994), and GDQ (y = 0.0271x; R2 = 0.9996). All samples were analyzed
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in triplicate. Cellular uptake ratio was obtained by dividing the peak area of substrate in
lysate by the peak area calibrated for 100 µM imidazoquinoline (Figure 5).

4.8. Cytotoxicity Assay

Resazurin Cell Viability Assay kit (Abcam, Waltham, MA, USA, ab129732) was used
to determine if the concentrations of IMQ, RSQ, and GDQ used in experiments were
cytotoxic to the cancer cell lines under experimental conditions. To begin, cancer cells were
plated in complete cell media (DMEM, 10% HI-FBS) in 96-well plates, with two rows per
plate of each density/well tested: 2000 cells/well, 25,000 cells/well, 50,000 cells/well, and
100,000 cells/well. Cells were treated with 20 µL of 1 mM solutions of IMQ, RSQ, and
GDQ, to give a final concentration per well of 100 µM for each compound. Plates were
incubated at 37 ◦C for 1 h. After incubation, 10 µL of resazurin stain was added to wells in
alternating rows on the plate, such that for each density and compound tested in triplicate
there was a corresponding blank without stain added. Plates were incubated further with
absorbance measured at 570 nm and 600 nm at 1, 2, 3, 4, and 24 h intervals. The absorbance
measurements at 600 nm, which correlated to the absorbance of resazurin, were subtracted
from those taken at 570 nm, correlating to the resorufin absorbance. After this, values
were normalized to cell viability of the negative control. Experiments were performed in
triplicate and the 3 h time-point for 5 × 105 cells is shown (Figure S4).

5. Conclusions

In conclusion, this study demonstrates the imidazoquinolines IMQ, RSQ, and GDQ are
substrates for P-gp and begins to elucidate differences in their trafficking in cancer cells as
a consequence of acquired drug resistance. Using Dox to derive MDR-versions of B16, TC2,
and 4T1 cells resulted in enhanced P-gp expression and IMQ efflux. Additionally, using
competitive experiments with Rh123, we demonstrate that IMQ competes with Rh123 P-gp
efflux in the MDR phenotypes. Ultimately, this work contributes to the development of
new cancer immunotherapies, particularly imidazoquinoline prodrugs, which could be
enhanced by means of drug efflux following intracellular liberation of active drug. We
believe this work that begins to examine imidazoquinoline trafficking will prove useful
in the future rational design of immunotherapeutics with enhanced susceptibility to P-gp
efflux that enable increased bioavailability, in MDR cancers.

6. Patents

A.J.B., A.E.N., and R.J.M. are inventors on WSU’s patent 11,117,918; A.E.N. and R.J.M.
are owners of Astante Therapeutics Inc. both of which use concepts related to those in
this work.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/ph14121292/s1, Figure S1: Verapamil (VER) and Tariquidar (TQR) compete with Rhodamine
123 (Rh123) in all cancer cells, leading to more accumulation in MDR cancer cell lines at 37 ◦C,
Figure S2: Verapamil (VER) and Tariquidar (TQR) lead to an increased uptake of Rhodamine
123 (Rh123) in MDR-derived cancer cells at 4 ◦C, Figure S3: Imidazoquinolines do not inhibit
maximal vanadate sensitive ATPase activity, Figure S4: Imidazoquinolines are not cytotoxic to cancer
cells at high concentrations, Figure S5: Mean Fluorescence Intensities of competitive experiments
with Rhodamine 123 at 37 ◦C, Figure S6: Mean Fluorescence Intensities of uptake experiments with
Rhodamine 123 at 4 ◦C, Figure S7: Amount of P-gp present in the MDR cancer cells as per the Western
blot. Additionally, KD calculations and values of imidazoquinolines, flow cytometry histograms,
microscope images of the progression of parent to MDR-derived cancer cell lines, and synthetic
procedure and characterization of GDQ [67–70] can also be found in the supporting information.
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