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Enikö Kallay received her PhD in biochemistry in 1999 at the University of Vienna and her

habilitation in experimental pathophysiology in 2004 at the Medical University of Vienna. She has

been a trainee at several US universities (Harward Medical School, John Hopkins University, MD,

Strang Cancer Prevention Center, Cornell University, NY) and was a Marie Curie European Research

Fellow at University of Oxford, UK. She works at the Dept. Pathophysiology and Allergy Research,

Center of Pathophysiology, Infectiology and Immunology, Medical University of Vienna and lectures

on cancer biology at the Karl Landsteiner University of Health Sciences, Krems, Austria. Her main

area of interest is to unveil the biochemical and molecular mechanisms of the anti-tumourigenic and

anti-inflammatory effects of vitamin D and dietary calcium in inflammatory bowel diseases and in

cancers of the colon and ovaries.

ix





Preface to ”Novel Strategies in the Development of
New Therapies, Drug Substances and Drug Carriers”

At present, there is a strong need for new therapies that are effective and safe for widespread

diseases. In developing new treatments, areas of current interest include drug-development-related

strategies, new therapeutic molecules, and new drug delivery systems. This book is conceived

to promote synergy between research and industrial activities in the design and development of

new drugs and, therefore, was not limited to any specific aspect of development. It covers the

entire process from the identification of a molecular target, studies of drug–protein interactions,

the modeling and optimization of the functional activity, design and chemical synthesis, biological

evaluation, and the development of new pharmaceutical carriers.

The original articles and reviews are focused on the design and development of new anticancer

treatments, new anticancer low-molecular-weight agents as potential drug substances, and the

elucidation of their mechanisms of action. The book also includes studies on novel modulators of the

serotonergic system used to treat central nervous system disorders, novel agents against infectious

diseases, and the development of anti-plasmodial and anti-inflammatory agents. The successful

identification of new compounds for development as drug substances comes from a rich source of

medicinal plants and medicinal chemistry approaches. The molecular mechanism of potential drug

substances is important to their development as drugs.
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At present, there is a strong need for new therapies that are effective and safe for
widespread diseases. In developing new treatments, areas of current interest include drug
development-related strategies, new therapeutic molecules, and new drug delivery systems.
The Special Issue was conceived to promote synergy between research and industrial
activities in the design and development of new drugs and, therefore, was not limited to
any specific aspect of development. It covers the entire process from the identification
of a molecular target, studies of drug substance–protein interactions, the modeling and
optimization of the functional activity, design and chemical synthesis, biological evaluation,
and the development of new pharmaceutical carriers.

The original articles and reviews are focused on the design and development of
new anticancer treatments, new anticancer low-molecular-weight agents as potential drug
substances, and the elucidation of their mechanisms of action. The Issue also includes
studies on novel modulators of the serotonergic system used to treat central nervous
system disorders, novel agents against infectious diseases, and the development of anti-
plasmodial and anti-inflammatory agents. The successful identification of new compounds
for development as a drug substance is coming from the rich source of medicinal plants and
medicinal chemistry approaches. The molecular mechanism of potential drug substances is
important to their development as a drug.

The emergence of drug-resistant parasites makes malaria one of the most dangerous
infectious diseases. In their research to fight this disease, Nawrot et al. [1] have examined
a combination of macromolecular and low-molecular-weight compounds obtained from
the latex-bearing plants, including Chelidonium majus L. This is a medicinal latex-bearing
plant that has been used in traditional folk medicine to treat human papillomavirus (HPV)-
caused warts, papillae, and condylomas. The authors have identified the novel major latex
protein CmMLP1 and presented a model of its structure. CmMLP1 and the accompanying
three alkaloids decreased the in vitro viability of human cervical cancer cells (HPV-negative
and HPV-positive).

Gracz-Bernaciak et al. [2] have reviewed the general role of latex, a key part of a plant’s
defense system, in plant physiology. The authors have described a broad spectrum of active
components that are beneficial not only for plants but also for human health. Examples
include morphine and codeine from poppy latex. The significance of alkaloids and proteins
to the defense system of plants was analyzed for Chelidonium majus L, from the poppy family.
Their investigations of medicinal latex compounds are outlined, including functional
studies of proteins and other pharmacological compounds, via the use of techniques such
as CRISPR/Cas9 gene editing.
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The pharmacological actions of isoflavones of natural origin, such as genistein (GE),
relate to their antioxidant activity, and they protect cells from carcinogenesis. Using a self-
assembled monolayer on the gold electrode in simulated voltammetry, Stolarczyk et al. [3]
have revealed that a new thiolated genistein analog (TGE) has antioxidant activity. The
electroactive centers of TGE and its oxidation mechanism have been elucidated using in-
frared spectrometry supported by quantum chemical and molecular mechanics calculations.
In vitro studies indicated that TGE exhibits a high cytotoxic activity towards the human
prostate cancer cell line DU145 and that its activity against normal prostate epithelial cells
is lower than that of GE.

Zagórska-Dziok et al. [4] studied the kinetic release of genistein (GE) from biomaterials
such as polymeric hydrogels and observed favorable physicochemical properties and
biocompatibility of the active substance. Non-toxic poly(chitosan-ester-ether-urethane)
hydrogels were synthesized by ring-opening polymerization (ROP) and polyaddition. The
release rate of GE from hydrogels was near-zero-order kinetics without “burst release” and
with non-Fickian transport. The non-toxicity of hydrogels, together with a relatively highly
controlled release profile of GEN, suggests that polymeric hydrogels are an effective drug
substance carrier.

Drug substances of a natural origin continue to provide drug candidates that are
effective against a variety of diseases. However, medicinal chemistry represents a dominant
approach to new drug candidates and is well represented by papers in the Special Issue.

By using an advanced medicinal chemistry approach, Jaromin et al. [5] have iden-
tified a very high anti-plasmodial activity and selectivity, and a lack of cytotoxicity, for
a diastereomeric mixture of N-(3,3-dimethylbutyl)-1-octyl-2,3,4,9-tetrahydro-1H-pyrido
[3,4-b]-indole-3-carboxamides. The racemic mixture decreased the in vitro viability of
human cervical cancer cells, including both HPV-negative and HPV-positive. In silico
simulations have revealed possible interactions of the mixture with the enzymes that are
essential for parasite metabolism.

Ovarian cancer is one of the most lethal cancers in women, and the current therapies
are not sufficiently effective. Piątek et al. [6] have studied a potential new treatment strategy
regarding the effectiveness of vitamin D against ovarian cancer cell lines. Synthetic analogs
of the active hormonal form of vitamin D have different potencies against high-grade serous
ovarian cancer cell lines. The efficacy of the most active analogs in increasing CYP24A1
expression was cell line- and chemical-structure-dependent. Therefore, optimizing the
chemical structure of analogs together with screening for activity in ovarian cancer cells
might offer the prospect of a new treatment for ovarian cancer.

Vitamins D and plant polyphenols are both therapeutic anticancer agents and chemo-
preventive. Their mechanism of synergistic action is not fully elucidated. Maj et al. [7] have
evaluated the biological effects of an active vitamin D metabolite and the plant polyphenol
resveratrol (RESV) on lung cancer cells. The effectiveness of both agents was dependent
on the genetic nature of the cells. The effect of vitamin D metabolite on the induction
of CYP24A1 expression was enhanced by RESV. There was a pronounced effect of the
compounds on cytokine production. The authors have postulated that the differences in
the responsiveness of the cell lines to vitamin D metabolite and RESV relates to inherent
epigenetic differences.

Recent studies of transcription have revealed the principles that govern the action
of vitamin D action on a genome-wide scale. Even so, the identification of analogs that
are potentially useful therapeutically has had limited success. Pike and Meyer [8] have
postulated that a better understanding of the action of vitamin D at the transcriptional
level, by the identification of sequential molecular events that occur during activation of
most genes, both in vivo and in vitro studies, may provide insight into beneficial struc-
ture/activity relationships. Therefore, a novel approach to identifying potent anticancer
vitamin D analogs would be to identify the extent to which they lead to selective gene
expression within certain cells and tissues.
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To facilitate the selection of vitamin D analogs as potential drug candidates, Yasuda et al. [9]
have developed and reviewed in vitro systems, examining their affinity for VDR and
CYP24A1-mediated metabolism. The authors have developed an in vivo system, including
a Cyp27b1 gene-deficient rat (a type I rickets model), a Vdr gene-deficient rat (a type II
rickets model), and a rat with a mutant Vdr (R270L) (another type II rickets model), by
using genome editing. These models can be used to determine the efficacy of vitamin D
analogs, the readout being the amelioration of the symptoms of rickets.

Fluorine substitution of drug substances offers a number of advantages, including
changing the pKa and dipole moment of the molecule, improving the chemical or metabolic
stability, and enhancing the binding affinity to the target protein. These unique features of
fluorinated compounds encouraged Kittaka et al. [10] to review the molecular structures of
fluorinated analogs of vitamin D, their synthetic methodologies, and the resulting biolog-
ical activities, including their anticancer action. Fluorination of the CYP24A1 metabolic
positions at the side chain of vitamin D led to strong VDR agonists that have a prolonged
half-life in vivo.

Chrzanowska et al. [11] have designed and synthesized copper (II) complexes with
3-(4-chloro-3-nitrophenyl)thiourea. They were cytotoxic against human cancer cell lines
at the low micromolar range, and this concentration did not affect normal cells. The
complexes also induced lactate dehydrogenase (LDH) release from the cancer cell lines.
They provoked the immediate apoptosis of cancer cells. The complexes also reduced the
level of interleukin-6. An effect of the complexes on the detoxifying and reactive oxygen
species of cells that scavenge tumor cells was demonstrated.

The use of methotrexate (MTX) chemotherapy is hampered by a lack of selectively
against the target tumor. To improve this therapy, Woźniak et al. [12] have designed
and evaluated a novel glucose–methotrexate conjugate (GLU–MTX), whereby a cleavable
linkage allows the intracellular release of MTX after selective uptake through the glucose
transporter−1 (GLUT1). GLU–MTX inhibited the growth of colorectal, breast, and lung
adenocarcinomas, squamous cell carcinoma, and osteosarcoma cell lines. For these cells,
GLU–MTX uptake was increased 17-fold as compared with unconjugated MTX. In a mouse
model of breast cancer, the GLUT–MTX conjugate caused growth inhibition in vivo.

Currently, there are limited treatments for metastatic osteosarcoma (OS). However,
alpha-ketoglutarate (AKG) may represent a novel adjuvant therapy, and Kaławaj et al. [13]
have tested whether supplementation of osteosarcoma cell lines with exogenous AKG
exerts an anti-cancer effect. AKG inhibited the proliferation of the OS cell lines in a
concentration-dependent manner. AKG blocked cell cycle progression at the G1 stage,
which was accompanied by a decrease in the level of cyclin D1. AKG activated both
initiator and executioner caspases and induced the expression of Bax while inhibiting Bcl2.

Colorectal cancer (CRC) is the third most frequently diagnosed cancer in men and the
second in women. The effectiveness of standard cisplatin therapy for CRC is low due to its
lack of specificity and the frequent development of drug resistance. There are also severe
side effects. Gurba et al. [14] have documented that Au(III) complexes are promising drug
candidates for CRC treatment due to their structural similarity to Pt(II). The authors have
reviewed the efforts that have led to stable Au(III) complexes that have potentially selective
cytotoxic activity for cancer cells. Unexpectedly, rather than binding to DNA, the inhibition
of proteins, such as thioredoxin reductase, mediates the anticancer effects of the complexes.

In the search for safer and more effective anti-inflammatory agents, Szczukowski et al. [15]
have designed and synthesized a broad series of novel N-substituted-1,2,4-triazole-based
derivatives of pyrrolopyridazinone. The derivatives showed significant inhibition of
the activity of cyclooxygenase-2 (COX-2) and promising COX-2/COX-1 selectivity. A
molecular docking study has demonstrated that the new derivatives occupied, in the
active site of COX-2, a position that usually binds meloxicam, a known NSAID. The
new derivatives increased the viability of cells that were pre-incubated with the pro-
inflammatory lipopolysaccharide and reduced the level of reactive oxygen and nitrogen
species (RONS) during induced oxidative stress.
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Disturbances in serotonergic neurotransmission are closely related to central nervous
system disorders such as depression, anxiety, and schizophrenia, and Król et al. [16] have
searched for novel modulators of the serotonergic system. The authors have designed and
synthesized novel 4-aryl-pyridopyrimidines. The compounds demonstrated very high
binding affinities for the 5-HT1A receptor and high affinities for the D2, 5-HT2A, and 5-HT7
receptors. The lead compound had the activity profile of a presynaptic agonist.

The complex nature of the serotonergic system and interactions with other neuro-
chemical systems indicate that the development of depression may be mediated by various
pathologic mechanisms, including disturbance to the transmission within the central 5-HT
synapses. Ślifirski et al. [17] have reviewed the potential that the serotonergic system offers
for the development of new antidepressant therapies. Of importance is a combination
of serotonin inhibition together with different agents that are directed towards the 5-HT
system. In this regard, the authors summarized recent searches for new antidepressants.

A substantial subpopulation of depression patients is unresponsive to current thera-
pies, and so there is a need for therapies that are more effective and also more tolerable.
Pharmacological regulation of histone acetylation levels is considered a potential clinical
strategy. Histone acetylation status is also a potential diagnostic biomarker for depres-
sion. Inhibitors of histone deacetylases (HDACs) are widely studied as novel therapeutics.
Park et al. [18] have reviewed the histone acetylation status in depression and the thera-
peutic potential of HDAC inhibitors.

Prostate cancer is the most common cancer in men. For patients with advanced and
metastatic disease, the available treatment is limited to delaying the progression of the
tumor. Couty et al. [19] have examined a natural multifunctional antimicrobial peptide,
dermaseptin-B2, that has shown some antitumor activity. To improve its pharmacological
properties and decrease its peripheral toxicity and lethality, the authors have developed
a hormonotoxin molecule composed of dermaseptin-B2 combined with d-Lys6-LHRH
protein to target the luteinizing hormone-releasing hormone (LHRH) receptor. The new
hormonotoxin reduced tumor burden in mice and was better tolerated than dermaseptin-B2,
as it induced cell death by apoptosis rather than necrosis.

Calcimimetics, the pharmacological allosteric agonists of the extracellular calcium-
sensing receptor (CaSR), show substantial gastrointestinal side effects and induce the expres-
sion of inflammatory markers (e.g., IL-8) in colon cancer cells. Schepelman et al. [20] have
used both CaSR-specific (R) and -unspecific (S) enantiomers of a calcimimetic (NPS 568) and
a calcilytic (allosteric CaSR antagonist; NPS 2143) to prove that these effects are mediated via
the CaSR. As expected, only the CaSR-selective R-enantiomer of the calcimimetic induced
CaSR and IL-8 expression, an effect inhibited only by R-NPS-2143 but not S-NPS-2143. The
investigators have, therefore, proved that the pro-inflammatory effects of calcimimetics in
colon cancer cells are mediated through CaSR activation.

In searching for an efficient anticancer molecule that targets the human DNA topoi-
somerase IB, Soren et al. have [21] investigated the catalytic steps of human DNA topoi-
somerase IB in the presence of a drug substance coded MMV024937, which was obtained
from the open-access drug bank Medicines for Malaria Venture. The substance strongly and
irreversibly inhibited the cleavage activity of the enzyme and reduced the cell viability of
cancer cell lines. Molecular docking and molecular dynamics simulations have suggested
that MMV024937 binds to the human DNA topoisomerase IB-DNA complex and sits inside
the catalytic site of the enzyme. The investigators have, therefore, provided a molecular-
level explanation for the cleavage-inhibition effect of the substance and a possible rationale
for using this drug as a lead for the development of anticancer agents.

In summary, the papers within the Special Issue have cover a wide aspect to the
development of new drug substances. Medicinal chemistry, supported by molecular
modeling and quantum mechanical calculations, is at present the leading approach to drug
discovery. The exploration of plant biodiversity is still an important avenue in this field.
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Abstract: Chelidonium majus L. is a latex-bearing plant used in traditional folk medicine to treat human
papillomavirus (HPV)-caused warts, papillae, and condylomas. Its latex and extracts are rich in
many low-molecular compounds and proteins, but there is little or no information on their potential
interaction. We describe the isolation and identification of a novel major latex protein (CmMLP1)
composed of 147 amino acids and present a model of its structure containing a conserved hydrophobic
cavity with high affinity to berberine, 8-hydroxycheleritrine, and dihydroberberine. CmMLP1 and
the accompanying three alkaloids were present in the eluted chromatographic fractions of latex. They
decreased in vitro viability of human cervical cancer cells (HPV-negative and HPV-positive). We
combined, for the first time, research on macromolecular and low-molecular-weight compounds of
latex-bearing plants in contrast to other studies that investigated proteins and alkaloids separately.
The observed interaction between latex protein and alkaloids may influence our knowledge on plant
defense. The proposed toolbox may help in further understanding of plant disease resistance and in
pharmacological research.

Keywords: major latex protein; Chelidonium majus; greater celandine; defense-related proteins;
alkaloids; molecular docking; cancer cells

1. Introduction

Chelidonium majus L. is a perennial herbal plant belonging to the family Papaveraceae
that grows across Europe, western Asia, and North America [1–3]. It is a rich source of
different biologically active substances (alkaloids, flavonoids, phenolic acids) and has been
used in folk medicine for centuries. Over 27 alkaloids (e.g., chelerythrine, sanguinarine,
chelidonine, protopine, allocryptopine, berberine, coptisine) were identified in its extracts
and latex [4,5]. Plant laticifer cells are filled with latex (milky sap) that contains condensed
defense substances [6,7]. The plant exudes latex immediately at the site of damage caused
by an insect attack [7,8]. In folk herbal medicine, extracts and latex of C. majus are used to
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treat warts and condylomas caused by human papillomavirus (HPV) [9]. The medicinal
interest in C. majus is based mainly on small molecules such as alkaloids, flavonoids,
and phenolic acids, which may also act synergistically [4,5,10]. These compounds exhibit
antitumor, antiviral, and antibacterial activities [5,11]. The proteins of C. majus also show
mitogenic, cytotoxic, antibacterial, and antiviral activities [7]. Nucleases present in milky
sap were found to exert apoptotic effects on a human cervical cancer HeLa cell line [12,13].
The antiviral activity of milky sap was suggested to be associated with major latex proteins
(MLPs) [7,14].

MLPs, pathogenesis-related 10 (PR-10) proteins, cytokinin-specific binding proteins
(CSBPs), and norcoclaurine synthases belong to the Bet v 1 superfamily of proteins. Their
characteristic hydrophobic cavity binds to secondary metabolites and hormones [15,16].
MLPs were discovered in Papaver somniferum as abundant, laticifer-specific peptides with
unknown function [17]. MLPs constitute up to 50% of the soluble P. somniferum latex
subproteome, which correlates with the relative abundance suggested by SDS-PAGE [18].
MLPs are also present in non-latex-bearing plants such as Arabidopsis thaliana and Prunus
persica (peach) [15]. They influence fruit ripening in kiwi [16] and fruit and flower develop-
ment in peach [19]. They protect cotton against Verticillium dahliae [20] and melon against
cucumber mosaic virus [21]. The presence of MLP-like protein in the latex of Chelidonium
majus L. was first reported using proteomic analysis against C. majus sequence database pre-
pared after transcriptome sequencing and annotation [22]. The study identified previously
uncharacterized nucleic acid binding protein and showed that it is highly overrepresented
in the latex [22,23]. Statistical analysis confirmed that MLP is present in different stages of
plant development until the fruit ripening period [14].

Our interest in C. majus originated from the traditional use of the fresh plant extracts
and latex against warts and condylomas caused by the oncogenic human papillomavirus
(HPV) infection. HPV infections can lead to cervical cancer in women, which can result
from persistent infection with a group of “high-risk” HPVs [24]. However, previous studies
on C. majus have shown that the proteins from this plant are also biologically active [3,13].
The antiviral activity of the C. majus milky sap is possibly linked with the presence of
MLP [7,25]. Synergistic action of plant secondary metabolites with other components of
the plant extracts is also postulated [10].

Hence, the goal of the study was to isolate the MLP from C. majus latex, identify
accompanying low-molecular compounds and to analyze their joint cytotoxic activities
against cervical cancer cell lines.

2. Results

To the best of our knowledge, no joint research has been performed before in separate
fields of plant compounds research of different structures and sizes for latex-bearing
plants. Such an approach requires multidisciplinary research with the use of biological,
biotechnological, chemical, as well as analytical and theoretical techniques (Figure 1).
Therefore, we employed a research scheme, which started with the use of two kinds of
source materials—C. majus whole plant extract and latex samples. The second step enabled
fractionation of the material with the use of affinity chromatography on heparin. All
fractions were monitored with the use of proteomic and zymography techniques, as well as
with the use of LC-ESI-MS/MS techniques for the identification of proteins and non-protein
substances. This step allowed to indicate specific protein and alkaloids co-existing in the
fractions, which was confirmed with the use of bioinformatic tools of molecular modeling
and docking. Finally, the fractions were monitored in terms of their cytotoxic activities on
cervical cancer cells (Figure 1).

2.1. Isolation of MLP from C. majus Whole Plant Extracts and Latex

To isolate and purify the MLP from whole plant extracts and latex samples, heparin
column was selected due to its high affinity to DNA-binding proteins, coagulation factors,
lipoproteins, and protein synthesis factors. In-gel DN-ase zymography was used to assess
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the presence of MLP in separated fractions. We observed a strong nucleolytic activity for
the selected fractions eluted (Figure 2). We collected protein bands showing nucleolytic
activity and analyzed them by LC-ESI-MS/MS. We then applied Mascot analysis to MS
results using the annotated C. majus CDS database [22]. We observed that MLP was the
main constituent of the nucleolytic bands (MLP-like protein 28, Table 1, band 1A; Table S1).
We visualized the protein content of the fractions by using SDS-PAGE and silver staining
(Figure 2). The most representative bands were then collected and analyzed by LC-ESI-
MS/MS. MLP was again found to be the main constituent of the fractions—both for the
whole plant extracts (Table 1, band 1B; Table S2) and latex samples (Figure S1; Table S3).
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Figure 2. Fractionation of C. majus whole plant extract on a heparin column. Top: Absorbance at 280 nm—blue line—
indicates protein content in fractions. Red lines and numbers represent fraction numbers. Middle: In-gel DNase assay
zymography of protein fractions with high nucleolytic activity. Band 1A of ca. MW 33–35 kDa was cut, and MLP presence
was confirmed by MS/MS. Bottom: Protein profiles of each fraction in SDS-PAGE stained with silver. Band 1B of ca. MW
36 kDa was cut from the gel, and MLP presence was confirmed by MS/MS.
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Table 1. MS/MS results of protein bands cut from an in-gel DNase assay zymography gel (Figure 2, Band 1A) and a
silver-stained SDS-PAGE gel (Figure 2, Band 1B) after electrophoretic separation of protein fractions isolated from whole
plant extract. The main constituent of the fractions was MLP.

Accession
Number Protein Definition Mascot Score Mol. Mass

(da)
Matched
Peptides

Sequence
Coverage (%)

Band 1A

m.37898 m.37898 MLP-like protein 28 6205 39612 27 65.2

m.37901 m.37901 MLP-like protein 28 5490 41223 30 65.7

m.37897 m.37897 MLP-like protein 28 4549 22910 18 73.9

m.37895 m.37895 MLP-like protein 28 4202 22792 21 74.9

m.37902 m.37902 MLP-like protein 28 3868 22814 17 69.8

m.12632 m.12632 MLP-like protein 28 2459 26927 15 69.5

m.12634 m.12634 MLP-like protein 28 2334 21853 18 61.9

m.33033 m.33033 bifunctional epoxide
hydrolase 2-like 1996 35790 17 59.9

m.37899 m.37899 MLP-like protein 28 1959 22825 18 56.6

uniq_06137 uniq_06137 14-3-3 protein 1309 29225 21 71.6

Band 1B

m.60929 m.60929 ferredoxin–nadp leaf
chloroplastic-like isoform 1 1978 40992 37 58.3

m.37898 m.37898 MLP-like protein 28 1951 39612 12 44.6

m.37901 m.37901 MLP-like protein 28 1656 41223 10 37.0

m.12632 m.12632 MLP-like protein 28 1190 26927 7 33.0

m.12634 m.12634 MLP-like protein 28 1137 21853 8 41.8

m.37897 m.37897 MLP-like protein 28 537 22910 7 42.7

m.37895 m.37895 MLP-like protein 28 267 22792 5 36.2

m.61102 m.61102 pectinesterase 3-like 218 63766 4 8.8

m.12630 m.12630 MLP-like protein 28 174 16874 2 17.7

m.60714 m.60714 glyceraldehyde-3-phosphate
cytosolic-like 100 36972 1 4.1

2.2. LC-MS/MS Identification of Non-Protein Substances Accompanying MLP

We washed out the unbound small molecules and proteins with no affinity from
the column (Figure 2, fractions 1–18). However, because we also aimed to identify non-
protein substances that might possibly be present in the nucleolytic fractions, we ex-
tended our toolbox by adopting sample preparation from plasma/serum pharmacokinetics
(Figures S2–S33) and combining it with LC-MS/MS screening of small molecules. In
the fractions derived from the whole plant extract, we found the following alkaloids:
berberine, chelidonine, coptisine, corysamine, dihydroberberine, dihydrosanguinarine,
dihydroxychelerythrine, dihydroxysanguinarine, norchelerythrine, norsanguinarine, and
protopine (Figures S3–S21) [4,5]. For samples rich in low-molecular constituents, we
semi-quantitatively compared 21 signals (Tables S4 and S5; Figures S34–S47). Finally, we
identified 8 alkaloids co-localizing with proteins in the protein-rich fractions. The presence
of these alkaloids suggest their molecular association with proteins. The highest relative
signal intensities for coptisine, berberine, dihydroberberine, chelidonine, and protopine
were found in fractions 22–23 (Figure 3, in green), while those for 8-hydroxycheleritrine,
stylopine, and sanguinarine were found in fractions 25–26 (Figure 3, in green).
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We used the same approach for C. majus milky sap, which enabled to identify sev-
eral alkaloids (Table S5). Although the proposed identifications were based only on
mass spectrometry data, they were consistent with the compounds detected previously in
C. majus [4,5].

2.3. CmMLP1 Domain Architecture

The identified MLP-like protein 28 (Figure 2b) belongs to the MLP-related protein
family 28 as described for A. thaliana [26]. We conducted bioinformatics analysis by search-
ing for MLP-like sequences in the C. majus CDS database derived from transcriptomic data
(http://webblast.ipk-gatersleben.de/chelidonium/, accessed on 28 October 2021). The
analysis revealed the presence of 19 transcript sequences of length 105–359 nucleotides
(Figure 4), coding for MLP-like proteins of different sizes with a common “core” of approx-
imately 100 amino acids (Figure 5 and Figure S48). We selected the sequence composed of
147 amino acids as the one coding for the MLP, with the calculated MW of 16.77 kDa and
theoretical pI of 5.88 (MLP-like m.12630); this result was consistent with the size of MLPs
derived from other plants [17]. The protein encoded by this sequence was named CmMLP1.
By using bioinformatics tools, we predicted the conserved hydrophobic cavity for binding
of small molecules in the structure of CmMLP1 and confirmed that the protein belongs to
the “START/RHO_alpha_C/PITP/Bet_v1/CoxG/CalC (SRPBCC) ligand-binding domain
superfamily” [12,19,27].
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2.4. MLP Structure Prediction and Modeling

We used a homology modeling approach for constructing 3D protein structure. On
the basis of the fold-recognition (FR) alignment proposed by GeneSilico MetaServer, we
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selected template structures of 4IGV chain A—crystal structure of kirola (Act d 11, PubMed:
23969108). The structure of the protein covers the sequence in the region of 1–101 amino
acids. The PROQ method to predict model quality evaluated the model as “fairly good”
(predicted LGscore = 1.151, predicted MaxSub = 0.172, predicted GDT_TS: 36.39). Figure 6
and Figure S49 illustrate the predicted quality of the mature protein structure.
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2.5. Molecular Docking of Alkaloids to CmMLP1

Eight alkaloid structures retrieved from ZINC database were docked in the hydropho-
bic pocket of the CmMLP1. Docking of ligand molecules to CmMLP1 was performed
using the Autodock Vina program, which analyzes 20 possible conformations of the ligand
molecule at the active site of the protein. Binding energy in the active site was calcu-
lated for each conformation. We observed high binding affinity for dihydroberberine and
8-hydroxycheleritrine as well as relatively high affinity for berberine (Table 2, nos. 1–3,
Tables S6–S13; Figure S50).

Table 2. Molecular docking of alkaloids detected in C. majus milky sap fractions with nucleolytic activity to the 3D model
of MLP. * Binding affinity below −5.00 kcal/mol is considered as high affinity. ** Binding affinity between −5.00 and
−4.50 kcal/mol is considered as relatively high affinity.

No. ZINC Database Number Structure (Compound) Binding Affinity (kcal/mol) Docking Score

1 ZINC01575028 dihydroberberine −5.98 * −0.55

2 ZINC03872044 8-hydroxycheleritrine −5.94 * −0.50

3 ZINC03779067 berberine −4.86 ** −0.37

4 ZINC20111233 protopine −3.55 −1.09

5 ZINC01709414 coptisine −3.45 −0.18

6 ZINC00000706 sanguinarine −3.12 −0.80

7 ZINC20470298 stylopine −2.84 −1.44

8 ZINC30727894 chelidonine −2.14 −1.34

2.6. Cytotoxic Activity of CmMLP1 Accompanied with Alkaloids

To assess the biological activity of fractions containing CmMLP1 accompanied with
alkaloids, we analyzed their cytotoxic effects on HeLa and C33A cell lines. We used two
such cell lines—HeLa and C33A. Both of them originate from cervical samples of women,
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however they differ with the HPV genetic material content. HeLa cells are considered as
HPV positive (HPV+), and C33A as HPV negative (HPV-). The analysis was performed
using the WST-1 colorimetric assay and normal fibroblasts (MSU-1.1) were used as a control.

We analyzed the whole spectra of the samples separated on heparin column both
from whole plant extracts and from latex. The results indicated that the viability of HeLa
and C33A cancer cells after 48 h of incubation with all fractions from latex as well whole
plant extract was reduced on different levels. These cell lines showed similar viability after
treatment with fractions derived from whole plant extract (Figures S51 and S52). However,
an immediate decrease of at least 50% in viability was observed for HeLa and C33A cells
when treated with latex fractions 24–26 as compared to that for MSU-1.1 (Figure 7). We
previously confirmed the presence of CmMLP1 and alkaloids in the same fractions (Table 1).
Moreover, the cell viability was the lowest for HeLa cells, with less than 10% living cells,
what is comparable to negative control treatments (DMSO). The results suggest that the
fractions containing CmMLP1 accompanied by alkaloids present the highest cytotoxic
activity against cervical cancer HPV positive cells—less than 10% living cells left for each
fraction (Figure 7a,c; Table 3). The viability of the cervical cancer cells was two-fold lower
for HPV+ (HeLa) cells than for HPV- (C33A) cells (p < 0.0001) (Figure 7a).

1 
 

 
Figure 7. CmMLP1 and the accompanying three alkaloids decreased in vitro viability of human
cervical cancer cells (HPV-negative and HPV-positive). (a–c) Viability (%) of C33A and HeLa cancer
cells compared to that of normal MSU1.1 fibroblasts after treatment with latex fractions for 48 h.
Control (negative)—untreated cells; DMSO—positive control. (a) C33A, HeLa, and MSU-1.1 cell
lines treated with fractions 16–27. (b) Both C33A HPV- cervical cancer cell line and MSU-1.1 treated
with fractions 24–26 containing CmMLP1 accompanied with alkaloids and fraction 27. (c) Both
HeLa HPV+ cervical cancer cell line and MSU-1.1 treated with fractions 24–26 containing CmMLP1
accompanied with alkaloids and fraction 27. ****, p < 0.0001.
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Table 3. Viability of C33A and HeLa cancer cell lines vs. normal MSU1.1 treated with latex fractions containing CmMLP1
accompanied with alkaloids.

Cell Line
(CmMLP1 Concentration)

Fraction 24
(2 ng/µL)

Fraction 25
(1.5 ng/µL)

Fraction 26
(1 ng/µL)

MSU1.1 22.8% 32.8% 39.2%

C33A 16.0% 17.4% 14.8%

HeLa 9.1% 5.8% 5.9%

3. Discussion

Our present study has enabled us to advance plant science because of multidisciplinary
research on compounds of different structures: large and small molecules. MLP was
accompanied with coptisine, stylopine, sanguinarine, chelidonine, protopine, berberine,
8-hydroxycheleritrine, and dihydroberberine (Figure 3). Molecular docking showed high
affinity of the latter three molecules to the hydrophobic cavity of CmMLP1 (Figure 3d). To
the best of our knowledge, these associations are reported for the first time. Previous studies
focused solely on either macromolecules or alkaloids. Both these groups of compounds
coexist in a plant and interact with each other. Thus, the associations observed here may
influence our knowledge of plant defense and function of the latex proteins. They may also
further our understanding of their pharmacology.

The high cytotoxicity of the combination of CmMLP1 and alkaloids for both cancer
cell lines (Figure 7b,c) indicates their potential use in cancer therapy. The cell viability of
HPV+ cells was twice lower than that of HPV− cells. The biological activity of C. majus
alkaloids is well described. Cytotoxicity tests demonstrated selective and profound apop-
totic effects of a five-alkaloid combination in the mouse melanoma B16F10 cell line [27].
Chelidonine efficiently induced apoptosis in HeLa cells through possible alteration of
p38-p53 and AKT/PI3 kinase signaling pathways [28]. Chelidonine was also examined
as a potent inducer of cell death in human leukemic and lung carcinoma cells [29], as
well as a promising model compound for overcoming multidrug resistance in Caco-2
and CEM/ADR5000 cancer cells together with the alkaloid extract comprising of pro-
toberberine and benzo[c]phenantridine alkaloids [30]. Our findings report that one of
the docking alkaloids to CmMLP1, with high binding affinity, is dihydroberberine (DIH).
This alkaloid belongs to the protoberberine alkaloid family and presents strong biological
activity including anticancer properties. Recently, it has been shown that the components
of the natural plant protoberberine fraction (BBR-F) extracted from C. majus may represent
promising novel photosensitive agents [6]. Increased cytotoxicity of the combination of
CmMLP1 with alkaloids for both cancer cell lines—HeLa, C33A, compared to normal
MSU-1.1 fibroblasts (Figure 7, Table 3), is of great importance for the potential use in cancer
therapy. The cell viability was the lowest for HeLa HPV positive cells—with less than 10%
of living cells—two times lower than for C33A HPV negative cells. This may suggest the
joint action of alkaloids and CmMLP1 through the unknown mechanism connected to the
HPV genome or its protein products [31,32]. This result suggests the synergistic effect of
CmMLP1 and alkaloids against HPV genome or its protein products [32]. The mechanism
of this effect, however, remains unknown. Low-molecular-weight latex compounds may
act synergistically with proteins and influence their conformation. The proteins, in turn,
might facilitate transport of small molecules to the cell or act as their transporters [33].

The presence of MLP-like protein in C. majus latex was reported for the first time
using proteomic analysis against C. majus sequence database, prepared after transcriptome
sequencing and annotation [22]. Mass spectrometry analysis allowed the identification
of MLP in protein bands with nucleolytic activity as their main constituents (MLP-like
protein 28, Table 1). Confirmation of the nucleolytic activity of a particular protein of latex
is the significant novelty of this study. Previously, nucleolytic bands were not specifically
identified as “nucleic acid binding proteins,” “DNA-binding” or “RNA-binding” [12]
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because of the use of the general NCBI plants database (Viridiplantae), which does not
consider the various possibilities. Hence, the nucleolytic activity observed by zymography
may be a “marker” of the presence of MLP in other samples from C. majus. The remaining
question still concerns the possible function of the CmMLP1 in association with alkaloids.
Previous studies show that the functional role of MLPs is similar to that of the PR-10
proteins [26]. MLPs and PR-10 families both belong to the Bet v 1 superfamily, but the
sequence identity between them is rather low (<25%) [16]. Moreover, CaPR-10 protein
isolated from hot pepper acts as an antiviral protein inhibiting viral penetration and/or
replication. After tobacco mosaic virus (TMV-P0) inoculation CaPR-10 is phosphorylated
and functions as a kind of RNase which cleaves viral RNA [27]. The functional role of
MLPs is similar to PR-10 proteins, which could possibly explain C. majus latex antiviral
activities [7,34]. However, this issue needs further studies.

4. Materials and Methods
4.1. Collection of Plant Material

C. majus plants were collected in May 2014 from the neighborhood of Poznan, Poland,
in compliance with all Adam Mickiewicz University, Polish state and international guide-
lines and legislation. Plants were identified by Robert Nawrot and the voucher specimen
was deposited in the herbal collection of Faculty of Biology, Adam Mickiewicz University,
Poznan, Poland with the number CHM_20140514_001 at Molecular Virology Research Unit.
The specimen is fully publicly accessible upon request. Both milky sap and aerial parts
(stems, leaves, and flowers) were collected from different adult C. majus plants of similar
developmental stage (height of the plant was ca. 50 cm).

4.1.1. Whole Plant Extracts

The stems were cut, and the exuding orange milky sap was collected. The samples
were directly dissolved in 0.1 M Tris-HCl buffer, pH 8.0, containing 10% glycerol (sap:buffer
ratio 1:2). The milky sap (33% v/v) samples were separated into a supernatant (referred
to as a protein fraction) and a pellet fraction by centrifugation at 12,000 rpm for 20 min at
4 ◦C. Plant tissue samples stored at −80 ◦C were frozen in liquid nitrogen and powdered
in a grinder. Each sample (200 mg) was directly dissolved in 1 mL of 0.1 M Tris-HCl buffer,
pH 8.0, containing 10% glycerol.

4.1.2. Milky Sap

The stems of C. majus plants were cut, the surface was dried with a filter paper, and
the exuding orange milky sap was collected using plastic micropipettes. Depending on the
plant and the sampling site, up to 500 µL sample was collected from one stem by using this
method. The samples were dissolved in a buffer in a ratio of 1:2. Both extract and milky
sap samples were separated into a supernatant (referred to as a protein extract) and a pellet
fraction by centrifugation at 12,000 rpm for 20 min at 4 ◦C. Supernatants were stored at
−20 ◦C for further analysis.

4.2. Protein Separation

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed in a slab mini-gel apparatus [35] by using 10% polyacrylamide as a separating gel
and 5% polyacrylamide as a stacking gel. The proteins were reduced at 100 ◦C in the pres-
ence of 2-mercaptoethanol for 5 min. The gels were then fixed and stained with silver [36].
In-gel DNase assay (zymography) was applied to crude milky sap and whole plant extract
samples. The samples were loaded onto SDS-polyacrylamide gels with embedded DNA,
and an in-gel DNase assay was performed [36,37]. Extracts and fractions after purification
were dissolved in SDS-PAGE sample buffer without a reducing agent (1:1), incubated at
37 ◦C for 10 min, and subjected to SDS-PAGE in a 10% polyacrylamide gel containing
denatured calf thymus DNA (40 µg/mL). Electrophoresis was run at 100 V and 25 mA at
4 ◦C for approximately 3 h. To remove SDS, the gels were soaked in 25% isopropanol 2×
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for 20 min at room temperature. The gels were then washed with a renaturation buffer
(10 mM Tris-HCl, pH 8.0, containing 10 mM CaCl2) 1× for 20 min and 1× for overnight at
room temperature. The gels were stained with ethidium bromide (0.5 µg/mL) for 15 min,
rinsed with distilled water, and visualized under UV light.

4.3. Affinity Chromatography on a Heparin Column

Protein purification of whole plant extracts was conducted using the ÄKTA Explorer
System (Amersham Biosciences). Seven samples showing nucleolytic activity were run
over a column filled with heparin (HiTrap Heparin column, 0.7·2.5 cm; GE Healthcare,
cat. no. 17-0406-01). Heparin shows high affinity to DNA-binding proteins; hence, it is
the best choice for affinity chromatography of nucleic acid binding proteins. Proteins with
high affinity for heparin were bound to the resin, while the other components were carried
through in buffer A and collected in “flow-through” fraction nos. 1–10. The proteins
of interest were returned to solution in buffer B in fractions ~18–40. Absorbance was
measured at 280 nm for all fractions, and chromatographs were plotted by UNICORN V3.0
software, Amersham Biosciences UK Limited, Little Chalfont, UK. For each run, 40 to 44
fractions were collected.

To isolate and purify proteins from the milky sap, approximately 0.5 µg protein was
loaded onto a HiTrap heparin column equilibrated with 0.1 M Tris-HCl, pH 8.0, containing
10% glycerol. The column was eluted with a linear gradient of 0 to 2 M NaCl in the same
buffer. The absorbance at 280 nm and DNase activity of all fractions (volume 1 mL) were
determined.

4.4. Identification of Proteins Using LC-ESI-MS/MS

Stained protein bands were analyzed by liquid chromatography coupled to LTQ
Orbitrap XL (Thermo Fisher Scientific, Waltham, MA, USA) in the Laboratory of Mass
Spectrometry, Institute of Biochemistry and Biophysics, PAS, Warsaw, Poland. Excised gel
fragments were placed in 1.5 mL Eppendorf tubes filled with 10% methanol and 2% acetic
acid. The proteins were digested using trypsin. The generated peptides were concentrated,
desalted on an RP-C18 precolumn (LC Packings, Coventry, UK), and further separated
by UltiMate nano-HPLC (LC Packings, San Francisco, CA, USA). The column outlet was
directly coupled to a Nanospray ion source operating in a data-dependent MS to MS/MS
switch mode. Identification of proteins matching with the C. majus CDS database was
performed (Cmajus 20150107_1; 209,790 sequences; 74,516,318 residues) [8,10] by using the
MASCOT database search engine (Matrix Science, London, UK; www.matrixscience.com;
accessed on 28 October 2021).

4.5. Identification of Nonprotein Substances by LC-ESI-MS/MS

Nonprotein substances (small molecules) associated with proteins showing nucleolytic
activity were identified by LC-ESI-MS/MS in fractions separated by affinity chromatogra-
phy on the heparin column.

4.5.1. Sample Preparation

Three hundred microliters of acetonitrile and 100 µL of 2 M Na2CO3 were added to
100 µL of samples. The samples were vortexed for 1 min and centrifuged for 5 min at
3500 rpm. Because of the high salt content in the collected fractions, acetonitrile did not mix
with the aqueous phase, and the supernatant was directly transferred to a chromatographic
vial.

4.5.2. Extracts

LC-ESI-MS/MS consisted of an LC-20 chromatograph (Shimadzu, Duisburg, Ger-
many) and a QTRAP 3200 mass spectrometer (ABSciex, Framingham, MA, USA). Sepa-
rations were conducted using Luna 5u (C18/2) (4.6 · 250 mm; 5 µm) from Phenomenex
(Torrance, CA, USA). Gradient elution was performed using 0.1% aqueous solution of
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HCOOH (phase A) and 0.1% acetonitrile solution of HCOOH (phase B). The % phase B
was increased from 10% up to 90% at 30 min. Flow was set to 1.0 mL/min, the column was
maintained at 30 ◦C, and the samples were kept at 20 ◦C. Next, 10 µL of the sample was
injected into the column. The samples were screened using ESI (+) with the continuous MS
scan mode in the first quadrupole (m/z 100–1000) and scan of product ions in the second
quadrupole (m/z 100–1000). We used ESI (+) due to higher signal intensities than ESI (−).
Parent ions for fragmentation were selected automatically by the software on the basis of
the initial MS scan. Analyst ver. 1.4.2 (Sciex, Washington, DC, USA) was used as the data
processing software. Measurements were performed at the Structural Research Laboratory
of the Chemistry Department, University of Warsaw, Poland.

4.5.3. Milky Sap

LC-ESI-MS/MS consisted of an Alliance 2695 chromatograph coupled with a Quattro
Micro mass spectrometer (Waters, Milford, CT, USA). Gradient elution was performed
using a C18 Zorbax column (3.0·150 mm; 3.0 µm) (Agilent Technologies, Santa Clara, CA,
USA). The mobile phase consisted of 0.1% HCOOH solution in 9:1 (v/v) H2O/acetonitrile
mixture (phase A) and 0.1% HCOOH solution in 1:9 (v/v) H2O/acetonitrile mixture (phase
B). The % phase B was increased from 0% up to 100% at 50 min. Flow was set to 0.3 mL/min,
the column was maintained at 30 ◦C, and the samples were kept at 20 ◦C. Next, 10 µL of
the sample was injected into the column. The samples were screened using ESI (+) with
Single Ion Monitoring (SIM) and a continuous single quadrupole mass scan (m/z 300–400).
Twenty-eight values of m/z were monitored based on signals observed in preliminary
experiments and the expected analytes. Each value monitored with SIM was microscanned
for ±0.1 unit. Additional measurements were performed for each sample with MS scan
(m/z 200–400). Data acquisition and processing were performed using MassLynx ver. 4.1
software, Waters Corporation, Milford, MA, USA. The measurements were performed at
the Pharmacology Department, Pharmaceutical Research Institute, Warsaw, Poland. A
total of 21 signals were selected for indirect comparison on the basis of a peak area’s ratio
of a given substance to the reference signal. A signal with intensity at m/z 342.2 was used
as a reference (no. 21; 100% relative signal intensity).

4.6. Cell Lines

An HPV-positive human epithelial cancer cell line (HeLa) and an HPV-negative
human epithelial cancer cell line (C33A) were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). The normal human fibroblast cell line (MSU-
1.1) was provided by Prof. C. Kieda (CBM, CNRS, Orleans, France). All cell lines were
grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose, GlutaMAX™,
and sodium pyruvate (Gibco, Life Technologies). The medium was supplemented with
10% (v/v) fetal bovine serum (Sigma-Aldrich) and 1% (v/v) antibiotics (penicillin and
streptomycin, Sigma-Aldrich). All cells were cultivated as a monolayer on sterile culture
plates (Sarstedt) at 37 ◦C in an atmosphere of 95% air and 5% CO2. When the cell culture
reached a confluence of almost 80%, the medium was drained from the cell culture, and
the adherent cells were washed with phosphate buffered saline (PBS, Sigma-Aldrich) and
trypsinized with 0.25% Trypsin-EDTA (Sigma-Aldrich). After detachment of the cells, fresh
medium was added to the culture, and the cells were counted by a TC10 Automated Cell
Counter (Bio-Rad) and used to seed onto sterile tissue plates (Sarstedt).

4.7. Cell Viability and Cytotoxicity Test

To assess cell viability, the WST-1 colorimetric assay (Premixed WST-1 Cell Prolifera-
tion Reagent, Clontech) was used. The assay is based on the reduction of tetrazolium WST-1
salt (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium) to a soluble
formazan by metabolically active cells, the concentration of which is directly proportional
to the number of viable cells. HeLa, C33A, and normal fibroblasts (MSU-1.1) were seeded
onto sterile 96-well tissue culture microplates (Sarstedt) at the concentration of 0.6 × 104
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HeLa cells/well, 1.5 × 104 C33A cells/well, and 1 × 104 MSU-1.1 cells/well and incubated
overnight in an incubator under standard conditions (at 37 ◦C and 5 wt% CO2). The stale
medium was removed, cells were gently washed with PBS, and fresh medium with 20 µL
of each fraction (protein concentration at 1–2 ng/µL) was added to selected wells to achieve
a final volume of 100 µL/well. Untreated cells were used as negative control. Cells treated
with 10% solution of DMSO (Sigma-Aldrich) were used as positive control. Next, plates
were incubated at 37 ◦C and 5 wt% CO2 for 48 h. Then, 10 µL of WST-1 was added to each
well and incubated for additional 2 h at 37 ◦C. The absorbance, which is proportional to cell
viability, was measured by a spectrophotometer (Biochrom Anthos Zenyth 340 Microplate
Reader) at 450 nm. Each cytotoxicity experiment was repeated at least three times. Cell
viability was calculated as follows: Absorbance of treated cells/Absorbance of untreated
(control) cells · 100%. Both HeLa and C33A cell lines are derived from cervical cancer
samples of women. HeLa cells are HPV-positive (HPV+), while C33A are HPV-negative
(HPV−). Statistics. All experiments were performed thrice. Statistical significance was
calculated using GraphPad Prism (version 9.0.0), software (GraphPad Software, San Diego,
CA, USA) and an unpaired t test.

4.8. MLP Structure Prediction and 3D Modeling

Tertiary structure prediction and fold-recognition were performed using the GeneSil-
ico MetaServer gateway [38]. The top-scoring fold-recognition alignments to the structures
of the selected template were used as a starting point for homology modeling using
“Frankenstein’s Monster” approach [39,40], which comprises cycles of model building,
evaluation, realignment in poorly scored regions, and merging of the best scoring frag-
ments. For model evaluation, two Model Quality Assessment Programs (MQAPs) were
used: MetaMQAP [41] and PROQ [42]. MQAP scores can only predict the deviation of
a model from the real structure (the actual deviation can be calculated only by compari-
son with the real structures, which are not available). Thus, the scores reported must be
interpreted as estimates or predictions and not as ultimate validation of the model quality.
However, both PROQ and MetaMQAP performed quite well in independent benchmarks
and can be regarded as robust predictors. NCBI CDD [43] and GeneSilico MetaServer [38]
predicted the conserved hydrophobic cavity for binding of small molecules in the structure
of CmMLP1. The predicted quality of the mature protein structure is illustrated according
to Cristobal et al. [44].

4.9. Molecular Docking

Alkaloid structures (ZINC01575028, dihydroberberine; ZINC03872044, 8-hydroxycheleritrine;
ZINC03779067, berberine; ZINC20111233, protopine; ZINC01709414, coptisine; ZINC00000706,
sanguinarine; ZINC20470298, stylopine; ZINC30727894, chelidonine) were retrieved from
the ZINC database (http://zinc.docking.org/, accessed on 28 October 2021) and analyzed
using Autodock Vina14 (The Scripps Research Institute, La Jolla, CA, USA) implemented
in Chimera13 package. AutoDock Vina analysis was performed according to the strength
of interaction between hydrophobic amino acids forming “pockets” in the MLP with the
respective ligands and visualized by PyMOL (DeLano Scientific, San Carlos, CA, USA).
For each of the 8 studied alkaloids, we analyzed 20 possible conformations of the ligand
molecule at the active site of the protein. For the conformation with the lowest binding
energy, interaction analysis with amino acid residues at the active site of the protein was
performed by considering hydrogen bonds and ionic, hydrophobic, and π-electron inter-
actions of aromatic rings (PoseView15) (structures retrieved from ZINC database). The
conformational analysis was performed using the Autodock Vina program. It analyzes 20
possible conformations of the ligand molecule at the active site of the protein and calculates
binding energy for each conformation.
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5. Conclusions

To conclude, we combined biological chemistry and analytical and theoretical tech-
niques to discover the molecular association between CmMLP1 and three alkaloids, namely
dihydroberberine, 8-hydroxycheleritrine, and berberine, from C. majus milky sap. It was
possible with the help of the developed toolbox and the proposed workflow (Figure 1),
which may stimulate advanced research that links small molecular and macromolecular
biology, botany, and pharmacognosy. The limitation of the work, which was the research
using only one plant species, could be also its strength for future research. We isolated
the MLP from C. majus latex and identified the accompanying low-molecular-weight com-
pounds. We then analyzed their combined cytotoxic activities against cervical cancer cell
lines. The cell viability was the lowest for HeLa HPV positive cells—with less than 10%
of living cells—twice lower as for C33A HPV negative cells. A significant decrease in the
viability of human cervical cancer cells may suggest the synergistic effect of CmMLP1 and
alkaloids. Our results suggest conformation-related mechanism of their interaction; how-
ever, it still remains unknown and will be an interesting topic for further studies. Resolving
these interactions will definitely help to elucidate the mechanism of anti-HPV activity of
the C. majus latex. Another important topic concerns the function of the CmMLP1 for the
plant’s latex and for overall plant physiology [34]. The proposed toolbox and workflow
may therefore advance pharmacognosy, plant disease resistance research, and agricultural
practices [45] to strengthen plant defense and to propose novel bioactive combinations of
macro- and low-molecular compounds from different plant species with the advantage to
modern pharmacology.
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Abstract: Latex, a sticky emulsion produced by specialized cells called laticifers, is a crucial part
of a plant’s defense system against herbivory and pathogens. It consists of a broad spectrum of
active compounds, which are beneficial not only for plants, but for human health as well, enough
to mention the use of morphine or codeine from poppy latex. Here, we reviewed latex’s general
role in plant physiology and the significance of particular compounds (alkaloids and proteins) to
its defense system with the example of Chelidonium majus L. from the poppy family. We further
attempt to present latex chemicals used so far in medicine and then focus on functional studies of
proteins and other compounds with potential pharmacological activities using modern techniques
such as CRISPR/Cas9 gene editing. Despite the centuries-old tradition of using latex-bearing plants
in therapies, there are still a lot of promising molecules waiting to be explored.

Keywords: latex; antiviral proteins; antimicrobial compounds; cytotoxicity; drug discovery;
Chelidonium majus; CRISPR/Cas9

1. Introduction

Latex-bearing plants have a long history of benefiting human health and medicinal
use in many different regions and cultures all over the world. Recent research suggests
that the opium poppy (Papaver somniferum L.) was already in the process of domestication
at the end of 4th millennium BC [1] and early domesticated ancestors of Cannabis sativa L.
diverged ~10,000 years BC [2]. Those are two leading examples of laticiferous plant species
used for therapies and together with Hevea brasiliensis Muli. Arg., which is the main and
irreplaceable natural rubber source, have the best known and described latex composition.
These complex fluids consist of different secondary metabolites, like terpenes, alkaloids,
or phenolics, and jointly with a broad range of proteins are the first line of plant herbi-
vore defense system. Another extensively studied laticiferous medicinal plant is Greater
Celandine (Chelidonium majus L.), a relative of the opium poppy, which is a rich source of
numerous biologically active compounds, used in traditional folk medicine as antiviral,
antibacterial, antifungal, choleretic, and anticancer agents [3–6]. Many compounds of latex
are active in both eukaryotic and prokaryotic organisms [7]. At present, when mankind
is running out of antibiotics and other antimicrobial compounds, new cancer therapies
are still needed, and to make matters worse, the scale of pest and microbial resistance is
increasing. Thus, the exploration of such rich natural deposits of active molecules is a very
promising research direction.

This review paper characterizes the main components of latex and summarizes their
known potentially therapeutic activities. We focus on two classes of compounds, proteins
and alkaloids, which represent complex macromolecules and low-molecular compounds.
Both types of molecules co-exist in plant latex and possibly actively cooperate in a syn-
ergistic manner to enable and boost their biological activities. We propose a model of
antiviral latex activity and present examples of CRISPR/Cas9 editing genomes, which
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can shed light on a complex network of specialized metabolites synthesis and interactions
or complementation. Despite its long history of use, there is still room for improvement
of agronomic traits in domesticated latex-bearing plants and for the exploitation of wild
species latex compounds to prepare a range of novel compounds of therapeutic potential,
as well as novel drugs and drug carriers.

2. Diversity and Role of Latex in Plant Physiology

Latex is a milky emulsion produced by complex secretory structures called laticifers.
It is defined as a suspension of various particles (organic and inorganic) dispersed in a
liquid with different refractive index. Depending on prevalent content and plant species
studied, it can be milky white or yellowish, orange to brown or even colorless. However,
it is more than a liquid. It is identified as a laticifer’s protoplast with mitochondria, plastids,
endoplasmic reticulum, Golgi bodies, polyribosomes, and vacuoles [8]. Laticifers are latex-
producing, highly specialized plant cells or connected cells, which are spread through
the whole plant body in the form of linear tubes which can grow and elongate with plant
organs. They can be found in almost every part of latescent plants, namely in the root,
stem, leaf, sepal, petal, stamen, ovary, and stigma, or they can occur only in some particular
organs. Latex occupies the whole volume of the laticifer system [9].

Latex was identified in at least 20,000 plant species belonging to 43 families of vas-
cular plants. Most of them are Angiosperms (41 families), one family belongs to ferns,
and one to gymnosperms [8–10]. In a great example of convergent evolution events in
the plant kingdom, latex occurrences take place several times in phylogenetically unre-
lated orders. Laticifers developed in both monocotyledonous and dicotyledonous, in
the basal clades (Ana-grade), magnoliids, monocots, basal eudicots, rosids, and aster-
ides [11,12]. One morphotype of laticifers, articulated, which are fused chains of cells with
intact, porous, or even absent terminal walls, form laticiferous vessels and were recorded
in 27 families. The other main morphotype is called non-articulated, which occurs more
rarely and is formed by a single plant cell with almost infinite growth potential. Both
types of laticifers can extend not only longitudinally with the growth of organs, but also
radically create branched networks of tubes. For the proper classification of the laticifer
system, it is essential to use plant material with embryos or meristems. Only based on
ontology can articulated and non-articulated morphotypes be distinguished (analysis of
number of precursor cells and phase of laticifers development often coupled with analysis
of laticifers enzymatic activity of pectinases and chitinases, with the latter active only in
articulated laticifers [13]). Previously, cases of incorrect assignment to the appropriate
laticifer types were described, e.g., for mulberry [14,15] or for Ficus montana Burm.f. and
Maclura tinctoria L. [13]. Attempts were made to use types of laticifers as a diagnostic tool
for some taxa, but it is more likely that different morphotypes will be found in different
species within the same family [11].

Nowadays, it is well established that the biological role of latex is plant defense against
herbivores and pathogens [10], but in 1989 Webster and Baulk concluded that the function
of latex was unknown [16]. Many latex metabolites are stored within large vacuoles and
are released after being physically damaged at the site of injury. Some of them act as
toxic and dissuasive components. After mechanical disruption of plant tissue, latex is
immediately released and is the first line of plant defense. Thanks to its inherent stickiness
and coagulation properties, latex forms a barrier against pathogen invasion. Moreover,
latex’s rapid coagulation and high viscosity can restrict herbivore movements, as well as
immobilize mouthparts and other sense organs [17]. This strategy gives an advantage to
latescent plants, especially in environments with high a herbivory rate, like tropical or
subtropical forests [18].

3. Main Components of Latex-Secondary Metabolites

Taking into consideration the defense role of latex in plant development, it should not
be surprising how complex and diverse the latex composition can be. Despite tremendous
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variability in latex components, which is dependent on the species, phase of development,
external and internal stimuli, and stresses [19], two major groups of biologically active
compounds can be distinguished, namely secondary metabolites and proteins. Many of
those products are cytotoxic and it was suggested that laticifers evolved as sequestering
compartments, which ensure the storage of such substances regardless of the vascular
system. This solution provides a unique and preformed defense mechanism with almost
immediate response to herbivory attack. The internal pressure of latex causes the secretion
of concentrated active substances at the point of damage in a few seconds. In contrast,
an inducible defense system needs hours or even days to synthesize and collect sufficient
amounts of active substances to act against pathogens [20]. In the context of latex composi-
tion, it is worth noticing that a synergetic mode of action was established for some of its
constituents, like terpenes associated with phenolic compounds [20,21] or different proteins
exhibiting defense functions against insects or fungi [22,23]. Therapeutic properties of
selected latex compounds are described in detail in Section 5. Below, we present a short
characterization of secondary metabolites common for latex-bearing plants.

Secondary metabolites are a heterogeneous group of chemical compounds not essential
to vegetative growth, but for plant adaptation to changes in the external as well as internal
environment. As mentioned before, the presence of specific metabolites in latex is a highly
species-specific trait, but in general terpenes, phenolics, alkaloids, and cardenolides are
present in most of the laticifer types.

One of the most abundant groups of secondary metabolites in plant latex are isoprene-
derived compounds, terpenes. Within this group, the most economically important member
is rubber (cis-1,4-polyisoprene), which is found in 2500 plant species (300 plant genera
from eight families) [7,24], but harvested on global scale from one, Hevea brasiliensis species.
Rubber particles may constitute up to 50% of H. brasiliensis latex volume [25]. It is proposed
that the main function of rubber is related to the coagulation process [20], but it was
also suggested that rubber biosynthesis accumulate excess of photosynthate and prevent
damage to photosynthesis apparatus under stress conditions [26].

Apart from rubber, in latex of Euphorbia genus, some triterpenoids (i.e., cycloartenol,
24-methylenecycloartenol, lupeol, lupeol acetate, lanosterol, and 24-methylenelanosterol)
are always present in higher concentration than in other organs. Similarly, latex of Lactuca
sativa L. contains high levels of several sesquiterpene lactones (concentration of lactucopi-
crin oxalate is 1000 higher than in leaves) [27]. Those terpenoids are often accompanied
with steroids. It is presumed that together they can disrupt cell walls of insects or microor-
ganisms, intercalate membranes, and form channels which enable the migration of small,
toxic, hydrophilic molecules such as phenolics inside the cell [28].

Phenolics (e.g., tannins, lignans, coumarins, flavonoids), another broad group of sec-
ondary metabolites found in latex, have been known for their antioxidant properties and
taking part in response to oxidative stress conditions [29]. They are mainly products of shiki-
mate pathways and were found, among others, in latex of sweet potato Ipomoea batatas L.
The overall concentration of p-coumarate esters exceeded 3% fresh vine latex and 10% root
latex of the variety “Jewel”. The presence of those phenolics is inversely correlated with
the acceptability of sweet potato by weevils [30], which supports the anti-herbivore latex
function. Different polyphenol compounds were identified in latex of H. brasiliensis, namely
gallic acid, naphthoic acid, quercetin, chlorogenic acid, and rutin, which are also postulated
to play a role in plant defense system [31]. In common dandelion (Taraxacum officinale F.H.
Wigg.), phenolic esters, next to sesquiterpene lactones and triterpene acetates, were found
in high concentration in the main root. Those active compounds showed a repelling effect
in experiments with Diabrotica balteata larvae [32].

Another group of secondary metabolites sequestered in laticifers are alkaloids. Those
amino acid derivatives, which are highly bioactive and often toxic, serve eco-physiological
functions in plants, providing better fitness to specific environmental niches [33]. Alkaloids
for thousands of years have been used and abused by humans, even leading to military
conflicts (like opium wars in the 19th century or ongoing drug wars in many countries).
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Those low molecular compounds were found amongst 35 families, mostly angiosperms,
including Apocynaceae, Papaveraceae, and Moracea [8]. The best known and described
example of laticifers rich in alkaloids is opium, namely the dried latex of P. somniferum
used in folk and traditional medicine, as well as psychedelic drugs. Opium contains at
least 20 alkaloids, such as morphine, papaverine, and codeine. Morphine may constitute
up to 5% of fresh latex, and codeine up to 1% [34]. Latex of Chelidonium majus, a species
closely related to P. somniferum, is also a rich source of bioactive alkaloids, e.g., chelidonine,
sanguinarine, berberine or coptisine (chemical structures are depicted on Figure 1). Those
isoquinoline alkaloids can reach up to 20% of fresh latex mass [35] and are known for
their multiple pharmacological effects (antioxidant, anti-inflammatory, anticancer, anti-
neurodegenerative, and antimicrobial). Although C. majus is related to P. somniferum, its
latex does not contain morphine-like alkaloids, such as morphine or codeine, and therefore
does not have sedative effects. Yet, some of the C. majus secondary metabolites, like
berberine and chelidonine, as well as protein enriched extracts can have analgesic effects,
similar to morphine [36]

Figure 1. Chemical structure of four most studied alkaloids from Chelidonium majus.

Cardenolides, a specific type of steroids (cardiac glycoside) consisting of sugar, steroid,
and lactone, are the next group of metabolites commonly occurring in latex. There is no
known function of those compounds, other than defense. Cardenolides are inhibitors of
Na+/K+-ATPases, which are essential to maintain cell electrical potential, regulate cellular
volume, and take part in transmembrane transport. As inhibitors cardiac glycosides are
remarkably toxic to most animals, therefore latex of Antiaris toxicaria Lesch. (Moraceae)
rich in cardenolides, were used by South Asia tribes as a poison on darts during hunt-
ing [37]. It is worth mentioning the widely known interaction between cardenolides from
Asclepias spp. and monarch butterflies (Danaus plexippus). Monarch larvae, which feed on
plants containing cardenolides, have developed the ability to sequestrate those compounds,
which then cumulate in wings and protect them from bird predators [38,39].

4. Spectrum of Latex Proteins

Laticifers are not only a reservoir system for low-molecular weight defense com-
pounds, but as mentioned earlier, constitute a living cell, and as one, has a distinct proteome.
A wide range of both constitutive and inducible proteins are present in latex, with huge
diversity between different plant species. Comprehensive studies of 1208 latex proteins
from 20 various latex-bearing plants led to the identification of 887 non-redundant proteins
from three main species, i.e., L. sativa, H. brasiliensis, and P. somniferum. Only 11 proteins
were found in all three species [40], which represents well-illustrated variability within
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latex proteomes. In a set of 887 proteins, GO enrichment analysis showed that response
to chemical and abiotic stimuli categories were highly overrepresented. Within this cate-
gory, at least 21 proteins are involved in response to cadmium ion stress, while another
13 proteins were associated with response to high salt conditions. Proteins with function in
defense were also identified. Amongst them two proteins, glycosyl hydrolase superfamily
proteins (AT4G16260) and the NAD(P)H subunit NDH-N (AT5G58260), were pinpointed
for their response to fungi infections. In the category of cellular components, most proteins
were located in cytoplasm, but terms related to intracellular membrane-bounded organelles
(including plastids and mitochondria) were highly enriched as well. Cho and colleagues
also compared latex and phloem proteomes. GO terms common for those two conductive
systems were related to metabolic pathways like the metabolism of nitrogen compounds,
amine, alcohol, hexose, carboxylic acid, and carbohydrate catabolism. Stress response
related terms were shared in laticifers and phloem systems, but for example, osmotic stress
GO terms were identified only in latex. On the other hand, GO terms connected with re-
sponse to zinc were found only in phloem [40]. Despite some similarities with functionally
related conduit systems, laticifers present a unique and distinct set of proteins. Neverthe-
less, we can distinguish some common protein functional groups prevalent in different
laticiferous plant species, like proteases, protease inhibitors, lectins, oxidases, chitinases, or
defense-related proteins. Below, we survey those common for latex protein’s groups.

The most frequently reported latex proteins are proteases. One of the best described ex-
amples of protease in laticiferous plants is papain, a cysteine protease in latex of the Papaya
tree (Carica papaya L.). Papain is an enzyme practically used as a meat tenderizer and in the
cosmetic industry. In papaya latex, its concentration is 200 times higher than in leaf tissue,
which leads to 20 times higher papain activity [41]. Experiments with protease inhibitors,
E-64 and larvae of Eri silkworm, give clear evidence of papain involvement in plant resis-
tance against herbivory (leaf toxicity to Eri silkworm was lost after covering its surface with
E-64). Similarly, ficin (cysteine protease from fig) inhibition by E-64 makes fig leaf edible
for insects [41]. Nonetheless, the exact site of action and mechanism of protease toxicity
remains unclear. Other groups of proteases-serine proteases-were found in Moraceae,
Euphorbiaceae, Apocynaceae, and Convolvulaceae families. Rarely are those two protease
classes (cysteine and serine) identified in the latex of the same species. More often, one
type of peptidases is described for a particular plant. Known exceptions are species from
the Plumeria genus, where both proteolytic mechanisms have been reported [42].

In the latex of many plants, not only were proteases identified, but protease inhibitors
as well. Those compounds bind to proteases and prevent the digestion of proteins, thus
causing a shortage of amino acids and impairing the growth and development of aggres-
sors [8]. Protease inhibitors belong to group 6 of Pathogenesis-Related (PR) proteins and
their role in plant defense in species without latex is well established [43]. In laticiferous
species Ficus carica L., the expression level of trypsin inhibitor increases significantly after
wounding and jasmonic acid treatment [43,44]. Moreover, in papaya latex, trypsin inhibitor
(together with class-II chitinase and a glutaminyl cyclase) was one of the compounds
accumulated after mechanical damage [45].

Lectins are proteins with one or more domains which enable them to recognize and
bind to specific sugar structure (in free form or as a part of glycoproteins and glycolipids).
They are compounds necessary for the perception of possible invasion by recognizing
specific glycans at damage sites and from pathogens. Several types of lectins were identified
in the families Euphorbiaceae, Moraceae and Apocynaceae. Hevein, the major latex protein
from H. brasiliensis, is responsible for rubber agglutination, by bridging rubber particles
after the recognition of 22 kDa glycoprotein receptor [46]. This small 43 amino acid protein
with lectin domain turned out to be the main contact allergen from natural rubber [46,47].
In contrast to indirect mechanisms of latex coagulation, there are studies reporting a straight
negative impact of lectins on pests from different families, e.g., Lepidoptera, Coleoptera,
Diptera and Hemiptera [18]. It was shown that the expression of exogenous lectins in
genetically engineered plants led to various detrimental effects in invading insects, ranging
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from a severe delay in development to high mortality rates. Moreover, the introduction of
specific lectins to the insect diet negatively affects pest performance, as reviewed in [48].
The toxicity of lectins depends on the presence of specific carbohydrates in the insect body,
which, in turn, is correlated with insects’ developmental stage [49,50].

Latex from plants belonging to families Euphorbiaceae, Moraceae, and Anacardiaceae
shows oxidase activity [51]. Polyphenol oxidase (PPO) and peroxidase (POD) are the most
commonly occurring peptides. Both enzymes are known for their role in plant defense, not
only in lactiferous plant species. Polyphenol oxidase catalyzes the oxidation of phenols
to o-quinones, which are highly reactive and secondary non-enzymatic reactions lead to
formation of polymers with protein functional groups. At least three mechanisms of PPO
toxicity to insects were proposed: decreased nutritive value of leaf proteins, oxidative
burst in insect gut, and direct toxicity of PPO catalyzed products [52]. Products of PPO
activity and polymerization are black, brown, or red in color and are responsible for
the darkening of latex after contact with air. Peroxidases on the other hand are H2O2
scavengers–they catalyze oxidation of phenolic substrates using H2O2 as an electron
acceptor. Subsequent reactions lead to cross-linking products of phenolic compounds,
such as lignin or suberin [52,53]. The ability to reduce ROS makes those enzymes a crucial
part of the antioxidant system, which is often triggered in response to both biotic and
abiotic stress conditions. As a downstream result of peroxidase activity, the lignification of
the plant cell walls occurs, which inhibits, for example, heavy metal entry [54].

Chitinases hydrolyze the β-1,4-glycosidic bonds of chitin, which builds fungi cell
walls and insects exoskeletons and peritrophic matrix. Chitinases are classified as patho-
genesis related proteins (PR proteins) and are expressed inducible or constitutively in
tissues vulnerable to pathogen attack, like laticifers. Several ways of direct chitinase in-
volvement in antifungal defense were established. Plant chitinases can inhibit hyphal
growth. The overexpression of those enzymes in transgenic plants increased pathogen
resistance in vivo. Meanwhile, products of chitin breakdown, via phytoalexins action, to
induce systemic defense response [55]. Insecticidal effects constitute another well docu-
mented chitinase activity. For example, after the addition of two chitinases from mulberry
(Morus sp.) to the Drosophila melanogaster larvae diet, 80% were found to be dead [56].
Chitinases identified from Calotropis procera (Aiton) W.T.Aiton affected larval survival
and weight, mean developmental time and emergence of adults [23]. The mechanism of
chitinase’s action on insects is not well established. It is postulated that it may involve
the hydrolysis of chitin present in their peritrophic membranes, which are responsible
for protection against mechanical damage and invasion by microorganisms or parasites.
After its destruction, fatal infection can develop [57,58]. Moreover, in latex, chitinases
present multiple isoforms. Three isoforms were purified and characterized from Ficus mi-
crocarpa latex [59], six basic chitinases were identified in H. brasiliensis latex [60] and at least
15 isoforms in latex of C. procera [61]. Different isoforms exhibit differences in sequences as
well as in post-translational modification. Particular isoforms may in consequence differ in
structural and biological properties, which need to be included in further studies regarding
plant chitinases [61].

As mentioned before, chitinases belong to the group of pathogenesis related proteins.
All PR proteins (as the name suggests) take part in plant defense mechanisms, but they are
a very diverse group in the context of structures and activities. They were categorized into
17 distinct families (summarized in Table 1). For instance in C. majus latex representatives
of 12 families were identified [62,63]. Two quantitatively predominant families were PR-9
(peroxidases described previously) and major latex proteins (MLPs), which are homologs of
PR-10 proteins (ribonuclease-like/Bet v1 protein family). Similarly, in latex of P. somniferum,
those two families were also overrepresented. In another well studied laticiferous plant,
H. brasiliensis, members of 9 PR families were described [8]. PR proteins are low molecular
weight and are induced by phytopathogens as well as defense-related signaling molecules,
like salicylic and jasmonic acid. Due to their mode of action in biotic and abiotic stress
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conditions, they are one of the most promising targets for engineering multiple stress
tolerant varieties [8,63].

One of the most interesting latex proteins is a major latex protein (MLP). It was
discovered for the first time in the latex of the opium poppy (P. somniferum) in 1980′s
by Nessler et al. Despite its abundance (up to 50% of soluble P. somniferum latex sub
proteome) shown using SDS-PAGE and the presence of laticifer-specific peptides, its func-
tion remained unknown [64–66]. MLPs, being homologs of opium poppy major latex
protein, have also been found in other non-latex-bearing plants, namely peach fruits
(Prunus persica L. Batsch, cv Springcrest) [67], Arabidopsis thaliana L. [68], ripening kiwi
fruit [69], Panax ginseng C.A. Meyer [70], tobacco (Nicotiana tabacum L.) [71], pepper
(Capsicum annuum L.) [72], and cotton [73]. Recent data have shown the functional role
of MLPs resembling the function of PR-10 proteins family [67], member of which are
involved in the defense of plants against different pathogens and participate in plant
metabolism [74–76]. The first proposed ribonuclease activity was demonstrated in major
birch pollen allergen, Bet v1 which expresses homology to PR-10-like protein from white
lupin (Lupinus albus L.) [77]. The most distinctive feature of Bet v1 protein superfamily
(Pfam: PF00407) is a large solvent accessible hydrophobic cavity which might potentially
function as a site to bind ligands [78]. Both MLPs and PR-10 families are members of Bet v1
superfamily although their sequence similarity is low and is below 25% [68]. Major latex
protein/ripening-related proteins (MLP/RRP) subfamily is the second largest subfamily
within the plant kingdom. It has 60 members, from which 31 are present in A. thaliana. The
biological function of MLPs is still unknown, but there are assumptions that they are asso-
ciated with development of fruit and flower along with response to stress and defense [78].
One of the recent studies has investigated the potential antiviral activity of MLP proteins
against potato virus Y (PVY). It is transmitted by aphids and can cause mosaic, dwarfism,
mottle, deformities, and even lead to necrosis in tobacco plants. MLP-like protein 28
(NbMLP28) from Nicotiana benthamiana Domin. was identified and cloned. Its expression
profile has shown responsiveness towards PVY infection and defense-related signaling
molecules, such as JA, SA, and ET. Virus-induced silencing of NbMLP28 made plants
more susceptible to infection by PVY, though the transient overexpression of NbMLP28
gene improved resistance towards PVY in tobacco plants. The pathway responsible for
modulation of the expression of NbMLP28 gene in N. benthamiana has also been identified.
It showed the cis-acting elements in response to JA, light, auxin, drought, and endosperm
expression to be present in the promoter sequence of NbMLP28 [79]. Antiviral properties
towards TMV-P0 virus have been proven for CaPR10 proteins from hot pepper which
have inhibited the viral penetration and/or replication. This study showed that CaPR10
after inoculation with the virus is phosphorylated and functions as RNase cleaving viral
RNA [71]. During the studies on melon phloem-sap proteome, it was also found that
major latex protein was present in the sap collected from the cucumber mosaic virus
(CMV)-MP-expressing plants and CMV-infected plants [80]. Proteomic studies of C. majus
latex have shown that MLP is highly overrepresented in C. majus latex [78] and can be
seen at different stages of plant development till the fruit ripening. It is accumulated
early in laticifer development and persists till maturity [78]. C. majus MLP (CmMLP) is
composed of 147 amino acids, has a molecular weight of 16.77 kDa and theoretical pI
5.88, which corresponds to the typical sizes of MLPs (17 kDa) in other plants [74]. MLPs
bind hormones and other metabolites with their conserved hydrophobic cavity during
plant growth and development [81]. MLPs from other species, including A. thaliana, N.
benthamiana, or Cucumis melo L., as mentioned previously, have also been proved to be
involved in antiviral response. This can help to explain the potential antiviral activity of C.
majus among its other biomedical properties [82] and could serve as a potential molecular
target to be used in pharmacology or medicine and to improve the defense potential of
agriculturally important crops against viral and non-viral pathogens.
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Table 1. Summary of PR proteins previously identified in latex-bearing plants.

PR Proteins Function Latex-Bearing Plant Species Reference

PR 2 β-1,3-glucanases Chelidonium majus
Hevea brasiliensis [78,83]

PR 3 Class I, II, IV, V, VI,
VII Chitinases

Chelidonium majus
Hevea brasiliensis [78,83]

PR 4 Class I, II Chitinases
Chelidonium majus
Hevea brasiliensis

Carica papaya
[45,78,83]

PR 5 Thaumatin-like
proteins

Chelidonium majus
Hevea brasiliensis [78,83]

PR 6 Proteinase inhibitor
Hevea brasiliensis

Ficus carica
Carica papaya

[44,45,83]

PR 7 Endoproteinase Chelidonium majus
Hevea brasiliensis [78,83]

PR 8 Class III Chitinase Hevea brasiliensis [83]

PR 9 Peroxidase
Chelidonium majus
Hevea brasiliensis

Papaver somniferum
[78,83,84]

PR 10 Ribonuclease-like
proteins

Chelidonium majus
Papaver somniferum [78,84]

PR 11 Class I Chitinase Chelidonium majus [78]

PR 12 Defensin Chelidonium majus
Hevea brasiliensis [78,83]

PR 14 Lipid-transfer protein Chelidonium majus
Hevea brasiliensis [78,83]

PR 15 Oxalate oxidase Chelidonium majus [78]

PR 16 Oxidase-like Chelidonium majus [78]

PR 17 Antifungal and
antiviral Chelidonium majus [78]

5. Biomedical Properties of Latex from Selected Plants with the Focus on
Chelidonium majus L.

Nowadays, the demand for complementary therapeutics with herbal medicine in-
cluding plant latex extracts, is constantly rising. Approximately 40% of drugs available at
the market contain herbal active ingredients and the number is still growing [85]. Herbal
medicines can act synergistically with currently used therapeutics and have fewer side
effects compared to synthetic drugs. Both wild medical plants such as C. majus and do-
mesticated species can serve as a source of raw materials (extracts) from which effective
remedies can be obtained. C. majus is a plant that has been used for centuries to treat warts,
papillae, and condylomas which are epidermal symptoms of human papillomavirus (HPV)
infection [78]. In North America and Great Britain, it was used as a cure for infantile jaun-
dice and ulcers of the eye. In traditional Chinese medicine, it was also used to fight fever,
diminish the cough, promote diuresis in edema and ascites, alleviate the pain and treat
blood stasis [86]. To date, it is still exploited in homeopathy and according to Foster et al. it
can be used for liver and gallbladder disorders along with rheumatism and respiratory in-
flammations [87]. Although the molecular mechanism of C. majus latex compounds action
is largely unknown, its antiparasitic, insecticidal, anti-neoplastic, antiproliferative, antimy-
cotic, immunomodulating, and antiviral properties are well established [4,20,85,88–90].

C. majus belongs to the Papaveraceae family which also includes plants like bloodroot
(Sanguinaria canadensis L.), persian poppy (Papaver bracteatum Lindl.), or opium poppy
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(P. somniferum). As mentioned before, P. somniferum serves as a source of several pharmaco-
logically active substances, such as papaverine with vasodilator activity, noscapine, and
sanguinarine with antimicrobial properties [85,91]. So far, it remains the only commercial
source for benzylisoquinoline alkaloids, e.g., codeine, morphine, and its semi-synthetic
forms like naltrexone or oxycodone, which are broadly used in medicine worldwide.
C. majus is also a very important plant concerning its latex with a broad range of differ-
ent components, connected with its multiple biological activities [3–5]. California poppy
(Eschscholzia californica Cham.) is used for the production of bioactive compounds in vitro.
Similarly to P. somniferum, it is involved in synthesis of benzylisoquinoline alkaloids like
chelerythrine or sanguinarine [85]. Biomedical properties of different poppy species with
the focus on P. somniferum have been already broadly studied and well described in the
recent review article of Labanca et al. [92], and therefore it is not necessary to cover in the
scope of this article. Another plant whose latex is rich in different molecules with biomedi-
cal properties including psychoactive ones is Cannabis sativa. It contains phytocannabinoids
such as tetrahydrocannabinol (THC) and cannabidiol (CBD). THC has been shown to
exhibit anti-cancer, analgesic, muscle relaxing, neuro-antioxidative, anti-inflammatory,
and antispasmodic activity [93,94]. CBD also has numerous pharmacological properties
and can be used in the case of metabolic syndrome, type I diabetic cardiomyopathy, or
inflammatory lung diseases along with many others described in the review article of
Burstein S. [95].

Nevertheless, the exact molecular mechanism responsible for many biomedical prop-
erties of laticiferous plant species is still not well established. Yet, the research community
managed to define some interesting therapeutic activities and latex active compounds
responsible for their occurrence. Those examples are presented below.

5.1. Antiviral Activity

In several assays, the ability of latex extracts was confirmed to act not only against
plant viruses, but animal and human as well. As previously mentioned, C. majus has been
effective against skin symptoms of HPV infections and different human viruses (HPV,
HSV-1, HIV), although the mechanism of this activity is still undiscovered [96–98]. It is
assumed that two groups of proteins are responsible for antiviral properties-peroxidases
and nucleic acid binding proteins (see Table 2). Mechanical damage of the plant cell is
accompanied by oxidative burst, which prevents any virus from the possible entry [99,100].
Second lines of defense include proteins such as lipoxygenases (LOX) and peroxidases
(POX) which generate the H2O2 after pathogen attack [78,101]. The third line includes
nucleic acid binding proteins, such as MLPs and/or GRPs, which have deoxyribonucleic
and ribonucleic activities that allow them to potentially digest the viral RNA and DNA or
act in yet not known mechanisms [74,78,102,103]. Another proposed mechanism is based
on satellite RNA (satRNA) encapsulation and has been found in plants without significant
symptoms of cucumber mosaic virus (CMV) infection. Primary plant defense is based on
the silencing of RNA but PTI-based (pattern-triggered immunity-based) innate immune
response is connected to antiviral defense. PTI is enabled by conserved pathogen-associated
molecular patterns (PAMPs) detected by transmembrane pattern recognition receptors.
On the other hand, effector-triggered immunity (ETI) is an “amplified” version of PTI, often
associated with hypersensitive response (HR) and programmed cell death (PCD). In this
mechanism, proteins from the NBS-LRR family (ETI-based R proteins) could recognize the
avirulence (Avr) proteins of RNA viruses, effectors of non-viral origin, and trigger apoptosis
in virus-resistant hosts. Avr proteins can function as silencing suppressors, which leads to
the statement that innate immunity (both PTI and ETI) can be involved in the mechanism of
the fight against plant viruses and can serve as a hint to understanding the activity against
animal and human viruses [99,104]. Not only are proteins, but also certain alkaloids crucial
to latex antiviral activity. Different secondary metabolites have already shown antiviral
properties against herpes simplex virus and human adenoviruses (type 5 and 12) [105,106].
The antiviral activity of C. majus against retroviruses has been proven through isolation
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of the anti-HIV-1 latex compound named ChM-P2 from its aqueous extract [99]. Analysis
has shown the low-sulfated poly-glycosaminoglycan character of the isolated molecule.
It prevents infection of human CD4+ T-cell lines (AA2, H9) with HIV-1 and subsequent cell
death. Virus-induced syncytium formation as well as lower cell-to-cell virus spread were
also observed in H9 cells. The anti-retroviral activity of the ChM-P2 substance was also
confirmed in vivo in mouse AIDS (MAIDS) model C57Bl/6 [99]. The activity of C. majus
against herpesvirus, influenza virus, and poxviruses has also been tested on albino mice by
Lozjuk et al. The effectiveness of C. majus alkaloids was estimated on the median duration
of mouse life, degree of pulmonary tissue changes and the differences in median HR titres.
All of the used alkaloids have shown an inhibiting effect on the infection [107]. C. majus
latex was also used in oral form to treat a group of 20 patients suffering from SARS-CoV-2
infection with significant clinical improvement after three days of drug administration [86].

Table 2. Model of antiviral response of Chelidonium majus latex based on in vitro studies, which
represents preformed immediate defense response with exuding latex. 1st line of defense-after
mechanical damage (e.g., herbivore bite) the latex exudes and due its stickiness clots and stops or
kills the herbivore. 2nd line of defense-cell wall damage is the prerequisite for the possibility of
viral infection. Thereafter it can be stopped by oxidative burst and antiviral response (3rd line of
defense). Abbreviations: PPO–polyphenol oxidase; LOX-lipoxygenase; POX-peroxidase; MLP-major
latex protein; GRP-glycine-rich protein. According to [74].

Line of Defense Type of Action Predominant Proteins and Compounds

1st Mechanical damage PPO, LOX
(latex stickiness, different chemicals)

2nd Oxidative burst POX, LOX et al.

3rd Antiviral activity MLP, GRP (RNase/DNase activity, nucleic
acid binding)

Antiviral properties of latex ingredients have been also presented in different plant
species. A study conducted by Camero et al. showed the in vitro antiviral activity of fig
fruit F. carica latex against caprine herpesvirus-1 (Cp-HV1) through a reduction of viral titers
produced by MDBK cells [108]. Although the Cp-HV1 affects goats, it shares significant
similarities with human genital herpes virus (HHV-2), and therefore it can serve as a model
in further research. In another study of F. carica latex, presented by Houda Lazreg Aref et al.,
the hexane and ethyl acetate–hexane latex extracts were proven to be active against herpes
simplex virus (HSV-1), european catfish virus (ECV-11), and adenovirus [109]. Such activity
can be caused by the presence of ferulic acid being the major phenolic compound in the
F. carica latex extracts. Lyophilized extracts from Momordica charantia L. were also shown
to be active against HSV-1 virus, along with their antiviral activity towards sindbis virus
(SINV) [110]. Other antiviral agents that have been found in latex of medical plants include
inophyllum, coumarins, and calanolide A from Calophyllum teysmannii Miq., which serves
as a unique non-nucleoside reverse transcriptase inhibitor and can be effective against
HIV-1 [111]. Oligomeric proanthocyanidin (SP-303) from Croton lechleri latex was shown
to inhibit respiratory syncytial virus (RSV) and HSV viral absorption and penetration
through the plasma membrane [112]. In turn, (+)-pinoresinol-4-O-β-D-glucopyranoside
from Calotropis gigantea L. latex presented anti-influenza activity towards a panel of human
viruses (A/PR/8/34 (H1N1), A/FM/1/47 (H1N1) and A/Aichi/2/68 (H3N2)) [113].

5.2. Cytotoxicity

C. majus along with other medical plants are often studied in the context of cancer
treatment and cytotoxicity. In numerous studies, cytotoxicity has already been confirmed
towards keratinocytes, cells tightly linked to HPV life cycle [35,114–116]. Sanguinarine,
protopine, and less noticeably chelidonine were able to inhibit the growth of keratinocytes
as well as apoptosis of MT-4 cells present in acute T lymphoblastic leukemia. Chelidonine
from C. majus was found to block the cell cycle of MT-4 cells at G2/M phase. Although
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it does not bind to DNA directly, it was more successful at apoptosis induction than
sanguinarine [117]. Chelidonine was also involved in the apoptosis in HeLA cells by
activation of signaling pathways connected to p38–p53 proteins and AKT/PI3 kinase.
Morphological analysis has shown the cell shrinkage and blebbing which are typical
for apoptosis. Levels of MAPK enzyme p83 responsible for ROS-induced apoptosis in
cells were also up-regulated. Chelidonine caused the increase in sub-G1 and G0/G1 cell
populations, demonstrating an inhibitory effect. It also led to an increase of mitochondria
membrane permeability, thereby allowing for the release of cytochrome c and activation
of Apaf-1 involved in apoptosis. The treatment of HeLa cells with C. majus extracts
also resulted in a decrease of the expression of PI3K, JAK3, AKT, and STAT3 pathways
involved in numerous cellular processes, such as apoptosis, survival, proliferation, and
cell growth. The down-regulation of oncogenic E6 and E7 HPV proteins was also noticed,
further showing its anticancer potential [118]. It was also found to induce expression of
telomerase reverse transcriptase (hTERT) and accelerate the senescence of the cells through
activation of telomerase in HepG2 cells [117]. In other studies, five alkaloids (sanguinarine,
chelidonine, protopine, stylopines) from C. majus latex have been tested against melanoma
cells, which led to apoptosis of the cancer cells with only a mild effect on normal cells [119].
The effectiveness of C. majus milky sap on dermal tumors has been also tested by Isolde
Riede’s team. Clinical data have proven the destruction of pathologically altered tissues
and eradication of preneoplastic lesions after regular application of the latex [120]. A study
conducted by Nawrot et al. has shown the ability of CMN1 and CMN2 nucleases from
the milky sap to exert an apoptotic effect after 48 h on neoplastic cell line HeLa with no
significant effect on ovarian fibroblast cells of Chinese hamsters. The activity depended
on the concentration of nucleases as well as the season time of C. majus latex collection.
In the case of CMN2, lower pro-apoptotic activity was noticed in October, compared to
May. This can be explained by differences in the post-translational modification of proteins
as well as by the amount of certain enzyme cofactors [19].

Different plants from the Ficus genus have also exhibited cytotoxic activity towards
cancer cells. Study conducted by Azza M. Abdel-Aty et al. has shown the cytotoxic
activity of phenolic latex extracts from Ficus sycomorus L., F. carica, and Euphorbia tirucalli L.
towards the acute myeloid leukemia HL-60, liver HepG2, and breast MCF-7 cancer cell
lines. F. carica extract exhibited moderate cytotoxic activity towards colon HCT116 cancer
cell line and latex extract from E. tirucalli had moderate cytotoxic effect on lung A549
cancer cell line. The cytotoxic effect was similar to doxorubicin, which is already used
as an anticancer drug. Additional HPLC analysis of latex extracts used in the study
helped to distinguish a few bioactive compounds, which include, among others, psoralen,
xanthotoxin, phthalic acid, and lanosterol. F. carica latex ethanol, dichloromethane, and
ethyl acetate extracts were also found moderately cytotoxic towards the HeLa cell line
with no significant differences between extracts and crude latex [121]. In a different study
conducted by Tulasi et al., the solvent extracts of Ficus benghalensis L. and Ficus religiosa L.
showed an anti-proliferative effect on breast MCF-7 cancer cell line with a 90% inhibition
rate at the highest concentration of extract used (200 µg/mL) [122].

Cytotoxic activity towards cancer cell lines has also been proven for other plants from
the Euphorbia genus. In the study carried out by Lívia E.C.Luz et al., the cytotoxic effect
of Euphorbia umbellata (Pax) Bruyns latex extract was tested on HeLa and HRT-18 cells.
Both cell lines were responsive to treatment and morphological analysis demonstrated
the presence of apoptotic events and signs of severe toxicity [123]. E. umbellata latex
was also used on melanoma cells (B16F10) and cytotoxicity in vitro, as well as in vivo
were confirmed. Latex application was responsible for lowering the tumor mass in mice.
Such activity was linked to the presence of triterpenes in the plants latex [123]. Cytotoxic
activity of Euphoria genus latex was also proven by using Euphorbia helioscopia L. latex to
treat hepatocellular carcinoma in nude mice xenograft. A higher concentration of latex
caused the downregulation of cyclin D1 expression, a protein associated with cell cycle
regulation (G1 phase), which resulted in cell proliferation inhibition, as well as apoptosis
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induction. Another protein whose expression was downregulated was bcl-2 protein, known
as an antiapoptotic factor. Latex administration, on the other hand, increased the expression
of two proapoptotic factors, bax and caspase-3, which induced cell apoptosis in xenografts.
A significant decrease of MMP-9 protein, responsible for degradation of the extracellular
matrix, was also confirmed. Together with overexpression of nm23-H1 protein, involved
in metastasis inhibition processes, it allowed the suppression of cancer cell invasion and
migration [124]. Another species from the Euphorbia genus, Euphorbia macroclada Boiss. was
used against breast cancer cell lines (MDA-MB-468 cell line) with Taxol, an anticancer drug,
as a positive control. Dichloromethane and ethyl acetate extracts have shown cytotoxic
activity, which resulted in at least 50% growth inhibition of cancerous cells [125]. Another
in vivo study has been conducted using mice animal model to present C. procera dried
latex cytotoxic effect on hepatocellular carcinoma cells [126]. For 15 weeks, mice were
orally administered with dried latex which resulted in significant decrease of vascular
endothelial growth factor (VEGF) levels in the serum. Since VEGF serves as a marker of
angiogenesis, the chemopreventive effect of oral administration of C. procera latex in vivo
can be assumed. An in vitro assay also confirmed the cytotoxic activity via the increased
activity of cellular nucleases, which led to DNA fragmentation. Cytotoxic activity in vitro
was associated with polar fractions and studies on different cell lines: non-hepatoma
(COS-1), hepatoma (Huh-7), and non-cancerous line (AML12). Cytotoxicity was strongly
selective for transformed cells.

5.3. Antimicrobial Activity

Because of the rising concern related to antibiotic resistant bacteria, it is crucial to look
for alternative antimicrobial compounds. Examples of the use of different plant species
latex along with treated bacteria and fungi species are presented in Table 3. Studies by
Colombo et. al. have shown the quaternary ammonium groups of isoquinoline alkaloids to
be responsible for antibacterial activity since both natural and synthetic compounds lacking
those groups had no antimicrobial activity [127]. C. majus antimicrobial activity has been
confirmed in a few studies, for separated compounds which included different alkaloids
and glycoproteins summarized in Table 3 [128–131]. For example, studies conducted by
Pavão and Pinto have shown that berberine, coptisine, and sanguinarine had antibacterial
effects on Bacillus subtilis [132].

Table 3. Examples of antimicrobial activity of latex bearing plants.

Latex-Bearing Plant Species Examined Bacteria Examined Fungi Bioactive Compounds Reference

Aloe harlana Reynolds

Bacillus pumilus (82)
Bacillus subtilis (ATCC 6633)

Escherichia coli (CD/99/1, K88, K99,
LT37, ROW 7/12, 3:37C, 306, 872)

Salmonella typhi (Ty2)
Shigella boydii (D13629)

Shigella dysentery 1
Shigella dysentery 8

Shigella flexneri (Type 6)
Shigella sonnei 1

Staphylococcus aureus (ML267)
Vibrio cholerae (85, 293, 1313, 1315)

Aspergillus niger
(ATCC 6275)

Candida albicans
(ATCC 10231)

Penicillium funiculosum
(NCTC 287)

Penicillium notatum
(ATCC 11625)

Anthrone (aloin)
Chromone

(7-O-methylaloeresin A)
[133]

Aloe weloensis Sebsebe

Enterococcus faecalis
Escherichia coli

Pseudomonas aeruginosa
Staphylococcus aureus

-

Alkaloids
Anthraquinone

Flavonoids
Glycosides

Tannins
Terpenoids

[134]
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Table 3. Cont.

Latex-Bearing Plant Species Examined Bacteria Examined Fungi Bioactive Compounds Reference

Artocarpus
heterophyllus Lam.

Bacillus subtilis
Klebsiella Pneumoniae

Pseudomonas aeruginosa (ATCC 27853)
Streptococcus haemolyticus

Salmonella typhi

Aspergillus niger
Candida albicans

48-kDa protease
(AMP48) [135,136]

Calotropis procera (Aiton)
W.T.Aiton

Bacillus cereus
Bacillus subtilis
Escherichia coli

Klebsiella Pneumoniae
Pseudomonas aeruginosa

Salmonella typhi
Staphylococcus aureus

Staphylococcus epidermidis
Streptococcus haemolyticus
Streptococcus pneumoniae

Aspergillus flavus
Aspergillus niger
Candida albicans
Candida tropicalis

Penicillium
chrysogenum

Saccharomyces
cereviciae

- [137]

Calotropis gigantea L.

Bacillus cereus
Escherichia coli

Lactobacillus acidophilus
Micrococcus luteus

Staphylococcus aureus
Streptococcus mutans

Candida krusei

Alkaloids
Phenolic
Steroids
Terpenes

Cardiac glycoside

[138,139]

Carica papaya L.

Bacillus subtilis
Klebsiella Pneumoniae

Streptococcus haemolyticus
Salmonella typhi

Aspergillus niger
Candida albicans - [136]

Chelidonium majus L.

Aeromonas hydrophila
Agrobacterium tumefacians

Bacillus cereus
Bacillus subtilis
Candida albicans
Escherichia coli

Micrococcus luteus
Mycobacterium phlei
Salmonella enteritidis

Sarcina lutea
Staphylococcus aureus

Candida albicans [127–130]

Euphorbia heterophylla L.

Bacillus subtilis
Proteus vulgaris

Pseudomonas aeruginosa
Staphylococcus aureus

Aspergillus niger
Fusarium oxysporum

Penicillium sp.

Alkaloids
Flavonoids

Phenols
Saponins
Steroids
Tannins

[140]

Ficus carica L.

Enterobacter cloacae
Enterococcus faecalis (ATCC 29212)

Escherichia coli
Escherichia coli ATCC 25922

Pseudomonas aeruginosa (ATCC 2783,
ATCC 27950)

Staphylococcus aureus
Staphylococcus aureus (ATCC 25923)

Staphylococcus epidermidis
Staphylococcus saprophyticus

-

alpha-Amyrenyl acetate
Aristolone

Bornanone-3
Lanosta-8

Olean-12-en-3-ol, acetate
Urs-12-en-24-oic acid

[141]

Jatropha gossypifolia L. Pseudomonas aeruginosa (CRPA)
Staphylococcus aureus (MRSA) - Flavonoids [142]

Jatropha multifida L. Pseudomonas aeruginosa (CRPA)
Staphylococcus aureus (MRSA) - Flavonoids [142]
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Table 3. Cont.

Latex-Bearing Plant Species Examined Bacteria Examined Fungi Bioactive Compounds Reference

Jatropa carcass L.

Bacillus subtilis
Escherichia coli

Klebsiella Pneumoniae
Neisseria gonorrhoea

Pseudomonas aeruginosa
Salmonella typhi

Staphylococcus aureus
Streptococcus haemolyticus

Aspergillus niger
Candida albicans

Alkaloid
Glycoside
Saponin
Steroid
Tannin

[136,143,144]

Leptadenia hastata (Pers.) Decne.

Klebsiella Pneumoniae
Staphylococcus aureus

Staphylococcus aureus (ATCC 29213)
Salmonella typhi

-

Alkaloids
Flavonoids
Glycosides

Phenolic
Proanthocyanidins

Saponins
Tannins

Triterpene

[145]

Pergularia daemia (Forssk.) Chiov.

Escherichia coli (ATCC 25922)
Klebsiella pneumoniae

Pseudomonas aeruginosa (ATCC 27853)
Staphylococcus aureus

Staphylococcus aureus (ATCC 29213)
Salmonella typhi

-

Alkaloids
Flavonoids

Phenols
Saponins
Steroids
Tannins

Terpenoids

[145]

Secamone afzelii
(Schult.) K.Schum.

Escherichia coli ATCC 25922
Klebsiella pneumoniae

Pseudomonas aeruginosa ATCC 27853
Secamone afzelii

Staphylococcus aureus
Staphylococcus aureus ATCC 29213

Salmonella typhi

-

Alkaloids
Cardiac

glycosides
Saponins
Tannins

[145]

Thevetia peruviana L.

Bacillus subtilis
Klebsiella Pneumoniae

Streptococcus haemolyticus
Salmonella typhi

Aspergillus niger
Candida albicans - [136]

The presence of antimicrobial peptides (AMP) has been noted in latex-bearing plants
and is also responsible for antimicrobial characteristics. The majority of AMPs consist
of short peptide sequences (between 12 and 50 amino acids) with about 50% of amino
acids present being hydrophobic (Val, Ile, Phe, Trp, Leu), therefore allowing AMPs to
penetrate cell membranes [146]. They have been proven to act against bacteria and exhibit
immunomodulatory properties through suppression of the inflammatory response and
stimulation of the host’s immune response [147]. They show activity against bacteria,
viruses, fungi, and parasites [148,149]. In the study of J. Siritapetawee et al., the activity of
48-kDa protease (AMP48) from Artocarpus heterophyllus Lam. latex has been proven to act
against Pseudomonas aeruginosa and Candida albicans (Table 3) [135]. In the case of bacteria,
AMP48 was able to alter the morphology of the bacteria cell and therefore significantly
reduce its size after the treatment. Other studies have presented the activity of hevein, a
small cysteine-rich peptide found in H. brasiliensis latex. The inhibition of hyphal growth
of fungi by interacting with chitin present in the fungi cell wall was demonstrated [150].

Other examples of antimicrobial latex activity are related to studies on Aloe harlana,
specifically two latex proteins anthrone (aloin) and chromone (7-O-methylaloeresin A),
which were tested against 23 bacterial and four fungi strains (Table 3). The antimicrobial
activity of those proteins was comparable to the reference drugs. Additional screenings
also showed in vitro antioxidant activity (in 2-deoxyribose and DPPH degradation assays),
which is probably caused by the phenolic nature of aloin and chromone [133].

It is also crucial to note that plant latex can serve as a support to traditionally used
antibiotics or antimicrobial medicines. For example, C. procera latex can act synergistically
when used with reference drugs. Both Ciprofloxacin and Clotrimazole had better efficacy
when used together with crude latex extract of C. procera. The modification of therapeutic
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doses can help with potential side effects, drug–drug interactions, and the amount of
medicine and latex used [137].

5.4. Immunomodulatory Properties

Complexes of proteins and polysaccharides from C. majus (CN-Ala) have been shown
to have immunomodulatory potential. Such complexes had a mitogenic activity on the bone
marrow and spleen cells, along with increasing the levels of granulocytes and macrophage
colony stimulating factors (GM-CSF) [151]. Another study has demonstrated the im-
munomodulatory effect of C. majus latex using mouse peritoneal macrophages. The combi-
nation of latex and recombinant interferon (rIFN-y) led to a significant increase in nitric
oxide (NO) production, expression of inducible nitric oxide synthase (iNOS), and increase
in TNF-alpha production. It is important to note that the C. majus latex acted synergistically
with rIFN-y as the combination of two had better effect on NO, iNOS and TNF-alpha pro-
duction than the use of separate compounds [152]. Extracts isolated from C. majus were also
able to increase humoral and cell-mediated immunity and reduce the frequency of relapses
in pharyngitis in children with chronic tonsillitis [153]. Such immunomodulatory effects
are thought to be connected with cytoprotective effects through the alleviation of oxida-
tive stress and reduction of the proinflammatory cytokines levels (such as TNF-α, IL-6) [6].
The study conducted by Danielle Cristina de Oliveira Nasciment et al. examined the
immunomodulatory properties of latex from the C. procera plant against the experimental
infection of Listeria monocytogenes. C. procera latex up-regulated the pro-inflammatory cy-
tokines, involved in leukocyte recruitment and activation. It also prompted TNF-α and IL-6
mRNA transcripts after infection which resulted in higher efficacy of intracellular bacterial
killing. Additional in vivo studies on Swiss mice have shown that even one administration
of C. procera latex resulted in higher survival rate, ease of symptoms of infection, and
accumulation of leukocytes in bloodstream along with its increased migration into the
peritoneal cavity [154].

Other immunomodulatory activities include immunosuppression effect through re-
duction of antibody titer (delayed type hypersensitivity), which can be used in the treatment
of liver disorders, enhancement of activity of Th1 and Th2 helper T cells as well as natural
killer (NK) cells [155], enhancement of production of serum lysozyme, total serum proteins,
as well as tissue superoxide dismutase (SOD) and immunoglobulins [156]. There are also
reports of phagocytosis activity and stimulation of humoral immunity [157–161].

Although medicinal plants carry numerous biomedical benefits to human health, it
is also worth noting the potential toxicity of plant extracts. The most important is the
hepatotoxic activity which can bring undesirable effects when administering the drug
orally. Liver damage after consumption of C. majus herb extracts have been noticed.
After discontinuation of treatment symptoms resolved and the liver recovered within
2 months [97,162,163]. Due to the hepatotoxic effects, which are assumed to be connected
to pharmacological interaction with non-steroidal anti-inflammatory drugs or hormones,
caution is needed [6]. Another safety issue is related to phototoxicity. When administering
the plant-based drug on skin, patients should be alerted to the potential danger of sun
exposure. The efficacy of the treatment is dependent on several factors, which include
the need for regular application or oral administration of the drugs, time of plant harvest
since the concentration of secondary metabolites, and protein content variability between
seasons, as well as the individual profile of the patients since some subsequent hypotheses
suggest that there is always a certain percentage of patients resistant to treatment, no matter
what kind of drug is tested [164]. Because of still unknown mechanisms underlying the
mode of action of certain latex biomedical compounds, the possibility of side effects such as
liver issues, and the small number of clinical studies, further experiments must take place
in order to successfully introduce more medicines from plant latexes to the drug market.
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6. CRISPR/Cas 9 System as Future Direction for Functional Analysis of Proteins

Since 2013, the CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeats/CRISPR associated protein 9) genome editing system, with its Cas9 nuclease
directed by target-specifying single guide RNA (sgRNA), has emerged as a practical
method for the functional analysis of proteins and then as promising tool for the breeding
of new varieties [165]. The CRISPR/Cas9 is a naturally occurring mechanism in bacteria
and a few Archaea species. It works similarly to human immune systems and enables
bacteria to acquire resistance to viruses after infection [166]. Genome editing with the use
of CRISPR/Cas9 system is achieved by the induction of site-specific double-strand breaks,
which are in turn repaired by either non-homologous end-joining (NHEJ) or homology-
directed repair (HDR) machinery of the cell (see Section 6 and Figure 3). Guide RNAs
are designed to identify a three-base-pair protospacer adjacent motif (PAM) sequence
occurring downstream of the target DNA. Then DNA is cut by Cas9 nuclease leading
to gene knock-out [167]. The CRISPR/Cas9 tool has advantages over previously used
methods, like zinc-finger nucleases (ZFNs) and transcription activator-like endonucleases
(TALENs), in being easier with simple cloning steps needed, high ease of multiplexing
(knockout multiple genes), and large-scale library preparation capacity. This method was
successfully used in studies of different gene function, regulatory elements, and genetic
mechanisms underlying quantitative trait loci (QTLs) in model organisms, as well as
major crop species [168–174]. Several attempts of laticiferous plant modifications with
CRISPR/Cas9 were also taken and are surveyed below.

Figure 2. Scheme of CRISPR/Cas9 genome editing technology. Guide RNA, directed by PAM sequences
near the targeted gene, lead Cas9 nuclease to altered DNA in desired location. Double strand breaks are
repaired either by NHEJ or HDR mechanisms upon the existence of a donor template, which in result
lead to deletion or insertion and gene knockout. NHEJ is more efficient than HDR, but may produce
indel mutations, whereas HDR can provide a precise gene modification.
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Figure 3. Schematic overview of plant genome editing with CRISPR/Cas9 tool. After obtaining
tissue culture from a plant of interest, compounds of CRISPR/Cas9 construct are delivered through
Agrobacterium, PEG or particle bombardment. In the next step selection of mutated lines, regeneration
and screening of mutated plants are performed.

Due to the high importance of natural rubber used to manufacture about 50,000 products,
from tires to medical gloves, the Brazilian rubber tree (H. brasiliensis), a main source of rubber
on a global scale, is subject to modification with CRISPR/Cas9 technology. Five sgRNAs
were introduced to H. brasiliensis protoplast culture and targeted five different genes involved
in flowering regulation-two genes form FLOWERING LOCUS T (FT) subfamily and three
genes form TERMINAL FLOWER1 (TFL1) subfamily. Using the RNP-based genome editing
system, modifications were introduced in all five genes, from which majority were dele-
tions. The −1 nt deletion of the fourth nucleotide upstream of the PAM sites was the most
frequently observed in all cases [175]. The rubber tree is a perennial tree species with a long
juvenile phase, so conventional breeding for agronomic trait improvement is time consuming.
The creation of early-flowering or delayed-flowering rubber tree plants will undoubtedly
push forward studies related to the improvement of yield and quality, along with disease and
stress resistance traits of this plant species.

Another example of laticiferous plant modification is the genetic engineering of Taraxacum
kok-saghyz L.E.Rodin, commonly named Russian dandelion. It is an undomesticated dandelion
species which can be a natural rubber source, alternative to H. brasiliensis. CRISPR/Cas9 was
deployed to knockout gene encoding fructan:fructan 1-fructosyltransferase (1-FFT), a key enzyme
in inulin biosynthesis [176]. Inulin is considered the main antagonist of rubber production,
so the reduction of its synthesis should boost rubber particles formation. Such a modification
not only shed lights on rubber biosynthesis mechanisms, but accelerates the domestication
of dandelion as a rubber producing crop [177]. The application of A. rhizogenes-mediated
hairy root induction allows to quickly obtain plants with a mutation rate as high as 80.0%
(in regenerated plants).

For the enhancement of T. kok-saghyz agronomic performance, the CRISPR/Cas9
system was also used to induce a mutation in a gene called Rapid Alkalinisation Factor 1
(RALF1). In A. thaliana, RALF1 has been shown to suppress root growth [178]. As rubber
is extracted from dandelion roots, it should be beneficial to change its morphology from
branched to taproots, which are easier to harvest, and the wasted yield of lateral roots
is minimalized. Knockout of gene TkRALFL1, achieved using Agrobacterium tumefaciens,
resulted in introduction of premature stop codon or shortened sequence, which caused
the removal of the functionally critical cysteine residues on the protein level. The root
volume was 35% higher on average in the heterozygous knockout plants and 60% higher
on average in homozygous knockout plants. Moreover, the inulin levels were higher in the
knockouts whereas rubber levels were lower. Lower rubber content was compensated for
with a higher dry weight of modified roots, such as the total yield per plant of inulin and
rubber, which were much higher in knockout plants than in control [179]. It was shown
that modification of gene TkRALFL1 can be used in subsequent breeding of profitable new
dandelion varieties.

P. somniferum, as mentioned before, is a rich source of clinically important metabolites,
which belongs to a group of benzylisoquinoline alkaloids (BIAs). For a better under-
standing of the gene regulation of those compounds synthesis, the CRISPR/Cas9-based

39



Int. J. Mol. Sci. 2021, 22, 12427

gene knockout system was used to alter BIAs biosynthesis pathway. Enzyme 3′-hydroxy-
N-methylcoclaurine 4′-O-methyltransferase (4′OMT), which catalyzes the conversion of
central intermediate in BIAs synthesis, was targeted in Agrobacterium-mediated trans-
formation. As a result, decreased total alkaloid content was confirmed. Most dramatic
reductions were found in S-reticuline and laudanosine, direct products of 4′OMT [180].

For Cannabis sativa, a laticiferous plant species with growing importance in human
therapies, a stable transformation protocol for modification with CRISPR/Cas9 strategy
has been established recently. In the first step, five genes previously recognized as plant
development regulators, were cloned to hypocotyls isolated from the DMG278 variety.
Agrobacterium-mediated transformation led to the stimulation of shoot induction, most
prominent for the combination of two genes (CsGRF3-C., sativa GROWTH-REGULATING
FACTOR and CsGIF1-C., sativa GRF-INTERACTING FACTOR). After optimization of
variety and explant, the constructs expressing sgRNA targeting the CsPDS1 gene were
co-transformed into protoplasts from modified shoot culture. CsPDS1 encode phytoene de-
saturase (an enzyme essential for plant carotenoid biosynthesis) and is a common marker
gene that can test genetic manipulation tools. Successful knockout of phytoene desat-
urase results in an easily recognized albino phenotype. Finally, four calli generated white
seedlings with the edited CsPDS1 gene were obtained (account for 2.48% of the generated
shoot) [181]. This is the first report of successful gene editing as well as stable transforma-
tion in C. sativa, which opens new possibilities to improved cannabis varieties production.

7. Conclusions

In the last decades, we have witnessed a huge expansion of demand for herbal
medicines, phytonutrients, or nutraceuticals in developing as well as developed countries.
They have become a substantial proportion of the global drug market. Moreover, it is
estimated that at least four million people rely on herbal medicines as primary sources of
healthcare [182]. Therefore, the need for new therapies, but also for plant-derived drugs
with a long history of medicinal use (e.g., morphine), is still growing. Laticiferous plant
species are a rich source of bioactive compounds (secondary metabolites and proteins),
with only partially known medicinal use. The advent of new high throughput sequencing
technologies and the fast, efficient genome editing system of CRISPR/Cas9 gives the
research community the tools necessary to fulfill the broadened gap between supply and
demand for medicines of plant origin. One of the greatest constraints to working with
latex-bearing plants is insufficient genome information. Exploration of the genome of the
plant of interest enables the precise modification and avoidance of off-target mutations.
Nevertheless, the application of CRISPR/Cas9 modification sheds a new light on the
function of some genes in laticiferous plant species, as well as sets directions for the
improvement of agronomically important traits. Moreover, it provides a modern basis for
further exploration and pharmacological utilization of latex compounds.
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Menaszek, E.; Sidoryk, K.; Stolarczyk,

K. Anti-Cancer and Electrochemical

Properties of Thiogenistein—New

Biologically Active Compound. Int. J.

Mol. Sci. 2021, 22, 8783. https://

doi.org/10.3390/ijms22168783

Academic Editor: Nam Deuk Kim

Received: 4 July 2021

Accepted: 11 August 2021

Published: 16 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 Research Analytics Team, Analytical Department, Łukasiewicz Research
Network—Industrial Chemistry Institute, 8 Rydygiera Street, 01-793 Warsaw, Poland; marta.laszcz@ichp.pl

2 Faculty of Chemistry, Jagiellonian University, 2 Gronostajowa Street, 30-387 Krakow, Poland;
weronika.strzempek@doctoral.uj.edu.pl

3 Faculty of Pharmacy, Collegium Medicum, Jagiellonian University, 9 Medyczna Street,
30-068 Krakow, Poland; elzbieta.menaszek@uj.edu.pl

4 Faculty of Chemistry, University of Warsaw, 1 Pasteura Street, 02-093 Warsaw, Poland;
ales@chem.uw.edu.pl (A.L.); kstolar@chem.uw.edu.pl (K.S.)

5 Chemistry Group, Department of Pharmacy, Cosmetic Chemistry and Biotechnology, Łukasiewicz Research
Network—Industrial Chemistry Institute, 8 Rydygiera Street, 01-793 Warsaw, Poland;
katarzyna.sidoryk@ichp.pl

* Correspondence: elzbieta.stolarczyk@ichp.pl; Tel.: +48-22-568-25-81

Abstract: Pharmacological and nutraceutical effects of isoflavones, which include genistein (GE),
are attributed to their antioxidant activity protecting cells against carcinogenesis. The knowledge
of the oxidation mechanisms of an active substance is crucial to determine its pharmacological
properties. The aim of the present work was to explain complex oxidation processes that have
been simulated during voltammetric experiments for our new thiolated genistein analog (TGE)
that formed the self-assembled monolayer (SAM) on the gold electrode. The thiol linker assured
a strong interaction of sulfur nucleophiles with the gold surface. The research comprised of the
study of TGE oxidative properties, IR-ATR, and MALDI-TOF measurements of SAM before and after
electrochemical oxidation. TGE has been shown to be electrochemically active. It undergoes one
irreversible oxidation reaction and one quasi-reversible oxidation reaction in PBS buffer at pH 7.4. The
oxidation of TGE results in electroactive products composed likely from TGE conjugates (e.g., trimers)
as part of polymer. The electroactive centers of TGE and its oxidation mechanism were discussed
using IR supported by quantum chemical and molecular mechanics calculations. Preliminary in-vitro
studies indicate that TGE exhibits higher cytotoxic activity towards DU145 human prostate cancer
cells and is safer for normal prostate epithelial cells (PNT2) than genistein itself.

Keywords: anticancer drugs; nanoparticles; molecular modeling; oxidation mechanisms; electro-
chemistry; MALDI; spectroscopic data; cytotoxic study; self-assembled monolayer; gold electrode

1. Introduction

Genistein (GE) belongs to the group of isoflavones found mainly in soybeans [1,2].
Some studies suggest that frequent consumption of soy-based products in Asian coun-
tries reduces the incidence of breast and prostate cancer compared to Western countries.
Genistein also has antioxidant, anti-inflammatory, antiangiogenic, pro-apoptotic, and an-
tiproliferative properties, which gives it great potential for use in anti-cancer therapy. It
has been shown that genistein may influence the regulation of apoptosis, angiogenesis,
metastasis, and various stages of the cell cycle. In addition to acting on transcription factors,
genistein also induces stress on the endoplasmic reticulum, which in turn leads to the
apoptosis of neoplastic cells. Additionally, it has been shown to induce apoptosis in cancer
cells by targeting the PPAR (peroxisome proliferator-activated receptor) signaling cascade.
Various molecular mechanisms of genistein in diverse cancer models were described by
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Tuli et al. [3]. However, its low water-solubility and poor oral bioavailability severely
hamper its use as an ingredient for food and the pharmaceutical industries [4]. Therefore,
there is an urgent need for the study of a new analog of genistein, which additionally
can be promising for an economical and feasible delivery system to enhance the solubil-
ity and dissolution rates, and bioavailability of genistein while maintaining its chemical
stability [4].

Our previous studies showed that genistein interacts electrostatically with gold
nanoparticles [5] which turned out to be interesting carriers for active substances. These
studies were continued by Vodnik et al. [6], however the authors did not perform a purity
study of conjugates in relation to the free GE and stability of new conjugates as well. It
is known that electrostatic interactions are not sufficiently stable at extreme pH and in
the presence of salt. For example, Dinkel and co-workers [7] described that citrates are
only loosely bound to the gold nanoparticles (6.7 kJ/mol). However, sulfur-containing
compounds have been used as excellent ligands for binding to flat gold surfaces as well
as gold nanoparticles, because of a very strong interaction of sulfur nucleophiles with
gold. Therefore, to increase the strength of the interaction, and improve the stability of
AuNPs-GE conjugates, we focused on the investigation of an optimal thiol linker as a new
derivative—thiolated genistein (TGE, 7-O-[2-(mercaptomethylcarboxy)ethyl-genistein) de-
scribed by Sidoryk and co-workers [8] (compound No. 26). The structural formula of TGE
is presented in Figure 1. TGE is composed of the genistein residue bound at the C7-OH site
to the ethyl linker and thioglycolic acid residue. Such a construction assures that the TGE
will be bound firmly to the Au surface via the Au-S chemical bond on the gold surface as
well as gold nanoparticles.
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Because pharmacological and nutraceutical effects of isoflavones are attributed to
antioxidant mechanisms also, which protect cells against reducing carcinogenesis, the
knowledge of the oxidation mechanisms is crucial to ascertain the influence of the redox
behavior, on the pharmacological, nutritional, and chemical properties of our new thiolated
analog of genistein. TGE was chemically attached to the gold surface as the self-assembled
monolayers (SAMs). The study of SAMs of alkanethiol, alkanedithiol, sulphides, and
disulfides on the Au surface allowed us to obtain data about processes occurring at the
interface, as well as about interactions between molecules in the monolayer [9].

Aromatic molecules create a highly conjugated system that interacts strongly with
the metal surface. Additionally, the steric effect of the aromatic ring may also lead to an
increase in molecular disorder within the SAM. Generally, aromatic thiols in SAMs are
difficult to study, especially in large systems such as drugs. It is known that SAMs have
been used for “underpotential polymerization” of aniline and other compounds on gold
electrodes [10]. A multitude of experimental approaches is needed for the characteriza-
tion of SAMs. Attenuated total reflectance spectroscopy (ATR) is a variant of infrared
spectroscopy (IR) and is frequently employed to investigate SAMs. The radiation beam
is polarized and reinforced in a perpendicular direction to a surface of a substrate. As a
consequence, intensities of absorption bands are strictly related to the orientation of dipoles
with respect to the substrate surface. Therefore, a band originating from molecules corre-
sponding to vibrations in the plane perpendicular to the surface will show much greater
intensity, than the bands associated with vibration parallel to a surface. This dependence
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allows for a relatively precise definition of the structure monolayers. Based on the position
and intensity of bands, it is possible to obtain information about the degree of monolayer
order and the orientation of the molecules that make up the system. In the case of model
alkanethiol layers, bands related to stretching vibrations of methyl and methylene groups
are used. The ratio of their relative intensities makes it possible to estimate the angle of
inclination of the alkyl chains, while their position is closely related to the quasi-crystalline
or liquid nature of the monolayer and the presence of gauche defects [11–20].

Our aim is to study the mechanism of the oxidation reaction of a potential new drug
with promising biological activity. The selected anticancer drug is thiogenistein—a new
analogue of genistein. For the first time, a self-assembled monolayer of such a complex
compound attached to the gold electrode is studied. Three instrumental techniques are
applied in order to determine products of the TGE oxidation on the Au electrode: electro-
chemistry, IR-ATR, and MALDI-MS. Selected experimental results are interpreted with the
use of molecular modeling and quantum mechanical density functional calculations. We
hope that understanding simulated electrochemical reactions will help to determine key
molecular fragments involved in the subsequent biochemical processes in living organisms.
Apart from these physico-chemical studies, a preliminary evaluation of the anticancer
activity of TGE is undertaken based on one human prostate cancer (DU145 line) and safety
for normal prostate epithelial cells (PNT2 line).

The topicality of our research is emphasized by the works of Kim and Rizzo [21,22],
who confirmed the importance of genistein as an anticancer drug via oxidative processes.

2. Materials and Methods
2.1. Materials

The reagents used in the study were obtained from POCh (Gliwice, Poland) and Sigma-
Aldrich (Saint Louis, MO, USA). They were of the highest purity and used without prior
purification. All solutions were prepared with deoxidized water, distilled, and cleaned in a
“Milli-Q” filter apparatus (Millipore Corporation, Bedford, MA, USA). Its final resistance
was 18.2 MΩ/cm.

TGE was manufactured in Łukasiewicz Research Network—Industrial Chemistry
Institute (Łukasiewicz-ICHP), Warsaw, Poland. PBS buffer (the phosphate-buffered saline)
was obtained from Syngen. The phosphate buffer was prepared from 0.2 M monobasic and
dibasic sodium phosphate solution. The pH of the solutions used in the experiments was
determined using a commercially available Mettler Toledo (Greifensee, Switzerland) pH
meter. The solutions were deoxygenated with argon for 20 min before each experiment,
while during the measurements gas was passed over the solution (argon with 99.5% purity
from Air Products Kielce, Poland).

The monolayers of the TGE compound on the gold electrodes were prepared in the
self-assembly process. First, the monolayers of the TGE compound were prepared on a
gold surface by immersing the purified gold electrodes in ethanolic solutions containing
1 mM TGE. After their removal, the electrodes were rinsed thoroughly with ethanol, water,
and ethanol to wash off the physically adsorbed molecules and left to dry in the air.

2.2. Electrochemical Measurements

Electrochemical experiments were performed using Autolab potentiostat (Eco Chemie
BV, Utrecht, The Netherlands). The potentiostat was controlled using the GPES software.
Electrochemical measurements were carried out in a three-electrode system. A silver/silver
chloride (Ag/AgCl) electrode with saturated KCl was used as the reference electrode,
the platinum plate was used as the auxiliary electrode. The working electrode was a
gold electrode (Arrande, Werther, Germany) with a surface area of 0.61 cm2. The gold
electrodes were 1.1 × 1.1 cm2 borosilicate glass plates on which gold was sputtered with a
thickness of 200–300 nm. There was a chromium adhesive layer 2–5 nm thick between the
gold layer and the glass. The electrolyte solutions were deoxygenated by bubbling argon
(99.5% purity, Air Products, Kielce, Poland) through the solutions for 20 min. During the
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measurements, gas was passed over the solution. All experiments were performed at the
temperature of 22 ± 2 ◦C.

2.3. IR Measurements

The infrared spectra were recorded on the Nicolet iS10 FT-IR spectrometer (Thermo
Scientific, Waltham, MA, USA) using an ATR sampling module, on diamond crystals, in
the range from 4000 to 650 cm−1, with the spectral resolution of 4 cm−1. For one spectrum
1000 scans were recorded. IR transmission spectrum of TGE was recorded in the KBr pellet
in order to obtain the spectrum of the anisotropic sample.

2.4. Raman Spectroscopy Measurement

The FT Raman spectrum of TGE was recorded on the Nicolet NXR 9650 instrument
(Thermo Scientific, Waltham, MA, USA) using a 1064 nm excitation from the Nd:YVO4
laser in the range from 3700 to 150 cm−1 with a spectral resolution of 4 cm−1. For one
spectrum, 300 scans were recorded with 0.5 W of laser power.

2.5. MS Spectrometry

Mass spectra were acquired in positive reflector mode on Applied Biosystems/MDS
SCIEX MALDI 4800 Plus TOF/TOF spectrometer (Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry). 2,5-Dihydroxybenzoic acid (DHB), dissolved in CH3CN/
H2O/TFA (50:50:0.1 ratio) was used as a matrix. Analyte ionization was achieved with
355 nm Nd:YAG laser firing at a 200 Hz rate. Laser fluence was within the 5500–6000 AU
range. Typically, 1024 laser shots were accumulated. The acceleration voltage was set to
20 kV, lens to 10 kV, and the delayed extraction time to 250 ns. Raw spectra were analyzed
and edited using the Data Explorer software, Version 4.9, Applied Biosystems.

2.6. Quantum Mechanical Modeling

Quantum mechanical modeling was performed using the density functional B3LYP
method with medium-size Gaussian basis sets, i.e., 6-31G(d), 6-31G(d,p), and 6-311++G(d,p)
for the H, C, N, O, and S atoms depending on the system investigated. Molecular geometry
was optimized with the Berny algorithm implemented in the Gaussian G16 program [23].
The minimum was confirmed with all positive harmonic frequencies. For larger molec-
ular systems the UFF molecular mechanics and the semiempirical quantum mechanical
PM7 methods were used (also implemented in the G16 program). All calculations were
performed on the HPC cluster in the Interdisciplinary Centre for Mathematical and Com-
putational Modelling at the University of Warsaw, Poland.

2.7. In Vitro Study

DU145 (androgen-independent human prostate cancer) cells were grown in DMEM
(Dulbecco’s modified Eagle’s medium, Sigma, Saint Louis, MO, USA), with the addition of
10% (v/v) FBS (fetal bovine serum, Sigma, Saint Louis, MO, USA). PNT2 (normal prostate
epithelium) cells were maintained in RPMI 1640 medium (Sigma, Saint Louis, MO, USA)
with 2 mM glutamine and 10% FBS. Cells were cultured in a humidified atmosphere at
37 ◦C with 5% CO2, incubated until an 80% confluent cell monolayer was developed, and
detached from the culture flasks using TrypLE™ Express (ThermoFisher, Waltham, MA,
USA). Next, the obtained cell suspension was transferred into a 96-well experimental plate
(Nunc, Roskilde, Denmark) at a density of 5 × 103 cells/well. After 24 h, the cancer prostate
epithelium was exposed to GE and TGE solutions (maximum content of DMSO was < 1%)
which were added to the wells in five final concentrations: 200, 100, 50, 25, 12.5, and
6.25 µM. Cells were incubated for 6, 24, and 72 h in standard conditions, and after that, the
viability, cytotoxicity, and morphology were determined. Cell viability was examined by
resazurin-based reagent PrestoBlueTM (ThermoFisher, Waltham, MA, USA). The assay was
used to determine the mitochondrial metabolic activity by the reduction reaction of non-
fluorescent resazurin to fluorescent resorufin. To determine the proliferation rate of DU145
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cells and the cytotoxic effect of genistein and thioderivative, the ToxiLightTM BioAssay Kit
and the ToxiLightTM 100% Lysis Reagent Set (Lonza, Basel, Switzerland) were used. The kit
was used to quantify adenylate kinase (AK) in both the supernatant (representing damaged
cells) and lysate (representing intact adherent cells). As a control, cells incubated with
the growth medium containing 0.1% DMSO were used. The cell viability and cytotoxicity
were evaluated following the manufacturer’s protocols for fluorescence or luminescence
measurements using a microplate reader POLARstar Omega (BMG Labtech, Ortenberg,
Germany). The results were expressed as the mean ± standard deviation (SD) from six
samples for each experimental group.

Cell morphology and rate of proliferation were determined by staining the cells with
hematoxylin and eosin solutions (Sigma-Aldrich, St. Louis, MO, USA) and observed under
the fluorescence microscope (Olympus CX41, Tokyo, Japan).

3. Results and Discussion
3.1. Electrochemistry

In our previous article [5], we described experiments performed by cyclic voltammetry
with free genistein dissolved in PBS buffer pH 7.4 using a glassy carbon electrode (GCE). In
the first anode half-cycle, we observed the first peak at approx. 0.4 V which corresponded
to the irreversible oxidation of the hydroxyl group on the C4′ carbon ring of genistein,
while a second peak at approx. 0.8 V corresponded to the oxidation of hydroxyl groups on
the C5, C7 carbon ring of genistein. The oxidation peaks decreased in the subsequent CV
cycles, which was probably related to the adsorption of genistein oxidation products on
the electrode surface.

In this article, the thiolated derivative of genistein, TGE was attached to a gold
electrode. The presence of a thiol group allows for the spontaneous organization of TGE
molecules in the course of the self-assembly process on the gold surface. As a result, a
monolayer of this compound spontaneously forms on the gold electrode. Such systems
have plausible advantages because nanomolar amounts of TGE in the monolayer can be
studied without further adsorption of the compound in subsequent voltammetric cycles,
as it was used in the previous studies with genistein dissolved in solution.

The oxidation of TGE adsorbed on the gold electrode was investigated by cyclic
voltammetry in PBS pH 7.4 (Figure 2). When the potential of the modified TGE electrode
was varied from −0.3 V to 0.3 V, no Faraday current was observed in the voltammetric
curves. If the potential was changed over a wider range of potentials, reaching more
positive values, there was an irreversible oxidation peak at 0.59 V (peak a1) and a quasi-
reversible pair of peaks at a potential close to 0.17 V (c2 and a2 peaks). After the first cycle,
the a1 peak disappeared quickly and only a pair of c2 and a2 peaks was developed. The
dependence of the c2 and a2 peak currents on the scan rate of potential was investigated
(Figure 3). As the scan rate of potential increased, an increase in the peak current density of
oxidation and reduction was observed on the voltammetric curves (Figure 3A). The current
of the c2 and a2 peaks depends linearly on the scan rate of the potential in the range of
0.010–0.1 V/s, which indicates the presence of a system adsorbed on the gold electrode
(Figure 3B). Similar voltammetric curves were recorded by other authors for the compounds
4-aminothiophenol and 4-hydroxythiophenol [24–29], as well as in the recent review from
the Oliveira-Brett group [30]. The observed peaks were explained by the formation of
dimers in the first stage, and then the formation of the quinone/hydroquinone system.

The properties of the electrode modified with oxidized TGE monolayer were also
tested using cyclic voltammetry in solutions of different pH. The tests were carried out in
phosphate buffer with different pH ranging from 5.5 to 8.0. The dependence of the a2/c2
peak potential on the solution pH was investigated (Figure 4). On the voltammetric curves,
it can be observed that if the pH of the solution decreases, the pair of the a2/c2 peaks shifts
to higher potentials, and the density of the peak current becomes smaller (Figure 4A). The
relationship between the anode and cathode peak current density was determined and
shown in Figure 4B. The slope of the curve for the cathode peak is about 45 mV per pH
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unit, which is close to 59 mV. The dependence of the potential of the a2 peak on pH is also
linear, with the slope of the curve 74 mV per pH unit, which slightly deviates from the
value of 59 mV. This slop indicated a two-electron and two proton redox process. This
dependence may confirm the presence of a hydroquinone/quinone system in the B ring of
genistein of hydroxyl groups C4′ and C3′ or C5′.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 6 of 21 
 

 

compounds 4-aminothiophenol and 4-hydroxythiophenol [24–29], as well as in the recent 

review from the Oliveira-Brett group [30]. The observed peaks were explained by the 

formation of dimers in the first stage, and then the formation of the qui-

none/hydroquinone system. 

 

Figure 2. Cyclic voltammetric curves recorded with the gold electrode coated with thiogenistein in 

PBS pH 7.4, scan rate of the potential: 0.1 V/s, 1 (black curve), 2 (orange curve), 20 (blue curve), 30 

(red curve) denote the cycle number. 

 

Figure 3. (A) Cyclic voltammetric curves recorded on the Au electrode modified with oxidized TGE monolayer (TGEox) in 

deoxygenated PBS at pH: 7.4, scan rate of the potential 0.1 (black curve), 0.08 (red curve), 0.06 (blue curve), 0.04 (green 
curve), 0.02 (orange curve), 0.01 (yellow curve) V/s. (B) Dependence of the oxidation (blue dots and line) and reduction 

(black squares and line) peak current on the scan rate of potential. 

The properties of the electrode modified with oxidized TGE monolayer were also 

tested using cyclic voltammetry in solutions of different pH. The tests were carried out in 

phosphate buffer with different pH ranging from 5.5 to 8.0. The dependence of the a2/c2 

peak potential on the solution pH was investigated (Figure 4). On the voltammetric 

curves, it can be observed that if the pH of the solution decreases, the pair of the a2/c2 

peaks shifts to higher potentials, and the density of the peak current becomes smaller 

(Figure 4A). The relationship between the anode and cathode peak current density was 

determined and shown in Figure 4B. The slope of the curve for the cathode peak is about 

45 mV per pH unit, which is close to 59 mV. The dependence of the potential of the a2 

peak on pH is also linear, with the slope of the curve 74 mV per pH unit, which slightly 

deviates from the value of 59 mV. This slop indicated a two-electron and two proton re-

dox process. This dependence may confirm the presence of a hydroquinone/quinone 

system in the B ring of genistein of hydroxyl groups C4′ and C3′ or C5′. 

 

 

 

 

A) 

 

B) 

 

 

( ( 

Figure 2. Cyclic voltammetric curves recorded with the gold electrode coated with thiogenistein
in PBS pH 7.4, scan rate of the potential: 0.1 V/s, 1 (black curve), 2 (orange curve), 20 (blue curve),
30 (red curve) denote the cycle number.
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Figure 3. (A) Cyclic voltammetric curves recorded on the Au electrode modified with oxidized
TGE monolayer (TGEox) in deoxygenated PBS at pH: 7.4, scan rate of the potential 0.1 (black curve),
0.08 (red curve), 0.06 (blue curve), 0.04 (green curve), 0.02 (orange curve), 0.01 (yellow curve) V/s.
(B) Dependence of the oxidation (blue dots and line) and reduction (black squares and line) peak
current on the scan rate of potential.
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This is a very interesting observation because in this work the c2/a2 peaks appear
only after the compound has been oxidized (a1 peak), which means that the hydroxyl
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group on the C4′ in the B ring of genistein does not oxidize in the first cycle. The a1 peak
should be attributed to the oxidation of hydroxyl group on the C5 at the A ring of genistein
because group C7 at the A ring of genistein is blocked by the linker with the thiol group.
The a1 peak may also be responsible for the attachment of the -OH group in the B ring at
C3′ or C5′ of genistein. In the B ring, a quinone/hydroquinone system is formed, which
is manifested by the presence of a pair of a2/c2 peaks, which correspond to the 2e−/2H+

process. Additionally, the a1 peak is very large (peak current, charge under the peak)
compared to the a2/c2 peaks which may suggest that more than one process is taking place
there. We explain this by the simultaneous process of polymerization and the attachment
of the -OH group to the B ring of thiogenistein.

In the next experiment, the quality of the TGE monolayer on gold was assessed in
the presence of a fast [Fe(CN)6]4− redox probe dissolved in the solution. The research was
carried out in deoxygenated 0.5 M KCl containing 1 mM [Fe(CN)6]4−. Figure 5 shows cyclic
voltammetric curves recorded with the use of the unmodified and modified TGE gold
electrode in the potential range from−0.2 V to 0.6 V at the scan rate of the potential 0.1 V/s.
During the recording of the first cycle, only the oxidation peak of the redox probe with a
current density of 215 µA/cm2 and a potential of 0.60 V was observed on the voltammetric
curve in the tested potential range. In this cycle, there is also oxidation of the monolayer
(a1 peak described in the previous paragraph), which corresponds to the polymerization of
TGE molecules and the attachment of the -OH group to the B ring. In the next cycle, the
oxidation peak shifts to less positive potentials, and the peak current density decreased,
which can be explained by the fact that the monolayer on the electrode is organized and
the redox probe penetrates the monolayer less well. This may be due to the presence of
a polymer on the electrode. In the third and subsequent cycles, the peak current density
slightly decreases, and the peak potential shifts to more positive potentials, which proves
that the monolayer is stabilizing.
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Figure 5. Cyclic voltammetric curves recorded using gold electrodes unmodified (black curve) and
modified with TGE: 1 (yellow curve), 2 (blue curve), 10 (green curve), 20 (orange curve), 30 (red line),
in deoxygenated 0.5 M KCl containing 1 mM Fe(CN)6

4−, the scan rate of the potential 0.1 V/s.

The desorption of the TGE monolayer adsorbed on the gold electrodes was also
performed during the registration of voltammetric curves in a wide range of potentials
in 0.1 M sodium hydroxide solution (Figure 6). Reduction peaks in the potential range
from −0.7 V to 1.2 V were observed on the voltammetric curves. Since there are more than
one of these peaks, it suggests that the compound adsorbed on the electrode interacts with
the electrode through the S-Au bond and that there are also quite strong intermolecular
TGE-TGE interactions. This experiment confirms the presence of the TGE monolayer on
the gold electrode.
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0.1 M NaOH, scan rate of the potential: 0.05 V/s, 1 (black curve), 2 (red curve), 3 (blue curve), 5 (green
curve), 10 (orange curve) cycle.

In the case of studies of thiogenistein on the gold electrode, it is easier to interpret the
results compared to the studies conducted with genistein dissolved in a solution, where
there is strong adsorption of both the substrates and the products of electrode reactions. In
the case of thiogenistein immobilized on the gold electrode, there is a monolayer of this
compound on the electrode and redox processes are observed at the molecular level. Our
observations and conclusions are consistent with those described by Oliveira-Brett and
co-workers [30].

3.2. IR Spectroscopy

The IR spectrum of the anisotropic sample of TGE is shown together with the Raman
spectrum in Figure S1. For better clarity, three IR spectra of TGE (KBr) and IR-ATR spectra
of TGE on the Au electrode before and after oxidation are collected in Figure 7.
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The presence of hydroxyl groups in the TGE molecule is proven in the IR spectrum by
the presence of the band at 3439 cm−1. The first distinctive difference between the TGE
spectrum and both spectra of TGE on the Au electrode before after oxidation is in stretching
vibrations of hydroxyl groups. In contrary to the TGE spectrum on other spectra, these
vibrations give a broad absorption band from 3600 to 3200 cm−1. Taking into consideration
that in the TGE molecule two hydroxyl groups participate in inter- and intra-molecular
hydrogen bonding, the broadening of the band is observed in both spectra of TGE on the
Au electrode before and after oxidation. This may suggest changes in the nature of these
hydrogen bonds.

Bands from C-H stretching vibrations from aromatic rings and the methylene group of
the TGE molecule are observed in the range from 3085 to 2817 cm−1. Exact wavenumbers
of methylene stretching modes have been used to distinguish between all trans (crystalline-
like) and a disordered (gauche rich, liquid-like) conformation of alkyl chains. For alka-
nethioles containing more than 10 carbons in chains, a generally observed trend is that
wavenumbers of the methylene stretching asymmetric and symmetric vibrations increase
from about 2918 to 2924 cm−1 and from about 2851 to 2855 cm−1 respectively when going
from a crystalline-like to a disordered conformation of the alkyl chain. However, shorter
chains also exhibit a spectral signature characteristic for a disordered conformation [11–20].
In spectra of TGE on Au electrodes before and after oxidation two characteristic, very
intensive bands at 2927 and 2855 cm−1 resulting from methylene asymmetric and symmet-
ric vibrations are observed, respectively. These bands are shifted 1 cm−1 towards higher
wavenumbers in reference to their counterparts in the TGE spectrum. This shift does
not prove crystalline-like order, like for model alkanethioles, because the TGE molecule
is characterized by the short alkyl chain. In order to calculate the twist and tilt angles,
the intensity values were used for bands originating from methylene asymmetric and
symmetric vibrations as well as from C-O-C asymmetric stretching vibrations from spectra
of TGE (in KBr pellet) and TGE on the Au (IR-ATR) [31]. The twist and tilt angles were 43◦

and 77◦, respectively.
In IR and Raman spectra of TGE molecule, the band from stretching vibrations of

S-H is observed at 2579 cm−1. The absence of this band in both spectra of TGE on the Au
electrode before and after oxidation indicates the formation of a new bond directly via
the sulfur atom on the surface of the Au electrode. Two carbonyl groups are present in
the TGE molecule, one in the chain and the second in the ring. The comparison of two
values 1736 and 1655 cm−1 with the reference value of 1647 cm−1 for the carbonyl group
from GE molecule [5,32] allows assigning the band at 1655 cm−1 to the ring and the band
1736 cm−1 to the chain. It is supposed that the carbonyl group from the ring participates
in the intramolecular hydrogen bonding with a neighboring hydroxyl group [5]. The
band from carbonyl stretching vibration from the chain in the spectrum of TGE on the Au
electrode is slightly shifted towards higher wavenumbers from 1736 cm−1 to 1738 cm−1

which may indicate a breaking of the C = O...H-S bond. But in the spectrum of TGE on
the Au electrode after oxidation, the carbonyl stretching band is shifted into 1732 cm−1.
The band from carbonyl stretching vibration assign to the ring in the spectrum of TGE
on the Au electrode is shifted towards higher wavenumbers from 1655 into 1661 cm−1

what indicates a weakening of the intramolecular C=O–O-H hydrogen bond that can
be caused by an increase in intermolecular interactions with the neighboring molecules.
However, an increase in the relative intensity of this band is observed. In the spectrum
of TGE on the Au electrode after oxidation, the carbonyl stretching band is observed at
1664 cm−1. It is supposed that this significant shift towards higher wavenumbers is caused
by the breaking of the intramolecular C=O–O-H bond during the oxidation reaction. V.
Crupi et al. [32] described changes in the Raman and IR spectra of genistein caused by
its inclusion into β-cyclodextrins cavity. The changes were analyzed in detail in relation
to intra- and intermolecular hydrogen bonds in the wavenumber range 1500–1800 cm−1.
As a main result, a large high wavenumber shift (∼17 cm−1) of the C=O stretching mode
has been observed in passing from uncomplexed genistein to inclusion compounds. It has
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been ascribed to the breakdown of the intramolecular hydrogen bond of genistein during
inclusion phenomena and the formation of intermolecular host–guest H-bonds. This is in
agreement with the rearrangement of the H-bond environments revealed by the analysis of
the FTIR-ATR spectra of the O–H stretching vibration that is downshifted in with respect
to pure genistein.

In IR and Raman spectra of TGE bands from 1611 to 1496 cm−1 mainly originate
from C=C vibrations. The band at 1611 cm−1 in the TGE spectrum is shifted towards
higher wavenumbers to 1615 cm−1 and 1622 cm−1 in spectra of TGE on the Au electrode
before and after oxidation, respectively. It is worth observing that a higher shift is for
the last spectrum. Moreover, the relative intensity of the band at 1622 cm−1 decreased.
Similar behavior is observed for bands: 1573 cm−1 (TGE), 1574 cm−1(TGE on the Au
electrode) and 1576 cm−1 (after oxidation) as well as for doublet of bands at 1519 cm−1

and 1496 cm−1 (TGE). Observations of the whole range of C=C stretching vibrations may
indicate profound changes in three rings of oxidized TGE on the Au surface.

In IR and Raman spectra of TGE in ranges of deformation vibrations of methylene and
hydroxyl group two separate doublets are observed at 1451 cm−1 and 1433 cm−1 as well
as at 1372 cm−1 and 1359 cm−1, respectively. In both spectra of TGE on the Au electrode
before and after oxidation, broad bands from deformation vibrations of methylene groups
at 1447 cm−1 and 1445 cm−1 are observed, respectively. Similarly, in these spectra, broad
bands from hydroxyl groups at 1375 cm−1 and 1378 cm−1 are observed.

In IR and Raman spectra of TGE, the doublet at 1174 cm−1 and 1159 cm−1 originate
from C-O-C asymmetric stretching and C-OH stretching vibrations. The symmetric stretch-
ing vibrations of the C-O-C group are observed in the Raman spectrum at 993 cm−1 and
877 cm−1. In the spectrum of TGE on the Au electrode, the doublet from C-O-C asymmetric
vibrations is at 1180 cm−1 and 1158 cm−1 whereas in the spectrum of TGE after oxidation
the doublet is significantly shifted about 10 cm−1 into 1183 cm−1 and 1166 cm−1.

In the TGE spectrum, bands from C-H deformation out-of-plane vibrations from
aromatic rings are at 851 cm−1 and 825 cm−1. In the range of these bands in the spectra,
TGE on the Au electrode before and after oxidation bands at about 841 cm−1 and 839 cm−1

are observed, respectively. Moreover, it is worth noting that the band at 839 cm−1 is
very broad and has smaller intensity than the band at 841 cm−1 what may prove that the
oxidation of TGE influences rings of the molecule.

3.3. MALDI-TOF MS

The small amounts of molecules are present on gold surfaces, so we use the ultrasen-
sitive method to molecular surface characteristics. MALDI MS was used to characterize
TGE SAMs on the gold electrode and the reactions on the monolayers. This technique was
used to confirm the structure of the TGE compound, to identify TGE adsorbed on the gold
electrode before oxidation and the product after oxidation. Taking into account the signal
intensities and the quality of the spectrum, which are influenced by the type of matrix used,
disturbing and interfering peaks from the blank (matrix), and the unmodified electrode,
the DHB (2,5-dihydroxybenzoic acid) matrix has been turned out to be the best. In Figure 8,
the spectrum of the TGE standard on a steel plate is presented. In Figure 9, the spectrum
of the electrode with the compound before oxidation (Figure 9A), and the electrode with
the compound after oxidation (Figure 9B), and the empty/clean electrode with the matrix
(Figure 9C) are presented.
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The TGE compound on the steel plate is observed at m/z 389 Da [M + H]+ ion in a
positive ionization. Additionally, adducts with sodium and potassium are observed at
m/z 411 Da [M + Na]+, m/z 427 [M + K]+, respectively. The m/z 774 Da ion is observed
in the spectrum of TGE on the Au electrode before oxidation. The TGE is stamped from
the monolayer on the electrode by the laser as a disulfide (Figure 9A), which agrees with
literature data for thiol compounds [33]. The disulfide ions are not necessarily the products
of photochemical reactions but may result from solvent extraction, for example during the
application of matrix solution to the sample [34].

On the spectrum of TGE on the Au electrode after oxidation, two significant ions, m/z
1148 Da and 1132 Da, differing by 16 Da, are observed. The unexpectedly high molecular
weight of the compound can indicate the presence, not only orobol, that was formed by
adding an extra -OH group to the B-ring of genistein [35,36]. The mass of 1148 Da indicates
the formation of a species which mass corresponds to the TGE trimer with additional
modifications in the structure. The obtained results can indicate the formation of the trimer
as a complex or condensation, which is known in the literature for tannins [37,38] or species
that link the phenolic rings with the neighboring aryl ring via the C-O-C bond [39,40].

3.4. Molecular Modeling and the Quantum Mechanical Density Functional Calculations

A molecular model of the TGE monolayer on the Au electrode plane is visualized
in Figure 10. It is composed of 26 TGE molecules and 81 Au atoms. The 81 Au atoms
are placed in the geometry corresponding to the fragment of the Au(111) plane. The TGE
molecule was first optimized with the B3LYP/6-31G(d,p) method and then cloned over
the Au plane and then reoptimized with the semiempirical PM7 method. The closest S-S
distance was about 4.6 Å.
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Figure 10. A molecular model of the TGE monolayer.

Selected properties of the TGE monolayer on the Au electrode were investigated with
vibrational spectroscopy. The recorded IR and Raman spectra were described earlier in the
text. The IR-ATR spectra were supplemented also with the theoretical quantum mechanical
calculations of the harmonic frequencies and the intensities of the TGE molecule (Figure S2).
The obtained geometry has an internal hydrogen bond between the C(5)-OH and O (at
C-4). From a comparison of the IR spectra of the TGE and TGE on the Au electrode,
one can deduce an increase of the wavenumber of the C(4)=O bond. To check the reason
behind such a wavenumber increase the theoretical IR spectrum for a hypothetical structure
without an intramolecular hydrogen bond (Figure S3). In such a structure, the rotated OH
bond is characterized by the dihedral angle C(6)-C(5)-O-H equal to 0◦ in place of about
180◦ for the structure with the intramolecular H-bond. We found that the C(4)=O frequency
increased after H-bond break by about 20 cm−1, i.e., more than twice as large than recorded
in the IR spectra (only of about 6 cm−1), Table 1. This suggests that the intramolecular
H-bond should be only slightly weakened and that this effect should originate from the
intermolecular interactions with the neighboring molecules.
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Table 1. Comparison of the IR C(4)=O modes in the TGE and Au-TGE systems, in cm−1.

System IR B3LYP Comments

TGE 1655 1689 B3LYP for H-bonded TGE, Figure S2

Au-TGE 1661 1709 B3LYP for broken H-bond, Figure S3

Difference 6 20 -

A new product is created after TGE monolayer oxidation. Taking into account the
results of electrochemical, spectroscopic and MS analyzes, we can propose a hypothetical
model of a new product. There are some suggestions from the literature [41,42] that the
electrochemical oxidation results in adding the -OH group to the B-ring of the genistein
residue. The oxidation can also disintegrate the C-ring of genistein. Moreover, there are
known species that link the phenolic rings with the neighboring aryl ring via the C-O-C
bond [39,40]. Taking into account these facts, and the mass of the detected species, one
can design a model of a hypothetical species possessing the following properties: high
molecular weight, extra -OH group in the B-ring, disintegrated the C-ring, disintegrated
thiolated linker of TGE, presence of the aryl-O-aryl linkage. The model is presented in the
Figure 11 in order to make clear our point of view.
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Figure 11. The theoretical model of a fragment of the TGE monolayer on the Au plane after oxidation.

The sites suitable for an extra -OH group in the B-ring can be predicted based on the
distribution of the spin density after the release of a proton from the 4′-OH group as well
as from the 5-OH group, see Table 2.

Table 2. Theoretical prediction of the spin density distribution of the TGE molecule after hydrogen
atom removal from the OH group in rings B or A. The calculations were performed with the B3LYP/6-
311++G(d,p) density functional theory and the Hartree–Fock/6-311++G(d,p) theory (H-F).

Atom Ring B Atom Ring A

B3LYP H-F B3LYP H-F
O(at C4’) 0.609 0.899 O(at C5) 0.624 0.928

C4’ −0.089 −0.692 C5 −0.148 −0.673
C3’ 0.231 0.784 C5-4 (*) 0.16 0.792
C5’ 0.221 0.781 C6 0.311 0.748
C2’ −0.134 −0.819 C7 −0.116 −0.689
C6’ −0.133 −0.833 C8-1 −0.113 −0.722

C8 0.272 0.729
(*) at the border of the fused A and C rings.

Based on the spin density distribution, one can expect that the molecular positions at
C3′ and C5′ in ring B (when a hydrogen atom is abstracted from the OH group at C4′) as
well as at the C6 and C8 in ring A (when the hydrogen atom is abstracted from the OH
group at C5) are particularly suited for new bond formation with neighboring molecules to
form dimeric structure. Although the B3LYP and Hartree–Fock are essentially different
theories, they both predict consistently the positions at the TGE rings which are suited for
new bond formation.
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In the oxidation process on the Au electrode, the TGE molecules in the monolayer
can apart from C-ring disintegration also undergo a disintegration of the thiolated linker
S-C(=O)O-CH2-CH2-(genistein core) from the middle molecule of the trimer which may
result in releasing the thioglycolic acid residue. Here, we studied a model system to
determine the energy output of such a process. The ∆G (the Gibbs Free Energy) of this
model reaction is estimated to be about −5.3 kcal/mol following the B3LYP/6-311++G(d,p)
calculations. Thus, one can expect that a split of the ester bond should be considered as one
of the possible routes of TGE disintegration under system stress when forming a trimer on
a monolayer.

Taking into account the molecular structure of TGE which involves the aromatic
rings with the -OH groups as well as numerous cases in the literature [43] presenting
the aryl ether linkages we proposed analogical linkages between the TGE molecules in
the monolayer. To clarify our doubts on whether the C-C or C-O-C linkage can prevail a
simple model was analyzed to compare directly the internal energy of isomers linked by
the aryl-O-aryl and the aryl-aryl bond. Two isomeric structures (C12H10O6) formed by two
1,3,5-hydroxybenzene molecules were calculated with the B3LYP/6-311++G(d,p) method
(Figures S4 and S5). Such a theoretical estimation corresponds to the isolated molecules,
i.e., non-interacting with the environment. It appeared that the Gibbs free energy of both
adducts is comparable.

3.5. In Vitro Study

Genistein is one of the isoflavones whose anti-cancer potential is extensively studied.
It modulates various steps of the cell cycle, apoptosis, angiogenesis, and metastasis in
different types of cancers. Therefore, the number of studies on the synthesis and biological
evaluation of new genistein derivatives is increasing every year [3]. In our research, we
focused on a new thioderivative of genistein and its biological properties. A preliminary
study of the anti-tumor activity of thiogenistein (TGE) was carried out on DU145 prostate
cancer cells to determine the properties of the new derivative and compared to genistein
as the base compound. The concentration-dependent cell viability and cytotoxicity effect
induced by TGE and GE (as a reference) were measured after 6, 24, and 72-h of incubation
(Figure 12). After the addition of 50 µM TGE solution, the viability of prostate cancer cells
is reduced to 81.49% (±0.73%) and 66.12% (±1.30%) after 6 and 24 hours of incubation,
respectively. However, in the case of GE, after 6 h, cell viability drops only to 92.91%
(±1.01%), and after 24 h to 74.32% (±0.75%). The obtained results suggest that TGE reduces
the viability of prostate cancer cells faster compared to GE. No meaningful differences
are observed at lower concentrations. However, the most significant differences between
cells were observed after 6 h (Figure 12A1). The addition of 100 µM of the TGE solution
reduces the viability of cancer cells to 60.8 % (±0.55%), relative to the untreated cells. In
contrast, for GE, cell viability remains high at 91.3% (±0.26%). The results achieved by
the ToxiLightTM assay are complementary to the analysis described above. The toxicity of
TGE is shown in Figure 12B (compared with the effect of GE). The cytotoxicity for the three
highest concentrations of TGE increased over time and reached 84% (±3.41%) after 72 h. In
the case of the thiol derivative, a significant slow down in the proliferation of DU145 cells
is observed (Figure 12B1–B3). The number of cells (estimated by ToxiLight 100 % Lysis
Control) after 6, 24, and 72 h of incubation with the highest concentrations of TGE did
not multiply. Based on these results, it could be concluded that TGE in a short time has
far more negative effects on cellular respiration mechanisms and cytochromes of prostate
cancer cells compared to GE. Additionally, the incubation of prostate cancer cells with
TGE significantly affects their shape (Figure 12D1–D3). After only 6 h, cells become more
rounded in contrast to GE-treated cells, which retain their characteristic, elongated shape.
Due to early research, we are unable to determine the exact mechanism of TGE activity,
which is responsible for reducing the rate of proliferation and reducing the viability of
human prostate cancer cells.
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Figure 12. (A1–A3) Dependence of the viability (represented in % regarding control) on the concentration of TGE and GE
incubated with DU145 cells for 6, 24, and 72 h. The viability was estimated based on the measurement of fluorescence
intensity of the converted nonfluorescent resazurin to resorufin in metabolically active cells. (B1–B3) The luminescence
intensity correlates with the adenylate kinase (AK) level obtained from all cells in the samples with ToxiLight 100% Lysate
Control. The obtained results are proportional to the cell number of cells. (C1–C3) The cytotoxicity of the drugs was
estimated based on the measurements of the AK level in the supernatant (released from the damaged cells) related to the
AK level in the lysate (all cells in the samples). The data in (A–C) panels are representative of two independent experiments
and are expressed as the mean ± SD. The error bars represent the ± SD. (D1–D3) Photomicrographs of the prostate cancer
cells (DU145 line) morphology after 6, 24, and 72 h culture with the addition of 100 µM of TGE and GE as compared with
the untreated group (control).

63



Int. J. Mol. Sci. 2021, 22, 8783

In addition to its anti-tumor properties, the new derivative should also show rela-
tive safety concerning healthy cells. Therefore, the initial characterization of TGE was
supplemented with studies carried out on the PNT2 cell line—normal prostate epithelial
cells. Figure 13 shows the concentration-dependent effect of TGE and GE on prostate
epithelial cells. After 72 hours of incubation, the viability of PNT2 incubated with 50 µM
GE decreased to 48.35% (±1.89%). With TGE, cell viability only drops to 79.88% (±0.86%).
The results achieved by the ToxiLightTM assay are complementary to the analysis described
above. The cytotoxicity of TGE against normal prostate epithelial cells is 19.07% (±0.50%),
while GE is as high as 45.75% (±1.09%) (Figure 13C). This is clearly visible in the photomi-
crographs (Figure 13D), which demonstrate the morphology and the number of prostate
epithelial cells. After 72 h, cells incubated with 50 µM GE lose the normal epithelial
morphology and an arrest of proliferation is evident, relative to the control group. In the
case of cells incubated with TGE, the changes in these two parameters are not observed
in comparison to untreated cells. Based on the obtained results, we can conclude that
TGE shows both a lower cytotoxic effect against normal prostate epithelial cells and an
increased antitumor activity. In the case of cancer cells treated with GE and TGE, significant
differences in their viability are visible at the dose of 100 µM, while in the case of normal
cells, these differences are already visible at the dose of 50 µM.
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According to the literature, genistein is metabolized mainly through oxidation, sul-
fation, glucuronidation, hydroxylation, or methylation [44]. However, the influence of
genistein metabolites on its anti-cancer properties is still not fully understood. Kiriakidis
et al. in their work identified two genistein metabolites in T47D cells of the breast epithe-
lium, such as 5,7,39,49-tetrahydroxyisoflavone (THIF)—orobol and 2 glutathinyl conjugates
of THI [45]. THIF has also been shown to inhibit angiogenesis and the proliferation of
endothelial cells. This suggests that THIF formation during genistein treatment may play a
major role in cell cycle arrest, inhibition of cell proliferation, and activation of signaling
pathways such as p38 MAPK that have been observed in T47D cells. According to the liter-
ature, over time, THIF oxidizes to o-quinone with the formation of hydrogen peroxides and
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reactive oxygen, which induces DNA strand breakage [46,47]. The synthetic derivatives,
such as genistein glycosides, are also reported to possess anticancer activity when assessed
in vitro. The anticancer potency of genistein glycosides varies depending on the sugar
groups attached. For example, the addition of acetylated sugar hydroxyls to genistein
resulted in more selectivity toward tumor cells. It is worthwhile to note that the anticancer
potency of genistein and its derivatives differs in various types of cancer, depending on
their selectivity toward the target molecule [48].

In vitro studies would suggest that changing the hydroxyl for an ether containing an
-SH group on the C7 carbon in ring A may increase the cytotoxic properties of TGE. This
effect can be attributed to the presence of a highly reactive -SH group [40]. Additionally,
the presence of the -SH group in the new substituent may be responsible for the correct
thiol-disulfide balance and the associated oxidation-reduction potential of cells. A similar
mechanism is observed for glutathione which is a natural antioxidant [49].

4. Conclusions

This work contributes to the design of a simple and feasible strategy for thio-compounds
in nano-drugs for use in oncology. In our previous publication, we described the synthesis
of the thiolated genistein analog (TGE). In this work, while continuing the research on this
new, promising compound, we examined its properties after oxidation as a process related
to the reduction of cancer proliferation. The properties of TGE and its oxidation products
were studied on a model system, i.e., the TGE monolayer on the Au electrode. In the course
of the voltammetric experiments, it was proven that TGE is electrochemically active. The
TGE monolayer undergoes irreversible oxidation reaction of the hydroxyl group in the A
ring and the attachment of the -OH group to the B ring in the first stage, and then the quasi-
reversible process of the quinone/hydroquinone system in the next stage. The formation
of electroactive products that undergo redox reactions were observed. Electroactive centers
of TGE were identified and its oxidation mechanisms were analyzed. The structure of TGE
with a greater number of hydroxyl groups and additionally in a polymer configuration
were discussed through MALDI-TOF MS and IR. Molecular modeling and the quantum
mechanical density functional calculations supported this discussion. Our observations
from the voltammetric experiments, supported with spectrometric data, are consistent with
the literature regarding natural phenolic antioxidants described by the group of Oliveira-
Brett [30]. In a preliminary in-vitro study, it was recognized that TGE has a higher cytotoxic
activity towards DU145 prostate cancer cells and is safer for normal prostate epithelial cells
(PNT2) than genistein (GE) itself. Moreover, the formation of TGE trimers upon oxidation
deduced from the present study may enhance the biological response than the parent drug
due to the synergizing of this response [50–52]. Most often, dimeric/trimeric drugs are
not released (or cleaved) within the cell, so they can act as a completely new molecular
unit inside the targeted cells [52]. The TGE monolayer firmly bound to the Au surface
described in the present work may contribute to the design and development of the carriers
of medicines in nanotechnology of biological applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22168783/s1.

Author Contributions: E.U.S., idea, structure, and design of the paper; MS-Maldi study; analyzed
the data; wrote part of the manuscript; W.S., in vitro study; wrote part of the paper; M.Ł., ATR study;
wrote part of the manuscript; A.L., molecular modeling; a quantum mechanical density functional
calculations; wrote part of the paper; E.M., supervision of biological research; K.S. (Katarzyna
Sidoryk), TGE synthesis; K.S. (Krzysztof Stolarczyk), idea for the paper, conceived and designed
electrochemical experiments, performed the experiments; analyzed the data; wrote part of the paper.
All authors have consulted their results, read, critically reviewed. All authors have read and agreed
to the published version of the manuscript.

Funding: The study has been supported by the Polish Ministry of Science and Higher Education
grant no. 841343A.

65



Int. J. Mol. Sci. 2021, 22, 8783

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The calculations were performed at the Interdisciplinary Centre for Mathemat-
ical and Computational Modeling of the University of Warsaw (ICM UW, computer grant G18-6
and g85-962) which is kindly acknowledged for allocating facilities and computer time. The authors
would like to thank Renata Bilewicz and Katarzyna Borkowska from the University of Warsaw for
their support in this study. We also wish to thank Marta Zezula and Michał Sypniewski for their
support in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xiong, P.; Wang, R.; Zhang, X.; DeLa Torre, E.; Leon, F.; Zhang, Q.; Zheng, S.; Wang, G.; Chen, Q.-H. Design, Synthesis, and

Evaluation of Genistein Analogues as Anti-Cancer Agents. Anti-Cancer Agents Med. Chem. 2015, 15, 1197–1203. [CrossRef]
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Abstract: Polymeric hydrogels play an increasingly important role in medicine, pharmacy and
cosmetology. They appear to be one of the most promising groups of biomaterials due to their
favorable physicochemical properties and biocompatibility. The objective of the presented study
was to synthesize new poly(chitosan-ester-ether-urethane) hydrogels and to study the kinetic release
of genistein (GEN) from these biomaterials. In view of the above, six non-toxic hydrogels were
synthesized via the Ring-Opening Polymerization (ROP) and polyaddition processes. The poly(ester-
ether) components of the hydrogels have been produced in the presence of the enzyme as a biocatalyst.
In some cases, the in vitro release rate of GEN from the obtained hydrogels was characterized by
near-zero-order kinetics, without “burst release” and with non-Fickian transport. It is important to
note that developed hydrogels have been shown to possess the desired safety profile due to lack
of cytotoxicity to skin cells (keratinocytes and fibroblasts). Taking into account the non-toxicity of
hydrogels and the relatively highly controlled release profile of GEN, these results may provide fresh
insight into polymeric hydrogels as an effective dermatological and/or cosmetological tool.

Keywords: active substance delivery systems; biomedical hydrogels; active substance-controlled re-
lease; genistein; hydrogels for cosmetology; hydrogels for dermatology; transdermal active substance
delivery systems

1. Introduction

Hydrogels are a group of biomaterials that are perceived as a valuable tool in both
cosmetology and dermatology, as they are efficient carriers of various therapeutic sub-
stances used in the treatment of a wide range of skin diseases [1,2]. This is mainly due
to their ease of use and minimal range of possible side effects that are often observed in
oral or intravenous drug administration. The multitude of hydrogel matrices currently
under development enables many active substances, both hydrophilic and hydrophobic,
to be incorporated into their structures [3]. This can be achieved through the formation
of inclusion complexes, the production of nanoparticles, liposomes, microspheres and/or
micelles [1,3–6]. Hydrogels based on natural and synthetic polymers, owing to their high
biocompatibility, non-toxicity, biofunctionality, biodegradability, relatively low immuno-
genicity as well physical properties similar to natural tissues, are used for materials with
many biomedical applications [1], namely, for the production of contact lenses, artificial
organs and materials for the reconstruction and regeneration of cartilage, for tissue en-
gineering and reconstructive surgery, as dressings for the healing of wounds as well as
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release systems for various compounds with therapeutic effects [1,7–13]. In recent years,
hydrogel biomaterials that are characterized by static properties or play the role of “smart”
hydrogels that can respond to different types of stimuli have been more and more dy-
namically developed [14]. Furthermore, there is also an increasing interest in this type
of material in the treatment of various dermatological diseases and beauty deficiencies.
Indeed, the use of hydrogels as carriers of medicinal agents, both local and systemic, may
prove to be an effective tool against skin diseases, which has been indicated by numerous
scientific reports [15–17].

A number of forms of hydrogels containing numerous pharmacologically active
substances in their structures and intended for use in the treatment of numerous skin
diseases have been developed. These biomaterials also have a positive effect on the wound
healing process and are used as fillers in aesthetic medicine treatments and as scaffolds
for tissue regeneration [18–26]. Genistein (GEN) is an isoflavonoid with a wide spectrum
of biological activity, which was first isolated from the Genista tinctoria L. in 1899, but is
also present in many raw materials of plant origin [27]. Being a phytoestrogen makes
it interesting as a potent valuable material for cosmetology as well as dermatology [28].
Estrogen receptors are found in various areas of the skin, where they play a specific, well-
defined role. The similarity of the chemical structure of GEN to estrogens allows it to
bind to estrogen receptors located in the cell nucleus, which results in a change in the
expression of many genes that play an important role in many physiological and metabolic
processes of the body [29]. Based on the current scientific reports, it can be concluded
that the incorporation of GEN into the structure of hydrogels may prove helpful in the
context of dermatology and cosmetology, because this phytoestrogen may contribute to
the inhibition of skin aging processes [30,31], reduce the appearance of brown “age spots”
on the body and improve the elasticity and firmness of our skin [32,33]. Additionally, the
possibility of inhibiting the multiplication of many microorganisms by GEN indicates that
this compound may also prove to be a useful tool in the fight against various bacterial and
fungal diseases of the skin [34–37].

Many research groups have also attempted to evaluate the effects of GEN by conduct-
ing both in vitro and in vivo analysis. The obtained results indicate that in vitro GEN can
inhibit the excessive growth of fibroblasts, which prevents their excessive proliferation and
the formation of unsightly scars [38]. Research also indicates that GEN may counteract the
inhibition of collagen biosynthesis by fibroblasts and protect skin cells from the harmful
effects of UV radiation [39,40]. In addition, this compound reduces inflammation, improves
the wound healing process, reduces oxidative and photodynamic damage and promotes
DNA repair processes [32,41,42]. Research on skin ageing has also shown that GEN can
inhibit this process by increasing the thickness of collagen fibers, increasing the resistance of
the skin to breakage and reducing the levels of TGF-b1, MMP-2, MMP-9, VEGF, TIMP-1 and
TIMP-2 [43,44]. Furthermore, the clinical trials showed that isoflavones, including GEN,
have a positive effect on the proliferation of epidermal cells, the production of collagen, the
reduction of fine wrinkles and the improvement of skin elasticity [41].

Even though GEN has skin protecting activity, its sustained effect is still limited due
to lower stability in cosmeceutical products [45]. In order to enhance stability and prolong
activity, delivery technologies have greater impact in cosmeceutical sectors. For example,
GEN-loaded nanoemulsions were prepared with 250 nm sized nanoparticles and enhanced
delivery of isoflavones to the skin with higher skin protecting activity [46]. In another
study, nanosized liposome-encapsulated GEN in nanoparticles the size of about 80 nm
was tested on rat skin, with or without hair [47]. In addition to the nanosized liposomes,
the hairs on the skin also affect the delivery of the GEN compound to the skin [45]. No
commercial hydrogels containing genistein dedicated to cosmetology and dermatology
have been yet developed. This is probably due to the unsatisfactory control of the kinetics
of genistein release from such carriers. However, there is still intensive work on this type
of materials in many scientific and industrial centers.
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Given the above, in this work, we have shown for the first time new synthesized
poly(chitosan-ester-ether-urethane) hydrogels characterized by highly GEN controlled
release. A significant novelty of our findings relies on using biodegradable hydrogels with
different structures as an efficient solution for the modification of GEN-release properties.
It is important to mention that the obtained hydrogels possess a desired safety profile in
terms of lack of cytotoxicity towards skin cells. We believe that such obtained hydrogels
could be practically applied for dermatology and cosmetology.

2. Results and Discussion
2.1. Synthesis of CL, LA and PEG Copolymers

The main aim of the present work was the synthesis and characterization of poly(chitosan-
ester-ether-urethane) hydrogels as new and potential GEN carriers. Our main intention
was to establish a relationship between the composition and physicochemical properties of
the synthesized hydrogels and the amount of GEN released from them. As a consequence,
the hydrogels were obtained by a three-step method.

In the first step (1), copolymers rac-lactide (rac-LA) and poly(ethylene glycol) (PEG)
(PLA-PEG) or ε-caprolactone (CL) and PEG (PCL-PEG) were synthesized via enzyme Ring-
Opening Polymerization process (e-ROP) (Table 1). The e-ROP process was carried out at
80 ◦C during 7 days in toluene as a medium. Immobilized lipase B from Candida antarctica
(CALB) was used as a biocatalyst. The molar ratio of the monomers (rac-LA or CL) to PEG
was: 20:1, 25:1, 30:1, 35:1 or 40:1. The chemical structure of the obtained copolymers was
confirmed by 13C, 1H NMR and FTIR studies (Experimental section). As shown in Table 1,
the synthesized copolymers were characterized by a similar value of Mn (3200–3700 g/mol),
but a different content of PEG units in the polymer chain (circa 11, 15 and 20 mol. % PEG).
Reaction yields ranged from 69 to 88%.

Table 1. Synthesis of CL, rac-LA and PEG copolymers.

Sample Molar Ratio a Yield
[%]

Mn
b

[g/mol] Ð b % mol CL
or LA c

% mol
PEG c

PLA-PEG-1 20:1 77 3200 1.69 79.7 20.3
PLA-PEG-2 25:1 72 3400 1.57 84.9 15.1
PLA-PEG-3 30:1 69 3500 1.62 88.3 11.7
PCL-PEG-1 30:1 88 3400 1.48 80.4 19.6
PCL-PEG-2 35:1 80 3500 1.43 84.3 15.7
PCL-PEG-3 40:1 76 3700 1.52 88.9 11.1

a rac-LA (or CL): PEG 400 molar ratio; b average molar mass and dispersity determined by the GPC method;
c percent of mers molar content in the chain (determined by 1H NMR);Reaction conditions: temp. 80 ◦C,
time—7days, medium—toluene, CALB (400 mg).

2.2. Swelling and Biodegradation of Hydrogels Studies

In the next stage of this study, the hydrogels were synthesized using prepolymer
methods such as: (2) preparation of prepolymers and (3) polyaddition of prepolymers and
chitosan (CHT) (Scheme 1). In step (2), various PLA-PEG or PCL-PEG were reacted with
hexamethylene diisocyanate (HDI) in a −NCO/−OH molar ratio of 2.05:1. In step (3), the
prepolymer was reacted with CHT in a −NCO(prepolymer)/−OH(or NH2) (CHT) ratio of
1.5:1. The dibutyltin dilaurate (DBDLSn) was used as a polyaddition catalyst (Table 2).

The swelling capacity of the obtained hydrogels was determined (Table 2). The value
of the coefficient of the mass swelling ratio (MSR) was 375%, 311%, 284%, 297%, 258%
and 211% after 4 h for HPUCHT-1, HPUCHT-2, HPUCHT-3, HPUCHT-4, HPUCHT-5 and
HPUCHT-6, respectively. As we can easily see, the value of the MSR depended on the
nature of the polyester used and the content of the PEG units in the hydrogel chain. As
expected, MSR increases with the growth of hydrophilic fragments—PEG units in the
polymer chain.
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Scheme 1. Hydrogel synthesis.

Table 2. Characterization of hydrogels.

Sample PLA-PEG PCL-PEG MSR
[%] a

MSR
[%] b

MSR
[%] c

HPUCHT-1 PLA-PEG-1 (80:20) - 375 ± 17 412 ± 18 421 ± 18
HPUCHT-2 PLA-PEG-2 (85:15) - 311 ± 14 341 ± 15 348 ± 15
HPUCHT-3 PLA-PEG-3 (88:12) - 284 ± 13 311 ± 13 326 ± 14
HPUCHT-4 - PCL-PEG-1 (80:20) 297 ± 14 328 ± 15 333 ± 15
HPUCHT-5 - PCL-PEG-2 (84:16) 258 ± 11 284 ± 13 287 ± 13
HPUCHT-6 - PCL-PEG-3 (89:11) 211 ± 11 232 ± 11 243 ± 12

Reaction conditions: temperature—80 ◦C, time—3 h (the first step of the prepolymer process) and 4 h (the second
step the of prepolymer process); HDI and PLA-PEG 400 (or PCL-PEG 400) molar ratio: 2.05:1 (in a −NCO/−OH);
−NCO(prepolymer)/−OH(or −NH2) (CHT) molar ratio: 1.5:1; MSR—mass swelling ratio. a—after 4 h; b—after
24 h; c—after 48 h.
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2.3. In Vitro Release Studies of GEN from Hydrogels

GEN was loaded into hydrogels using the incorporation method. The mean weight of
the devices developed was approximately 200 mg, corresponding to approximately 10 mg
of GEN (active substance content was adjusted to about 5%). In vitro studies of the release
of GEN from obtained hydrogel materials were determined at pH 7.4 and 37 ◦C for 80 h
(Figure 1). The ordinate of the plot was calculated based on the cumulative amount of GEN
released with respect to its initial amount in the hydrogels.

Figure 1. GEN release profiles from the hydrogels.

As mentioned above, our intention in this work was to investigate the influence of
two factors on the kinetic release of GEN. The first one was the content of the PEG units
in the copolymer; the second was the nature and properties of the polymer forming the
copolymer (PLA or PCL).

The rate of the GEN release decreased as follows: HPUCHT-1 (obtained from PLA-
PEG-1 (80:20)) > HPUCHT-2 (PLA-PEG-2 (85:15)) > HPUCHT-3 (PLA-PEG-3 (88:12)) >
HPUCHT-4 (PCL-PEG-1 (80:20)) > HPUCHT-5 (PCL-PEG-2 (84:16)) > HPUCHT-6 (PCL-
PEG-3 (89:11)).

The data points obtained for the drug release studies were subject to zero-order and
first-order kinetics as well as to the Korsmeyer−Peppas models for the evaluation of
the kinetic and mechanism of GEN release from hydrogels (Table 3). As is known from
the literature, according to the Korsmeyer−Peppas model, for the diffusion-degradation-
controlled drug release system, the release exponent value n is in the range of 0.45 and 0.89
(anomalous, non-Fickian), whereas when n is close to 0.45, the diffusion (Fickian diffusion)
predominates in the process and, in the opposite case, n > 0.89, the model corresponds to
the super case II transport [48,49].

Table 3. Analysis data of GEN release from the obtained hydrogels.

No. Zero-Order
Model

First-Order
Model Korsmeyer-Peppas Model GEN Transport

Mechanism

R2 R2 R2 n
HPUCHT-1 0.847 0.915 0.998 0.516 non-Fickian transport
HPUCHT-2 0.873 0.940 0.995 0.609 non-Fickian transport
HPUCHT-3 0.921 0.868 0.944 0.452 non-Fickian transport
HPUCHT-4 0.923 0.913 0.976 0.488 non-Fickian transport
HPUCHT-5 0.925 0.869 0.968 0.553 non-Fickian transport
HPUCHT-6 0.941 0.831 0.957 0.597 non-Fickian transport

In our study, it was observed that the kinetic release of GEN is mainly influenced by
the content of the PEG units in the copolymers used for the preparation of hydrogels. For
example, approximately 80.8%, 73.4% and 65.2% of GEN were released after 24 h from
the HPUCHT-1, HPUCHT-2 and HPUCHT-3 samples, respectively. This is relatively little,
because 60.7%, 58.3% and 56.8% of GEN were released after 24 h from the HPUCHT-4,
HPUCHT-5 and HPUCHT-6 materials composed of PCL segments in different molar ratios
(Table 2). Thereby, we can conclude that GEN was released more rapidly from materials
created of PLA polymers than from PCL segments. After 49, 53 and 55 h, almost 100% of
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GEN was released from hydrogels composed of PLA units (Figure 1). In the case of PCL
polymer materials, the time for the GEN releasing in 100% was longer and ranged up to 78 h
(Figure 1). This is undoubtedly related to the higher hydrophilicity of hydrogels obtained
from PLA-PEG copolymers compared with those obtained from PCL-PEG copolymers.
The Mn of the PLA-PEG or PCL-PEG copolymers used in the hydrogel synthesis did not
appear to affect the amount of GEN released. This could be because the Mn values of
all copolymers were similar (3200–3700 g/mol) (which was consistent with the authors’
assumptions). It was also discovered that the higher the PEG content in a given matrix
composed of PLA or PCL units, the higher the amount of GEN released.

The GEN release kinetic from hydrogels obtained from PCL-PEG copolymers (HPUCHT-
4, HPUCHT-5, HPUCHT-6) followed the near-zero-order model (R2 was 0.923, 0.925 and
0.941, respectively). Furthermore, for the HPUCHT-3 sample (hydrogel containing the
lowest percentage of PEG units, but composed of PLA units), the GEN release was also close
to the zero-order kinetics (R2 = 0.921). Furthermore, it was noted that GEN was released
from the HPUCHT-1 and HPUCHT-2 samples with rather first-order kinetics (R2 was
0.915 and 0.940 (Table 3). The analysis of GEN release data using the Korsmeyer−Peppas
model suggested that all the hydrogels were governed rather by a non-Fickian transport
(n = 0.452–0.609).

The biodegradation of the blank hydrogels has also been carried out. Hydrolytic
degradation test of the resulting carriers was conducted under the same conditions as the
GEN release experiments. The degradation process was characterized by the plotting of
the weight loss (WL) of hydrogels versus time. The results are shown in Figure 2.

Figure 2. The weight loss (WL) of the obtained hydrogels.

The degradation rate of the hydrogels was found to be similar to that of the GEN
release profile (Figure 1). The blank hydrogels degradation rate was as follows: HPUCHT-1
> HPUCHT-2 > HPUCHT-3 > HPUCHT-4 > HPUCHT-5 > HPUCHT-6. Similarly, hydrogels
formed of PLA polymer degrade faster than that obtained from PCL segments. Apparently,
this corresponds to a higher hydrophilicity of the PLA polymer. In addition, the rate of
degradation of the hydrogel has increased with an increase in the content of the PEG units
in the copolymer chain. In summary, on the basis of the data obtained from the kinetic
release and mathematical models, it can be concluded that in some cases, GEN was released
with relatively high control from the synthesized hydrogel materials.

Certain GEN vectors, including nanoparticles, nanocapsules or nanoemulsions, have
been developed and thoroughly studied [50–54]. For instance, GEN was released from
zein and zein/carboxymethyl CHIT nanoparticles at a rate of about 60% after 24 h. The
authors suggest a controlled release, although the “burst release” phenomenon can be
observed in the kinetic profiles. Moreover, the authors did not match the obtained release
results with any kinetic models [50]. GEN-loaded solid lipid nanoparticles (SLNs) and
nanostructured lipid carriers (NLCs) were obtained by Andrade et al. [50]. Skin perme-
ation studies have shown that lipid nanoparticles have increased GEN skin retention but
GEN release kinetics have not been fully controlled [50]. GEN-loaded PLA nanocapsules
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(GEN-NC) were prepared in paper [52] by interfacial deposition of pre-formed polymers
(nanoprecipitation). Permeation experiments have demonstrated that a higher amount
of GEN reaches deeper layers of the skin and increased penetration was achieved when
GEN-NC was incorporated into a semi-solid gel formulation. It indicated that GEN-NC
could be a promising nanocarrier system for GEN skin delivery, but this active substance
release kinetics was not fully controlled. Nanoemulsions composed of isopropyl myris-
tate/dioleylphosphaditylcholine/oleylamine with GEN have also been obtained [53]. The
incorporation of GEN into nanoemulsions significantly increased the retention of this
isoflavone in epidermis and dermis. These results were supported by confocal images.
Such formulations exhibited antiherpetic activity in vitro against herpes simplex virus 1
and herpes simplex virus 2. The results shows that the GEN-loaded nanoemulsions devel-
oped in this study are promising options for herpes treatment. Nanoemulsions containing
isoflavone aglycone-rich fraction (NE IAF) and derivative semi-solid hydrogels composed
of hyaluronic acid have been obtained at work [54]. NE IAF containing GEN has been pre-
pared and, in some formulations, hyaluronic acid has been added to obtain hydrogels. The
distribution of GEN in skin layers has been evaluated. These results showed the potential
of formulations for topical skin applications. However, the kinetics of GEN release from
the above-mentioned carriers have not been investigated.

In the light of the cited literature examples, we are unfortunately of the opinion that the
comparison of these biomaterials with the hydrogels produced in our work is quite difficult
due to the fact that our materials have been synthesized from a different type of polymer
and thus have a different structure. In our view, the developed biodegradable poly(chitosan-
ester-ether-urethane) hydrogels (HPUCHT-3, HPUCHT-4, HPUCHT-5, HPUCHT-6) are
characterized by relatively high release control and may constitute a potential material for
further dermatological applications.

2.4. Genotoxic Test

The umu-test was used to evaluate the genotoxicity of the blank hydrogels (Table 4).
In the umu-test, it was found that none of the samples tested were toxic to S. typhimurium
(G > 0.5) (Table 4). None of the tested extracts exhibited a genotoxic effect (IR < 1.5) with or
without metabolic activation (IR < 1.5).

Table 4. The results of the umu-test for the extracts tested.

−S9 * +S9 **

G ± SD IR ± SD G ± SD IR ± SD

MS H-1 1.00 ± 0.04 0.94 ± 0.07 0.95 ± 0.02 0.96 ± 0.04
MS H-2 1.05 ± 0.05 0.82 ± 0.15 0.98 ± 0.05 0.85 ± 0.20
MS H-3 1.06 ± 0.08 0.81 ± 0.13 1.03 ± 0.06 0.96 ± 0.20
MS H-4 0.99 ± 0.04 0.94 ± 0.08 1.10 ± 0.24 0.85 ± 0.34
MS H-5 1.05 ± 0.08 0.84 ± 0.17 1.07 ± 0.14 0.88 ± 0.26
MS H-6 1.01 ± 0.03 0.93 ± 0.10 1.03 ± 0.15 0.90 ± 0.27

Positive contol 0.98 ± 0.01 7.77 ± 0.18 0.88 ± 0.02 4.52 ± 0.13
Negative control 1.01 ± 0.07 1.00 ± 0.13 1.00 ± 0.10 1.02 ± 0.25
Solvent control 1.02 ± 0.04 1.04 ± 0.14 0.74 ± 0.08 1.13 ± 0.20

* without metabolic activation; ** with metabolic activation.

2.5. Cytotoxicity Assessment
2.5.1. Neutral Red Uptake Assay

In order to assess the biocompatibility of the obtained hydrogels and the possibility
of their use in the treatment of various skin diseases, cytotoxicity tests were carried out
on skin cells located in different layers of the skin—fibroblasts and keratinocytes. For this
purpose, these cells were exposed to the tested hydrogels for 2 and 24 h. The cell viability
was estimated using the Neutral Red (NR) and Alamar Blue (AB) assays. The obtained
results revealed that the hydrogels tested were characterized by high biocompatibility,
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as no cytotoxic effects were observed in any of the hydrogels. The analysis conducted
showed that the effect of the experiments on keratinocytes (HaCaT) and fibroblasts (BJ)
varies depending on the type of hydrogel tested and the time of exposure to hydrogel
extracts. The NR assay performed on fibroblasts showed that the extended exposure
time to the hydrogels tested had a positive effect on the viability of these cells, which is
probably related to the release of GEN from hydrogels and its positive effect on the skin
cells of interest. Notably, promising results for HPUCHT-3 and HPUCHT-4 hydrogels were
observed after a shorter exposure time. An average cell viability of 188% was recorded for
HPUCHT-3 hydrogel at the highest extract concentration (5%). After longer exposure, all
the hydrogels tested were found to stimulate an increase in the viability of the fibroblasts.
However, in the case of HPUCHT-6 hydrogel, this effect was observed only at the two
highest extract concentrations (2.5 and 5.0%) (Figure 3A,B). In the case of keratinocytes,
such a significant effect of the prolonged exposure time on the increase in the viability of
these cells was unnoted (Figure 4A,B). Increased viability of keratinocytes treated with
hydrogels tested was also reported to be lower compared to fibroblasts. The most promising
results have, indeed, been achieved for HPUCHT-2, HPUCHT-3 and HPUCHT-4 hydrogels.
On the other hand, the remaining hydrogels did not have a positive effect on the viability of
HaCaT cells as a response to the extended exposure time, but still had no cytotoxic activity
(Figure 4B).

2.5.2. Alamar Blue Assay

In the case of the Alamar Blue assay, no cytotoxicity of the analyzed hydrogels was
observed for eithertypes of skin cells. These analyses showed that the longer exposure
time (up to 24 h) to the tested hydrogels significantly increased the metabolic activity of
the fibroblasts, which reached 165 and 175% for HPUCHT-3 and HPUCHT-4 hydrogels at
the highest concentrations (Figure 5A,B). On the other hand, better results were obtained
for a shorter incubation time for keratinocytes, indicating a higher sensitivity of these cells
to the action of the hydrogels tested.

Figure 3. Effect of different concentrations of extracts (0.1–5%) from hydrogels on NR uptake in
cultured fibroblasts after 2 h (A) and 24 h (B) of exposure. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01,
* p ≤ 0.05 versus the control (100%).
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Figure 4. Effectof different concentrations of extracts (0.1–5%) from hydrogels on NR uptake in
cultured HaCaT cells after 2 h (A) and 24 h (B) of exposure. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01,
* p ≤ 0.05 versus the control (100%).

Figure 5. Thereduction of resazurin after 2 h (A) and 24 h (B) of exposure to extracts (0.1–5%) from
hydrogels in cultured fibroblasts. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05 versus the
control (100%).
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It should be noted, however, that no cytotoxic effect was observed after 2 and 24 h
of exposure of keratinocytes to the hydrogels tested and most of the hydrogels stimu-
lated the metabolic activity and viability of these cells (Figure 6A,B). The studies carried
out, thus, show a lack of in vitro cytotoxicity of the hydrogels tested, which gives hope
for the possibility of their potential application after appropriate in vivo analyses and
clinical trials.

Figure 6. Thereduction of resazurin after 2 h (A) and 24 h (B) of exposure to extracts (0.1–5%) from
hydrogels in cultured HaCaT cells. **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05 versus the
control (100%).

As part of the studies, the effect of GEN on the cell lines tested was also assessed. The
obtained results indicate that this compound has no negative effect on both keratinocytes
and fibroblasts in the tested concentration range (1–1000 µM). In the case of fibroblasts, it
was observed that a 2-h incubation of these cells with GEN causes a statistically significant
increase in the metabolic activity of these cells (the concentrations was ranged from 100
to 750 µM), and after 24-h incubation with 100 µM of GEN, the increase in this activity
was almost 70% compared to the control cells (untreated with GEN). Concentrations of
250–1000 µM also significantly increased the proliferation of fibroblasts. However, as the
concentration of GEN increased, this effect was weaker, which could indicate a cytotoxic
effect of GEN at higher concentrations (above 1000 µM) (Figure 7A,B). In the case of
keratinocytes, no statistically significant increase in cell proliferation was observed after
2-h incubation, while the longer incubation period resulted in an increase in the metabolic
activity of these cells exposed to GEN at concentrations of 1–500 µM. Higher concentrations
(750 and 1000 µM) did not cause a decrease in cell proliferation compared to control cells,
but, as in the case of fibroblasts, a downward trend in the activity of these cells was
observed along with an increase in the GEN concentration (Figure 8A,B).
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Figure 7. The reduction of resazurin after 2 h (A) and 24 h (B) of exposure to GEN (1–1000 µM) in
cultured fibroblasts. **** p ≤ 0.0001, *** p ≤ 0.001 versus the control (100%).

Figure 8. The reduction of resazurin after 2 h (A) and 24 h (B) of exposure to GEN (1–1000 µM) in
cultured HaCaT cells. **** p ≤ 0.0001, *** p ≤0.001,* p ≤ 0.05 versus the control (100%).

The increase in cell viability and the rate of proliferation following the use of GEN
may be due to an improvement in the mitochondrial membrane potential and reduced
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release of reactive oxygen species by increasing the glutathione (GSH) level, as indicated
by other authors [33]. The use of hydrogel matrices directly to the skin may also prove to
be an effective route of administration of this isoflavone, as GEN has low bioavailability
and is rapidly metabolized following oral administration, which has a significant effect
on the absorption of this compound [55,56]. This is supported by the results obtained by
Huang et al., which demonstrate that topical administration may be an effective route
for the delivery of soy isoflavones, including GEN [57]. Consequently, the possibility of
controlled release of GEN from the biodegradable hydrogels developed in this study, with
the simultaneous lack of their cytotoxic effect on skin cells, may suggest the possibility
of their potential use in the treatment of dermatological diseases after more detailed
in vivo and clinical studies. Taking into account the noticeable lack of effective systems for
controlled release of GEN, which has an extremely beneficial effect on the skin described in
the introduction to this work, the hydrogels developed may be an opportunity to improve
the skin condition of many people currently struggling with common skin diseases.

3. Materials and Methods
3.1. Materials

1,6-diisocyanatohexane (hexamethylene diisocyanate, HDI, 98%, Aldrich, Poznan,
Poland), 3,6 dimethyl 1,4 dioxane 2,5 dione (rac-lactide, rac-LA, 99%, Sigma-Aldrich, Poz-
nan, Poland), acetic acid (CH3COOH, ≥99%, Sigma-Aldrich, Poznan, Poland), antibiotics
(Penicillin-Streptomycin, Life Technologies, Bleiswijk, The Netherlands), ε Caprolactone,
(2 Oxepanone, CL, 99%, Aldrich, Poznan, Poland), chitosan (CHT, low molecular weight,
75% deacetylated), dibutyltin dilaurate (DBDLSn, >96%, Sigma-Aldrich, Poznan, Poland),
dichloromethane (DCM, CH2Cl2, ≥99.8%, POCh, Gliwice, Poland), DMEM (Dulbecco’s
Modification of Eagle’s Medium, Biological Industries, Beit Haemek, Israel), ethyl alcohol
(ethanol, C2H5OH, 96%, Sigma-Aldrich, Poznan, Poland), FBS (Fetal Bovine Serum, Biolog-
ical Industries, Genos, Lodz, Poland), genistein (GEN, >98%, Tokyo Chemical Industry Co.
LTD., Tokyo, Japan), hydrochloric acid (HCl, ChemPur, Piekary Śląskie, Poland), immobi-
lized lipase B from Candida antarctica (CALB) (Sigma-Aldrich, Poznan, Poland), Neutral
Red Solution (NR, 0.33%, Sigma-Aldrich, Poznan, Poland), N,N-dimethylformamide (DMF,
anhydrous, 99.8%, Sigma-Aldrich, Poznan, Poland), phosphate buffered saline (PBS, pH
7.00 ± 0.05, ChemPur, Piekary Ślaskie, Poland), poly(ethylene glycol) 400 (PEG 400, Sigma-
Aldrich, Poznan, Poland), resazurin sodium salt (RES, Sigma-Aldrich, Poznan, Poland),
toluene (99.8%, POCh, Gliwice, Poland) and trypsin-EDTA solution (Sigma-Aldrich, Poz-
nan, Poland) were used as received.

3.2. Synthesis of CL, LA and PEG Copolymers

The polymerization reactions were carried out according to our previously described
method with some modifications [58–60]. Before the reaction, monomers (CL or rac-LA),
PEG and CALB were dried under vacuum at room temperature for 3 h. Next, 0.04 mol
CL (or 0.04 mol rac-LA) was placed in a three-neck flask equipped with a stirrer and
thermometer (under argon atmosphere) and 20 mL of toluene was added. The mixture
was stirred at 60 ◦C for 2 h. Next, an appropriate amount of PEG 400 and CALB (400 mg)
was added to the mixture (Table 1). Stirring was continued at 60 ◦C for 24 h under
argon atmosphere. After this time, the enzyme was filtered off. Toluene was removed by
evaporation under reduced pressure at room temperature. Next, the cooled product was
dissolved in DCM and extracted within cold methanol and distilled water.

3.3. Spectroscopy Data

The 1H NMR spectrum of rac-LA and PEG copolymer (PLA-PEG): 1.57 ppm (-O(O)C-
CH(CH3)-), 3.63 ppm (O CH2-CH2-O-), 4.29 ppm (-O(O)C-CH(CH3)-OH end group) and
5.17 ppm (-O(O)C-CH(CH3)-).

The 13C NMR spectrum of PLA-PEG: 16.7 ppm (-O(O)C-CH(CH3)-), 69.0 ppm
(-O(O)C-CH(CH3)-), 70.5 ppm (-O-CH2-CH2-O) and 169.3 ppm (-O(O)C-CH(CH3)-).
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The FTIR spectrum of PLA-PEG (KBr, cm−1): 2997 (υasCH3), 2947 (υsCH3), 2882
(υCH), 1760 (υC=O), 1452 (δasCH3), 1348–1388 (δsCH3), 1368-1360 (δ1CH+δsCH3), 1315-
1300 (δ2CH), 1270 (δCH + υCOC), 1215-1185 (υasCOC + rasCH3), 1130 (rasCH3), 1100-1090
(υsCOC), 1045 (υC-CH3), 960-950 (rCH3 + υCC), 875-860 (υC-COO), 760-740 (δC=0), 715-
695 (γC=O), 515 (δ1C-CH3 + δCCO), 415 (δCCO), 350 (δ2C-CH3 + δCOC), 300-295 (δCOC +
δ2C-CH3), 240 (τCC).

The 1H NMR spectrum of CL and PEG copolymer (PCL-PEG): 1.38 ppm (O CH2-CH2-
CH2-CH2-CH2-),1.65 ppm (-O-CH2-CH2-CH2-CH2-CH2-), 2.31 ppm (-O(O)C-CH2-CH2-
CH2-CH2-CH2-), 3.65 ppm (-O-CH2-CH2-O-) from PEG mers and (CH2 CH2-CH2-CH2-
CH2-OH end groups), 4.06 ppm (-O-CH2-CH2-CH2-CH2-CH2-) and 4.23 ppm (-O-CH2-
CH2-O(O)C-CH2-CH2-CH2-CH2-CH2-).

The 13C NMR spectrum of PCL-PEG: 24.7 ppm (-O(O)C-CH2-CH2-CH2-CH2-CH2-),
25.6 ppm (-O(O)C-CH2-CH2-CH2-CH2-CH2) 28.4 ppm (-O-CH2-CH2-CH2-CH2-CH2-), 34.2
ppm(-O(O)C-CH2-CH2-CH2-CH2-CH2-), 64.2 ppm (-O-CH2-CH2-CH2-CH2-CH2-), 70.6
ppm(-O-CH2-CH2-O-) and 173.6 ppm (-O(O)C-CH2-CH2-CH2-CH2-CH2-).

The FTIR spectrum of PCL-PEG (KBr, cm−1): 2944 (νasCH2), 1722 (νC=O), 1244 (νC-O).

3.4. Hydrogels’ Preparation

The hydrogels were obtained according to the described prepolymer method with
some modifications [61]. The prepolymers were obtained through a polyaddition reaction
between HDI and PLA-PEG (or PCL-PEG) in a −NCO/−OH molar ratio of 2.05:1, using
2 drops of 0.1 wt% DBDLSn solution in toluene as catalyst. The reactions were performed
at 80 ◦C for 3 h under argon atmosphere to form an isocyanate terminated prepolymer.
Next, the dispersion of CHT into glacial acetic acid/DMF mixture (30 mL) in a volume ratio
of 50/50 has been prepared. Next, the obtained prepolymer was added to the dispersion
of CHT. The reactions were carried out in a −NCO(prepolymer)/−OH (or NH2) (CHT)
molar ratio of 1.5:1 at 80 ◦C for 4 h under argon atmosphere. The reaction mixture was then
transferred to the distilled water. Precipitated products were separated by filtration and
washed with DMF, methanol and acetone. The final products were dried under vacuum
for one week. The developed hydrogels were denoted as: HPUCHT-1 (formed from PLA-
PEG-1, 80:20), HPUCHT-2 (formed from PLA-PEG-2, 85:15), HPUCHT-3 (formed from
PLA-PEG-3, 88:12), HPUCHT-4 (formed from PCL-PEG-1, 80:20), HPUCHT-5 (formed from
PCL-PEG-2, 84:16) and HPUCHT-3 (formed from PCL-PEG-3, 89:11).

3.5. Swelling and Biodegradation of Hydrogels Studies

The mass swelling ratio (MSR) of hydrogels was determined at 37 ◦C during 80 h of
incubation in PBS. Samples (approximately 0.5 g) in triplicate were submerged in a PBS
solution (10 mL) for a given time, and their weights were taken after removing the excessive
surface water. The mass swelling ratio was calculated using the following formula:

MSR = ((W2 − W1) / W1) × 100%

where:
W1 is the weight of the initial hydrogel;
W2 is the weight of the swollen hydrogel.
In order to evaluate the percentage of degradation, the hydrogel samples were im-

mersed in PBS at 37 ◦C for 4 weeks; most importantly, the medium was replaced with fresh
PBS every one week. At the end of the experiment, the samples were dried in a vacuum for
48 h. The degree of degradation of hydrogels (in triplicate) was determined by the weight
loss (WL) of the samples according to the equation:

WL = [(W1 − W2) / W1] × 100%

where:
WL is the weight loss;
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W1 is the weight of dry sample before degradation;
W2 is the weight of the dry sample after degradation.

3.6. In Vitro Release Studies of GEN from Hydrogels

GEN was loaded to the hydrogel matrices by physical mixing due to the following
procedure. A total of 5.0 % (m/m) of GEN in distilled water/Tween 80 mixture (2% (w/v)
was added to six hydrogel samples (HPUCHT-1, HPUCHT-2, HPUCHT-3, HPUCHT-4,
HPUCHT-5 and HPUCHT-6). The hydrogels were left sealed for 24 h. The mixtures were
dried under vacuum at room temperature to obtain a GEN-loaded hydrogel films. The
in vitro release of GEN from the hydrogels was performed in a PBS buffer (pH 7.4 ± 0.05)
containing 2% (w/v) Tween 80 at 37 ◦C under stirring. Vials containing hydrogel films
were filled with 5.0 mL of PBS buffer (pH 7.4 ± 0.05), sealed and left in 37 ◦C for 2 h. The
solutions were then removed for further testing and replaced by fresh PBS. Subsequent
samples were collected at selected intervals. GEN concentration in the in vitro samples
was also determined by HPLC (detected at the wavelength of 262 nm). The mobile phase
was composed of 70% methanol and 30% water with 0.1% phosphoric acid [62,63]. The
release data points were subjected to zero-order, first-order kinetics and Korsmeyer–Peppas
models, respectively. Calculations were made on the basis of formulas mentioned below:

Zero-order model:
F=kt

First-order model:
logF = log F0 − kt/2.303

Korsmeyer–Peppas model:
F=ktn (F<0.6)

where:
F is the fraction of GEN released up to time (t);
F0 is the initial concentration of GEN;
k is the constant of the mathematical models;
n is the exponent of the Korsmeyer–Peppasmodel [48,49].

3.7. Measurements

The structures of synthesized materials were characterized using 1H and 13C NMR
techniques (Varian 300 MHz, Palo Alto, CA, USA). The spectra were registered in CDCl3.
The 1H spectra were recorded under following conditions: 300 MHz, 1 s repetition time,
2 s acquisition time, 32, 64 or 128 scans. The 13C spectra: 75.4 MHz, 5 s repetition time,
1.4 s acquisition time, 20,000 scans per each spectrum. Percentage molar value of PEG in a
copolymer chain were estimated using the following formulas [64]:

% CL =
IPEG

2

Iε +
IPEG

2

·100%

% LA =
IPEG

4

Iα +
IPEG

4

·100

The FTIR spectra of PLA-PEG and PCL-PEG prepolymers were measured from KBr
pellets (PerkinElmer spectrometer, Great Britain). The average molecular weight and
molecular weight distribution were determined on the LabAllianceGel Permeation Chro-
matograph equipped with Jordi Gel DVB mixed bed (250 × 10 mm) column and refractive
detector, using chloroform as solvent. The flow rate was 1 mL/min. The average molecular
weights were calibrated with polystyrene standards.
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3.8. Genotoxic Test

The umu-test is a bioassay to evaluate the genotoxic potential of environmental
samples and chemical compounds. The test detects the induction of the SOS system to the
strain Salmonella typhimurium TA1535/pSK1002. The SOS system is the bacterial response to
the DNA-damaging agents. The test strain is genetically modified- the umuC gene activity
is linked to the synthesis of β-galactosidase, while other DNA regions responsible for the
synthesis of this enzyme were deleted. Therefore, β-galactosidase activity strictly depends
on the SOS system induction level and the genotoxic activity of the tested sample [65].
Additionally, the bacteria growth (G) is evaluated by a measurement of an optical density
to determine the cytotoxicity of tested samples. The genotoxic potential of the sample
was presented as the Induction Ratio (IR)-the β-galactosidase activity of the tested sample
relative to the negative control. Samples with IR ≥ 1.5 are considered as genotoxic.

In the present study, the umu-test was carried out in the micro-plate variant according
to the ISO guideline, with and without metabolic activation (S9 liver fraction) [66]. Deion-
ized sterile water was used as a negative control, 2-aminoanthracene and 4-nitroquinoline
N-oxide were used as positive controls, and phosphate buffered saline (PBS from Gibco,
Thermo Fisher Scientific, Darmstadt, Germany) as solvent control. All tested samples were
incubated in PBS—100 mg/mL for 24 h, at 37 ◦C, with shaking. Before the assay, all extracts
were sterilized by filtration (0.20 µm). All samples were tested in two-fold dilution series
(four concentrations in three replicates; the highest concentration of 66.6 mg/mL).

3.9. Cell Culture and Preparation of Hydrogel Extracts

Two human skin cell lines were used in the study: HaCaT cells (normal human
keratinocytes; CLS Cell Lines Service, Eppelheim, Germany) and BJ cells (fibroblasts,
ATCC®CRL-2522™; the American Type Culture Collection, Manassas, VA, USA). Both
cell lines were maintained in DMEM medium supplemented with L-glutamine, 4.5 g/L
glucose and sodium pyruvate. In order to achieve optimal results, the culture medium
was supplemented with 10% (v/v) FBS and 1% (v/v) antibiotics (100 U/mL penicillin and
1000 µg/mL streptomycin). Cells were cultured in an incubator at 37 ◦C in a humidified
atmosphere of 95% air and 5% carbon dioxide (CO2). After the cultured cells (HaCaT
and BJ) had reached proper confluence (about 70–80%), the DMEM culture medium was
removed from the culture plate (VWR) and the cells were washed twice with sterile PBS.
Subsequently, the cell layer was trypsinized with trypsin/EDTA, and the cells were then
resuspended in fresh DMEM medium. In the next step, cells were plated in 96-well flat-
bottom plates (separate plates for both cell types) and left for 24 h in the incubator. After
HaCaT and fibroblasts were attached to the bottom of the plates, cells were incubated with
various concentrations of extracts (0.1, 0.5, 1.0, 2.5 and 5.0%) obtained from six different
hydrogels (HPUCHT-1, HPUCHT-2, HPUCHT-3, HPUCHT-4, HPUCHT-5, HPUCHT-6)
loaded with GEN. Extracts were obtained by incubating test hydrogels in DMEM culture
medium for 24 h on a rocker shaker, after whichappropriate dilutions of these extracts
were prepared in DMEM. Before the assay started, all extracts were sterilized by filtration
(0.20 µm). The cells were then treated with the hydrogel extracts for 2 and 24 h in an
incubator. Control samples were cells grown in the DMEM medium without the addition
of hydrogel extracts.

3.10. Cytotoxicity Assays
3.10.1. Neutral Red Uptake Assay

In order to evaluate the cytotoxicity of the tested hydrogels on HaCaT and BJ cells,
the Neutral Red Uptake Assay (Sigma Aldrich, Poznan, Poland) was used. This test
was performed based on the procedure described previously [67]. After 2 and 24 h of
exposure to extracts of the six GEN-loaded hydrogels, cells were incubated for 2 h with a
neutral red dye (40 µg/mL), which was dissolved in serum-free DMEM medium. After
incubation with NR, cells were washed with sterile PBS and 150 µL of decolorizing buffer
(C2H5OH/CH3COOH/H2O, 50%/1%/49%) was added to each well to release cellular dye
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into the PBS solution. After shaking the cells for 15 min the absorbance of the dissolved
dye at λ = 540 nm was determined using a FilterMax F5 Multi-Mode microplate reader
(Thermo Fisher). The mean absorbance of the control cells (untreated with the extracts)
was taken as 100% cell viability and used to calculate the percentage of viable cells in
the experimental samples treated with the test hydrogels. As a part of the study, three
independent experiments were carried out, in which each concentration of extracts was
tested using four replicates.

3.10.2. Alamar Blue Assay

The cytotoxicity assessment of the hydrogels tested on skin cells was also carried out
using the Alamar Blue test. The protocol described by Page et al. [68] has been used for this
purpose. After 2 and 24 h of exposure of HaCaT and BJ cells (on separate 96-well plates)
to individual concentrations of the analyzed hydrogel extracts (0.1 to 5% concentration
range), a resazurin solution (with a final concentration of 60 µM) was added to the well and
incubated for 2 h at 37 ◦C in the dark. The fluorescence of the samples was then measured
at λ = 570 nm using a microplate reader (FilterMax F5, Thermo Fisher). The experiments
were performed in three independent experiments, in which the fluorescence of the cells in
four wells was measured for each extract concentration. The results were expressed as a
percentage of cell viability compared to the control sample (100%), which were cells grown
in DMEM medium without any addition of hydrogel extracts. Additionally, in order to
assess the effect of GEN (not loaded into hydrogel structures) on the tested cells, fibroblasts
and keratinocytes were incubated with GEN in the concentration range of 1–1000 µM for 2
and 24 h and the cytotoxicity assessment was performed.

3.11. Statistical Analysis

Values of different parameters were expressed as the mean ± standard deviation
(SD). Two-way analysis of variance (ANOVA) and Bonferroni posttest between groups
were performed at the level p < 0.05 to evaluate the significant differences between values.
Statistical analyses were performed using GraphPad Prism 8.4.3 (GraphPad Software, Inc.,
San Diego, CA, USA).

4. Conclusions

In the present work, new non-toxic and biodegradable hydrogels for controlled release
of GEN have been obtained and characterized. The developed materials have been obtained
using a three-step method. The poly(ester-ether)s components have been synthesized by
an e-ROP process catalyzed by CALB. In the next steps, hydrogels were obtained by a
prepolymer method using CHT and HDI, in the presence of DBDLSn as a catalyst. The
in vitro release study showed that the release rate of GEN was highly dependent on the
composition of newly developed poly(chitosan-ester-ether-urethane) hydrogels. We also
found that, in some cases, GEN was released with relatively high control, near-zero-order
kinetics. The “burst release” of GEN has not been observed. Importantly, in vitro studies
conducted on the skin cells have shown that the hydrogels do not show a cytotoxic effect
on both fibroblasts and keratinocytes. In addition, the GEN-loaded hydrogels have a
positive effect on the viability and proliferation of these cells. From a broader perspective,
this study suggests that synthesized hydrogels may potentially be used in dermatology
and cosmetology.
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Abstract: Malaria is still one of the most dangerous infectious diseases and the emergence of drug
resistant parasites only worsens the situation. A series of new tetrahydro-β-carbolines were de-
signed, synthesized by the Pictet–Spengler reaction, and characterized. Further, the compounds
were screened for their in vitro antiplasmodial activity against chloroquine-sensitive (D10) and
chloroquine-resistant (W2) strains of Plasmodium falciparum. Moreover, molecular modeling studies
were performed to assess the potential action of the designed molecules and toxicity assays were
conducted on the human microvascular endothelial (HMEC-1) cell line and human red blood cells.
Our studies identified N-(3,3-dimethylbutyl)-1-octyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b] indole-3-
carboxamide (7) (a mixture of diastereomers) as the most promising compound endowed with the
highest antiplasmodial activity, highest selectivity, and lack of cytotoxicity. In silico simulations
carried out for (1S,3R)-7 provided useful insights into its possible interactions with enzymes essential
for parasite metabolism. Further studies are underway to develop the optimal nanosized lipid-based
delivery system for this compound and to determine its precise mechanism of action.

Keywords: tetrahydro-β-carbolines; Plasmodium falciparum (P. falciparum); antimalarial; antiparasitic
agents; cytotoxicity; hemolysis; molecular docking

1. Introduction

Malaria is an infectious disease caused by the protozoan parasite of the genus Plasmod-
ium, with Plasmodium falciparum and Plasmodium vivax being predominantly responsible
for mortality and morbidity. In 2019, the global tally of malaria cases was 229 million, an
annual estimate that has remained virtually unchanged over the last 4 years [1]. Despite the
COVID-19 pandemic, an analysis of malaria prevention showed that the 2020 campaigns
to control and eradicate malaria were realized as planned. Lastly, in October of 2021, the
WHO has recommended Mosquirix, the RTS,S/AS01 malaria vaccine, for the prevention of
P. falciparum malaria in children living in regions with moderate to high transmission [2].
However, disruptions to continued access to effective antimalarial treatment could lead to
considerable loss of life [3].

First-line malaria treatments include several artemisinin-based combination thera-
pies (ACTs), such as artemether-lumefantrine (AL), artesunate-amodiaquine (AS-AQ),
artesunate-sulfadoxine-pyrimethamine (AS+SP), artesunate-mefloquine (AS-MQ), and
dihydroartemisinin-piperaquine (DHA-PPQ). The malaria problem is evolving, dynamic,
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and diverse, mainly due to the intrinsic ability of P. falciparum to acquire resistance against
drugs. P. falciparum has developed resistance to nearly all currently available antimalarial
drugs, such as sulfadoxine/pyrimethamine, mefloquine, halofantrine, and quinine [4]. The
observed decrease in the effectiveness of artemisinin is correlated with mutation in the
P. falciparum Kelch13 gene [5]. In addition, there is resistance against artemisinin partner
drugs, such as mefloquine and piperaquine [6,7]. Thus, there is an urgent need to find
a replacement for artemisinin or novel artemisinin partner-drugs active against known-
resistant strains. Currently, all new molecules are tested against a wide variety of resistant
laboratory strains of P. falciparum, and activity in these assays is a key requirement for
further evaluation.

The 1,2,3,4-tetrahydro-β-carboline (9H-1,2,3,4-tetrahydropyrido(3,4-b)indole, THβC)
core (Figure 1) is a privileged structure found in many antimalarial drug candidates and
represents an important scaffold for the discovery of novel potent antimalarials Among
the THβC, C1−C3 substituted derivatives were reported as having potent antimalarial
activity [8]. Cipargamin (KAE609, NITD609) (Figure 1) is a novel spiroindolone-class drug
for the treatment of malaria. The compound displayed low nanomolar 50% inhibitory
concentration (IC50) values (range 0.5–1.4 nM), with no evidence of diminished potency
against drug-resistant strains. Cipargamin acts on the P-type Na+ ATPase (Pf ATP4) of P.
falciparum, disrupting its Na+ homeostasis. This mechanism is distinct from that of existing
antimalarial drugs. Currently, cipargamin is undergoing a phase 2 clinical trial [9].
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Similarly, compound MMV008138 (Figure 1) exhibits potent antimalarial activity and
inhibits the growth of the P. falciparum Dd2 strain with an IC50 of 250 nM [10]. Gorki
et al. explored the antimalarial activity of a β-carboline derivative, compound 9a (Figure 1),
against P. falciparum. Compound 9a inhibited both the 3D7 and RKL-9 strains of P. falciparum
with an IC50 < 2.86 µM, respectively, was nontoxic to normal dermal fibroblasts, and its
selectivity index was >10 against both strains [11]. Further, Gellis et al. reported on a series
of 1-phenyl-substituted-β-carboline derivatives with significant antimalarial activity (0.7 <
IC50 < 1.7 mM) against the W2 multidrug-resistant strain of P. falciparum [12].

Considering these promising antimalarial activities of various THβC derivatives, we
designed and synthesized a new series of compounds with aromatic and/or aliphatic side
chains in the 1-position and an amide bond in the 3-position of THβC (Figure 2). The
known THβC derivatives active against the drug-resistant P. falciparum contain mostly
bulky aromatic or heteroaromatic substituents (such as piridyl, piperonyl, thiophene, or
di-chlorophenyl moieties) at the C1 position and small methyl esters at the C3 position.
Consequently, we decided to change the physicochemical properties of the substituents at
the C1 and C3 positions, namely, from bulky to small at the C1 position and from small
to bulky at the C3 position. The target compounds in the further biological investigations
that were conducted, were used as undetermined mixtures of enantiomers and as pure
diastereomers or as a mixture of diastereomers.

90



Int. J. Mol. Sci. 2021, 22, 13569

Int. J. Mol. Sci. 2021, 22, x  3 of 16 
 

 

that were conducted, were used as undetermined mixtures of enantiomers and as pure 

diastereomers or as a mixture of diastereomers. 

 

Figure 2. Modification of THβC and general structure of the new compounds (2–14). 

The synthesized compounds were evaluated for in vitro activity against D10 (CQ-

sensitive) and W2 (CQ-resistant) strains of P. falciparum. Subsequently, the cytotoxic ac-

tivity on human microvascular endothelial cells and hemolytic effects on human erythro-

cytes were also investigated, to obtain more information concerning their safety against 

mammalian cells. Moreover, compounds 2–14 were also characterized by their physico-

chemical parameters (Log D). Next, we focused on the probable mechanism of action of 

the most active compound. Thus, molecular modeling studies were performed to assess 
the potential binding modes of one enantiomer of compound 7 (that is (1S,3R)-7) with a 

series of different enzymes essential for parasite metabolism. Phosphoethanolamine me-

thyltransferase (PMT) plays a critical function in parasite development and differentiation 

but is absent in mammals. PMT catalyzes the synthesis of phosphatidylcholine—the major 

phospholipid constituent of the membranes of parasites during the sexual and asexual 

stages of Plasmodium [13]. Lactate dehydrogenase (LDH) is synthesized by parasites in the 

blood-stage of malaria as the terminal enzyme in the glycolytic pathway of Plasmodium 

[14]. Cytosolic malate dehydrogenase (MDH) converts malate to oxaloacetate and, as a 

result, generates NADH or NADPH, two reducing equivalents to the respiratory chain of 

Plasmodium [15]. Falcipain-2 (FP2) and falcipain-3 (FP3) are critical hemoglobinases of P. 

falciparum, which catalyze the degradation of hemoglobin into hemozoin [16]. 

For this, five different enzymes of P. falciparum were selected for docking studies with 

the view of investigating a possible multitargeting mode of action. Such a strategy would 

constitute a promising solution to P. falciparum drug resistance. To our knowledge, this is 

the first study describing the syntheses of this type of tetrahydro-β-carboline series as well 

as their antiplasmodial activities and the in silico approach used to study their probable 

mechanisms of action on this parasite. 

2. Results and Discussion 

2.1. Chemistry 

The synthesis of the designed THβC derivatives (2–14) commenced with the Pictet–

Spengler reaction of racemic tryptophan and an appropriate aldehyde in the presence of 

sulfuric acid (H2SO4) in water (Figure 3) [17]. The resultant 1-substituted-tetrahydro-β-

carboline-3-carboxylic acids (1a–e) were further reacted with diverse amines in the pres-

Figure 2. Modification of THβC and general structure of the new compounds (2–14).

The synthesized compounds were evaluated for in vitro activity against D10 (CQ-
sensitive) and W2 (CQ-resistant) strains of P. falciparum. Subsequently, the cytotoxic activity
on human microvascular endothelial cells and hemolytic effects on human erythrocytes
were also investigated, to obtain more information concerning their safety against mam-
malian cells. Moreover, compounds 2–14 were also characterized by their physicochemical
parameters (Log D). Next, we focused on the probable mechanism of action of the most
active compound. Thus, molecular modeling studies were performed to assess the potential
binding modes of one enantiomer of compound 7 (that is (1S,3R)-7) with a series of differ-
ent enzymes essential for parasite metabolism. Phosphoethanolamine methyltransferase
(PMT) plays a critical function in parasite development and differentiation but is absent in
mammals. PMT catalyzes the synthesis of phosphatidylcholine—the major phospholipid
constituent of the membranes of parasites during the sexual and asexual stages of Plasmod-
ium [13]. Lactate dehydrogenase (LDH) is synthesized by parasites in the blood-stage of
malaria as the terminal enzyme in the glycolytic pathway of Plasmodium [14]. Cytosolic
malate dehydrogenase (MDH) converts malate to oxaloacetate and, as a result, generates
NADH or NADPH, two reducing equivalents to the respiratory chain of Plasmodium [15].
Falcipain-2 (FP2) and falcipain-3 (FP3) are critical hemoglobinases of P. falciparum, which
catalyze the degradation of hemoglobin into hemozoin [16].

For this, five different enzymes of P. falciparum were selected for docking studies with
the view of investigating a possible multitargeting mode of action. Such a strategy would
constitute a promising solution to P. falciparum drug resistance. To our knowledge, this is
the first study describing the syntheses of this type of tetrahydro-β-carboline series as well
as their antiplasmodial activities and the in silico approach used to study their probable
mechanisms of action on this parasite.

2. Results and Discussion
2.1. Chemistry

The synthesis of the designed THβC derivatives (2–14) commenced with the Pictet–
Spengler reaction of racemic tryptophan and an appropriate aldehyde in the presence of
sulfuric acid (H2SO4) in water (Figure 3) [17]. The resultant 1-substituted-tetrahydro-β-
carboline-3-carboxylic acids (1a–e) were further reacted with diverse amines in the presence
of 4-dimethylaminopyridine (DMAP), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), 1-hydroxybenzotriazole (HOBt), and pyridine. The final compounds were purified
by crystallization from hexane or by column chromatography. The structures and purity of
the newly synthesized compounds were characterized by 1H NMR, 13C NMR spectroscopy,
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and UPLC/MS spectrometry. Compounds were isolated as an undetermined mixture of
enantiomers (3RS-2, 1RS,3SR for 8–11 and 14), pure diastereomers (1RS,3RS-13, 1RS,3SR-
13) or as a mixture of diastereomers (1, 3–7, 12) with various diastereoselectivity (ds)
(Sections 3 and 3.1).
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The applied synthetic methods facilitated the synthesis of intermediates (1a–e), and
compounds (2–14), with yields of 15–74% and the purity of the final compounds above
95%.

2.2. Log D Calculation

Compounds 2–14 are partially ionized; thus, the distribution coefficients D (Log D)
were calculated at fixed pH. The chosen pH (7.4, 7.2, and 5.5) represent the physiological
conditions found in the blood, human erythrocyte cytoplasm, and P. falciparum food
vacuoles. The data in Table 1 show that, for Log D at pH 7.4, the compounds fall in the
range 1.73–5.65, and in the range of 1.59–5.53 at pH 7.2, whereas at pH 5.5, the compounds
were in the range of 0.05–3.93. Only compound 3 displayed a gradient of Log D similar to
CQ, however, the values of Log D for compound 3 were almost twice as large as those for
CQ itself.

Table 1. Prediction of Log D for compounds 2–14 and CQ.
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2.3. Antiplasmodial Activities

Next, the screening of antiplasmodial activities in in vitro parasite cultures was per-
formed using standard procedures. For this purpose, we tested the susceptibility of two
strains of P. falciparum differing in resistance to CQ, namely D10 (chloroquine-sensitive) and
W2 (chloroquine-resistant). The inhibitory effect on the growth of these strains, expressed
as IC50 values, is presented in Table 2. The synthesized derivatives have IC50 values in
the range of 4.00 ± 0.53–35.36 ± 4.86 µM. The highest antiplasmodial activity among the
tested series was shown by compound 7, which is also characterized by one of the highest
Log D values in the series of compounds. Moreover, many compounds have a similar
magnitude of inhibitory activity against the two P. falciparum strains, as reported for other
tetrahydro-β-carboline derivatives by Eagon et al. [18]. The important fact is also that,
except for compound 6, the determined values of IC50 are lower for the CQ-resistant strain
in comparison to the CQ-sensitive strain, reflected in their RI (resistance index) values. This
could suggest superior sensitivity of the designed compounds towards the CQ-resistant
parasite strain. The obtained results are very encouraging, especially since malaria control
is threatened by the emergence of drug resistance to the artemisinin derivatives [19]. The
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data also indicate a different relationship between chemical structure and antiplasmodial
activity that is not directly related to Log D values and the types of chemical substituents.

Table 2. The antiplasmodial activity of compounds (2–14) against the D10 (CQ-sensitive) and W2
(CQ-resistant) strains of P. falciparum and relevant RI.

Compound P. falciparum IC50 (µM) RI a

D10 W2

2 21.87 ± 5.82 10.12 ± 2.14 0.46
3 13.17 ± 2.85 9.60 ± 0.78 0.73
4 21.38 ± 4.70 20.10 ± 2.79 0.94
5 33.47 ± 7.58 16.19 ± 4.11 0.48
6 9.73 ± 0.96 11.36 ± 0.82 1.17
7 4.45 ± 0.83 4.00 ± 0.53 0.90
8 10.48 ± 1.53 7.80 ± 1.54 0.74
9 8.41 ± 1.20 6.41 ± 1.05 0.76

10 29.36 ± 7.88 20.54 ± 2.20 0.70
11 35.36 ± 4.86 29.07 ± 4.05 0.82
12 11.45 ± 0.34 6.15 ± 0.46 0.54

1RS,3RS-13 16.05 ± 3.36 13.46 ± 1.99 0.84
1RS,3SR-13 12.53 ± 0.71 9.13 ± 0.83 0.73

14 - b - b -
CQ 0.017 ± 0.006 0.27 ± 0.07 15.88

a RI = IC50 CQ resistant P. falciparum strain/IC50 CQ sensitive P. falciparum strain; b IC50 > 47.40 µM.

2.4. Biocompatibility Studies

Results from the preliminary antiplasmodial activity screening highlighted the ne-
cessity for the evaluation of the safety of these agents to human cells. Hence, we chose
two model cell systems: the human microvascular endothelial (HMEC-1) cell line and
human erythrocytes, to obtain greater insights into their cell toxicity potential. In these
studies, we focused only on derivatives that had exhibited the highest antiplasmodial
activities, namely 3, 6, 7, 8, 9, 12, 1RS,3RS-13, and 1RS,3SR-13. The results concerning
their cytotoxic effects on HMEC-1 cells as well as their calculated selectivity index (SI),
namely the ratio between the IC50 values on the endothelial cells and that on the Plasmodium
strains, are summarized in Table 3. Based on the analysis of the obtained results, it can be
concluded that the determined IC50 values fall within a fairly wide range from 17.95 ± 9.46
to 157.18 ± 42.50 µM, even though they all have their IC50 in the range of low micromolar
concentrations against both strains of Plasmodium. A similar phenomenon has already
been described for methoxy-thiazinoquinones by Imperatore et al. [20]. Interestingly, the
most active compound against the parasite (7) is also safe to HMEC-1 cells and is highly
selective, also exhibiting the highest SI value of the whole compound series.

Table 3. Cytotoxicity of compounds 3, 6, 7, 8, 9, 12, 1RS,3RS-13, 1RS,3SR-13, and CQ on the HMEC-1
cell line and relevant selectivity indexes (SI).

Compound IC50 (µM) SI a

D10 W2

3 157.18 ± 42.50 11.93 16.37
6 21.09 ± 8.82 2.17 1.86
7 72.02 ± 22.40 16.18 18.00
8 17.95 ± 9.46 1.71 2.30
9 18.93 ± 10.16 2.25 2.95
12 102.07 ± 14.83 8.91 16.60

1RS,3RS-13 53.78 ± 21.89 3.35 4.00
1RS,3SR-13 - b - -

CQ >38 c - -
a SI = IC50 HMEC-1/IC50 P. falciparum strain; b IC50 > 122.57 µM; c data from [21].
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We also sought to investigate the hemolytic potential of the synthetized compounds.
For this experiment, we selected three compounds, namely 3, 7, and 12, which exhibited
the highest selectivity. We incubated these compounds at a concentration of 10 µM, with
human erythrocytes, and then, by measuring the released hemoglobin, we assessed their
potential harmful effects on these cells. The measured level of hemolysis was less than 5%
for all agents, which proves that the compounds are not hemolytic. It is worth emphasizing
at this point that this type of test is extremely important to confirm that the observed
inhibitory activity against Plasmodium is a result of a compound acting directly upon it
and not as a result of red blood cell lysis. Taking into account the fact that the tested
concentration of 7 in this test was, respectively, 2.2 and 2.5 times higher than the IC50
determined for the Plasmodium strains, we can conclude that the observed effect on the
parasite is not due to activity on erythrocytes. In conclusion, compound 7 is, therefore,
biocompatible, since no hemolytic effects were detected in the mammalian cells tested.

2.5. Molecular Modeling

Molecular modeling studies were performed to evaluate the possible mechanism of ac-
tion of the one enantiomer of compound 7 namely (1S,3R)-3-[(3,3-dimethylbutyl)carbamoyl]-
1-octyl-1H,2H,3H,4H,9H-pyrido[3,4-b]indol-2-ium (trans); (compound (1S,3R)-7). The Lig-
Prep tool and MarvinSketch software indicated that, at pH 7.4, 73% of compound (1S,3R)-7
molecules exist in the form where the 1,2,3,6-tetrahydropyridine ring has a protonated
amine group, whereas 27% of molecules remain uncharged. Faced with such a clear dispro-
portion, we assumed that the protonated form is responsible for most of the physiological
effect and, consequently, only this form was used in the docking simulations. Compound
(1S,3R)-7 was docked to the following series of enzymes essential for the functioning of P.
falciparum: phosphoethanolamine methyltransferase (PMT), falcipain-2 (FP2), falcipain-3
(FP3), lactate dehydrogenase (LDH), and malate dehydrogenase (MDH). Moreover, com-
pound (1S,3R)-7 formed molecular interactions with the amino acid residues of these
enzymes, as observed in the originally co-crystallized ligands.

In the complex of compound (1S,3R)-7 and PMT that was obtained by IFD simula-
tions (Figure 4A), a π-cation interaction between Tyr27 of PMT and the protonated amine
group of tetrahydropyridine, as well as hydrogen-bonding between the side chain of
Lys247 of PMT and the oxygen in the amide moiety of compound (1S,3R)-7 were observed.
Moreover, both mentioned amino acid residues participated in forming interactions with
phosphocholine in the PMT crystal. In addition, a π–π interaction was observed between
Tyr19 of PMT and the aromatic benzene ring from the β-carboline moiety. This additional
interaction was not observed in the PMT crystal structure.

The obtained complex of compound (1S,3R)-7 and falcipain-2 (Figure 4B) formed
H-bonds between the main chain of Gly83 in PMT and the protonated amine group
of tetrahydropyridine and the oxygen in the amide moiety of compound (1S,3R)-7. A
hydrogen-bond was also observed between the main chain of Asn173 of PMT and the
hydrogen on the amide grouping in compound (1S,3R)-7. All the amino acid residues
discussed previously formed interactions with epoxysuccinate in the FP2 crystal. However,
the H-bond between the side chain of Asp234 and the amine group of the center ring of
β-carboline was not observed in the FP3 crystal structure.

The complex of FP3 (Figure 4C) and compound (1S,3R)-7 formed H-bonds between
the main chain of Asn182 and the protonated amine group of tetrahydropyridine, as well
as with hydrogen from the amide of compound (1S,3R)-7. In addition, a hydrogen bond
between the main chain of Gly92 of FP3 and the amide’s oxygen of compound (1S,3R)-7
was observed. It is noteworthy that all the mentioned amino acid residues participated in
interactions with leupeptin in the FP3 crystal.
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An ionic bond (salt bridge) was observed between the side chain of Asp53 in LDH
and the protonated amine group of tetrahydropyridine of compound (1S,3R)-7, as well as
a hydrogen bond between the side chain of Asp53 and the hydrogen of the amide group
of compounds (1S,3R)-7, and an additional H-bond identified between the main chain of
Gly99 and the oxygen of the amide group of compounds (1S,3R)-7 (Figure 4D). All the
mentioned amino acid residues participated in forming interactions with NADH in the
LDH crystal.

Compound (1S,3R)-7 (Figure 4E) formed a hydrogen bond between the main chain
of MDH’s Gly78 and the protonated amine group of tetrahydropyridine, along with an
H-bond between the main chain of Thr76 and the protonated amine group of tetrahy-
dropyridine and the hydrogen of the amide moiety of compound (1S,3R)-7. A further
H-bond exists between the main chain of Gln11 and the oxygen on the amide moiety of
compound (1S,3R)-7, and an H-bond between the side chain of Asp32 and the amine group
of the center ring of β-carboline of compound (1S,3R)-7. Among the mentioned amino-acid
interactions, only Thr76 was not involved in forming interactions with NAD in the 6R8G
crystal.

Results from IFD revealed that each H-bond donor/acceptor fragment present in com-
pound (1S,3R)-7, such as the amine group of the center ring of β-carboline, the protonated
amine group on tetrahydropyridine, and the oxygen, nitrogen, and hydrogen atoms of the
amide moiety of compound (1S,3R)-7, were involved in forming an interaction with at least
one amino-acid target in the group of enzymes investigated. Moreover, the aliphatic chains
of compound (1S,3R)-7 additionally stabilized the position of the entire molecule within
the enzymes. Observations from in silico simulations highlight that compound (1S,3R)-7
has structural features enabling it to interact with five described molecular targets within
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sites occupied originally by other ligands (products/inhibitors/cofactors). The results are
a good starting point for further in vitro evaluation of compound (1S,3R)-7.

3. Materials and Methods
3.1. General Remarks

Commercially available reagents were purchased from Merck-Sigma-Aldrich (Poznań,
Poland), Acros Organics (Thermo Fisher Scientific, Waltham, MA, USA), or ChemPur
(Piekary Śląskie, Poland) and were used without further purification. Purification of
chemical compounds by column chromatography was carried out using silica gel mesh:
0.063–0.200 µm (Sigma-Aldrich; Poznań, Poland) as a stationary phase. The reactions were
monitored by thin-layer chromatography on aluminum sheets precoated with silica gel 60
F254 (Merck; Darmstadt, Germany). Compounds were visualized with UV light (254 nm).
In addition, chromatograms were stained in a 0.5% solution of ninhydrin in n-propanol or
a solution of 5% (NH4)6Mo7O24 and 0.2% Ce(SO4)2 in 5% H2SO4. The retardation factor Rf
was defined using the following solvent systems: S1 (DCM/methanol/acetic acid, 8:2:0.5
v/v/v), S2 DCM/methanol (95:5, v/v), S3 DCM/EtOAc (9:1, v/v), S4 DCM/MeOH (97.5:2.5
v/v), S5 DCM/EtOAc (14:1 v/v). 1H NMR and 13C NMR spectra were recorded using an
FT-NMR 500 MHz spectrometer (Joel Ltd., Akishima, Tokyo, Japan). The chemical shifts
(δ) are reported in ppm and were calculated concerning the frequency of the deuterium
field stabilization signal. The coupling constant J is reported in Hertz. Signal multiplets
are represented by the following abbreviations: s (singlet), brs (broad singlet), d (doublet),
dd (doublet of doublets), dt (doublet of triplets), t (triplet), q (quintet), m (multiplet).
(Supplementary Table S1). Diastereoselectivity was characterized by ds (major/minor)
according to 1H NMR spectra [22]. UPLC separations were carried out according to the
procedures described elsewhere [23].

Medium and supplements for P. falciparum culture and cell culture (RPMI 1640
Medium, Glutamine, Hepes Buffer, Fetal calf serum) were from EuroClone (Milan, Italy).
AlbuMax and MCDD 131 medium were from Invitrogen (Milan, Italy). Unless stated
otherwise, all reagents were from Sigma Italia (Milan, Italy).

3.2. Synthetic Procedures
3.2.1. General Method for Synthesis of the
1-Substituted-tetrahydro-β-carboline-3-carboxylic Acids (1a–e)

According to the literature, a mixture of 0.5 N H2SO4 (2.5 mL) and H2O (200 mL),
D,L-tryptophan (2.04 g, 10 mmol), and appropriate aldehydes (30 mmol) was stirred at
room temperature overnight and the synthesis products detected by TLC. The precipitate
was filtered and washed well with H2O and dried in a vacuum. The material was used
without further purification for the following steps.

3.2.2. General Method for Synthesis of the 3-Carboxamide Derivatives of
1-Substituted-tetrahydro-β-carboline-3-carboxylic Acids (2–14)

The appropriate 1-substituted-tetrahydro-β-carboline-3-carboxylic acid (1a–e) (1 equiv)
suspensions in dichloromethane (DCM) with EDC (1.3 equiv), DMAP (0.5 equiv), HOBT
(1.3 equiv), pyridine (0.05 equiv), and a relevant amine (1 equiv) were refluxed for 18 h.
When the reactions were completed, the mixtures were extracted with CHCl3/isopropanol
(3:1 v/v; 3 × 10 mL). The combined organic fractions were dried over Na2SO4 and evapo-
rated under vacuum. The crude products were purified by crystallization in hexane or by
column chromatography.

• N-cyclooctyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxamide (2): (3RS)

Compound 2 was prepared using 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acid
(1a) (0.25 mmol, 0.058 g) and EDC (0.325 mmol, 0.062 g), HOBT (0.325 mmol, 0.043 g), DMAP
(0.125 mmol, 0.015 g), pyridine (0.025 mmol, 2 µL) and cyclooctanamine (0.25 mmol, 38 µL)
in 8 mL DCM. The product was purified by column chromatography over silica gel and
obtained as a crystallized oil with a yield of 40% (Rf = 0.29 (S2)). LC/MS: C20H27N3O (98%)

97



Int. J. Mol. Sci. 2021, 22, 13569

m/z: 326.22, found: 326.07. 1H NMR (500 MHz, CDCl3) δ 8.05 (br. s., 1H), 7.49 (d, J = 8.0
Hz, 1H), 7.32–7.28 (m, 1H), 7.19–7.13 (m, 1H), 7.12–7.08 (m, 1H), 7.04 (d, J = 8.0 Hz, 1H),
4.07–3.98 (m, 3H), 3.52 (dd, J = 4.87 Hz, 10.60 Hz, 1H), 3.23 (dd, J = 4. 6 Hz, 15. 5 Hz, 1H),
2.82–2.74 (m, 1H), 1.92–1.81 (m, 2H), 1.69 (d, J = 8.6 Hz, 2H), 1.61–1.51 (m, 8H). 13C NMR
(126 MHz, CDCl3) δ 171.5, 136.1, 132.3, 127.4, 121.8, 119.6, 118.1, 110.9, 108.6, 57.5, 49.1, 43.0,
32.3, 27.3, 25.5, 24.8, 23.8.

• (1-methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-3-yl)(piperidin-1-yl)methanone (3):
(1RS,3SR)-3/(1RS,3RS)-3

Compound 3 was prepared using 1-methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-
carboxylic acid (1b) (0.25 mmol, 0.058 g) and EDC (0.325 mmol, 0.062 g), HOBT (0.325
mmol, 0.043 g), DMAP (0.125 mmol, 0.015 g), pyridine (0.025 mmol, 2 µL) and piperidine
(0.25 mmol, 26 µL) in 8 mL DCM. The product was purified by column chromatography
over silica gel and obtained as a yellowish solid with a yield of 72% (Rf = 0.25 (S2)). LC/MS:
C18H23N3O (95%) m/z: 298.18, found: 298.28. ds: (1RS,3SR)-3/(1RS,3RS)-3 = 70:3. 1H
NMR (500 MHz, CDCl3) δ 8.62–8.54 (m, 1H), 7.42 (d, J = 7.5 Hz, 1H), 7.31 (s, 1H), 7.10 (d,
J = 7.16 Hz, 1H), 7.08–7.03 (m, 1H), 4.30–4.23 (m, 1H), 4.08–4.03 (m, 1H), 3.59 (t, J = 5.3 Hz,
1H), 3.48–3.43 (m, 1H), 2.88–2.77 (m, 2H), 2.15 (s, 3H), 1.69–1.48 (m, 8H) NH proton was not
detected. 13C NMR (126 MHz, CDCl3) δ 171.1, 136.5, 135.9, 126.9, 121.6, 119.4, 117.7, 112.1,
111.0, 107.0, 53.4, 46.5, 42.9, 30.9, 25.4, 24.4, 20.0.

• N-cyclohexyl-1-methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxamide (4):
(1RS,3SR)-4/(1RS,3RS)-4

Compound 4 was prepared using 1-methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-
carboxylic acid (1b) (0.25 mmol, 0.058 g) and EDC (0.325 mmol, 0.062 g), HOBT (0.325 mmol,
0.043 g), DMAP (0.125 mmol, 0.015 g), pyridine (0.025 mmol, 2 µL) and cyclohexanamine
(0.25 mmol, 28 µL) in 8 mL DCM. The product was purified by column chromatography
over silica gel and obtained as a yellowish solid with a yield of 74% (Rf = 0.11 (S2)). LC/MS:
C19H25N3O (96%) m/z: 311.20, found 311.15. ds: (1RS,3SR)-4/(1RS,3RS)-4 = 10:4. 1H
NMR (500 MHz, CDCl3) δ 8.40 (s, 1H), 7.47 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H),
7.18–7.08 (m, 2H), 7.07–6.98 (m, 1H), 4.21–4.10 (m, 1H), 3.89–3.77 (m, 1H), 3.54 (dd, J = 4.6,
11.5 Hz, 1H), 3.28 (ddd, J = 2.0, 4.6, 15.8 Hz, 1H), 2.69 (ddd, J = 2.9 Hz, 11.3 Hz, 15.6 Hz,
1H), 2.01–1.90 (m, 2H), 1.78–1.69 (m, 2H), 1.63 (td, J = 3.6 Hz, 12.9 Hz, 1H), 1.49 (d, J = 6.9
Hz, 3H), 1.45–1.31 (m, 3H), 1.30–1.11 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 172.1, 137.1,
136.2, 127.4, 121.8, 119.6, 118.3, 111.1, 108.4, 58.0, 49.5, 48.0, 33.2, 25.5, 20.4.

• N-(cyclohexylmethyl)-1-methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxamide
(5): (1RS,3SR)-5/(1RS,3RS)-5

Compound 5 was prepared using 1-methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-
carboxylic acid (1b) (0.25 mmol, 0.058 g) and EDC (0.325 mmol, 0.062 g), HOBT (0.325
mmol, 0.043 g), DMAP (0.125 mmol, 0.015 g), pyridine (0.025 mmol, 2 µL) and cyclohexyl-
methanamine (0.25 mmol, 32 µL) in 8 mL DCM. The product was purified by column
chromatography over silica gel and obtained as a yellowish solid with a yield of 72%
(Rf = 0.25 (S2)). LC/MS: C20H27N3O (95%) m/z: 326.22, found 326.05. ds: (1RS,3SR)-
5/(1RS,3RS)-5 = 10:4. 1H NMR (500 MHz, CDCl3) δ 8.05 (s, 1H), 7.49 (d, J = 7.5 Hz, 1H),
7.27 (s, 1H), 7.19–7.17 (m, 1H), 7.17–7.13 (m, 1H), 7.11–7.07 (m, 1H), 4.23–4.17 (m, 1H), 3.59
(dd, J = 4.6 Hz, 11.5 Hz, 1H), 3.33–3.27 (m, 1H), 3.22–3.11 (m, 2H), 2.71 (ddd, J = 2.6 Hz,
11.5 Hz, 15.8 Hz, 1H), 1.74 (dd, J = 3.4 Hz, 13.1 Hz, 5H), 1.51–1.46 (m, 3H), 1.29–1.12 (m,
4H), 1.01–0.91 (m, 2H) NH proton was not detected. 13C NMR (126 MHz, CDCl3) δ 172.9,
170.6, 137.0, 136.1, 127.4, 121.9, 119.1, 110.9, 108.7, 77.0, 58.1, 49.5, 45.5, 38.1, 31.0, 26.0, 20.4.

• N-(Adamantan-1-yl)-1-ethyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxamide
(6): (1RS,3SR)-6/(1RS,3RS)-6

Compound 6 was prepared using 1-ethyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-
carboxylic acid (1c) (0.25 mmol, 0.061 g) and EDC (0.325 mmol, 0.062 g), HOBT (0.325 mmol,
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0.037 g), DMAP (0.125 mmol, 0.015 g), pyridine (0.025 mmol, 2 µL) and adamantan-1-amine
(0.25 mmol, 0.27 g) in 8 mL DCM. The product was purified by column chromatography
over silica gel and obtained as a white solid with a yield of 60% (Rf = 0.38 (S4)). LC/MS:
C24H31N3O (96%) m/z: 378.25, found 378.30. ds: (1RS,3SR)-6/(1RS,3RS)-6 = 11:4.4. 1H
NMR (500 MHz, CDCl3) δ 8.62 (d, J = 1.7 Hz, 1H), 8.52 (s, 1H), 7.48–7.44 (m, 1H), 7.32–7.25
(m, 1H), 7.08–7.03 (m, 1H), 6.89 (s, 1H), 4.04 (d, J = 5.2 Hz, 1H), 3.44 (dd, J = 4.6 Hz, 10.9
Hz, 1H), 3.26 (ddd, J = 1.7 Hz, 4.4 Hz, 15.6 Hz, 1H), 2.67 (ddd, J = 2.3 Hz, 11.2 Hz, 15.8 Hz,
1H), 2.14–2.01 (m, 9H), 1.80 (ddd, J = 4.6 Hz, 7.4 Hz, 14.3 Hz, 1H), 1.74–1.62 (m, 7H), 1.03 (t,
J = 7.2 Hz, 3H) NH indole was not detected. 13C NMR (126 MHz, CDCl3) δ 171.3, 135.0,
128.1, 120.9, 120.0, 119.0, 110.6, 107.1, 70.2, 56.3, 42.0, 36.1, 30.3, 27.2, 25.0, 11.1.

• N-(3,3-dimethylbutyl)-1-octyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]-indole-3-carboxamide (7):
(1RS,3SR)-7/(1RS,3RS)-7

Compound 7 was prepared using 1-octyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]-indole-3-
carboxylic acid (1d) (0.5 mmol, 0.145 g) and EDC (0.65 mmol, 0.124 g), HOBT (0.65 mmol,
0.086 g), DMAP (0.25 mmol, 0.30 g), pyridine (0.025 mmol, 2 µL) and 3,3-dimethylbutan-1-
amine (0.5 mmol, 56 µL) in 8 mL DCM. The product was purified by column chromatogra-
phy over silica gel (DCM/EtOAc = 9:1) and obtained as a dark yellow oil with a yield of
15% (Rf = 0.22 (S3)). LC/MS: C26H41N3O (96%) m/z 412.32, found 412.28. ds: (1RS,3SR)-
7/(1RS,3RS)-7 = 10:4.7. 1H NMR (500 MHz, CDCl3) δ 7.85–7.70 (m, 1H), 7.52 (d, J = 7.7
Hz, 1H), 7.32 (dd, J = 8.0 Hz, 17.8 Hz, 1H), 7.19–7.14 (m, 1H), 7.17–7.08 (m, 1H), 7.05–7.00
(m, 1H), 4.14 (dd, J = 2.0 Hz, 4.9 Hz, 1H), 3.55 (dd, J = 4.3 Hz, 11.2 Hz, 1H), 3.40–3.30 (m,
3H), 2.70 (ddd, J = 2.6 Hz, 11.5 Hz, 15.5 Hz, 1H), 2.02–1.93 (m, 1H), 1.75 (q, J = 7.5 Hz, 1H),
1.67–1.43 (m, 4H), 1.39–1.25 (m, 8H), 1.00–0.95 (m, 9H), 0.90 (t, J = 6.7 Hz, 6H). 13C NMR
(126 MHz, CDCl3) δ 135.9, 127.5, 121.9, 119.7, 118.4, 110.8, 109.5, 57.8, 53.8, 43.4, 35.9, 31.9,
29.5, 22.7, 14.2.

• 1-(4-chlorophenyl)-N-(3,3-dimethylbutyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-
carboxamide (8): (1RS,3SR)

Compound 8 was prepared using 1-(4-chlorophenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-
b]indole-3-carboxylic acid (1e) (0.25 mmol, 0.081 g) and EDC (0.325 mmol, 0.062 g), HOBT
(0.325 mmol, 0.043 g), DMAP (0.125 mmol, 0.015 g), pyridine (0.1 mmol, 8 µL) and 3,3-
dimethylbutan-1-amine (0.25 mmol, 33 µL) in 15 mL DCM. The product was purified by
column chromatography over silica gel and obtained as an off-white solid with a yield of
22% (Rf = 0.11 (S3)). LC/MS: C24H28ClN3O (97%) m/z: 410.20, found: 410.03. 1H NMR
(500 MHz, CDCl3) δ 7.82 (s, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.30–7.24 (m, 4H), 7.18 (dd, J = 1.2
Hz, 8.0 Hz, 1H), 7.16–7.11 (m, 3H), 6.80–6.74 (m, 1H), 5.21 (s, 1H), 3.53–3.47 (m, 1H), 3.29 (s,
1H), 3.27–3.15 (m, 1H), 2.90–2.82 (m, 1H), 1.44–1.37 (m, 2H), 1.25 (d, J = 1.1 Hz, 2H), 0.91 (s,
9H). 13C NMR (126 MHz, CDCl3) δ 172.4, 139.1, 136.3, 134.2, 129.7, 127.1, 122.4, 119.9, 118.6,
110.7, 110.1, 60.5, 58.2, 43.3, 36.0, 29.8, 24.6, 21.0, 14.3.

• 1-(4-chlorophenyl)-N-(2,4,4-trimethylpentan-2-yl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-
b]indole-3-carboxamide (9): (1RS,3SR)

Compound 9 was prepared using 1-(4-chlorophenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-
b]indole-3-carboxylic acid (1e) (0.25 mmol, 0.081 g) and EDC (0.325 mmol, 0.062 g), HOBT
(0.325 mmol, 0.043 g), DMAP (0.125 mmol, 0.015 g), pyridine (0.1mmol, 8 µL) and 7,7-
dimethyloctan-1-amine (0.25 mmol, 38 µL) in 15 mL DCM. The product was purified by
column chromatography over silica gel (DCM/EtOAc = 14:1) and obtained as an off-white
solid with a yield of 50% (Rf = 0.33 (S5)). LC/MS: C26H32ClN3O (96%) m/z: 438.22 found
438.05. 1H NMR (500 MHz, CDCl3) δ 7.58 (s, 1H), 7.55–7.52 (m, 1H), 7.38–7.30 (m, 2H),
7.28–7.21 (m, 3H), 7.18–7.09 (m, 2H), 6.84 (s, 1H), 5.14 (t, J = 2.3 Hz, 1H), 3.58 (dd, J = 4.3
Hz, 11.1 Hz, 1H), 3.38–3.28 (m, 1H), 2.80–2.70 (m, 1H), 1.74 (s, 2H), 1.67–1.60 (m, 1H), 1.43
(s, 6H), 1.00 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 171.4, 139.4, 136.3, 134.0, 129.6, 127.2,
122.3, 119.2, 110.8, 58.2, 52.2, 26.1.
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• 1-(4-chlorophenyl)-N-((tetrahydrofuran-2-yl)methyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-
b]indole-3-carboxamide (10): (1RS,3SR)

Compound 10 was prepared using 1-(4-chlorophenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-
3-carboxylic acid (1e) (2.3 mmol, 0.76 g) and EDC (3.0 mmol, 0.58 g), HOBT (3.0 mmol,
0.4 g), DMAP (1.17 mmol, 0.143 g), pyridine (0.1 mmol, 8 µL) and (tetrahydrofuran-2-
yl)methanamine (2.3 mmol, 0.24 g) in 15 mL DCM. The product was purified by crys-
tallization in hexane and a few drops acetone and obtained as an off-white solid with a
yield of 35% (Rf = 0.09 (S3)). LC/MS: C23H24ClN3O2 (95%) m/z: 410.16, found: 410.10.
1H NMR (500, DMSO-d6) δ ppm: 10.75 (d, J = 3.0 Hz, 1H), 7.97–7.87 (m, 1H), 7.45–7.38 (m,
1H), 7.37–7.28 (m, 2H), 7.25–7.18 (m, 2H), 7.21 (t, J = 7.4 Hz, 1H), 7.01 (t, J = 6.7 Hz, 1H),
6.97–6.90 (m, 1H), 5.18 (br. s, 1H), 3.85–3.50 (m, 3H), 3.38–2.99 (m, 4H), 2.90 (dd, J = 4.6
Hz, J = 15.1 Hz, 1H), 2.77–2.56 (m, 1H), 1.85–1.64 (m, 3H), 1.54–1.29 (m, 1H). 13CNMR (126
MHz, DMSO-d6) δ ppm: 172.7, 142.0, 136.1, 131.6, 130.2, 128.0, 128.0, 126.7, 120.9, 118.4,
117.7, 111.1, 108.1, 108.1, 77.1, 77.0, 67.2, 67.2, 53.2, 42.5, 42.4, 28.5, 28.4, 25.2, 25.2.

• N-((1,4-dioxan-2-yl)methyl)-1-(4-chlorophenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]
indole-3-carboxamide (11): (1RS,3SR)

Compound 11 was prepared using 1-(4-chlorophenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-
3-carboxylic acid (1e) (2.3 mmol, 0.76 g) and EDC (3.0 mmol, 0.58 g), HOBT (3.0 mmol, 0.4 g),
DMAP (1.17 mmol, 0.143 g), pyridine (0.1 mmol, 8 µL) and (1,4-dioxan-2-yl)methanamine
(2.3 mmol, 0.27 g) in 15 mL DCM. The product was purified by crystallization in hexane
and obtained as a white solid with a yield of 15% (Rf = 0.07 (S3)). LC/MS: C23H24ClN3O3

(98%) m/z: 426.15, found 426.04.1H NMR (500, DMSO-d6) δ ppm: 10.72 (s, 1H), 7.99–7.85
(m, 1H), 7.44–7.40 (m, 1H), 7.38–7.33 (m, 2H), 7.26–7.17 (m, 3H), 7.04–6.90 (m, 2H), 5.18
(br.s., 1H), 3.71–3.46 (m, 5H), 3.43–3.35 (m, 2H), 3.19–3.02 (m, 4H), 2.90 (dd, J = 15.5 Hz, 1H),
2.76–2.61 (m, 1H). 13CNMR (126 MHz, DMSO-d6) δ ppm: 172.9, 142.0, 136.1, 134.0, 131.7,
130.2, 128.1, 126.7, 121.0, 118.4, 117.7, 111.1, 108.0, 73.6, 73.6, 68.7, 65.9, 65.9, 65.8, 53.2, 51.7,
25.0.

• 1-(4-chlorophenyl)-N-(3-morpholinopropyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-
3-carboxamide (12): (1RS,3SR)-12/(1RS,3RS)-12

Compound 12 was prepared using 1-(4-chlorophenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-
3-carboxylic acid (1e) (1.2 mmol, 0.39 g) and EDC (1.5 mmol, 0.30 g), HOBT (1.5 mmol,
0.20 g), DMAP (0.6 mmol, 0.07 g), pyridine (0.05 mmol, 4 µL) and (1.2 mmol, 175 µL) in
10 mL DCM. The obtained crude product was purified by column chromatography over
silica gel (DCM/methanol = 95:5) and obtained as pink needlelike crystals with a yield of
45% (Rf = 0.1 (S2)). LC/MS: C25H29ClN4O2 (96%) m/z: 453.20, found 453.04. ds: (1RS,3SR)-
12/(1RS,RS)-12= 10:1.5. 1H NMR (500, CDCl3) δ ppm: 8.00–7.89 (m, 1H), 7.70–7.58 (m, 2H),
7.39–7.34 (m, 3H), 7.30–7.19 (m, 4H), 5.34 (s, 1H), 3.68 (t, J = 4.0 Hz, 4H), 3.56 (dd, J = 10.5
Hz, 1H), 3.50–3.33 (m, 3H), 3.03–2.92 (m, 1H), 2.56–2.44 (m, 6H), 1.76 (quin, J = 6.5 Hz, 2H),
NH proton was not detected. 13CNMR (126 MHz, CDCl3) δ ppm: 172.7, 139.9, 136.2, 133.9,
132.5, 129.9, 129.2, 128.7, 126.9, 122.3, 119.8, 118.5, 110.9, 110.4, 66.7, 66.7, 66.7, 57.3, 54.8,
53.8, 53.6, 52.4, 25.3, 25.0.

• 1-(4-chlorophenyl)-N-cyclohexyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxamide
(13)

Compound 13 was prepared using 1-(4-chlorophenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-
3-carboxylic acid (1e) (0.25 mmol, 0.081 g) and EDC (0.325 mmol, 0.062 g), HOBT (0.325
mmol, 0.043 g), DMAP (0.125 mmol, 0.015 g), pyridine (0.1 mmol, 8 µL) and cyclohex-
anamine (0.25 mmol, 28 µL) in 4 mL DCM. The obtained product (mixture of cis and trans
isomers) was purified and diastoreoisomers were separated by column chromatography
over silica gel (Rf = 0.3 and Rf = 0.29 (S5), overall yield 67%. LC/MS: C24H26ClN3O (96%)
m/z: 408.94, found: 409.01.

• (1RS,3SR)-1-(4-chlorophenyl)-N-cyclohexyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-
3-carboxamide (trans-13)
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1H NMR (500 MHz, CDCl3) δ 7.94 (s, 1H), 7.57 (d, J = 7.4 Hz, 1H), 7.32–7.28 (m, 3H), 7.20
(dt, J = 1.1 Hz, 7.4 Hz, 1H), 7.17–7.13 (m, 3H), 6.75 (d, J = 8.6 Hz, 1H), 5.19 (s, 1H), 3.78–3.70
(m, 1H), 3.52 (dd, J = 4.6 Hz, 9.7 Hz, 1H), 3.28 (dd, J = 4.9 Hz, 15.8 Hz, 1H), 2.88 (ddd, J = 1.7
Hz, 9.9 Hz, 15.9 Hz, 1H), 2.10–1.99 (br.s., 1H), 1.93–1.83 (m, 2H), 1.70 (tdd, J = 4.1 Hz, 8.6
Hz, 16.5 Hz, 2H), 1.62 (td, J = 3.7 Hz, 12.6 Hz, 1H), 1.43–1.30 (m, 2H), 1.25–1.08 (m, 3H) 13C
NMR (126 MHz, CDCl3) δ 171.6, 139.8, 136.2, 133.8, 132.5, 129.9, 128.7, 127.0, 122.3, 119.7,
118.5, 110.9, 110.5, 54.7, 52.3, 47.7, 33.1, 32.9, 25.5, 24.8, 24.7.

• (1SR,3SR)-1-(4-chlorophenyl)-N-cyclohexyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole- 3-
carboxamide (cis-13)

1H NMR (500 MHz, CDCl3) δ 7.58–7.52 (m, 2H), 7.37–7.33 (m, 2H), 7.26–7.24 (m, 2H), 7.23–
7.20 (m, 1H), 7.17–7.09 (m, 2H), 6.74 (d, J = 8.6 Hz, 1H), 5.15 (t, J = 2.3 Hz, 1H), 3.84–3.74 (m,
1H), 3.66 (dd, J = 4.3 Hz, 11.1 Hz, 1H), 3.33 (ddd, J = 1.7 Hz, 4.4 Hz, 15.6 Hz, 1H), 2.82 (ddd,
J = 2.3 Hz, 11.1 Hz, 15.8 Hz, 1H), 1.96–1.85 (m, 2H), 1.75–1.65 (m, 2H), 1.61 (td, J = 3.7 Hz, 13.1
Hz, 1H), 1.41–1.29 (m, 2H), 1.22–1.09 (m, 3H).

• 1-(4-chlorophenyl)-N-(cyclohexylmethyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-
carboxamide (14): (1RS,3SR)

Compound 14 was prepared using 1-(4-chlorophenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-
3-carboxylic acid (1e) (0.25 mmol, 0.081 g) and EDC (0.325 mmol, 0.062 g), HOBT (0.325
mmol, 0.043 g), DMAP (0.125 mmol, 0.015 g), pyridine (0.1 mmol, 8 µL) and cyclohexyl-
methanamine (0.25 mmol, 32 µL) in 8 mL DCM. The product was purified by crystallization
in hexane and a few drops of acetone to give a pale yellow solid with a yield of 25%
(Rf = 0.09 (S3)). LC/MS: C25H28ClN3O (96%) m/z: 422.19 found: 422.10. 1H NMR (500
MHz, CDCl3) δ 7.76 (s, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.30–7.26 (m, 3H), 7.21–7.17 (m, 1H),
7.17–7.12 (m, 3H), 6.91 (t, J = 5.7 Hz, 1H), 5.23 (s, 1H), 3.56 (dd, J = 4.6 Hz, 9.7 Hz, 1H), 3.31
(dd, J = 5.1 Hz, 16.0 Hz, 1H), 3.16–3.09 (m, 1H), 3.02 (td, J = 6.4 Hz, 13.5 Hz, 1H), 2.89 (ddd,
J = 1.4 Hz, 10.0 Hz, 16.0 Hz, 1H), 1.74–1.62 (m, 5H), 1.44 (ttd, J = 3.4 Hz, 7.3 Hz, 14.5 Hz,
1H), 1.29–1.07 (m, 4H), 0.95–0.85 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 172.5, 139.3, 136.3,
134.6, 134.0, 130.0, 129.3, 127.2, 122.3, 119.9, 118.6, 111.1, 110.4, 58.4, 45.5, 38.0, 31.0, 26.5,
25.9.

3.3. PKa and Log D Calculation

The decimal logarithm distribution coefficient (Log D) was calculated using the Mar-
vinSketch software (v. 20.12.0, ChemAxon Ltd., Cambridge, MA, USA).

3.4. P. falciparum Cultures and Drug Susceptibility Assay

Plasmodium falciparum cultures were established according to the method of Trager and
Jensen, with slight modifications [24]. The CQ-susceptible strain, D10, and the CQ-resistant
strain, W2, were maintained in human type A-positive red blood cells at 5% hematocrit in
RPMI 1640 medium with the addition of 1% AlbuMax, 0.01% hypoxanthine, 20 mM Hepes,
and 2 mM glutamine. Cultures were maintained at 37 ◦C in a gas mixture consisting of
1% O2, 5% CO2, and 94% N2. Compounds were dissolved in DMSO and diluted with
medium to achieve the required concentrations (final DMSO concentration <1%, which is
non-toxic to the parasite). Drugs were introduced into 96-well flat-bottomed microplates
and serial dilutions made. Asynchronous cultures with parasitaemia of 1–1.5% and 1% final
hematocrit were aliquoted into the plates and incubated for 72 h at 37 ◦C. Parasite growth
was determined spectrophotometrically (OD650) by measuring the activity of parasite
lactate dehydrogenase (pLDH), according to a modified version of the method of Makler,
in both control and drug-treated cultures [25]. The antimalarial activity is expressed as
50% inhibitory concentrations (IC50); each IC50 value is the mean of at least three separate
experiments performed in duplicate.
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3.5. Cytotoxicity Assay on HMEC-1 Cell Line

The long-term human microvascular endothelial cell line (HMEC-1) was maintained
in MCDB 131 medium supplemented with 10% fetal calf serum, 10 ng/mL of epidermal
growth factor, 1 µg/mL of hydrocortisone, 2 mM glutamine and 20 mM Hepes buffer.
For the cytotoxicity assays, cells were treated with serial dilutions of test compounds
and cell proliferation evaluated using the MTT assay. Plates were incubated for 72 h at
37 ◦C in 5% CO2, then 20 µL of a 5 mg/mL solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) in PBS was added for an additional 3 h at 37 ◦C. The
plates were then centrifuged, the supernatants discarded, and the dark blue formazan
crystals dissolved using 100 µL of lysing buffer consisting of 20% (w/v) of a solution of SDS,
40% of N,N dimethylformamide in H2O, at pH 4.7 adjusted with 80% acetic acid. The plates
were then read on a microplate reader (Synergy 4 Bio-Tek Instruments, Thermo Fisher
Scientific, Waltham, MA, USA) at a test wavelength of 550 nm and a reference wavelength
of 650 nm. All the tests were performed in triplicate at least three times.

3.6. Determination of Hemolytic Activity

The study protocol was approved by the Bioethics Commission at the Lower Silesian
Medical Chamber (1/PNHAB/2018, approval date 14 February 2018), and experiments
were performed as previously described [26]. Compounds dissolved in DMSO were added
in a volume corresponding to a final concentration of 10 µM in the sample. Negative
(erythrocytes in PBS buffer), positive (erythrocytes in distilled water), and DMSO controls
were also prepared.

3.7. Molecular Modeling

Molecular modeling studies were performed to evaluate the possible mechanism of
action of compound (1S,3R)-7. Crystal structures of five enzymes, whose activities are
essential for the functioning of P. falciparum, were taken from the Protein Data Bank. These
enzymes were: phosphoethanoloamine methyltransferase (PMT—code 3UJ9), falcipain-2
(FP2—code 3BPF), falcipain-3 (FP3—code 3BPM), lactate dehydrogenase (LDH—code
1T26), and malate dehydrogenase (MDH—code 6R8G). All simulations were performed us-
ing the Small-Molecule Drug Discovery Suite (Schrödinger, Inc, New York, NY, USA). The
crystal structure of each enzyme was refined using the Protein Preparation Wizard [27]: sys-
tem pH was set at 7.4 ± 0.2, all co-crystallized molecules (water molecules, other solvents
using in the crystallization process), except a ligand (product/inhibitor/cofactor), were
removed, hydrogen atoms were added, and the energy of the whole system was minimized
using an OPLS3e force field. The structure of compound (1S,3R)-7 was optimized using the
LigPrep tool (Schrödinger, Inc, New York, NY, USA). The proper protonation state at pH
7.4 was additionally verified using MarvinSketch software (ChemAxon, chemaxon.com ac-
cessed on 1st of April 2021, Cambridge, MA, USA). Induced-Fit Docking (IFD) was applied
to dock compound (1S,3R)-7 to the selected enzyme crystal structures and its binding mode
within each of the enzymes was evaluated [28]. For each crystal structure, the box centroid
was set on the originally co-crystallized ligand: PMT—phosphocholine (product of the
enzymatic reaction performed by PMT); FP2—epoxysuccinate (inhibitor); FP3—leupeptin
(inhibitor); LDH—1,4-fihydronicotinamide adenine dinucleotide (NADH, cofactor); MDH—
nicotinamide adenine dinucleotide (NAD, cofactor). No constraints were applied during
IFD. Target-ligand complexes, obtained as an IFD output, were analyzed based on the
observed molecular interactions. The observed binding modes of compound (1S,3R)-7
were compared with those captured for the ligands in the original crystal structures.

4. Conclusions

Malaria is still a major life-threatening infectious disease and, unfortunately, drug
resistance to commonly used antimalarial drugs has become a serious problem. In this
context, the search for new effective and selective agents active against this neglected
parasite is obvious. Our studies led to the identification of a promising lead compound
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among a series of tetrahydro-β-carbolines that were designed and tested. Compound 7 has
the highest activity against P. falciparum and is without any toxicity at the tested dose of
10 µM. Moreover, compound (1S,3R)-7 has structural features enabling it to interact with
enzymes essential for the functioning of P. falciparum, but a thorough explanation of its
mechanism of action as well as the optimal delivery system are still required. Interestingly,
the chemical structure of compound (1S,3R)-7 also appears to aid in its stabilization within
the protein crystal co-structures. Our results also provide a basis for further scaffold
optimization, that could lead to the design, synthesis, and identification of additional
compounds with improved antiplasmodial potency.
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Abstract: Background: Ovarian cancer (OC) is one of the most lethal cancers in women. The active
form of vitamin D3, 1,25-dihydroxyvitamin D3 (1,25D3, calcitriol) has anticancer activity in several
cancers, including ovarian cancer, but the required pharmacological doses may cause hypercalcemia.
We hypothesized that newly developed, low calcemic, vitamin D analogs (an1,25Ds) may be used as
anticancer agents instead of calcitriol in ovarian cancer cells. Methods: We used two patient-derived
high-grade serous ovarian cancer (HGSOC) cell lines with low (13781) and high (14433) mRNA
expression levels of the gene encoding 1,25-dihydroxyvitamin D3 24-hydroxylase CYP24A1, one
of the main target genes of calcitriol. We tested the effect of calcitriol and four structurally related
series of an1,25Ds (PRI-1906, PRI-1907, PRI-5201, PRI-5202) on cell number, viability, the expression
of CYP24A1, and the vitamin D receptor (VDR). Results: CYP24A1 mRNA expression increased
in a concentration-dependent manner after treatment with all compounds. In both cell lines, after
4 h, PRI-5202 was the most potent analog (in 13781 cells: EC50 = 2.98 ± 1.10 nmol/L, in 14433 cells:
EC50 = 0.92 ± 0.20 nmol/L), while PRI-1907 was the least active one (in 13781 cells: EC50 = n/d, in
14433 cells: EC50 = n/d). This difference among the analogs disappeared after 5 days of treatment. The
13781 cells were more sensitive to the an1,25Ds compared with 14433 cells. The an1,25Ds increased
nuclear VDR levels and reduced cell viability, but only in the 13781 cell line. Conclusions: The
an1,25Ds had different potencies in the HGSOC cell lines and their efficacy in increasing CYP24A1
expression was cell line- and chemical structure-dependent. Therefore, choosing sensitive cancer cell
lines and further optimization of the analogs’ structure might lead to new treatment options against
ovarian cancer.

Keywords: vitamin D; vitamin D analogs; 25 vitamin D 24-hydroxylase; CYP24A1; proliferation;
high-grade serous ovarian cancer cells

1. Introduction

Ovarian cancer (OC), known as the “silent killer” showing no symptoms at early
stages, is the deadliest gynecologic malignancy. Relapse after initial treatment is frequently
fatal. Preventing relapse of the tumor is the ultimate, yet still unmet goal in treating OC
patients. The standard treatment of OC is cytoreductive surgery and platinum-taxane-
based chemotherapy. The use of platinum-based therapeutics is, however, limited in dosage
and frequency due to their unspecific mode of action and toxic effects on normal cells,
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severely reducing the patients’ quality of life [1]. Very often, a small number of cells in the
primary tumors escape the toxicity of the drugs. These cells will grow into a life-threatening
recurrent disease that finally leads to death [1,2]. Low vitamin D levels were associated
with increased risk for various cancers, suggesting a beneficial effect of supplementation or
treatment with vitamin D, its active metabolites, or synthetic analogs [3,4].

Vitamin D3 is produced in the skin by sunlight from 7-dehydrocholesterol [5]. Cy-
tochrome P450 enzymes activate vitamin D in two steps: 25-hydroxylation in the liver,
followed by 1α-hydroxylation in the kidneys [6]. The most active form of vitamin D3,
1,25-dihydroxyvitamin D3 (calcitriol) binds to the vitamin D receptor (VDR), which acts as
a ligand-activated transcription factor, binding to vitamin D response elements (VDRE) on
target genes [7]. Liganded VDR upregulates the transcription of hundreds of target genes.
The gene encoding 25-hydroxyvitamin D 24-hydroxylase (CYP24A1) is the most strongly
upregulated one [8]. Hydroxylation of calcitriol at C-24, catalyzed by CYP24A1, initiates its
catabolism to the inactive and water-soluble ultimate metabolite, calcitroic acid. CYP24A1
thus provides negative feedback to the activity of calcitriol [9].

The expression of CYP24A1 is usually low in the absence of calcitriol [10]. The gene
contains multiple VDRE sequences and is highly responsive to liganded VDR [8]. CYP24A1
is present in the inner mitochondrial membrane of all calcitriol responsive cells. After
exposure to calcitriol, the expression of CYP24A1 increases, however, the kinetics of the
increase is cell-type specific [11]. Interestingly, several tumors have a high constitutive
expression of CYP24A1, which may lower the local concentration of calcitriol in the cancer
microenvironment [12].

The best-known role of calcitriol is to maintain the calcium-phosphate homeosta-
sis of the organism [13]. It also stimulates other vital processes, such as the differenti-
ation of keratinocytes, the development of immune cells, and the detoxification of the
organism [14,15]. In numerous cancer cells, calcitriol inhibits proliferation and induces
differentiation or apoptosis [4,16]. Different analogs of calcitriol (an1,25Ds; for simplicity,
1,25D includes both 1,25D2 and 1,25D3) were also shown to inhibit proliferation, modulate
the immune response of different cancer cells, and reduce tumor growth and metastasis in
animal models of various cancers [4,17].

Epidemiological data suggest that persons with low serum levels of the circulating
form of vitamin D (25-hydroxyvitamin D, 25D), are at higher risk to develop HGSOC, and
therefore, vitamin D supplementation might prevent ovarian carcinogenesis [18]. However,
the use of calcitriol in therapeutic, supra-physiological doses is limited by its potent cal-
cemic and phosphatemic activities. Over the years, several an1,25Ds were synthesized [19]
with reduced or negligible calcemic and enhanced anticancer activity, as tested in leukemia,
breast, prostate, and colon cancer cells [20–24]. However, an1,25Ds have not been ex-
tensively studied on OC cells, except for a single study of the 1,25D3 analog (EB1089)
several years ago [25]. Thus, although there are some reports on the activity of calcitriol in
commercially available ovarian cancer cells, little is known on the effects of an1,25Ds on
HGSOC cells.

We have previously shown that analogs of 1,25-dihydroxyergocalciferol (1,25-dihydr-
oxyvitamin D2, 1,25D2) induced differentiation of human acute myeloid leukemia
cells [21,26]. As the effect of calcitriol and of different an1,25Ds is very often cell- and
tissue-dependent, in this study we tested if these novel, less calcemic an1,25Ds, known to
be effective in colorectal and breast cancer models, are also effective in ovarian cancer cells.
We compared the effect of a series of structurally related an1,25Ds (PRI-1906, PRI-1907,
PRI-5201, PRI-5202, Figure 1) with that of calcitriol in two patient-derived HGSOC cell
lines, to investigate if any of these analogs affect ovarian cancer cells and thus to evaluate
the possibility of developing an1,25Ds as potential adjuvants for treatment of HGSOC.
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Figure 1. Chemical structures of calcitriol and the tested vitamin D analogs PRI-1906, PRI-1907,
PRI-5201, and PRI-5202. Some carbons and rings are specifically labeled due to their structural
importance (see discussion section).

2. Results

Synthetic an1,25Ds of the most active forms of vitamin D (1,25D3 and 1,25D2) have
been tested against several types of cancer [4], however, very little is known about their
activity in ovarian cancer cells. We have chosen two cell lines (13781 and 14433) from our
previously established patient-derived HGSOC cell line panel [27] and treated them with
either calcitriol, as a widely used reference, or four side chain-modified an1,25Ds (PRI-1906,
PRI-1907, PRI-5201, and PRI-5202). The side-chain structure and especially the C-26, C-27
alkyls, contribute significantly to the binding affinity of the analog for VDR and thus to
its functional activity. They surround the terminal C-25 hydroxyl group and affect the
formation of a hydrogen bond with the amino acid residues His397 and His 397 of the
ligand-binding pocket of the ligand-binding domain (LBD) of VDR [28].

2.1. Basal Expression of CYP24A1

The main known role of CYP24A1 (the 1,25-dihydroxy vitamin D 24-hydroxylase)
enzyme, a mixed-function oxidase cytochrome P450 molecule, is to catabolize both the
active form of vitamin D 1,25D and its precursor 25D, in order to prevent hypercalcemia.

Our previous RNA-seq data analysis [27] had already indicated that the 13781 cells
have a lower basal level of CYP24A1 mRNA than 14433 cells. To validate the RNA-seq data,
we measured the transcript number (Q) of the CYP24A1 gene using quantitative real-time
PCR (RT-qPCR). The results confirmed the data from the RNA-seq analysis. Basal level of
CYP24A1 is around 10 times higher in 14433 cells (Q = 221,477 ± 16,629) than in 13781 cells
(Q = 22,642 ± 5351) (Figure 2).
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Figure 2. Absolute transcript number of CYP24A1 mRNA in the two cell lines 13781 and 14433
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2.2. Effect of Treatment with an1,25Ds on CYP24A1 Expression

As CYP24A1 is one of the best-known targets most strongly affected by activation
of VDR, we have used its expression as a marker for the activity of the an1,25Ds in the
treated cells.

2.2.1. Effect of Short-Term Treatment with an1,25Ds on CYP24A1 Expression

We treated the cells with the an1,25Ds at different concentrations (i.e., 0.1; 0.3; 1; 3;
10; 50; 100 nmol/L) for 4 h and calculated the EC50 (half-maximal effective concentration)
for their effect on CYP24A1 gene induction (Figures 3 and 4). In both cell lines, PRI-5202
was the most active analog with the lowest EC50, and PRI-1907 was the least active one.
The potency of the analogs was around two times higher in the 14433 cell line, which has a
higher CYP24A1 basal expression level than in the 13781 cell line.
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2.2.2. Effect of Long-Term Treatment with an1,25Ds on Gene Expression

To study the long-term effect of the an1,25Ds, the cells were treated with each com-
pound at 100 nmol/L for 4 h, 1, 3, and 5 days. After 5 days of treatment, the effect was
stronger in the 13781 cells (Figure 5a) than in the 14433 cells (Figure 5b). This outcome
probably results from the already high basal levels of CYP24A1 mRNA in the 14433 cells,
where an expression plateau is reached earlier.
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Figure 5. Expression of CYP24A1 in (a) 13781 and (b) 14433 cells after treatment with an1,25Ds at
100 nmol/L at different time points (4 h, 1 day, 3, and 5 days). The diagrams show the percentage
increase compared with the ethanol control. N = 3.

When we compared the effectiveness of the an1,25Ds in the two cell lines, we realized
that the increase in CYP24A1 expression compared to the basal level was always higher in
the 13781 cells, compared with the 14433 cells (Table 1, raw values with SD used to calculate
these ratios are shown in Supplementary Tables S1 and S2). While we see a stronger effect
of PRI-5202 at 1 nmol/L, this difference disappears at a high concentration (100 nmol/L).
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Table 1. Increase in CYP24A1 expression in the 13781 cells relative to the expression increase in the
14433 cells.

13781/14433 1 nmol/L for 4 h 1 100 nmol/L for 4 h 1 100 nmol/L for
5 Days 1

calcitriol 1.54 7.48 24.25
PRI-1906 2.02 8.50 12.58
PRI-1907 0.93 2.50 13.34
PRI-5201 1.79 7.97 12.43
PRI-5202 5.80 8.49 12.71

1 Values are presented as CYP24A1 expression increase from the basal level (% ethanol control) in 13781 cells as a
fraction of the increase in 14433 cells.

We also tested the effect of an1,25Ds on other genes connected with inflammation
and tumorigenesis (Supplementary Figure S1). In the 13781 cells, we observed that at a
concentration of 100 nmol/L, all analogs increased the expression of CXCL1, CXCL2, IL-6,
and IL-8 after 4 h after which the expression levels returned to the levels of the solvent
control, On the other hand, the 14433 cells reacted with initial downregulation of CXCL1
and CXCL2 before returning to baseline levels while IL-6 and IL-8 were not affected by the
treatments at all. These results again demonstrated the differential responsiveness of these
cells to an1,25Ds.

2.3. Effect of Treatment with an1,25Ds on Nuclear VDR Level

To induce gene expression, the an1,25Ds bind to VDR, which is a transcription factor.
In some cells, the ligands of VDR can either upregulate its expression or stabilize the protein.
Therefore, our next step was to study the effect of the an1,25Ds on VDR protein level in
the nucleus. The cells were treated for 5 days with each compound at a concentration
of 100 nmol/L. After the treatment, we stained the cells and analyzed the VDR staining
intensity in the nuclei of the cells using single-cell quantitative immunofluorescence. In
the 13781 cell line, all compounds except PRI-1906 increased the nuclear intensity for
VDR, indicating higher nuclear VDR protein levels (Figure 6a, Supplementary Table S3).
In the 14433 cell line, only PRI-5201 increased nuclear VDR protein levels (Figure 6b,
Supplementary Table S3).
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2.4. Effect of Treatment with an1,25Ds on the Proliferation of Ovarian Cancer Cells

As our previous experiments showed that the compounds affect the vitamin D sys-
tem of the cells, we investigated the effect of the compounds on different markers of
proliferation.

2.4.1. Effect of Treatment with an1,25Ds on Cell Number and Viability

In the 13781 cell line, all tested compounds significantly reduced the cell number
(Figure 7a). In contrast, in the 14433 cell line a statistically significant reduction in the
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number of cells was observed only after treatment with PRI-1907, PRI-5201, and PRI-5202,
but not with calcitriol and PRI-1906 (Figure 7b). In addition to cell number, we measured
cell viability directly. In the 13781 cell line, all tested compounds significantly reduced the
viability of the cells (Figure 7c). In the 14433 cell line, we observed no significant effects
on cell viability (Figure 7d), again highlighting the differences between the individual
cell lines.
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2.4.2. Effect of Treatment with an1,25Ds on Ki67 Expression

As we had observed a decrease in the cell viabilityafter treatment with the an1,25Ds,
we examined how the an1,25Ds affected the expression of the proliferation marker Ki67 in
the treated cells. However, there were no significant differences in the percentage of Ki67-
positive cells, independent of treatment and cell line (Figure 8, Supplementary Table S3 for
values normalized to ethanol control). One explanation for the lack of downregulation could
be that in these cells p53 is mutated [27], which might impair its ability to downregulate
Ki67 [29].
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3. Discussion

Numerous studies have shown that calcitriol had anticancer effects in different models
of cancer [4]. However, a major drawback of its use in therapeutic super-physiological
doses is the potentially lethal calcemic effect. This led to the development of analogs with
lower calcemic effects, but with similar, or stronger anticancer properties [30,31]. In the
present study, we have tested for the first time if single- and/or double-point modified
analogs of the most active form of vitamin D are effective in HGSOC cells. We demonstrated
that our an1,25Ds were able to induce CYP24A1 expression, suggesting that the vitamin
D signaling system is working in these cells. The analogs also increased nuclear VDR
levels and reduced cell number—effects which were time-, structure of the analog- and cell
line-dependent.

This pilot study is the first paper testing the effectiveness of analogs of active vitamin
D in patient-derived high-grade serous ovarian cancer cell lines. Our purpose was to
assess if these analogs are able to induce an effect in these cells, and not to understand
the whole picture of the functional profile of these compounds. For this purpose, we used
two synthetic analogs of vitamin D modified at a single point, PRI-1906 with an extended
and rigidified side chain, and its side-chain C-26-, C-27-homolog, PRI-1907. We have also
used two double point-modified analogs, PRI-5201 and PRI-5202, additionally depleted
of the 19-methylene in their A-ring (see Figure 1) and thus viewed as 19-nor variants of
the former two [32]. We have compared their activity with calcitriol, as we already knew
that the an1,25Ds, except PRI-1907, were less calcemic in mice than calcitriol [33]. In this
study, we proved that the response of HGSOC cell lines depends on the structure of the
respective an1,25Ds sensitive and the most pronounced activity was found for the double
point-modified analogs (modified A-ring and side-chain). Compared to calcitriol, the most
active analog PRI-5202 was a 19-nor compound extended at both C-26 and C-27.

The activity of the compounds was cell-line dependent, a property already observed
earlier in other cell lines [33]. The differences were most pronounced at low concentration
(1 nmol/L), while at high concentration (100 nmol/L), the differences leveled out. PRI-5202
was the most potent analog in inducing CYP24A1 expression in both HGSOC cell lines,
while PRI-1907 was the least potent one. Dual activity of PRI-1907 has been observed
previously in HL60 cells, where this compound had the highest pro-differentiating effect,
while it was least potent in inducing CYP24A1 mRNA expression when compared with PRI-
1906 and calcitriol [34]. This analog, although one of the most active analogs in leukemia
and breast cancer models, had also the highest toxicity in animal models [22]. PRI-5202, the
19-nor version of PRI-1907 (see Figure 1), was much less toxic in animal models and had
the lowest calcemic effect compared with all other an1,25Ds [22,33]. In the tested HGSOC
cells, PRI-5202 was the most active in increasing CYP24A1 expression and reducing cell
number even in the less responsive 14433 cells. Except for PRI-1907, all other an1,25Ds
were more active than calcitriol, when used at 1 nmol/L. This difference has disappeared
when the an1,25Ds were used at 100 nmol/L. The effect of PRI-1906 and PRI-5201 was very
similar at all concentrations and treatment times.

Although there are some reports on the activity of calcitriol in ovarian cancer cells little
is known about the functioning of an1,25Ds in these cells. Previous studies have shown
that calcitriol inhibited the expression of genes involved in proliferation, epithelial–to-
mesenchymal transition, the Wnt pathway. However, most of these studies were performed
in the commercially available cell lines OVCAR3 or SCOV3 [35–37], which are less reliable
models of the most common type of ovarian cancer, the high-grade serous ovarian cancer.
This is why we have used two of our patient-derived cell lines, chosen from a whole panel
of HGSOC cells. The two tested ovarian cancer cell lines responded differently to the
analogs depending on the duration of the treatment, manifesting in differential up- or
downregulation of several target genes.

All an1,25Ds, except PRI-1907, were very potent in inducing CYP24A1 gene expression,
as their EC50-s were in the nanomolar range. The potency of the analogs (measured after
4 h treatment) was 2–3 times higher in the 14433 cells than in the 13781 cells; on the other
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hand, the efficacy of the compounds (increasing CYP24A1 expression from basal level) was
higher in the 13781 line. This difference between the efficacies of the drugs in the two cell
lines increased with the duration of the treatment. We suppose that this difference was due
to the differences in the basal expression level of CYP24A1: in the 14433 cells, with higher
basal levels of CYP24A1, the effect of the analogs is lower, because the already existent
CYP24A1 enzyme degrades the analogs, at least partially. The significant accumulation
of nuclear VDR in the 13781 cells treated with the analogs might be another explanation
for the higher responsiveness of these cells to the treatment with the an1,25Ds. These cells
were also significantly less viable after treatment with the an1,25Ds than the 14433 cells.

In this study, we showed that the single- and double-point modified analogs of 1,25D2
are active in HGSOC cells, and their activity depends on the cell-line and the chemical
structure of the an1,25Ds. Next, we need to explore whether these compounds have anti-
cancer effects in ovarian cancer cells. There is also an urgent need for new an1,25Ds which
would be effective also in cell lines like 14433 and to discover what makes some HGSOCs
responsive to an1,25Ds and others not. Based on these considerations, our results underline
the necessity of testing more patient-derived cell lines, to understand the biological activity
of the an1,25Ds in ovarian cancer. Understanding what makes these cells responsive to
the analogs could help in designing analogs that have even higher anticancer activity and
retain low toxicity.

4. Materials and Methods
4.1. Compounds

Calcitriol and the analogs (PRI-1906, PRI-1907, PRI-5201, PRI-5202) were obtained and
handled as previously described [19,32]. All an1,25Ds were dissolved in ethanol, which
was used as vehicle control at a maximum concentration of 0.1%.

4.2. Cell Culture

The patient-derived high-grade serous ovarian cancer cell lines (13781 and 14433) were
selected from a panel of 34 cell lines [27]. Informed consent was obtained from all patients
with HGSOC included in this study in the Department of Obstetrics and Gynecology,
Medical University of Vienna. The study protocol was approved by the relevant ethics
committees (EK No. 366/2003 and 260/2003). The cells were cultured in DMEM/F-12 (1:1)
+ GlutaMAX containing 10% fetal calf serum (FCS), 100 U/mL Pen-Strep (all Thermo Fisher
Scientific, MA, USA). For the treatments with an1,25Ds, the cells were cultured for 2 days
and then washed with phosphate-buffered saline (PBS) and cultured in the same medium
containing only 2% FCS for the whole duration of the treatment.

4.3. Cell Number & Cell Viability

To measure cell number and viability, the cells were treated with 100 nmol/L of each
compound for 5 days. For cell number, the cells were washed with PBS, detached using
Trypsin-EDTA (Thermo Fisher Scientific) and the number of cells was determined using
an automated cell counter TC10TM (Biorad, CA, USA). Cell viability was measured using
CellTiter-Blue ® Cell Viability Assay (Promega, WI, USA) according to the manufacturer’s
protocol. Fluorescence was measured in black-well plates from the bottom using a Tecan
Infinite M200 PRO (Tecan AG, CH) with the following parameters: excitation 550 nm,
emission 600 nm.

4.4. RT-qPCR
4.4.1. mRNA Expression Analysis

RNA was isolated using EXTRAzol Reagent (Blirt, PL) according to the manufac-
turer’s protocol. cDNA was synthesized using a High Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific). CYP24A1 gene expression was analyzed in a
quantitative polymerase chain reaction (qPCR) using Power SYBR Green PCR Master
Mix (Thermo Fisher Scientific). Primers used for the reactions were GAPDH: fwd: 5′-
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TCCTCTGACTTCAACAGCGAC-3′, rev: 5′-TGCTGTAGCCAAATTCGTTGTC-3′; CYP24A1:
fwd: 5′-CAAACCGTGGAAGGCTATC-3′, rev: 5′-AGTCTTCCCCTTCCAGGATCA-3′;
CXCL1: fwd: 5′-GAAAGCTTGCCTCAATCCTG-3′, rev: 5′-CTTCCTCCTCCCTTCTGGT-3′;
CXCL2: fwd: 5′-GGGCAGAAAGCTTGTCTCAA-3′, rev: 5′-GCTTCCTCCTTCCTTCTGGT-
3′; IL-6: fwd: 5′-AATTCGGTACATCCTCGACGG-3′, rev: 5′-GGTTGTTTTCTGCCAGTGCC-
3′; IL-8: fwd: 5′-GTTGGCAGCCTTCCTGATTT-3′, rev: 5′-TTCTTTAGCACTCCTTGGCAA-
AA-3′. Acquired data were analyzed using the 2−∆∆CT method, [38] using GAPDH as the
housekeeping gene and total human RNA (Takara, JP) as calibrator.

4.4.2. Quantitative Assessment of CYP24A1 Transcript

To measure CYP24A1 transcripts quantitatively, the following primers were used:
fwd: 5′-CTCATGCTAAATACCCAGGTG-3′, rev: 5′-TCGCTGGCAAAACGCGATGGG-3′.
The standard curve obtained using the amplicon of a known quantity, with the sequence
matching the one produced from cDNA using these primers, was obtained in RT-qPCR.
Constitutive expression of CYP24A1 in 14433 and 13781 cells was measured from the cDNA,
and the number of transcripts was read out from the standard curve.

4.5. Immunofluorescence

For immunofluorescence staining, cells were cultured on 8-chamber slides (Thermo
Fisher Scientific). Cells were treated with 100 nmol/L of each compound for 5 days. After
treatment, cells were fixed using 3.6% formaldehyde in PBS for 15 min. The fixed cells were
incubated for 20 min in 0.2% Triton-X in PBS at room temperature (RT) for permeabilization
followed by incubation with 50 mmol/L NH4Cl for 15 min and 30 min in 3% BSA in
PBS at RT for blocking. Cells were incubated with primary VDR (1:200) antibody (Merck
Darmstadt, DE) for 1 h at RT or Ki67 (1:500) (Thermo Fisher Scientific) antibodies for
1 h at RT. An Alexa Fluor 647 conjugated anti-rabbit secondary antibody was used at a
concentration of 1:500 in PBS for VDR staining visualization. Next cells were incubated
with Ki67 (1:500) antibody (Thermo Fisher Scientific) for 1 h at RT. The Ki67 antibody had a
fluorescence marker. Cells were counterstained using DAPI (Thermo Fisher Scientific) and
mounted using Fluoromount G (Southern Biotech, Birmingham, AL, USA). Images of the
stained cells were acquired using TissueFAXS hard- and software (TissueGnostics GmbH,
Vienna, Austria) equipped with a Zeiss AxioImager Z1 using a Zeiss NeoFluar 20×/0.5
objective (Zeiss, Oberkochen, Germany).

4.6. Image Analysis

The acquired images were automatically analyzed using TissueQuest 6.0 software
(TissueGnostics GmbH) using individual cell detection based on nuclear segmentation. A
nuclear mask was used to detect the levels of Ki67 and VDR. Thresholds were set manually
based on visual inspection to discriminate Ki67 positive from Ki67 negative cells and
propagated to all samples. For VDR, mean pixel-intensities for each cell were used to
determine the average grey value (=staining intensity) for each cell.

4.7. Data Analysis

Data analysis was performed using Microsoft Excel (Microsoft, Redmond, WA, USA)
and statistical analysis was performed using GraphPad Prism 7.0 (Graphpad Software, San
Diego, CA, USA). Employed statistical tests are described in the respective figure legends.

Supplementary Materials: All data are available online at https://www.mdpi.com/article/10.3390/
ijms23010172/s1.
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Abstract: Plant polyphenols and vitamins D exhibit chemopreventive and therapeutic anticancer ef-
fects. We first evaluated the biological effects of the plant polyphenol resveratrol (RESV) and vitamin
D active metabolite PRI-2191 on lung cancer cells having different genetic backgrounds. RESV and
PRI-2191 showed divergent responses depending on the genetic profile of cells. Antiproliferative
activity of PRI-2191 was noticeable in EGFRmut cells, while RESV showed the highest antiprolifera-
tive and caspase-3-inducing activity in KRASmut cells. RESV upregulated p53 expression in wtp53
cells, while downregulated it in mutp53 cells with simultaneous upregulation of p21 expression in
both cases. The effect of PRI-2191 on the induction of CYP24A1 expression was enhanced by RESV in
two KRASmut cell lines. The effect of RESV combined with PRI-2191 on cytokine production was
pronounced and modulated. RESV cooperated with PRI-2191 in regulating the expression of IL-8
in EGFRmut cells, while OPN in KRASmut cells and PD-L1 in both cell subtypes. We hypothesize
that the differences in response to RESV and PRI-2191 between EGFRmut and KRASmut cell lines
result from the differences in epigenetic modifications since both cell subtypes are associated with
the divergent smoking history that can induce epigenetic alterations.

Keywords: anticancer activity; lung cancer; resveratrol; PRI-2191; vitamin D

1. Introduction

Accumulating evidence has demonstrated the chemopreventive and therapeutic po-
tential of polyphenolic antioxidants derived from plants in various preclinical models of
human cardiovascular, metabolic, neurodegenerative, and cancer diseases. The chemopre-
ventive and therapeutic effects of these compounds are believed to involve the regulation of
signaling pathways like mitogen-activated protein kinases, p53-MDM2 (MDM—ubiquitin
E3 ligase of the tumor suppressor p53), nuclear factor-kappaB (NFκB). By modulating these
cell signaling pathways, polyphenols activate the cell death signals and induce apoptosis
of precancerous or malignant cells, thereby inhibiting the development or progression
of cancer [1–3]. In addition, the antiangiogenic activity of these compounds was under
investigation. Studies showed that this activity of the plant polyphenols involves the
inhibition of endothelial cell proliferation and migration, prevention of sprout formation,
inhibition of matrix metalloproteinases, and modulation of angiogenic signaling path-
ways [4]. Commonly studied polyphenols, such as curcumin, quercetin, and resveratrol
(RESV; Figure 1), interact with multiple protein targets and thus modulate the signaling
pathways related to various diseases [5].
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Plant-originated substances demonstrated synergism when used in combination with
different anticancer agents. For example, RESV, a natural stilbenoid phenol, which is
produced by plants in response to injury or attack of pathogens, was tested in combination
with other substances, including anticancer drugs. Although there is a lack of randomized
controlled trials analyzing the effect of this substance on humans, RESV sensitized tumor
cells in neuroblastoma, glioma, breast cancer, prostate cancer, pancreatic cancer, and
leukemia to the proapoptotic effects of cytostatics such as doxorubicin, 5-fluorouracil, or
cisplatin [6]. Kubota et al. studied the activity of RESV and paclitaxel, one of the primary
cytostatics used in the treatment of lung cancer. The authors reported the antiproliferative
effect and pro-apoptotic properties of this cytostatic potentiated by RESV in lung A549
cells [7]. Baatout et al. demonstrated high-dose RESV sensitizing chronic myeloid leukemia
or cervical cancer cells to X-rays [8]. Beneficial role of polyphenols in the prevention and
management of lung cancer in vitro have been already described [9,10].

Moreover, 1,25-dihydroxycholecalciferol (1,25(OH)2D3, calcitriol; Figure 1), the most
active hormonal form of vitamin D3, exerts anticancer effects by regulating proliferation,
differentiation, apoptosis, and angiogenesis [11]. The antiproliferative activity of vitamin
D compounds was therefore tested in different cancer models, including leukemia and
lymphoma, breast cancer, prostate cancer, colon cancer, and lung cancer [12–15]. Studies on
animal cancer models have also indicated several vitamin D analogs as potent agents,
especially when used in combination with chemotherapeutics [16–20]. However, not
all types of cancer cells are equally sensitive to the anticancer properties of vitamins D.
Therefore, several studies were performed to understand why cancer cells vary in their
response to vitamins D and what is the mechanism of the resistance of certain cancer cells
to the antiproliferative activity of 1,25(OH)2D3 and other vitamin D compounds [21].

A number of oncogenic driver mutations have been identified in lung cancer with the
EGFR and KRAS mutations as the most prevalent and with significant clinical implications.
Briefly, EGFR mutations are common in never smokers and respond to targeted therapy
with the use of tyrosine kinase inhibitors (erlotinib and gefitinib), while KRAS mutations
are associated with smoking history and are difficult to target. What is more, EGFR and
KRAS mutations are mutually exclusive [22,23]. Additionally, among genetic abnormalities
responsible for tumorigenesis of lung cancer are mutations of tumor suppressor gene
TP53 [22,24,25].

In our previous study, we analyzed the antiproliferative activity of vitamin D3 active
metabolite ((24R)-1,24-dihydroxycholecalciferol ((24R)-1,24(OH)2D3, PRI-2191, tacalcitol;
Figure 1)) alone and in combination with anticancer drugs (tyrosine kinase inhibitors
and cytostatics) in in vivo A549 lung cancer model and showed that PRI-2191 enhanced
anticancer activity of the drugs [18,19]. Following, we evaluated the antiproliferative
activity of PRI-2191 in a panel of lung cancer cell lines and found that the cells having
different genetic backgrounds revealed differential responses to this metabolite. The most
vulnerable to antiproliferative activity of PRI-2191 was EGFR-mutant HCC827 lung cancer
cell line, while KRAS-mutant cell lines were less sensitive. However, despite the effect
of vitamin D compounds on cell proliferation was weak in some cell lines, vitamin D
compounds were transcriptionally active as assessed on increased CYP24A1 expression [14].
Thus, EGFR-mutant lung cancer cells are more sensitive to the anti-proliferative effects
of vitamin D in contrast to KRAS-mutant lung cancer cells. Although no significant
antiproliferative effect of vitamin D was observed in KRAS mutations, induction of CYP24
expression, typical of vitamin D, is observed in these cells. This suggests that VDR is active
in these cells, but does not show antiproliferative activity. Probably VDR is not able to
activate the expression of these genes, which could contribute to the antiproliferative effect.
Therefore, we decided to find out what is the difference in the response of both subtypes of
lung cancer cells to the anti-cancer effects of vitamin D. We assume that, first, some other
genes may also be expressed in KRASmut cells after vitamin D treatment, and second, the
use of vitamin D when combined with another active substance like RESV, will respond
differently to vitamin D, because some additional signaling mechanism or pathway will
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be activated. In the AML model, vitamin D induction of leukemia cell differentiation was
shown to be potentiated by plant polyphenols. So, we decided to investigate the interaction
of the active vitamin D metabolite with RESV as a plant polyphenol. Since these two cell
subtypes responded differently to the vitamin D metabolite used, we were also interested
in whether the response of the cells would be similar or different when RESV worked alone,
and whether any relationship could be observed. Here, we asked the question, whether
lung cancer cell lines of different origin respond similarly to anticancer properties of RESV
and whether any correlation can be found between the mode of RESV action and the lung
cancer cell type. Therefore, in this study, we aimed to analyze the influence of RESV on
cell proliferation inhibition, cell cycle, apoptosis, and expression of some cytokines and
proteins. Additionally, the activity of natural compounds can be modulated when used
in combinations. The study on acute myeloid leukemia (AML) cell lines, representing
different stages of myeloid maturation, showed that the differentiation-inducing activity
of vitamin D analogs can be enhanced by combination with plant polyphenol carnosic
acid [26]. Therefore, we decided to examine the activity of the combination of plant
polyphenol RESV with an active metabolite of vitamin D PRI-2191 in a lung cancer model,
that we previously tested in lung cancer cell lines [14], to see whether the activity of both
compounds influences one another.
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Figure 1. The chemical structure of 1,25(OH)2D3 (calcitriol), (24R)-1,24(OH)2D3 (PRI-2191, tacalcitol),
and resveratrol (RESV).

2. Results
2.1. Antiproliferative Activity of RESV and PRI-2191 in Lung Cancer Cell Lines

First, we determined the antiproliferative activity of RESV and PRI-2191 used alone on
a panel of lung cancer cell lines briefly characterized in Materials and Methods. Cells were
incubated with RESV and PRI-2191 by 72 h, and after that time, antiproliferative activity
was assessed and inhibitory concentration 50 (IC50) was calculated. RESV showed an-
tiproliferative activity against all the lung cancer cell lines tested in the study, but with
differential potency. The highest activity was observed against NCI-H1581 and NCI-H1703
(IC50 15–32 µM) and moderate activity against A549, NCI-H358, NCI-H1299, HCC827, and
A-427 (IC50 40–60 µM), while the weakest activity was observed against Calu-3 cells (IC50
above 200 µM) (Table 1). Treatment with PRI-2191 alone caused proliferation inhibition
by 20.47% and 7.52% of HCC827 cells and by 11.5% and 8.82% in NCI-H1703 cells at the
concentrations of 1000 and 100 nM, respectively. Cell proliferation was stimulated by
10.63% and 12.83% in NCI-H358 cells at the concentrations of 1000 and 100 nM, respectively
(Table 2). However, PRI-2191 added at the concentration of 100 nM did not significantly
improve the cytotoxic activity of RESV. Only in NCI-H1703 cells, a slight increase in the
antiproliferative activity was observed after treatment with RESV in combination with PRI-
2191 compared to that observed with RESV alone. On the contrary, in the case of NCI-H358,
a decrease in the antiproliferative activity was observed when PRI-2191 was used together
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with RESV (Table 1). The dose-response curves of RESV used alone and RESV used in
combination with PRI-2191 are presented in the Supplementary Material (Figure S1).

Table 1. Antiproliferative activity of resveratrol (RESV) alone and in combination with (24R)-1,24-
dihydroxycholecalciferol, (24R)-1,24(OH)2D3 (PRI-2191) on lung cancer cell lines expressed as in-
hibitory concentration 50 (IC50).

RESV RESV + PRI-2191 1

NCI-H1703 21.6 ± 5.9 17.8 ± 3.3
NCI-H1581 31.9 ± 10.1 34.3 ± 11.8
NCI-H358 39.8 ± 1.6 47.4 ± 2.9

A549 43.9 ± 3.2 36.5 ± 7.4
NCI-H1299 52.2 ± 7.0 48.8 ± 8.5

HCC827 60.6 ± 12.0 51.9 ± 13.2
A-427 60.8 ± 25.0 71.6 ± 35.0
Calu-3 231.8 ± 110.3 184.1 ± 64.6

1 PRI-2191 in combination with RESV was used at a concentration of 100 nM. Results are expressed as the mean ±
standard deviation of at least three independent experiments.

Table 2. Proliferation inhibition (%) caused by PRI-2191 on lung cancer cell lines.

PRI-2191

1000 nM 100 nM

A-427 3.37 ± 4.91 2.57 ± 3.36
A549 2.09 ± 1.38 0.55 ± 1.82

Calu-3 0.70 ± 0.99 1.28 ± 0.10
HCC827 20.47 ± 6.88 7.52 ± 4.63

NCI-H1299 0.61 ± 0.44 0.45 ± 0.54
NCI-H1581 3.11 ± 1.50 0.60 ± 0.24
NCI-H1703 11.50 ± 5.74 8.82 ± 1.72
NCI-H358 * 10.63 ± 0.91 * 12.83 ± 2.69

* The numbers indicate proliferation stimulation.

2.2. Cell Cycle Analysis of Lung Cancer Cells Treated with RESV and PRI-2191

Next, we performed cell cycle analysis in lung cancer cells of different genetic back-
grounds treated with RESV to check whether RESV activity is cell cycle dependent and
whether it arrests cells in a given phase of cell cycle depending on the cell type or not.
For this purpose, tested lung cancer cells were treated with RESV at the concentration
of IC25–IC35 averaged to 20 µM. As shown in Figure 2, treatment with RESV resulted in
diverse effects on cell cycle depending on the cell line. For instance, a decrease in the
percentage of cells in the G0/G1 phase was observed for A-427, A549, HCC827, NCI-
H1299, NCI-H1581, and NCI-H358. A simultaneous increase in cell percentage in the
S phase was observed for HCC827 (the highest percentage of cells in S phase for these
cells), A-427, NCI-H1581, and NCI-H358 cell lines (statistically significant), while a si-
multaneous increase in the percentage of cells in the G2/M phase was noticed for A-427,
NCI-H1581, and NCI-H358. However, no changes in the percentage of cells in the G0/G1
phase were observed for NCI-H1703, but a small increase in the cell percentage in the S
phase (not statistically significant) with a simultaneous significant decrease in the G2/M
phase was noticed. Only for Calu-3 cells, RESV treatment resulted in an increase in the
cell percentage in the G0/G1 phase with a concomitant significant decrease in the S and
G2/M phase (Figure 2). The representative histograms of this analysis are presented in the
Supplementary Material (Figure S2). The treatment with RESV alone or in combination
with PRI-2191 caused a significant increase in the percentage of cells with fractional DNA
content (sub-G1 cells) in the case of NCI-H1299, NCI-H1581, NCI-H1703, and NCI-H358
cell lines (for NCI-H1703, only the difference caused by treatment with RESV plus PRI-2191
was statistically significant) (Figure 2 and Figure S3).
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When used alone, PRI-2191 did not influence the cell cycle of lung cancer cell lines.
The exception was the cell line HCC827, for which PRI-2191 treatment resulted in an
increased percentage of cells in the G0/G1 phase of the cell cycle compared to the non-
treated cells (data showed in the Supplementary Material, Figure S3). A small reversal
trend was noted in the effect of RESV with the addition of PRI-2191 in A549 and NCI-H358
cell lines. With the use of RESV alone, the increase observed in the percentage of cells in
the S phase for NCI-H358 and the decrease observed in the G0/G1 phase for A549 were
statistically significant, while the changes observed with the combination of RESV and
PRI-2191 were not significant. In addition, a significant difference in the percentage of cells
in the G0/G1 phase was observed for NCI-H358 cells treated with RESV combined with
PRI-2191 compared to treatment with RESV alone (Figure S3).
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We analyzed also the activity of caspase-3 in lung cancer cells treated with RESV to 
check whether proliferation inhibition of lung cancer cells was a result of caspase-3-de-
pendent cell death and to see if the ability of RESV to induce caspase activity was similar 
or not in tested lung cancer cells. Caspase-3 is a key executioner of caspases, which, in 
addition to caspase-7, is necessary for apoptosis. We used a method based on the enzyme’s 
ability to hydrolyze the synthetic Ac-DEVD-ACC substrate, upon treatment with RESV 
or PRI-2191 or both, which leads to the release of 7-amino-coumarin fluorochrome. Fol-
lowing the treatment, we measured the increase of fluorescence with time. RESV most 
effectively induced caspase-3 activity in NCI-H1703 cells (Vmax = ~1000), while its activity 
was mild in A-427, Calu-3, and NCI-H1581 (Vmax = ~400) and moderate in A549, NCI-
H1299, and NCI-H358 (Vmax = 100–200 in a concentration-dependent manner). The least 
caspase-inducing effect was found in EGFR-mutant HCC827 cells (Vmax = 10–20) (Figure 
3), which suggests that EGFR-mutant lung cancer cells are possibly the least vulnerable to 
caspase induction by RESV. It was also observed that PRI-2191 decreased both the basal 

Figure 2. Flow cytometry cell cycle analysis of lung cancer cells after treatment with resveratrol
(RESV) (20 µM). Data were analyzed using the Flowing Software v2.5.1. * Compared to control
(untreated cells) (p < 0.05, Student’s t-test).

2.3. Induction of Caspase-3 Activity by RESV and PRI-2191

We analyzed also the activity of caspase-3 in lung cancer cells treated with RESV
to check whether proliferation inhibition of lung cancer cells was a result of caspase-3-
dependent cell death and to see if the ability of RESV to induce caspase activity was similar
or not in tested lung cancer cells. Caspase-3 is a key executioner of caspases, which, in
addition to caspase-7, is necessary for apoptosis. We used a method based on the enzyme’s
ability to hydrolyze the synthetic Ac-DEVD-ACC substrate, upon treatment with RESV or
PRI-2191 or both, which leads to the release of 7-amino-coumarin fluorochrome. Following
the treatment, we measured the increase of fluorescence with time. RESV most effectively
induced caspase-3 activity in NCI-H1703 cells (Vmax = ~1000), while its activity was mild in
A-427, Calu-3, and NCI-H1581 (Vmax = ~400) and moderate in A549, NCI-H1299, and NCI-
H358 (Vmax = 100–200 in a concentration-dependent manner). The least caspase-inducing
effect was found in EGFR-mutant HCC827 cells (Vmax = 10–20) (Figure 3), which suggests
that EGFR-mutant lung cancer cells are possibly the least vulnerable to caspase induction
by RESV. It was also observed that PRI-2191 decreased both the basal caspase-3 activity
(significantly in NCI-H1581, NCI-H1703, and NCI-H358) and the RESV-induced caspase-3
activity (significantly in Calu-3 and HCC827 at the indicated concentrations) (Figure S4).

2.4. Changes in p53 and p21 Expression in Lung Cancer Cells after RESV and PRI-2191 Treatment

Even though we did not observe the robust effect of combining RESV and PRI-2191, on
anti-proliferative activity of lung cancer cells, in the following experiments, the impact of
both RESV and PRI-2191, as well as their combination, on the expression of some proteins
was tested. It could not be ruled out that some changes have taken place at the molecular
level. Therefore, we have made an attempt to check this possibility on a few examples.
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tration of 0–75 µM and PRI-2191 at 100 nM. The above chart shows only the results for RESV at
the concentration of 25 µM, while the remaining data (for 0–75 µM and 100 nM of PRI-2191) are
presented in Supplementary material, Figure S4. Cells were lysed and the substrate (Ac-DEVD-ACC)
was added to cell lysates. Fluorescence was measured with time, and kinetics was calculated as
RFU/min. Data were analyzed using Gen5 2.09 software. * compared to A-427, A549, HCC827,
and NCI-H1581, NCI-H1703; **compared to A549, Calu-3, HCC827, NCI-H1299, NCI-H1703, and
NCI-H358; *** compared to all other cell lines; #compared to A-427, NCI-H1581, and NCI-H1703;
## compared to A-427, Calu-3, NCI-H1299, NCI-H1581, and NCI-H1703 (p < 0.05, one-way ANOVA
with Tukey’s post hoc with multiple comparisons).

We analyzed the expression of p53 and p21 proteins, which regulate the cell cycle
progression and apoptosis, using the Western blot analysis. p53 is known also as the
guardian of the genome and is more frequently mutated in human cancers than any other
gene [25]. Here, the results revealed that RESV significantly induced the expression of p53
in A-427 and A549 cells (Figure 4), but only slightly in NCI-H1703 cells (not statistically
significant in the latter) (Figure S6). Furthermore, the combination of PRI-2191 and RESV
significantly augmented the upregulation of p53 in A549 cells compared to that observed
with RESV alone (Figure 4). In Calu-3, the level of p53 was found to be significantly
lowered after RESV treatment, while a decrease was also noted in HCC827, but it was not
statistically significant (Figure 4). The expression of p21, which is regulated by p53, was
upregulated simultaneously with p53 expression in A-427 and A549 cells. In addition, the
level of p21 was found to be also increased in Calu-3 and HCC827 cells after treatment with
RESV, although p53 expression was not upregulated. Similarly, the level of p21 in Calu-3
cells was also significantly upregulated with PRI-2191–RESV combination compared to
that observed with PRI-2191 alone (Figure 4). Furthermore, RESV lowered the level of p21
in NCI-H1581 cells (Figure S6). No significant changes in p53 and p21 expression were
observed for other tested cell lines (Figure S6).

RESV is mainly known to modulate the activity of SIRT1, a NAD+-dependent histone
deacetylase [27,28]. However, SIRT1 is also responsible for the deacetylation of nonhistone
proteins, such as p53 and VDR, and thus impact their activity [29,30]. Therefore, we
estimated the level of SIRT1 expression to analyze whether it could be modulated by RESV
and/or PRI-2191 in lung cancer cells. Western blot revealed the expression of SIRT1 in
all lung cancer cell lines, but the treatment of cells with RESV and/or PRI-2191 did not
significantly influence the level of expression (Figure S5).
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expression of CYP24A1 was significantly upregulated upon PRI-2191 treatment in Calu-
3, HCC827, NCI-H358 cells, and only slightly and not statistically significantly in A-427 
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Figure 4. Western blot analysis of lung cancer cells treated with PRI-2191 (100 nM) and RESV (20 µM).
Effect of PRI-2191 and RESV on (A) p53 and (B) p21 expression in lung cancer cells (all blots and
statistical analysis for other cell lines are presented in Figure S6). Cell lysates were subjected to
SDS-polyacrylamide gel electrophoresis and analyzed by Western blotting. Actin was used as a
normalization control. * Compared to control (untreated cells); ** compared to control and PRI-2191;
*** compared to control, PRI-2191, and RESV (p < 0.05, one-way ANOVA with Tukey’s post hoc with
multiple comparisons).

2.5. Differential Expression of CYP24A1, RXRα, and VDR in Lung Cancer Cells after PRI-2191
and RESV Treatment

Afterwards, we analyzed the expression of the following key proteins that regulate the
activity of vitamin D: VDR, CYP24A1 (24-hydroxylase, the enzyme responsible for vitamin
D deactivation and the strongest known vitamin D-responsive gene), and RXRα (retinoid
X receptor α, which together with VDR forms a heterodimer binding, e.g., to the promoter
sequence of the CYP24A1) [31], to check whether their expression was modulated by RESV
and PRI-2191 in lung cancer cells. Western blot analysis showed that the expression of
CYP24A1 was significantly upregulated upon PRI-2191 treatment in Calu-3, HCC827, NCI-
H358 cells, and only slightly and not statistically significantly in A-427 (also in RESV-treated
cells), A549, and NCI-H1299 cells (Figure 5 and Figure S7). CYP24A1 expression was also
significantly augmented by the PRI-2191–RESV combination in A549, HCC827, and NCI-
H358 cells, compared to control cells and RESV-treated cells, and the expression was also
significantly increased in NCI-H358 cells compared to PRI-2191-treated cells (Figure 5).
The analysis of RXRα expression showed that treatment with RESV, either alone or in
combination with PRI-2191, significantly upregulated the expression of this receptor only
in A-427 (Figure S7), but downregulated the expression in A549, HCC827, NCI-H1703, and
NCI-H358 cells. The expression was also downregulated in Calu-3 cells, but the difference
was significant only when RESV was used with PRI-2191 (Figure 5 and Figure S7). The
analysis of VDR expression showed a significant increase in the level only in NCI-H1299
lung cancer cells after treatment with PRI-2191 and when PRI-2191 was used with RESV
(Figure S7). In addition, VDR expression was slightly upregulated in Calu-3 and HCC827
cells treated with PRI-2191 alone, but the increase was not statistically significant (Figure 5
and Figure S7). However, when PRI-2191 was used in combination with RESV, the level of
VDR in the cells was increased in a statistically significant manner. Furthermore, the use
of RESV also upregulated VDR expression to some extent in A549 cells, but the increase
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was not statistically significant in the replicates (Figure 5). Taken together, although in
some cell lines the RESV treatment caused a decrease in the expression of RXRα, which
cooperates with VDR in gene regulation, it did not influence the ability of PRI-2191 to
induce CYP24A1 expression when both compounds were used together. Moreover, some
improvement was observed in the ability of PRI-2191 to influence CYP24A1 expression
with the addition of RESV.

2.6. Impact of RESV and -2191 on VEGF, PD-L1, IL-8, and OPN Expression

We analyzed the impact of RESV and PRI-2191 on the expression (at mRNA and pro-
tein level) of the following proteins regulating the processes responsible for cancer devel-
opment: (a) vascular endothelial growth factor (VEGF) engaged in angiogenesis; (b) PD-L1
(also known as CD274 or B7-H1) responsible for tumor immune escape; (c) interleukin
8 (IL-8, also known as CXCL8), which is a multifunctional inflammatory chemokine pro-
duced by many cell types; and d) osteopontin (OPN, also known as SPP1), a multifunctional
protein, highly expressed in bone, but also regulates immune cell functions, and whose
expression is stimulated by 1,25(OH)2D3. The following cell lines were used for this analy-
sis: A549 (KRASmut, p53wt), HCC827 (EGFRmut, p53mut), and NCI-H358 (KRASmut,
p53null) in order to compare the activity of RESV and PRI-2191 on cells representing two
main molecular subtype of lung cancer: EGFR mutant and KRAS mutant. Of the three,
HCC827 was the most sensitive to the antiproliferative activity of PRI-2191, while the
proliferation of NCI-H358 was stimulated by PRI-2191. In all three cell lines, CYP24A1
expression was found to be induced when PRI-2191 was used alone or in combination
with RESV. The effect of RESV, PRI-2191, and their combination on the secretion of VEGF,
OPN, and IL-8 by A549, HCC827, and NCI-H358 tumor cells was tested using enzyme-
linked immunosorbent assay (ELISA) in conditioned medium, while the level of PD-L1
was analyzed in cell lysates.

RESV, when used alone or in combination with PRI-2191, caused a significant decrease
in the secretion of VEGF by A549 and NCI-H358 cells. Besides, a significant reduction
in VEGF secretion was noted in NCI-H358 cells after treatment with PRI-2191 alone.
By contrast, RESV did not affect the secretion of VEGF by HCC827 cells (Figure 6). Also,
RESV appear to reveal antiangiogenic activity in KRAS-mutant lung cancer, but not in
EGFR mutant. No significant changes in the expression of VEGF mRNA were observed
between the treatment groups (Figure S9).

Analysis of OPN secretion by lung cancer cells showed that RESV, when used either
alone or in combination with PRI-2191, significantly increased the level of this protein in
conditioned medium of A549 and NCI-H358 cells, while this effect was observed only with
RESV–PRI-2191 combination in HCC827 cells. On the other hand, the addition of PRI-2191
to RESV caused an opposite effect on A549 and NCI-H358 cells; a significantly lower level
of OPN was found in A549 cells compared to those treated with RESV alone, while the
OPN level was significantly higher in NCI-H358 cells (Figure 7). Quantitative polymerase
chain reaction (qPCR) revealed that the expression of OPN was significantly upregulated
in lung cancer cells treated with RESV alone and RESV in combination with PRI-2191, and
also in HCC827 cells treated with PRI-2191 alone (Figure S10). Therefore, we concluded
that KRAS-mutant lung cancer cells were more receptive to modulation of OPN expression
by RESV than EGFR-mutant lung cancer cells.

Treatment with RESV resulted in a significant increase in the level of IL-8 of HCC827
cells compared to control cells, but the combination of PRI-2191 and RESV caused a
significant reduction in the IL-8 level compared to cells treated with RESV alone (Figure 8).
At the mRNA level, a significant increase in IL-8 expression was observed in HCC827
cells when they were treated with RESV alone (Figure S11). In the case of NCI-H358 cells,
an increase in IL-8 level was observed using RESV, either alone or in combination with
PRI-2191, but the difference was statistically significant compared to cells treated with
PRI-2191 alone. A549 cells secreted a small basal amount of IL-8 compared to the other two
cell lines. After treatment with RESV combined with PRI-2191, a slight decrease in IL-8
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level was observed, but the difference was not statistically significant (Figure 8). Therefore,
RESV treatment impacts IL-8 expression only in EGFR-mutant lung cancer cells.
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Figure 5. Western blot analysis of lung cancer cells treated with PRI-2191 (100 nM) and RESV (20 
µM). Effect of PRI-2191 and RESV on (A) CYP24A1, (B) RXRα, and (C) vitamin D receptor (VDR) 
expression in lung cancer cells (all blots and statistical analysis for other cell lines are presented in 
Figure S7). Cell lysates were subjected to SDS-polyacrylamide gel electrophoresis and analyzed by 
Western blotting. Actin was used as a normalization control. * Compared to control (untreated 
cells); ** compared to control and RESV (for RXRα compared to control and PRI-2191); *** com-
pared to control, RESV, and PRI-2191 (p < 0.05, one-way ANOVA with Tukey’s post hoc with mul-
tiple comparisons). 
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duced by many cell types; and d) osteopontin (OPN, also known as SPP1), a multifunc-
tional protein, highly expressed in bone, but also regulates immune cell functions, and 
whose expression is stimulated by 1,25(OH)2D3. The following cell lines were used for this 
analysis: A549 (KRASmut, p53wt), HCC827 (EGFRmut, p53mut), and NCI-H358 (KRAS-
mut, p53null) in order to compare the activity of RESV and PRI-2191 on cells representing 
two main molecular subtype of lung cancer: EGFR mutant and KRAS mutant. Of the three, 
HCC827 was the most sensitive to the antiproliferative activity of PRI-2191, while the pro-
liferation of NCI-H358 was stimulated by PRI-2191. In all three cell lines, CYP24A1 ex-
pression was found to be induced when PRI-2191 was used alone or in combination with 
RESV. The effect of RESV, PRI-2191, and their combination on the secretion of VEGF, 
OPN, and IL-8 by A549, HCC827, and NCI-H358 tumor cells was tested using enzyme-
linked immunosorbent assay (ELISA) in conditioned medium, while the level of PD-L1 
was analyzed in cell lysates. 

RESV, when used alone or in combination with PRI-2191, caused a significant de-
crease in the secretion of VEGF by A549 and NCI-H358 cells. Besides, a significant reduc-
tion in VEGF secretion was noted in NCI-H358 cells after treatment with PRI-2191 alone. 
By contrast, RESV did not affect the secretion of VEGF by HCC827 cells (Figure 6). Also, 
RESV appear to reveal antiangiogenic activity in KRAS-mutant lung cancer, but not in 
EGFR mutant. No significant changes in the expression of VEGF mRNA were observed 
between the treatment groups (Figure S9).  

Figure 5. Western blot analysis of lung cancer cells treated with PRI-2191 (100 nM) and RESV (20 µM).
Effect of PRI-2191 and RESV on (A) CYP24A1, (B) RXRα, and (C) vitamin D receptor (VDR) expression
in lung cancer cells (all blots and statistical analysis for other cell lines are presented in Figure S7). Cell
lysates were subjected to SDS-polyacrylamide gel electrophoresis and analyzed by Western blotting.
Actin was used as a normalization control. * Compared to control (untreated cells); ** compared to
control and RESV (for RXRα compared to control and PRI-2191); *** compared to control, RESV, and
PRI-2191 (p < 0.05, one-way ANOVA with Tukey’s post hoc with multiple comparisons).

Analysis of PD-L1 expression in lung cancer cells showed that PRI-2191 significantly
upregulated the expression of this molecule in HCC827 and NCI-H358 cells, while in A549
cells, an expression was increased only when PRI-2191 was used with RESV. Additionally,
PRI-2191 combined with RESV caused a significant increase in PD-L1 expression in NCI-
H358 cells compared to PRI-2191 used alone. RESV used alone also induced the expression
of PD-L1 in HCC827 cells, but the increase was not statistically significant (Figure 9).
Treatment with PRI-2191 and PRI-2191 in combination with RESV also significantly induced
PD-L1 mRNA expression in HCC827 and NCI-H358 cells, while a significant induction in
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expression was observed for RESV alone or in combination with PRI-2191 in A549 cells
(Figure S12).
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Figure 6. Effect of PRI-2191 and RESV on vascular endothelial growth factor (VEGF) secretion by
lung cancer cells. RESV was used at a concentration of 20 µM and PRI-2191 at 100 nM. Cells were
exposed to tested compounds for 72 h, then washed with PBS, and cultured in a serum-free medium
for the next 24 h. Conditioned medium was collected, and the level of VEGF secreted by lung cancer
cells was measured by ELISA. A549: * compared to control (untreated cells) and PRI-2191; NCI-H358:
* compared to control (p < 0.05, one-way ANOVA with Tukey’s post hoc with multiple comparisons).
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Figure 7. Effect of PRI-2191 and RESV on osteopontin (OPN) secretion by lung cancer cells. RESV was
used at a concentration of 20 µM and PRI-2191 at 100 nM. Cells were exposed to tested compounds
for 72 h, then washed with PBS, and cultured in a serum-free medium for the next 24 h. Conditioned
medium was collected, and the level of OPN secreted by lung cancer cells was measured by ELISA.
* Compared to control; ** compared to control (untreated cells) and PRI-2191; *** compared to control,
PRI-2191, and RESV (p < 0.05, one-way ANOVA with Tukey’s post hoc with multiple comparisons).
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Figure 8. Effect of PRI-2191 and RESV on interleukin (IL-8) (CXCL8) secretion by lung cancer cells.
RESV was used at a concentration of 20 µM and PRI-2191 at 100 nM. Cells were exposed to tested
compounds for 72 h, then washed with PBS, and cultured in a serum-free medium for the next 24 h.
Conditioned medium was collected, and the level of IL-8 secreted by lung cancer cells was measured
by ELISA. * Compared to control (untreated cells) and PRI-2191; ** compared to RESV; # compared to
PRI-2191 (p < 0.05, one-way ANOVA with Tukey’s post hoc with multiple comparisons).
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Figure 9. Effect of PRI-2191 and RESV on programmed death-ligand 1 (PD-L1) expression by lung
cancer cells. RESV was used at a concentration of 20 µM and PRI-2191 at 100 nM. Cells were exposed
to tested compounds for 72 h, then washed with PBS, and cultured in a serum-free medium for the
next 24 h. Cells were collected, and the level of PD-L1 in lung cancer cells was measured by ELISA.
* Compared to control (untreated cells); ** compared to control and RESV; *** compared to control,
PRI-2191, and RESV (p < 0.05, one-way ANOVA with Tukey’s post hoc with multiple comparisons).

Furthermore, the expression of SIRT1, VDR, and RXRα was analyzed at the mRNA
level in all the chosen cell lines (A549, HCC827, and NCI-H358) utilizing qPCR, but no
significant changes were observed after treatment with PRI-2191 and RESV (Figure S8).

3. Discussion

We evaluated the biological activity of RESV against lung cancer cells with different
genetic background. The cell lines were chosen based on key mutations driving lung
cancer: EGFR, KRAS, and additionally TP53 mutation status, in order to evaluate whether
lung cancer cell lines of different origin respond similarly to anticancer properties of RESV
and whether there is any correlation between the mode of RESV action and the lung
cancer cell type. We also first combined the vitamin D active metabolite PRI-2191 with
the plant polyphenol RESV and evaluated their biological effects on these lung cancer
cell lines. This idea came out from the cross-talk between these two nutrients and also
from observations that different plant polyphenols and vitamins D may advantageously
cooperate in anticancer activity [26,32–37].

Initial in vitro antiproliferative activity assay of plant polyphenol RESV against lung
cancer cells showed that RESV revealed the highest antiproliferative activity against NCI-
H1703 cells and the activity was weakest against Calu-3 (the lowest and the highest
IC50, respectively). However, when RESV and PRI-2191 were used in combination, no
improvement in proliferation inhibition was found. On the other hand, in NCI-H358
cells, the addition of PRI-2191 to RESV caused a reduction in the antiproliferative activity
of RESV.

Next, we tested the influence of RESV on cell cycle and the activity of caspase-3, an
indicator of apoptosis and compared achieved results between tested cells. The ability of
RESV to arrest the progression of cell cycle depending on the cancer cell line origin was
reported. For example, the impact of RESV on cell cycle progression varied in prostate
cancer cell lines, depending on their molecular subtype: androgen vs. estrogen receptor-
expressing cells (LNCaP and PC-3, respectively) [38]. A cell-specific mechanism of cell cycle
modulation and apoptosis induction by RESV was also reported in breast cancer cell lines
MCF-7 and MDA-MB-231, which represent two molecular subtypes: estrogen receptor-
positive and triple-negative, respectively [39]. In our study, we found that RESV, when
used alone, promoted the accumulation of cells in the G0/G1 phase and S or G2/M phase
depending on the lung cancer cell lines, with the most significant arrest in G2/M phase for
HCC827 cell line, which is the representative of EGFR-mutant lung cancer. A small reversal
trend was noted in the effect of RESV on cell cycle progression when PRI-2191 was added.
The strongest induction of caspase-3 by RESV was observed in TP53-mutant lung squamous
cell carcinoma NCI-H1703 cells, which may explain that these cells were the most sensitive
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ones to the antiproliferative activity of RESV (the lowest IC50 of RESV). The weakest ability
of RESV to induce caspase-3 was noticed for EGFR-mutant lung adenocarcinoma HCC827
cells. In addition, PRI-2191 did not significantly inhibit the activation of caspase-3 induced
by RESV, and only a decrease of this activity was observed. Taken together, the impact
of RESV on proliferation inhibition, cell cycle progression, and apoptosis induction was
different depending on the target lung cancer cells, but was not significantly or strongly
modulated by the addition of PRI-2191.

RESV and vitamin D are known to regulate signaling molecules including p53 protein,
which contribute to cell cycle arrest as well as programmed cell death and DNA repair.
In our study, we observed that RESV upregulated the expression of p53 in A-427 and
A549 cells (both cell lines carry wtp53). The addition of PRI-2191 to RESV significantly
augmented the upregulation of p53 only in A549 cells, which indicates the cooperative
action of these two compounds in this cell line. On the other hand, a decline in the
level of p53 was observed after RESV treatment in Calu-3 and HCC827 cells, both of
which carry mutant p53 (M237I and V218del, respectively) according to the IARC TP53
Database. Ferraz da Costa et al. showed that RESV decreased the level of p53 mutant
R248Q in HCC70, a highly invasive human breast ductal carcinoma cell line. By contrast,
in MCF-7 cells, carrying wild-type p53, RESV increased the level of the protein [40]. It is
already known that mutant p53 frequently loses its tumor-suppressive effect and gains
new, undesirable oncogenic properties [41]. M237I, a mutant form of p53, has been shown
to form amyloid oligomers in glioblastoma cells, which presented a chemoresistant gain-of-
function phenotype [42]. Therefore, the downregulation of mutant p53 expression by RESV
may be considered beneficial. Furthermore, Yi et al. showed that a 4-h treatment with
the boronic acid chalcone analog of combretastatin A-4, YK-3-237, caused deacetylation
of the mutant M237I-p53 at lysine 382 (K382) by activating the expression of SIRT1 in a
triple-negative breast cancer. Deacetylation resulted in the depletion of the mutant p53
protein while upregulating the expression of the wild-type p53 target genes, such as PUMA
and NOXA, which suggests that deacetylation leads to the reactivation of the wild-type
p53 activity [43]. In this study, after treatment of Calu-3 and HCC827 cells with RESV alone
or in combination with PRI-2191, we observed that p21 expression was reactivated. Willis
et al. showed that mutant p53 exhibited a dominant-negative effect by preventing the
wild-type p53 from inducing p21 expression [44]. Furthermore, by reducing the level of
mutant p53 through treatment with RESV, the diminished induction of p21 was restored in
lung cancer cells carrying mutant p53. On the other hand, it was speculated that acetylation
of p53 at K120, K373, and K382 is crucial for the induction of p21 and the suppression of
Ras-mediated tumorigenesis [45,46]. If we assume that RESV treatment deacetylated wild-
type p53 through SIRT1 induction, then according to the reported data it can be expected
that p53 was inactivated and its transcriptional activation of target genes, such as p21,
was prevented. As shown here, in two RAS-mutant/p53-wild-type cell lines A-427 and
A549 RESV treatment upregulated the expression of wild-type p53 and p21. Brochier et al.
identified that K382 acetylation prevented the association of p53 with the proapoptotic
gene promoter PUMA in mouse cortical neurons, highlighting that the consequence of
p53 acetylation/deacetylation may be context-dependent [47]. Therefore, analyzing the
acetylation status of p53 in lung cancer cells following RESV treatment could explain these
differences in RESV activity on wild-type vs. mutant p53.

It was revealed that RESV and SIRT1 cooperate with vitamin D to enhance VDR
signaling. Sabir et al. showed that SIRT1 and RESV potentiated the vitamin D-stimulated
expression of CYP24A1 in HEK293 embryonic, kidney-derived cells [30]. On the other
hand, we have previously shown that in lung cancer cells that were either sensitive or
resistant to the antiproliferative activity of vitamin D, vitamin D signaling was active
as revealed by the upregulated expression of CYP24A1 after treatment with vitamin D
compounds [14]. In the present study, CYP24A1 expression was significantly upregulated
upon PRI-2191 treatment in Calu-3, HCC827, and NCI-H358 cells, and when PRI-2191 was
combined with RESV, a significant upregulation of expression was also noticed in A-427
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and A549 cells. Further potentiation of CYP24A1 expression by RESV, when used with
PRI-2191, was seen in NCI-H358. Therefore, in those cells, RESV cooperated with PRI-2191
in CYP24A1 expression. It should be noted that vitamin D itself directly influences the
expression levels of VDR, increasing the mRNA level and stability of VDR, thus protecting
against its degradation [48]. In this study, PRI-2191 used alone significantly induced VDR
expression only in NCI-H1299 cells, but when combined with RESV, the receptor expression
was significantly enhanced in Calu-3 and HCC827 cells while it was moderate in A549 cells.
Thus, it may be concluded that depending on the cell line, RESV may influence vitamin
D signaling in lung cancer cells, increasing the activity of vitamin D when combined
with PRI-2191.

The effect of vitamin D is mainly mediated by VDR, which is a member of the steroid
nuclear receptor superfamily. Vitamin D binds and activates VDR that functions as a
transcription factor modulating the transcriptional activity of the vitamin D target genes.
The binding of vitamin D results in conformational changes in VDR, facilitating the recruit-
ment of its co-receptor, RXR. Vitamin D-liganded VDR–RXR heterodimer binds to vitamin
D-responsive elements (VDREs) and regulates the expression of the target genes [49]. RESV
potentiates the actions of 1,25(OH)2D3 by facilitating the heterodimerization of VDR with
RXR, thus causing a cooperative effect on gene transactivation [50]. In our study, we
observed that treatment with RESV resulted in the downregulation of RXRα expression
in four out of eight cell lines and its upregulation in only one cell line. Wassermann et al.
reported similar findings in the acute myeloid leukemia model for carnosic acid and sili-
binin. However, the study showed the opposite effect of silibinin on the prodifferential
activity of vitamin D in myeloblastic HL60 and promonocytic U937 cells, accompanied
by the upregulation of RXRα expression in HL60 cells and downregulation in U937 cells.
This indicated that the modulation of RXRα by plant polyphenols is cell type specific [35].
A study on E12 embryos of diabetic dams showed that RESV modulated the expression
of RXR in diabetic embryopathy and normalized the diabetes-induced suppression of the
receptor level [51]. What is more, as it was showed in this study, although RESV decreased
RXRα expression, it did not affect the ability of the PRI-2191 to induce CYP24A1 expression.

Several studies have examined the dual-anticancer effects of phytochemicals such
as RESV and curcumin, combined with 1,25(OH)2D3. One example is the inhibition of
tumor angiogenesis and augmentation of the antiproliferative and prodifferential activity
of 1,25(OH)2D3. In the triple-negative breast cancer in vivo model, it was shown that
RESV with 1,25(OH)2D3 reduced the vessel diameter of the tumor, and blood vessels of
the combinatorial treatment group showed normal vessel morphology indicating vessel
normalization unlike the groups receiving each agent alone. RESV also significantly
induced endothelial cell death in vitro, which probably might be the reason for the reduced
number of tumor microvessels found in the group receiving RESV and 1,25(OH)2D3 [52].
In the present study, we evaluated the ability of RESV and PRI-2191 to modulate the
expression of VEGF in lung cancer cells. We found that only in both the KRAS-mutant lung
cancer cell lines tested, RESV (alone or in combination with PRI-2191) decreased the level
of secreted VEGF. Similarly, inhibition of VEGF production by RESV was also observed
in human leukemia U937 cells, in stimulated human gingival fibroblasts, in A549 cells
cocultured with adipose-derived mesenchymal stem cells, and c-FLIP-overexpressing H460
lung cancer cells [53–56]. Reinmuth et al. reported that VEGF expression correlated with
EGFR mutational status in clinical specimens obtained from lung cancer patients. It was
also shown that EGFR-mutant lung tumors showed a significantly higher VEGF expression
than EGFR-wild-type tumors [57]. In HCC827, a lung cancer cell line with EGFR mutation,
RESV either alone or in combination with PRI-2191 did not affect the level of VEGF secreted
by the cells. Therefore, it may be concluded that RESV normalizes tumor angiogenesis in
KRAS-mutant lung cancer but not in EGFR-mutant ones.

OPN is a protein that plays a key role in the progression and metastasis of several
tumors, including lung, breast, prostate, or liver [58]. Overexpression of this protein in lung
cancer has been shown to correlate with poor prognosis [59]. OPN promotes the epithelial–
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mesenchymal transition (EMT) in many types of cancer, such as breast or prostate cancer, as
well as non-small cell lung cancer. In the present study, we tested the cooperative activity
of RESV and PRI-2191 on the secretion of OPN, the expression of which is known to be
regulated by 1,25(OH)2D3 [60,61]. We found that RESV increased the secretion of OPN in all
three lung cancer cell lines examined. In particular, a significant increase in OPN secretion
was noted for A549 and NCI-H358 cells, after incubation with RESV. RESV was also shown
to induce OPN expression in mesenchymal bone marrow cells or human periodontal
ligament cells. Furthermore, RESV synergized with 1,25(OH)2D3 in the induction of OPN
expression in bone marrow osteoblast precursors [62,63]. Additionally, it was revealed that
the incubation of periodontal ligament cells with the SIRT1 activator RESV increased the
expression of differentiation markers, namely, alkaline phosphatase, OPN, and osteocalcin.
It was also confirmed using siSIRT1 that SIRT1 stimulated osteoblastic differentiation [63].
Li et al. studied the role of SIRT1 in OPN-induced EMT in lung cancer cells A549 and
NCI-H358 and revealed that the overexpression of SIRT1 attenuated EMT induction by
OPN. While OPN decreased the expression of E-cadherin, upregulated the expression of
N-cadherin and vimentin, and induced cell migration and invasion, SIRT1 overexpression
prevented these effects. Moreover, exogenously added OPN caused the downregulation of
SIRT1 expression in A549 and NCI-H358 cells [64]. Therefore, despite the induction of OPN
expression by RESV, it could be expected that by activating SIRT1, RESV may counteract
the protumorigenic effects of OPN. The opposite effects were noticed with the addition of
PRI-2191 to RESV on OPN expression in A549 and NCI-H358 cells. PRI-2191 counteracted
the induction of OPN expression in A549 cells but augmented the induction in NCI-H358
cells. The promoter region of the OPN gene contains a VDRE [60], and it is known that
1,25(OH)2D3 strongly induces OPN expression [62,65]. These together may explain the
increase in OPN secretion by the addition of PRI-2191 to RESV in NCI-H358 cells. An
interesting observation, however, is the lower level of OPN after treatment with RESV in
combination with PRI-2191 observed in A549 cells, but the explanation of the mechanism
responsible for it requires additional research.

RESV is also known for its anti-inflammatory properties since it inhibits the NFκB
pathway. The activation of this pathway is required for the expression of many proteins in-
volved in the inflammatory response, such as granulocyte-macrophage colony-stimulating
factor, cyclooxygenase 2, inducible nitric oxide synthase, and IL-8 [66]. In the present
study, we noticed a strong induction of IL-8 expression by RESV in the HCC827 cell line.
Similar observations were made by Tino et al. in their study on the effect of RESV on
VEGF and IL-8 expression in ovarian cancer cells [67]. Pastore et al. also showed that
keratinocytes exposed to RESV displayed increased IL-8 expression. In addition, they
noticed that RESV caused continuous activation of the EGFR signaling pathway. Therefore,
the authors concluded that RESV induces delayed IL-8 expression through continuous
activation of the EGFR-ERK pathway [68]. HCC827 cells tested in this study have an
EGFR-activating mutation, which explains why these cells secreted the highest level of IL-8
compared to the other tested cell lines. In turn, Fan et al. showed that RESV inhibited EGFR
phosphorylation only in gefitinib-resistant lung cancer cells (NCI-H1975), but not in the
cells with wild-type EGFR (A549, NCI-H358). The authors suggested that the RESV analog
studied exhibited selectivity in affecting the EGFR pathway depending on whether EGFR
is mutated or wild-type [69]. These data suggest that RESV may have a divergent effect on
the EGFR pathway and either activate or inhibit it. However, this leads to the questions:
What mechanism is responsible for the increase of IL-8 level observed in HCC827 cells
after incubation with RESV? Did RESV in these cells alone inhibit the EGFR pathway or
enhance its activation, and consequently cause the increase of IL-8 level? To clarify these,
some additional studies assessing the activity of the EGFR pathway in the RESV-treated
cells are required. Pastore et al. also observed a decrease in IL-8 levels with the use of
the EGFR inhibitor PD168393 [69]. In the present study, after using RESV together with
PRI-2191, HCC827 cells showed less IL-8 compared to the cells incubated with RESV alone.
It is known that 1,25(OH)2D3 inhibits the EGFR signaling pathway in cancer cells, and
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perhaps, PRI-2191 could contribute to a decrease in IL-8 levels by inhibiting this pathway
in HCC827 cells [70–72].

The discovery of mechanisms behind the cancer-immune escape has revolutionized the
research on new approaches of anticancer treatments, while the use of immune checkpoint
inhibitors has brought new hopes for successful treatment of various cancers. One such
immune checkpoint is the PD-1 (programmed death-1) pathway involving the receptor
PD-1 (CD279) and ligands PD-L1 (programmed death ligand-1; also known as B7 homolog
1 (B7-H1) or CD274) and PD-L2 (B7-DC or CD273). The binding of PD-L1 to the inhibitory
checkpoint molecule PD-1, found on activated T cells, B cells, and myeloid cells, results
in anergy and apoptosis of T cells and thus helps the tumor cells to evade the antitumor
immunity [73]. It is known that PD-L1 is highly expressed in cancer cells of different
origins, including lung cancer cells [74]. Therefore, we analyzed the impact of PRI-2191
in combination with RESV on PD-L1 expression in lung cancer cells. As presented here,
PRI-2191 caused significant upregulation of the PD-L1 expression in HCC827 and NCI-
H358 cells, while a significant increase in PD-L1 expression was seen in A549 cells only
when PRI-2191 was used together with RESV. Moreover, PRI-2191 in combination with
RESV significantly increased PD-L1 expression compared to PRI-2191 alone in NCI-H358
cells. Dimitrov et al. showed that vitamin D acts as a direct inducer of the PD-L1 and
PD-L2 expression in epithelial and myeloid cells (PD-L2 expression only in myeloid cells).
They also characterized VDREs present in both genes and showed that pretreatment of
epithelial cells with vitamin D inhibited the activation of CD4+ and CD8+ T cells. Based
on these findings, the authors concluded that vitamin D may represent a double-edged
sword in controlling the inflammatory immune response [75]. In Crohn’s disease patients,
vitamin D treatment also increased PD-1 expression in CD4+CD25+int T cells and reduced
T cell activation. On the other hand, in vitro treatment with vitamin D reduced PD-1
expression, thus indicating that the response of T cells to vitamin D stimulation may
differ depending on the environmental conditions [76]. In turn, an increase in PD-L1
expression was observed followed by RESV treatment in breast and colorectal cancer cell
lines. The authors suggested that the increase of PD-L1 expression caused by priming with
or coexposure to stilbenoids, such as RESV, may sensitize the cancer cells to anti-PD-L1
therapy; however, this approach seems controversial [77]. On the other hand, Verdura et al.
recently published very interesting results concerning the immunomodulatory properties
of RESV. They showed that RESV disrupted N-glycan branching and promoted PD-L1
dimerization, thereby impeding the correct localization of PD-L1 to the plasma membrane
and preventing the surface interaction of PD-L1 with PD-1, and as a consequence, the
compound increased the susceptibility of cancer cells to T cell-mediated cell death [78]. In a
study on ovarian carcinoma, RESV was shown to stimulate immunogenic cell death and
cause an increase in the number of mature dendritic cells and cytotoxic T cells, while the
combinatorial treatment with PD-1 antibody and RESV markedly inhibited tumor growth
in vivo [79]. In the present study, we analyzed the level of PD-L1 expression in the total cell
lysates of RESV- and PRI-2191-treated lung cancer cells. Therefore, the question is whether,
despite the enhanced upregulation of PD-L1 in the tested lung cancer cells, PD-L1 was
retained in the cytoplasmic compartments and not found on the plasma membrane.

4. Materials and Methods
4.1. Cell Lines and Culturing Conditions

The following cell lines (mutation status of the main genes is indicated in brackets,
according to: https://cancer.sanger.ac.uk/cell_lines, accessed on 28 May 2020) were used
in this study: A-427 (wtEGFR, mutKRAS, wtp53), A549 (wtEGFR, mutKRAS, wtp53),
Calu-3 (wtEGFR, wtKRAS, mutp53), HCC827 (mutEGFR, wtKRAS, mutp53,), NCI-H1299
(wtEGFR, mutNRAS, nullp53), NCI-H1581 (wtEGFR, wtKRAS, mutp53), NCI-H1703
(wtEGFR, wtKRAS, mutp53), and NCI-H358 (wtEGFR, mutKRAS, nullp53).

A549 cell line was obtained from the European Collection of Authenticated Cell
Cultures (Salisbury, UK); A-427, Calu-3, HCC827, NCI-H1581, NCI-H1703, and NCI-H358
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cell lines were purchased from the American Type Culture Collection (Manassas, VA, USA);
and NCI-H1299 cell line was provided by Professor Zdzisław Krawczyk from Cancer Center
and Institute of Oncology (Gliwice, Poland). A-427 cells were cultured in Eagle’s medium
(PChO IIET PAS, Wroclaw, Poland), supplemented with 10% fetal bovine serum (FBS), 2
mM L-glutamine, 1% amino acid, and 1 mM sodium pyruvate (Sigma-Aldrich, Steinheim,
Germany). A549 cells were cultured in Ham’s F-12K (Kaighn’s) Medium (Life Technologies
Limited, Paisley, UK), supplemented with 10% FBS (GE Healthcare, Logan, UT, USA).
Calu-3 cells were cultured in Dulbecco’s Modified Eagle’s Medium (Life Technologies
Limited, Paisley, UK), supplemented with 10% FBS (GE Healthcare, Logan, UT, USA) and 2
mM L-glutamine (Sigma-Aldrich, Steinheim, Germany). HCC827, NCI-H1299, NCI-H1703,
and NCI-H358 cells were cultured in RPMI 1640 + GlutaMAX-I medium (Life Technologies
Limited, Paisley, UK), supplemented with 10% FBS (GE Healthcare, Logan, UT, USA). All
culture media contained 0.1 mg/mL streptomycin (Sigma-Aldrich, Steinheim, Germany)
and 100 U/mL penicillin (Polfa Tarchomin, Warsaw, Poland). Cells were cultured in the
AutoFlow Water Jacket Laboratory CO2 incubator (NU–5510 E; NuAire, Plymouth, MN,
USA) at +37 ◦C, in a humidified atmosphere saturated with 5% CO2.

4.2. Compounds

The vitamin D metabolite (24R)-1,24-dihydroxycholecalciferol, (24R)-1,24(OH)2D3,
coded as PRI-2191, was synthesized in the Department of Chemistry at the Pharmaceutical
Research Institute (PRI) in Warsaw, Poland. Samples of PRI-2191, dried down at PRI from
methanol solutions under argon in amber vials, were dissolved in 99.8% ethanol (POCH,
Gliwice, Poland) and stored at −20 ◦C for further analysis. RESV was purchased from
Selleck Chemicals (Houston, TX, USA).

4.3. Antiproliferative Activity

To determine the antiproliferative activity, the lung cancer cell lines were seeded onto
96-well plates at different densities as follows: 0.5 × 103 cells per well for A549 and NCI-
H1299 cell lines and 2.5× 103 cells per well for the remaining cell lines. After 24 h, PRI-2191
was added to the wells at concentrations of 1000, 100, 10, and 1 nM, and RESV was added
at concentrations of 625, 125, 25, and 1 µM for 72 h either alone or in combination with PRI-
2191 at a concentration of 100 nM. The antiproliferative activity of the tested compounds
was evaluated using the sulforhodamine B (SRB) assay, as described previously [14]. The
experiment was repeated at least three times independently. Proliferation inhibition and
inhibitory concentration (IC50) in each repeat were analyzed using Cheburator 0.4, Dmitry
Nevozhay software [80].

4.4. Cell Cycle Analysis

For analyzing the progression of the cell cycle, the lung cancer cells were seeded in
six-well plates (Corning Inc., Corning, NY, USA) in the culture medium. After incubating
the plates for 24 h, the test compounds were added alone and in combination and the cells
were exposed to these compounds for 72 h. RESV was used at the concentration of IC25–
IC35 averaged to 20 µM, and PRI-2191 at 100 nM. Then, the cells were collected, washed
in phosphate-buffered saline (PBS) (PChO, IIET PAS, Wroclaw, Poland), and fixed in 70%
ethanol (POCH, Gliwice, Poland) at −20 ◦C for at least 24 h. Later, the cells were washed
in PBS and incubated at +37 ◦C for 1 h with RNase (Thermo Fisher Scientific, Waltham,
MA, USA). Subsequently, they were incubated with propidium iodide for 30 min (Sigma-
Aldrich, Steinheim, Germany) and analyzed using the BD LSR Fortessa flow cytometer
with FACS Diva Software (Becton-Dickinson, San Jose, CA, USA) and then using Flowing
Software v2.5.1 (University of Turku, Finland). The experiment was done in triplicate.

4.5. Caspase-3 Activity

The activity of caspase-3 was analyzed based on its ability to hydrolyze the synthetic
substrate Ac-DEVD-ACC, leading to the release of 7-amino-coumarin fluorochrome. The
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analysis was carried out by measuring the fluorescence intensity with time. Briefly, the
lung cancer cell lines were seeded in 24-well plates, and 24 h later, the test compounds
were added to the cells, either alone or in different combinations. RESV was used at a
concentration of 0–75 µM and PRI-2191 at 100 nM. After incubating the cells for 72 h,
caspase-3 activity was measured as described in [19].

4.6. Western Blot

For Western blot analysis, the human lung cancer cells treated with PRI-2191 (100 nM)
and RESV (100 µM for Calu-3, 20 µM for the remaining cells) for 72 h were collected
and lysed in RIPA buffer supplemented with cocktails of protease and phosphatase in-
hibitors (Sigma-Aldrich, Steinheim, Germany). Protein concentration was determined
using the DC Protein Assay (Bio-Rad Laboratories Inc., Hercules, CA, USA). For this pur-
pose, equal amounts of protein in Laemmli sample buffer were first separated in sodium
dodecyl sulfate (SDS)-polyacrylamide gels (Bio-Rad Laboratories Inc., Hercules, CA, USA)
and transferred to polyvinylidene difluoride membranes (GE Healthcare Europe GmbH,
Freiburg, Germany). The membranes were then blocked in 5% nonfat dried milk in Tris-
buffered saline (PChO, IIET PAS, Wroclaw, Poland) for 1 h at room temperature. Next,
the membranes were incubated overnight at +4 ◦C with the following primary antibodies
in 0.1% PBS-Tween 20 (Tween 20 from Sigma-Aldrich (Steinheim, Germany)): anti-p21,
SIRT1 (Cell Signaling Technology, Beverly, MA, USA), anti-CYP24A1, p53, RXRα, VDR,
and β-actin (loading control) (Santa Cruz Biotechnology Inc., Dallas, TX, USA). Then,
the membranes were incubated with secondary antibodies conjugated with horseradish
peroxidase (Santa Cruz Biotechnology Inc., Dallas, TX, USA). Finally, the results were
visualized by applying the chemiluminescence method using the ChemiDoc MP Imaging
System (Bio-Rad Laboratories Inc., Hercules, CA, USA). The analyses were repeated in
triplicates. Densitometric analysis of the Western blots was performed using ImageJ 1.48v
software (National Institutes of Health, Bethesda, MA, USA).

4.7. qPCR Analysis

For qPCR, the lung cancer cells were first seeded in Petri dishes, and after 24 h, they
were exposed to PRI-2191 and RESV, either alone or in combination. After 72 h, the cells
were collected from the Petri dishes with TRI Reagent (Sigma-Aldrich, Steinheim, Germany)
and kept at−80 ◦C until further analysis. After thawing, RNA was isolated from all the cell
samples using phenol-chloroform extraction [19]. Then, 2 µg RNA of each cell sample was
cleaned from genomic DNA using DNase (Thermo Scientific, Vilnius, Lithuania), following
which cDNA was synthesized using GoScript kit (Promega, Madison, WI, USA). Four most
stable endogenous control genes were chosen from 16 endogenous control candidates by
a screening analysis using TaqMan Array Human Endogenous Control Panel array (Life
Technologies, Carlsbad, CA, USA). The expression of the chosen genes was analyzed using
real-time PCR using TaqMan probes and Master Mix (Life Technologies, Carlsbad, CA,
USA) in Viia 7 with Viia 7 Software v 1.1. The following TaqMan probes were used for
the study: 18SrRNA (Hs99999901_s1), GAPDH (cat. 4352665), HPRT1 (Hs99999909_m1),
RPLP0 (Hs99999902_m1), CD274 (Hs01125301_m1), CXCL8 (Hs00174103_m1), RXRA
(Hs01067640_m1), SIRT1 (Hs01009006_m1), SPP1 (Hs00959010_m1), VDR (Hs01045840_m1),
and VEGFA (Hs00900055_m1). The ∆∆CT method was used for determining the relative
changes in gene expression. The results were analyzed using Expression Suite Software
v1.0.3 (Life Technologies, Carlsbad, CA, USA), and the level of gene expression was nor-
malized to the most stable endogenous control.

4.8. ELISA Analysis

The secretion of cytokines IL-8, OPN, and VEGF by the lung cancer cell lines treated
with PRI-2191 and RESV in conditioned medium was analyzed using ELISA (R&D Systems,
Minneapolis, MN, USA). In addition, B7-H1 expression in the tested lung cancer cell lysates
was also analyzed using ELISA (R&D Systems, Minneapolis, MN, USA). First, cells were
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seeded onto culture dishes, and after 24 h, they were exposed to RESV and PRI-2191. After
72 h, the culture media were discarded and the cells were washed with saline, followed
by the addition of serum-free and phenol red-free culture medium supplemented with
2 mM L-glutamine (Sigma-Aldrich, Steinheim, Germany) to each well. After incubating
the cells for 24 h, the conditioned media were collected and frozen, and the cell number
was counted. The concentration of the given growth factors was measured by ELISA,
following the manufacturer’s instructions. Then, the level of cytokines in each sample was
normalized to the cell number. For ELISA analysis of PD-L1, the lung cancer cell lysates
obtained as described in 4.6 were used. The level of PD-L1 in each sample was normalized
to the total protein concentration.

4.9. Statistical Analysis

Statistical analysis and graph preparation was done using GraphPad Prism 7 (Graph-
Pad Software, Inc., San Diego, CA, USA). Where applicable, one-way ANOVA, and un-
paired t-test were applied. A p-value < 0.05 was considered statistically significant.

5. Conclusions

We found that RESV and/or vitamin D derivative may exert a divergent effect on the
progression of the cell cycle, the activity of caspase-3, and the expression of several proteins,
including p53, VEGF, IL-8, OPN, and PD-L1, depending on the type and genetic profile
of cells. RESV augmented VDR expression in a few lung cancer cell lines, which suggests
that this compound may influence the vitamin D signaling in lung cancer cells, leading
to an increase in vitamin D activity when used in the combination regimens. In addition,
when PRI-2191 was combined with RESV, significant upregulation of CYP24A1 expression
was noticed in some lung cancer cells, confirming the ability of RESV to modulate the
action of vitamin D in these cells. Furthermore, opposite effects were observed on OPN
expression in two KRAS-mutant lung cancer cell lines when PRI-2191 was added to RESV.
PRI-2191 counteracted the induction of OPN expression in A549 cells but augmented the
induction in NCI-H358 cells. On the other hand, only the EGFR-mutant HCC827 cells
produced less IL-8 after exposure to RESV together with PRI-2191, compared to the cells
incubated with RESV alone. Moreover, PRI-2191 caused significant upregulation of PD-L1
expression in HCC827 and NCI-H358 cells, while a significant increase in PD-L1 expression
was seen in A549 cells only when PRI-2191 was used together with RESV. Additionally,
PRI-2191 in combination with RESV caused an increase in the level of PD-L1 expression
in NCI-H358 cells, compared to PRI-2191 alone. Thus, the study showed that although
the impact of vitamin D on cell proliferation or cell cycle was not very significant, it was
more pronounced at the molecular level, through the modulation of the expression of
several proteins engaged in the regulation of angiogenesis, immune response, and other
functions, varied depending on the genetic background of the cancer cells when vitamin
D was combined with RESV. We speculate that the differences in response to RESV and
PRI-2191 between EGFRmut and KRASmut cell lines may result from the differences in
epigenetic modifications since both subtypes are associated with divergent smoking history
and smoking can induce epigenetic machinery alterations. In turn, epigenetic changes
affect the access of transcription factors, such as VDR, to the genes they regulate. Therefore,
the impact of epigenetic changes on divergent activity of RESV and PRI-2191 in lung cancer
cells requires additional study.

Supplementary Materials: The following data are available online at https://www.mdpi.com/14
22-0067/22/5/2354/s1. Figure S1: Inhibition of cell proliferation in lung cancer cell lines treated
with resveratrol (RESV) alone (green) or in combination with (24R)-1,24-dihydroxycholecalciferol,
(24R)-1,24(OH)2D3 (PRI-2191) (100 nM) (black), Figure S2: Representative histograms of cell cycle
analysis of lung cancer cells treated with PRI-2191 (100 nM) and RESV (20 µM), Figure S3: Flow
cytometry cell cycle analysis of lung cancer cells after treatment with PRI-2191 and RESV, Figure S4:
Induction of caspase-3 activity in lung cancer cells by PRI-2191 and RESV, Figure S5: Western blot
analysis of SIRT1 expression in lung cancer cells treated with PRI-2191 (100 nM) and RESV (20 µM),
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Figure S6: Western blot analysis of (A) p53 and (B) p21 expression in lung cancer cells treated with
PRI-2191 (100 nM) and RESV (20 µM), Figure S7: Western blot analysis of (A) CYP24A1, (B) RXRα,
and (C) vitamin D receptor (VDR) expression in lung cancer cells treated with PRI-2191 (100 nM) and
RESV (20 µM), Figure S8: Analysis of SIRT1, RXRα, and VDR expression in lung cancer cells treated
with PRI-2191 (100 nM) and RESV (20 µM) using qPCR, Figure S9: Analysis of vascular endothelial
growth factor A (VEGFA) expression in lung cancer cells treated with PRI-2191 (100 nM) and RESV
(20 µM) using PCR, Figure S10: Analysis of osteopontin (OPN) expression in lung cancer cells treated
with PRI-2191 (100 nM) and RESV (20 µM) using PCR, Figure S11: Analysis of interleukin 8 (CXCL8)
(IL-8) expression in lung cancer cells treated with PRI-2191 (100 nM) and RESV (20 µM) using PCR,
Figure S12: Analysis of PD-L1 expression in lung cancer cells treated with PRI-2191 (100 nM) and
RESV (20 µM) using PCR.
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Abstract: Recent studies of transcription have revealed an advanced set of overarching principles
that govern vitamin D action on a genome-wide scale. These tenets of vitamin D transcription have
emerged as a result of the application of now well-established techniques of chromatin immuno-
precipitation coupled to next-generation DNA sequencing that have now been linked directly to
CRISPR-Cas9 genomic editing in culture cells and in mouse tissues in vivo. Accordingly, these tech-
niques have established that the vitamin D hormone modulates sets of cell-type specific genes via an
initial action that involves rapid binding of the VDR–ligand complex to multiple enhancer elements
at open chromatin sites that drive the expression of individual genes. Importantly, a sequential set
of downstream events follows this initial binding that results in rapid histone acetylation at these
sites, the recruitment of additional histone modifiers across the gene locus, and in many cases, the
appearance of H3K36me3 and RNA polymerase II across gene bodies. The measured recruitment
of these factors and/or activities and their presence at specific regions in the gene locus correlate
with the emerging presence of cognate transcripts, thereby highlighting sequential molecular events
that occur during activation of most genes both in vitro and in vivo. These features provide a novel
approach to the study of vitamin D analogs and their actions in vivo and suggest that they can be
used for synthetic compound evaluation and to select for novel tissue- and gene-specific features.
This may be particularly useful for ligand activation of nuclear receptors given the targeting of these
factors directly to genetic sites in the nucleus.

Keywords: vitamin D biology and action; transcription; ChIP-chip analysis; distal enhancers; histone
H3 acetylation; RNA polymerase II; analogue actions at genes; vitamin D hormone (1,25(OH)2D3)

1. Background and Review Rationale

The fundamental actions of the steroid hormone 1,25-dihydroxyvitamin D3 (1,25(OH)2D3)
are to contribute to the maintenance of calcium (Ca) and phosphorus (P) homeostasis in
vertebrate organisms [1]. This activity is achieved through direct actions of the hormone
in the intestine, kidney, and bone, and through feedback inhibition of PTH production
at the parathyroid glands and induction of FGF23 production in mature osteoblasts and
osteocytes. In the intestine, the transepithelial uptake of Ca is known to be upregulated by
1,25(OH)2D3 via induction of the apical Ca ion channel gene TRPV6, genes encoding the sol-
uble cytosolic Ca binding calbindins, and genes that include the basolateral ATPase driven
Ca pump PMCA2b. P uptake, on the other hand, is regulated in the intestine by induction
of the P transporter gene SLC34A2 [2]. In the kidney, Ca levels are controlled directly via
the induction of TRPV5, the calbindins, and the sodium/Ca exchanger NCX1, while P is
regulated by SLC34A1 and SLC34A3 and indirectly via 1,25(OH)2D3’s regulatory control
of hormonal PTH and FGF23 [3–6]. FGF23 is dominant with regard to P regulation, al-
though PTH has similar yet more modest actions [7,8]. Activity in the skeleton is driven via
1,25(OH)2D3 and PTH, primarily via RANKL expression, a TNF-like factor that is produced
in stroma, osteoblastic cells, and osteocytes and is essential to the formation, activation,
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and survival of bone-resorbing osteoclasts [9–11]. Recent studies suggest that the osteocyte
plays a fundamental role in lacunar bone formation and resorption within cortical bone as
well [12]. The vitamin D hormone also contributes to the regulation of many additional
genes that are involved not only in osteocyte function, as above, but also in osteoblast differ-
entiation, bone formation, and biomineralization [13–15]. This hormone also contributes to
the transcriptional regulation of FGF23, a primarily osteocyte-produced hormone [16–18].
While the function of the vitamin D hormone in the kidney (we use 1,25(OH)2D3 and
the vitamin D hormone interchangeably) involves genetic control of Ca and P reabsorp-
tion, as described above, its actions also extend to many additional genes [19,20]. Indeed,
a primary function of 1,25(OH)2D3 is to regulate the expression of renal Cyp27b1 and
Cyp24a1, two genes that, in the kidney, are responsible for the synthesis as well as turnover
of 1,25(OH)2D3 [21]. This regulation occurs by not only 1,25(OH)2D3 but also by FGF23,
both of which suppress Cyp27b1 expression and induce Cyp24a1. These two genes are also
regulated by PTH, which induces Cyp27b1 while suppressing Cyp24a1 [22]. These three
hormones represent the primary determinants of circulating 1,25(OH)2D3 in the blood.
Individual disruption or loss of expression of any of these hormones, either via genetic
manipulation, altered hormonal metabolism, or through disease, results in a significant
impact on extracellular Ca and/or P levels in vivo, supporting their essential role in the
regulation of mineral homeostasis.

In the past decade or more, however, the actions of vitamin D have also been increas-
ingly linked to a diverse set of important biological activities in non-renal tissues that
appear to be separate from those that are involved in mineral regulation [23]. In many
of these targets and specific cell types within, the actions of vitamin D in vitro appear to
contribute to differentiation and/or maturation and to the regulation of genes involved in
those processes. Cell types include those of the immune system, but also those in skin, the
cardiovascular system, including smooth muscle cells and cardiac cells, striated muscle
cells, and diverse reproductive and placental tissue targets, to name only a few [24–26].
Consistent with the validity of these assertions, these cell types retain the molecular ma-
chinery essential for mediating 1,25(OH)2D3 regulation through genes that are essential for
unique biological responses (see below). It has also been suggested that many of these cell
types may also synthesize and catabolically degrade 1,25(OH)2D3 locally via Cyp27b1 and
Cyp24a1, respectively [27]. Despite the very low levels of expression of these two genes
in non-renal tissues, the observations suggest a secondary pathway as an entrée into an
additional sphere of vitamin D biology that could potentially be independent of that which
maintains circulating endocrine 1,25(OH)2D3. In support of this concept, the regulation
of Cyp27b1 in non-renal cell types differs substantially from that in kidney. Accordingly,
this gene is regulated not by PTH, FGF23, or 1,25(OH)2D3, as in kidney, but rather by a
variety of inflammatory cytokine modulators [28–30]. Cyp24a1, on the other hand, is not
regulated in these tissues by either PTH or FGF23 as in the kidney but remains sensitive to
1,25(OH)2D3 [30]. This suggests that the primary functional role for Cyp24a1 in these cells
may be to prevent 1,25(OH)2D3 toxicity. These differences in regulation support the idea
that local production of 1,25(OH)2D3 may function in these cell types in a fashion distinct
from those involved in mineral metabolism. While much needs to be learned about the im-
pact of the local production of 1,25(OH)2D3, the diverse actions of the vitamin D hormone
in this broad array of tissue/cellular targets supports the concept that vitamin D may play a
contributory role in biological processes that extend beyond mineral metabolism. They also
imply that vitamin D deficiency could have a unique impact on these numerous biological
processes. Thus, restoration of the parent vitamin or the addition of 1,25(OH)2D3 and/or a
selective analogue of 1,25(OH)2D3 could be particularly useful therapeutically in diseases
such as those of altered immune function or in cancer, where vitamin D may exert beneficial
actions. Indeed, by promoting differentiation, 1,25(OH)2D3 not only reduces tumor cell
growth but may also function to reduce inflammation through the down-regulation of
inflammatory mediators [31]. While attractive conceptually, validation of these hypotheses
in human disease requires further confirmation.
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Considering the possibility that analogues of vitamin D and/or 1,25(OH)2D3 might
be designed to selectively target tissues involved in these secondary biology activities
of vitamin D, chemists have synthesized and examined hundreds of biologically active
vitamin D-like compounds for tissue-selective activity over several decades or more. The
identification of compounds potentially useful therapeutically has, however, met with
generally limited success. We posit that this may be due to the lack of rigorous struc-
ture/function assays in vivo that are necessary for guiding the efforts of synthetic chemists.
In this article, we suggest that advances in our understanding of vitamin D action at the
transcriptional level in vivo may provide not only useful structure/function relationships,
but also detailed genomic analyses that could well identify the underlying mechanisms
through which a novel analog might operate to manifest tissue, cell, and gene selectivity.
Thus, this article represents a combination of transcriptional review, opinion piece, and
proposal for incorporating new methods into the analysis of both existing as well as de
novo synthesized new vitamin D chemical entities.

2. Transcriptional Mechanism of Action of 1,25(OH)2D3

Early studies using radioactive ligands served to both identify the existence of the
VDR and to facilitate preliminary characterization and purification of the protein itself,
an approach that also led similarly to the characterization of nuclear receptors (NR) for
other soluble endocrine hormones [32]. It was the cloning of the VDR, however, that
placed it unequivocally within the emerging family of concurrently cloned NRs [33–35].
It also precipitated the field’s move towards true molecular studies that eventually iden-
tified the protein’s structural organization, key functional domains, and ultimately, its
3D crystallographic structure [36–38]. As these discoveries evolved, however, additional
research led to the realization that, in contrast to the true steroid receptors, the VDR formed
a 1,25(OH)2D3-dependent heterodimer with a nuclear accessory factor (NAF) that was
required for DNA binding; subsequent experiments proved that this factor was RXR, a
member of the NR family composed of three isoforms [39–43]. These studies also identified
the first DNA response element (VDRE) that served as a binding site for the VDR; this
site was located near the promoter within the human osteocalcin gene [41–43]. While
many VDREs have been identified since, initially through traditional transfection methods
and currently through genome-wide VDR/RXR DNA binding studies using ChIP-seq
analysis, this single promoter-proximal element in the osteocalcin gene has been repeatedly
confirmed [15]. In total, this collection of early molecular biological studies revealed that
NRs including the VDR function largely facilitate the formation of complex multi-protein
structures at VDRE-containing sites on vitamin D target genes. These protein complexes
contain distinct members of several classes of transcriptional co-regulators capable of
modifying chromatin structure and/or directing functions that are necessary for either
the induction or the suppression of transcriptional output [44,45]. Many of these latter
factors do not bind to DNA directly, however, but establish contact via protein–protein
interactions. Thus, similarly to other NRs and most DNA binding transcription factors, the
VDR serves as an initial site-specific DNA adaptor, although there are hints that it may also
sub-serve a non-DNA binding role by interacting with proteins previously bound to DNA
as well.

3. Analogues of Vitamin D

The biological actions of vitamin D to control mineral metabolism prompted the early
synthesis of 1,25(OH)2D3 and initial investigations into the utility of this hormone as a
therapeutic for multiple diseases. Many of these maladies altered vitamin D metabolism
and thus provoked crucial deficiencies in extracellular Ca and/or P that resulted in loss
of bone mineral density and skeletal abnormalities. Classic genetic diseases included
vitamin D dependent rickets type 1, later identified as arising from a mutation in the
renal Cyp27b1 gene that causes crippling 1,25(OH)2D3 deficiency due to an inability to
hydroxylate 25(OH)D3 at the 1α position, and vitamin D-resistant rickets due to mutations
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in the VDR [46]. Much of this discovery work was prompted early on by the development
of clinically relevant assays for blood 1,25(OH)2D3, pioneered initially by Haussler and
his colleagues [47]. The therapeutic utility of 1,25(OH)2D3 was limited in many instances,
however, by its potency and narrow therapeutic window, which frequently prompted
hypercalcemia through predictable actions in intestine, kidney, and bone. These clini-
cal difficulties prompted strong efforts by chemists to synthesize analogues of vitamin D
and/or 1,25(OH)2D3 that were of greater practical utility, and perhaps to identify analogues
with reduced “side-effects” relative to hypercalcemia. Reviews of these efforts and the
many analogues that were synthesized have been documented extensively over several
decades [48]. While they will not be discussed here, synthesis is ongoing in many laborato-
ries. As biological effects of 1,25(OH)2D3 that were separate from those influencing mineral
metabolism (growth, differentiation, immune effects) became evident, chemists attempted
to home in on the creation of analogues with preferential biological activities that lacked
calcemic activity. These selective disease targets included those related to chronic kidney
disease and its eventual consequences on the skeleton and the cardiovascular system, as
well as on hyperproliferative disorders that included cancer [49–53]. In retrospect, however,
while numerous analogues appeared to retain a subset of these properties, the analyses
that supported them were frequently misinterpreted. Consequently, vitamin D analogues
have not proven to be particularly effective in targeted, non-calcemic biology, and no real
understanding has emerged as to the mechanisms that might underpin the purported
actions of these “non-calcemic” compounds. The absence of key assays for these analogues,
based upon rigorous structure/function/activity relationships (SAR) either in vitro or
in vivo, has exacerbated the efforts expended over the years to synthesize analogues with
these properties. Indeed, basic and clinical scientists now have thousands of vitamin D
analogues available for study. However, a rather limited understanding of the structural
basis for any of the functional properties ascribed to these analogues has emerged, and no
real insight has been gained as to their mechanisms. Consequently, only a few of the many
analogues synthesized by chemists have become useful therapeutics, and those that have
emerged have frequently exploited unique approaches to their administration. Interest-
ingly, even the basic tenant that vitamin D supplementation in clinical trials should result
in improved metabolite levels in patients deficient in vitamin D, and where additional
1,25(OH)2D3 was predicted to ameliorate disease onset (cancer, cardiovascular disease,
prediabetes, and tuberculosis to name a few) has not been particularly effective in clinical
trials [54–58]. A most recent example is the utility of vitamin D supplementation in the
prevention of SARS-CoV2 disease, despite the fact that vitamin D has been shown in basic
studies to impact the very molecular targets that facilitate viral cellular entry [59]. One
might imagine that, until vitamin D analogues can be developed based upon rational SAR
and their mechanisms firmly established in vivo, an entry point for their therapeutic use is
not likely to emerge.

4. Pharmacology of Vitamin D Analogues

How might analogues operate mechanistically? The possibilities are enormous and
include such features as the individual pharmacologic, pharmacokinetic, and/or phar-
macodynamic properties of the compounds themselves. Speculatively, these also include
parameters impacting the distribution of the compounds based upon their interaction affin-
ity with vitamin D binding protein (DBP) and other serum-interacting factors, requirements
for activation by residual renal and non-renal enzymes, and metabolic outcomes that could
lead to retention of residual vitamin D-like activity. They also include the potential for se-
lective tissue distribution and localization, relative rates of tissue uptake, as well as unique
metabolic degradation rates determined either through catabolic vitamin D enzymes or by
novel degradative enzymes not known routinely to degrade vitamin D compounds. With
regard to the VDR, the relative biological activity of an analogue is almost certain to be
affected by its affinity for the receptor, the longevity of the ligand receptor complex at its
sites of action on DNA, and/or the compound’s novel impact on VDR structure. The latter
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could uniquely alter receptor function at numerous downstream mechanistic levels prior to
or while bound to DNA at target gene loci, thereby altering the transcriptional outcome in
a potentially selective manner. While the impact of ligand-dependent pharmacodynamic
issues has only briefly been considered, the impact of novel ligands on VDR structure
has been an attractive hypothesis for years, and has garnered much attention, largely due
to the possibility that altered VDR structure mirrors that seen for several other steroid
receptors, particularly the estrogen receptor [60–68]. Indeed, the structure of this receptor
has been the focus of much attention, since it displays differential activity depending upon
the tissue involved, and this appears to correlate with altered 3D crystal structures of ER.
It is noteworthy, however, that this type of differential activity of the VDR on vitamin D
biology has not been identified. Accordingly, the evidence supporting the impact of novel
vitamin D analogues on the VDR protein is indirect, modest at best, and based largely upon
techniques and data generated exclusively in vitro almost three decades ago [69,70]. While
additional efforts have been made to identify novel ligand-induced anomalies at the VDR
protein utilizing 3D crystallography, the results of these studies have been limited to the
utilization of the ligand-binding portion of the VDR, which together with crystal structure
elucidation may or may not reflect true structural changes in the holoprotein [71,72]. In
addition, analogue-based studies have not been conducted in combination with RXR in
the presence of appropriate DNA or in the presence of additional cofactors required for
transcriptional regulation. Perhaps most importantly, with the exception of antagonist-
induced loss of function, none of these structural differences have been linked directly
to any selective differences in vitamin D biology at genes in vivo. Indeed, early attempts
at linking VDR activity to transcription was limited to molecular biologic studies that
are now viewed as generally inconsistent with concepts that have emerged over the past
decade and that occur at the level of endogenous genes in a natural genomic environment.
Finally, it is also not clear whether ligand affinity measurements determined in in vitro
biochemical assays to assess analogue interaction relative to 1,25(OH)2D3 are impacted
upon the formation of active VDR complexes on DNA within the nucleus of cells. We will
discuss new ways below, wherein altered or disrupted actions of the VDR at individual
genes and in different tissues might be determined not only in vitro but also in vivo.

5. New Insights into Transcriptional Activation of Vitamin D

The development of chromatin-immunoprecipitation and other genomic procedures
coupled to next-generation DNA sequencing technics (ChIP-seq analysis) and their applica-
tions have fully changed the way in which gene regulation is evaluated. This technique has
widespread applications, including the capacity to identify and characterize ligand-induced
transcription factor binding activity, coregulator recruitment to specific genomic sites, and
to assess downstream actions such as RNA polymerase II recruitment in a generally un-
biased, genome-wide fashion [73]. These studies have also revealed a multitude of new
details inherent to transcriptional processes at a genome-wide scale; some of these princi-
ples confirm what has previously been determined, while others identify modifications of
those already known to exist. These methods have also revealed entirely new principles
of gene regulation at both genome-wide as well as single-gene levels that need to be con-
sidered. Perhaps just as important, they have also revealed how inherent technical bias
now disqualifies many of the conclusions drawn from over three decades of analyses using
in vitro molecular biological methods involving transfection. With regard to the molecular
actions of vitamin D, genome-wide analyses using chromatin immunoprecipitation, as sum-
marized in Table 1, has revealed many relevant findings. As can be seen, these analyses in
both human and mouse cultured cells as well as tissues in vivo indicate between 2000 and
8000 VDR binding sites; the number and location of these sites are affected by the quality of
the analyses, but within a single laboratory, can be species and cell type specific [45,74–77].
Most of, but not all, these sites are highly dependent upon 1,25(OH)2D3 pretreatment, indi-
cating that VDR represents a ligand-dependent DNA binding factor. RXR DNA binding is
also modestly induced by 1,25(OH)2D3 at these VDR occupied sites as well, although RXR
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can be residually present even in the absence of ligand. This has suggested that prebound
RXR may serve an initial role, perhaps to facilitate (affinity) and/or mark specific DNA
sites for subsequent VDR binding that is dependent upon DNA half-site configuration.
As RXR interacts with numerous additional NRs, it is also possible that RXR may exist at
some of these sites with an alternative partner [78]. Nevertheless, the bioinformatically
determined close proximity of VDR and RXR at most genomic sites reinforces the idea that
the active transcription factor complex is indeed the VDR/RXR heterodimer [14,15]. De
novo sequence analysis across these VDR sites confirms the presence of at least one and
often multiple motifs, each composed of a typical VDRE of two hexameric DNA half-sites
separated by three base pairs. This DNA structure represents a typical VDRE currently at
hundreds of genes and in all species examined, although one of the half-sites in a VDRE
is frequently highly degenerate, making it difficult in some cases to identify this motif.
Additional DNA motifs with dissimilar nucleotide arrangements are also evident at some
sites and may represent additional VDR/RXR interacting sequences yet to be explored. In
addition, VDR binding at sites known to function in repression often contain novel DNA
motifs, suggesting that the VDR may be bound to these sites indirectly via association
with other DNA or non-DNA binding proteins that serve additional regulatory functions.
These observations at genome-wide levels both confirm and extend our understanding of
several key features of vitamin D action via the VDR at target genes. Perhaps the most
important discovery arising from unbiased genome-wide analyses of VDR/RXR binding
sites and, indeed, most other transcription factor-binding sites is the observation that these
regulatory sites are not located exclusively near target gene promoters as previously sus-
pected [22,74,79]. Rather, they can be found at sites that are commonly distributed within
intergenic regions both upstream and downstream of the genes they regulate, often with
unregulated genes interspersed, as well as commonly within the introns of the target gene
itself or in unregulated genes located adjacent to the regulated gene or both. These can
also be located 10s if not 100s of kilobases distal to a gene’s promoter as well, the locations
of which may have an impact on their function [80–83]. Perhaps even more interestingly,
this regulatory capacity is frequently composed of multiple interacting components, often
2 to 10 or more regulatory regions, each representing an individual and perhaps unique
enhancer function. Finally, these individual enhancers are also modular in nature, serving
to bind multiple factors that can span a kilobase or less to more complex segments that
can span many kilobases; super-enhancers and other large regulatory regions to which
the VDR binds, appear to represent consolidated collections of multiple enhances that can
span over 20 kilobases [84].

Since multiple enhancers may control a single gene, and the localization of transcrip-
tion factors at sites on the genome does not identify the gene or genes they regulate, it
is certain that enhancer location near a gene cannot be used to determine a gene target.
Accordingly, the genome-wide number of VDR binding sites in a cell, for example, is not
useful in determining the number or identity of genes that are regulated by the hormone.
Indeed, the repeated suggestion that the VDR regulates a high percent of genes in the
genome is highly misleading, since the VDR binds in a cell-specific manner to only small,
although overlapping, subsets of genes in any given cell type. Furthermore, temporal
delays in regulation suggest that many if not most purported target genes for vitamin D
likely result from indirect secondary and tertiary activity. These evolve from vitamin D’s
traditional capacity to induce autocrine and paracrine growth factors and/or endocrine
hormones as well as other components that influence in turn the activity of multiple cellular
signaling pathways. It would also appear that the activation of some rapidly induced genes
are temporally consistent with a direct action, yet represent activities of a secondary nature
as well, as appears to be the case for FGF23 [13]. Details of this type of activity remain
unclear. Importantly, current knowledge also indicates that the functional outcomes of
transcription factor binding and coregulator recruitment can be evaluated via epigenetic
modifications that are now measurable at genes via current technics [85,86]. Some of these
epigenetic modifications are linked directly to the facilitation of transcriptional output [85].
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Mechanistically, it is also worth noting that, although linear arrangements of binding sites
at a gene locus are often schematically displayed, the actual arrangement in vivo is almost
certainly a 3D complex of all or subsets of these regulatory units via looping. Interest-
ingly, these enhancer regions are also characterized by an open chromatin structure that
is assembled ultimately near target genes and serves in an integrative fashion to control
the transcriptional output of the gene itself. These enhancers may also retain a unique
historical, temporal, and spatial function, conferring regulatory capacity on a subset of cell
types in a timely manner. This complexity also indicates why earlier studies using cell lines
transfected with biased gene promoter plasmid constructs with or without transcription
factor or coregulator cotransfection has resulted in numerous conclusions about the regu-
lation of individual genes that fails to confirm at endogenous genes with newly devised,
unbiased ChIP-seq methods [29,30,74]. Finally, as indicated earlier, it is noteworthy that
binding sites for transcription factors such as the VDR are not fixed, but are dynamic, even
within a cell type. Thus, they can be altered via epigenetic modification to accommodate
the cell’s differentiation and/or maturation status, physiological environment, or perhaps
more importantly, the host’s state of health or disease [87].

Table 1. Overarching Principles of Vitamin D Action in Target Cells (Ref. [45]).

Active Transcription Unit for Induction: The VDR/RXR heterodimer

VDR Binding Sites (The VDR Cistrome): 2000–8000 1,25(OH)2D3-sensitive binding
sites/genome whose number and location are chromatin dependent and a function
of cell-type

Mode of DNA Binding: Predominantly, but not exclusively, 1,25(OH)2D3-dependent

VDR/RXR Binding Site Sequence (VDRE): Induction mediated by classic hexameric
half-sites (AGGTCA) separated by 3 base pairs; Repression mediated by divergent sites

Distal Binding Site Locations: Dispersed in cis-regulatory modules (CRMs or enhancers)
across the genome; located in a cell-type specific manner near promoters, but predominantly
within introns and distal intergenic regions; frequently located in clusters of elements

Epigenetic CRM Signatures: Defined by the dynamically regulated post-translational histone
H3 and H4 modifications

Modular Features of CRMs: Contain binding sites for multiple transcription factors that
facilitate either independent or synergistic interaction

VDR Cistromes: Dynamic alterations in the cellular epigenome during differentiation,
maturation, and disease provoke changes to the VDR cistrome that qualitatively and
quantitatively affect the vitamin D regulated transcriptome

6. Current Advances in Transcriptional Regulation

The discovery of novel pathways, as well as insights into the mechanisms of existing
and now well-described regulators of transcription, provide reliable avenues through
which mechanistic advances can be made and new compounds with drug potential can be
synthesized and assessed. Certainly, the overarching principles described in Table 1 that
now describe transcriptional regulation by vitamin D are also applicable to regulation by
additional small molecules. Accordingly, they have led to new methods to characterize
the details of gene regulation both in vitro and in vivo, the latter at molecular levels almost
equivalent to those heretofore achievable only in cultured cells. Indeed, many of the details
from these studies have been enhanced in vivo through recent analyses of selected cell
populations from complex tissues and from the development of genome-wide techniques
with increased sensitivity [88]. Organoids created from embryonic stem cells have also
provided new in vitro insight as well, although cellular mass for analysis is frequently
limited. Details now extend to the coupling of changing epigenetic architecture in response
to genetic and epigenetic action at regulatory loci to the recruitment of additional tran-
scription factors that play direct roles in promoting or inhibiting transcriptional output.
These include detection of epigenetic readers that affect the distribution and release of
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RNA polymerase II across the transcription unit to those that influence the downstream
mechanisms essential for transcription of the gene per se, resulting in the production of
RNA transcripts [85,89]. The capacity to detect the presence and activity of many of these
factors at genes and to assess the potential consequences of these factors at both genetic and
epigenetic levels is important. It suggests that transcriptional mechanisms for 1,25(OH)2D3
that result from the binding of the VDR to its site(s) of action can be assessed, and that
detailed consequences arising from the activity of prospective vitamin D analogs may also
be determined in an endogenous gene context. Thus, temporal relationships, tissue and
cellular specificity, and gene selectivity and coregulator recruitment specificity (or lack
thereof) can all be determined directly at this endogenous level. Of additional advantage is
the fact that these studies can frequently benefit through an assessment of the overarching
functional roles of specific enhancers deleted at the genes of interest using CRISPR/Cas9
methods in cells and in animals in vivo [90,91]. Thus, new actionable opportunities have
now emerged to determine the mechanisms through which existing as well as newly syn-
thesized vitamin D analogues operate as compared to 1,25(OH)2D3. These assays might
now provide a rational SAR approach for driving the synthesis of new vitamin D analogues
with directed tissue activities as well.

7. Recent Work at the Frontier for Enhancing Vitamin D Analogue SAR Potential

We have taken a pragmatic approach to the study of gene expression and its regulation
by 1,25(OH)2D3. This effort focused initially upon a variety of cell types in vitro, where we
identified many of the principles enumerated in Table 1. Subsequently, however, we have
focused on unique cell types in culture using the above approach and then transitioned
to parallel studies in vivo using rodents. Insights gained from the initial studies in cells
facilitated this transition, providing baseline insight that has enabled in vivo studies to
commence at a mechanistic level equivalent to those conducted in vitro. The advantages
of in vivo studies are numerous, but first and foremost, they are free of the bias that has
limited those conducted in cultured cells. Secondly, they enable concurrent analyses of
molecular mechanisms at multiple genes that are potentially regulated and expressed
uniquely in different target tissues. This advantage facilitated the study of the differential
regulation of specific genes, the influence of cellular background, and the identification of
mechanisms that underlie these differences as well. Most recently, this approach has been
strengthened through the ability to exploit emerging methodologies. These techniques
can also be used on a genome-wide basis to isolate specific cell types and single cells in
order to delineate the sources and molecular features of the cells that are involved in the
expression of genes of interest [92–94]. Finally, loss of function/regulation studies utilizing
CRISPR/Cas9 mediated gene-editing methods can be employed in vivo to determine the
regulatory impact of removing key enhancer regions as well as specific DNA sequences
within the loci of genes of interest in order to map regulatory regions in response to specific
systemic regulators [29,30,90].

Bone genes: We first explored the genome-wide DNA binding site profile (termed a
cistrome) for VDR and RXR in osteoblastic and osteocytic cell lines. These initial studies
as well as others highlighted the interaction of the VDR at multiple sites near many
genes involved in bone cell maturation, bone formation, biomineralization, and osteoclast-
mediated bone resorption. As an example, we initially explored the effects of 1,25(OH)2D3
on the Tnfsf11 gene for RANKL in both cell types [13,95,96]. As can be seen in the ChIP-seq
tracks in Figure 1, 1,25(OH)2D3 induced the localization of both VDR and RXR to four
regulatory regions that extended upstream of the gene to 76 kb. Neither VDR nor RXR
bound to regions near the Tnfsf11 gene promoter. Additional factors bound to a subset
of these enhancers including a master bone regulator RUNX2 and a potential pioneering
factor CEBPβ [97]. These factors, as well as others, frequently colocalized to VDR/RXR
binding sites at numerous additional genes as well. Importantly, deletion of several of these
enhancers, including the distal 75 kb Tnfsf11 segment in mice in vivo, resulted in a blunting
of both 1,25(OH)2D3 and PTH induction [98]. Deletion of a region immediately upstream
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of the Tnfsf11 promoter had no effect, confirming that this gene was not induced through
promoter-proximal sequences [74]. Thus, the regulation of Tnfsf11 by these two hormones
is achieved through multiple distal enhancers. Many additional genes have been explored
in bone cells in this manner including the VDR itself, Mmp13, Lrp5, and Enpp1 to name a
few. These and other studies therefore reveal roles for not only VDR and RXR, but other
factors that are essential to 1,25(OH)2D3 action as well.
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In osteocytes, the activity of 1,25(OH)2D3 was also linked to those regulated by PTH
through the frequent presence CREB at VDR/RXR binding sites [96]. These studies also
revealed a role for 1,25(OH)2D3 in enhancing the expression of two co-receptors essential
to the Hedgehog pathway activity. This latter observation illuminated an example of
the crosstalk that is provoked by 1,25(OH)2D3 and that is likely to initiate transcriptional
effects secondary to those that are direct. Sites of VDR action were also characterized by
the presence of active VDREs and classic epigenetic histone signatures that were indicative
of dynamic regulatory chromatin architecture. At the Tnfsf11 gene, as seen in Figure 1,
the activity of the VDR/RXR heterodimer-induced histone H3K9 acetylation at the 75 kb
region, indicating that VDR binding was active at this site for Tnfsf11 expression. In many
genes, all the above events, including co-localization of coregulators, the presence of RNA
polymerase II, and enrichment of H3K36me3, a histone mark present at the gene body
itself and reflective of the induction of transcripts, were also seen. These features are
linked directly to the transcriptional output of genes themselves. Thus, they provide
direct evidence for rapid 1,25(OH)2D3 modulated transcript output that can be detected
at the genomic level and correlated via RNA analysis. Finally, the impact of many of the
regulatory features identified for some of the bone genes listed above were explored in
the mouse in vivo through loss of expression studies, wherein regulation of the expression
of the gene of interest was eliminated entirely upon deletion of the specific enhancer
region. These results show that the identified enhancers and the activities they engender
are linked directly to specific genetic output in vivo. This demonstration is essential, since,
as indicated earlier, enhancers may be located many kilobases (kb) distal to the genes
they regulate. It also provides additional opportunities to understand how non-vitamin
D regulators participate with 1,25(OH)2D3 in the expression of specific bone genes. We
would anticipate that vitamin D analogues would show alteration in one or more of these
progressive events during activation in vivo, perhaps in a tissue-specific manner.

Interestingly, the successful study of VDR/RXR binding across several bone cell
genomes failed to identify the presence of either VDR or RXR across the extended locus
that surrounds the Fgf23 gene, despite the fact that 1,25(OH)2D3 induces Fgf23 transcripts
in these cells [13]. This observation provides significant evidence that the induction of
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Fgf23 by 1,25(OH)2D3 may be indirect, perhaps through a primary DNA binding factor(s).
One approach is to conduct enhancer deletion experiments in the mouse in vivo. Thus, an
enhancer region that plays an extended role in 1,25(OH)2D3 induction of Fgf23, as estab-
lished in vivo, could be dissected via loss of regulation studies to identify a more restricted
genomic segment capable of mediating 1,25(OH)2D3 induction [99]. This approach extends
the utility of in vivo studies to the level of fine genomic dissection of existing enhancer
regions based upon DNA sequence. This functional approach can also reveal motifs that
might lead to the identification of mediators of secondary actions of 1,25(OH)2D3.

Intestinal epithelial genes: Aside from functional studies, it has been the use of
ChIP-seq analyses that has enabled a complete transition to the evaluation of gene regula-
tion in vivo. Indeed, in addition to the advantages listed earlier, this approach provides
opportunities for study at both tissue/cell- and genome-wide levels that are unparalleled.
It may also facilitate a detailed study of regulation at genes of therapeutic interest using
mouse disease models. 1,25(OH)2D3 action in vivo has been explored at different mech-
anistic levels in intestinal epithelia and in kidney cortex (enriched in proximal tubules).
In intestinal epithelial cells isolated from mice pre-injected with 1,25(OH)2D3, the VDR
is bound to multiple genes across the mouse genome; its binding is enhanced by prior
treatment with 1,25(OH)2D3 [100–102]. More recent studies have revealed differences in
VDR binding in enterocytes vs. crypt cells, suggesting differential roles for vitamin D in
these two cells [101,102]. Enhancer regions at key genes in epithelial cells that are involved
in calcium absorption are highlighted in the ChIP-seq tracks documented in Figure 2A,B,
for S100g (calbindins D9k) and Trpv6; others are linked to intracellular Ca regulation and to
the transport of elements such as manganese. The enhancers for Trpv6 were validated pre-
viously in a human intestinal cell line. VDR/RXR also induced the intestinal P transporter
Slc34A2 (Figure 2C) as well. Contemporary knowledge of the sites of action of the VDR
will now facilitate an up-to-date discovery that could reveal the identities of additional
factors that regulate the transcriptional output of these genes and the role of epigenetic
histone modifications in this process. This would enable mechanistic study of vitamin D
analogues in vivo, purported to be deficient in their capacity to promote intestinal Ca and
P uptake. In these cases, we might anticipate that certain “non-calcemic” analogues might
exhibit reduced cofactor recruitment and perhaps histone acetylation.
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Kidney Genes: Perhaps the most extensive analysis of the mechanistic actions under-
pinning 1,25(OH)2D3 action in vivo have been conducted recently in the kidney. Multiple
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genes represent targets of vitamin D action in this organ. Indeed, multiple VDR and RXR
binding sites are evident at Trpv5, Trpv6, and S100g, as seen in the ChIP-seq tracks in
Figure 3A–C, supporting 1,25(OH)2D3 actions that are involved in Ca regulation in the
kidney. Epigenetic chromatin activity is also seen at these sites for H3K27ac modification.
VDR binding sites are also present upstream of the Slc34a1 and Slc34a3 genes that encode
transporters involved in P reabsorption. Fgf23 displays actions in the kidney to regulate P
transporter location, thus controlling P diuresis. These actions involve specific isoforms of
the FGFRs, whose ability to bind Fgf23 is influenced by Klotho. The ability to dissect the
many players involved in the regulation of genes in the kidney, bone, and intestine that are
involved in the maintenance of Ca and P homeostasis is important. It suggests that they
may prove useful in identifying unusual features of vitamin D analogs that have direct
non-calcemic and/or P diuretic properties that may occur in a tissue-selective manner.
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Figure 3. The ChIP-seq tracts for the kidney genes (A) Trpv5, (B) Trpv6, and (C) S100g were derived from a previous
genome-wide analyses of mouse kidney cortex in vivo as in Ref. [29].

As discussed in the Introduction, 1,25(OH)2D3 also plays a striking role together with
PTH and FGF23 in modulating the expression of Cyp27b1 and Cyp24a1 in the kidney. The
Cyp27b1 gene is induced by PTH but suppressed by 1,25(OH)2D3 and FGF23, while the
Cyp24a1 gene is reciprocally regulated by each of these three hormones [29,90]. This recip-
rocal regulation enables the activities of these two genes to acutely and dynamically control
the levels of 1,25(OH)2D3 secretion into the blood. The basal and regulated expression of
Cyp27b1 and Cyp24a1 is mediated by each of the three hormones via a complex regulatory
module located within introns of two upstream genes adjacent to the Cyp27b1 locus and
in an intergenic location downstream of Cyp24a1, as seen in Figure 4A,B [29,30,90]. These
regulatory sites at both gene loci bind both CREB and VDR and mediate the actions of
PTH and 1,25(OH)2D3, respectively. These same enhancers also mediate the actions of
FGF23, although the factor responsible for this hormone’s activity is still unidentified.
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Most importantly, the entire intronic regulatory module at Cyp27b1 and some segments of
the intergenic regulatory complex downstream of Cyp24a1 are unique to the kidney due
to the presence of novel open chromatin structures. These open chromatin modules are
absent in non-renal tissues, with the exception that several components of the Cyp24a1
module that mediates 1,25(OH)2D3 action are retained across all tissues [30]. Accordingly,
removal of the intronic Cyp27b1 regulatory module eliminates basal and regulated Cyp27b1
expression selectively in the kidney, while removal of the downstream Cyp24a1 regulatory
module eliminates basal, PTH, and FGF23-regulated expression selectively in the kidney.
1,25(OH)2D3 regulation of Cyp24a1 is retained in all tissues. Interestingly, treatment by PTH
also leads to a striking enhancement of H3K27 acetylation (H3K27ac) at CREB-binding sites
in the Cyp27b1 gene locus in the kidney but suppresses H3K27ac at CREB-binding sites
in the Cyp24a1 locus (Figure 4A,B). Thus, H3K27ac levels track uniquely with the upregu-
lation of Cyp27b1 RNA transcripts and the downregulation of Cyp24a1 RNA transcripts
in the kidney. Treatment with 1,25(OH)2D3, in contrast, leads to a striking suppression
of H3K27ac at VDR binding sites in the Cyp27b1 gene locus in the kidney, but strongly
induces H3K27ac at VDR binding sites in the Cyp24a1 locus. Thus, again, H3K27ac levels
correlate uniquely with Cyp27b1 and Cyp24a1 RNA transcript regulation in the kidney. As
a suppressor of Cyp27b1 and an inducer of Cyp24a1, FGF23 actions on H3K27ac mimic
that of 1,25(OH)2D3 at the genes for both Cyp27b1 and Cyp24a1. Therefore, similarly to
1,25(OH)2D3, FGF23-regulated H3K27ac levels track uniquely with the downregulation
of Cyp27b1 and the upregulation of Cyp24a1 transcripts as well. Consistent with the ab-
sence of these modules in Cyp27b1, no changes in H3K27ac are seen in non-renal tissues.
However, 1,25(OH)2D3 does induce H3K27ac at selected sites in the Cyp24a1 gene in both
renal and non-renal tissues. Finally, detection of H3K36 tri-methylation (H3K36me3) levels
increase in response to PTH across the Cyp27b1 gene body but are suppressed in response
to 1,25(OH)2D3 and FGF23, while detection of this same histone modification decreases in
response to PTH but is increased in response to 1,25(OH)2D3 and FGF23 across the Cyp24a1
gene body. Additional factors linked to the induction or suppression of these two genes
are also detected at each of the sites of regulation in both genes.
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8. Vitamin D Analogues

Exploring the effects of synthetic analogues of vitamin D using this combination of
in vitro and in vivo approaches has the clear potential of revealing molecular differences
relevant to unique analogue action. These differences could emerge with authentic interact-
ing factors such as coregulators specific for individual gene targets under investigation if
an analogue exerts its actions via a structural alteration that provokes a functional change
in the VDR. It is now clear that many of the original hypotheses regarding the basis for
coregulator recruitment at genes derived from traditional transfection methods have not
been entirely correct. Since current studies are routinely conducted on a genome-wide
basis, genes selected for their specific function in Ca and P homeostasis in bone could
provide a focus for designing (SAR), identifying and understanding analogues that exhibit
non-calcemic actions in an endogenous context relative to 1,25(OH)2D3. It seems likely that
a vitamin D antagonist would reveal itself rapidly under this type of molecular scrutiny
as well.

9. Conclusions

The purpose of this manuscript has been to delineate new approaches to the study of
mechanisms related to the transcriptional regulation of genes by 1,25(OH)2D3 and their
potential application to the analysis of the vitamin D mediated mechanisms in vitro and
in vivo. Based on new techniques that involve ChIP-seq analysis, sites of action of the
vitamin D hormone can be identified via the co-localization of the VDR and its partner
RXR on endogenous DNA on a genome-wide basis in both culture cells and in tissues
in vivo. Detection of gene-specific coregulators as well as the activities of these factors via
epigenetic changes to histones may also be assessed. The identity of facilitator proteins
that initiate the recruitment and/or distribution of RNA polymerase II across the gene
body that result in nascent transcripts could also be examined. The ability to detect each of
these component proteins and their activities at early time points in a largely gene-specific
manner using the vitamin D hormone, as a one-time control suggests that similar studies
could be used to characterize the actions of novel vitamin D analogues. This could readily
be accomplished to conduct SAR based on newly synthesized compounds as well as to
assess the unique mechanistic bases for unusual vitamin D analogue specificities. Indeed,
this process could facilitate either the detection and/or mechanisms through which an
analogue might retain a non-calcemic activity directly in vivo.
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Abstract: We have developed an in vitro system to easily examine the affinity for vitamin D receptor
(VDR) and CYP24A1-mediated metabolism as two methods of assessing vitamin D derivatives.
Vitamin D derivatives with high VDR affinity and resistance to CYP24A1-mediated metabolism
could be good therapeutic agents. This system can effectively select vitamin D derivatives with these
useful properties. We have also developed an in vivo system including a Cyp27b1-gene-deficient rat
(a type I rickets model), a Vdr-gene-deficient rat (a type II rickets model), and a rat with a mutant Vdr
(R270L) (another type II rickets model) using a genome editing method. For Cyp27b1-gene-deficient
and Vdr mutant (R270L) rats, amelioration of rickets symptoms can be used as an index of the efficacy
of vitamin D derivatives. Vdr-gene-deficient rats can be used to assess the activities of vitamin D
derivatives specialized for actions not mediated by VDR. One of our original vitamin D derivatives,
which displays high affinity VDR binding and resistance to CYP24A1-dependent metabolism, has
shown good therapeutic effects in Vdr (R270L) rats, although further analysis is needed.

Keywords: vitamin D; vitamin D receptor; split luciferase-based biosensor; CYP24A1-dependent
metabolism; CYP27B1; rickets; genome editing

1. Introduction

The active form of vitamin D3 (1α,25(OH)2D3) plays essential roles in calcium and
phosphate homeostasis, cellular proliferation and differentiation, and immune responses.
Since it could cause hypercalcemia and hypercalciuria, its clinical utility is limited [1,2]. A
huge number of vitamin D derivatives have been synthesized. Many of them have been
studied in clinical trials for the treatment of type I rickets, osteoporosis, psoriasis, renal os-
teodystrophy, and also leukemia, pancreatic, prostate, and breast cancers [3–9]. A number
of vitamin D derivatives have been approved by the FDA for clinical use in a variety of dis-
orders, for example, 22-oxacalcitriol (Maxacalcitol) and calcipotriol (Dovonex) for treatment
of psoriasis, 19-nor-1α,25(OH)2D2 (Zemplar), 26,26,26,27,27,27-hexafluoro-1α,25(OH)2D3
(Falecalcitriol), and doxercalciferol (Hectorol) for secondary hyperparathyroidism, and
1α(OH)D3 (alfacalcidol) and eldecalcitol (Edirol) for osteoporosis. Although many vitamin
D derivatives have antiproliferative activity, none have been approved for cancer treatment.
So far, only a small number of clinical studies have taken place, such as EB1089 in a phase
II study for pancreatic cancer [6,10], and Hectorol and Zemplar in phase I/II advanced
androgen-insensitive prostate cancer trials [7,11,12]. Unfortunately, neither have produced
any significant objective responses. However, a new 1α,25(OH)2D3 analog, 19-nor-14-epi-
23-yne-1α,25(OH)2D3 (inecalcitol), is being developed for prostate cancers and chronic
leukemia [13,14].
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The active form of vitamin D3 (1α,25(OH)2D3) plays essential roles in calcium and
phosphate homeostasis, cellular proliferation and differentiation, and immune responses.
Its clinical utility is limited because it can cause hypercalcemia and hypercalciuria. [1,2].
Several thousand vitamin D derivatives have been synthesized, and many have been
studied in clinical trials to treat conditions, including type I rickets, osteoporosis, leukemia,
psoriasis, renal osteodystrophy, and pancreatic, prostate, and breast cancers. [3–9]. A
number of vitamin D derivatives have been approved by the FDA for clinical use in a
variety of disorders. These derivatives include calcipotriol (Dovonex; Leo Pharmaceuticals)
and 22-oxacalcitriol (Maxacalcitol; Chugai Pharmaceuticals) for treatment of psoriasis;
19-nor-1α,25(OH)2D2 (Zemplar; Abbot Laboratories; Chicago, IL, USA), 26,26,26,27,27,27-
hexafluoro- (Falecalcitriol; Sumitomo Pharmaceuticals and Taisho Pharmaceuticals), and
doxercalciferol (Hectorol; Bone Care Int.; Middleton, WI, USA) for secondary hyperparathy-
roidism; and 1α(OH)D3 (alfacalcidol; Chugai Pharmaceuticals Co., Ltd.; Tokyo, Japan) and
eldecalcitol (Chugai Pharmaceuticals Co., Ltd.; Tokyo, Japan) for osteoporosis. Although
many vitamin D derivatives, including those approved by the FDA for treating secondary
hyperparathyroidism and renal osteodystrophy, have displayed antiproliferative activity,
none have been approved for cancer treatment. To date, only a limited number of clinical
studies have taken place, including a phase II study of EB1089 in pancreatic cancer. [6,10].
Hectorol and Zemplar have been studied in phase I/II advanced androgen-insensitive
prostate cancer trials [7,11,12]. Unfortunately, neither produced any significant objective re-
sponses. Recently, a new 1α,25(OH)2D3 analog, inecalcitol, is being developed for prostate
cancers and chronic leukemia [13,14].

In evaluating these vitamin D derivatives, (1) affinity for vitamin D receptor, (2) affin-
ity for vitamin-D-binding protein (DBP), (3) resistance to metabolism by CYP24A1, and
(4) ability to differentiate leukemia-derived HL-60 cells into macrophages are considered to
be essential properties. In addition, they must show therapeutic efficacy in animal studies.
In the case of derivatives under development for cancer treatment, therapeutic efficacy will
be evaluated using tumor-bearing animals. Construction of appropriate evaluation models
is indispensable for developing vitamin D derivatives for pharmaceutical use. We have de-
veloped in vitro systems that can easily measure vitamin D receptor (VDR) affinity [15–19]
and CYP24A1-mediated metabolism [20–24]. We have also generated genetically modified
rats using genome editing as follows: Cyp27b1-gene-deficient rats (a type 1 rickets model
animal), vitamin D receptor-gene-deficient rats, and rats harboring a mutant vitamin D
receptor (R270L) gene (type II rickets model animals) [25]. We have also generated Cyp24a1-
gene-deficient rats to elucidate enzymes and metabolic pathways responsible for vitamin D
derivative metabolism [26]. In this review, we describe the in vitro and in vivo systems we
have developed for evaluation of vitamin D derivatives, and discuss the derivatives we
have synthesized to date.

2. In Vitro System to Easily Examine the Affinity for VDR of Vitamin D Derivatives
2.1. Measurement of Binding Affinity of Vitamin D Derivatives for VDR

The widely used method for evaluating the binding ability of vitamin D derivatives
for VDR in a cell-based assay system is a reporter assay that induces expression of lu-
ciferase (Luc) under the control of a promoter containing a vitamin D response element
(VDRE) [27–29]. It is noted that it takes more than 12 h for the reporter protein to be
expressed, and the direct binding between the receptor and the ligand cannot be evaluated.
Although a competitive system using native VDR and tritium-labeled 1α,25(OH)2D3 was
widely used, it is no longer commercially available. Thus, we tried to develop a new
detection system that easily evaluates the affinity of vitamin D derivatives for VDR in a
short time. We focused on the split-type luciferase technology [15–19,30–37]. This system
can evaluate the affinity of the ligand by increasing or decreasing the luminescence of the
split-type luciferase.
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2.2. Development of a Novel Bioluminescent Sensor to Detect and Discriminate between Vitamin D
Receptor Agonists and Antagonists in Living Cells (1st Generation)

Two chimeric fusion proteins that contained both split-luciferase and the ligand
binding domain (LBD) of the VDR were constructed. This fusion protein was labeled as
LucN–LBD–LucC. It contained the N-terminal domain taken from luciferase (LucN), LBD,
and C-terminal domain from luciferase (LucC) from N-terminus to C-terminus. LucC–
LBD–LucN has the C-terminal domain of luciferase at the N-terminus of the fusion protein
(Figure 1) [15]. Unexpectedly, the LucC–LBD–LucN worked better than LucN–LBD–LucC.
Luciferase activity was significantly diminished by the addition of the VDR agonists to
COS-7 cells that expressed LucC–LBD–LucN. On the other hand, the VDR antagonist
notably enhanced the activity of the chimeric luciferase in a dose- and time-dependent
manner. Our novel model for detecting and discriminating between VDR agonists and
antagonists is very useful for testing synthetic analogs of vitamin D that show reasonable
affinity for normal or mutant VDRs.
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Figure 1. Schematic diagrams of the biosensors to detect VDR ligands. (A) 1st generation. Binding of the VDR agonists to 
the LBD may cause a conformational change of the LBD that leads to disruption of the functional complex between N-
terminal and C-terminal domains of the luciferase. In contrast, binding of the antagonist leads to the reassembly of N-
terminal and C-terminal domains of the luciferase to increase the activity. (B) 2nd generation. Binding of VDR ligands to 
the biosensor may cause a conformational change of helix12 (H12) in LBD. After conformational change of LBD, the LXXLL 
motif interacts with LBD in the biosensor. Then, this intramolecular dynamic change of the WT biosensor leads to recon-
stitution of the functional complex between LucN and LucC fragments of the split luciferase. (C) 3rd generation. Binding 
of the VDR ligands to the LBD–LucC may cause a positional change of helix12 in LBD. Then, the LucN–LXXLL and LBD–
LucC forms a functional complex to exhibit the luciferase activity. 
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Figure 1. Schematic diagrams of the biosensors to detect VDR ligands. (A) 1st generation. Binding of the VDR agonists
to the LBD may cause a conformational change of the LBD that leads to disruption of the functional complex between
N-terminal and C-terminal domains of the luciferase. In contrast, binding of the antagonist leads to the reassembly of
N-terminal and C-terminal domains of the luciferase to increase the activity. (B) 2nd generation. Binding of VDR ligands
to the biosensor may cause a conformational change of helix12 (H12) in LBD. After conformational change of LBD, the
LXXLL motif interacts with LBD in the biosensor. Then, this intramolecular dynamic change of the WT biosensor leads
to reconstitution of the functional complex between LucN and LucC fragments of the split luciferase. (C) 3rd generation.
Binding of the VDR ligands to the LBD–LucC may cause a positional change of helix12 in LBD. Then, the LucN–LXXLL and
LBD–LucC forms a functional complex to exhibit the luciferase activity.
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Patients with type II rickets showing the R274L mutation caused a 1000-fold reduction
in the binding activity for 1α,25(OH)2D3 and remarkably lowered vitamin-D-related gene
expression [38]. It is Arg274, located in LBD of VDR, that is responsible for attaching
1α,25(OH)2D3. This happens by a formation of an additional hydrogen bond with 1α-
hydroxyl of 1α,25(OH)2D3. LucC–LBD (R274L)–LucN was constructed to investigate
vitamin D ligands of high affinity for the mutant VDR (R274L). A total of 5 out of the
33 vitamin D analogs tested showed much higher binding for the mutant VDR (R274L)
than the vitamin D hormone. The highest binding activity was shown by 2α-(2-(tetrazol-
2-yl)ethyl)-(AH-1). These analogs might be considered as future drug candidates against
HVDRR that is caused by the mutant VDR (R274L) [16].

2.3. Development of a Highly Sensitive In Vitro System to Detect and Discriminate between
Vitamin D Receptor Agonists and Antagonists

We have established an in vitro screening system for VDR ligands using the LucC–
LBD–LucN proteins expressed in Escherichia coli (E. coli) cells [17]. It should be noted
that this system could be completed within 30 min, and its activity was unchanged after
10 freeze–thaw cycles. This highly sensitive and convenient system would be quite useful
to screen VDR ligands with therapeutic potential for osteoporosis, renal osteodystrophy,
cancers, and immune disorders.

2.4. Design of a Biosensor Based on Split Luciferase for Detection of VDR Ligands
(2nd Generation)

The model we developed is very useful for a fast investigation of VDR ligands.
However, the sensitivity of our biosensor (LucC–LBD–LucN) is not as high as expected.
LBD is known to interact via the LXXLL motif with transcription coactivators, such as
SRC-1, TIF-2, or DRIP-205 to initiate vitamin-D-related gene expression, when binding
natural VDR ligands. This is why we anticipated that it is the LXXLL motif that changes
the enzymatic profile of luciferase–LBD biosensors. This is why LucN–LBD–LucC and not
LucC–LBD–LucN was used as a basing fragment. We created a new biosensor consisting
of the LBD (121–427 aa) of VDR, N- and C-terminal of firefly luciferase fragments (LucN
(1–415 aa) and LucC (416-550 aa)), the LXXLL peptide sequence, and peptide sequence
(Gly-Gly-Gly-Gly-Ser (GGGGS)) × 3 as the flexible linker [18]. This construct we labeled as
LucN–LXXLL–(GGGGS) × 3–LBD–LucC WT biosensor and WT means the wild-type of
LBD (Figure 1). Light intensity of luciferase is low when natural VDR ligands are absent.
The luciferase light intensity is immediately and remarkably increased when the ligand
is bound to the WT biosensor. To sum up, we have successfully created a very sensitive
biosensor which shows the increase in light intensity when binding VDR agonists.

To this end, we developed a novel and WT biosensor of high sensitivity by examining
three types of LXXLL peptides (NHPMLMNLLKDN, LTEMHPILTSLLQNGVDHV, and
LSETHPLLWTLLSSTEGDSM) that interact with the LBD in response to 1α,25(OH)2D3
or synthetic VDR agonists. The COS-7 cells that expressed each type of biosensor were
treated with 1α,25(OH)2D3 (100 nM) and then the luminescence was measured 90 min later.
Among the 10 biosensors we constructed, one showed a reduction in intensity of light in
response to 1α,25(OH)2D3. Seven biosensors showed an excellent increase in light intensity.
Our best biosensor showed the light intensity ca. one-third of that of full-length native
luciferase of firefly. Quite unexpectedly, 25(OH)D3, as the low-affinity VDR ligand, also
enhanced the intensity of light in a concentration-dependent manner. The half maximal
relative intensity of light was recorded at 1 nM of 1α,25(OH)2D3 and at 20 nM of 25(OH)D3,
respectively. We then compared the binding activity of 1α,25(OH)2D3 and 25(OH)D3 for the
mutant VDR (R274L). As previously mentioned, the substitution of Arg274 to Leu causes
a 1000-fold decrease in affinity of 1α,25(OH)2D3. As expected, in the R274L biosensor
the concentration–response curve of 1α,25(OH)2D3 was very similar to that of 25(OH)D3.
Thus, the biosensor system we developed may be very useful in elucidating novel vitamin
D analogs as drug candidates against type II rickets resulting from VDR mutation, such
as R274L.
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2.5. Development of a Novel Two-Molecule System with a Highly Sensitive Biosensor
(3rd Generation)

In the next step, we developed a two-molecule system named LXXLL + LBD biosensor,
as shown in Figure 1, with a combination of two components [19]. The two plasmids
were co-transfected and two proteins were co-expressed in COS-7 cells. The LXXLL + LBD
biosensor-expressing COS-7 cells were treated with 100 nM of 1α,25(OH)2D3, and lu-
ciferase light intensity was measured at 90 min after treatment. Among all combinations
of LXXLL + LBD biosensor, relative light intensity of A1 + B1 [19] was the highest in all
combinations. The relative light intensity of combination A1 + B1 was approximately a
90- to 100-fold increase in response to 100 nM of 1α,25(OH)2D3. It should be noted that
the detection limit was 0.005 nM (5 pM) of 1α,25(OH)2D3, indicating that the sensitiv-
ity of LXXLL + LBD biosensor is higher than that of our previous biosensors. [15–18].
Our LXXLL + LBD biosensor might be used for the measurement of 1α,25(OH)2D3 and
25(OH)D3 in the plasma.

3. In Vitro Evaluation of CYP24A1-mediated Metabolism of Vitamin D Derivatives
3.1. Expression of Rat or Human CYP24A1 in E. coli Cells

The rat Cyp24a1 cDNA was cloned from the rat kidney cDNA library [39], and the
isolated cDNA clone contained the open reading frame consisting of 514 amino acids. Since
the amino acid sequence showed less than 40 % homology with already known CYPs, the
new CYP family name, CYP24, was given to this vitamin-D-24-hydroxylase.

The molecular mechanism of CYP24A1 gene regulation is quite complicated, and
many factors are tissue-specifically involved in the expression of CYP24A1 [40–44]. These
facts strongly suggest that CYP24A1 is a physiologically essential enzyme that regulates
the level of the active form of vitamin D.

When the deduced amino acid sequence from its cDNA was compared to that amino-
terminal amino acid sequence of the CYP24A1 purified from rat kidney, it was found
that the mature form of rat CYP24A1 lacks amino-terminal 32 amino acids. These results
suggest that amino-terminal 32 amino acids function as a mitochondrial targeting signal,
which is removed after translocation of CYP24A1 to mitochondria. We have successfully
expressed the mature forms of rat and human CYP24A1 in E. coli cells to reveal their
enzymatic properties [20–24].

3.2. Construction of a CYP24A1 Enzyme System Containing Adrenodoxin (ADX) and
NADPH-Adrenodoxin Reductase (ADR)

The mitochondrial P450 system consists of three components: CYP, ADX, and ADR.
Electrons are sequentially transferred from NADPH through ADR and ADX to CYP24A1
(Figure 2). Thus, CYP24A1-dependent activity was measured in an in vitro reconstituted
system containing purified ADX and ADR proteins. On the other hand, in a whole-cell
system, co-expression of mature forms of CYP24A1, ADX, and ADR in E. coli is required. We
have demonstrated that the E. coli expression system is quite useful to investigate enzymatic
properties of CYP24A1. Using this E. coli expression system, we have determined kinetic
parameters of CYP24A1 in the metabolism of the native vitamin D and various vitamin D
derivatives, and revealed their metabolic pathways [45–58].

3.3. CYP24A1-Dependent Multi-Step Reaction toward the Active form of Vitamin D3

CYP24A1 plays central roles in vitamin D metabolism and produces a wide variety of
metabolites. We revealed that rat or human CYP24A1 catalyzes a six-step reaction, starting
with hydroxylation at the 24R position of 1α,25(OH)2D3 to produce the final metabolite,
calcitroic acid (Figure 3). In addition, human CYP24A1 catalyzes a four-step reaction,
starting with hydroxylation at the 23S position to produce the 26,23-lactone form (Figure 3).
In the reaction of P450, it is often seen that the reaction product is not released from the
substrate binding pocket and the reaction proceeds further. Thus, the two- or three-step
reaction is not special in the P450 reaction; however, there is no other P450 that catalyzes
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such a multi-step reaction for one substrate. Moreover, it is noted that the reaction by
human CYP24A1 proceeds in a dual pathway, the C-24 pathway and the C-23 pathway.
Interestingly, the ratio of the C-24 to C-23 pathways varies among animal species. In human
CYP24A1, it is about 4:1, but, in rat CYP24A1, about 25:1; however, in animal species such
as guinea pig and opossum, the C-23 pathway is major. In rat and human CYP24A1, the
326th amino acid residue from the N-terminus is Ala, whereas it is Gly in guinea pigs and
opossum, and, when the Ala326 in rat and human CYP24A1 is replaced by Gly, it changes
to the guinea pig type [59]. Given that inactivating the active form of vitamin D is the
physiological role of CYP24A1, it may be less important whether the C-24 or C-23 pathway
is predominant.
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Figure 2. Mitochondrial electron transport chain of CYP24A1. CYP24A1-dependent mono-oxygenase activity requires the
electron transfer from NADPH via NADPH-adrenodoxin oxidoreductase (ADR) and adrenodoxin (ADX) to the heme iron
of CYP24A1 situated on the inner membrane of mitochondria. RH represents substrate of CYP24A1.
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Figure 3. C-23 and C-24 oxidative pathways of 1α,25(OH)2D3 catalyzed by human CYP24A1. Human CYP24A1 catalyzes
6-step mono-oxygenation from C-24 hydroxylation to produce calcitroic acid, and 4-step mono-oxygenation from C-23
hydroxylation to the lactone formation.

3.4. Metabolism of Vitamin D Derivatives by CYP24A1

The CYP24A1 gene has two VDREs in the promoter region [40,41,60] and, when the
active form of vitamin D binds to VDR, remarkable transcriptional induction of CYP24A1
occurs. When a large amount of CYP24A1 protein is expressed in the cell, the active form
of vitamin D is inactivated via the metabolic pathways described above. This mechanism
appears to be crucial for keeping the level of the active form of vitamin D. However,
when a vitamin D derivative with a high affinity for VDR is developed as a drug, the
drug binds to VDR to induce CYP24A1. Therefore, vitamin D derivatives that are not
easily metabolized by CYP24A1 could be excellent drugs with long-lasting efficacy. Elde-
calcitol, an osteoporosis treatment drug developed by Chugai Pharmaceutical Co., Ltd.,
has a 3-hydroxy-propyloxy group at the 2β position of 1α,25(OH)2D3 (Figure 4). We
revealed that CYP24A1 hardly metabolizes Eldecalcitol [53] and suggest that the resis-
tance to CYP24A1-dependent metabolism may be a key factor that keeps its efficacy for
a long time [53,61–63]. We have investigated the metabolism of many vitamin D deriva-
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tives by CYP24A1 and have clearly demonstrated the importance of CYP24A1-dependent
metabolism. In addition, as mentioned above, the fact that there are animal species differ-
ences in the metabolic mode of 1α,25(OH)2D3 by CYP24A1 suggests that there are also
animal species differences in the metabolism of vitamin D derivatives. Therefore, the
development of vitamin D derivatives requires not only animal studies, but also metabolic
studies using human CYP24A1 enzyme.
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3.5. CYP24A1-Resistant Vitamin D Derivatives with a Substituent at C2α Position

We have synthesized many of A-ring-modified derivatives with a substituent at the
C2α position, which have unique biological activities [64–68]. Of these derivatives, 2α-
(3-hydroxypropoxy)-1α,25(OH)2D3 (O2C3), which is a C2-epimer of Eldecalcitol, was exam-
ined for the metabolism by CYP24A1. Five metabolites were detected in its metabolism by
human CYP24A1, including both C-23 and C-24 oxidation pathways [48]. The Km and kcat
values of human CYP24A1 for O2C3 were estimated to be approximately 16 times greater
and 3 times lower than those for 1α,25(OH)2D3, respectively [48]. Accordingly, the cat-
alytic efficiency (kcat/Km) of human CYP24A1 for O2C3 is only about 3% of 1α,25(OH)2D3.
These results strongly suggest that O2C3 is much more resistant to CYP24A1-dependent
metabolism than 1α,25(OH)2D3. It is noted that another C-2-substituted derivative, 19-nor-
2α-(3-hydroxypropyl)-1α,25(OH)2D3 (MART-10) (Figure 4), was more resistant to CYP24A1-
dependent degradation than O2C3 [69–74]. The kcat/Km values of human CYP24A1 for
MART-10 were about 0.3 % of those for 1α,25(OH)2D3.

Our in vivo studies using rats revealed that MART-10 had a potent anticancer effect,
with a low calcemic effect, which is a suitable property as an anticancer drug. The resistance
to CYP24A1 is also a suitable property of MART-10 as an anticancer drug.

4. In Vivo Evaluation System for Vitamin D Derivatives Using Genetically Modified
Rats Generated by Genome Editing
4.1. Appearance and Growth of Genetically Modified (GM) Rats

Figure 5A shows WT, Vdr (R270L), and Vdr-KO rats fed an F-2 diet containing 0.75%
Ca, and Cyp27b1-KO rats fed a diet containing 1.15% Ca at 15 weeks after birth. Although
Cyp27b1-KO rats were much smaller than WT rats, body sizes of Vdr (R270L) and Vdr-KO
rats were not so different from that of the WT rats. Figure 5A shows the Vdr- abnormal skin
and alopecia of KO rats. Elasticity and softness of the skin of Vdr-KO rats were substantially
lowered and the wavy skin was formed [25]. Keratinization was elevated and follicles
decreased, and formation of cysts appeared in the dorsal skin of Vdr-KO rats [25].
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Figure 5. The appearance of GM rats and their abnormal bone formation [25]. (A) Comparison of
body size and skin phenotype at 15 weeks of age. (B) First panels, 2D µ-CT images of horizontal
section at distal femur; second panels, von Kossa staining of distal femur; bottom panels, toluidine
blue staining of epiphyseal cartilage.

Figure 5A shows that growth was substantially diminished in Cyp27b1-KO rats com-
pared to WT rats. However, only a slight decrease was observed in Vdr (R270L) and Vdr-KO
rats. It was noted that approximately a half of male Cyp27b1-KO rats fed with the diet
containing 0.75 % Ca died prior to 9 weeks of age, and none survived to 10 weeks of age
(data not shown), whereas no animals had died at 15 weeks of age in the Cyp27b1-KO rats
fed with the diet containing 1.15% Ca. Thus, the diet that contained 0.75% Ca was used for
mutant Vdr (R270L) and Vdr-KO rats, while the diet containing 1.15 % Ca was used for
Cyp27b1-KO rats.

4.2. Osteogenesis and Plasma Ca, PTH, and 1α,25(OH)2D3 Levels in the GM Rats

It is noted that Cyp27b1-KO rats are remarkably smaller than other rats. Figure 5B
shows the middle region of the femur in 2D µCT scan images. The femur lengths of Cyp27b1-
KO, Vdr (R270L), and Vdr-KO rats were found to be remarkably shorter than those of WT
rats. The µCT scanning and von Kossa staining of femurs showed hyperplasia of calcified
trabecular bones with a narrow medullary cavity in all the Vdr (R270L), Cyp27b1-KO, and
Vdr-KO rats (Figure 5B). The Vdr (R270L) and Vdr-KO rats expressed no clear differences
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in total bone mineral density (BMD). In contrast, the BMD of cortical bone in Cyp27b1-KO
rats was substantially diminished [25].

Histological analysis of the epiphyseal cartilage demonstrated structural disorder of
the growth plate in all the Vdr (R270L), Cyp27b1-KO, and Vdr-KO rats. Whereas WT growth
plates contained aligned cartilage cells in the layered structure, growth plates in all three
GM rats lost the sequential plate structure and cartilage cell alignment (Figure 5). Thus, the
morphology of bone was abnormal in all three GM rats, and, in Cyp27b1-KO rats, the most
significant disorders of bone were observed.

It is well known that rickets type I model Cyp27b1-KO mice, and rickets type II model
Vdr-KO mice, have significantly lower plasma Ca levels than WT mice [75,76]. Expectedly,
the plasma Ca level was substantially reduced, and the level of parathyroid hormone
(PTH) in plasma was greatly increased in Vdr (R270L) rats and Cyp27b1-KO rats [25].
Unexpectedly, the plasma Ca level in Vdr-KO rats was normal at 15 weeks. In Vdr-KO
rats, until 10 weeks, the plasma level of Ca was significantly lower than that in WT rats,
and PTH level was substantially higher than that in WT rats [25]. Plasma PTH level in
Vdr-KO rats was remarkably higher than that in WT rats; although, at 15 weeks, the level
of Ca in plasma in Vdr-KO rats returns to normal. These findings might indicate that
hyperparathyroidism occurred in Vdr-KO rats [25]. In addition, the putative incomplete
formation of intercellular barriers in epithelial tissues, including the small intestine, in
VDR-KO rats might cause the increased calcium permeability to result in the normal level
of plasma Ca concentration [77].

Although plasma 1α,25(OH)2D3 level was significantly increased in Vdr (R270L)
and Vdr-KO rats, it was significantly decreased in Cyp27b1-KO rats (8.0 ± 3.2 pg/mL
(mean ± SEM, n = 7)) compared to WT rats (24.8 ± 5.2 pg/mL, (mean ± SEM, n = 7)) [25].

4.3. Effects of 25(OH)D3 Administration on Cyp27b1- KO Rats

As described previously [76], dietary administration of 25(OH)D3 recovered growth
failure, skeletal disorders, and hypocalcemia of Cyp27b1-KO mice. Dietary administration
of 25(OH)D3 to Cyp27b1-KO rats at 200 µg·kg−1·day−1 also significantly reversed growth
failure [25]. The 25(OH)D3 administration normalized BMD of the cortex and trabecular
bone of Cyp27b1-KO rats. Histological analysis of the femur clearly indicated a normal
structure of the cortex and trabecular bone in Cyp27b1-KO rats [25]. The growth plate and
chondrocytes were also normalized, and the plasma Ca and PTH levels of Cyp27b1-KO rats
were fully normalized after 25(OH)D3 administration [25].

Plasma 1α,25(OH)2D3 level in Cyp27b1-KO rats was normalized by 25(OH)D3 ad-
ministration. The 1α-hydroxylation activity toward 25(OH)D3 was observed in the liver
mitochondrial fraction prepared from Cyp27b1-KO rats. It is noted that these results were
similar to those obtained in our previous study using Cyp27b1-KO mice [76]. Because
hepatic Cyp27a1 has a weak 1α-hydroxylation activity toward 25(OH)D3, Cyp27a1 is the
most probable candidate to produce 1α,25(OH)2D3 from 25(OH)D3 in Cyp27b1-KO rats.

It is noted that 25(OH)D3 administration is highly effective in type I rickets model
mice and rats. Because human CYP27A1 can convert 25(OH)D3 into 1α,25(OH)2D3, similar
effects might be expected in humans.

4.4. Effects of 25(OH)D3 Administration on Vdr (R270L) Rats

The 25(OH)D3 administration also normalized bone disorders with increased cortical
BMD of Vdr (R270L) rats [25]. The reduced plasma Ca level in Vdr (R270L) rats was
normalized by 25(OH)D3 diet, and the elevated plasma PTH and 1α,25(OH)2D3 levels
observed before 25(OH)D3 administration were reduced to the normal levels.

The plasma concentration of 25(OH)D3 in Vdr (R270L) rats fed a 25(OH)D3-containing
diet was about 500 nM. This concentration was 20 times higher than that in WT rats. It
is noted that the affinity of 1α,25(OH)2D3 for Vdr (R270L) is nearly the same as that of
25(OH)D3. Thus, 25(OH)D3 is thought to be a leading ligand of Vdr (R270L) in these rats,
because plasma 1α,25(OH)2D3 level in the Vdr (R270L) rats after the 25(OH)D3 treatment
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was much lower than that of 25(OH)D3 [25]. The remarkably higher levels of 24,25(OH)2D3
and 24-oxo-25(OH)D3 were consistent with the induction of Cyp24a1 expression, which
indicates the “Vdr (R270L)-dependent effects of 25(OH)D3”. The remarkable effects of
25(OH)D3 administration on rickets symptoms in Vdr (R270L) rats indicate that 25(OH)D3
might be efficacious in the treatment of patients with type II rickets caused by the human
VDR mutant (R274L).

4.5. Predicted Effects of the Vitamin D Derivative AH-1 towards Patients with Type II Rickets
Harboring VDR (R274L) cDNA

As described in the previous sections, AH-1 showed a high binding ability to VDR
(R274L) and a high resistance to CYP24A1-dependent metabolism. These results suggest
that AH-1 could demonstrate therapeutic effects on type II rickets caused by VDR (R274L).
Currently, we administered AH-1 to VDR (R270L) rats, and the expected results have been
obtained (data not shown).

4.6. Elucidation of Molecular Mechanism Vitamin D Actions by Comparison among the GM Rats

Various vitamin D actions could be elucidated by comparing physiological condi-
tions, such as bone and skin formation, and multiple serum parameters, such as Ca, P,
25(OH)D3, and PTH, in the GM rats generated in this study (Figure 6). Previous studies
have showed genomic and nongenomic actions of vitamin D mediated by VDR [78,79], and
VDR-independent actions of vitamin D [80]. The VDR-independent effect of 25(OH)D3 on
lipid metabolism by inducing degradation of SREBP/SCAP was recently reported. In addi-
tion, ligand-independent effects of VDR have been reported [81]. Thus, at least five types of
effects of vitamin D and/or the VDR should be considered, namely: (1) VDR-dependent ef-
fects of 1α,25(OH)2D3 [19,20], (2) VDR-independent effects of 1α,25(OH)2D3 [80], (3) VDR-
dependent effects of 25(OH)D3 (VDR-25(OH)D3) [82], (4) VDR-independent effects of
25(OH)D3 [83], and (5) ligand-independent effects of VDR (Table 1) [81].
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Table 1. Vitamin D and/or VDR actions observed in WT and GM rats [25].

Rat Strain

Mode of Action of Vitamin D

(1) (2) (3) (4) (5)

Vdr-1,25D3 non
Vdr-1,25D3 Vdr-25D3 non

Vdr-25D3
Vdr-no
ligand

WT + + + + +
Vdr (R270L) − + + + +
Cyp27b1-KO − − + + +

Vdr-KO − + − + −
Vdr-1,25D3; Vdr-dependent action of: non-Vdr-1,25D3; Vdr-independent action of: Vdr-25D3; Vdr-dependent
action of 25(OH)D3: non-Vdr-25D3; Vdr-independent action of 25(OH)D3: Vdr-no ligand; ligand-independent
action of Vdr.

Comparison between wild-type and Vdr (R270L) rats could reveal (1) VDR-dependent
1α,25(OH)2D3 effects (Table 1). Comparison between Vdr (R270L) and Cyp27b1-KO rats may
reveal (2) VDR-independent effects of 1α,25(OH)2D3. In addition, comparison between Vdr
(R270L) and Vdr-KO rats may reveal (3) VDR-dependent effects of 25(OH)D3 or (5) ligand-
independent effects of the VDR. Thus, our GM rats appear to be useful for the elucidation
of molecular mechanism vitamin D actions and the development of vitamin D derivatives
for clinical treatment.

5. Conclusions

The vitamin D derivative evaluation systems we have developed in this study are
quite useful. They can readily measure VDR affinity and CYP24A1-mediated metabolism.
In addition, the GM rats we have generated by genome editing are highly useful for
evaluating the efficacy, safety, and pharmacokinetics of vitamin D derivatives. The reasons
rats were used in this study instead of mice include their much larger body size and greater
blood volume relative to mice, rendering rats more suitable for pharmacokinetic studies.
We hope these evaluation systems will contribute to the near-future development of drugs
with excellent therapeutic potential.
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Abstract: The discovery of a large variety of functions of vitamin D3 and its metabolites has led
to the design and synthesis of a vast amount of vitamin D3 analogues in order to increase the
potency and reduce toxicity. The introduction of highly electronegative fluorine atom(s) into vitamin
D3 skeletons alters their physical and chemical properties. To date, many fluorinated vitamin D3

analogues have been designed and synthesized. This review summarizes the molecular structures of
fluoro-containing vitamin D3 analogues and their synthetic methodologies.

Keywords: synthesis; fluorine; vitamin D3; metabolite; A-ring; CD-ring; side-chain

1. Introduction

Fluorine is one of the halogens, known as a small and the most electronegative element.
Fluorine substitution offers a variety of advantages, such as changing the pKa and dipole
moment of the molecule, improving the chemical or metabolic stability, and enhancing the
binding affinity to the target protein. Furthermore, it has a small atomic radius, similar
to that of a hydrogen atom. Due to their unique properties, fluorine atoms have been
incorporated into many drugs, drug candidates, and agricultural chemicals [1–12]. The con-
tribution of fluorine to drug development and medicinal chemistry, and the life science as
well as material science fields, is widely recognized around the world [13–17]. Many scien-
tists have been engaged in the practical synthesis of organofluorine compounds, including
fluorinated vitamin D3 analogues. Vitamin D3 (VD3) is a fat-soluble vitamin whose biologi-
cal function depends on metabolic activation by CYP enzymes [18]. Bioactivation of VD3
requires sequential oxidation steps at C-25 and C-1 catalyzed by vitamin D 25-hydroxylase
(CYP2R1) and 25-hydroxyvitamin D3-1α-hydroxylase (CYP27B1), respectively. The result-
ing B-secosterol, 1α,25-dihydroxyvitamin D3 [1α,25(OH)2D3 (1)], is the fully active and
hormonal form of VD3. Moreover, 1α,25(OH)2D3 (1) and 25-hydroxyvitamin D3 [25(OH)D3
(2)] are degraded via hydroxylation at C23 or C24 catalyzed by 1α,25-dihydroxyvitamin D3-
24-hydroxylase (CYP24A1) [19]. C23 hydroxylation and subsequent three-step oxidation
lead to vitamin D3-26,23-lactone (3). On the other hand, C24 hydroxylation and subsequent
five-step oxidation lead to calcitroic acid (4) (Scheme 1) [19,20].

For slowing or preventing the biological degradation of the VD3 side chain, replacing
C-H with C-F bond(s) at appropriate positions should prolong their half-life in vivo, since
a C-F bond is stronger than a C-H bond chemically. The introduction of fluorine atoms
into VD3 analogues can also alter electron distribution, which can confer lower pKa at the
hydroxy group(s), change the dipole moment, and influence the conformation because of
their marked electron-withdrawing properties. Because of these unique properties, both
academic institutions and industries have designed and synthesized numerous fluorinated
VD3 analogues, similarly to other bioactive compounds with fluorine atoms. Most of them
show fluorination at the main metabolic site(s) and/or neighboring hydroxy group of
the VD3 molecule, namely either an A-ring or a side-chain moiety or both. This review
introduces fluorinated VD3 analogues and their synthetic methodologies, including some
basic biological activities.
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2. A-Ring Fluorinated VD3 Analogues

On the VD3 A-ring, 1α-hydroxylation is the final and essential step to produce the
hormonal form of VD3 from 25(OH)D3 (2), and 1α,25(OH)2D3 (1) exerts a range of physio-
logical activities by binding to the vitamin D receptor (VDR). The A-ring moiety is anchored
in the VDR ligand-binding pocket through four hydrogen-bonding interactions, i.e., the 1α-
hydroxy group to Ser233 and Arg270, and the 3β-hydroxy group to Tyr143 and Ser274 [21].
As expected, based on the importance of the A-ring moiety, many A-ring fluorinated VD3
analogues have been synthesized and evaluated regarding their biological activities.

2.1. 1-Fluorinated VD3 Analogues

DeLuca and coworkers described the first synthesis of 1-fluoro-VD3 for the purpose of
studying the possibility of using it as a kind of VD3 antagonist against 1α-hydroxylase in
1979 [22]. They prepared 1α-hydroxyvitamin D3-3-acetate by the selective acetylation of 1α-
hydroxyvitamin D3 [1α(OH)D3 (5)] and used it as a starting material. The fluorination step
was achieved by N,N-(diethylamino)sulfur trifluoride (DAST) to afford 1-fluorovitamin
D3 (6) (Scheme 2). The authors did not assign its C1 configuration in the report. The
biological evaluation revealed that 6 demonstrated a relative preference for stimulating
bone calcium mobilization with respect to intestinal calcium transport after metabolism
in vivo, and 6 was a weak agonist that could not be used as an anti-vitamin D agent.

Next, DeLuca et al. designed and synthesized 1α,25-difluorovitamin D3 (7) in 1981 [23].
As shown in Scheme 3, it was synthesized from either 1α,25(OH)2D3 3-acetate (8) or
1α,25(OH)2-3,5-cyclovitamin D3 (9) using DAST as a fluorination reagent. The authors
explained that the stereochemistry at C1 was 1α in the report, but they revised it to 1β
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The authors evaluated the biological properties of 1α,25-difluorovitamin D3 (7) and
demonstrated that it had essentially no vitamin D activity. These results strongly supported
the idea that C1 and C25 hydroxylation are essential aspects of vitamin D function. Initially,
since both the C1 and C25 positions of VD3 were blocked with fluorine atoms, it might
have shown the anti-vitamin D activity of 25-hydroxylation of VD3 in vivo. However, 7
did not exhibit the expected inhibitory activity against the 25-hydroxylation of VD3.

In 1984, 1α-fluorovitamin D3 (10) and 1α-fluoro-25(OH)D3 (11) were synthesized
utilizing a steroid A-ring epoxide as the starting material in order to confirm the stereo-
chemistry at C1 (Scheme 4) [24,25].

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 4 of 27 
 

 

H

H

O
OAc

H

H

HO
OAc

HO
F

H

H

HO

F

HO

H

H

R = H, 10 (Ohshima et al., 1984)
R = OH, 11 (Ohshima et al., 1984)

F

R

R = H or OH

R

steps1) mCPBA

2) KHF2, 160 °C

1) hv
2) heat

3) KOH, MeOH

 
Scheme 4. Synthesis of 1α-fluoro-VD3 (10) and 1α-fluoro-25(OH)D3 (11) from sterols. 

A comparison of the spectral data of the report [24] and previous ones [22,23] re-
vealed that the reported 1α-fluorovitamin D3 in 1979 [22] and 1α,25-difluorovitamin D3 in 
1981 [23] were, in fact, 1β-fluorovitamin D3 and 1β,25-difluorovitamin D3, respectively. 

On the other hand, although 1α-fluoro-25(OH)D3 (11) showed no stimulation of in-
testinal calcium transport or bone calcium mobilization activities at a dosage level of 1.3 
μg, its binding affinity to chick intestine VDR was 30 times greater than that of 25(OH)D3. 

A convergent synthetic route to 1-fluoro-VD3 analogues was described by Uskoković 
and coworkers using an A-ring key fragment, a 1α-fluorinated A-ring precursor (12), 
which was prepared from (S)-(+)-carvone (13), in 1990 (17 steps in 4%) (Scheme 5) [26], as 
well as an A ring from VD3 in 1991 (12 steps) (Scheme 6) [27]. A lithium anion of the A-
ring phosphine oxide (12) underwent a Wittig–Horner coupling reaction with the 8-keto-
CD-ring (14) to afford the desired 1α-fluoro-25(OH)D3 (11). 

 
Scheme 5. Uskoković’s approach to 1α-fluoro-25(OH)D3 (11) using the Wittig–Horner reaction. 

Scheme 4. Synthesis of 1α-fluoro-VD3 (10) and 1α-fluoro-25(OH)D3 (11) from sterols.

A comparison of the spectral data of the report [24] and previous ones [22,23] revealed
that the reported 1α-fluorovitamin D3 in 1979 [22] and 1α,25-difluorovitamin D3 in 1981 [23]
were, in fact, 1β-fluorovitamin D3 and 1β,25-difluorovitamin D3, respectively.

On the other hand, although 1α-fluoro-25(OH)D3 (11) showed no stimulation of
intestinal calcium transport or bone calcium mobilization activities at a dosage level
of 1.3 µg, its binding affinity to chick intestine VDR was 30 times greater than that of
25(OH)D3.
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A convergent synthetic route to 1-fluoro-VD3 analogues was described by Uskoković
and coworkers using an A-ring key fragment, a 1α-fluorinated A-ring precursor (12),
which was prepared from (S)-(+)-carvone (13), in 1990 (17 steps in 4%) (Scheme 5) [26],
as well as an A ring from VD3 in 1991 (12 steps) (Scheme 6) [27]. A lithium anion of
the A-ring phosphine oxide (12) underwent a Wittig–Horner coupling reaction with the
8-keto-CD-ring (14) to afford the desired 1α-fluoro-25(OH)D3 (11).
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from the A-ring of VD3.

Later, Uskoković’s group utilized the 1α-fluoro-A-ring (12) to synthesize six 1α-fluoro-
VD3 analogues with two different side chains at C20 (Gemini analogues). They prepared
six 8-keto-CD-rings (16–21) starting from the methyl ester (15) and coupled it with 12 under
basic conditions (Scheme 7) [28]. The anticancer activity of these compounds was tested,
but 1α-fluorination did not effectively promote the activity.
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In 2019, Uesugi and colleagues published the first synthesis of 1-fluoro-19-norVD3 ana-
logues [29]. They constructed 1-hydroxy-19-norvitamin D3 structures with a modified Julia
olefination method [30], and the direct deoxyfluorination of C1 yielded the corresponding
1-fluorinated analogues (22,23). In this reaction sequence, shown in Scheme 8, they also
obtained 3-fluoro-19-norVD3 analogues (24,25). Some of these analogues were poor VDR
binders but showed potent sterol regulatory element-binding protein (SREBP) inhibitory
activity via inducing SREBP cleavage-activating protein (SCAP) degradation [29].
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2.2. 2-Fluorinated VD3 Analogues

Several 2-fluorinated VD3 analogues have been reported to date, because fluorine
substitution at this position can change the A-ring conformation and pKa value of the
neighboring 1α- and 3β-hydroxy groups. The first synthesis of 2β-fluoro-VD3 was reported
by Ikekawa and coworkers in 1980, in which nucleophilic fluorination using KHF2 to 1,2α-
epoxycholesterol gave 2β-fluoro-1α(OH)D3 (26), (Scheme 9) [31]. It was noted that the
biological activity of 26 was increased [32].
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fluorination reaction.

Next, 2α-fluorovitamin D3 (27) was also synthesized, and its biological activity was
tested in 1986 [32]. Electrophilic 2α-fluorination of 3,6β-diacetoxycholest-2-ene (28) using
CsSO4F gave 2α-fluoroketone (29). To construct the B-secosteroidal structure, conventional
photochemical conversion and subsequent thermal isomerization were applied (Scheme
10) [32]. The biological effects of 27 on intestinal calcium transport and bone calcium
mobilization as well as the serum calcium concentration at a dosage level of 500 ng for
rats were measured, and the activities were found to be essentially equivalent to those of
VD3 itself.
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bonyl-ene cyclization was used to construct the 6-membered A-ring precursor, and the 
subsequent coupling reaction with the CD ring afforded 2α-fluoro-19-normaxacalcitol 
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The synthesis and biological activities of 2β-fluoro-1α,25-dihydroxyvitamin D3 (30) were
reported by Scheddin et al. in 1998 [33]. The synthetic route was similar to Ikekawa’s [31],
as shown in Scheme 11, and the biological evaluation revealed that the synthetic 2β-fluoro-
1α,25-(OH)2D3 (30) exhibited greater potency in vitro, for example, six-times higher affinity
for VDR, nearly identical affinity for the vitamin D-binding protein (DBP), and 90-times
higher antiproliferative activity toward C3H10T1/2 cells under serum-containing conditions,
as well as five-times greater adipogenesis inhibitory activity than the natural hormone
1α,25(OH)2D3 (1).
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The catalytic asymmetric stereoselective synthesis of the A-ring precursor of the 19-nor
type 2α-fluorovitamin D3 analogue (31) and its synthesis were reported by Mikami et al.
[34,35]. The regio- and stereo-selective 2α-fluorination was achieved via a ring opening
reaction of chiral epoxide (32) mediated by HfF4/Bu4NH2F3, the asymmetric catalytic
carbonyl-ene cyclization was used to construct the 6-membered A-ring precursor, and
the subsequent coupling reaction with the CD ring afforded 2α-fluoro-19-normaxacalcitol
(31) (Scheme 12). This 2α-fluoro-22-oxa-19-nor analogue (31) had very low DBP-binding
affinity but four-times stronger VDR-binding potency than its 22-oxa-19-nor counterpart
and also showed significant transactivation activity [34]. It was also shown that 31 was
highly effective in inhibiting metastatic tumor growth in vivo without toxicity in terms of
hypercalcemia and weight loss [35].
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Posner’s group showed the first example of synthesis of the 2,2-difluorovitamin D3
analogue in 2002 [36]. They synthesized the racemic 2,2-difluoro substituted A-ring phos-
phine oxide (33) from trifluoroethanol (7% in 13 steps). A coupling reaction of 33 with the 8-
keto-CD-ring and subsequent deprotection yielded the 2,2-difluoro-1,25-dihydroxyvitamin
D3 analogues in the ratio of 5:1 (1α,3β (34):1β,3α) (Scheme 13). The diastereomers were
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separated with reversed-phase HPLC to afford the target 2,2-difluoro-1α,25(OH)2D3 (34).
Biological evaluation revealed that 34 exhibited antiproliferative activity similar to that of
1α,25(OH)2D3 (1) and was 2-3 times more transcriptionally active than 1 in rat osteosar-
coma cells, even though the human VDR-binding affinity was 9.6% relative to that of 1.
Compound 34 showed strong calcemic activity in vivo.
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Scheme 13. Posner’s synthetic route to 2,2-difluoro-1α,25-dihydroxyvitamin D3 (34) from 2,2-difluoro-A-ring (33) via an
inverse-electron-demand Diels–Alder reaction between a pyrone diene and difluorovinyl ether.

2.3. 3-Fluorinated VD3 Analogues

The C3 position of VD3 has a β-hydroxy group, and substitution of the hydroxy
with a fluorine atom is of fundamental interest. There are several reports of replacing the
C3-hydroxy group with a fluorine atom in order to demonstrate the expected positive
effects on biological activity.

The synthesis of 3β-fluoro-3-deoxyvitamin D3 (35) from 3β-fluorocholesta-5,7-diene
(36) via photochemical transformation followed by thermal isomerization was described
by Segal et al. in 1976 [37]. It was found that 3β-fluoro-3-deoxyvitamin D3 (35) had an
antirachitic effect analogous to VD3. On the other hand, in 1978, Mazur and coworkers
designed and synthesized 3β-fluoro-3-deoxy-1α-hydroxyvitamin D3 (37) to elicit VD3
activity. The 3β-fluoro group was constructed from (6R)-hydroxy-3,5-cyclovitamin D3 (38)
by treatment with HF (Scheme 14) [38]. The biological activities of the newly synthesized
analogue were tested, and the fluoro-analogue (37) could actively induce the formation of
a calcium-binding protein and stimulate intestinal calcium absorption in rachitic chicks.
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Later, in 1985, Kumar and coworkers reported the synthetic route to 3β-fluoro-3-
deoxyvitamin D3 (35) starting from 7-dehydrocholesterol (39) via 3-deoxy-3-fluoro-7-
dehydrocholesterol (36) [39]. The B-ring protected PTAD (4-phenyl-1,2,4-triazoline-3,5-
dione) adduct (40) was reacted with DAST to yield a fluorinated product (41), and sub-
sequent deprotection of 41 gave 3-deoxy-3-fluoro-7-dehydrocholesterol (36) (Scheme 15).
To investigate the influence of the replacement of the C3-hydroxy group with fluorine,
they compared the biological activities of VD3, 3-deoxyvitamin D3, and 3β-fluoro-3-
deoxyvitamin D3 (35) and revealed that 35 was less active than VD3 and more active
than 3-deoxyvitamin D3 in terms of intestinal calcium transport and bone calcium mobi-
lization in vivo.
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Scheme 15. Synthesis of 3β-fluoro-3-deoxyvitamin D3 (35) starting from 7-dehydrocholesterol (39). 

As mentioned in Section 2.1, Uesugi and colleagues reported the first synthesis of 3-
fluoro-19-norVD3 analogues and evaluated their SREBP inhibitory activity vs. VDR activ-
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Scheme 16. Yamada’s approach to 4,4-difluorovitamin D3 (42,43) using a thermodynamic fluorination reaction. 
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In 1980, the first attempt to synthesize 19,19-difluorovitamin D3 (46) starting from 19-
oxocholesteryl acetate (47) via photoirradiation and thermal isomerization reactions using 
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tion (Scheme 17) [41]. 
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As mentioned in Section 2.1, Uesugi and colleagues reported the first synthesis of
3-fluoro-19-norVD3 analogues and evaluated their SREBP inhibitory activity vs. VDR
activity (see Scheme 8) [29].

2.4. 4-Fluorinated VD3 Analogues

Yamada and coworkers reported 4,4-difluorovitamin D3 (42) and 4,4-difluoro-1α,25(OH)2
D3 (43) in an A-ring conformational study in 1999, and these analogues were synthesized
starting with enones (44,45), which were constructed from ergosterol, respectively [40]. The
difluorination step was achieved by electrophilic fluorination under thermodynamic condi-
tions (Scheme 16). The binding affinity of 4,4-difluoro-1α,25(OH)2D3 (43) for VDR was only
ca. 1% of that of the natural hormone, 1α,25(OH)2D3 (1).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 10 of 27 
 

 

H
HO

H

N
N

NPh
O

O

H

H

HO

H
F

H

N
N

NPh
O

O

H

H

F

H

H

F
3

DAST

35

39 40 41

36

PTAD

1) hv

2) heat

acetone
CH2Cl2

CH2Cl2
70 C

THF
reflux

LiAlH4

 
Scheme 15. Synthesis of 3β-fluoro-3-deoxyvitamin D3 (35) starting from 7-dehydrocholesterol (39). 

As mentioned in Section 2.1, Uesugi and colleagues reported the first synthesis of 3-
fluoro-19-norVD3 analogues and evaluated their SREBP inhibitory activity vs. VDR activ-
ity (see Scheme 8) [29]. 

2.4. 4-Fluorinated VD3 Analogues 
Yamada and coworkers reported 4,4-difluorovitamin D3 (42) and 4,4-difluoro-

1α,25(OH)2D3 (43) in an A-ring conformational study in 1999, and these analogues were 
synthesized starting with enones (44,45), which were constructed from ergosterol, respec-
tively [40]. The difluorination step was achieved by electrophilic fluorination under ther-
modynamic conditions (Scheme 16). The binding affinity of 4,4-difluoro-1α,25(OH)2D3 
(43) for VDR was only ca. 1% of that of the natural hormone, 1α,25(OH)2D3 (1). 

H

H

O
thermodynamic

fluorination

R

R = H (44)
= OMOM (45)

H

H

O

steps

R

R = H or OMOM

F F

H

H

HO

4

F
F

R

R
R = H (42)

= OH (43)

(PhSO2)2NF
KOtBu, 30 °C

 
Scheme 16. Yamada’s approach to 4,4-difluorovitamin D3 (42,43) using a thermodynamic fluorination reaction. 

3. Introduction of a Fluorine Atom into the Triene Part of VD3 
3.1. 19-Fluorinated VD3 Analogues 

In 1980, the first attempt to synthesize 19,19-difluorovitamin D3 (46) starting from 19-
oxocholesteryl acetate (47) via photoirradiation and thermal isomerization reactions using 
diene (48) failed, because the final thermal isomerization step by [1,7]-sigmatropic rear-
rangement did not proceed in the presence of the difluoromethyl group at the C10 posi-
tion (Scheme 17) [41]. 

Scheme 16. Yamada’s approach to 4,4-difluorovitamin D3 (42,43) using a thermodynamic fluorination reaction.

181



Int. J. Mol. Sci. 2021, 22, 8191

3. Introduction of a Fluorine Atom into the Triene Part of VD3

3.1. 19-Fluorinated VD3 Analogues

In 1980, the first attempt to synthesize 19,19-difluorovitamin D3 (46) starting from
19-oxocholesteryl acetate (47) via photoirradiation and thermal isomerization reactions
using diene (48) failed, because the final thermal isomerization step by [1,7]-sigmatropic
rearrangement did not proceed in the presence of the difluoromethyl group at the C10
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Later, in 1996, Yamada and coworkers showed a novel synthetic route to the first (10E)-
and (10Z)-19-fluorovitamin D3 (50,51) [42]. They prepared VD3-SO2 adducts (49) from
VD3, and fluorination at the C19 position was achieved by electrophilic fluorination using
(PhSO2)2NF in the presence of LiHMDS (Scheme 18A). In 2000, the same group showed
the regioselective introduction of a fluorine atom to the C19 position and synthesized
both (10E)- and (10Z)-19-fluoro-1α,25(OH)2D3 (52,53) [43]. The binding affinity of (10Z)-
19-fluoro-1α,25(OH)2D3 for VDR was ca. 10% compared with that of 1α,25(OH)2D3 (1).
The alternative synthetic route to 52 and 53 from a 10-oxo-19-norVD3 derivative was also
established by the same group in 2001 (Scheme 18B) [44].
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3.2. 6- and 7-Fluorinated VD3 Analogues

The synthesis of 6-fluorovitamin D3 (54) was described by Dauben et al. in 1985, and
the synthetic route started from 6-oxo-cholestanyl acetate (55) [45]. The key intermediate,
6-fluoro-7-dehydrocholesteryl acetate (56), was synthesized by allowing 55 to react with
piperidinosulfur trifluoride in the presence of sulfuric acid. To construct the triene system,
6-fluoro-7-dehydrocholesterol was irradiated, followed by thermal [1,7]-sigmatropic hydro-
gen rearrangement, to give the desired 6-fluorovitamin D3 (54) (Scheme 19). The obtained
6-fluorovitamin D3 (54) was air-sensitive, and decomposition proceeded. The biological
profile of the analogue was evaluated in vivo, revealing that 54 had no biological effect on
either intestinal calcium absorption or bone calcium mobilization. However, it significantly
inhibited both VD3- and 1α,25(OH)2D3-mediated intestinal calcium absorption through a
direct interaction with VDR [46].
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Furthermore, 6-fluoro-1α,25-dihydroxy-19-norvitamin D3 (57) and 7-fluoro-1α,25-
dihydroxy-19-norvitamin D3 (58) were synthesized by the Teijin research group in 2004 [47].
Takenouchi et al. prepared a C6-fluorinated A-ring (59) and C7-fluorinated CD-ring (60),
respectively. A Ni-catalyzed cross-coupling reaction with each CD-ring- or A-ring-activated
alkene counterpart was used to construct the diene structures of 57 and 58 (Scheme 20).
These compounds possessed 10–70% VDR binding affinity of that of 1α,25(OH)2D3 and
potential activity to induce HL-60 cell differentiation.
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4. CD-Ring Fluorinated VD3 Analogues: 11-Fluorinated VD3 Analogues

To our knowledge, only one report has been published on the synthesis of CD-ring
fluoro-VD3 analogues. In 1994, De Clercq and coworkers designed and synthesized 11α-
and 11β-fluorovitamin D3 analogues (61–64) with the aim of inducing a conformational
change from s-trans to s-cis at the C6-C7 single bond via expected hydrogen bond for-
mation between the C11-F and C1α-OH groups [48]. Enone (65), readily available from
Grundmann’s ketone, was used as a starting material. Epoxidation of 65, followed by
reductive opening with lithium dimethylcuprate, gave the C11α-OH functional group
(66). After coupling with A-ring phosphine oxides, the C11α-OH group was treated with
N-(2-chloro-1,1,2-trifluoroethyl)diethylamine (FAR) to give C11α-F and C11β-F isomers
as well as an elimination product at a ratio of 3:1:1 (Scheme 21). NMR spectra analyses
of the 11-fluoro-1α(OH)D3 showed that all analogues had a large J6-7 coupling constant,
reflecting an almost exclusive s-trans extended geometry without intramolecular hydrogen
bonding between C11-F and 1α-OH.
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5. Side-Chain Fluorinated VD3 Analogues

The CYP24A1 pathway is well-known as the deactivation pathway of both 25(OH)D3
(2) and 1α,25(OH)2D3 (1) [19]. Varieties of side-chain-fluorinated VD3 analogues have been
actively synthesized because of the expected slower catabolism resulting from the presence
of fluorine atoms at the oxidation site or adjacent area.

5.1. 22-Fluorinated VD3 Analogues

In 1986, Kumar and coworkers described the synthesis of 22-fluorovitamin D3 (67)
starting from (22S)-cholest-5-ene-3β,22-diol (68) [49]. Selective protection of the C3 hy-
droxy group as an acetate, followed by fluorination at the C22 position by DAST, gave
22-fluorocholest-5-en-3β-acetate (69). After forming the C5-7 diene unit in the B ring,
photolysis and thermal isomerization yielded the target 22-fluorovitamin D3 (67) without
assigning C22 stereochemistry (Scheme 22). They tested the biological activities of the ana-
logue in vitro and in vivo, referring to the potency of intestinal calcium transport, serum
calcium level, calcium-binding protein induction, plasma vitamin D-binding protein (DBP),
and VDR affinities, and concluded that the introduction of a fluorine atom to C22 resulted
in the compound, with weak biological activities and poor binding to DBP compared with
VD3 itself.
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5.2. 23-Fluorinated VD3 Analogues

As mentioned in the Introduction, the C23 position of VD3 is one of the essential
metabolic sites of CYP24A1; therefore, C23-fluorinated VD3 analogues have been designed
and synthesized based on the idea of blocking the oxidative position. Ikekawa and col-
leagues achieved the first synthesis of a C23-fluoro-VD3 analogue, 23,23-difluoro-25(OH)D3
(70), in 1984 [50]. For the synthesis of 70, the triene structure was constructed by applying
the well-established route through 5,7-diene steroids, and the difluoro unit was introduced
using DAST into a reactive α-ketoester (71) (Scheme 23).
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Scheme 23. Synthesis of 23,23-difluoro-25(OH)D3 (70) using α-ketoester (71) as a key intermediate, and the structure of
23,23-difluoro-1α,25(OH)2D3 (72) is also shown.

The same group continued to report 23,23-difluoro-1α,25(OH)2D3 (72) by the enzy-
matic 1α-hydroxylation of 70 in 1985 [51]. Their biological activities were evaluated, and
23,23-difluoro-25(OH)D3 (70) was 5-10 times less active than 25(OH)D3 in stimulating
intestinal calcium transport, bone calcium mobilization, mineralization of rachitic bone,
etc., and 23,23-difluoro-1α,25(OH)2D3 (72) was one-seventh as active as 1α,25(OH)2D3 in
binding to VDR.

Ikeda and coworkers of the Sumitomo research group reported the synthesis of (23R)-
23,26,26,26,27,27,27-heptafluoro-1α,25(OH)2D3 (73) and its 23S isomer (74) in 2000 [52]. The
starting methyl ketone was available from VD2, and a subsequent hexafluoroacetone (HFA)
aldol reaction gave a 23-oxo derivative, which was reduced to 23R- and 23S-secondary
alcohols that could be separated and subjected to deoxyfluorination using DAST to afford
73 and 74 (Scheme 24). Both analogues showed higher VDR-binding affinity and HL-60
cell differentiation activity than falecalcitriol.
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Scheme 24. Synthesis of 23,26,26,26,27,27,27-heptafluoro-1α,25(OH)2D3 using DAST for the seventh fluorine introduction.

Later, in 2019, our group synthesized (23R)-23-fluoro-25(OH)D3 (75) and its 23S-isomer
(76) starting from the Inhoffen–Lythgoe diol via the key intermediate 23-hydroxy-CD- rings
(77,78) (Scheme 25) [53]. The preliminary biological evaluation revealed that the 23S-isomer
(76) showed higher resistance to CYP24A1 metabolism than its 23R-isomer (75).
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Scheme 25. Stereoselective C23-fluorination of 23-hydroxy-CD-rings using PyFluor.

5.3. 24-Fluorinated VD3 Analogues

Since oxidation of the hydroxy function at the C24 position catalyzed by CYP24A1 is
one of the important pathways to deactivate both 25(OH)D3 and 1α,25(OH)2D3, developing
practical methods to construct the C24-fluoro unit on the VD3 skeleton has been pursued
since 1979. The first synthesis of the 24,24-difluorovitamin D3 analogue was reported
independently by Takayama’s group [54] and Kobayashi-Ikekawa’s group [55]. Both
synthetic routes involved the key intermediate (79), and the two groups synthesized the
same analogue, 24,24-difluoro-25(OH)D3 (80). For the construction of the 24,24-difluoro
unit, Takayama and coworkers utilized the reaction of α-ketoester (81), which was derived
from lithocholic acid, with DAST. On the other hand, Kobayashi et al. used the reaction of
steroidal enol ether, derived from cholic acid, with difluorocarbene (Scheme 26).
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In 1980, Kobayashi-DeLuca’s group subsequently demonstrated that kidney ho-
mogenates from the chicken converted 24,24-difluoro-25(OH)D3 (80) to 24,24-difluoro-
1α,25(OH)2D3 (82) [56]. The results of the biological evaluation revealed that 82 and its
nonfluorinated counterpart 1α,25(OH)2D3 (1) equipotently stimulate intestinal calcium
transport and bone calcium mobilization in vivo, while in another in vitro system, 82 was
found to be four times more potent than 1α,25(OH)2D3 (1).

In 1990, Kumar’s group synthesized 24,24-difluoro-25-hydroxy-26,27-dihomovitamin
D3 (83) and its 1α-hydroxy analogue (84) from 3β-hydroxy-22,23-dinorcholenic acid using
a Reformatsky reaction in their synthetic route (Scheme 27) [57]. Both analogues showed
similar biological activities, such as intestinal calcium transport and bone calcium mobi-
lization in vivo, to those of the respective nonfluorinated counterparts and also 25(OH)D3
or 1α,25(OH)2D3.
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[58,59]. The starting material of the former was 1α-hydroxydehydroepiandrosterone, with 
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As shown in Scheme 29A, the same group synthesized 24,24-difluoro-1α(OH)D3 (85) 
from a steroidal skeleton in 1996 [60]. This compound showed higher activity than 24,24-
difluoro-1α,25(OH)2D3 (82) in intestinal calcium absorption. In 1998, Iwasaki-Takayama’s 
group reported the synthesis of (25R)- and (25S)-24,24-difluoro-1α,25,26-trihydroxyvita-
min D3 (86,87), including the X-ray crystallographic analysis of a synthetic intermediate 
to determine C25-stereochemistry, and proved that the 25S-isomer (87) was the main 
CYP24-metabolite of 82 (Scheme 29B) [61]. 

Scheme 27. Kumar’s synthetic approach to 24,24-difluorovitamin D homologues (83,84) using the Reformatsky reaction.

In 1992, two alternative linear synthetic routes to 24,24-difluoro-1α,25(OH)2D3 (82)
were reported by Takayama et al. using the Reformatsky reaction with ethyl bromodiflu-
oroacetate or Horner–Emmons reaction as the key step, respectively (Scheme 28) [58,59].
The starting material of the former was 1α-hydroxydehydroepiandrosterone, with a 3.8%
overall yield of 82 [58], and that of the latter was vitamin D2, with a 9.3% overall yield
of 82 [59].
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Scheme 28. Takayama’s two improved synthetic approaches to 24,24-difluoro-1α,25(OH)2D3 (82).

As shown in Scheme 29A, the same group synthesized 24,24-difluoro-1α(OH)D3 (85)
from a steroidal skeleton in 1996 [60]. This compound showed higher activity than 24,24-
difluoro-1α,25(OH)2D3 (82) in intestinal calcium absorption. In 1998, Iwasaki-Takayama’s
group reported the synthesis of (25R)- and (25S)-24,24-difluoro-1α,25,26-trihydroxyvitamin
D3 (86,87), including the X-ray crystallographic analysis of a synthetic intermediate to
determine C25-stereochemistry, and proved that the 25S-isomer (87) was the main CYP24-
metabolite of 82 (Scheme 29B) [61].
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The 24,24-difluoro-19-norVD3 analogues including 20-epi-versions (88–91) were re-
ported by DeLuca et al. in 2015 [62]. In contrast to the previous synthetic methods starting 
from steroid skeletons, they demonstrated a convergent method utilizing the Wittig–
Horner reaction between 24,24-difluoro-CD-rings (92,93) and a lithium salt of a phosphine 
oxide anion from A-ring precursors (Scheme 30). The 20S-derivatives showed marked 
bone-mobilizing activity in vivo; however, 2-methylene substitution was required for 
such elevated activity in the 20R series. 

Scheme 29. Synthetic routes to 24,24-difluoro-1α(OH)D3 (85) (A) and its CYP24-metabolite (87) (B) by the Takayama group.

The 24,24-difluoro-19-norVD3 analogues including 20-epi-versions (88–91) were re-
ported by DeLuca et al. in 2015 [62]. In contrast to the previous synthetic methods
starting from steroid skeletons, they demonstrated a convergent method utilizing the
Wittig–Horner reaction between 24,24-difluoro-CD-rings (92,93) and a lithium salt of a
phosphine oxide anion from A-ring precursors (Scheme 30). The 20S-derivatives showed
marked bone-mobilizing activity in vivo; however, 2-methylene substitution was required
for such elevated activity in the 20R series.

In 2019, our group developed the convergent synthesis of 24,24-difluoro-25(OH)D3
(80) using a coupling reaction between the 24,24-difluoro-CD ring ketone derived from
the Inhoffen–Lythgoe diol via 94 and an A-ring phosphine oxide (Scheme 31A) [63]. We
subsequently synthesized a novel vitamin D-based VDR-silent SREBP inhibitor, KK-052,
from 94 (Scheme 31B) [64].
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Ikekawa’s group reported in 1979 the first synthesis of C24-monofluoro-25(OH)D3
(95) from cholenic acid without assigning the C24 stereochemistry (Scheme 32) [55].
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After this, (24R)-24-fluoro-1α,25(OH)2D3 (96) was synthesized by Uskoković’s group
through linear (Scheme 33A) and convergent (Scheme 33B) synthetic routes in 1985 [65]
and 1988 [66], respectively. In this case, (24R)-24-fluoro-1α,25(OH)2D3 (96) showed a longer
plasma half-life and higher anti-rachitogenic activity than 1α,25(OH)2D3 in vivo.
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man body. The first introduction of fluorine to C25, i.e., the synthesis of 25-fluoro-VD3, 
was reported by DeLuca et al. in 1977 (Scheme 34A) [67]. C3-Selective O-acetylation of 
25(OH)D3 (2) and subsequent direct fluorination at the C25 position using DAST, followed 
by deacetylation, gave 25-fluorovitamin D3 (99). In 1978, Stern and coworkers synthesized 
25-fluoro-1α(OH)D3 (100) using the same approach (Scheme 34B) [68]. The results of the 
biological evaluation indicated that 25-fluoro-1α(OH)D3 (100) was approximately equipo-
tent to 1α(OH)D3 (5) in VDR binding and stimulating bone resorption in vitro, and the 
C25-fluoro substituent behaved similarly to hydrogen, without elevating its biological po-
tency. 

Scheme 33. (24R)-Fluoro-1α,25(OH)2D3 (96) was synthesized by Uskoković et al. through a linear synthetic route using 97
and optically active L-(-)-malic acid as a chiral synthon (A) and an alternative convergent route starting from a CD-ring
part, 98 (B).

5.4. 25-Fluorinated VD3 Analogues

The 25-hydroxylation is the initial metabolic conversion of VD3 by CYP2R1 or CYP27A1
[18], and 25(OH)D3 (2) is known as the major circulating metabolite in the human body.
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The first introduction of fluorine to C25, i.e., the synthesis of 25-fluoro-VD3, was reported
by DeLuca et al. in 1977 (Scheme 34A) [67]. C3-Selective O-acetylation of 25(OH)D3 (2)
and subsequent direct fluorination at the C25 position using DAST, followed by deacetyla-
tion, gave 25-fluorovitamin D3 (99). In 1978, Stern and coworkers synthesized 25-fluoro-
1α(OH)D3 (100) using the same approach (Scheme 34B) [68]. The results of the biological
evaluation indicated that 25-fluoro-1α(OH)D3 (100) was approximately equipotent to
1α(OH)D3 (5) in VDR binding and stimulating bone resorption in vitro, and the C25-fluoro
substituent behaved similarly to hydrogen, without elevating its biological potency.
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Scheme 34. Synthesis of 25-fluoro-VD3 analogues via direct C25 fluorination from 25(OH)D3 (A) and 1α,25(OH)2D3 (B)
using DAST as a fluorinating reagent.

As described in Section 2.1, DeLuca’s group also synthesized 1,25-difluorovitamin D3
in 1981, and this compound was devoid of any biological activity [21].

5.5. 26,27-Hexafluorinated VD3 Analogues

Falecalcitriol (101) is 26,26,26,27,27,27-hexafluorinated VD3 and has been approved
for therapeutic use against secondary hyperparathyroidism in Japan [69,70]. Falecalcitriol
(101) was ca. 10 times more active in increasing bone calcium mobilization than the
natural hormone (1) in vivo [71]. Similarly to other fluorinated VD3 analogues, it was
metabolized more slowly than 1α,25(OH)2D3 (1) by CYP24A1, and interestingly, its major
metabolite (23S)-23-hydroxyfalecalcitriol (102) was equipotent to the parent compound
101 in its biological activity (Figure 1) [72–74]. The 23-hydroxylated 102 was specifically
glucuronidated by UGT1A3 [75].
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using DAST as a fluorinating reagent. 

As described in Section 2.1, DeLuca’s group also synthesized 1,25-difluorovitamin D3 
in 1981, and this compound was devoid of any biological activity [21]. 
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Falecalcitriol (101) is 26,26,26,27,27,27-hexafluorinated VD3 and has been approved 

for therapeutic use against secondary hyperparathyroidism in Japan [69,70]. Falecalcitriol 
(101) was ca. 10 times more active in increasing bone calcium mobilization than the natural 
hormone (1) in vivo [71]. Similarly to other fluorinated VD3 analogues, it was metabolized 
more slowly than 1α,25(OH)2D3 (1) by CYP24A1, and interestingly, its major metabolite 
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The first synthesis of 26,26,26,27,27,27-hexafluoro-25(OH)D3 (103) was reported by
Kobayashi et al. in 1980 [76], and the same group subsequently synthesized 26,26,26,27,27,27-
hexafluoro-1α,25(OH)2D3 (101) in 1982 [77]. In this case, 3β-Tetrahydropyranyloxychol-5-en-
24-ol tosylate was used as a starting material, and hexafluoroacetone (HFA) was utilized for
construction of the 26,26,26,27,27,27-hexafluoro unit (Scheme 35). The biological evaluation
revealed that 101 was approximately 5-10-fold more active than 1α,25(OH)2D3 (1) without
inducing severe hypercalcemia.
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Using the reaction of acetylides with excess HFA gas as the key step, syntheses of the
hexafluoroalkynyl-VD3 analogue (104), C-seco-hexafluoroalkynyl-VD3 analogue (105), and
the previously mentioned two-side-chain analogues 17-22 including alkene side chains
(Section 2.1) were reported by Ohira et al. in 1992 [78], by Wu et al. in 2002 [79], and
by Maehr et al. in 2009 [28], respectively (Scheme 36). Compound 104 had a potent
inducing effect on the differentiation of cancer cells, with little calcium mobilization activity.
Compound 105 showed comparable VDR-binding affinity to the natural hormone 1 and
had strong antiproliferative activity against four cancer cell lines in vitro, with 1% calcemic
activity compared with 1 in vivo. More recently, Sigüeiro et al. synthesized C22-diyne
analogues with a C17-methyl group, including the hexafluoropropanol unit at the terminal
(106), which showed potent VDR-binding affinity [80].
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brought conformational rigidity to the side chain.

Hayashi and colleagues described the introduction of the 26,26,26,27,27,27-hexafluoro
unit utilizing an aldol reaction [52]. The C23 ketone was treated with HFA in the presence
of LiHMDS to afford the HFA adduct (see Scheme 24 in Section 5.2).

As an alternative path to construct the hexafluoro unit, the nucleophilic trifluoromethy-
lation of methyl esters with Ruppert–Prakash reagent (CF3TMS) can be utilized. In our
group, 26,26,26,27,27,27-hexafluoro-25(OH)D3 (103) and 26,26,26,27,27,27-hexafluoro-CD
ring (107) were synthesized in 2018 starting from the methyl esters (108,110) through
trifluoromethylketones (109,111) as the intermediates (Scheme 37) [81].
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6. Summary

This review summarized the historical fluorinated VD3 analogues with modification
from the A-ring to the end of the side-chain, including their synthetic methods. With the
aim of preventing or slowing their activation or degradation by CYPs, the A-ring and
side-chain have been mainly focused on, and numerous VD3 analogues containing the
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fluorine atom(s) have been synthesized. Hydroxylation at the C25 and C1α positions of
VD3 is necessary for the activation process of the molecule by CYP2R1/CYP27A1 and
CYP27B1, respectively; therefore, in general, the introduction of fluorine to these positions
decreases the biological activity through VDR if compared to non-fluorinated 25(OH)D3
or 1α,25(OH)2D3 as each parent VDR ligand. On the other hand, fluorination at the side
chain C23, C24, and C26(27) of VD3, where deactivating hydroxylation occurs based on
CYP24A1 metabolism, produces strong VDR agonists that have a long half-life in vivo.
Among them, falecalcitriol was successfully approved for the treatment of secondary
hyperparathyroidism in Japan. Discovery of the new functions of VD3 continues; for
example, the potent SREBP-inhibitory activity of 25(OH)D3 [82] and the new fluorinated
analogues with their efficient synthetic methods may contribute to the treatment of patients
with VD3-function-related disease in the future.
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Abstract: A series of eight copper (II) complexes with 3-(4-chloro-3-nitrophenyl)thiourea were designed
and synthesized. The cytotoxic activity of all compounds was assessed in three human cancer cell lines
(SW480, SW620, PC3) and human normal keratinocytes (HaCaT). The complexes 1, 3, 5, 7 and 8 were
cytotoxic to the studied tumor cells in the low micromolar range, without affecting the normal cells.
The complexes 1, 3, 7 and 8 induced lactate dehydrogenase (LDH) release in all cancer cell lines,
but not in the HaCaT cells. They provoked early apoptosis in pathological cells, especially in SW480
and PC3 cells. The ability of compounds 1, 3, 7 and 8 to diminish interleukin-6 (IL-6) concentration
in a cell was established. For the first time, the influence of the most promising Cu (II) complexes on
intensities of detoxifying and reactive oxygen species (ROS) scavenging the enzymes of tumor cells
was studied. The cytotoxic effect of all copper (II) conjugates against standard and hospital bacterial
strains was also proved.

Keywords: copper (II) complexes; thiourea; cytotoxic activity; proteome analysis; antimicrobial activity

1. Introduction

Enzymes incorporate transition metal cofactors to perform a wide range of metabolic
reactions. Among metal cations, copper (II) ions play an essential function in the human
organism, being a structural component of several enzymatic proteins, such as ascorbate
oxidase, ceruloplasmin, amine oxidase, cytochrome C oxidase, nitrite reductase and super-
oxide dismutase Cu–Zn (SODC) [1,2]. Complexes of organic chelators with Cu (II) have
been receiving increased attention due to their potential biomedical applications, such as
cytotoxic or antibacterial activities. Within a group of acylthiourea ligands, those containing
electron-withdrawing chloro- and nitro-substituents were effective against adenocarcinoma
cell lines [3]. Intercalating properties of N-(2-hydroxyethyl)-N′-benzoylthiourea-Cu (II)
complexes with strong deoxyribonucleic acid (DNA) binding and cleavage abilities were
denoted [4]. Chelates with orthophenanthroline units studied by Pivetta et al. exerted high
cytotoxic affect against acute leukemia and other carcinomas [5]. Moreover, a wide an-
tibacterial profile of copper-based thiourea coordinates of 4-azatricyclo-3,5-dione [6] and
3-(trifluoromethyl)aniline was also studied. Their inhibitory effect on bacterial topoiso-
merases was also established [7].
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Requirements for safer, more active and more selective chemotherapeutics have stim-
ulated the search for other metal-based antitumor candidates. First of all, investigations
in the treatment of cancer diseases are oriented to synthesize new analogues of cisplatin,
a platinum (II) coordinate and chemotherapeutic drug effective against various types of
tumors. Recently published Pd (II) and Pt (II) complexes of N-allylthioureas containing
morpholine and tert-butylamine moieties showed proapoptotic and cytostatic influence on
HeLa (Henrietta Lacks) cell culture stronger or comparable with cisplatin [8]. Antitumor
properties of structurally similar coordinates based on pyrazol-3-ylpyridine fragments were
connected with their inducing effect on cell accumulations in the S phase (HeLa cells) and
a reduction of cell subpopulations in G2/M and G0/G1 phases (pancreatic cancer cells) [9].
Among tested palladium complexes of N, N-disubstituted thioureas, those endowed with
furoyl and ethyl groups were the most effective against human breast cancer cells, as com-
pared to the platinum-derived standard drug [10]. On the other hand, Marverti et al. [11]
introduced a series of thiourea-Pd (II) compounds that acted as productive growth in-
hibitors of cisplatin-sensitive ovarian cancer cell lines and their resistant counterparts.
Coordinates altered malignant cell metabolism via inhibition of thymidylate synthase
and dihydrofolate reductase expression. Interestingly, photoactivated platinum (IV) azide
dipyridine complexes bonded strongly to the nuclear DNA of tumor cells and blocked
ribonucleic acid (RNA) polymerase II more efficiently than conventional adducts of cis-
platin [12]. Platinum (II)-acridine hybrids linked to the amidine group [13] have shown
inhibition of lung cancer cell proliferation and a promising antitumor potency in mouse
xenograft models. In contrast, cationic gold (I) complexes of thiourea containing an acridine
core are devoid of cytotoxic properties. However, they exert remarkable activity against
M. tuberculosis [14]. Gold (I) complexes of cyclic disubstituted 4-chlorophenylthiourea
ligand severely affected mitochondrial respiration by inhibition of complexes II and IV of
the respiratory chain and induced mitochondrial swelling, resulting in enhanced perme-
ability of a membrane and its declined fluidity [15]. An alternative class of anticancer drugs
has been identified within ruthenium (II)–arene compounds. The Ru (II)-acylthiourea
organometallic complexes were found to be significantly cytotoxic towards lung [16–18],
prostate [16] and breast [18] tumor cell cultures, inducing their apoptosis and reducing
migration by interaction with human serum albumin. What is more, other results showed
that silver (I) chelates of 2-benzimidazolylurea mediate a strong cytotoxic response to the
tested breast cancer cell lines (MCF-7) and normal cells, but with better parameters than
metallodrug cisplatin [19].

Reactive oxygen species (ROS), produced in the mitochondria, peroxisomes and en-
doplasmic reticulum, include highly reactive species such as hydroxyl and superoxide
free radicals, singlet oxygen or less reactive hydrogen peroxide molecules. Regulation of
ROS levels is crucial for cellular life, cell proliferation and differentiation. Under oxida-
tive stress states, accumulation of ROS causes the damage of proteins, lipids and DNA,
which contributes to carcinogenesis [20]. The expanded scavenging system of a cell is based
on superoxide dismutases (SODs), glutathione peroxidase (GPX), glutathione reductase
(GR), peroxiredoxins (PRDXs), thioredoxin and catalase (CAT), which neutralize reactive
species or recover antioxidants to their reduced state [21]. In comparison with normal cells,
an extent of ROS in cancer counterparts is higher, as they keep an improved antioxidant
system [22]. What is more, expanded levels of GPX, CAT, glutathione and thioredoxin
proteins are correlated with tumor aggression and its resistance to chemotherapy [22].
It was proved that a decline of ROS-scavenging capacity leads to apoptosis of malignant
cells, especially when it is used in combination with ROS-increasing chemotherapeutics,
such as 5-fluorouracil (therapy of colon cancer), celecoxib (prostate tumor) or doxorubicin
(breast, liver cancers) [21,23–26]. Numerous organic complexes with transition metals are
reported to induce autophagy and/or apoptosis by regulation of ROS. This group includes
complexes of gold (I) with thiourea [15,27], ruthenium (II) coordinates with β-carboline [28],
copper (II) complexes with 2-hydroxy-1-naphthaldehyde [29] and with the derivative of
bipyridine-acetylacetonate (Casiopeina III-ia) [30]. The antioxidant abilities of coordi-
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nates evaluated by the diphenyl-2,2-picrylhydrazyl/ N, N-diethyl-p-phenylenediamine
(DPPH/DPD) method were also confirmed for ruthenium (III) chelates with 1-ethyl-3-
phenylthiourea ligands [31] and copper (II) complexes with biuret or urea [32], as well as
with auxin [33] or N-ethylpiperazine [34].

As a part of our research on developing biologically active 1,3-disubstituted thioureas [7,35–37],
we have synthesized a series of halogenated copper (II) complexes of (4-chloro-3-nitrophenyl)
thiourea and reported their cytotoxic, prooxidant and antimicrobial properties.

2. Results and Discussion
2.1. Synthesis of Complexes

Thiourea–Cu (II) coordination compounds 1–8 were prepared by the reaction of copper
(II) chloride with 3-(4-chloro-3-nitrophenyl)thiourea compounds (Figure 1). The complexes
were obtained with satisfactory yields (45–61%). The identification of the parent ligands
L1–L8, using nuclear magnetic resonance (NMR) and mass spectroscopy, was described
previously [37,38]. The derivatives chosen for complexation reactions came from a series
of mono- (L4–L6) or di-halogenated (L1–L3, L7, L8) 1-phenylthioureas with the most
promising bioactivity. The presented selection of the phenyl ring substituents in their
structures allow for the analysis of the influence of the substitution isomerism, as well
as the impact of electron-withdrawing elements on the biological properties of newly
synthesized metal–organic compounds.

Figure 1. Scheme of the complexation reaction of the respective arylthiourea ligands L1–L8 with proposed molecular
structures of complexes 1–8 (DMF—dimethylformamide).

2.2. Structural Characterization of Complexes

The complexes were initially characterized by elemental analysis and infrared spec-
troscopy. During all complexation reactions, disubstituted thiourea acts as bidentate ligand
(L), forming a hydrated complex of the type CuL2. In order to determine the geometry of
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metal–organic ligand complexes, ultraviolet–visible (UV–Vis) and electron paramagnetic
resonance (EPR) spectroscopies have been applied.

The infrared spectra of ligands (L1–L8) exhibit a broad band with several maxima
in the high-energy part (Figure 2), corresponding to the stretching vibrations of the N–H
and C–H groups. In the spectra of Cu (II) complexes (1–8), this band widens (Figure 2),
which confirms the presence of water molecules in the product of the complexation reac-
tions. The molecules of the initial ligands (L1–L8) and their complexes (1–8) contain two N–
H groups (Figure 1), which are reflected in two infrared absorption bands. These bands are
in different positions in the spectra of a pair of free and bonded ligands (Figure 2, Table 1).
This confirms deprotonation of one N-atom from the ligand’s molecules and suggests
different intermolecular interactions (N–H... X; X=O, Br, Cl, F, I hydrogen bonding patterns)
in the crystal structure of free and bonded thioureas. The region of 1600–1400 cm−1 in the
spectra of ligands (L1–L8) is dominated by the stretching vibrations of the C–C and C–N
bonds. In the spectra of complexes (1–8), this feature is extended towards the higher fre-
quencies (around 1700 cm−1, Figure 2) as the consequence of increased intensities of asym-
metric ring stretching modes within the molecules of complexes [7]. The spectral ranges:
1550–1500 cm−1 (NO2 asymmetric stretching vibrations), 1360–1330 cm−1 (NO2 symmetric
stretching vibrations) and 1240–1040 cm−1 (C–halogen stretching modes) are quite similar
for parent ligands and their Cu (II) complexes (Table 1), which excludes the interaction of
the nitro group or the halogen atom with the metal cation. The bands corresponding to
the C=S stretching vibrations are found around 1333 cm−1 and in the 854–832 cm−1 range
in the uncomplexed ligand’s spectra (Table 1). In the spectra of complexes, they are red
shifted and observed at 1313–1300 cm−1 and 785–771 cm−1 regions (Table 1). This indicates
that the ligands coordinate to the Cu (II) through the sulfur atom [39–41].

Figure 2. Attenuated total reflection infrared (ATR-IR) spectra of one exemplary pair of a free ligand
(L5) and a complex (5) in the range of 3600–900 cm–1. ATR-IR spectra of all studied compounds are
gathered in the Supplementary Materials (Figure S1).

The electronic spectra of the complexes (Figure 3) exhibit the intense absorption bands
in the region 230–300 nm corresponding to the π→π* and n→π* intra-ligand transitions.
The presence of S→Cu (II) ligand-to-metal charge transfer (LMCT band) around 400 nm
is additional evidence of the coordination of thiourea ligands to the metal cation via
sulfur atom [39,40,42]. All presented compounds show the d-d bands in a wide region
650–1400 nm, which confirms the formation of four-coordinate complexes with copper on
+2 oxidation state [41].
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Table 1. Characteristic infrared absorption bands of N−H, NO2, C=S and C−X (X = Br, Cl, F, I) groups. Band position in cm−1,
intensity: w is weak, m is medium, s is strong, vs is very strong, sh is shoulder, as is asymmetric, s is symmetric, * is broad band.

Compound υN−H υasNO2 υsNO2 υC=S υC−X

1 3470 w, 3372 m 1529 m * 1347 m * 1301 m, 782 w 1047 w
L1 3340 w, 3209 m 1537 sh, 1526 vs 1347 sh 1332 m, 832 m 1044 m

2 3444 w, 3395 w 1531 m * 1344 m * 1306 w, 776 w 1070 w
L2 3334 sh, 3250 m 1547 m, 1526 m 1352 m, 1333 s 1332 m, 834 w 1067 m

3 3448 w, 3333 w 1530 m * 1351 m * 1305 w, 774 sh 1071 w
L3 3361 w, 3317 s 1537 sh, 1525 s 1355 m * −, 839 w 1070 m

4 3449 w, 3335 m 1531vs * 1344 m * 1311 m, 781 w 1051 m
L4 3365 sh, 3244 s 1546 m, 1525 s 1353 m, 1335 s 1335 m, 840 m 1049 m

5 3449 w, 3333 m 1529 vs * 1344 m * 1300 m, 779 sh 1050 m
L5 3348 sh, 3243 s 1539 vs, 1509 sh 1347 sh, 1331 s 1331 m, 835 m 1050 m

6 3449 w, 3340 m 1539 sh, 1519 vs 1341 m * 1313 m, 784 w 1044 m
L6 3327 s, 3243 m 1542 m, 1515 s 1353 w, 1333 m 1333 m, 837 sh 1047 m

7 3446 w, 3341 m 1532 m * 1346 m * 1313 m, 785 w 1236 w
L7 3325 s, 3242 m 1539 s, 1518 vs 1356 s, 1335 s 1335 m, 854 w 1232 w

8 3448 w, 3336 w 1532 m * 1350 m * 1307 w, 771 w 1057 w
L8 3364 s, 3314 m 1538 s, 1525 s 1350 s * 1331 sh, 833 sh 1059 m

Figure 3. Solid state ultraviolet–visible (UV–Vis) spectra of complexes in the range of 220–1400 nm.

EPR spectra of the investigated complexes 1–8 (Figure 4) are in agreement with the
conjectures drawn based on the infrared (IR) and UV–Vis results. The obtained spectra
indicate clearly the divalent state of copper upon complexation and are very characteristic
of typical Cu (II) complexes. The signals were simulated assuming rhombic symmetry with
the z component (parallel) split into four lines due to the hyperfine interaction between the
unpaired electron and nuclear magnetic moment of copper (I = 3/2, 63,65Cu). The splitting
of the perpendicular line (x and y components) remains unresolved, yet it was necessary
for obtaining the correct shape of the simulated spectra. Slight rhombicity of the spectra
with gzz >> gxx > gyy confirms dominant contribution of a single d-orbital (3dx

2
–y

2) in
the semi-occupied molecular orbital. Exemplary parameters obtained for compound 5
are: gxx = 2.086, gyy = 2.054, gzz = 2.357, Axx and Ayy unresolved, |Azz| = 12.8 mT.
Similar parameters were recently reported for Cu (II) thiourea complexes [6,7]. The EPR
parameters obtained for other complexes are very similar (12.6 mT < |Azz| < 12.8 mT,
2.353 < gzz < 2.358), which strongly indicates very similar coordination around the copper
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center. It is in agreement with the molecular structure of the complexes (with two thiourea
ligands chelated to the Cu (II) cation via deprotonated N and thiocarbonyl S atoms),
which differ only in the substituents of thiourea ligands (Figure 1). Such modification
has only a minute effect on the first coordination sphere of copper, to which continuous
wave EPR is sensitive. No features characteristic of Cu dimer in solution were observed,
e.g., a forbidden magnetic dipolar transition at half-field with g = 4 value.

Figure 4. Frozen solution (77 K) X-band electron paramagnetic resonance (EPR) spectra of complexes
1–8, along with exemplary computer simulation of spectrum for the complex 5.

The molecular structure proposed for compounds 1–8, in which the Cu (II) cation is
the part of two four-membered rings (Cu-S-C-N, see Figure 1), is quite unusual for copper.
However, this type of coordination was reported for one crystal structure determined
by Singh et al. [43]. They found Cu (II) ions being chelated by two thiourea ligands in a
trans manner and the distorted square-planar geometry of the complex was stabilized by
electron delocalization in chelate rings. Moreover, such coordination was postulated by
some of the authors of the current study for another series of Cu (II) complexes, namely
for 3-(trifluoromethyl)phenylthiourea derivatives [7] and thioureas containing tricyclic
imide’s part [6,41]. Structural characterization of those complexes, possibly owing to the
combination of several experimental laboratory and synchrotron techniques (including
X-ray absorption spectroscopy) and molecular modelling, indicated that 1,3-disubstituted
thiourea ligands coordinate to Cu (II) cation in bidentate fashion through S and N atoms,
forming a four membered 1,3-N, S chelate ring (as presented in Figure 1 for compounds 1–8).

2.3. Biological Studies
2.3.1. Anticancer Activity
MTT Assay

In vitro cytotoxicity studies of synthesized thiourea complexes 1–8 were assessed by
standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) bioassay in
different cancer cells at 72 h of drug exposure (Table 2). The ability of compounds to inhibit
cell proliferation was established by means of their half-maximal inhibitory concentration
(IC50) values towards the human tumor cell lines, such as SW480 (primary colon cancer),

204



Int. J. Mol. Sci. 2021, 22, 11415

SW620 (metastatic colon cancer) and PC3 (metastatic prostate cancer), as well as against
the non-tumor cell line HaCaT (immortal keratinocytes).

Table 2. Cytotoxic activity (IC50, µM) of studied compounds estimated by the MTT assay a.

Compound Cancer Cells Normal Cells

SW480 d SW620 e PC3 f HaCaT g

R IC50
b SI c IC50 SI IC50 SI IC50

1 2-Br-Ph 4.7 ± 0.3 23.2 3.3 ± 0.2 33.2 9.7 ± 0.1 11.5 109.6 ± 3.4
2 3-Br-Ph 24.3 ± 2.6 6.8 22.3 ± 1.8 7.5 19.2 ± 2.2 8.7 167.2 ± 2.3
3 4-Br-Ph 11.9 ± 2.1 8.6 19.2 ± 2.3 5.3 8.8 ± 0.8 11.7 103.2 ± 3.2
4 3-Cl,4-F-Ph 19.2 ± 1.1 6.3 21.6 ± 2.9 5.7 23.2 ± 1.6 5.2 120.9 ± 5.2
5 3-Cl,4-Cl-Ph 20.6 ± 2.1 8.1 10.8 ± 2.6 15.2 11.4 ± 2.4 14.4 164.9 ± 4.7
6 3-NO2,4-Cl-Ph 26.8 ± 2.3 4.6 21.5 ± 1.4 5.7 20.3 ± 3.1 6.1 123.2 ± 2.1
7 2-F-Ph 15.5 ± 2.6 8.9 9.1 ± 0.8 12.8 10.8 ± 1.3 5.5 138.3 ± 4.4
8 4-I-Ph 3.9 ± 0.8 26.3 17.8 ± 1.3 5.7 4.3 ± 0.5 23.8 102.7 ± 3.4

Doxorubicin h 0.75 ± 0.1 0.4 0.26 ± 0.1 1.1 0.31 ± 0.1 0.9 0.29 ± 0.1
Cisplatin i 10.4 ± 0.9 0.6 6.7 ± 1.1 0.9 13.2 ± 2.1 0.5 6.3 ± 0.7

CuCl2 j 109.4 ± 7.6 1.0 96.3 ± 5.2 1.2 106.5 ± 6.3 1.1 114.3 ± 4.8
a MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. Data are expressed as mean standard deviation (SD);
b IC50 (half-maximal inhibitory concentration, µM): the concentration of the compound that corresponds to a 50% growth inhibition
of the cell line (as compared to the control) after culturing the cells for 72 h with the individual compound; c the SI (selectivity index) was
calculated using the formula SI = IC50 for 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 immortal keratinocyte cell line from adult human skin (HaCaT);
h,i,j the reference compounds.

The 1,3-disubstituted arylthiourea complexes 1, 3, 5, 7 and 8 were cytotoxic to studied
cancer cells at concentration ≤ 10 µM. The monohalogen derivatives 1 and 8 showed cyto-
toxic activity in the low micromolar range in all tested pathological cell lines. Their IC50 values
ranged from 3.3 ± 0.2 to 9.7± 0.1 µM (compound 1) and between 3.9± 0.8 and 17.8± 1.3 µM
for compound 8. In particular, they both were strongly potent towards SW480 cells (at
3.9 ± 0.8 and 4.7 ± 0.3 µM), whereas derivative 1 was against SW620 (at 3.3 ± 0.2 µM) and
derivative 8 towards the PC3 cell line (with IC50 of 4.3 ± 0.5 µM).

The 4-bromophenyl compound (3) exerted remarkable growth-inhibiting activity
mainly against PC3 cells (8.8 ± 0.8 µM). On the other hand, the 2-fluorophenyl-containing
molecule 7 exerted the highest IC50 values for SW480 and PC3 cell lines (9.1 ± 0.8 and
10.8 ± 1.3 µM, respectively). Dichlorophenyl derivative 5 was potent against SW620 cancer
cells at 10.8 ± 2.6 µM.

In general, the PC3 cell line was the most sensitive to the presence of new com-
plexes, and substances 1, 3 and 8 appeared the most effective in the inhibition of their rise.
The same set of compounds acted the strongest against primary cancerous SW480 cells.
In contrast, for substances 1, 5 and 7, the lowest IC50 indexes for metastatic SW620 cells
were denoted. The cytotoxicity of other tested derivatives (2, 4, 6) towards pathological
cell lines was moderate, with IC50 values from 19.2 ± 1.1 to 26.8 ± 2.3 µM.

The studied thiourea complexes were non-cytotoxic against normal HaCaT cell lines
(IC50 > 100 µM). The highest selectivity indexes (SI) were observed for the most promising
derivatives: 1 (33.2 vs. SW620; 23.3 for SW480) and 8 (26.3 vs. SW480; 23.8 vs. PC3 cells).
The selectivity factors of other complexes 2–7 were in the range of 4.6–8.9 (SW480),
5.3–15.2 (SW620) and 5.2–14.4 (PC3 cell line). These indexes were incomparably greater
than those of the reference doxorubicin and cisplatin (SI between 0.4 and 1.1), which proves
a low toxicity of tested complexes towards health cells.

As compared to cisplatin, the cytotoxic properties of the synthesized diarylthiourea
derivatives were considerably stronger. Complexes 1, 3, 5, 7 and 8 were 1.2–3.1-fold more
active against human PC3 cell lines. Additionally, both studied colon cancer cell lines
appeared to be 2–2.7 times more sensitive to the presence of coordination compounds 1
and 8 than cisplatin, one of the most frequently used chemotherapy drugs.

The present study reveals that monohalogen substituted phenylthiourea complexes (1–3, 7, 8)
possess stronger cytotoxic properties in human cancer cell lines, when compared to disub-
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stituted derivatives (4–6). The moderately electronegative atom, such as bromine or iodide
at the ortho (1,7) or para (3, 8) position of the aromatic ring, was responsible for enhanced
cytotoxicity in the MTT model. The location of an element at meta position (2) resulted in
a severalfold reduction in anticancer activity. Among disubstituted halogen coordinates,
the 3,4-dichlorophenyl derivative (5) appeared to be the most effective towards SW620 and
PC3 cells. The substitution of the benzene with chlorine and nitro group together provided
a less promising drug candidate (6), with IC50 at least 20.3± 3.1 µM against all tested cancer
cells. Comparing pairs 7 (2-fluorophenyl-) and 4 (4-fluoro-3-chlorophenylthiourea), an in-
troduction of the second halogen to the molecule led to the twofold decrease in cytotoxic
activity vs. metastatic SW620 and PC3 cell lines. In fact, the location of two different groups
in both third and fourth position of the ring was not beneficial on biological activity (4,6).
Only 3,4-dichlorophenyl complex (5) restrained the potency in the low micromolar range,
as compared to its monohalogen analogs 3 and 7. To sum up, the phenyl ring sub-
stituents can be arranged in order of their decreasing impact on bioactivity as follows:
2-bromo > 4-iodo > 2-fluoro > 4-bromo > 3,4-dichloro >> 3-chloro-4-fluoro > 3-bromo > 3-nitro-4-chloro.
It is worth noting that all of them were at least 350 times less toxic for normal HaCaT
cell lines than reference doxorubicin.

As reported, the cytotoxicity of standard copper (II) chloride towards cancer cells
was negligible in comparison with thiourea derivatives. Its C50 ranged between 96.3 and
109.4 µM, and the salt was nontoxic for normal cells (IC50 >100 µM). DMF, an organic
solvent that contaminates synthesized complexes, has already been tested on various
cells and appears to be nontoxic at the concentrations used in our synthesis (see in the
Supplementary Material section). Considering an influence of starting ligands L1–L8 on
studied cell lines, the derivative L5, at the concentration 8 µM, caused an approximately 20%
decrease in HaCaT cell viability, which indicated its weak cytotoxic impact against normal
cells [36]. In contrast, new complexes are devoid of visible influence on keratinocytes.
In preliminary tests published previously, ligands L1, L3–L5 and L8 influenced the growth
of other cancer cells, such as human leukemia and solid (melanoma, prostate) tumors,
as well as normal tissue foreskin fibroblasts [36]. These results encouraged us to proceed
with deeper investigations on the cytotoxicity mechanism of complexes 1–8.

LDH Assay

The lactate dehydrogenase (LDH) release assay was used to determine the level of
plasma membrane damage of the most distinctive derivatives 1, 3, 7, 8. They were studied
at concentrations of 10–60 µM against cancer cell lines and 60–120 µM towards normal
HaCaT cells.

The LDH release curve results (Figure 5) demonstrated that the applied amounts of
complexes did not affect the normal keratinocytes viability, as the secretion of LDH in
their presence varied from 1.3% to 5.7%. The 4-iodophenylthiourea complex 8 exerted
the highest cytotoxicity against all three tumor cell lines. This effect was the most evident
in PC3 and SW480 cells, compared to SW620. When used at 60 µM, the derivative 8
achieved 64% LDH release in PC3 cells and 58% in SW480 cell lines. LDH secretion in
these cells accounted for other complexes, used at the highest concentrations, ranging
from 19% to 32%. The compound 8, applied in a dose of 40 and 20 µM, also expressed an
increased response against SW480 cells (LDH release was 46.4% and 42%, respectively).
Similarly, the LDH leakage induced in PC3 cells by this derivative used at lower concen-
trations differed from 56.4% (40 µM) to 27.2 % (10 µM). On the other hand, the number
of lysed SW620 cells evoked by the presence of the 2-bromophenylthiourea complex 1
ranged from 48% (at 60 µM) to 22% (10 µM applied), and incubation of these cell lines
with the derivative 8 expressed similar enzyme releases of 42.4% and 23%, respectively.
2-fluorophenyl compound 7, studied at its highest dose, was less cytotoxic and achieved
30.2% LDH secretion.
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The reference cancer chemotherapeutic doxorubicin showed very high LDH release in
all studied cancer cell lines, even when applied in lower doses. The LDH percentage for
this compound at 1.5 µM varied from 70% to 98%. However, its toxicity against normal
HaCaT cells was significantly higher than examined complexes and accounted for 80%.

The data gained by the LDH activity assay are in an agreement with the results
obtained for derivatives 1, 3, 7 and 8 by the MTT method.

Apoptotic Activity

To establish the anticancer mechanism of activity, SW480, SW620 and PC3 cells were
incubated for 72 h in the presence of the most promising monohalogeno complexes 1, 3, 7 and 8,
after which annexin content was measured by flow cytometry analysis. The apoptotic
effect is shown in Figure 6 and Figure S2.

All studied compounds, applied in their IC50 doses, induced early apoptosis in
pathological cells, especially in SW480 and PC3 cell lines, as compared to untreated
cancerous controls. Derivatives of 2-bromophenyl- (1) and 4-iodophenylthiourea (8) re-
vealed the most significant early-apoptosis-activating effect in primary colon cancer cell
lines (45.18% ± 3.9% and 48.9% ± 3.4%, respectively). The influence of complexes bearing
4-bromophenyl (3) and 2-fluorophenyl (7) moieties in these cells was not so evident and
did not exceed 40%. The most potent activators of apoptosis in metastatic PC3 cells were
both para-substituted coordination compounds 3 and 8, as they promoted the process
in 45.5% ± 3.5% and 45.7% ± 3.3% of cells. On the other hand, complexes containing a
halogen atom in ortho position of the benzene ring (1 and 7) induced the early apoptosis in
one third of tested PC3 cells. The similar pro-apoptotic inducing effect of these two com-
pounds was observed in metastatic colon cancer cells (38.4% ± 2.4% and 35.4% ± 2.8%).
The incubation of these cells with derivatives 3 or 8 increased early apoptosis in only
approximately 20%.

The studied set of thiourea complexes did not considerably promote the process of late
apoptosis of cells, as compared to controls. Only the most cytotoxic derivative 8 had the late
apoptosis activating property, in 20.7% ± 2.8% of SW480 cells. It is also worth noting that
tested coordination compounds 1, 3, 7 and 8 did not affect the level of early/late apoptosis
in normal human keratinocytes (HaCaT), giving the result from 1.6% to 9.2% only.

In addition, conducted studies revealed that the referential doxorubicin was only a
necrosis inducer. The number of SW480, SW620 and PC3 cells at the necrotic stage was
86%, 51% and 50%, respectively. Only in the case of PC3 cells, it induced late apoptosis
as well (23%). HaCaT cells were considerably sensitive to doxorubicin, which produced a
necrotic stage in 42% of cells, without affecting early and late apoptosis.

The obtained data comply with IC50 results found for mentioned cancer cells, partic-
ularly indicating the pro-apoptotic promoting role of complexes 1 and 8 in SW480 cells,
as well as substances 3 and 8 in the prostate cancer cell line.
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IL-6 Assay

Human interleukin-6 (IL-6) is a pro-inflammatory cytokine, involved in numerous
biological processes such as inflammation, cell growth, apoptosis, aging or bone remodeling.
The ability of compounds to diminish IL-6 concentration in a cell, as a measure of their
anti-inflammatory properties, was established for the most cytotoxic copper (II) complexes
of thiourea derivatives (1, 3, 7, 8).

As shown in Figure 7, tested derivatives applied in their IC50 doses inhibited inter-
leukin release in all evaluated cancer cell lines. Among them, the SW480 line was the
most susceptible for the inhibition of the IL-6 secretion, elicited by the presence of eval-
uated substances. The 4-iodophenyl-containing complex (8) diminished the IL-6 level
in these cells twofold. Similarly, the treatment of the primary colon cancer cells with
2-bromophenylyhiourea coordinate (1) reduced the cytokine amount 1.9 times. However,
the other complexes (3 and 7) decreased that level not more than by 30%, as compared
to the controls. The effectiveness of the complex 1 in metastatic SW620 cells equaled to
the referential doxorubicin. Both substances inhibited the concentration of IL-6 2.4 times,
while other tested derivatives diminished its secretion by an average of 23%. The strongest
effect in PC3 cells was denoted for the 4-iodophenylthiourea complex (8), which, just as
doxorubicin, diminished the IL-6 secretion almost twofold. On the other hand, the incuba-
tion of PC3 cells with the 2-bromophenyl compound (1) lowered the IL-6 concentration
1.5 times, with weaker effect of other complexes (3 and 7).
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Proteomic Analysis of Antioxidant and Detoxifying Enzymes

To evaluate the impact of the tested compounds on antioxidant status, they were
screened for their influence on intensities of selected detoxifying and ROS-scavenging
enzymes, occurring in human cancer cell lines such as glutathione S-transferase (GST),
glutathione reductase (GR), superoxide dismutase (SOD) and peroxiredoxin (PRDX)
(Table 3 and Table S1).

All tested complex compounds, applied in their IC50 concentrations, reduced inten-
sities of colon and prostate cancer enzymatic proteins, in most cases by at least 30% of a
control. The types of studied thiourea terminal moieties can be arranged in order of their de-
creasing influence, as shown: 2-fluoro- (7), 4-bromo- (3), 4-iodo- (8) and 2-bromophenyl (1).
The most susceptible for the presence of tested coordinates were the proteins of metastatic
PC3 cells. The level of all tested enzymes in the PC3 cell was diminished, while simultane-
ously superoxide dismutase [Cu-Zn] (SODC), mitochondrial superoxide dismutase (Mn)
(SODM) and the majority of PRDXs belonged to the most sensitive. The 2-fluorophenyl
derivative (7) reduced the intensity of 12 prostatic enzymes by 20.8-87.6%. Among them,
both types of SOD and mitochondrial PRDX3 were the most vulnerable; their intensities
were reduced by at least 75%. The compound 3 diminished the amount of all tested pro-
teins in the PC3 cells by 29.4–69.1%, affecting most significantly the levels of both SODs.
Similarly, after treatment of the cells with the complex 8, the amount of 12 enzymes was
reduced by 31.5–75.2%, including glutathione S-transferase A1 (GSTA1), SODs, PRDX3
and PRDX4, which intensities equaled about 30% of a control. After incubation with the
coordinate 1, quantities of SODM and PRDX5 were diminished up to 29% of the initial level.

On the other hand, GSTA1, glutathione S-transferase P (GSTP1) and PRDX3 of
metastatic SW620 cells were the most susceptible to the treatment with copper (II) com-
plexes. The derivative 7 appeared to be the most powerful. It reduced intensities of all tested
colon proteins by 32.5–63.9%, most heavily both GSTs (up to 63.6%) and SODs (55.3%).
Other analogs (1, 3, 8) affected considerably mainly on GSTA1, leading to a 45.7% (compound 8)
and 54.8% (complex 3) decrease in the amount of this protein, respectively.

The impact of the tested compounds on enzymes of the primary SW480 cells was also
evident, but weaker than that observed for both metastatic lines. The quantitative changes
affected mainly GSTA1, SODC and PRDX4. The derivative 7 exerted the strongest effect,
reducing their intensities by 54.9%, 59.4% and 41.7%, respectively. Additionally, it dimin-
ished the amount of five other proteins by 28.4% or more. Complexes 1 and 3 acted simi-
larly to their analogs, but they also affected smaller group of enzymes, most significantly
mitochondrial glutathione reductase (GSHR) (compound 1) and PRDX4 (compound 3).
The thiourea coordination compound 8 had the greatest relevance for GSTA1, giving 47.6%
inhibition of its intensity.

Obtained results confirmed the cytotoxic effect of tested complexes by the decreasing
of antioxidant influence on cytoplasmic and mitochondrial proteins of malignant cells,
especially observed for derivatives 7 and 3.

According to the literature data, there are few evidences that suggest GSTs function
in the cancer development and resistance of colon and prostate tumor cells to anticancer
agents. Colon cancers reflected elevated levels of GST expression compared with normal
mucosa [44]. It was observed that GST overexpression was related to a doxorubicin-
resistance phenomenon [45]. Similarly, the high level of glutathione-S-transferase pi (GST-
pi) was detected in prostate cancer cells, and it contributed to the development of drug
resistance and a significant increase in the cell proliferation rate of androgen independent
PC3 cells [46].

Likewise, an increased GR expression and activity was shown in colon tumors,
where it was involved in cellular defense against ROS by producing a reduced form of
GSH. This activity may favor tumor development [47]. It was also shown that this enzyme
may protect PC3 cells under persistent ROS production induced by radiotherapy and
chemotherapy. Therefore, GR activity depletion could lead to the intensified H2O2 toxicity
in metastatic prostate cancer cells [48].
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There are contradictory reports indicating the function of SOD enzymes on primary
tumor proliferation and metastasis activity. It was shown that overexpression of SOD
could increase cell differentiation, decrease proliferation and turn back a malignant phe-
notype [49]. Other studies demonstrated that high SOD expression correlates with colon
tumor aggressiveness and with resistance to cytotoxic drugs and radiotherapy [50]. The loss
of SOD1 expression by siRNA knockdown significantly increased prostate cell sensitivity
to cytotoxic agents, confirming SOD1 participation in cellular response and resistance [51].
Some evidence has indicated SOD1 overexpression in cancers maintaining cellular ROS
below the crucial threshold [52]. Suddenly, down-regulation of SOD2 itself was reported in
breast cancer cell lines [53].

Table 3. Liquid chromatography–mass spectrometry (LC–MS) proteome analysis provided in the SW480, SW620 and PC3 cells treated
for 24 h with IC50 concentrations of complexes 1, 3, 7 and 8. Protein intensities were expressed as percentage of a control.

Protein Intensity, %

Accession Name of Enzyme
SW480 SW620 PC3

Control 1 3 7 8 Control 1 3 7 8 Control 1 3 7 8

GSTA1_HUMAN
Glutathione S-transferase A1 OS = Homo

sapiens OX = 9606 GN = GSTA1 PE = 1
SV = 3

100 78.3 86.6 75.6 91.6 100 50.2 45.2 36.4 54.3 100 84.4 70.6 79.2 73.5

GSTO1_HUMAN
Glutathione S-transferase omega-1

OS = Homo sapiens OX = 9606
GN = GSTO1 PE = 1 SV = 2

100 70.9 66.0 45.1 52.4 100 85.5 77.0 52.5 65.0 100 65.0 64.0 68.6 31.6

GSTP1_HUMAN
Glutathione S-transferase P

OS = Homo sapiens OX = 9606
GN = GSTP1 PE = 1 SV = 2

100 84.8 75.9 80.9 83.0 100 74.4 64.5 67.3 57.5 100 95.0 51.1 35.8 64.1

GSHR_HUMAN
Glutathione reductase, mitochondrial

OS = Homo sapiens OX = 9606
GN = GSR PE = 1 SV = 2

100 58.1 63.1 91.7 74.3 100 69.1 79.2 67.3 79.3 100 71.1 58.9 61.2 68.5

SODC_HUMAN
Superoxide dismutase [Cu-Zn]
OS = Homo sapiens OX = 9606

GN = SOD1 PE = 1 SV = 2
100 68.2 75.3 40.6 88.2 100 72.7 78.2 44.7 64.5 100 58.5 30.9 15.4 33.0

SODM_HUMAN

Superoxide dismutase [Mn],
mitochondrial

OS = Homo sapiens OX = 9606
GN = SOD2 PE = 1 SV = 3

100 67.8 77.7 65.1 94.3 100 88.8 77.1 45.3 92.7 100 29.1 31.2 25.2 29.4

PRDX1_HUMAN
Peroxiredoxin-1

OS = Homo sapiens OX = 9606
GN = PRDX1 PE = 1 SV = 1

100 95.9 88.5 71.6 84.4 100 96.1 89.0 83.2 93.5 100 73.9 47.8 46.5 52.3

PRDX2_HUMAN Peroxiredoxin-2 OS = Homo sapiens OX
= 9606 GN = PRDX2 PE = 1 SV = 5 100 95.5 93.7 69.4 78.3 100 92.1 71.6 58.6 88.6 100 42.3 47.3 32.2 39.9

PRDX4_HUMAN
Peroxiredoxin-4

OS = Homo sapiens OX = 9606
GN = PRDX4 PE = 1 SV = 1

100 67.6 60.1 58.3 78.2 100 79.4 76.4 73.0 93.9 100 72.6 61.1 35.7 30.8

PRDX5_HUMAN
Peroxiredoxin-5, mitochondrial
OS = Homo sapiens OX = 9606

GN = PRDX5 PE = 1 SV = 4
100 77.3 84.8 91.0 81.7 100 88.3 82.4 81.4 74.4 100 29.3 40.9 36.7 42.0

PRDX6_HUMAN
Peroxiredoxin-6

OS = Homo sapiens OX = 9606
GN = PRDX6 PE = 1 SV = 3

100 75.1 81.3 68.3 71.1 100 83.2 66.4 67.5 77.6 100 66.6 71.1 35.0 53.7

PRDX3_HUMAN

Thioredoxin-dependent peroxide
reductase, mitochondrial

OS = Homo sapiens OX = 9606
GN = PRDX3 PE = 1 SV = 3

100 95.2 85.4 90.4 96.3 100 69.9 67.5 61.2 95.2 100 69.5 57.3 12.4 24.8

Beyond the PRDX family protein’s regulatory function on cytokine-induced hydro-
gen peroxide concentration, some members can act independently during their perox-
idase activity on cell proliferation, differentiation, apoptosis and gene expression [54].
Recent studies highlight dual catalytic activities of PRDX1, because besides antioxidant
activity it has a physiologically significant overoxidation site [55,56]. The positive PRDXI
immunohistochemical staining was strongly associated with a poor response to neoadju-
vant chemoradiotherapy and a worse prognosis in rectal cancer patients [57]. The PRDX3
protein in antiandrogen resistant prostate cancer cell lines is responsible for increased
tolerance to oxidative stress and a lack of activation of pro-apoptotic pathways. Therefore,
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the knockdown of PRDX3 leads to an increased tendency to oxidative stress [58]. In vivo
studies showed the up-regulation of both PRDX3 and PRDX4 in prostate tumors. It could
be an attempt at adaptation of the cancer cells to the microenvironment in a way favorable
for survival and proliferation rate, while maintaining their tumor’s aggressiveness [59]

2.3.2. In Vitro Antimicrobial Activity

To assess the antimicrobial profile of coordination compounds 1–8, we assembled a
panel of isolates, which included Gram-positive and Gram-negative organisms of clinical
importance, as well as strains of fungal pathogens. The synthesized derivatives displayed
significant to weak inhibitory effects towards standard staphylococci, as shown in Table 4.
Derivatives of 3-chloro-4-fluorophenyl- (4) and 4-iodophenylthiourea (8) appeared to be
the most active, with MIC values of 4 µg/mL. Bromophenyl compounds (1 and 3) and
3-nitro-4-chlorophenyl-containing complex (6) moderately inhibited the growth of S. aureus
isolates, at concentrations from 4 to 8 µg/mL. The least potent monohalogen derivatives 2, 7
and dichlorophenyl complex 5 in doses of 16–32 µg/mL suppress the rise of staphylococcal
rods. On the other hand, Gram-negative strains were weakly susceptible to the presence
of tested thiourea coordinates (minimal inhibitory concentration, MIC ≥ 128 µg/mL).
No evident antifungal properties were also observed; compounds 2, 3, 6 and 8, applied only
at a dose of 64 µg/mL, exerted growth inhibitory properties towards studied Candida species

Table 4. In vitro activity of complexes 1–8 against standard bacterial and fungal strains—minimal inhibitory concentrations (MIC, µg/mL).

Strain 1 2 3 4 5 6 7 8 Ref. * Ref. **

S. aureus NCTC 4163 8 16 8 4 32 8 32 4 0.25 -
S. aureus ATCC 25923 8 16 8 4 32 8 32 4 0.5 -
S. aureus ATCC 6538 8 16 8 4 32 8 32 4 0.25 -
S. aureus ATCC 29213 8 16 16 4 32 8 32 4 0.25 -

S. epidermidis ATCC 12228 16 16 16 4 32 8 32 8 0.25 -
S. epidermidis ATCC 35984 8 16 16 4 32 8 32 4 ≤0.125 -

E. coli NCTC 10538 128 128 128 128 128 128 128 128 ≤0.125 -
E. coli ATCC 25922 256 128 >256 128 128 128 256 128 ≤0.125 -

P. aeruginosa ATCC 15442 128 128 128 128 128 128 >256 128 0.5 -
P. aeruginosa ATCC 27853 128 128 128 128 128 128 128 128 0.5 -
C. albicans ATCC 10231 ≥256 64 64 128 128 64 128 64 - 0.5
C. albicans ATCC 90028 ≥256 64 64 128 128 64 128 128 - 0.5

C. parapsilosis ATCC 22019 ≥256 64 64 64 64 64 128 64 - 0.5

Ref. *—Ciprofloxacin, Ref. **—Fluconazole.

On extended testing, a series of copper (II) complexes showed activity against 30 clinical
methicillin-resistant strains of S. aureus (MRSA) and S. epidermidis (MRSE) (Table 5), and their
potency against most of above-mentioned cocci was severalfold higher than the reference
ciprofloxacin. The derivative 3, possessing 4-bromophenyl substituent at the thiourea
branch, exhibited its growth-inhibitory effect towards all evaluated hospital S. aureus
rods with MIC of 4 µg/mL, whereas against most of S. epidermidis species at a dose
of 4–8 µg/mL. The similar sensitivity of clinical isolates of S. aureus to the presence of
3-chloro-4-fluorophenyl complex (4) was observed. Monosubstituted compounds, contain-
ing bromine (1, 2), fluorine (7) and iodide (8) on the phenyl ring, also possessed a moderate
antibacterial potency (MIC 4–8 µg/mL). However, complexes 3, 4, 7 and 8 were 64 times
more active towards S. aureus 572 and 481 strains than ciprofloxacin, while the bioactivity
of coordinates 1–4, 7 and 8 against six clinical S. aureus rods was 16–64 times stronger than
the reference drug. Disubstituted derivatives 5 and 6 acted with lesser strength than their
analogues incorporating one halogen in a molecule, but they were still 4–16 times more
potent as compared to ciprofloxacin.
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Table 5. In vitro activity of complexes 1–8 against hospital methicillin-resistant strains of Staphylococcus aureus (MRSA) and
Staphylococcus epidermidis (MRSE)—minimal inhibitory concentrations (MIC, µg/mL).

Strain 1 2 3 4 5 6 7 8 Ref. *

S. aureus 498 8 8 4 4 16 32 4 8 0.5
S. aureus 537 8 8 4 4 16 32 8 8 256
S. aureus 567 8 8 4 4 16 32 4 8 0.5
S. aureus 568 8 8 4 4 16 32 8 8 0.5
S. aureus 573 8 8 4 4 16 32 8 8 128
S. aureus 585 8 8 4 4 16 32 8 8 256
S. aureus 586 4 8 4 4 16 32 8 8 0.5
S. aureus 495 8 8 4 4 16 32 8 4 0.5
S. aureus 496 8 8 4 8 32 32 8 8 0.25
S. aureus 497 8 8 4 8 16 32 8 8 256
S. aureus 514 8 8 4 4 32 32 8 4 128
S. aureus 522 8 8 4 4 16 32 8 4 256
S. aureus 572 8 8 4 4 16 32 4 4 256
S. aureus 481 8 8 4 4 16 32 4 4 256

S. epidermidis 420 4 8 8 4 32 64 8 8 0.5
S. epidermidis 423 8 8 4 4 32 64 8 8 0.5
S. epidermidis 424 8 8 4 8 32 64 8 8 16
S. epidermidis 469 8 8 4 4 32 64 8 8 0.5
S. epidermidis 471 8 8 8 8 32 64 8 8 32
S. epidermidis 510 8 8 4 8 16 64 8 8 0.5
S. epidermidis 511 8 8 4 4 32 64 8 8 32
S. epidermidis 515 4 8 8 4 32 64 8 8 32
S. epidermidis 431 8 8 4 8 16 64 8 8 8
S. epidermidis 432 8 8 4 8 32 64 8 8 64
S. epidermidis 433 4 8 4 4 32 64 8 4 64
S. epidermidis 435 8 8 4 8 32 128 8 8 0.25
S. epidermidis 436 8 8 4 8 32 128 8 8 ≤ 0.125
S. epidermidis 437 8 8 8 8 32 128 8 8 0.5
S. epidermidis 438 8 8 4 8 32 128 8 8 ≤ 0.125
S. epidermidis 513 8 8 4 8 16 64 8 8 0.5

Ref. *—Ciprofloxacin.

Most of the clinical strains of S. epidermidis were less susceptible to the presence
of the synthesized complexes. However, derivatives 1, 2, 4, 7 and 8 appeared to be
2–16 times more effective against S. epidermidis 424, 471, 511, 515 and 431–433 isolates
than the reference chemotherapeutic. Similarly, weak antimicrobials, such as disubstituted
compounds 5 and 6, were still equally or more potent towards these cocci, as compared
to ciprofloxacin.

To sum up, thiourea complexes incorporating a copper (II) ion expressed higher
inhibitory growth properties against hospital than standard bacterial rods. What is more,
their efficiency depended on the type of electronegative functionalities attached to the
benzene ring. Derivatives incorporating 3-chloro-4-fluorophenyl- (4) and 4-iodophenyl
substituents (8) showed the strongest effect towards both types of strains, while their
4-bromosubstituted analog (3) was powerful distinctly against clinical isolates. Ortho-substituted
compounds, bearing bromine (1) or fluorine (7) atoms, shared a similar inhibitory activity
when incubated with Staphylococci, but were weaker than the mentioned para-substituted.
Comparing dihalogeno derivatives 4 and 5, the replacement of the fluorine atom by chlorine
led to a severalfold decrease of the antimicrobial potency. On the other hand, the compound
possessing both chlorine and nitro group (6) was much more active against standard than
hospital S. aureus species.

As proved by Bacillus subtilis rec-assay test, newly synthesized complexes 1–8 exerted
no mutagenic and carcinogenic activities (Table S2). Thus, their antimicrobial effects were
not linked with DNA-damaging potency.

As compared to results obtained for complexes, the antimicrobial activities of parental
ligands were considerably higher [37]. MIC values of the most active ligands L1–L5, L7
and L8 against standard Staphylococcal strains ranged from 0.5 to 2 µg/mL. As expected,
new copper (II) complexes were much more potent than copper (II) chloride itself
(MIC ≥ 128 µg/mL for all strains). Although the complexation of halogen-containing
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4-chloro-3-nitrophenylthioureas with copper (II) ion diminished their antibacterial proper-
ties [36,37], it incomparably increased their cytotoxicity towards various cancer cell lines,
without influencing on normal keratinocytes.

Antimicrobial activity of the close analogs of the title complexes was previously
described [6,7]. The formerly tested copper (II) complex of 1-(3-chloro-4-fluorophenyl)-
3-[3-trifluoromethyl)phenylthiourea, an analog of the complex 4 described in this pa-
per, exerted comparable growth-inhibitory activity towards standard bacterial strains
(MIC 4–256 µg/mL) [7]. The same level of activities of both compounds was observed for
clinical strains (MIC 4–8 µg/mL). However, for the derivative of 3,4-dichlorophenylthiourea,
the observed differences in bioactivity were considerable. The complex of 3-(trifluoromethyl)
phenylthiourea inhibited the growth of Staphylococcal strains at 2 µg, whereas the coordi-
nate of 1-(4-chloro-3-nitrophenyl)-3-(3,4-dichlorophenyl)thiourea (5) was only at 32 µg/mL.
Variabilities in antibacterial actions were even higher when hospital strains were consid-
ered. The 3-(trifluoromethyl)phenylthiourea analog was 16-64 times more potent than its
4-chloro-3-nitrophenylthiourea counterpart (5). On the other hand, copper (II) complexes
with 2-bromo- and 3-bromophenylthiourea derivatives of 4-azatricyclo[5.2.1.0 2,6]dec-8-
ene-3,5-dione were poorly active in comparison with the 4-chloro-3-nitrophenyl thioureas
published in this paper [6]. The only exception was the 4-bromophenylthiourea with an
azatricyclodione terminal fragment, which was four times more active against standard
Staphylococcal isolates than its 3-chloro-4-fluorophenylthiourea analog (3). To conclude,
derivatives of substituted phenylthioureas, mainly 3-trifluoromethylphenylthiourea com-
plexes, revealed higher antimicrobial activity in comparison with coordinates of cyclic imides.

3. Materials and Methods
3.1. General Procedure

All chemicals were of analytical grade and were purchased from Sigma-Aldrich.
The melting point (m.p.) was determined on a Boetius (HMK65/ 1360) microscope.
Elemental analysis of all complexes was carried out using elemental analyzer CHNS
(Vario Micro Cube) with an electronic microbalance. The copper content for complex 5
was determined using the energy dispersive X-ray fluorescence spectrometer EDX-7000
from Shimadzu.

3.1.1. Synthesis of Cu (II) Complexes of 3-(4-Chloro-3-nitrophenyl)thiourea (1-8)

The appropriate 3-(4-chloro-3-nitrophenyl)thiourea L1–L8 (1 mmol) was stirred in
dimethylformamide (DMF) (2 mL) until its dissolution. Next, anhydrous copper (II)
chloride (1 mmol) was added to the solution. After stirring for 6 h, the solvent was
evaporated. The solid residue was collected, washed several times with cold distilled
water and dried in vacuo over anhydrous calcium chloride at room temperature to yield
complexes 1–8.

1. Copper (II) complex with 1-(2-bromophenyl)-3-(4-chloro-3-nitrophenyl)thiourea.

Yield 53%; dark brown solid; m.p. 93–95 ◦C; Anal. Calc for Cu(L1)2·0.75DMF·0.5 H2O;
Calc. C 37.76, H 2.50, N 10.52, Found C 37.92, H 2.28, N 10.57 (%).

2. Copper (II) complex with 1-(3-bromophenyl)-3-(4-chloro-3-nitrophenyl)thiourea.

Yield 61%; dark brown solid; m.p. 80–82 ◦C; Anal. Calc for Cu(L2)2·0.25 DMF·1.25 H2O,
Calc. C 36.69, H 2.23, N 10.00, Found C 36.28, H 2.39, N 10.40 (%).

3. Copper (II) complex with 1-(4-bromophenyl)-3-(4-chloro-3-nitrophenyl)thiourea.

Yield 58%; dark brown solid; m.p. 88–90 ◦C; Anal. Calc for Cu(L3)2·0.75 DMF·0.5 H2O,
Calc. C 37.76, H 2.50, N 10.52, Found C 38.04, H 2.24, N 10.30 (%).

4. Copper (II) complex with 1-(3-chloro-4-fluorophenyl)-3-(4-chloro-3-nitrophenyl)thiourea.

Yield 55%; dark brown solid; m.p. 95–97 ◦C; Anal. Calc for Cu(L4)2·0.75 DMF·0.5 H2O,
Calc. C 40.12, H 2.41, N 11.18, Found C 40.26, H 2.18, N 11.30 (%).

216



Int. J. Mol. Sci. 2021, 22, 11415

5. Copper (II) complex with 1-(4-chloro-3-nitrophenyl)-3-(3,4-dichlorophenyl)thiourea.

Yield 57%; brown solid; m.p. 76–78 ◦C; Anal. Calc for Cu(L5)2·3.25H2O, Calc. C 35.76,
H 2.37, N 9.62, Cu 7.28, Found C 35.76, H 2.20, N 9.88, Cu 7.74 (%).

6. Copper (II) complex with 1,3-bis(4-chloro-3-nitrophenyl)thiourea.

Yield 45%; light yellow solid; m.p. 107–108 ◦C; Anal. Calc for Cu(L6)2 ·0.75 DMF·0.75 H2O,
Calc. C 37.52, H 2.31, N 13.55, Found C 37.41, H 2.22, N 13.41 (%).

7. Copper (II) complex with 1-(2-fluorophenyl)-3-(4-chloro-3-nitrophenyl)thiourea.

Yield 57%; yellow-green solid; m.p. 97–99 ◦C; Anal. Calc for Cu(L7)2·0.5 DMF·0.25 H2O,
Calc. C 43.8, H 2.67, N 12.07, Found C 43.82, H 2.47, N 12.22 (%).

8. Copper (II) complex with 1-(4-iodophenyl)-3-(4-chloro-3-nitrophenyl)thiourea.

Yield 47%; orange brown solid; m.p. 99–101 ◦C; Anal. Calc for Cu(L8)2 ·3.5 H2O, Calc.
C 31.48, H 2.32, N 8.47, Found C 31.20, H 2.08, N 8.50 (%).

3.1.2. Instrumentation

Infrared spectra were performed on Nicolet iS5 FTIR spectrometer (Thermo Scientific)
with diamond ATR sample accessory. The complexes 1–8 as well as organic ligands L1–L8
were recorded in the range of 400–4000 cm−1. The solid state electronic reflectance spec-
tra of complexes 1–8 were collected on SHIMADZU UV-2600 spectrophotometer with
UV-2600Plus Integrating Sphere in the range of 220–1400 nm. Electron paramagnetic res-
onance (EPR) spectra were recorded with a Bruker ELEXSYS-E580 X-band spectrometer
(100 kHz field modulation). The microwave power of 5 mW and the modulation amplitude
of 0.1–0.5 mT were applied. Prior, the measurements of the samples were dissolved in
a mixture of ethanol–toluene solvent (1:1 v/v) to form solution of ca. 0.1 mM. The EPR
measurements of frozen solutions were carried out at 77 K. The EPR parameters of the
copper complexes were determined by computer simulation of the experimental spectra
using the EPRsim32 package [60].

3.2. Cell Culture

The human primary (SW480), metastatic (SW620) colon cancer, metastatic prostate
cancer (PC3) and human immortal keratinocyte (HaCaT) cell lines were purchased from
the American Type Culture Collection (ATCC, Rockville, USA). The cells were cultured
in medium according to protocols (MEM for SW480 and SW620, RPMI 1640 for PC3 and
DMEM for HaCaT cells) supplemented with 10% fetal bovine serum (FBS), penicillin
(100 U/mL) and streptomycin (100 µg/mL) and cultured in 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, USA)
and used for studies.

3.3. MTT Assay

To determine IC50 of the thiourea complexes, cells were seeded in 96-well plates
(1 × 104 cells per well) and treated for 72 h with different concentrations of compounds.
Cells without 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-diphenyltetrazolium bromide) conversion by mitochondrial dehydrogenase. MTT assay
was performed as previously described [61]. Experiments were repeated three times.
Cell viability was presented as a percentage of MTT reduction in the treated cells versus
the control cells. Number of viable cells cultured without studied compounds was as-
sumed to be 100%. Decreased relative MTT level means decreased cell viability. Thiourea
complexes 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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3.4. LDH Assay

The presence of lactate dehydrogenase (LDH) in culture medium indicates a distur-
bance of the integrity of the cellular membrane. The LDH activity was performed after
72 h incubation of cells (1 × 104 cells per well) in 96-well plates with selected compounds
according to manufacturer’s protocol (Roche Diagnostics, Germany), as was described by
Chrzanowska et al. [61]. Compound mediated cytotoxicity was determined using equation:
((A test sample−A low control)/ (A high control−A low control)) × 100% (A-absorbance),
where “low control” means cells in medium with 2% FBS without tested compounds,
and “high control” means cells incubated in medium with 2% FBS and 1% Triton X-100
(100% LDH release). The cytotoxicity was expressed as percentage of LDH release as
compared with the maximum release of LDH from Triton-X-100-treated cells.

3.5. Annexin V Binding Assay

The cells were cultured and harvested under the conditions described in the cell
culture section. Then, they were seeded in six-well plates (2 × 105 cells per well) and
treated with selected thioureas complexes 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 [61], by dual staining with annexin V-FITC and propidium iodide
according to 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.

3.6. Il-6 Level Assay

IL-6 concentration at all studied cancer cells and normal HaCaT cell lines was mea-
sured by ELISA kit (Diaclon SAS Besancon Cedex, France). Cells were seeded in twelve-
well plates (1 × 105 cells per well) and treated with IC50 concentration of selected studied
complexes for 72 h. IL-6 in cell culture supernatant was measured using enzyme-linked
immunosorbent assay in accordance with the manufacturer’s protocol.

3.7. LC-MS Proteome Analysis

Enzymes involved in oxidoreductive potential were analyzed in the cell lysates ob-
tained after treatment cells with selected conjugates for 24 h. Cells were washed with
phosphate-buffered saline (PBS) and harvested, then centrifuged at 1000× g for 10 min.
Then, lysis buffer (containing protease inhibitor, 1% RIPA Lysis and Extraction Buffer
(ThermoFisher)) and cold PBS were added, and samples were sonicated three times in
ice bath. Next, the cell lysates were centrifuged at 14,000× g at 4 ◦C for 15 min, and then
supernatants were stored at 70 ◦C before use. Protein concentration was measured by the
Bradford method.

Normalized protein concentrations (5 µg) from cell lysate were precipitated by ice cold
(–20 ◦C) acetonitrile (ACN, Merck, in ratio 1:4). Then, samples were centrifuged (–9 ◦C,
30 min., 18,000× g), the supernatant was discarded and ACN excess was evaporated using
a vacuum centrifuge (5 min., room temp.). Protein pellet was dissolved in 40 mM ammo-
nium bicarbonate. An amount of 500 mM dithiothreitol (DTT, with final concentration
20 mM) and 1 M iodoacetamide (IAA, with final concentration 40 mM) were used for
reduction and alkylation processes. After 16 h of incubation in 37 ◦C with Trypsin Gold
(Promega), digested protein samples were diluted with 0.1% formic acid (ThermoFisher)
and centrifuged (+2 ◦C, 30 min, 18,000× g).

LC–MS analysis was carried out with the use of nanoUHPLC (nanoElute, Bruker)
coupled by CaptiveSpray (Bruker) to ESI-Q-TOF mass spectrometer (Compact, Bruker).
Two-column separation method was used, i.e., pre-column (300 µm× 5 mm, C18 PepMap 100,
5 µm, 100Å, Thermo Scientific) and Aurora separation column with CSI fitting (75 µm× 250 mm,
C18 1.6 µm) in gradient 2% B to 35% B in 90 min with the 300 nL/min flow rate. Mobile
phases (A) 0.1% formic acid in water and (B) 0.1% formic acid in ACN were used.
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Sample ionizations were performed at a gas flow of 3.0 L/min, temperature of 150 ◦C
and voltage of the capillary at 1600 V. The quadrupole energy was fixed to 5.0 eV and
collision chamber energy 7.0 eV, with an ion transfer time of 90 µs. The ions were analyzed
in the positive polarity mode in the range 150–2200 m/z, with the acquisition frequency of
the 1 Hz spectrum, as well as with the autoMS/MS system.

The collected spectra were analyzed and calibrated using DataAnalysis software
(Bruker) and then identified in ProteinScape (Bruker) by the MASCOT server. Protein
identification was conducted using the online SwissProt and NCBIprot databases, and
their references and biological significance were identified using Reactome.org, String.org
and KEGG.

3.8. In Vitro Evaluation of Antimicrobial Activity

The antimicrobial activity of the compounds was tested on Gram-positive bacteria
(Staphylococcus aureus NCTC 4163, Staphylococcus aureus ATCC 25923, Staphylococcus aureus
ATCC 6538, Staphylococcus aureus ATCC 29213, Staphylococcus epidermidis ATCC 12228,
Staphylococcus epidermidis ATCC 35984), Gram-negative rods (Escherichia coli ATCC 10538,
Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 15442, Pseudomonas aeruginosa
ATCC 27863) and yeasts (Candida albicans ATCC 10231, Candida albicans ATCC 90028,
Candida parapsilosis ATCC 22019). Hospital methicillin-resistant strains of Staphylococcus
aureus and Staphylococcus epidermidis were obtained from the collection of the Department
of Pharmaceutical Microbiology, Medical University of Warsaw, Poland.

Antibacterial activity was examined by the disc-diffusion method under standard
conditions using Mueller–Hinton II agar medium (Becton Dickinson) according to CLSI
(previously NCCLS) guidelines [62]. Antifungal activities were assessed using Mueller–
Hinton agar + 2% glucose and 0.5 µg/mL methylene blue dye medium [63]. Sterile filter
paper discs (9 mm diameter, Whatman Number 3 chromatography paper) were dripped
with tested compound solutions (in dimethylsulfoxide, DMSO) to load 400 µg of a given
compound per disc. Dry discs were placed on the surface of appropriate agar medium.
The results (diameter of the growth inhibition zone) were read after 18 h of incubation
at 35 ◦C. Minimal inhibitory concentration (MIC) was tested by the twofold serial mi-
crodilution method (in 96-well microtiter plates) using Mueller–Hinton broth medium
(Beckton Dickinson) for bacteria or RPMI-1640 medium for Candida species, according to
CLSI guidelines [64,65]. The stock solution of tested agent was prepared in DMSO and
diluted in sterile water. Concentrations of tested agents ranged from 0.125 to 512 µg/mL.
The final inoculum of all studied microorganisms was 105 CFU/ mL−1 (colony forming
units per ml). Minimal inhibitory concentrations (the lowest concentration of a tested agent
that prevents visible growth of a microorganism) were read after 18 h (bacteria) or 24 h
(yeasts) of incubation at 35 ◦C.

3.9. Genotoxicity Studies

DNA-damaging activity of compounds was tested by rec-assay using two genetically
modified Bacillus subtilis strains: M45 (rec−) and H17 (rec+) [66,67]. Tested compounds
were dissolved in DMSO, and 10 µL of each solution was dripped onto sterile cotton discs
(Rotilabo) to load 256 µg of a given compound per 9 mm disc. Discs were placed on the
surface nutrient agar plates (Difco), inoculated with 100 µL of bacterial overnight culture
and incubated 24 h at 35 ◦C. After incubation, the growth inhibition zones were measured.
4-nitroquinoline N-oxide (NOQ) was used as reference genotoxin (concentration 2 µg per
disc). Results of the genotoxicity test were estimated after 18 h of incubation at 35 ◦C by
comparing the diameter of the inhibition zone on the B. subtilis M45 (rec−) strain with that
on the B. subtilis H17 (rec+) strain.

3.10. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 9 software (GraphPad
Software). Statistical significance was assessed by ANOVA with Dunnett’s post hoc test.
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p values below 0.05 were considered statistically significant. Data were presented as the
mean ± SD from at least three independent experiments.

4. Conclusions

To conclude, we have presented the cytotoxic influences of four-coordinate Cu (II)
complexes with 3-(4-chloro-3-nitrophenyl)thiourea derivatives on a panel of human can-
cer and normal cell lines, as well as on bacterial isolates. In contrast to initial ligands,
the complexation with metal ions has revealed the cytotoxic profile of synthesized com-
pounds towards tumor cells and to a lesser extent to bacterial strains. Diversity of a type,
a position and quantity of halogen substituents on the phenyl ring of the thiourea branch
allowed for the examination of the impact of the structure of synthesized complexes on
their bioactivity. Studied coordination compounds did not express cytotoxic effects in
normal cells (HaCaT) at clinically achievable concentrations, and they were also proven to
be non-genotoxic. The most active halogen phenylthiourea complexes (1, 3, 7, 8) showed
stronger anticancer potential against PC3 compared to colon cancer cell lines. They were
also more effective than the tested disubstituted derivatives (4–6). Compound 8 achieved
the highest percentage of LDH release from PC3 and SW480 cells. Studied complexes,
especially 3 and 8, induced early apoptosis in the above-mentioned pathological cells.
Additionally, all coordination compounds, with emphasis on derivatives 1 and 8, reduced
the secretion of IL-6 by tumor cell lines. Their interleukin-inhibitory properties in the se-
lected cells were equally as strong as doxorubicin. Moreover, new compounds were active
against selected strains of Staphylococci of clinical importance, being up to 2–64 times more
potent in comparison to the reference antibiotic, ciprofloxacin. Our preliminary studies
also showed the general tendency of tested compounds to disturb the antioxidant and
detoxifying systems in cancer cells, especially evident for complexes 3, 7 and 8. This is an
initial signal that this may be one of the cytotoxicity mechanisms. Such a diminishing effect
of compounds on the antioxidant defense of cancer cells may support the action of other
pro-oxidative agents, including drug resistance as well as support radiotherapy treatment.
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Abstract: Methotrexate (MTX) is a commonly used antimetabolite, which inhibits folate and DNA
synthesis to be effective in the treatment of various malignancies. However, MTX therapy is hin-
dered by the lack of target tumor selectivity. We have designed, synthesized and evaluated a novel
glucose–methotrexate conjugate (GLU–MTX) both in vitro and in vivo, in which a cleavable linkage
allows intracellular MTX release after selective uptake through glucose transporter−1 (GLUT1).
GLU–MTX inhibited the growth of colorectal (DLD-1), breast (MCF-7) and lung (A427) adenocarcino-
mas, squamous cell carcinoma (SCC-25), osteosarcoma (MG63) cell lines, but not in WI-38 healthy
fibroblasts. In tumor cells, GLU–MTX uptake increased 17-fold compared to unconjugated MTX.
4,6-O-ethylidene-α-D-glucose (EDG), a GLUT1 inhibitor, significantly interfered with GLU–MTX
induced growth inhibition, suggesting a glucose-mediated drug uptake. Glu-MTX also caused
significant tumor growth delay in vivo in breast cancer-bearing mice. These results show that our
GLUT-MTX conjugate can be selectively uptake by a range of tumor cells to cause their significant
growth inhibition in vitro, which was also confirmed in a breast cancer model in vivo. GLUT1 in-
hibitor EDG interfered with these effects verifying the selective drug uptake. Accordingly, GLU–MTX
offers a considerable tumor selectivity and may offer cancer growth inhibition at reduced toxicity.

Keywords: glycoconjugates; methotrexate; cancer treatment; glucose metabolism; drug design and
discovery; anticancer drugs; targeted therapy; Warburg effect

1. Introduction

Methotrexate (MTX) is among the most widely applied and effective therapeutic
agents available to treat various cancers, including breast cancer, lung cancer, bladder
carcinoma, and osteogenic sarcoma, as well as autoimmune diseases [1]. However, MTX
has a number of deficiencies that arise from a lack of tumor selectivity [2,3]. The pharma-
cokinetic parameters of MTX are unsatisfactory and frequently result in an insufficient
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clinical response. Increasing the dose of MTX may result in higher therapeutic efficacy,
but it also leads to a greater risk of side effects [4]. In general, the principal reason for the
discontinuation of MTX is not the lack of efficacy but life-threatening toxicity. We addressed
these limitations by designing a next-generation tumor-targeting MTX delivery system for
improved safety and efficacy.

One of the attractive strategies to achieve the desired specificity is to connect a thera-
peutic agent with a ligand that selectively interacts with the pathological cell. To increase
the safety and efficacy of the therapy, the synthesis of a prodrug in which the chemothera-
peutic is bound to a ligand with a high-affinity for diseased cells is required. To achieve
this, the diseased cells must overexpress the ligand-specific receptor that could facilitate the
targeted uptake of the therapeutic agent. Examples of such prodrugs include peptide-drug,
antibody–drug, aptamer-drug, and folic acid–drug conjugates [5].

In order to sustain the growth and proliferation, malignant cells significantly increase
glucose uptake and the flux of substrates through glycolysis even under oxidative con-
ditions. This abnormality, termed “the Warburg effect,” originates from mitochondrial
metabolic changes and is one of cancer’s most common traits [6]. The elevated glucose
intake requires the overexpression of glucose transporters (GLUTs), which is frequent in
neo-plasms and provide clinical targets for therapy [7,8]. Therefore, glycoconjugation, in
which cytotoxic agents or targeted anticancer therapeutics have been linked to glucose,
can improve the selective uptake of anticancer drugs [9–14]. Since the introduction of
glufosfamide [15], the potential of this strategy in diagnosis and therapy has already been
realized, yet there is tremendous scope for improvement [7].

These ligand-targeting drugs (LTD) are constructed by conjugating a cleavable linker
to the payload. The efficacy of such conjugate is primarily determined by the therapeutic
agent activity, while the safety of the conjugate is dictated by the ligand specificity on the
tumor cell. Separating the diseased cell selectivity and therapeutic drug activity is the
most critical step which can be independently optimized. Therefore, we first focused on
determining the optimal structure of the glucoside, through which the sugar is locked to
the linker, then the transfer of the conjugate to tumor cells and its uptake mediated by
GLUT1 protein. Based on these considerations, we designed, synthesized, and biologically
evaluated a novel glucose–methotrexate conjugate (GLU–MTX), in which MTX, D-Glucose,
and the linker are connected via a cleavable linkage susceptible to the action of hydrolytic
enzymes. To the best of our knowledge, no one has previously synthesized or evaluated
the conjugation of glucose to MTX. In our recent study, we showed that GLU–MTX exerts a
strong cytotoxic effect on breast and colon cancer cells and displays an increased selectivity
in the tumor microenvironment [16]. These findings conclusively prove the potential of
glycoconjugation for the selective destruction of cancer cells by MTX. In view of this, the
objective of this study was to further evaluate the efficacy of GLU–MTX on a wide variety
of cancer cell lines as well as in vivo and examine the mechanisms underlying the cellular
transport of glucose–methotrexate conjugate. The present study revealed that GLU–MTX
is a potent therapeutic agent that preferentially accumulates in and annihilates cancer cells
at reduced toxicity in the noncancerous tissues (Figure 1).
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Figure 1. Cellular transport of glucose–methotrexate conjugate (GLU–MTX) in healthy and cancer 
cells with GLUT1 overexpression. The intracellular cleavage of acid-labile bonds in the acidic en-
vironment of cancer cells results in controlled release of MTX, which inhibits dihydrofolate reduc-
tase (DHFR) and leads to cell death. In healthy cells, no major effect in DNA synthesis is observed. 

2. Results 
2.1. Synthesis of Sugar Derivative Emerging from GLU–MTX Conjugate Hydrolysis in Tumor 
Cells 

The initial stage of the research was the synthesis of a glucoconjugate 1 containing a 
D-glucose- unit linked via a glycosidic bond with a linker (Scheme 1). The conjugate 1 
was prepared by the 1,3-dipolar cycloaddition reaction of 2-azidoethyl 
β-D-O-glucopyranoside and propargyl alcohol. As indicated in the experimental section, 
the results suggest that the uptake of the glucoconjugate 1 is mediated by the GLUT1 
transporter. During these studies, it was also noticed that this compound has a weak cy-
totoxic effect. Based on the encouraging result that glucoconjugate 1 was transferred into 
the tumor cells, we synthesized prodrug GLU–MTX in the cycloaddition reaction ac-
cording to the method developed by Sharpless. The substrates for this reaction were 
2-azidoethyl β-D-O-glucopyranoside and MTX di-propargylcarbamide derivatives, ob-
tained by reacting the propargyl chloroformate with an antibiotic (MTX) in the presence 
of N-methylimidazole (NMI) and tertiary amine such as N,N-diisopropylethylamine in 
methylene chloride as a solvent [16]. 
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Figure 1. Cellular transport of glucose–methotrexate conjugate (GLU–MTX) in healthy and cancer cells with GLUT1
overexpression. The intracellular cleavage of acid-labile bonds in the acidic environment of cancer cells results in controlled
release of MTX, which inhibits dihydrofolate reductase (DHFR) and leads to cell death. In healthy cells, no major effect in
DNA synthesis is observed.

2. Results
2.1. Synthesis of Sugar Derivative Emerging from GLU–MTX Conjugate Hydrolysis in
Tumor Cells

The initial stage of the research was the synthesis of a glucoconjugate 1 containing a
D-glucose- unit linked via a glycosidic bond with a linker (Scheme 1). The conjugate 1 was
prepared by the 1,3-dipolar cycloaddition reaction of 2-azidoethyl β-D-O-glucopyranoside
and propargyl alcohol. As indicated in the experimental section, the results suggest that
the uptake of the glucoconjugate 1 is mediated by the GLUT1 transporter. During these
studies, it was also noticed that this compound has a weak cytotoxic effect. Based on the en-
couraging result that glucoconjugate 1 was transferred into the tumor cells, we synthesized
prodrug GLU–MTX in the cycloaddition reaction according to the method developed by
Sharpless. The substrates for this reaction were 2-azidoethyl β-D-O-glucopyranoside and
MTX di-propargylcarbamide derivatives, obtained by reacting the propargyl chloroformate
with an antibiotic (MTX) in the presence of N-methylimidazole (NMI) and tertiary amine
such as N,N-diisopropylethylamine in methylene chloride as a solvent [16].
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GLU–MTX exhibits comparable antiproliferative activity to MTX against different
cancer cell lines and has higher selectivity for cancer cells over normal cells in vitro.

GLU–MTX and MTX were first tested for their in vitro cytotoxicity with the use of
the MTT assay. Six cell lines representing five types of human malignancies (breast, colon,
skin, lung, bone) were cultured with test compounds at concentrations in the range of 10
to 50 µM for 48 h; then, cell viability was determined. The findings demonstrated that
GLU–MTX had a similar cytotoxic effect compared to MTX on the SCC-25 skin cancer
cell line (Figure 2A). Cell viability of the other MTX-treated cell lines was slightly lower
(16–19% depending on the cell line) (Figure 2B–E than the viability of the same dose of
GLU–MTX-treated cells. We compared the selectivity of GLU–MTX and MTX using various
cancer cell lines to match the results with a healthy fibroblast WI38 cell line. As shown in
Figure 2F, we found that the cellular viability of WI-38 was significantly higher in GLU–
MTX-treated cells compared to MTX-treated cells. This result indicates that GLU–MTX is
less cytotoxic to healthy cells than MTX.
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Figure 2. Cell viability of various human cancer cell lines: squamous cell carcinoma SCC-25, lung carcinoma A-427, human
colon adenocarcinoma DLD-1, breast carcinoma MCF-7, osteosarcoma MG-63 (A–E) and normal human fibroblast WI-38 (F)
after MTX and GLU–MTX treatment for 48 h at doses 10–50 µM. Results are presented as means ± standard deviations
from three independent experiments. * p < 0.05 vs. control.
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2.2. The Cytotoxic Effect of GLU–MTX Is Reversed by GLUT1 Inhibitor

The cytotoxicity assay was carried out in the absence and presence of an exofacial
GLUT1 competitive inhibitor 4,6-O-ethylidene-α-D-glucose (EDG). Cells preincubated
with EDG and then with conjugated MTX had a lower cell death ratio in comparison to
cells incubated with free MTX in both cell lines. MCF-7 and A-427 cells viability after EDG
+ MTX treatment was 35% and 15%, respectively, whereas following EDG + GLU–MTX was
70% and 50%, respectively (Figure 3). The MTT assay results support the hypothesis that
glucose transporter GLUT1 is involved in the cellular uptake of glucose conjugate MTX.
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Figure 3. The effect of glucose transporter−1 (GLUT1) inhibitor 4,6-O-ethylidene-α-D-glucose (EDG) on the efficacy of
free MTX and GLU–MTX treatment of (A) breast cancer cell line MCF-7 and (B) lung cancer cell line A-427. Cells were
preincubated with EDG for 4 h and then incubated for 48 h with MTX or GLU–MTX. Results are presented as means ±
standard deviations from two independent experiments. * p < 0.05 vs. GLU–MTX 10 µM.

2.3. Cellular Uptake of GLU–MTX Is Significantly Higher in SW-480 Colon Cancer Cells
Compared to Free MTX

GLU–MTX is transported by facilitated diffusion exploiting overexpressed GLUT1
transporters [17] and is approximately 17-times more preferentially accumulated in cancer
cells compared to free MTX (Figure 4). In the intracellular compartment, the cleavage of
acid-labile bonds occurs, which results in the controlled release of free MTX.

2.4. Both MTX and GLU–MTX Lead to Cell Cycle Arrest in S Phase

To investigate whether MTX and GLU–MTX display the same mode of action, their
effect on cell cycle progression was examined on the MCF-7 cell line. The results showed
that cell populations in the S phase were significantly higher in MTX and GLU–MTX-treated
cells after 24 h, in contradistinction with untreated cells (Figure 5, Table 1). This result
proves that both compounds affect the cell cycle in a similar way, indicating the presence
of free MTX originated from GLU–MTX in the intracellular compartment.
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Figure 5. The effect of MTX and GLU–MTX on MFC-7 cell cycle progression.

Table 1. Cell cycle progression data presented as mean ± standard deviation (SD).

G0/G1 S G2/M

Control 65.4 ± 2.1 22.99 ± 0.8 10.7 ± 0.6
MTX 23.05 ± 1.4 50.97 ± 2.3 17.17 ± 1.3

GLU–MTX 23.83 ± 1.7 50.61 ± 1.9 16.11 ± 1.8

2.5. In Vivo Efficacy of GLU–MTX

After our observations of its potent in vitro effects, GLU–MTX and MTX were eval-
uated on 4T1 breast tumor-bearing mice, which are characterized by GLUT1 overexpres-
sion [18]. The compounds were injected i.v. in a single dose (day 0). MTX was given at
120 mg/kg, and GLU–MTX was given at a corresponding dose of 300 mg/kg. GLU–MTX
significantly inhibited 4T1 allograft tumor growth by about 74.4% on day 18 (p < 0.01),
whereas MTX led to tumor growth inhibition by 16.2% (Figure 6A). There was no significant
loss of body weight in neither of the treatment groups (Figure 6B).
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Figure 6. Results of the in vivo study. (A) The average tumor volume after 18 days in 3 groups (1—control, 2—MTX-treated
and 3—GLU–MTX treated). In group 3, the tumor volume was significantly lower compared to other groups, as analyzed
by one-way ANOVA followed by Bartlett’s test (p < 0.001). (B) The effect of the therapy on body weight. No significant loss
of body weight has been observed.

Histopathological analyses of the liver and lungs excised from MTX and GLU–MTX-
treated mice showed differences in tissue morphology (Figure 7). Liver sections after
MTX-treatment indicate visible periportal inflammation, while lung sections show lym-
phocytic and plasmacytic infiltration. Livers and lungs from GLU–MTX treated mice were
without any morphological changes. Thus, the results indicate that GLU–MTX significantly
inhibited tumor growth without affection of livers and lungs compared to free MTX.
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Figure 7. Representative images of liver and lung sections stained with hematoxylin–eosin (HE)
to evaluate the cytotoxic impact of the MTX and GLU–MTX on the mice tissues. (A) Liver with
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3. Discussion

The “Warburg effect,” the increased aerobic glycolysis in many malignancies, has been
extensively scrutinized and is now suggested to be the reason for most of the hallmarks of
cancer [19,20]. Metabolic differences between normal and cancer provide an environment
that often results in drug resistance. However, these characteristic features may also
provide an opportunity to design appropriately tailored molecular targeted oncotherapy
interventions.

This study represents the first attempt to systematically evaluate the anticancer activi-
ties of a novel glucose–methotrexate conjugate in vitro and in vivo. We have shown several
essential characteristics of this drug: (a) GLU–MTX exhibits potent anticancer activity
against a range of solid tumor cell lines with IC50 values similar to free MTX; (b) GLU–
MTX preferentially annihilates cancer cells while showing low toxicity in noncancerous
cells in vitro; (c) cellular uptake of GLU–MTX is glucose-transporter-specific; (d) the uptake
of GLU–MTX in cancer cells is 17 times more efficient than that of MTX; (e) Glu-MTX caused
significant tumor growth delay in breast tumor-bearing mice compared to MTX-treated
and control mice.

Our results indicate that GLU–MTX may be used against a broad spectrum of cancers.
Glu- MTX cytotoxicity consistently had IC50 values in the µmol/L range. The compound
exerted higher selectivity for cancer cells over normal cells. The translocation efficiency
and subsequent cellular accumulation were significantly higher in GLU–MTX-treated cells
than in MTX. Notably, our results indicate that glucose transporter GLUT1 is involved in
the cellular uptake of glucose conjugates. The viability of MTX-treated cells did not change
significantly in the presence of an exofacial GLUT1 inhibitor. However, the GLUT1 inhibitor
decreased the activity of GLU–MTX, which suggests that the reduced uptake of the com-
pound resulted in lower cellular accumulation and weaker anticancer action. We cannot
univocally state that the cellular transport of glucose conjugate is facilitated solely via the
GLUT1 transporter. However, knowing that the glycoconjugates are highly hydrophilic,
it is rather unlikely that their transport occurs via passive diffusion. Evidence has been
found that the cellular uptake of some glycoconjugates may also be mediated by other
receptors such as OCT2, SGLT, SWEET, and asialoglycoprotein receptor (ASGPR) [21,22].
These findings are corroborated by other studies showing that glucose conjugates exploit
glucose transporters of cancer cells [9,17]. The uptake analysis showed that in the intracel-
lular compartment, the payload was quickly detached from the conjugate. This suggests
that the cleavable linkage allows the release of the cytotoxic payload inside the malignant
cells, possibly through enzymatic hydrolysis. This finding is particularly significant as the
spacer arm must be designed in such a way as to ensure its stability in the extracellular
compartment while also allowing the action of the active cytotoxic payload addressed to
tumor cells. The nature of the spacer thus influences how favorable drug delivery is and
its outcome. Over-stable linkers can curb the activity of the associated pharmacophore,
resulting in a low-potency compound. Conversely, an understable spacer can provoke poor
target specificity and high systemic toxicity [23].

Our study bears several limitations. First, the synthesis is multi-staged and requires
more delicate control of the experimental parameters. Hence, a limited amount of the
compound was obtained for biological assays. Second, we were able to perform in vitro
and in vivo analysis only on selected cancer cell models; hence the results may not be gen-
eralizable. Third, the in vivo study did not include multiple administrations of the tested
compounds. Further analyses are required to examine these effects on an animal model.

4. Materials and Methods
4.1. Chemistry

NMR spectra were recorded with an Agilent spectrometer 400 MHz using TMS as
internal standard and CDCl3 or DMSO-d6 as a solvent. NMR solvents were purchased from
ACROS Organics (Geel, Belgium). Chemical shifts (δ) were expressed in ppm and coupling
constants (J) in Hz. Optical rotations were measured with a JASCO P-2000 polarimeter
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using a sodium lamp (589.3 nm) at room temperature. Melting point measurements were
performed on a Stanford Research Systems OptiMelt (MPA 100). Electrospray ionization
mass spectrometry was performed on the Xevo G2 Q-TOF mass spectrometer. Reactions
were monitored by TLC on precoated plates of silica gel 60 F254 (Merck Millipore, Burling-
ton, MA, USA). The TLC plates were inspected under UV light (λ = 254 nm) or charring
after spraying with 10% sulfuric acid in ethanol. Crude products were purified using
column chromatography performed on silica gel 60 (70–230 mesh, Fluka, St. Louis, MI,
USA) developed with toluene/EtOAc and CHCl3/MeOH as solvent systems. Organic
solvents were evaporated on a rotary evaporator under diminished pressure at 40 ◦C.
All of the chemicals used in the experiments were purchased from Sig-ma-Aldrich (Saint
Louis, Missouri, USA), ACROS Organics (Geel, Belgium), and Avantor Performance Ma-
terials Poland S.A (Gliwice, Poland) and were used without purification. Methotrexate,
propargyl chloroformate, propargyl alcohol, and D-glucose are commercially available.
2-Azidoethyl β-D-O-glucopyranoside [24,25] and GLU–MTX [16] was prepared according
to the respective published procedures.

Synthesis of Glycoconjugate

2-Azidoethyl β-D-O-glucopyranoside (82 mg, 0.33 mmol) and propargyl alcohol
(20 µL, 0.33 mmol) were dissolved in a dry solvent system: THF (3 mL) and i-PrOH (3 mL).
The solutions of sodium ascorbate (27 mg, 0.13 mmol) in H2O (1.5 mL) and CuSO4·5H2O
(16 mg, 0.06 mmol) in H2O (1.5 mL), mixed and immediately added to the reaction mixture.
The reaction mixture was stirred for 24 h at room temperature. Then, the solvents were
evaporated in vacuo, and the crude products were purified by column chromatography
(dry loading: CHCl3:MeOH, gradient: 50:1 to 2:1) to give products 1 (69 mg, 70% yield):
m.p. 60–63 ◦C; [α]D

22= −5 (c = 1.0, DMSO).
1H NMR (400 MHz, DMSO-d6): δ 2.97 (m, 1H, H-2Glu), 3.04 (m, 1H, H-4Glu), 3.09–3.16

(m, 2H, H-3Glu, H-5Glu), 3.43 (m, 1H, H-6aGlu), 3.68 (m, 1H, H-6bGlu), 3.89 (m, 1H, CH),
4.07 (m, 1H, CH), 4.23 (d, 1H, J = 7.8 Hz, H-1Glu), 4.47–4.58 (m, 5H, 2xCH2, OH), 4.91 (d,
1H, J = 5.1 Hz, OH), 4.95 (d, 1H, J = 4.7 Hz, OH), 5.06 (d, 1H, J = 5.1 Hz, OH), 5.15 (dd, 1H,
J = 5.5 Hz, J = 5.9 Hz, OH), 8.01 (s, 1H, H-5triaz).

13C NMR (100 MHz, DMSO-d6): δ 49.54, 54.99, 61.05, 67.41, 69.99, 73.29, 76.60, 76.97,
102.93, 123.45, 147.68.

HRMS (ESI-TOF): calcd for C11H20N3O7 ([M + H]+): m/z 306.1301; found m/z
306.1300.

4.2. Cell Culture

The panel of different human cell lines was used to evaluate the effectiveness of the
novel compound, human colon adenocarcinoma SW-480 and DLD-1, breast carcinoma
MCF-7, squamous cell carcinoma SCC-25 purchased from the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures, (DSMZ, Braunschweig, Germany),
lung carcinoma A427, osteosarcoma MG63, normal fibroblasts WI-38 kindly provided by
Institute of Immunology and Experimental Therapy, the Polish Academy of Sciences,
Poland, and obtained from American Type Culture Collection. Cell lines A427, MG63,
WI-38 cells were maintained in Eagle’s minimum essential medium, MCF-7, DLD-1 in
RPMI 1640, SCC-25 in DMEM/F12 medium. To make the complete growth medium, fetal
bovine serum (FBS) to a final concentration of 10% and 100 U/mL penicillin, 100lg/mL
streptomycin were added. Cells were grown in a humidified incubator with 5% CO2 at
37 ◦C. The fresh culture medium was changed every 2–3 days. Cell culture media, FBS,
trypsin, and antibiotics were used from Gibco (Thermo Fisher Scientific Inc., Waltham,
MA, USA).
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4.3. In Vitro Cytotoxicity of MTX and GLU–MTX

For MTT experiments, cell lines were seeded in 96-well plates (5−8 × 103 cells/well).
The following day cells were treated with an appropriate complete culture medium (control)
and different doses of methotrexate and glucose conjugated MTX (10, 50 µM) for 48 h.

After the incubation, an MTT assay was performed. Cell viability was evaluated by
the conversion of the yellow tetrazolium salt (MTT) into violet formazan insoluble crystals
in mitochondria of active cells. Following 4 h, the medium was removed, and the dye
was dissolved by dimethyl sulfoxide (DMSO, Sigma-Aldrich, Munich Germany), creating
the color, which intensity is proportional to the viable cells. The absorbance rate was
measured at 490 nm, and the reference wavelength was 570 nm (Bio-TekBioTek ELX800
multi-well reader, BioTek, Winooski, VT, USA). The viable cells (VC) were calculated as
VC (100%) = (absorbance of experimental group/absorbance of the control group) × 100%.
MTT experiments were repeated, and figures represent the mean with standard deviation.

4.4. Measurement of Cellular Uptake of MTX and GLU–MTX by Mass Spectrometry

To measure differences in cellular uptake of Glu-Met and methotrexate, MCF-7 and
SW480 cells were seeded in density 3 × 105/well on 6 well plates. When cells reached 80%
confluence, the medium was replaced with 1 mL/well fresh medium with or without tested
compounds in dose 50 µM. Following 6 h of incubation, the medium was centrifuged,
collected and stored immediately at −80 ◦C. Then adherent cells were washed once with
1 mL PBS at room temperature (RT). Next, the plate was placed on ice and washed with
500 ul ice-cold methanol: H2O (3:1) twice. The collected supernatant was centrifuged and
stored at −80 ◦C until the analysis.

4.5. LC/MS Analysis
4.5.1. Equipment

The UPLC system consisted of the Acquity UPLC binary pump, cooled sample man-
ager and column oven (Waters, Milford, MA, USA). The mass spectrometer was a Xevo
G2 Q-TOF MS equipped with an electrospray ionization interface (Waters, Milford, MA,
USA). The data were acquired by using MassLynx software (version 4.0, Waters, Milford,
MA, USA).

4.5.2. LC Conditions

Chromatographic separation was performed using a Waters BEH Shield (1.7 µm,
2.1 × 100 mm) analytical column. The oven temperature was set at 45 ◦C. The mobile
phases containing 0.1% formic acid in water (mobile phase A) and 0.1% formic acid in
methanol (mobile phase B) were used at a flow rate of 0.2 mL/min. Gradient elution was
performed according to the following steps: 1.0 min—5% B, 5.0 min—40% B, 7.5 min—65%
B, 10 min—90% B, 11 min—90% B, 11.1 min—5% B, 13 min—5% B. The autosampler
temperature was kept at 5 ◦C.

4.5.3. MS Conditions

A mass spectrometer was interfaced with an electrospray ionization (ESI) probe. Mass
spectra acquisition parameters were optimized using electrospray ionization (ESI) in the
positive ionization mode. The temperatures were maintained at 120 ◦C and 450 ◦C for the
source and desolvation line, respectively. The voltages were set at 0.5 kV and 40 V for the
capillary and sampling cone, respectively. The desolvation gas and the cone gas (N2) flow
rate was set at 800 L/h and 80 L/h, respectively.

4.6. Cell Cycle Analysis

After treatment, control cells, MTX and GLU–MTX-treated cells were harvested,
collected and washed in PBS. Then, the cells were resuspended at 1−2 × 106 cells/mL,
and 5 mL of cold 70% ethanol was carefully added. Afterward, the cells were fixed for at
least 1 h at 4 ◦C. Following washing twice in PBS, 0.5 mL of FxCycle™ PI/RNase staining
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solution (Life Technologies, Carlsbad, USA) to cell pellet was added and mixed well.
The samples were incubated for 15–30 min at room temperature, protected from light and
then analyzed by flow cytometry to determine the cell cycle profile.

4.7. Mouse Allograft Model of Human Breast Cancer

The animal use and care protocol were approved by the local ethical committee for
animal experiments. The female BALB/c mice with a weight of 17–20 g (6–8 weeks old)
were provided and maintained on free access to food and water. Then female BALB/c
mice were injected subcutaneously with 4T1 breast cancer cell. The cells were suspended
in 50 µL of Hanks’ solution: Matrigel (9:1) and implanted in the second right mammary
gland (105–106 cells per mouse).

All animals were monitored for activity, physical condition, body weight, and tumor
growth. Tumor size was determined every other day by caliper measurement of two
perpendicular diameters of the implant. Tumor weight (in grams) was calculated by the
formula TV = 1/2 × a2 × b, in which a is the long diameter, and b is the short diameter
(in millimeters).

4.8. In Vivo Chemotherapy

The animals bearing breast cancer allograft tumors were randomly divided into two
treatment groups and a control group (5–7 mice per group). Test animals received a single
i.v. injection via the tail vein of GLU–MTX and MTX at a dose of 300 mg/kg, and 120 mg/kg,
respectively. The treatment was started one day after the transplantation of tumor cells.
The control animals received an injection of 0.2 mL of the vehicle only. The tumor volume
and weight of each mouse were measured over a period of 18 days. The body weights of
4T1 tumor-bearing mice treated with GLU–MTX, MTX, and vehicle (DMSO) only were
recorded simultaneously every 2 to 3 days during the study. No mice were lost during
the experiment.

4.9. Histological Evaluation of Toxicity

Formalin-fixed and paraffin-embedded tissue sections of livers and lungs were stained
with hematoxylin–eosin (HE) to evaluate the impact of the therapeutics on the tissues and
4T1 cells metastasis.

4.10. Statistical Analysis

In vivo data were analyzed by one-way analysis of variance (ANOVA). p < 0.05 was
considered statistically significant. Data from in vitro experiments were expressed as
means ± standard deviation (SD), and the statistical analysis was performed using Mann–
Whitney U test in the PAST 4.03 program. The differences between groups were considered
significant at p < 0.05.

5. Conclusions

In conclusion, we have synthesized a novel GLU–MTX conjugate and have shown
that it has broad-spectrum anticancer activity. The compound preferentially accumulates
in and annihilates malignant cells while showing reduced accumulation and low toxicity in
normal fibroblasts. These results collectively represent a critical step forward in developing
molecular tumor-targeting properties into established therapeutic drugs for improved
safety and efficacy of anticancer therapies. These studies are essential for further preclinical
and clinical development of a glucose-based class of compounds.

6. Patents

The authors are inventors on submitted patent applications (serial number P.426731).
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kandem@poczta.umcs.lublin.pl (M.K.-S.)

2 Department of Cell Biology, Maria Curie-Sklodowska University, Akademicka 19, 20-033 Lublin, Poland;
adrianna.slawinska-brych@poczta.umcs.lublin.pl

3 Chair and Department of Clinical Immunology, Medical University of Lublin, Chodźki 4a,
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Abstract: Osteosarcoma (OS) is the most common type of primary bone tumor. Currently, there are
limited treatment options for metastatic OS. Alpha-ketoglutarate (AKG), i.e., a multifunctional
intermediate of the Krebs cycle, is one of the central metabolic regulators of tumor fate and plays
an important role in cancerogenesis and tumor progression. There is growing evidence suggesting
that AKG may represent a novel adjuvant therapeutic opportunity in anti-cancer therapy. The present
study was intended to check whether supplementation of Saos-2 and HOS osteosarcoma cell lines
(harboring a TP53 mutation) with exogenous AKG exerted an anti-cancer effect. The results revealed
that AKG inhibited the proliferation of both OS cell lines in a concentration-dependent manner.
As evidenced by flow cytometry, AKG blocked cell cycle progression at the G1 stage in both cell
lines, which was accompanied by a decreased level of cyclin D1 in HOS and increased expression
of p21Waf1/Cip1 protein in Saos-2 cells (evaluated with the ELISA method). Moreover, AKG induced
apoptotic cell death and caspase-3 activation in both OS cell lines (determined by cytometric
analysis). Both the immunoblotting and cytometric analysis revealed that the AKG-induced apoptosis
proceeded predominantly through activation of an intrinsic caspase 9-dependent apoptotic pathway
and an increased Bax/Bcl-2 ratio. The apoptotic process in the AKG-treated cells was mediated via
c-Jun N-terminal protein kinase (JNK) activation, as the specific inhibitor of this kinase partially
rescued the cells from apoptotic death. In addition, the AKG treatment led to reduced activation
of extracellular signal-regulated kinase (ERK1/2) and significant inhibition of cell migration and
invasion in vitro concomitantly with decreased production of pro-metastatic transforming growth
factor β (TGF-β) and pro-angiogenic vascular endothelial growth factor (VEGF) in both OS cell
lines suggesting the anti-metastatic potential of this compound. In conclusion, we showed the
anti-osteosarcoma potential of AKG and provided a rationale for a further study of the possible
application of AKG in OS therapy.
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1. Introduction

Osteosarcoma (OS) is a malignant mesenchymal-origin primary tumor of bone. Its histological
hallmark is the production of osteoid or immature bone by neoplastic cells [1]. Although bone tumors
are relatively rare overall (less than 1% and 3–5% of all newly diagnosed malignant cancers in adults
and children, respectively), OS is the most common bone cancer in children and adolescents [2]. OS has
a bimodal age incidence distribution worldwide with the first peak in teenagers (at the age of 10–14
in females and 15–19 in males) and the second peak in the elderly [3]. The survival rates may vary
depending on various factors (e.g., age, sex, disease stage, localization, country); in children and
adolescents, they are similar in most countries, ranging from 55% to 75% [4]. However, the 5-year overall
survival rates of OS patients with distant metastasis and/or relapsed OS is low, i.e., approximately 30%
in individuals with lung metastasis [5]. The current OS treatment combines surgery with chemotherapy,
which was introduced in the 1980s and resulted in significant improvement in OS patients’ survival
rates over the 1990s [4]. Most importantly, for the past 20 years, the survival rates in OS patients did
not change essentially and no successful targeted therapies of this cancer have been developed so
far [6]. Therefore, there is still a need for novel OS treatment strategies.

Alpha-ketoglutarate (AKG) or 2-oxoglutarate is known mainly as an intermediate of the
tricarboxylic acid (TCA) cycle that serves the production of the energetic molecule ATP [7], although it
can also be synthesized via other biosynthetic pathways in cells [8]. In the TCA cycle, AKG is
formed as a product of isocitrate oxidative decarboxylation catalyzed by NADP-dependent isocitrate
dehydrogenase isoforms (IDH1-3) [9]. AKG is characterized as a metabolite with pleiotropic activity
due to its metabolic and non-metabolic functions associated with direct involvement in different
cellular processes as a biosynthetic substrate, a co-substrate of 2-oxoglutarate-dependent dioxygenases
(2-OGDDs), or a signaling molecule [8]. Mounting evidence suggests that AKG is one of the
central metabolic regulators of tumor fate and plays an important role in cancerogenesis and tumor
development [10]. Most importantly, it is involved in the regulation of hypoxic response and
epigenetic modifications, i.e., two main phenomena that drive oncogenic transformation. AKG is
a co-substrate for prolyl hydroxylases (PHDs) belonging to the 2-OGDD family, which regulate
the stability of the hypoxia-inducible factor (HIF-1), i.e., an important transcription factor in cancer
development and progression. Thus, the abundance of AKG may be a determinant of the HIF-1
stabilization/activity through the regulation of PHD activity [11,12]. Moreover, other AKG-dependent
enzymes from the OGDD family, namely ten-eleven translocation hydroxylases (TET1-3) and
Jumonji C domain-containing lysine demethylases (KDM2-7), are involved in DNA and histone
demethylation, respectively, and take part in shaping the cellular epigenetic landscape that is important
in cancerogenesis [13]. What is more, mutations in genes encoding TCA cycle enzymes, such as succinate
dehydrogenase (SDH), fumarate hydratase (FH), and IDHs, may be present in several cancers, leading to
the accumulation of appropriate metabolites, i.e., succinate, fumarate, and D-2-hydroxyglutarate,
respectively, inside cells. All these metabolites may act as competitive inhibitors of 2-OGDD enzymes
(including PHDs, TETs, and KDMs), and they have been termed “oncometabolites” due to their role
in the metabolic reprogramming of cells and progression toward malignancy [14]. It is suggested
that an increase in the level of AKG in cells may result in the reverse of 2-OGDD inhibition by
oncometabolites and exert an anticancer effect [11,15–19].

Recent in vitro and in vivo experiments suggest that an increase in the intracellular level of AKG
through different strategies, e.g., exogenous supplementation, alpha-ketoglutarate dehydrogenase
(KGD; an enzyme that catalyses the oxidative decarboxylation of AKG to succinyl-Co-A in the TCA
cycle) inactivation or even IDH overexpression, may lead to downregulation of HIF-1 or upregulation of
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epigenetic enzymes and prevent/inhibit tumor progression or show direct anticancer effects [17,19–24].
A more recent study has also proposed therapeutic strategies to increase AKG intracellular levels as
a mechanism of engagement of latent tumor-suppressive pathways in p53-deficient cancers. It has
been shown that AKG is an effector molecule of p53-mediated tumor suppression and its accumulation
in p53-deficient tumors can antagonize malignant progression [25].

OS is a cancer with numerous chromosomal abnormalities, gene mutations, and epigenetic
defects, e.g., hypermethylation at promoter CpG islands of the key (Rb and p53) tumor suppressor
pathways [26]. However, no mutations in the TCA enzymes have been identified so far [27,28] except
for one study that has demonstrated IDH2 mutations in OS tissues [29]. Nevertheless, a few studies
have shown that IDH1/IDH2 expression inversely correlated with the pathological grade and metastasis
in OS [30,31], and the expression of IDH1 was lower in OS than normal bone tissue [24], suggesting that
interference in the level of AKG abundance-regulating enzymes may represent a potential target in the
OS therapy. Given these reports, our present study was intended to check whether supplementation of
OS cells with exogenous AKG exerted an anti-osteosarcoma effect.

2. Results

2.1. AKG Inhibits Proliferation of OS Cells

Since AKG (supplemented as an alpha-ketoglutarate disodium salt dihydrate) was described
to exhibit direct antiproliferative activity [22], we evaluated its influence on cell proliferation in two
OS cell lines, i.e., Saos-2 (p53-null cell line) and HOS (p53 mutant). The OS cells were cultured in
a complete growth medium with AKG, which was used at concentrations ranging from 2.5 to 200 mM
established on the basis of research carried out by other authors [20–22]. The results showed
a concentration-dependent ability of AKG to inhibit proliferation in both cell lines. Incubation of the
Saos-2 and HOS cells in a growth medium with increasing concentrations of AKG for 96 h resulted in
a similar degree of inhibition of proliferation of both types of OS cells evaluated by the MTT assay
(Figure 1A,B). To verify the antiproliferative effect of AKG against OS cells, measurement of DNA
synthesis (with the BrdU assay) was additionally performed after 48-h incubation with AKG. As shown
in Figure 1C,D, AKG induced a concentration-dependent decrease in OS cell proliferation. The lowest
concentrations inducing significant inhibition of the BrdU incorporation into the DNA of dividing cells
were 5 mM and 10 mM of AKG for Saos-2 and HOS, respectively. However, the IC50 values for both
cell lines were very similar and amounted to 35.41 ± 0.17 mM and 35.37 ± 0.19 mM for the Saos-2 and
HOS cells, respectively.

2.2. AKG Induces Cell Cycle Arrest in the G1 Phase in OS Cells through Modulation of the Expression of Cell
Cycle-Associated Proteins

To further explore the antiproliferative activity of AKG, the influence of the selected concentrations
(10, 25, and 50 mM) of this compound on the distribution of cell cycle phases in both OS cell lines after
48-h incubation was analyzed by flow cytometry. As shown in Figure 2A–D, the AKG treatment at all
the concentrations used resulted in accumulation of Saos-2 (Figure 2A,B) and HOS (Figure 2C,D) cells
in the G1 phase with a concomitant reduction of the cell number in the S and G2 phases. Compared
to the control, the highest AKG concentration of 50 mM significantly elevated the G1-fraction from
60.02 ± 0.92% to 72.81 ± 1.58% in the Saos-2 cell culture and from 67.51 ± 0.29 to 74.37 ± 0.61% in the
HOS cell culture.

Since AKG caused the cell cycle arrest in the G1 phase, further studies were conducted to
investigate the effect of AKG on the expression of proteins responsible for the transition from the G1

phase to the S phase of the cell cycle, i.e., cyclin D1 and the cyclin-dependent p21Waf1/Cip1 inhibitor.
Changes in the expression of these proteins were evaluated by means of immunoassay methods.
Only trace amounts of cyclin D1 were detected in the Saos-2 cells (which is in agreement with a previous
study [32]), and its expression did not change significantly after the AKG treatment [data not shown].
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In contrast, the HOS cells expressed cyclin D1 and its level was downregulated in the AKG-treated cells
in a concentration-dependent manner. The 24-h AKG treatment at the concentrations of 25 and 50 mM
decreased its expression by approx. 9% and 33%, respectively (Figure 2E). In turn, the expression of the
cyclin-dependent p21Waf1/Cip1 inhibitor in the AKG-treated Saos-2 cells was significantly upregulated
in a concentration- and time-dependent manner. After the 6-h AKG treatment at the concentrations of
10, 25, and 50 mM, the expression of p21 Waf1/Cip1 increased by 7%, 14%, and 42%, respectively. The 24-h
treatment with the same concentrations of AKG resulted in a greater increase in the expression of this
protein by 19%, 39%, and 57% respectively, in comparison with the control levels (Figure 2F). In the case
of the HOS cells, only the 6-h incubation with AKG at the concentrations of 25 and 50 mM induced
a statistically significant increase in p21Waf1/Cip1 protein expression by 17% and 57%, respectively,
compared to the control. In turn, the longer AKG treatment (24 h) resulted in a decrease in the
expression of this protein (Figure 2G).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 4 of 21 
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Figure 1. Effect of alpha-ketoglutarate (AKG) on Saos-2 and HOS cell proliferation. The osteosarcoma
(OS) cells were treated with increasing concentrations of the compound. Cell proliferation was assessed
with the MTT assay after 96 h (A,B) and the levels of BrdU incorporated into the cells after the 48-h AKG
treatment were determined (C,D). All experiments were repeated independently at least three times,
and data (n = 24 for each concentration) are expressed as the mean ± SD; * p < 0.05 and *** p < 0.001 in
comparison to the control; one-way ANOVA test.

2.3. AKG Induces Cell Death in OS Cells through Apoptosis via an Intrinsic Caspase-Dependent Pathway

Since the cell growth inhibition by AKG may have been also a result of the induction of cell death
via apoptosis and/or necrosis, the cells were analyzed using Annexin V-FITC/PI double staining and
flow cytometry. As shown in Figure 3A–D, after 72-h treatment, AKG was found to induce apoptosis
in both Saos-2 and HOS cells, whereas necrosis was only slightly increased when the Saos-2 cells were
incubated with 50 mM of AKG (Figure 3B). Significant induction of apoptosis was observed even
at 5 mM of AKG. The percentage of Saos-2 cells undergoing apoptosis increased significantly from
0.5 ± 0.01% in the control to 7.5 ± 0.29%, 8.2 ± 0.28, 9.6 ± 0.22%, and 12.1 ± 0.22% after the incubation
with 5, 10, 25, or 50 mM of the AKG, respectively (Figure 3B). Similarly, the percentage of HOS cells
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undergoing apoptosis increased from 1.0 ± 0.16% in the control to 5.0 ± 0,58%, 5.8 ± 0.16%, 8.3 ± 0.30%,
and 12.0± 0.28% after the incubation with 5, 10, 25, or 50 mM of the compound, respectively (Figure 3D).

Moreover, to identify the mechanism of AKG-induced apoptosis in OS cells, the activation of
effector caspase-3 was evaluated by flow cytometry. As shown in Figure 4A–D, in both OS cell lines,
the 72-h AKG treatment resulted in a concentration-dependent increase in the number of cells with
active caspase 3.

A further study was undertaken to resolve which pathway, receptor- or mitochondria-dependent,
was involved in the AKG-induced caspase 3 activation in the OS cells. Since a higher number of cells
with activated caspase 3 was observed in the Saos-2 culture, this cell line was chosen to examine the
activation of initiator caspase-8 (extrinsic pathway) and caspase-9 (intrinsic pathway) with the use
of immunoblotting and flow cytometry methods. As shown in Figure 5A–C, AKG caused a slight
increase in the active forms of caspase-8, in comparison with the control, after the 72-h treatment,
although only in a small percentage of cells. In contrast, an AKG concentration-dependent decrease in
the procaspase-9 levels and an increase in its active form were observed in the Saos-2 cells (Figure 5D),
and a large number of cells exhibited the presence of the active form of this caspase (Figure 5E,F).
Since these results indicated that the AKG-treatment activated predominantly the intrinsic apoptotic
pathway, the expression of pro-apoptotic and anti-apoptotic proteins associated with mitochondrial
membrane integrity were further assessed by Western blot analysis at 72 h. As shown in Figure 5G,H,
the exposure to AKG triggered a significant increase in the amount of the pro-apoptotic Bax protein
and a decrease (although to a lesser extent) in the expression of Bcl-2 (apoptosis inhibitor) in the Saos-2
cells. This suggests that the AKG treatment may result in the predominance of pro-apoptotic signals
through an increase in the Bax/Bcl-2 ratio.
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Since the cell growth inhibition by AKG may have been also a result of the induction of cell death 
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flow cytometry. As shown in Figure 3A–D, after 72-h treatment, AKG was found to induce apoptosis 
in both Saos-2 and HOS cells, whereas necrosis was only slightly increased when the Saos-2 cells were 
incubated with 50 mM of AKG (Figure 3B). Significant induction of apoptosis was observed even at 
5 mM of AKG. The percentage of Saos-2 cells undergoing apoptosis increased significantly from 0.5 
± 0.01% in the control to 7.5 ± 0.29%, 8.2 ± 0.28, 9.6 ± 0.22%, and 12.1 ± 0.22% after the incubation with 
5, 10, 25, or 50 mM of the AKG, respectively (Figure 3B). Similarly, the percentage of HOS cells 
undergoing apoptosis increased from 1.0 ± 0.16% in the control to 5.0 ± 0,58%, 5.8 ± 0.16%, 8.3 ± 0.30%, 
and 12.0 ± 0.28% after the incubation with 5, 10, 25, or 50 mM of the compound, respectively (Figure 
3D). 

Figure 2. Effect of AKG on cell cycle distribution and expression of cell cycle-associated proteins in
Saos-2 and HOS cultures. After the treatment with various concentrations of AKG for 48 h, the cells were
stained with propidium iodide and analyzed by flow cytometry. Representative DNA histograms for
Saos-2 (A) and HOS (C) cell lines with statistical analysis of the percentages of cells in the G1, S, and G2
phases in Saos-2 (B) and HOS (D) cultures. The levels of cyclin D1 in HOS cells (E) were measured
after 24-h, while p21Waf1/Cip1 in the Saos-2 (F) and HOS (G) cells after 6-h and 24-h incubation without
or with AKG (10, 25, and 50 mM) (with the ELISA assay). Data are expressed as means ± SD for at least
three independent experiments. (n = 3), * p < 0.05, ** p < 0.01 and *** p < 0.001 in comparison to the
control; one-way ANOVA test.
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Figure 3. Effect of AKG on apoptosis induction in Saos-2 and HOS cell lines. After the 72-h exposure to
the different concentrations of AKG, the cells were stained with annexin (An) V-FITC)/propidium iodide
(PI) and examined with flow cytometry. The representative dot plots indicate the percentage of An−/PI+

necrotic cells (Q1), An+/PI+ late apoptotic cells (Q2), An−/PI− viable cells (Q3), and An+/PI− early
apoptotic cells (Q4) in AKG-treated Saos-2 (A) and HOS (C) cell cultures. Histogram representation
of the quantitative percentage of total apoptotic cells (early + late apoptosis) and necrotic cells in the
control and AKG-treated Saos-2 (B) and HOS (D) cell cultures. All experiments presented in this figure
were repeated independently at least three times, and data (n = 12 for each concentration) are expressed
as mean ± SD; *** p < 0.001 in comparison to the control; one-way ANOVA test.

2.4. AKG Modulates the Phosphorylation of Mitogen-Activated Protein Kinases and Induces Apoptosis in OS
Cells through a c-Jun N-Terminal Protein Kinase (JNK)-Dependent Mechanism

To explore the involvement of mitogen-activated protein kinases (MAPKs) in AKG-induced OS
cell apoptosis, phosphorylation of JNK, extracellular signal-regulated kinase (ERK1/2), and p38 was
examined with the quantitative ELISA method. As shown in Figure 6A, the AKG treatment reduced
ERK1/2 phosphorylation in a concentration-dependent manner within 6 and 24 h in the Saos-2 cells.
In contrast, AKG remarkably augmented the level of phospho-JNK in a concentration-dependent
manner, but not phospho-p38 (Figure 6B,C).

JNK is a stress-activated kinase, and a signaling pathway with the participation of this kinase
regulates e.g., apoptosis [33]. To clarify whether the AKG-activated JNK signaling pathway was
engaged in the apoptotic process, the Saos-2 cells were cultured with AKG in the presence of a specific
inhibitor of JNK (SP600125). After 72 h, the percentage of apoptotic cells was measured with FACS,
whereas the JNK phosphorylation status was evaluated after 24 h with ELISA. As shown in Figure 6D,
the percentage of apoptotic cells declined from 22.52 ± 1.8% after the treatment with 50 mM AKG alone
to 13.1 ± 1.2% when the cells were co-treated with AKG and 5 µM of SP600125. It was found that the
inhibition of JNK phosphorylation by SP600125 completely inhibited the activation of JNK induced by
this compound (Figure 6E) and partially reduced the level of AKG-induced apoptosis in the Saos-2
cells (Figure 6F). These data may therefore support the observation that the AKG-induced apoptosis in
the Saos-2 cells was mediated partially through the activation of the JNK signaling pathway.
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2.5. AKG Inhibits the Migration and Invasiveness of OS Cells and Decreases the Production of VEGF
and TGF-β in These Cells

Since OS is classified as a strong tumor metastatic disease, the effect of AKG (5, 10, 25, 50 mM) on
the migration (evaluated in a wound-healing assay) and invasion (evaluated in a transwell chamber
assay with a basement membrane extract (BME)-coated membrane) of the Saos-2 and HOS cells was
assessed. As shown in Figure 7A–D, the AKG treatment suppressed cell migration in both cell lines in
a concentration-dependent manner. The inhibition of the migration of Saos-2 and HOS cells after the
24-h AKG treatment at a concentration of 50 mM increased approx. 2.3 and 2.5 times, respectively,
in comparison with the migratory potential of control cells. At the same time, the AKG treatment
decreased the invasiveness of both cell lines in a concentration-dependent manner (Figure 8A,B).
The lowest AKG concentration used, i.e., 5 mM decreased the invasive activity of the Saos-2 and
HOS cells by 14 ± 0.87% and 17 ± 2.71%, respectively, in comparison with the control cells. In turn,
at the highest AKG concentration, i.e., 50 mM, the invasiveness of the Saos-2 and HOS cells decreased
markedly by 43 ± 1.37% and 60.5 ± 3.53%, respectively.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 7 of 21 
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cells), respectively. Quantification of caspase-3 activity in Saos-2 (B) and HOS (D) cell cultures. Mean 
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significant at p < 0.001 *** in comparison to the control; one-way ANOVA test. 
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shown in Figure 5G,H, the exposure to AKG triggered a significant increase in the amount of the pro-
apoptotic Bax protein and a decrease (although to a lesser extent) in the expression of Bcl-2 (apoptosis 
inhibitor) in the Saos-2 cells. This suggests that the AKG treatment may result in the predominance 
of pro-apoptotic signals through an increase in the Bax/Bcl-2 ratio. 

Figure 4. Flow cytometry analysis of active caspase-3 in Saos-2 and HOS cells treated with AKG
for 72 h. Representative histograms of Saos-2 (A) and HOS (C) cell cultures. Symbols M1 and M2
represent peaks for viable (caspase-3 negative cells) and apoptotic cell fractions (caspase-3 positive cells),
respectively. Quantification of caspase-3 activity in Saos-2 (B) and HOS (D) cell cultures. Mean ± SD
of 3 measurements in three independent experiments (n = 12 for each concentration); statistically
significant at p < 0.001 *** in comparison to the control; one-way ANOVA test.

In addition, the production of some cell migration-, invasion- and angiogenesis-associated growth
factors such as transforming growth factor β (TGF-β) and vascular endothelial growth factor (VEGF)
was examined by ELISA. As shown in Figure 8C,D, both OS cell lines constitutively produced significant
amounts of TGF-β, although the Saos-2 cells secreted almost two-fold higher levels of this cytokine
than the HOS cells. The level of TGF-β produced by the control Saos-2 and HOS cultures was
5570 ± 27.85 pg/mL and 2851 ± 55.70 pg/mL, respectively. The 72-h treatment of the Saos-2 and HOS
cells with AKG suppressed the production of TGF-β in a concentration-dependent manner in both
OS cell types (Figure 8C,D). At the highest concentration tested, i.e., 50 mM, AKG decreased the
production of TGF-β in the Saos-2 and HOS cells by approx. 29% and 43%, respectively. Similarly,
both OS cell lines secreted constitutively significant amounts of VEGF, although also in this case the
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control Saos-2 cells produced substantially higher quantities of this growth factor than the HOS cells
(29 670 ± 35 pg/mL vs. 1985 ± 14 pg/mL, respectively). The 72-h treatment of the Saos-2 and HOS cells
with AKG suppressed the production of VEGF in a concentration-dependent manner in both OS cell
lines (Figure 8E,F); however, this effect was stronger in the HOS cells. In this cell line, all the AKG
concentrations tested, i.e., 5, 10, 25, and 50 mM, inhibited significantly VEGF production by approx.
21%, 33%, 74%, and 94%, respectively (Figure 8F). After the treatment of the Saos-2 cells with AKG at
a concentration of 10, 25, and 50 mM, the production of VEGF decreased by approx. 9%, 17%, and 39%,
respectively (Figure 8E).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 21 
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In contrast, AKG remarkably augmented the level of phospho-JNK in a concentration-dependent 
manner, but not phospho-p38 (Figure 6B,C). 

JNK is a stress-activated kinase, and a signaling pathway with the participation of this kinase 
regulates e.g., apoptosis [33]. To clarify whether the AKG-activated JNK signaling pathway was 
engaged in the apoptotic process, the Saos-2 cells were cultured with AKG in the presence of a specific 
inhibitor of JNK (SP600125). After 72 h, the percentage of apoptotic cells was measured with FACS, 
whereas the JNK phosphorylation status was evaluated after 24 h with ELISA. As shown in Figure 
6D, the percentage of apoptotic cells declined from 22.52 ± 1.8% after the treatment with 50 mM AKG 
alone to 13.1 ± 1.2% when the cells were co-treated with AKG and 5 μM of SP600125. It was found 
that the inhibition of JNK phosphorylation by SP600125 completely inhibited the activation of JNK 
induced by this compound (Figure 6E) and partially reduced the level of AKG-induced apoptosis in 

Figure 5. Analysis of the expression of apoptosis-related proteins in Saos-2 cells treated with AKG.
After 72-h incubation with AKG, the expressions of procaspases-8 and -9 and cleaved forms of these
caspases were examined by Western blotting, and active caspase-8 and -9 were analyzed by flow
cytometric analysis. Representative blots from three independent experiments (A,D). Representative
histograms of Saos-2 cell culture (B,E). Symbol M1 represents peaks for active caspase-8 or -9 positive
cells. Quantification of caspase-8 (C) and -9 (F) activity in Saos-2 cell cultures. Mean ± SD of 3
measurements in three independent experiments (n = 12 for each concentration); statistically significant
at *** p < 0.001 in comparison to the control; one-way ANOVA test. Western blotting of Bax and Bcl-2
expression after 72-h treatment with AKG (G) Equal loading was confirmed by immunodetection
of β-actin. Densitometry analysis of Bax and Bcl-2 bands with ImageLab™ Software (H). Data are
expressed as means ± SD for at least three independent experiments; (n = 3), * p < 0.05 and *** p < 0.001
in comparison to the control; one-way ANOVA test.
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and An+/PI− early apoptotic cells (Q4) in the AKG or/and SP600125-treated Saos-2 cell cultures (D). 
Quantification of the amounts of phosphorylated to total JKN kinase (E) and histogram representation 
of the quantitative percentage of apoptotic (early + late apoptosis) cells (F) in the control, SP600125, 
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on the migration (evaluated in a wound-healing assay) and invasion (evaluated in a transwell 
chamber assay with a basement membrane extract (BME)-coated membrane) of the Saos-2 and HOS 
cells was assessed. As shown in Figure 7A–D, the AKG treatment suppressed cell migration in both 
cell lines in a concentration-dependent manner. The inhibition of the migration of Saos-2 and HOS 
cells after the 24-h AKG treatment at a concentration of 50 mM increased approx. 2.3 and 2.5 times, 
respectively, in comparison with the migratory potential of control cells. At the same time, the AKG 
treatment decreased the invasiveness of both cell lines in a concentration-dependent manner (Figure 

Figure 6. Effect of AKG on phosphorylation of MAP kinases and the influence of the selective JNK
inhibitor (SP600125) on AKG-induced apoptosis in Saos-2 cells. The cells were incubated without or with
AKG for 6 h and 24 h, and phosphorylated and total ERK1/2, JNK and p38 levels were determined with
the ELISA assay. Quantification of the amounts of phosphorylated to total MAP kinases (A–C). The cells
were treated with 50 mM AKG without or with SP600125 (5 µM) and harvested after 72 h of treatment
for apoptosis analysis. The representative dot plots indicate the percentage of An−/PI+ necrotic cells
(Q1), An+/PI+ late apoptotic cells (Q2), An−/PI− viable cells (Q3), and An+/PI− early apoptotic cells
(Q4) in the AKG or/and SP600125-treated Saos-2 cell cultures (D). Quantification of the amounts of
phosphorylated to total JKN kinase (E) and histogram representation of the quantitative percentage of
apoptotic (early + late apoptosis) cells (F) in the control, SP600125, AKG, and SP600125 + AKG-treated
Saos-2 cell cultures. Data are expressed as means ± SD for three independent experiments. ** p < 0.01,
*** p < 0.001 in comparison to the control; one-way ANOVA test.
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relative fold change in the inhibition of migration in comparison to the control. Data are expressed as 
means ± SD for three independent experiments. scale bar = 200 μm,*** p < 0.001 in comparison to the 
control; one-way ANOVA test. 
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(VEGF) was examined by ELISA. As shown in Figure 8C,D, both OS cell lines constitutively produced 
significant amounts of TGF-β, although the Saos-2 cells secreted almost two-fold higher levels of this 
cytokine than the HOS cells. The level of TGF-β produced by the control Saos-2 and HOS cultures 
was 5570 ± 27.85 pg/mL and 2851 ± 55.70 pg/mL, respectively. The 72-h treatment of the Saos-2 and 
HOS cells with AKG suppressed the production of TGF-β in a concentration-dependent manner in 
both OS cell types (Figure 8C,D). At the highest concentration tested, i.e., 50 mM, AKG decreased the 
production of TGF-β in the Saos-2 and HOS cells by approx. 29% and 43%, respectively. Similarly, 
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control Saos-2 cells produced substantially higher quantities of this growth factor than the HOS cells 

Figure 7. Effect of AKG on migration of Saos-2 and HOS cells in the wound healing assay. Cells were
scraped and cultured without or with AKG for 24 h. Saos-2 (A) and HOS (C) cultures were imaged
under a contrast-phase light microscope (magnification ×40) before and after injury. Cell migration
was quantified by measuring the gap width of wounds. Quantitative data (B,D) are presented as
a relative fold change in the inhibition of migration in comparison to the control. Data are expressed as
means ± SD for three independent experiments. scale bar = 200 µm,*** p < 0.001 in comparison to the
control; one-way ANOVA test.
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Figure 8. Effect of AKG on cell invasion and production of transforming growth factor β (TGF-β) and
vascular endothelial growth factor (VEGF) in Saos-2 and HOS cells. Cell invasion was evaluated in
a transwell chamber assay with a basement membrane extract (BME)-coated membrane (8 µM) after
24 h. Invaded Saos-2 (A) and HOS (B) cells were quantified by measuring calcein-AM fluorescence.
Following the 72-h AKG treatment, the conditioned media from the Saos-2 and HOS cell cultures were
collected and the levels of TGF-β (C,D) and VEGF (E,F) were assayed with ELISA. Representative
results of three independent experiments are shown. (n = 9); statistically significant at p < 0.05 *,
at p < 0.01 ** or at p < 0.001 *** in comparison to the control; one-way ANOVA test.

3. Discussion

OS is the most common type of primary bone cancer, often associated with a high degree of
malignancy, early metastasis, and rapid progression. There are different molecular types of OS; however,
the tumor suppressor TP53 is the most frequently altered gene in OS [6,26]. Although the survival
rate in the case of non-metastatic patients is quite high, distant metastases (mainly to lungs) are found
in about 20% of OS patients and the prognosis for these patients is still poor due to strong resistance
of OS to chemotherapy [34]. Given the high rates of recurrence after tumor resection, resistance to
chemotherapy and stagnation in the survival rates of OS patients during the last years, an intensive
search for novel agents and alternative strategies to combat this malignancy is suggested [35].
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Evidence from recent studies suggests that exogenous supplementation of AKG may exert
anti-cancer effects against colorectal carcinoma or breast cancer [19,22]. Moreover, our recent study has
revealed that exogenous AKG can inhibit cell proliferation and stimulate differentiation of normal
osteoblasts [36]. However, the influence of AKG on osteosarcoma cell lines has not been studied so
far. In the present study, to assess the anti-osteosarcoma potential of exogenous AKG, two primary
osteosarcoma cell lines harboring TP53 mutations were used, i.e., Saos-2 (p53-null cell line) and HOS
(p53 mutant). The AKG treatment resulted in significantly reduced OS cell proliferation with IC50 values
of approx. 35 mM for both cell lines (in the BrdU assay). In the study conducted by other authors [22],
AKG inhibited DNA synthesis in colon carcinoma cell lines such as Caco-2, HT-29, and LS-150 with
IC50 values of approx. 55 mM, 64 mM, and 67 mM, respectively. In turn, AKG was able to inhibit
slightly the growth of MDA-MB-231 breast cancer cells at a concentration of 1 mM [19], while OS cell
proliferation was inhibited by AKG at a concentration of 2.5 and 5 mM (in the Saos-2 and HOS cell
lines, respectively). These data suggest a cell type-specific effect of AKG, probably related to different
oncogenic pathways in the tested tumor cell lines. It is worth mentioning that exogenous AKG does
not easily penetrate into the cell (although this occurs via simple diffusion), thus the intracellular level
of this metabolite depends on the extracellular concentration [8] in an in vitro study and probably on
the time required for its consumption by the cell. Nevertheless, even cell-permeable AKG derivatives
(e.g., dimethyl alpha-ketoglutarate), which are often used to increase the intracellular AKG level,
were applied at a concentration of 4 mM [25].

Previous studies conducted by other authors have shown that exogenous AKG (25 and 50 mM)
can modulate the expression of cell cycle-related proteins such as cyclin D1 and the inhibitor of
cyclin-dependent kinases p21Waf1/Cip1 [22]. Cyclin D1 is well known for its role in the response
to mitogenic signals and regulation of the G1 to S phase transition in the cell cycle. This protein
activates cyclin-dependent kinases CDK4 and CDK6, which form active complexes with cyclin D1
and phosphorylate the RB protein, leading to transcriptional activation of genes required for cell
division [37]. Cyclin D1 and CDK4 have also been reported to be overexpressed in osteosarcoma and
related to its occurrence and development [38,39]. In turn, the p21 protein can function as a regulator of
cell cycle progression at the G1 checkpoint through binding to cyclin/CDK2 complexes and inhibition
of RB phosphorylation or direct interaction with PCNA (proliferating cell nuclear antigen), which both
trigger inhibition of DNA replication [40]. P21 has been shown to be involved in both p53-dependent
and p53-independent control of cell proliferation, differentiation, and cell death [40]. Recently, p21 has
been found to be significantly downregulated in osteosarcoma tissue, compared to their matched
adjacent non-tumor tissues [41], and upregulation of this protein has been shown to inhibit proliferation
of OS cells [42,43]. In our study, AKG (25 and 50 mM) was able to decrease cyclin D1 expression in
the HOS cells but not in the Saos-2 cells, which do not express cyclin D1 [32]. On the other hand,
AKG remarkably upregulated p21 only in the p53 null OS cells, but not in HOS cells harboring a TP53
mutation. The results of our study suggest that AKG can disturb cell cycle progression through
different mechanisms depending on the distinct genetic characteristics of OS cells.

A successful OS therapy requires, among others, effective agents that promote apoptotic cell
death [44]. Drug-induced apoptosis can often occur through extrinsic or intrinsic pathways involving
the activation of initiator caspase-8 and -9, respectively. The initiation of the mitochondrial pathway is
under the control of the Bcl-2 family members, such as pro-apoptotic Bax and anti-apoptotic Bcl-2,
and the Bax/Bcl-2 ratio is a critical determinant of the cell’s apoptotic threshold. Bax insertion into
the outer mitochondrial membrane leads to its permeabilization and release of various apoptotic
proteins, which trigger the activation of caspase 9/3 signaling cascade [45]. In the present study,
the AKG treatment induced apoptosis in both OS cell lines through activation of caspase 3. The further
study revealed that the AKG-treatment of the Saos-2 cells resulted mainly in the upregulation of Bax,
suggesting that changes in the ratio of Bax/Bcl-2 proteins could contribute to the subsequent activation
of caspases-9 and -3. Surprisingly, a similar mechanism associated with the induction of apoptotic
death was mediated by upregulation of IDH1 in osteosarcoma cell lines [24].
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Mitogen-activated protein kinases (MAPKs), such as extracellular signal-regulated kinases
(ERK1/2), c-Jun N-terminal protein kinases (JNKs), and p38, have been identified as key proteins
of the signaling pathways that transmit mitogenic signals into the nucleus in response to various
extracellular stimuli [46]. The ERK pathway is usually identified as a key mediator of cell proliferation
and survival [47]. In turn, JNK may play a dual role in cancer cell survival, but preferentially exerts
a pro-apoptotic effect [33,46,48]. Mounting evidence indicates that activation of JNK kinase in response
to various anti-cancer agents may contribute to OS cell death [49,50]. In our study, AKG induced
phosphorylation of JNK in the Saos-2 cells. Moreover, the pretreatment of the OS cells with the JNK
inhibitor abolished the AKG-induced increase in the phosphorylation of this kinase and partially
inhibited the AKG treatment-induced apoptosis. These data suggest an essential role of the JNK
signaling pathway in AKG-induced apoptotic death of OS cells. It is well known that activated JNK
promotes an intrinsic apoptotic pathway and cytochrome c release from the mitochondrion via multiple
mechanisms, including Bax and Bcl-2 regulation [33]. More importantly, it phosphorylates cytoplasmic
Bax-anchor proteins, which triggers dissociation of Bax from the complexes, its translocation to
mitochondria, and induction of outer mitochondrial membrane permeabilization [51]. Moreover,
JNK may increase the expression of Bax through transcriptional activation of c-Jun [52]. Furthermore,
it may induce apoptosis through direct Bcl-2 phosphorylation and inhibition of its anti-apoptotic
activity [33]. Since the AKG treatment of the Saos-2 cells resulted in both JNK activation and reduction
of the Bax/Bcl-2 ratio, we can suppose that the caspase-9 and caspase-3 activation observed was linked
with the mechanisms above mentioned.

The present study also revealed that AKG decreased ERK1/2 phosphorylation in the Saos-2 cells.
The ERK pathway mediates several upstream signals from growth factors (e.g., vascular endothelial
growth factor, VEGF) or proinflammatory stimulants, and regulates cell proliferation, migration,
and metastasis in most cancers, including osteosarcoma [53]. It has been shown that overexpression
and abnormal activation of the ERK signaling pathway are implicated in the pathogenesis of OS;
therefore, this pathway is an attractive molecular target in OS [53–56]. Many studies have shown
that suppression of this pathway by anticancer agents results in increased apoptosis and decreased
metastasis in OS [53,57,58]. Therefore, besides the JNK pathway, inhibition of ERK1/2 activation may
also be implicated in the AKG-mediated inhibition of cell cycle progression and programmed OS
cell death observed in our study. However, this issue needs further investigations, to confirm these
suggestions. On the other hand, the decrease in the ERK1/2 activation may be also implicated in the
anti-migratory and anti-invasive effects of AKG observed in the OS cells.

Earlier studies have shown that exogenous AKG has the ability to reduce the level of the HIF-1α
subunit, resulting in downregulation of HIF-1 downstream targets, including the production of
VEGF, and inhibition of angiogenesis [20,21]. Moreover, a recent study has shown that exogenous
supplementation of AKG prevented tumor growth and metastasis of breast cancer cells through
stabilization of PHD2 and decreasing HIF-1α [19]. Furthermore, other strategies associated with
intracellular AKG accumulation resulted in anti-metastatic effects [17,24]. In the present study,
the AKG supplementation also markedly inhibited cell motility and invasion of both OS cell
lines in a concentration-dependent manner, which confirms the anti-metastatic potential of this
compound. Moreover, AKG was able to decrease the production of TGF-β and VEGF by the OS cells,
i.e., growth factors that are implicated in osteosarcoma progression and metastasis.

Although TGF-β acts in most cancers both as a tumor suppressor in premalignant stages and
a tumor promoter in advanced stages of the disease, in OS it exerts only pro-tumoral effects through the
promotion of metastasis [59]. It has been shown that the level of TGF-β in sera of OS patients is higher
compared to those of healthy donors, which is correlated with a high grade of disease and associated
with chemoresistance and presence of metastases in lungs and other sites [60]. Moreover, in vitro
studies have revealed that TGF-β is implicated in the EMT-like phenomenon, stimulates proliferation
of OS cells, and exerts pro-angiogenic properties in OS [60,61]. In addition, the secretion of TGF-β by
OS cells or stromal cells can regulate the phenotype and function of the microenvironment in order
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to stimulate switching its function to pro-tumoral [59]. Since TGF-β plays a pro-tumoral role in OS,
the downregulation of TGF-β by AKG seems to be an important feature of this compound in terms of
anti-cancer activity.

In the present study, AKG was also able to inhibit the VEGF production in both OS cell lines,
which is in agreement with the results of previous studies conducted by Matsumoto et al. [20,21] in the
Hep3B hepatocellular carcinoma cell line and LCC (Lewis lung carcinoma) cell line. In their study,
AKG decreased VEGF production at a concentration of 7.5 mM and 5 mM, respectively. Similarly,
in our study, the lowest concentrations inducing significant inhibition of VEGF production were 5 mM
and 10 mM of AKG for HOS and Saos-2 cells, respectively. VEGF is a key potent tumor-derived
pro-angiogenic factor influencing both the tumor microenvironment and cancer cells. It acts in
a paracrine manner on endothelial cells which leads to the promotion of angiogenesis [62]. Moreover,
VEGF can act in an autocrine manner on several cancer cells, including aggressive osteosarcoma
phenotypes, which leads to activation of various signaling pathways in these cells (e.g., PI3K/Akt
and MEK/ERK), ultimately supporting tumor growth [63]. VEGF plays an important role in the
pathogenesis of OS [64]. VEGF serum levels in OS patients are elevated and associated with poor
prognosis [65]. Moreover, overexpression of VEGF is a predictor of pulmonary OS metastasis [66,67].
Recently, it has been shown that silencing of VEGF in Saos-2 cells inhibited cell proliferation and
promoted apoptosis in vitro [68]. Therefore, the inhibition of VEGF production in osteosarcoma cells
by AKG treatment may have therapeutic value.

As mentioned earlier, we used cell lines with p53 function deficiency in our study; however,
the TP53 gene mutation does not occur in all OS cases. Early studies reported that the rate of the
TP53 gene mutation in OS is around 20% [69]; however, recent studies have shown that more than
90% of osteosarcomas have either missense mutations in this gene or structural variation in p53 [70].
Nevertheless, some percentages of osteosarcomas have functional p53, which raises a question of
whether AKG would act in these cases in a similar way as in cells harboring the TP53 mutation.
A recent study has shown that AKG is an effector molecule of p53-mediated tumor suppression,
and its accumulation in p53-deficient tumors can partially recapitulate the p53 action linked with
the remodeling of cancer cell metabolism through epigenetic modifications and alterations of gene
expression [25]. It has also been shown that exogenous AKG can switch metabolism from glycolytic
to oxidative, which can prevent the growth and metastasis of breast cancer cells [19]. Based on the
analysis of cell lines in which AKG exhibited anti-cancer activity [19–22], we identified that all these
cell lines, except the LS-180 colon cancer cell line, have TP53 mutations; nevertheless, AKG also
inhibited the proliferation of LS-180 cells with the wild type of p53. Therefore, we can speculate that
AKG would similarly affect OS lines with functional p53, and that more than one mechanism of AKG
activity may operate in cancer cells, depending on the distinct genetic/epigenetic characteristics of
these cells. However, further studies of the AKG influence on OS cell lines with functional p53 and
their metabolism are needed to confirm this hypothesis.

4. Materials and Methods

4.1. Cell Culture and AKG

Human osteosarcoma cell lines Saos-2 (HTB-85TM) and HOS (CRL-1543TM) were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA). The Saos-2 cells were maintained
in McCoy’s 5A Modified Medium (Sigma-Aldrich Chemicals, St. Louis, MO, USA) supplemented with
an antibiotic/antimycotic solution (a/a; Sigma-Aldrich) and 10% fetal bovine serum (FBS; Sigma-Aldrich)
in a 5% CO2 humidified atmosphere at a temperature of 37 ◦C. The HOS cells were grown in Eagle’s
Minimum Essential Medium (Sigma-Aldrich) supplemented with 10% FBS and a/a. The cells were
maintained in a humidified incubator with 5% CO2 in air at 37 ◦C.

Alpha-ketoglutarate disodium salt dihydrate (Na2AKG × 2H2O; (Sigma-Aldrich) was used in the
experiments. Before each experiment, the stock solution of AKG (1 M) was prepared by dissolving
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the compound in the culture medium. The stock solution was filtered through a sterile syringe filter
Millex-GV (Merck Millipore Corporation, Burlington, MA, USA) and diluted in an appropriate culture
medium to obtain the required concentrations.

4.2. Cell Proliferation Assays

The influence of AKG on the proliferation of OS cells was estimated with the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution) assay as described
previously [71]. Briefly, 4 × 103 cells/well were seeded into 96-well plates in growth medium. After 24 h,
the culture medium was removed and the cells were exposed to the dilutions of AKG (2.5–200 mM)
prepared in the growth medium with 10% FBS. Following 96-h exposure, the cells were incubated for
3 h with an MTT (Sigma-Aldrich) solution (5 mg⁄mL) and then formazan crystals were solubilized
overnight by adding SDS buffer (10% SDS in 0.01 N HCl). The absorbance was determined at
a wavelength of 570 nm using an EL800 Microplate Reader (BioTek Instruments, Winooski, VT, USA).

The anti-proliferative activity of AKG was also assessed with the BrdU assay, in which
DNA synthesis in proliferating cells was determined after 48 h by measuring bromodeoxyuridine
incorporation using a commercial Cell Proliferation ELISA BrdU kit (Roche Molecular Biochemicals,
Mannheim, Germany) according to the manufacturer’s instructions.

The absorbance of the control wells was taken as 100% and the results were expressed as
a percentage of the control. IC50 values were defined as drug concentrations necessary to inhibit 50%
of growth, compared to untreated control cells. IC50 was obtained using the non-linear regression
program GraphPad Prism v5 software (GraphPad Software Inc., San Diego, CA, USA).

4.3. Cell Cycle Analysis

The Saos-2 or HOS cells were seeded into 6-well plates in medium containing 10% FBS without or
with AKG (10, 25, or 50 mM). After 48-h treatment, the cell cycle analysis consisting of determination
of DNA contents on the basis of PI staining was performed using a flow cytometer (BD FACSCalibur,
BD Biosciences, San Jose, CA, USA) and the Cell Quest Pro Version 6.0. for the Macintosh operating
system as described previously [72]. Briefly, the cells were washed with PBS and fixed overnight with
80% ethanol at −20 ◦C. Next, the cells were washed with PBS and stained with PI using PI/RNase
Staining Buffer (BD Biosciences, BD Pharmingen™, San Jose, CA, USA) for 30 min in darkness at RT.
Next, the stained cells were analyzed using FACS Calibur. In total, 10,000 events were measured per
sample. The data were analyzed to determine the percentage of cells at each phase of the cell cycle (G1,
S, and G2/M).

4.4. Flow Cytometry

The quantitative analysis of AKG-induced cell death was performed using an Annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis kit (BD Biosciences,
BD Pharmingen™, San Jose, CA, USA) and the flow cytometry method as described previously [73].
Briefly, the Saos-2 or HOS cells were seeded into 6-well plates at a density of 7 × 105 cells/well. The next
day, the growth medium was replaced with a fresh one containing 2% of FBS supplemented with
AKG (5, 10, 25, or 50 mM). In some experiments, the Saos-2 cells were exposed to AKG (50 mM),
SP600125 (a selective inhibitor of JNK, 5 µM, Sigma-Aldrich), or a combination of these two compounds.
After 72-h incubation, the samples were harvested, washed with PBS, and resuspended in 1 × binding
buffer. The cells (1× 105) were then stained with 5 mM of FITC-Annexin V and 5 mM of PI. After 15-min
incubation in the dark at room temperature, the cells were immediately analyzed using a flow
cytometer (BD FACSCalibur) with CellQuest Pro Version 6.0 software. All experiments were performed
in triplicate and yielded similar results.

The fluorescence-activated cell sorting (FACS) technique was also employed to determine the
active form of caspase-3, caspase-9, and caspase-8 in the AKG-treated or untreated OS cells. After 72-h
exposure to AKG, a phycoerythrin (PE) Active Caspase-3 Apoptosis Kit (BD Biosciences, San Jose, CA,
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USA)) and a fluorescein CaspaTag Caspase 9 In Situ Assay kit (Sigma-Aldrich) or a CaspaTag Caspase
8 In Situ Assay kit (Sigma-Aldrich) were used according to the manufacturer’s instructions.

4.5. Immunoblotting Analysis

The immunoblotting analysis was carried out as described previously [72]. Briefly, the Saos-2
cells (3 × 105 cells/mL) were seeded into 6-well plates and, after attachment, cultured in medium
with 2% FBS without AKG or with AKG for 72 h. The cells were harvested and lysed for 40 min on
ice in RIPA buffer (Sigma-Aldrich) supplemented with protease and phosphatase inhibitor cocktail
(Sigma-Aldrich) and centrifuged (10,000× g for 10 min at 4 ◦C). The total protein concentrations
were determined using a BCA protein assay kit (Pierce® BCA Protein Assay Kit, Thermo Scientific,
Rockford, IL, USA). For Western blot analysis, supernatants of RIPA cell lysates were solubilized in
4 x Laemmli sample buffer (Bio-rad Laoratories Inc., Hercules, CA, USA) and denaturized (for 5 min
at 100 ◦C). Equal amounts of the protein extracts (40 micrograms) were electrophoresed on SDS-PAGE
(Bio-Rad Laoratories Inc., Hercules, CA, USA, Mini-Protean® Tetra Cell) and transferred onto a PVDF
membrane (Merck Millipore Corporation, Burlington, MA, USA). After blocking with 5% non-fat dry
milk/TBS/0.1% Tween (Sigma-Aldrich) for 1h at RT and washing, the membranes were incubated
overnight at 4 ◦C with the following primary antibodies: anti-caspase-8 and anti-caspase-9 (1:400) as
well as anti-Bcl-2 and anti-Bax (1:1000) (all antibodies from Santa Cruz Biotechnology Inc. CA, USA).
Next, primary antibodies were detected by horseradish peroxidase (HRP)-conjugated rat, mouse,
or goat secondary antibodies (1:2000, Santa Cruz Biotechnology Inc. CA, USA), and protein-antibody
complexes were visualized with the ECLTM Western Blotting Analysis System (AmershamTM GE
Healthcare, Buckinghamshire, UK) and Molecular Imager® ChemiDocTM XRS+ (Bio-rad Laoratories
Inc., Hercules, CA, USA) equipped with ImageLabTM Version 3.0 Software. The blots were reprobed
with antibodies against β-actin (1:500, Santa Cruz Biotechnology Inc., CA, USA) used as a load
control. Additionally, protein molecular markers (Precision Plus ProteinTM Dual Color Standards,
Bio-rad Laoratories Inc., Hercules, CA, USA) were loaded onto electrophoretic gels to control the
molecular weight of protein bands. Densitometric measurement of chemiluminescent signals was
performed using software ImageLabTM Version 3.0. The optical density of the bands was normalized
to β-actin levels.

4.6. ELISA Assays

The Saos-2 or HOS cells (3.3 × 105 cells/mL) were incubated for 72 h without or with AKG (5,
10, 25, 50 mM) in 24-well plates containing appropriate culture medium with 2% FBS at 37 ◦C in
an atmosphere of 5% CO2. Enzyme-linked immunosorbent assay (ELISA) kits were used to measure
the levels of TGF-β (DRG International Inc., Springfield, NJ, USA) and VEGF (Diaclone Besançon,
France) in the culture media according to the manufacturer’s instructions.

4.7. PathScan ELISA Assays

The quantification of the intracellular levels of total and phosphorylated JNK, ERK1/2, p38,
and AKT kinases and the contents of cyclin D1 and p21 proteins in the treated cells was carried
out using the PathScan® ELISA kits: Total SAPK/JNK Sandwich ELISA Kit, Phospho-SAPK/JNK
(Thr183/Tyr185) Sandwich ELISA Kit, Total p44/42 MAPK (Erk1/2) Sandwich ELISA Kit, Phospho-p44/42
MAPK (Thr202/Tyr204) Sandwich ELISA Kit, Phospho-p38 MAPK (Thr180/Tyr182) Sandwich ELISA Kit,
Total Cyclin D1 Sandwich ELISA Kit, Total p21Waf1/Cip1 Sandwich ELISA Kit (Cell Signaling Technology
Danvers, MA, USA), and p38 MAPK alpha ELISA Kit (Abcam, Cambridge, UK) according to the
manufacturer’s instructions as described previously [36]. Briefly, the Saos-2 cells (1 × 106 cells/mL)
were incubated in culture medium (2% FBS) without or with the selected concentrations of AKG (10,
25, and 50 mM) in 10-cm diameter plastic plates. In some experiments, the cells were pre-treated
with SP600125 (a selective inhibitor of JNK1/2, Sigma-Aldrich) at a concentration of 5 µM for 1 h.
After 6, 24, or 48 h of incubation, the media were removed and the cells were rinsed with ice-cold PBS
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(Sigma-Aldrich). Then, the cells were lysed in lysis buffer (included in the kits) supplemented with
PMSF (Sigma-Aldrich) and protease and phosphatase inhibitor cocktail (Sigma-Aldrich) according
to the manufacturer’s protocol. Total cell lysates were centrifuged at 14,000× g rpm, 5 min at 4 ◦C,
and kept at −80 ◦C until analysis. Before the assay, the total protein concentrations in the cell lysates
were determined with a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA),
and samples containing equal amounts of total proteins per 100 µL of the sample diluent were subjected
to ELISA. The optical density was measured using an E-max Microplate Reader (Molecular Devices
Corporation, Menlo Park, CA, USA).

4.8. Cell Migration Assay

The wound-healing assay was used to evaluate the influence of AKG on the migration of
osteosarcoma cells in vitro. The Saos-2 (3 × 105 cells/mL) and HOS (2.5 × 105 cells/mL) cells were
seeded into 3-cm diameter plastic plates and cultured until confluence. Afterwards, wounds were
made in the monolayers with a sterile 100-µL pipette tip. The cells were washed twice with PBS to
remove cell debris, and fresh growth media without or with AKG (5, 10, 25, and 50 mM) were added.
The gap width of the wound in one dish (wound control) was measured and recorded immediately after
wounding. After 24-h incubation, the gap width of the wounds in the other plates was measured and
contrast-phase images were taken using an inverted microscope Olympus CKX41 (Olympus Optical
Co, LTD, Tokyo, Japan) and analyzed with Image Processing (CellSans) software. The inhibition of
migration (fold change of the control) was calculated as the quotient of the mean width of the gap in
the AKG-treated culture and the mean width of the gap in the control culture.

4.9. Cell Invasion Assay

The OS cell invasion was estimated with the CultureCoat® 24 Well Low BME Cell Invasion Assay
(Trevigen, Inc., Gaithersburg, MD, USA) according to the manufacturer’s instructions. The Saos-2 or
HOS cells (both 1.0 × 106 cells/mL) suspended in medium with 1% of FBS and supplemented with AKG
(5, 10, 25, or 50 mM) or without AKG (control) were seeded into BME-coated inserts (8 µm) in the wells
of a 24-well plate. Medium with 10% FBS (as a chemoattractant) was added into the bottom chamber.
After 24 h of incubation, the number of OS cells invading the bottom surface of the insert membrane
was quantified based on the amount of free Calcein generated from Calcein AM by migrating cells,
as indicated in the manufacturer’s instructions. The Calcein fluorescence level was measured by means
of a Perkin Elmer Victor™ plate reader (PerkinElmer, Waltham, MA, USA)

4.10. Statistical Analysis

Each experiment was repeated at least three times. Statistical analyses were performed using
GraphPAD Prism 5 (GraphPAD Software Inc., San Diego, CA, USA). The data were analyzed by
one-way ANOVA followed by Dunnett’s or Tukey’s multiple comparison tests. Values were expressed
as means ± SD, and p values < 0.05 were considered significant.

5. Conclusions

In conclusion, our data demonstrated the anti-osteosarcoma effects of AKG supplementation in
an in vitro study. AKG was able to modulate the expression of cell cycle-associated proteins (cyclin
D1, p21Waf1/Cip1) and arrest cell cycle progression at the G1 phase, which resulted in inhibition of OS
cell proliferation. Moreover, the AKG-induced activation of the JNK pathway, augmentation of the
Bax/Bcl-2 ratio, and activation of caspase-9 and -3 led to the induction of apoptotic cell death in the
OS cells. The inhibition of the ERK pathway by AKG may also be involved both in the pro-apoptotic
effect of AKG and in the anti-metastatic potential of AKG linked with inhibition of OS cell motility
and invasion by this compound. The anti-osteosarcoma potential of AKG was also attributed to its
inhibitory influence on the production and release of cytokines such as pro-metastatic TGF-β and
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pro-angiogenic VEGF. These results may thus provide a rationale for further in vivo study of the
possible application of AKG in osteosarcoma therapy.
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Zdzisińska, B. Alpha ketoglutarate exerts a pro-osteogenic effect in osteoblast cell lines through activation of JNK
and mTOR/S6K1/S6 signaling pathways. Toxicol. Appl. Pharmacol. 2019, 374, 53–64. [CrossRef]

37. Qie, S.; Diehl, J.A. Cyclin D1, cancer progression, and opportunities in cancer treatment. J. Mol. Med. 2016,
94, 1313–1326. [CrossRef]

38. Si, X.H.; Liu, Z. Expression of cyclin D1 and CDK4 in osteosarcoma of the jaws. Chin. J. Cancer Res. 2001, 13,
140–143. [CrossRef]

257



Int. J. Mol. Sci. 2020, 21, 9406

39. Zhou, Y.; Shen, J.K.; Yu, Z.; Hornicek, F.J.; Kan, Q.; Duan, Z. Expression and therapeutic implications of
cyclin-dependent kinase 4 (CDK4) in osteosarcoma. Biochim. Biophys. Acta-Mol. Basis Dis. 2018, 1864,
1573–1582. [CrossRef]

40. Abbas, T.; Dutta, A. P21 in cancer: Intricate networks and multiple activities. Nat. Rev. Cancer 2009, 9, 400–414.
[CrossRef]

41. He, Y.; Yu, B. MicroRNA-93 promotes cell proliferation by directly targeting P21 in osteosarcoma cells.
Exp. Ther. Med. 2017, 13, 2003–2011. [CrossRef] [PubMed]

42. Chen, X.; Deng, M.; Ma, L.; Zhou, J.; Xiao, Y.; Zhou, X.; Zhang, C.; Wu, M. Inhibitory effects of forkhead box
L1 gene on osteosarcoma growth through the induction of cell cycle arrest and apoptosis. Oncol. Rep. 2015,
34, 265–271. [CrossRef] [PubMed]

43. Chen, J.M.; Zhang, J.; Xia, Y.M.; Wang, X.X.; Li, J. The natural sweetener metabolite steviol inhibits the
proliferation of human osteosarcoma U2OS cell line. Oncol. Lett. 2018, 15, 5250–5256. [CrossRef] [PubMed]

44. Li, J.; Yang, Z.; Li, Y.; Xia, J.; Li, D.; Li, H.; Ren, M.; Liao, Y.; Yu, S.; Chen, Y.; et al. Cell apoptosis,
autophagy and necroptosis in osteosarcoma treatment. Oncotarget 2016, 7, 44763–44778. [CrossRef]

45. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen
species. Biochim. Biophys. Acta-Mol. Cell Res. 2016, 1863, 2977–2992. [CrossRef]

46. Boutros, T.; Chevet, E.; Metrakos, P. Mitogen-Activated Protein (MAP) kinase/MAP kinase phosphatase
regulation: Roles in cell growth, death, and cancer. Pharmacol. Rev. 2008, 60, 261–310. [CrossRef]

47. Guo, Y.; Pan, W.; Liu, S.; Shen, Z.; Xu, Y.; Hu, L. ERK/MAPK signalling pathway and tumorigenesis (Review).
Exp. Ther. Med. 2020, 19, 1997–2007. [CrossRef]

48. Wu, Q.; Wu, W.; Fu, B.; Shi, L.; Wang, X.; Kuca, K. JNK signaling in cancer cell survival. Med. Res. Rev. 2019,
39, 2082–2104. [CrossRef]

49. Zhang, Y.; Chen, P.; Hong, H.; Wang, L.; Zhou, Y.; Lang, Y. JNK pathway mediates curcumin-induced
apoptosis and autophagy in osteosarcoma MG63 cells. Exp. Ther. Med. 2017, 14, 593–599. [CrossRef]

50. Wang, S.; Li, H.; Chen, S.; Wang, Z.; Yao, Y.; Chen, T.; Ye, Z.; Lin, P. Andrographolide induces apoptosis in
human osteosarcoma cells via the ROS/JNK pathway. Int. J. Oncol. 2020, 56, 1417–1428. [CrossRef]

51. Tsuruta, F.; Sunayama, J.; Mori, Y.; Hattori, S.; Shimizu, S.; Tsujimoto, Y.; Yoshioka, K.; Masuyama, N.;
Gotoh, Y. JNK promotes Bax translocation to mitochondria through phosphorylation of 14-3-3 proteins.
EMBO J. 2004, 23, 1889–1899. [CrossRef] [PubMed]

52. Papadakis, E.S.; Finegan, K.G.; Wang, X.; Robinson, A.C.; Guo, C.; Kayahara, M.; Tournier, C. The regulation
of Bax by c-Jun N-terminal protein kinase (JNK) is a prerequisite to the mitochondrial-induced apoptotic
pathway. FEBS Lett. 2006, 580, 1320–1326. [CrossRef] [PubMed]

53. Chandhanayingyong, C.; Kim, Y.; Staples, J.R.; Hahn, C.; Lee, F.Y. MAPK/ERK signaling in osteosarcomas,
Ewing sarcomas and chondrosarcomas: Therapeutic implications and future directions. Sarcoma 2012, 2012,
404810. [CrossRef] [PubMed]

54. Noh, K.; Kim, K.O.; Patel, N.R.; Staples, J.R.; Minematsu, H.; Nair, K.; Lee, F.Y.I. Targeting inflammatory
kinase as an adjuvant treatment for osteosarcomas. J. Bone Jt. Surg.-Ser. A 2011, 93, 723–732. [CrossRef]

55. Sasaki, K.; Hitora, T.; Nakamura, O.; Kono, R.; Yamamoto, T. The role of MAPK pathway in bone and soft
tissue tumors. Anticancer Res. 2011, 31, 549–553.

56. Yu, Y.; Luk, F.; Yang, J.-L.; Walsh, W.R. Ras/Raf/MEK/ERK pathway is associated with lung metastasis of
osteosarcoma in an orthotopic mouse model. Anticancer Res. 2011, 31, 1147–1152.

57. Salas, S.; Jiguet-Jiglaire, C.; Campion, L.; Bartoli, C.; Frassineti, F.; Deville, J.L.; Maues De Paula, A.; Forest, F.;
Jézéquel, P.; Gentet, J.C.; et al. Correlation between ERK1 and STAT3 expression and chemoresistance in
patients with conventional osteosarcoma. BMC Cancer 2014, 14, 606. [CrossRef]

58. Pan, P.-J.; Liu, Y.-C.; Hsu, F.-T. Protein Kinase B and Extracellular Signal-Regulated Kinase Inactivation
is Associated with Regorafenib-Induced Inhibition of Osteosarcoma Progression In Vitro and In Vivo.
J. Clin. Med. 2019, 8, 900. [CrossRef]

59. Verrecchia, F.; Rédini, F. Transforming growth factor-β signaling plays a pivotal role in the interplay between
osteosarcoma cells and their microenvironment. Front. Oncol. 2018, 8, 133. [CrossRef]

60. Lamora, A.; Talbot, J.; Mullard, M.; Brounais-Le Royer, B.; Redini, F.; Verrecchia, F. TGF-β Signaling in Bone
Remodeling and Osteosarcoma Progression. J. Clin. Med. 2016, 5, 96. [CrossRef]

258



Int. J. Mol. Sci. 2020, 21, 9406

61. Sung, J.Y.; Park, S.Y.; Kim, J.H.; Kang, H.G.; Yoon, J.H.; Na, Y.S.; Kim, Y.N.; Park, B.K. Interferon consensus
sequence-binding protein (ICSBP) promotes epithelial-to-mesenchymal transition (EMT)-like phenomena,
cell-motility, and invasion via TGF-β signaling in U2OS cells. Cell Death Dis. 2014, 5, e1224. [CrossRef]

62. Lee, S.H.; Jeong, D.; Han, Y.S.; Baek, M.J. Pivotal role of vascular endothelial growth factor pathway in tumor
angiogenesis. Ann. Surg. Treat. Res. 2015, 89, 1–8. [CrossRef]

63. Ohba, T.; Cates, J.M.M.; Cole, H.A.; Slosky, D.A.; Haro, H.; Ando, T.; Schwartz, H.S.; Schoenecker, J.G.
Autocrine VEGF/VEGFR1 signaling in a subpopulation of cells associates with aggressive osteosarcoma.
Mol. Cancer Res. 2014, 12, 1100–1111. [CrossRef]

64. Yang, J.; Yang, D.; Sun, Y.; Sun, B.; Wang, G.; Trent, J.C.; Araujo, D.M.; Chen, K.; Zhang, W. Genetic amplification
of the vascular endothelial growth factor (VEGF) pathway genes, including VEGFA, in human osteosarcoma.
Cancer 2011, 117, 4925–4938. [CrossRef] [PubMed]

65. Chen, D.; Zhang, Y.J.; Zhu, K.W.; Wang, W.C. A systematic review of vascular endothelial growth factor
expression as a biomarker of prognosis in patients with osteosarcoma. Tumor Biol. 2013, 34, 1895–1899.
[CrossRef] [PubMed]

66. Kaya, M.; Wada, T.; Akatsuka, T.; Kawaguchi, S.; Nagoya, S.; Shindoh, M.; Higashino, F.; Mezawa, F.;
Okada, F.; Ishii, S. Vascular endothelial growth factor expression in untreated osteosarcoma is predictive of
pulmonary metastasis and poor prognosis. Clin. Cancer Res. 2000, 6, 572–577.

67. Bajpai, J.; Sharma, M.; Sreenivas, V.; Kumar, R.; Gamnagatti, S.; Khan, S.A.; Rastogi, S.; Malhotra, A.; Bakhshi, S.
VEGF expression as a prognostic marker in osteosarcoma. Pediatr. Blood Cancer 2009, 53, 1035–1039. [CrossRef]
[PubMed]

68. Peng, N.; Gao, S.; Guo, X.; Wang, G.; Cheng, C.; Li, M.; Liu, K. Silencing of VEGF inhibits human osteosarcoma
angiogenesis and promotes cell apoptosis via VEGF/PI3K/AKT signaling pathway. Am. J. Transl. Res. 2016,
8, 1005–1015.

69. Wunder, J.S.; Gokgoz, N.; Parkes, R.; Bull, S.B.; Eskandarian, S.; Davis, A.M.; Beauchamp, C.P.; Conrad, E.U.;
Grimer, R.J.; Healey, J.H.; et al. TP53 mutations and outcome in osteosarcoma: A prospective, multicenter
study. J. Clin. Oncol. 2005, 23, 1483–1490. [CrossRef]

70. Chen, X.; Bahrami, A.; Pappo, A.; Easton, J.; Dalton, J.; Hedlund, E.; Ellison, D.; Shurtleff, S.; Wu, G.;
Wei, L.; et al. Recurrent somatic structural variations contribute to tumorigenesis in pediatric osteosarcoma.
Cell Rep. 2014, 7, 104–112. [CrossRef] [PubMed]

71. Slawinska-Brych, A.; Zdzisinska, B.; Mizerska-Dudka, M.; Kandefer-Szerszen, M. Induction of apoptosis
in multiple myeloma cells by a statin-thalidomide combination can be enhanced by p38 MAPK inhibition.
Leuk. Res. 2013, 37, 586–594. [CrossRef] [PubMed]
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Xanthohumol inhibits cell cycle progression and proliferation of larynx cancer cells in vitro. Chem. Biol. Interact.
2015, 240, 110–118. [CrossRef] [PubMed]
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Abstract: Cancer is one of the leading causes of morbidity and mortality worldwide. Colorectal
cancer (CRC) is the third most frequently diagnosed cancer in men and the second in women.
Standard patterns of antitumor therapy, including cisplatin, are ineffective due to their lack of
specificity for tumor cells, development of drug resistance, and severe side effects. For this reason,
new methods and strategies for CRC treatment are urgently needed. Current research includes novel
platinum (Pt)- and other metal-based drugs such as gold (Au), silver (Ag), iridium (Ir), or ruthenium
(Ru). Au(III) compounds are promising drug candidates for CRC treatment due to their structural
similarity to Pt(II). Their advantage is their relatively good solubility in water, but their disadvantage
is an unsatisfactory stability under physiological conditions. Due to these limitations, work is still
underway to improve the formula of Au(III) complexes by combining with various types of ligands
capable of stabilizing the Au(III) cation and preventing its reduction under physiological conditions.
This review summarizes the achievements in the field of stable Au(III) complexes with potential
cytotoxic activity restricted to cancer cells. Moreover, it has been shown that not nucleic acids but
various protein structures such as thioredoxin reductase (TrxR) mediate the antitumor effects of Au
derivatives. The state of the art of the in vivo studies so far conducted is also described.

Keywords: gold; Au(III) complex; colorectal cancer; anticancer drugs; organometallic; cancer therapy;
cytotoxicity; metallodrugs

1. Introduction

Cancer is one of the leading causes of morbidity and mortality in the world, being
responsible for approximately 9.6 million deaths in 2018 [1] and almost 10.0 million in
2020 [2]. According to global epidemiological data, colorectal cancer (CRC) is the third most
frequently diagnosed cancer in men and the second in women. The worldwide burden of
the disease is estimated to rise by 60% to over 2.2 million new cases and 1.1 million deaths
by 2030. As reported in National Registry of Cancers, there has been a continuous increase
in colon cancer incidence rate in Poland, with 4720 newly diagnosed cases [3,4].

Colon cancer develops as a result of the change of normal colonic epithelium including
dysplasia and metaplasia to cancerous tumor, both polyposis and nonpolyposis, as a
result of genetic alterations and the functional impact of these changes [5]. Colorectal
tumors are driven by a wide range of spontaneous or induced mutations by mutagens,
which is why they constitute a very heterogeneous group of cancers that are difficult to
treat [6,7]. In the natural history of CRC development, a sequence of mutations accumulates,
including antioncogene APC that becomes inactive and drives uncontrolled cell divisions.
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Further, K-Ras hyperactivity quickens cell divisions, and finally p53 becomes inactive. The
accumulation of mutations in nonhereditary forms of CRC lasts about three decades [8].

It has been observed that median age at diagnosis with invasive cancer is about 70
years in developed countries [9]. The relationship between the aging and cancer is linked to
the aging of lymphocytes (immunosenescence) [10] and with DNA defects that accumulate
with age as well as with hormonal changes [11]. The development of CRC in a large
number of cases begins decades before its detection through the adenoma–carcinoma
sequence. By that time, it reaches a late stage, which complicates the treatment [12]. The
risk for developing CRC is associated with personal features or habits [13] such as age [14],
chronic diseases history including inflammatory bowel disease [15], Crohn’s disease [16]
and sedentary lifestyle, obesity [17], unhealthy nutritional habits [18], smoking and alcohol
consumption [19]. Therefore, a continuous increase in the incidence of CRC in developed
countries can be attributed to an increasingly aging population, unfavorable modern eating
habits and an increase in risk factors such as smoking, low physical activity and obesity [20].

In the case of early diagnosis, the basic treatment is surgery, but this is already ineffec-
tive in advanced cases with metastases, which constitute about 25% of diagnoses [21,22].
The effectiveness of a standard neoadjuvant cytotoxic therapy in these patients, based
on oxaliplatin and other cisplatin analogues, has been drastically reduced by the lack of
specificity towards cancer cells, rapid development of drug resistance and cancer recur-
rence [23].

Thus, current research has been focused on developing new metallodrugs based on
other nonplatinum transition metals, such as gold (Au), silver (Ag), iridium (Ir) or ruthe-
nium (Ru) [24]. Another approach is the substitution of a ligand and the modification
of existing chemical structures that led to the synthesis of a wide range of metal-based
compounds, some of which have shown improved cytotoxic and pharmacokinetic pro-
files [25]. Furthermore, nanoparticles, through their enhanced permeability and retention
(EPR) effect, preferentially accumulate in tumors [26], which also makes them an attractive
research topic. Despite an abundant literature on gold nanoparticles in experimental cancer
biology, only a few of the gold-based nanodevices are currently being tested in clinical
trials [27], and none of them are approved by health agencies. In recent years, the field of
cytotoxicity of Au complexes has been rapidly developing, which is reflected in numerous
reviews. Au(III) compounds seem to be a particularly promising and good alternative for
platinum-based anticancer drugs due to their structural similarity to platinum (Pt)(II) [28].
However, most of the described compounds have an unclear mode of action and a lack of
clinical relevance. That is why we are constantly looking for new and fully characterized
Au(III) derivatives. In this review, we summarize the previous work and describe the most
recent advances in the use of Au(III) derivatives in CRC treatment.

1.1. Colorectal Cancer Treatment

CRC can be divided into five stages: 0, I, II, III and IV, depending on the involvement
of lymph nodes, formation of metastases and the grade of local invasion depth. The most
advanced stage with the worst prognosis is stage IV. The therapeutic approach depends on
the stage of the disease. Thus, tumors at stage 0 are surgically removed while patients with
stage II and above (invasive cancer crossing the basement membrane) require more complex
treatment methods that include surgery, chemotherapy and/or radiotherapy [12,29,30].

The standard therapy for CRC currently involves various medicines, either in com-
bination or as single agents, such as: 5-fluorouracyl/leucovorin (5-FU/LV), capecitabine,
irinotecan, oxaliplatin, bevacizumab, cetuximab, panitumumab, ziv-aflibercept, ramu-
cirumab, regorafenib, trifluridine-tipiracil, pembrolizumab and nivolumab. The described
mechanisms of action of cytostatics are varied and include interference in DNA replication
and inhibition of the activities of vascular endothelial growth factor (VEGF) and epidermal
growth factors (EGF) [31–34].

In surgical treatment of CRC that crosses the basement membrane, adjuvant and
neoadjuvant therapy is proposed to be the gold standard. These terms (adjuvant and
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neoadjuvant) refer to the pairing of sequential steps of therapy, that is, chemotherapy
followed by surgery, or surgery followed by chemotherapy, respectively.

In context of CRC therapy, the clinical prospective data on neoadjuvat therapy is
limited—patients can benefit from these treatments [35], however the limitations are side
effects such as neuropathy induced by oxaliplatin—that force for the invention of better
and safer alternatives, such as other metallodrugs, including gold complexes [29].

The main reason for the low effectiveness of CRC treatment is the limited bioavail-
ability and the lack of specificity towards cancer cells of conventional chemotherapeutic
agents, which contributes to the destruction not only of cancerous cells but also of normal
cells, and consequently leads to serious side effects. In addition, the development of drug
resistance is observed [26,36–39].

In order to optimize anticancer therapy and reduce side effects, new alternative thera-
pies in CRC are being investigated [13]. The most promising trends of research are the use
of agarose tumor macrobeads [40–42], anti-inflammatory drugs [43–45], probiotics [46–48]
and metal-based drugs [29,49–52].

1.2. Metallodrugs

Laboratories and scientific institutions around the world have researched many deriva-
tives of metals such as Pt, Au and other metals for the treatment of tumors. Moreover, some
of them have been patented or even implemented. A well-known drug is cisplatin, whose
potent anticancer effect is derived from the interaction with DNA and impaired processes
of replication, transcription and translation [53,54]. Unfortunately, the use of cisplatin may
lead to neuro- and nephron-toxicity, along with evidence of either induced or intrinsic
resistance to the treatment in some tumors [55,56]. Thus, development of both novel Pt-
and other metal-based compounds is needed in order to obtain complexes with higher
effectiveness, increased selectivity for tumor tissue, reduced toxicity, wider spectrum of
activity, and ability to overcome tumor resistance often arising from cisplatin treatment [57].

Currently, the most abundant group of non-Pt, metal-based anticancer preparations
are those incorporating Au. In fact, the group of reported compounds exhibiting anticancer
activity based on Pt is less numerous than the group with same activity based on Au.
Further down, medicinal preparations based on metallic Au (Au 0), also known as—
depending on the size of particles—colloidal or nanoparticle Au, are by far the largest
group among all therapeutic Au-based compounds [39,58,59].

Metallic Au particles are insoluble in blood and plasma, but the tumor cells exhibit the
ability to greater accumulation of Au particles in relation to normal cells according to the
EPR effect [60,61]. Despite the promising results of preclinical studies, low bioavailability
and very rapid excretion from the body discourage further attempts to use metallic Au in
the clinical setting [62,63]. Moreover, indicated accumulation of such compounds of Au in
the liver and spleen is an important side effect [64–67].

The low bioavailability of Au(0)-based drugs has initiated research into Au complexes
that are characterized by better bioavailability and solubility. During the last two decades, a
large variety of Au(I) and Au(III) compounds are reported to possess relevant antiprolifera-
tive properties in vitro against selected human tumor cell lines, qualifying them as excellent
candidates for further pharmacological evaluation. The unique chemical properties of the
Au center confer very interesting and innovative pharmacological profiles to Au-based
metallodrugs [68]. As previously described, Au(I) and Au(III) compounds are widely used
in research as anticancer agents, however, most of them display limitations concerning
solution stability under physiological conditions [24,25,29,69–76]. Au(III) compounds seem
to be particularly promising and a good alternative for Pt-based anticancer drugs, due
to their structural similarity [28]. Currently, researchers aim to develop different types of
ligands able to stabilize the Au(III) cation and prevent its reduction under physiological
conditions.
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1.3. Perspectives for Gold-Based Compounds against Colorectal Cancer

There are several properties of Au that make it a potential anticancer agent in CRC.
Since Au compounds have been used for centuries in the treatment of rheumatoid arthri-
tis; their well-known anti-inflammatory and immunosuppressing properties made them
promising drug candidates for CRC treatment [77].

Moreover, there is evidence that not nucleic acids, as in the case of cisplatin, but some
selected protein targets, for example, thioredoxin reductase (TrxR), mediate the antitumor
effects of Au derivatives [29,78–80]. This is particularly important as Trx-1 expression is
upregulated in several human cancers, including CRC. The Trx/TrxR redox pathway is
an attractive target for the development of new anticancer drugs, as elevated Trx-1 levels
result in rapid tumor growth, inhibition of apoptosis, and reduced patient survival [81,82].
Gold complexes have multimodal mechanisms of action, and examples of them are listed
below.

Direct DNA interaction—platin-derived compounds such as oxaliplatin are standard
DNA-binding therapeutics applied in CRC—it was shown that some gold complexes cause
DNA fragmentation rather than cross-linkage as a result of reversible and noncovalent
DNA interaction [83–86].

Gold complexes can induce apoptosis by intrinsic mechanisms involving caspase
9 and 3 activation, cytochrome C release, and PARP cleavage [80,87–89].

Protein kinase C (PKC) is involved in cell proliferation, differentiation, migration, and
survival. Hyperactivation of PKC signaling can be observed in cancers including CRC.
Some gold complexes including aurothioglucose and aurothiomalate can inhibit PKC and
consequently inhibit proliferation of cancer cells [90,91].

MEK/ERK (Ras) pathway—this pathway is necessary for proper cell divisions, and
if hyperactivated it drives unhampered divisions of the cancer cell, its motility, mobility
and insensitivity to induction of apoptosis. Ras hyperactivation is often involved in CRC
development, but all signaling elements including growth receptors and downstream
kinases (Raf, MEK, ERK) might participate in cancer progression [92].

The proteasome–ubiquitin pathway (UPS)—this cellular protein destination and degra-
dation system was shown to be a good anticancer drug target, since proteasome inhibitors
are applied in cancer treatment. Tumor cells with deregulated cell divisions are more
sensitive to inhibition of UPS than normal cells that can enter the cell cycle, and block
and escape death by proteasome inhibition. Particular gold complexes such as the Au(III)
dithiocarbamate compound turned out to inhibit proteasome activity and induce accumu-
lation of polyubiquitin complexes, both in vitro in tumor cell lines, as well as in xenografts
resected from experimental animals [83,93].

Thus, the advantage of Au complexes is their multimodal mechanism of action target-
ing various elements crucial for cancer progression.

2. In Vitro Studies

Au(III) compounds, due to their similarity to cisplatin, were among the first metal
complexes tested for anticancer activity. It was initially assumed that the mechanism of
action of these compounds would be the same as Pt-based drugs, and based mainly on
interactions with DNA [94,95]. However, subsequent studies revealed that the cytostatic
effect of Au derivatives is rather multifaceted, and may include some selected proteins
such as TrxR or deubiquitinases [78–80,96,97]. It is also known that these proteins are
overexpressed in cancer cells, and inhibition of their activity is lethal to cancer cells, al-
though with a much lower effect on noncancerous cells. Therefore, it is believed that the
systemic toxicity of Au complexes will be significantly reduced compared to conventional
therapy [29]. Notwithstanding, most of them display limitations concerning solution stabil-
ity under physiological conditions and are easily reduced to Au(I) or Au(0), thus losing
their activity. However, as the following examples show, it is possible to synthesize stable,
resilient-to-reduction, organogold(III) complexes, which is the main goal in this field. To
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date, according to our knowledge, inorganic Au(III) complexes have not been described as
cytostatic agents in CRC.

2.1. Organogold Derivatives

One of the first studies of Au(III) compounds on colon cancer cell lines was not
satisfactory. In 1996, four analogues of the Au(III) complex [AuCl2(damp)] (damp =
2-[(dimethylamino)methyl]-phenyl) (2a–e) were evaluated for antitumor activity. The
compounds have structural features in common with cisplatin, which was included as
a comparison in the study (Figure 1). The derivatives have been tested on a panel of
cell lines, among others made from human colorectal cancer such as: SW620, SW1116,
SW403, HT29/219. The comparison of results for Au(III) compounds and cisplatin showed
broadly similar growth-inhibiting properties and differential cytotoxicity, and the SW620
and SW1116 lines were the least sensitive to the compounds (Table 1). Therefore, these
complexes might have the potential as an antitumor agent but in selected cancer types.
In addition, although some compounds had some structural similarity to cisplatin, their
mode of action seemed different [98]. Furthermore, the organogold compounds studied
exhibit good stability within a physiological-like environment. Subsequent chemical and
biological studies of 2a–e derivatives also confirmed the same properties [99].

Figure 1. Structural comparison of organogold derivatives 2a–e, 4 with cisplatin (1).

Table 1. Comparison of IC50 (µM) for complexes 2a–2e and cisplatin (1) against selected human cell
lines [98].

Symbol
Cell Line

SW620
(Colon)

SW1116
(Colon)

HT29/219
(Rectum)

ZR-75-1
(Breast)

HT-1376
(Bladder)

SK-OV-3
(Ovary)

1 167 163 17 27 23 23
2a 124 119 55 34 30 45
2b 51 47 25 45 6,7 20
2c 281 238 67 41 13 13
2d 205 215 19 36 10 10
2e 67 80 36 27 11 11

Calamai et al. designed, synthesized and evaluated for cytotoxicity four complexes
(3a–3d, Figure 2) with a square-planar geometry, like cisplatin. The experiment was
performed on a panel of five tumor cell lines, composed mainly of cell lines sensitive
to cisplatin, e.g., HCT-8 with cisplatin and sodium tetrachloroaurate (NaAuCl3) as control.
In a colon cancer cell line, all four investigated derivatives exhibited less cytotoxic effect
(with IC50 ranging from 8 to 29 µM) than cisplatin (IC50 value 3.9 µM). On the contrary,
their antitumor potency against other tumor cell lines was comparable to or even greater
than cisplatin (Table 2) [84].
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Figure 2. Au complexes 3a–d with a square-planar geometry.

Table 2. Characterization of the anticancer properties of new organogold compounds.

Symbol Proposed Mechanism of Action Cell Line IC50 Range (µM)

3a–d Bind to DNA HCT8 8.0 ± 2.5 (3a)
11.6 ± 2.0 (3b)

29 (3c)
28.5 (3d)

3.9 ± 0.6 (cisplatin)

4 Inhibition of cathepsins B and K DLD-1
HCT-116

HT-29

3.5 (DLD-1)
5.7 (HCT-116)
11.7 (HT-29)

5a,b Undetermined Caco-2
HT-29

>120 (5a,b)
39.8 (5a)

>120 (5b)

6 Intercalation of DNA, inhibition
of topoisomerase I, II

SW620 15

7 Undetermined LS-174T 74.0

8a–d Undetermined HT-29 5.2 ± 0.4 (8a)
18.1 ± 0.6 (8b)
17.7 ± 0.4 (8c)
33.7 ± 2.2 (8d)

8e,g Induction of apoptosis, G0/G1
cell cycle arrest

HCT-116 47.0 ± 3.1 (8e)
67.0 ± 4.8 (8f)
14.9 ± 0.6 (8g)

9a–d Undetermined LoVo (2.40 ± 0.04) × 10−2 (9a)
3.8 ± 0.1 (9b)
7.6 ± 0.2 (9c)
7.9 ± 0.1 (9d)

10a,b Induction of ROS-dependent
opening of the PTP.

HCT-116 15.8 ±2.1 (10a)
43.6 ± 5.4 (10b)

11 Modification of MtMP, release of
cytochrome C to the cytoplasm,

caspase-3 activation;
inhibition of proteasome.

Caco-2/TC7 1.00 ± 0.06 (11)
45.6 ± 8.08 (cisplatin)
2.1 ± 0.4 (auranorfin)

12 Distortion of DNA double helix HCT-116

13 Inhibition of the zinc-finger
protein PARP-1

HCT116 p53+/+
HCT116 p53−/−

2.1 ± 0.7
14.0 ± 1.1

14a,b 14a proapoptotic activation,
14b pronecrotic actions

HCT116

HCT116p53−/−

0.48 ± 0.57 (14a)
0.33 ± 0.14 (14b)
0.23 ± 0.20 (14a)
0.27 ± 0.12 (14b)

15 Molecular target:
sulfur-containing

proteins

WiDr 9.8 ± 1.2

16 Undetermined HCT116 >50
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Cytostatic activity for square-planar cycloaurated Au(III) compounds on HCT-116 and
HT29 cell lines was also studied. The most active thiosalicylate derivative 4 (Figure 1), with
IC50 value 11.7 µM for HT29, was further tested in vivo. Additionally, it was proposed
that the molecular targets of these compounds are thiol-containing biological molecules
such as the cathepsin cysteine proteases, and it was found that they are able to inhibit both
cathepsins B and K [100].

The cytotoxicity of two sterically different bithiazole Au(III) complexes, regular square-
planar compound 5a and disordered square-pyramidal geometry in 5b (Figure 3), was also
investigated. Of the three cancer cell lines studied, derivative 5a showed no cytotoxicity in
Caco-2, but its toxicity in HT29 was similar to cisplatin (Table 2). Compound 5b had no
anticancer value because it exhibited very little toxicity on the studied cell lines. This lack
of activity might be due to steric construction [101].

Figure 3. Au derivatives 5a,b and 6.

Wilson et al. reported that out of a series of four square-planar Au(III) chelates, only
isoquinolylamidogold(III) chelate 6 (Figure 3) was sufficiently cytotoxic in the single-dose
assay and promising for further studies. The data indicate that seven different colon cell
lines were among the most susceptible to the Au(III) complex, with IC50 values below
20 µM. The lowest IC50 value was for the colon cancer cell line SW-620 (Table 2). The
cytotoxicity of the investigated compound compares favorably with that of cisplatin and
etoposide (a nonintercalating topoisomerase II inhibitor). Dual topoisomerase I and II
inhibitors were given as the mechanism of action of the compounds. However, there is a
need to improve the structure of the chelates so that they are less susceptible to precipitation
from aqueous solutions, which may increase their cytotoxicity and thus the chances of
further development [85].

Another approach was presented by researchers who synthesized a new bile acid
cholylglycinato Au(III) complex 7 (Figure 4) based on the ability of bile acids for vectorial-
izing the cytostatic activity of other agents. Cytostatic effect of the investigated compound
was mild against human colon adenocarcinoma LS-174T in vitro, but 7 had a significantly
higher IC50 value than cisplatin (Table 2). The appearance of colloidal Au during the process
of hydrolysis under physiological conditions may explain the low cytostatic activity [102].

Figure 4. A new bile acid cholylglycinato Au(III) complex 7.

Investigations of the cytotoxicity scores of novel organogold (III) compounds 8a–d
(Figure 5) revealed that all of these compounds, except for 8d, are generally stable under
physiological conditions and exhibit significant cytotoxic properties on a limited panel of
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human tumor cell lines. However, negligible anticancer effects (Table 2) were generally
measured on the HT29 line compared to those of cisplatin and oxaliplatin [103]. Massai et al.
published further work on derivatives of these cyclometallated complexes 8e,g (Figure 5).
All three compounds, especially 8g, cause moderate, but still significant. antiproliferative
effects toward HCT-116 cancer cells, accompanied by a strong induction of apoptosis and a
G0/G1 cell cycle arrest (Table 2). Given the fact that all these effects were greater on CRC
cell line HCT-116 compared to the normal L-929 fibroblast cell line, there is a possibility to
further investigate and characterize 8g as a potential anticancer agent on a larger and more
complex panel of cancer cell lines, as well as to evaluate the mechanisms of its different
toxicity effects between in vitro models of tumoral and healthy tissue [104].

Figure 5. Novel organogold (III) compounds 8a–g.

Considering the ability of dithiocarbamates to act as chelating ligands, many examples
of Au(III) dithiocarbamate derivatives have been reported. The first more promising
studies on the cytotoxic activity of Au(III) compounds in CRC were published by Ronconi
et al., which described some of Au(I) and Au(III) complexes with dithiocarbamate ligands
(DMDT = N,Ndimethyldithiocarbamate; DMDTM = S-methyl-N,N-dimethyldithiocarbamate;
ESDT = thylsarcosinedithiocarbamate). Their preliminary studies have shown that the
biological activity of the compounds should generally be attributed to the presence of the
Au(III) metal center, and that the Au(I) compounds produce a less pronounced inhibition of
cell growth compared to Au(III) analogues. Four complexes 9a–d (Figure 6) were selected
for further in vitro cytotoxicity testing. Data regarding their in vitro antiproliferative
activity against colon adenocarcinoma cell lines (LoVo), which are notoriously not very
sensitive to cisplatin, are extremely interesting, because these new Au(III) complexes seem
to also be cytotoxic against tumor cell lines resistant to cisplatin, overcoming their intrinsic
resistance and supporting the hypothesis of a different mechanism of action. The IC50
values of investigated compounds ranged from 2.4 nM to 7.9 µM (Table 2), while cisplatin’s
IC50 value was 56 µM [105,106].
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Figure 6. Au(III) dithiocarbamate derivatives 9a–d, 10a,b, 11, 16.

Treatment with the other two Au(III) compounds based on the pyrrolidinedithiocar-
bamates (PDT), 10a,b (Figure 6), showed a rapid (three-hour) dose-dependent decrease
in cell viability in the HCT-116 colorectal carcinoma cells. It was found that the bromide
derivative 10a was more effective than the chloride one 10b in inducing cell death and
acting via elicited oxidative stress, with effects on the permeability transition pore, a mi-
tochondrial channel whose opening leads to cell death (Table 2). Cisplatin did not show
any cytotoxicity under the same experimental conditions [107]. Greater cytotoxicity of
bromides is in agreement with the findings reported by Casini et al. [108] for other Au(III)
anticancer agents.

Mixed thiolate–dithiocarbamate Au(III) complexes display high antiproliferative activ-
ity against colon cancer cell line Caco-2/TC7, without affecting differentiated enterocytes.
The most promising derivative 11 (Figure 6) is characterized by a much higher cytotoxicity
compared to cisplatin, and slightly higher than auranorfin (Table 2). Although it was as-
sumed that TrxR was a potential target of the dithiocarbamate Au complexes, this was not
supported, as reactive oxygen species (ROS) levels and TrxR activity remained unchanged
during the experiment. Cell death studies showed that the complexes induced changes in
mitochondrial membrane potential, cytochrome C release and caspase-3 activation. The
complexes are characterized by high stability under physiological conditions, which gives
the opportunity to develop new cytostatics in the treatment of colorectal cancer with the
proteasome as a possible target [88].

Another study showing high cytotoxicity against the colon cancer cell line was re-
ported by Shi et al. Compared to cisplatin, Au(III) compound 12 (Figure 7) has demon-
strated higher cytotoxicity for HCT-116 cell lines at all the concentrations used in the studies.
At the concentration of 106 M, the compound showed 30% inhibition against the HCT-116
cell line, while at the same concentration, cisplatin shows 20% inhibition. Additionally,
it has been shown that the compound 12 can induce DNA double helix distortion in its
mechanism of action [86].

The new Au(III) cyclometallated phosphine derivative 13, with PTA = 1,3,5-triazaphos-
phaadamantane ligand (Figure 7), which is not cytotoxic but is known in general to improve
water solubility, has been proposed as a new antineoplastic agent in colorectal cancer. The
derivative 13 was the most active of all investigated complexes in the study, twice as
toxic as cisplatin against HCT-116 p53+/+ cells, and poorly effective on HCT-116 p53−/−
(Table 2). This result suggests a similar dependence on p53 pathways for Au(III) complex
as for cisplatin. Interestingly, compound 13 inhibited the zinc finger enzyme PARP-1 in
nM concentrations, suggesting the possible design of selective inhibitors and the use of
organometallic Au compounds in combination therapies with other anticancer drugs [89].
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Figure 7. Au(III) complexes 12, 13, 14a,b, 15.

Both Au(III) complexes 14a and 14b incorporating 2,2′:6′,2′′-terpyridine ligand (Figure 7),
showed excellent antiproliferative activities against HCT-116, higher than the free ligands
and cisplatin. Additionally, compound 14a showed high selectivity against HCT-116 and
HCT-116p53 −/− cells, confirmed by the selectivity index (SI). Most interestingly, the com-
plex 14a exhibited proapoptotic activation, while 14b displayed pronecrotic actions [109].

Au(III) complexes containing quinoline ligands at position 8 with different groups
arose due to the broad spectrum of medical applications of 8-hydroxyquinoline. It was
found that compound 15 with an N-tosyl-8-aminoquinoline ligand (Figure 7) is the most
active of the synthesized complexes in all cancer cell lines tested, including the cisplatin-
resistant WiDr cell line, and acts by interacting with proteins. Moreover, this complex has
proved to be the most stable compound in DMSO and saline solution, even after several
hours [110].

The latest available work in this area describes Au(III) complexes with glycocon-
jugated dithiocarbamato ligands (among others 16, Figure 6). To improve the selective
accumulation of an anticancer metal payload in malignant cells, carbohydrates (D-glucose,
D-galactose, and D-mannose) were chosen as targeting agents exploiting the Warburg effect
that accounts for the overexpression of glucose-transporter proteins (in particular GLUTs)
in the phospholipid bilayer of most cancer cells. Unfortunately, the collected results indi-
cate that the Au(III) complexes are not good substrates for GLUT and are inactive toward
HCT-116 cells, with IC50 values higher than 50 µM (Table 2) [111].

2.2. Porphyrin Complexes

More comprehensive and promising results were presented by using porphyrin ligand,
which can stabilize the Au(III) ion against demetallation and reduction by the biological
reductant glutathione [112].

Preliminary studies of a series of Au(III) tetraarylporphyrin (TPP) derivatives con-
firmed their stability in the presence of glutathione and demonstrated a much greater
potency than cisplatin in killing human cancer cells, including drug-resistant variants [113].
The 17 complex (Figure 8) was selected for further study of its antitumor activity and its
mechanism against colon cancer. The investigated compound exhibited marked cytotoxic-
ity against different colon cancer cell lines and IC50 values with 9-fold to 21-fold greater
potency than that of cisplatin (Table 3). Furthermore, the 17 complex significantly induced
apoptosis and cell cycle arrest and cleaved caspase 3, caspase 7, and poly(ADP-ribose)
polymerase; released cytochrome C, and upregulated p53, p21, p27, and Bax. Further-

270



Int. J. Mol. Sci. 2022, 23, 724

more, in vivo tests were also carried out [114]. The same complex was further studied by
Altaf et al. with promising results. Compound 17 showed very high activity compared
to Au(III) complexes of meso-1,2-di(1-naphthyl)-1,2-diaminoethane and cisplatin. It was
about 7–8 times more potent than cisplatin against the HCT-15 cancer cell [115].

Figure 8. Au(III) porphyrin complexes 17, 18a,b, 19.

Table 3. Characterization of the anticancer properties of porphyrin complexes.

Symbol Proposed Mechanism of
Action

Cell Line IC50 Range (µM)

17a–e Inducing apoptosis by a
mitochondrial death

pathway

SW1116
Colo 205
CRL-238

CCL-2134
HCT-15

HCT-15A2

0.20 ± 0.02
0.27 ± 0.02
1.41 ± 0.20
0.65 ± 0.13
0.86 ± 0.15
3.43 ± 0.46

18a,b Inducing apoptosis by
intrinsic pathway

HT-29

HCT-116

17.0 (18a)
3.5 (18b)
16.0 (18a)
3.0 (18b)

19 Inhibition the Trx,
peroxiredoxin and

deubiquitinases

HCT-116
NCM460

0.06 ± 0.01
1.5 ± 0.15

A novel Au(III) porphyrin analogs 18a and 18b (Figure 8) were prepared by modifying
one of the peripheral phenyl groups of 17. Results revealed that 18b was more cytotoxic to
the colon cancer line than 18a (Table 3). The investigated complexes reduced the survival
of human CRC HT-29 and HCT-116 cell lines, caused cell cycle arrest in the G2/M phase,
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and decreased expression of cyclin B1 and cyclin-dependent kinase 1 (Cdk1) was observed
with an increase in regulation of the active form of p53, p21, and Bcl-2 associated with X
(Bax) [87]. Furthermore, they induced apoptosis by the intrinsic pathway, as previously
described [114].

Tong et al. demonstrate an anticancer activity of Au(III) mesoporphyrin IX dimethyl
ester (19) (Figure 8). This compound displayed a higher cytotoxicity in HCT-116 colon
cancer cells compared to noncancerous colon epithelial cells (NCM460) with 25-fold differ-
ences in IC50 values (Table 3). Promising results from in vivo studies were also reported.
The mechanism of action involves modification of the reactive cysteine residues and inhibit-
ing the activity of thioredoxin, peroxiredoxin and deubiquitinases. Crucially, this study
revealed that Au(III) induced ligand scaffold reactivity to target the thiol, which could be a
useful tool in oncology [93].

2.3. N-Heterocyclic Carbenes (NHCs) Derivatives

A large part of the reviewed papers concerns research on N-heterocyclic carbenes
(NHCs) Au complexes. It is widely accepted that the replacement of phosphine ligands
by the isolobal NHC ligands frequently improves the properties of the new compounds
for practical applications, which are them being water- and air-stable and easier to handle.
Moreover, the imidazolium salts as the ligand precursor can be functionalized with almost
any substituent, a rarely accessible feature in phosphines [116].

Lemke et al. described the synthesis and antiproliferative activity of a new halide,
amino acid and dipeptide NHC Au(I) and NHC Au(III) complexes. In vitro cytostatic effect
of compound 20 (Figure 9) was only mild against human colon adenocarcinoma HT-29,
with an IC50 value higher than most active complexes and slightly higher compared to
cisplatin (Table 4) [116].

Figure 9. NHCs Au(III) derivatives 20–24.

Other groups were evaluated in vitro for the cytotoxicities of Au and Ag NHCs
complexes supported by a pyridine, annulated imidazole-2-ylidene (21) [117,118], imida-
zolium salt 1-naphthyl-2-pyridin-2-yl-2H-imidazo[1,5-a]pyridin-4-ylium hexafluorophos-
phate (22) [119], pyridyl[1,2-a]{2-acetylylphenylimidazol}-3-ylidene (23) [120] (Figure 9).
All complexes of Au(III)–NHC exhibited lower cytotoxicity than Ag(I) and Au(I) complexes
for nearly all cell lines tested. Despite that, compounds 21, 22, and 23 were more potent
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than cisplatin against the HCT-116 cell line (Table 4). Unfortunately, due to the lower
cytotoxicity of Au(III)–NHC, studies involving the mechanism of action have not been
performed for this complex.

Table 4. Characterization of the anticancer properties of N-heterocyclic carbenes (NHCs).

Symbol Proposed Mechanism of Action Cell Line IC50 Range (µM)

20 Undetermined HT-29 12.7 ± 1.2

21 Undetermined HCT-116 5.9 ± 3.6

22 Undetermined HCT-116 6.78 ± 2.01

23 Undetermined HCT-116 21.25 ± 1.37

24a,b Inhibition of TrxR HT-29 6.2 ± 1.0 (24a)
7.5 ± 2.9 (24b)

24c,d Undetermined HT-29 0.26 ± 0.03 (24c)
0.30 ± 0.01 (24d)

25a–g Multiple molecular targets HCT-116 4.40 ± 1.50 (25a)
1.10 ± 0.28 (25b)
0.49 ± 0.12 (25c)
0.23 ± 0.11 (25d)
0.25 ± 0.10 (25e)
0.52 ± 0.34 (25f)
0.20 ± 0.06 (25g)

Liu et al. have proposed NHC–Au halide complexes derived from 4,5-diarylimidazoles.
The influence of the oxidation state of the metal (Au(I) or Au(III)) is relatively low in general,
however, on the HT-29 cell line, the Au(III) complexes 24a and 24b (Figure 9) were less
active than their Au(I) congeners, which coincides with earlier papers. All complexes
inhibit TrxR with different IC50 values, nevertheless, other targets should be considered as
part of the mode of action [121]. Researchers, encouraged by these promising results, have
investigated the effect of halide exchange in Au–NHC complexes on their pharmacological
properties. The growth-inhibitory effect against HT-29 cells was more than 10-fold higher
for complexes 24c and 24d (Figure 9) than that of cisplatin or 5-FU. Moreover, this effect was
independent of the oxidation state of Au and type of halides. Although the investigated
complexes were successfully accumulated in the neoplastic tissue and localized in large
amounts in the cell nucleus, their mode of action has not been clearly defined [122].

Fung et al. described the identification of multiple molecular targets for cyclomet-
alated Au(III) complexes containing NHC ligands using photoaffinity groups. The IC50
values for complexes 25a–g (Figure 10) ranged from 4.4 µM to 0.2 µM in comparison to
cisplatin with an IC50 value 11.8 µM (Table 4). Importantly, all the compounds showed
much higher cytotoxicity to HCT-116 than to immortalized normal human hepatocyte
(MIHA) cells, which may indicate their selectivity. Numerous tests showed the ability
of complexes to bind to intracellular proteins such as mitochondrial heat shock protein
60 (HSP60), vimentin (VIM), nucleoside diphosphate kinase A (NDKA), nucleophosmin
(NPM), nuclease-sensitive element binding protein (Y box binding protein, YB-1), and
peroxiredoxin 1 (PRDX1). The fact that the complexes have multiple molecular targets can
minimize the occurrence of drug resistance that is usually encountered with single-target
anticancer agents due to naturally occurring genetic mutations [123].
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Figure 10. Cyclometalated Au(III) complexes 25, 26.

2.4. Chlorite–Cyanide Complex of Gold (III)

Recently we characterized the synthesis, in vitro safety as well as anticancer activity of
a novel chlorite–cyanide complex of gold (III) named TGS121 (patent no: PL422125A1). The
compound was prepared as described by Krajewska et al. The obtained Au(III) complex
with the formula [Au(CN)4]2 (ClO2)Na is a sodium salt of chloride dioxide associated
with Au(III)–cyanide group complex. This complex is water soluble, stable in a neutral
pH and can be kept at room temperature. This complex turned out to be stable in cell
culture medium and serum. Its relatively low molecular mass (692.5 g/mol) and the form
of sodium salt makes it stable in physiological fluids and enables the passage through
biological membranes such as the cell membrane. The novel Au(III) compound turned
out to exert cytostatic/cytotoxic effects in cancer Ha-Ras transfected NIH3T3 fibroblasts
selectively in comparison to the noncancer NIH3T3 cells (Table 5). Since Ras isoforms
share 80% identity and share similar activity—one can conclude that in CRC with Ras
hyperactivation (mostly K-Ras) (like HCT116), the compound TGS121 would also be
effective [124,125].

Table 5. Characterization of the anticancer properties of TGS121.

Symbol Proposed Mechanism of Action Cell line IC50 Range (µM)

TGS121
Apoptosis induction, inhibition of Ras-mediated

pathway, cell cycle arrest at G2/M
Ras-3T3 0.231 ± 1.2
NIH3T3 5.05 ± 2.6

3. In Vivo Studies

Promising cytotoxicity of many Au(III) complexes has been observed against tumor
cells in vitro however, to our knowledge, there has been very little evaluation of these
compounds on in vivo tumor models.

Thiosalicylate derivative of cycloaurated Au(III) 4 was tested in vivo against the colon
HT29 tumor xenograft. Its cytotoxicity did not translate into in vivo pharmacological
activity, with only modest inhibition of tumor growth. The lack of activity could in part be
explained by the poor solubility of this complex, indicating that further work is necessary
to improve both solubility and lipophilicity in order to improve biodistribution [100].

The second compound tested in vivo was an organogold(III) complex 26 (Figure 10),
which exhibits promising in vitro cytotoxicity, but it failed to inhibit in vivo tumor growth
in HT29 colon cancer xenografts [126].

Only two described Au(III) compounds exhibited favorable antitumor properties both
in vitro and in vivo. The tetraarylporphyrin Au(III) complex 17, after intraperitoneal injec-
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tion in mice at doses of 1.5 mg/kg and 3.0 mg/kg, significantly inhibited the proliferation
of Colo205 tumor cells, induced apoptosis and inhibited colon cancer tumor growth [114].
The second one, Au(III) mesoporphyrin IX dimethyl ester 19, after intravenous injection
twice per week for 21 days in nude mice bearing human colon cancer HCT-116 at doses 2
mg/kg, resulted in suppression of tumor growth by 72% compared to mice treated with
vehicle control [93]. Acute toxicity studies have confirmed that the test compounds, in
therapeutic concentrations, do not exhibit additional side effects in mice. Compound 19,
after being transiently present in the liver and kidneys, was completely excreted in the
urine. In contrast, complex 17 accumulated in the liver and kidneys with low urinary
excretion [93]. The presented results suggest that these complexes may be a new potential
therapeutic drug for colorectal cancer.

4. Scope and Limitations

This article is limited to gold compounds acting on human CRC cell lines, which
might poorly represent the clinical disease. However, especially in CRC surgical treatment,
neoadjuvant and adjuvant therapy is applied to reduce the micrometastatic area, and in this
context, cell-based assays, especially clonogene assays, can mimic the in vivo situation [35].
We are observing a significant increase in publications on gold complexes. This indicates a
great interest in this subject. Review work is also needed to systematize and summarize
knowledge about this group of compounds.

5. Conclusions

Metallodrugs are very promising due to the fact that, depending on the choice of
metal, its oxidation state, type, and number of coordinated ligands, we obtain a unique
mechanism of drug action [72]. Therapies based on Au(III) compounds are particularly
interesting and are currently being intensively developed due to their structural similarity
to Pt(II) [28].

Colorectal cancer was shown to arise as a result of multiple genetic alternations
in both oncogenes and tumor suppressor genes. If the initiated colon epithelium cells
bearing mutations in APC or k-Ras can still control the DNA repair due to presence of
active and functional p53, we talk about early and late adenoma—that is, nonmalignant
and not-yet invasive. However, after genetic alternations that render the p53 pathway
inactive, the initiated cells continue their unhampered divisions, despite DNA errors, and
become malignant colon cancer cells [8]. That is why in colon cancer therapy, metal-based
chemotherapeutics such as platin derivatives are used. Such drugs interfere with DNA,
initiating cell-division catastrophe and subsequently cancer-cell death. The effectiveness of
established metallodrugs is not always good due to resistance development in genetically
instable cancer cells. In this context, novel drugs are needed.

The efficacy of Au(III) in the treatment of CRC has been proven in many in vitro assays
using various colon cancer cell lines such as HT29, HT-116, COLO 205, and many others.
Au(III) complexes are characterized by high efficiency, selectivity towards cancer cells,
and compared to cisplatin display reduced toxicity, a broader spectrum of activity and the
ability to overcome tumor resistance [57].

Given the structural and electronic similarity of Au(III) complexes to cisplatin and Pt-
related anticancer drugs, it was assumed that their mechanism of action involves binding
to DNA. However, it appears that DNA may not be the primary biological target of
Au(III) complexes due to studies reporting low DNA binding affinity [115]. Although
TrxR inhibition was found to be the main pathway of potent antitumor activity of many
Au-NHC complexes [127], the reviewed studies on Au(III)–NHC complexes do not support
this mode of action. Notwithstanding the fact that we observe a great deal of scientific
interest in Au compounds as drug candidates, we still have insufficient data to describe
modes of action and the mechanisms they involve [128].

So far, only two Au(III) derivatives are characterized by high cytotoxicity for colon
cancer cells, confirmed by both in vitro and in vivo assays. More advances in metallodrug
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studies are expected to improve the therapeutic potential of Au(III) in colorectal cancer
treatment.
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127. Karaaslan, M.G.; Aktaş, A.; Gürses, C.; Gök, Y.; Ateş, B. Chemistry, structure, and biological roles of Au-NHC complexes as TrxR
inhibitors. Bioorganic Chem. 2019, 95, 103552. [CrossRef] [PubMed]

128. Massai, L.; Grguric-Sipka, S.; Liu, W.; Bertrand, B.; Pratesi, A. Editorial: The Golden Future in Medicinal Chemistry: Perspectives
and Resources from Old and New Gold-Based Drug Candidates. Front. Chem. 2021, 9. [CrossRef] [PubMed]

280



 International Journal of 

Molecular Sciences

Article

New N-Substituted-1,2,4-triazole Derivatives of
Pyrrolo[3,4-d]pyridazinone with Significant Anti-Inflammatory
Activity—Design, Synthesis and Complementary In Vitro,
Computational and Spectroscopic Studies
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N-Substituted-1,2,4-Triazole

Derivatives of Pyrrolo[3,4-d]

pyridazinone with Significant

Anti-Inflammatory Activity—Design,

Synthesis and Complementary In

Vitro, Computational and

Spectroscopic Studies. Int. J. Mol. Sci.

2021, 22, 11235. https://doi.org/

10.3390/ijms222011235

Academic Editors: Andrzej Kutner,

Geoffrey Brown and Enikö Kallay

Received: 23 September 2021

Accepted: 14 October 2021

Published: 18 October 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 Department of Medicinal Chemistry, Wroclaw Medical University, Borowska 211, 50-556 Wroclaw, Poland
2 Department of Inorganic Chemistry, Wroclaw Medical University, Borowska 211a, 50-556 Wroclaw, Poland;

edward.krzyzak@umed.wroc.pl (E.K.); aleksandra.marciniak@umed.wroc.pl (A.M.);
aleksandra.kotynia@umed.wroc.pl (A.K.)

3 Department of Pharmacology, Wroclaw Medical University, Mikulicza-Radeckiego 2, 50-345 Wroclaw, Poland;
benita.wiatrak@umed.wroc.pl (B.W.); paulina.jawien@umed.wroc.pl (P.J.)

* Correspondence: lukasz.szczukowski@umed.wroc.pl (Ł.S.); piotr.swiatek@umed.wroc.pl (P.Ś.);
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Abstract: Regarding that the chronic use of commonly available non-steroidal and anti-inflammatory
drugs (NSAIDs) is often restricted by their adverse effects, there is still a current need to search for
and develop new, safe and effective anti-inflammatory agents. As a continuation of our previous
work, we designed and synthesized a series of 18 novel N-substituted-1,2,4-triazole-based derivatives
of pyrrolo[3,4-d]pyridazinone 4a-c-9a-c. The target compounds were afforded via a convenient way
of synthesis, with good yields. The executed cell viability assay revealed that molecules 4a-7a, 9a,
4b-7b, 4c-7c do not exert a cytotoxic effect and were qualified for further investigations. According
to the performed in vitro test, compounds 4a-7a, 9a, 4b, 7b, 4c show significant cyclooxygenase-2
(COX-2) inhibitory activity and a promising COX-2/COX-1 selectivity ratio. These findings are
supported by a molecular docking study which demonstrates that new derivatives take position in
the active site of COX-2 very similar to Meloxicam. Moreover, in the carried out in vitro evaluation
within cells, the title molecules increase the viability of cells pre-incubated with the pro-inflammatory
lipopolysaccharide and reduce the level of reactive oxygen and nitrogen species (RONS) in induced
oxidative stress. The spectroscopic and molecular modeling study discloses that new compounds
bind favorably to site II(m) of bovine serum albumin. Finally, we have also performed some in
silico pharmacokinetic and drug-likeness predictions. Taking all of the results into consideration, the
molecules belonging to series a (4a-7a, 9a) show the most promising biological profile.

Keywords: cyclooxygenase; 1,2,4-triazole; pyridazinone; SAR; molecular docking; anti-inflammatory
activity; antioxidant activity; ADME

1. Introduction

The inflammatory response that leads to homeostasis restoration is provoked by
various exogenous and endogenous harmful stimuli and inducers, such as injury, tissue
malfunctioning or infection. Its course, purpose and aftermath depend on the trigger. Char-
acteristic symptoms that occur in inflamed areas are edema, reddening, hypersensitivity
and often pain, which plays an important warning and protective role and promotes the
organism’s reflex and behavioral response to minimize the effects of tissue damage. The
inflammation is a complicated process coordinated by a great variety of mediators whose
expression and complex network of relationships are still not satisfactorily understood. Nu-
merous proinflammatory mediators of different origins could be divided into the following
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groups: vasoactive amines, vasoactive peptides, fragments of complement components and
lipid mediators, such as eicosanoids, cytokines, chemokines and proteolytic enzymes. A
lot of those aforementioned agents, besides affecting the target cells and tissues, could also
induce the production of other elements. The best possible understanding and explanation
of the mechanisms responsible for inflammatory mediators’ expression, action and mutual
dependence is essential in the effective management of different inflammatory diseases.
Suitable pharmacological treatment and natural tissue healing processes cause acute pain
and inflammation to disappear after some days. Nevertheless, the lack of or ineffective
pharmacotherapy may trigger dangerous pathophysiological changes, which lead to the
evolution of chronic inflammation and pain syndrome [1–5].

Most drugs commonly used in the treatment of pain and inflammatory disorders
act as, mainly non-selective, inhibitors of both isoforms of cyclooxygenase (COX) and
belong to a varied and spacious group of medicines named as non-steroidal and anti-
inflammatory drugs (NSAIDs) [6–10]. The analgesic, antipyretic and anti-inflammatory
effects associated with the administration of these medicaments are related to the reduc-
tion of COX-dependent prostaglandins (PGs) production, which belong, alongside with
leukotrienes and lipoxins, to the above-mentioned group of eicosanoids [4–10]. Because
PGs, except for the mediation of inflammation, play a crucial role in homeostasis mainte-
nance and exert a protective effect, e.g., in the gastrointestinal and cardiovascular system,
such decreased COX activity may also lead to dangerous side effects [6,7,11–15]. Usually,
in patients receiving NSAIDs, adverse effects related to the gastroduodenal tract, such as
heartburn, dyspepsia, stomach ache or even ulceration, may occur [11–14]. Initially, it was
believed that a constitutive isoform named COX-1 is engaged in various physiological
processes, while the development of pain and inflammation is under control of the media-
tors produced by the inducible form—COX-2 [6–10,13,15]. However, the introduction of
selective COX-2 inhibitors—COXIBs, which were supposed to spare gastric mucosa, have
quickly disproved this theory. Although any significant harmful impact of COXIBs on the
gastrointestinal tract has not been noticed, the therapy with those drugs has been shown to
carry a serious risk of hazardous cardiovascular incidents, which can even lead to patient
death. Consequently, some COXIBs have been withdrawn from the market, and among
them, the case of Rofecoxib became the most shameful [11–17].

Therefore, there is still a current need to search for and develop new, safe and efficient
analgesic and anti-inflammatory compounds, since severe adverse effects often restrict
the long-term usage of already known and available NSAIDs [11–14]. New drug candi-
dates with potential application in the treatment of various inflammatory disorders can
be received either through the structural alteration of already known NSAIDs, such as Di-
clofenac [18], Naproxen [19], Celecoxib [20], Ibuprofen [21], or by developing fully novel classes
of cyclooxygenase inhibitors. When considering the design of new anti-inflammatory
agents, one of the most popular and effective synthetic approaches in contemporary medic-
inal chemistry relies on replacing the free carboxylic group with different bioisosteric
five-membered heterocyclic rings, such as 1,3,4-oxadiazole [18–22], 1,3-thiazole [23–25],
pyrazole [26,27] or 1,2,4-triazole [28–33]. According to the leading investigations, such
a strategy can be successfully applied to modify widespread used NSAIDs and other
promising compounds not introduced in the market yet. As a result, potent cyclooxygenase
inhibitors with an improved affinity towards COX-2 isoform and reduced gastrotoxicity
can be received [18,19,22,23,30,31].

In our former studies, we have reported the synthesis and comprehensive biologi-
cal evaluation of new 1,3,4-oxadiazole-based derivatives of pyrrolo [3,4-d]pyridazinone
designed as a new class of COX inhibitor. The investigated compounds exerted promis-
ing in vitro cyclooxygenase inhibitory activity and acted as specific or selective COX-2
inhibitors. It is worth emphasizing that each examined molecule showed a superior COX-
2/COX-1 selectivity ratio than Meloxicam, which was used as a reference drug. These
findings were supported by the results of molecular docking studies, which revealed
that tested 1,3,4-oxadiazole derivatives of pyrrolo[3,4-d]pyridazinone take place in the
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active site of cyclooxygenase very similar to that of Meloxicam [34,35]. Subsequently, the
most potent molecules have been investigated in vivo. It has been demonstrated by the
enzyme-linked immunosorbent assay (ELISA) tests that the measured concentrations of
inflammatory mediators—prostaglandin E2 (PGE2) and myeloperoxidase (MPO) in mice
serum—were decreased after the application of our derivatives. Moreover, the macro- and
microscopic histopathological assessment of gastric mucosa proved that novel compounds
caused negligible stomach lesions andno histopathological changes were observed. These
results confirmed the safe gastric profile of investigated molecules [36].

Encouraged by those promising results, we have decided to modify the structure of
the above-mentioned derivatives by replacing the 1,3,4-oxadiazole with 4-substituted-1,2,4-
triazole pharmacophore to obtain even more effective compounds. The introduction of
this five-membered ring was inspired by the leading research described in the most recent
literature [28–33]. The 1,2,4-triazole is an important moiety present in numerous potent
bioactive molecules with a wide range of therapeutic applications [28–32]. It also acts as
a valuable building block used in the design and synthesis of promising analgesic and
anti-inflammatory agents, especially those with a good affinity towards an inducible COX-
2 isoform [28,30–32]. Needless to say, different five-membered heterocycles serve as the
structural core of the previously mentioned selective COX-2 inhibitors—COXIBs [17,20,25].
Considering that the binding pocket of COX-2 isoenzyme is bigger than that of COX-
1 [6–10], we expect that the presence of expanded 4-substituted-1,2,4-triazole residues will
enhance the COX-2 selectivity of titled compounds.

In summing up, here we report herein the design, synthesis and complex in vitro
and in silico investigations of a new series of 4-substituted-1,2,4-triazole-based derivatives
of pyrrolo[3,4-d]pyridazinone. First of all, we have determined the cytotoxic effect of
the new compounds. After excluding toxic derivatives from further studies, we have
defined the potential affinity and binding mode of the novel structures to both isoforms of
cyclooxygenase. The investigations were carried out using in vitro enzymatic assay and
computational studies, as well. Afterwards, have we estimated the antioxidant activity of
the title compounds. Finally, the interaction binding manner of novel 1,2,4-triazole-based
derivatives of pyrrolo[3,4-d]pyridazinone with bovine serum albumin (BSA) has been
established. All of the performed experiments focused on the most precise determination
of the possible mechanism of action and pharmacokinetic properties of new molecules and
their potential application in the treatment of inflammatory disorders.

2. Results
2.1. Chemistry

The aim of the present study was the design and synthesize a new series of N-
substituted-1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone. Scheme 1 presents all
of the performed chemical modifications and structures of novel molecules (each new com-
pounds’ structural formula is also presented in Table S1 in Supplementary Data). The thin
layer chromatography (TLC) technique was used to monitor the progress of the reaction.
The structure and purity of all of the new derivatives were established and confirmed based
on the spectra analysis: 1H and 13C nuclear magnetic resonance (NMR), Fourier transform
infrared (FT-IR), electrospray ionization mass spectrometry (ESI-MS). All of the analytical
and spectroscopic properties of every newly obtained compound were in good agree-
ment with their predicted structures. The Experimental Section and Supplementary Data
provide detailed information concerning the analytical and spectroscopic data, reactants,
solvents and reactions environment. The synthetic pathway and structure of the starting
molecule 2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetohydrazide
1 has already been published in our previous paper [34].
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Scheme 1. Synthesis of the intermediates 2a-c-3a-c and the title compounds 4a-c-9a-c. Reagents and reaction conditions:
(a) N substituted isothiocyanate, ethanol, reflux, 0.5–2 h; (b) I. 5% NaOH (aq), reflux, 2 h; II. Cooling, crushed ice, stirring,
acidification with 7.5% HCl; (c) 37% HCHO, 4 aryl piperazine derivative, methanol, RT 5 h; (d) C2H5ONa, 1 (2-chloro-1-
oxoethyl)-4-aryl piperazine derivative, ethanol, reflux, 5 h.

The first step of the current synthesis relied on forming adequate N-substituted-
(aminothioxomethyl)hydrazides 2a-c. The aforementioned hydrazide 1 was refluxed in
ethanol in the presence of the appropriate N-substituted isothiocyanate for 30 to 120 min.
The mixture was then cooled down, and the formed precipitate was filtered off, washed
thoroughly with ethanol and purified by crystallization from this solvent. Compounds
2a-c were obtained with a good to excellent yield (up to 94%). Their formation was
confirmed by spectral analysis. When considering the 1H NMR spectra of molecules 2a-c,
a characteristic peak of protons linked to N1, N2 and N3 nitrogens of thiosemicarbazide
moiety were recorded as three singlets in the range of δ 7.89–10.18 ppm. The methylene
group connecting the pyrrolo[3,4-d]pyridazinone core and hydrazine residue appears
as two proton singlets within δ 4.70-4.76 ppm in the 1H NMR and as a signal about δ
63.74–63.84 ppm in the 13C NMR spectra, respectively. Moreover, in the 13C NMR spectra
of compounds 2a-c, a signal near δ 182 ppm is assigned to the carbon atom forming the
C=S bond. Finally, in both the 1H and 13C NMR spectra of structures 2a-c, new peaks
characteristic for the methyl group in series a and phenyl or 4-methoxyphenyl substituent
in series b and c can be distinguished.

Subsequently, the synthesis of key 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone
3a-c was carried out. First, compounds 2a-c underwent alkaline cyclization by refluxing in
a 5% aqueous sodium hydroxide solution for about 2 h. Then, the reaction mixture was
poured onto crushed ice and acidified with 7.5% hydrochloric acid solution, affording the
corresponding N-substituted-1,2,4-triazoles 3a-c. Finally, the formed white or yellowish
precipitate of compounds 3a-c was filtered off, washed with cold water and recrystallized
from a proper solvent. In reference to the NMR spectra of structures 3a-c, the change in
the chemical shift of the signal of methylene linker can be easily observed. The signal of
the protons of this group is shown at δ 5.12–5.30 ppm in the 1H NMR, while the signal of
a carbon atom is recorded about δ 57.85–58.09 ppm in the 13C NMR spectra, accordingly.
Moreover, the presence of the distinctive peak near δ 168.04–169.12 ppm in the 13C NMR
spectra, which is identified with the triazole carbon forming C=S bond, alongside with the
signal characteristic for a NH proton observed in the range of δ 13.82–14.04-ppm in the 1H
NMR spectra may suggest that derivatives 3a-c occur in the thione form.
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The final stage of the planned synthesis relied on the formation of titled N-substituted-
1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone 4a-c-9a-c. As it has already been
mentioned, the concept of their structure was inspired by the leading literature data and
our own previous investigations. As it was depicted on Scheme 1, the final molecules
4a-c-9a-c could be divided into two series.

Compounds 4a-c-6a-c are the new Mannich base-type derivatives of pyrrolo[3,4-
d]pyridazinone based 1,2,4-triazoles. These molecules were obtained via an effective and
convenient one-step reaction, carried out at room temperature. The corresponding deriva-
tive 3a-c was stirred with the appropriate 4-aryl piperazine derivative and formaldehyde in
methanol for several hours and left overnight. The distinctive two-proton singlet in the 1H
NMR spectrum observed about δ 5.15–5.29 ppm. The signal at around δ 69.39–69.66 ppm in
the 13C NMR spectrum clearly indicates the creation of the methylene linker, characteristic
for Mannich bases. What is obvious, in both the 1H and 13C NMR spectra of compounds
4a-c-6a-c, are the signals assigned to aryl piperazine pharmacophore have been recorded.

On the other hand, the structure of the final compounds 7a-c-9a-c was inspired by the
pharmacophore theory featured by Dogruer [37]. Therefore, in the case of these derivatives,
the 4-aryl piperazine moiety is connected with a five-membered 1,2,4-triazole ring via
a flexible 2-oxoethylene linker. First of all, suitable 2-chloro-1-oxoethylaryl piperazine
derivatives were afforded according to the synthetic protocols which have already been
reported [38]. Due to the occurrence of possible tautomerism in the mentioned five-
membered ring, the alkylation of 1,2,4-triazole analogue of pyrrolo[3,4-d]pyridazinone
3a-c with 2-chloro-1-oxoethylaryl piperazine derivative may result in the formation of
a mixture of N- and S-isoforms. Based on our former study, we have engaged the same
synthetic conditions [35]. Therefore, the title compounds 7a-c-9a-c were obtained by
refluxing the 4-substituted-1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone 3a-c
with the appropriate 2-chloro-1-oxoethylaryl piperazine for several hours in ethanol in the
presence of sodium ethoxide (Scheme 1). The crude products were filtered off, washed
thoroughly with ethanol and purified by crystallization from this solvent. The lack of
characteristic peak in the 13C NMR spectra observed about δ 169.72–170.78 ppm, which
was assigned to a carbon atom, forming a C=S bond (Experimental Section, Supplementary
Data), strongly suggests that the final compounds 7a-c-9a-c were formed via S-alkylation
of 1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone 3a-b (Scheme 1). This claim is
supported by the presence of a distinctive signal shown near δ 152.25–152.62 ppm in the
13C NMR spectra of 7a-c-9a-c, which can be identified with carbon atom C3 in 1,2,4-triazole
ring binding sulphur atom via a single bond (Ar-C-S-CH2). Furthermore, a peak recorded
about δ 165.49–165.72 ppm is typical for carbon atoms in carbonyl moiety (C=O). On the
other hand, the signal which occurs near δ 41.98–42.23 ppm is assigned to carbon atom
C1 (-CH2-) of the 2-oxoethylene linker. Moreover, the two-proton singlet in the range
of δ 4.37–4.42 ppm in the 1H NMR spectra of 7a-c-9a-c is assigned with the protons of
carbon atom C1 in the mentioned linker. More detailed information is provided in the
Experimental Section and Supplementary Data.

2.2. Evaluation of Viability

To estimate the effect of the new compounds on normal cells, a 3-(4, 5-Dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide (MTT) test was performed according to ISO 10993
part 5 Appendix C. The percentage of survival and the assessment of changes in the
morphology of normal human dermal fibroblasts (NHDF) after contact with the tested
compounds are presented in Table 1. The derivatives with 4-phenylpiperazine moiety,
4a-c and 7a-c and compounds 5a, 6a, 9a, did not reduce the viability of NHDF cells below
70% in the tested concentration ranges. In the case of these molecules, no significant
differences in cell survival were observed at a concentration of 100 µM. However, NHDF
cell survival after 24-hour incubation was less than 50% for compounds 8a, 8b, 8c, 9b and
9c, and the concentration at which 50% cell survival was observed has been calculated
for these molecules. Therefore, these derivatives were excluded from further experiments.
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Furthermore, due to the low level of cytotoxicity (less than 30% of dead cells compared to
the control—culture without test compounds in a complete medium only), the theoretical
IC50 values for compounds 5b, 6b, 5c and 6c were calculated. In all of the cases, it was
noted that an increase in cell viability was observed at the reduced concentration (10 and
50 µM).

Table 1. The cell viability [IC50 (SEM) n = 3] and the evaluation of the morphology of cells treated with the tested compounds.

IC50 [µM] Cell Morphology in Culture

4a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
5a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
6a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
7a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
8a 35.60 (4.46) many granules, cells shrunken, cell lysis was observed
9a Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
4b Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view

5b 200.00 (7.05) granularities were observed in 3–5 fields of view from 10 analyzed fields, cells with an elongated shape
characteristic of fibroblasts

6b 156.25 (6.70) granularities were observed in 3–5 fields of view from 10 analyzed fields, cells with an elongated shape
characteristic of fibroblasts

7b Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
8b 22.72 (2.25) many granules, cells shrunken, cell lysis was observed
9b 30.80 (3.04) many granules, cells shrunken, cell lysis was observed
4c Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view

5c 166.67 (3.35) granularities were observed in 3–5 fields of view from 10 analyzed fields, cells with an elongated shape
characteristic of fibroblasts

6c 103.89 (2.75) granularities were observed in 3–5 fields of view from 10 analyzed fields, cells with an elongated shape
characteristic of fibroblasts

7c Non-toxic normal morphology for fibroblasts—elongated cells, single granular cells in 1 of 10 assessed fields of view
8c 18.97 (1.84) many granules, cells shrunken, cell lysis was observed
9c 28.56 (4.59) many granules, cells shrunken, cell lysis was observed

Note: Cytotoxic compounds which were excluded from further investigations are marked in red.

On the microscopic image, few granules were observed in the NHDF cells in the tested
concentration range for the compounds 4a-7a, 9a, 4b, 7b, 4c and 7c. Cell shrinkage and
separation from the surface of the culture wells were not observed. These changes were
classified according to the criterion of grade 1—low toxicity. Similar changes in the cell
morphology were observed in the systems containing 100 µM for 5b, 6b and 5c. In this
case, a slightly greater number of endoplasmic granules were observed without any effect
on the cell contraction. In this case, low toxicity was considered as well.

With reference to derivative 6c at a concentration of 100 µM, the cells in the range of
10–15% contracted and detached from the medium. The appearance of fine granules inside
the cytoplasmic cells was observed. However, at the reduced concentration of the tested
compounds from individual endoplasmic pellets, a culture density comparable to that of
the control culture was observed. Cell lysis was not observed. Regardless of the tested
derivatives, there was no significant change in the NHDF cells compared to the control.

2.3. Cyclooxygenase (COX-1, COX-2) Inhibition Studies
2.3.1. In Vitro COX Inhibition Assay

Inhibition of COX-1 and COX-2 activity of the tested compounds was assessed after
2 min incubation at 100 µM concentration using the Cayman’s COX Colorimetric Inhibitor
Screening Assay Kit (Cat # 701050). The IC50 values and the COX-2/COX-1 selectivity
ratios were calculated for each investigated and reference compound (Meloxicam, Celecoxib
and Diclofenac). The results are shown in Table 2. The derivatives 4a-7a, 9a, 4b, 7b and 4c
revealed COX-2 inhibitory activity comparable to Meloxicam. Four of the studied molecules:
5a, 7a, 4b and 7b, also inhibited the constitutive isoform COX-1, but this activity was
significantly lower. Compounds 5b, 6b, 5c-7c did not exert any cyclooxygenase inhibition
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profile in the performed in vitro investigations. The analysis of these data allows us to
conclude that the derivatives of series a, with methyl substituent in the 1,2,4-triazole ring,
demonstrate possibly the best COX inhibitory activity. Better affinity towards COX-2 can be
explained by the bigger binding pocket of that isoenzyme. Large and expanded molecules,
like those from series b and c, with aryl substituent in the 1,2,4-triazole moiety, revealed
poor or no inhibitory activity towards COX.

2.3.2. Molecular Docking Study

The molecular docking analysis was carried out to explore the binding interactions of
the tested compounds inside the active site of cyclooxygenase. The binding free energy
(∆G◦) for the interaction with COX-1 for all of the studied compounds showed positive
value. The energies obtained for the interactions with COX-2 are presented in Table 3.
The ∆G◦ is negative for all of the compounds from series a, and for 4b, 7b and 4c. The
lowest value was found for compounds number 4 in each series (4a-c). The energies ∆E2,
∆E3 indicate that the main interactions are van der Waals and hydrogen bonding. The
size of the COX-2 pocket is bigger than COX-1, which allows for the selective binding of
larger molecules. However, the analyzed compounds are relatively large, especially the
compounds from the b and c series, with phenyl and 4-methoxyphenyl rings. It can make
some difficulties in the efficient docking to even COX-2.

Table 2. The IC50 [µM] values determined for COX-1 and COX-2.

Compound
IC50 [µM] (SD) COX-2/COX-1

Selectivity RatioCOX-1 COX-2

4a NA 45.24 (0.018) -
5a 95.75 (0.1) 48.24 (0.04) 0.50
6a NA 43.85 (0.035) -
7a 70.96 (0.2) 48.48 (0.037) 0.68
9a NA 42.64 (0.015) -
4b 79.47 (0.06) 47.83 (0.039) 0.60
5b NA NA -
6b NA NA -
7b 86.30 (0.005) 49.79 (0.001) 0.58
4c NA 48.50 (0.027) -
5c NA NA -
6c NA NA -
7c NA NA -

Meloxicam 83.7 (0.03) 59.2 (0.06) 0.71
Celecoxib 56 (0.1) 0.30 (0.08) 0.005
Diclofenac 3.5 (0.04) 16.6 (0.03) 4.74

Note: Data are shown as standard deviation (SD), NA stands for “not applicable”.

Inside the COX-2 active site, some hydrogen bonds interactions were found, especially
for the compounds belonging to series a: SER530, TYR355, ARG120, SER120. Moreover, var-
ious kinds of π interactions are observed. The details are presented in Figures 1–3. In addi-
tion, the position of the studied compounds was found very similar to Meloxicam (Figure 4).
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Figure 1. Two-dimensional interaction plot of 4a-7a, 9a with COX-2.

2.4. Anti-Inflammatory and Antioxidant Activity within Cells

The titled N-substituted-1,2,4-triazole derivatives of pyrrolo[3,4-d]pyridazinone were
further evaluated for their anti-inflammatory potential in NHDF cells pre-incubated with
the proinflammatory agent lipopolysaccharide (LPS) at a concentration of 50 µg/mL.

The NHDF cell line was firstly treated with LPS for 24 h to induce inflammation. Then,
the culture was washed and incubated with the test compounds for 24 h at a concentration
range of 10–100 µM. All of the tested molecules increased the cell viability compared to the
positive control (except 5c and 6c in the concentration range of 50–100 µM). This fact can
suggest that the investigated derivatives could probably exert a good ability to reduce cell
inflammation (Figure 5). For the remaining tested compounds, the increase in the activity
of mitochondria was statistically significantly higher than in the positive control. At the
same time, compounds 6a and 9a showed a greater increase in mitochondrial activity than
the negative control in the entire range of the tested concentrations.
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Table 3. Energies of the interactions of the tested compounds with COX-2 were obtained from the
molecular study.

∆G◦ [kJmol−1] ∆E1 [kJmol−1] ∆E2 [kJmol−1] ∆E3 [kJmol−1] Ki [µM]

4a −22.57 −33.81 −34.52 0.75 109
5a −15.38 −27.84 −28.67 0.84 2010
6a −23.28 −34.48 −35.44 0.96 83
7a −11.32 −23.83 −23.83 0.00 10,250
9a −21.02 −33.48 −33.41 −0.16 206
4b −20.40 −32.85 −34.36 1.50 226
5b 11.60 −2.17 −3.89 1.76 -
6b 13.29 −0.83 −0.25 1.08 -
7b −5.93 −19.64 −19.10 −0.84 90,800
4c −8.07 −21.82 −23.24 1.42 38,200
5c 29.63 14.67 11.87 2.71 -
6c 52.36 36.65 35.44 1.21 -
7c 6.18 −8.78 −8.66 −0.12 -

Meloxicam −34.02 −37.74 −37.32 −0.42 1.09
Celecoxib −30.17 −36.40 −36.11 −0.08 5.13
Diclofenac −29.59 −35.82 −30.18 −5.63 6.50

Notes: ∆G◦—binding free energy; ∆E1—intermolecular interaction energy, which is the sum of van der Waals
energy, hydrogen bonding energy, desolvation free energy and electrostatic energy; ∆E2—the sum of van der Waals
energy, hydrogen bonding energy and desolvation free energy; ∆E3—electrostatic energy, Ki—inhibit constants.

Figure 2. Two-dimensional interaction plot of 4b-7b with COX-2.
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Figure 3. Two-dimensional interaction plot of 4c-7c with COX-2.

Figure 4. Docking poses of 4a (green), 4b (red), 4c (blue) and Meloxicam (pink) inside COX-2.
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Figure 5. Impact of investigated compounds on NHDF cells after incubation with 50 µg/mL LPS measured through
MTT assay; # p < 0.05—significant difference compared to the control with 50 µg/mL LPS and without compounds;
* p < 0.05—significant difference compared to a negative control without 50 µg/mL LPS and compounds.

Needless to say, such factors like hypoxia or inflammation can increase the intracel-
lular level of reactive oxygen and nitrogen species (RONS). As a consequence, oxidative
and/or nitrosative stress can develop in inflamed tissue [39]. According to many studies,
the aforementioned processes often co-exist and potentiate one another [39,40]. Being
aware that there is an increased level of free oxygen radicals and nitric oxide (NO) in
inflammation, we evaluated whether the tested compounds exhibit antiradical activity in
the dichlorofluorescin diacetate (DCF-DA) and Griess assays and assessed the levels of
reactive oxygen species (ROS) and NO, respectively (Figure 6A,B).

The dependence on the concentration of the new derivatives of pyrrolo[3,4-d]pyridazinone
and their antioxidant activity has been demonstrated in the executed experiments (Figure 6).
The higher the concentration of the tested compound, the stronger the scavenging of oxy-
gen free radicals has been noticed. All of the tested compounds statistically significantly
decreased the level of ROS as compared to the positive control. Moreover, the derivatives
6a and 9a scavenged oxygen free radicals to the level of the negative control in the whole
range of the tested concentrations. At the same time, all of the examined molecules showed
a statistically significant reduction in the NO level, as compared to the positive control.
Compound 9a was the only one that lowered NO levels to negative control levels over the
whole range of the investigated concentrations.

2.5. Structure-Activity Relationship Study

When considering the composition of 18 title compounds reported in this paper, we
can point out three characteristic and variable structural elements which could have the
impact on the toxicity and the biological activity of the investigated derivatives (Figure 7).
The first one is the substituent in position 4 in the 1,2,4-triazole ring. We have introduced
there residues of a different size and character. Based on this structural element, we
have divided title compounds into three main series: (a) with methyl group, (b) with
phenyl ring and (c) with 4-methoxyphenyl moiety. The second one is the aryl piperazine
pharmacophore—being more precise, the substituent or its lack in its phenyl ring. In this
case, we can also demonstrate three groups of compounds. The first one is those with
unsubstituted phenylpiperazine moiety (4a-c, 7a-c). In the second class (5a-c, 8a-c) we
can distinguish the derivatives with the trifluoromethyl group in position 3. On the other
hand, compounds 6a-c, 9a-c possess a substituent completely different in the size and
electronic character—a methyl residue in position 4 of phenyl ring. Finally, when taking
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into consideration the way in which the aryl piperazine pharmacophore is linked with
1,2,4-triazole moiety, we can divide the target compounds into two groups. Mannich base-
type derivatives are the first one (4a-c-6a-c), while the second one consists of structures
with flexible oxoethylene linker (7a-c-9a-c) received via S-alkylation of 1,2,4-triazole.

Figure 6. Impact of investigated compounds on NHDF cells after incubation with 50 µg/mL LPS; (A) DCF-DA assay and
(B) Griess assay; # p < 0.05—significant difference compared to the control with 50 µg/mL LPS and without compounds;
* p < 0.05—significant difference compared to a negative control without 50 µg/mL LPS and compounds.

When analyzing the results of the cell viability evaluation, we can see that there is
a significant relationship between the structure and cytotoxicity of the titled compounds.
First of all, in every series, a, b and c molecules with unsubstituted phenylpiperazine,
that is 4 and 7, appeared to be non-toxic. On the contrary, all of the derivatives with
both the trifluoromethyl group and oxoethylene linker (8a-c) caused cell lysis. Such an
effect was also observed in the case of compounds possessing 4-methylphenylpiperazine
pharmacophore connected via the oxoethylene group with 1,2,4-triazole, which are 9b and
9c. Continuing our considerations, it is worth noticing that the data shown in the Table 1
clearly indicate that out of six compounds from series a (methyl residue in 1,2,4-triazole),
as many as five derivatives (4a-7a, 9a) did not reveal a cytotoxic effect at all. Therefore, the
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presence of a small substituent in that place appear to be the most favorable. Moreover,
Mannich base derivatives (4a-c-6a-c) were found to be less toxic than compounds with
oxoethylene linker (7a-c-9a-c).

Figure 7. The concept of design and synthesis of target N-substituted-1,2,4-triazole-based derivatives of pyrrolo[3,4-
d]pyridazinone.

We can assume that the introduction of a large substituent into position 4 of 1,2,4-
triazole ring, with the simultaneous presence of substituted aryl piperazine pharmacophore,
leads to an increase of cytotoxicity, which may be caused by large molecular weight. In
this case, the nature and size of the residue in the triazole ring seems to be substantial.
The compounds with a small methyl group in the position 4 of 1,2,4-triazole ring and/or
unsubstituted phenylpiperazine pharmacophore did not affect the cell viability at all (except
8a). Summing up, the cytotoxic effect grew up alongside with increased molecular weight
and the size of molecule. Derivatives 8a-c, 9b-c were excluded from further investigations.

Considering COX inhibition studies, derivatives 5b, 6b, 5c-7c, did not show any
activity in in vitro assay and their binding free energy (∆G◦) for interaction with both of the
isoenzymes presented positive values. Thus, a large substituent in 1,2,4-triazole ring led to a
decrease in the biological activity. From series b and c only 4b, 7b and 4c revealed potential
COX inhibition. Compounds 4a-7a, 9a demonstrated good cyclooxygenase inhibitory
activity, especially towards COX-2 isoform (Table 2). It is worth to mention, that 5a, 7a, 4b
and 7b inhibited also COX-1 isoform in vitro, but it was not confirmed by the results of the
molecular docking studies. Moreover, the IC50 values of active compounds determined
for both COX-1 and COX-2 were very similar to that defined for Meloxicam. Taking into
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consideration the results obtained in in vitro COX inhibition assay and in the molecular
docking studies, the most promising appeared to be derivatives from series a.

Analyzing the result of performed in vitro anti-inflammatory and antioxidant activ-
ity evaluation within cells, we did not notice such meaningful differences between the
investigated compounds. All of the derivatives exerted a good ability to reduce induced
inflammation, except 5c and 6c. Once more, structures which belong to series a turned out
to be the most potent.

Taking all of the above into account, we can suppose that the nature of aryl piperazine
pharmacophore and the linker had the main impact on the compounds’ toxicity. On the
other hand, the substituent in the position 4 of 1,2,4-triazole had the influence on both the
cytotoxicity and the COX inhibitory activity.

Our consideration concerning the structure-activity relationships in the group of the
investigated target molecules are summarized in Figure 8.

Figure 8. The structure-activity relationships in the group of investigated molecules.

2.6. Bovine Serum Albumin (BSA) Ligand-Binding Assay

The interaction of new compounds with blood proteins affects their pharmacokinetics
in vivo. Therefore, we have performed experiments which were aimed at the estimation
of the binding mode of the target compounds with the bovine serum albumin (BSA).
Its structure is very similar to human serum albumin (HSA), and therefore can be used
instead of human protein, especially since the costs of the application of bovine protein
are significantly lower [41,42]. The mature BSA protein consists of 583 amino acids and
is formed by 3 homologous domains, I, II and III, which in turn are composed of 2 sub-
domains: A and B [42]. Aromatic and heterocyclic ligands can bind to hydrophobic cavities
in the subdomains IIA and IIIA [41]. The molecular interaction between new ligands and
bovine serum albumin can be monitored by optical techniques such as circular dichroism
(CD), FT-IR, ultraviolet–visible (UV-vis) or fluorescence spectroscopy [43].

2.6.1. Fluorescence Quenching of BSA, Binding Constants, Thermodynamic Studies

In this study, we checked the binding properties of the analyzed compounds to bovine
serum albumin (BSA). Due to this, the fluorescence spectra were recorded in the range
of 300–500 nm upon excitation at 280 nm, where both Trp and Tyr residues are excited,
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and concentration range 0.0–2.0 µM (Figure 9). After the addition of each portion of the
analyzed compound, the fluorescence intensity of BSA decreased. It suggests that all
compounds could interact with BSA. The analyzed compounds can interact with BSA
in two ways: forming a complex (what means static quenching) or due to collisions
between molecules (dynamic quenching). The analysis by the Stern–Volmer equation, in
dependence on temperature, can explain which way of interaction is observed in the case
of our compounds [44].

The Stern–Volmer Equation (1) [45] at three different temperatures 297, 303, 308 K,
was used for all of the fluorescence data after correction due to the infer filter effect (2):

Fcorr = Fobs10
(Aex+Aem)

2 (1)

where, Fcorr and Fobs are the corrected and observed fluorescence intensities, respectively.
Aex and Aem are the absorbance values at excitation and emission wavelengths, respectively.

FO

F
= 1 + kqτ[Q] = 1 + KSV (2)

where F0 and F are the steady-state fluorescence intensities at the maximum wavelength in
the absence and presence of quencher, respectively, kq the quenching rate constant of the
biomolecule, τ0 the average lifetime of the biomolecule, [Q] is the quencher concentration
and Ksv is the Stern–Volmer constant.

The Stern–Volmer (KSV) constant was determined by linear fitting. The calculated re-
sults are collected in Table 4. When the temperature increases, the KSV values also decrease.
Furthermore, the quenching rate constant (kq) values are much greater than the value of
the maximum scatter collision quenching constant equal to 2 × 1010 dm3·mol−1·s−1 [46].
Thus, all of the above indicate that the static quenching mechanism is more probable than
dynamic and suggests forming the ground–state complex.

A double logarithm regression curve (3) was used to calculate the binding constants
and the number of binding sites:

log
F0 − F

F
= logKb + nlog[Q] (3)

where F0 and F are the steady-state fluorescence intensities at the maximum wavelength in
the absence and presence of quencher, respectively, [Q] is the quencher concentration.

Figure 10 shows a good linear fit for all of the studied compounds. The results listed
in Table 4 made visible that the binding constants indicate values of about 105 dm3·mol−1

at 297 K and decrease in higher temperatures. Similar values were obtained for many
biologically active compounds [44,47–51]. Thus, the number of binding sites is close to 1
for all of the studied compounds, which means a one-to-one interaction.

Small molecules can interact with proteins in various ways, such as a hydrogen bond,
van der Waals force, electrostatic and hydrophobic interactions, etc. [52]. The values of the
thermodynamic parameters, enthalpy change (∆H◦), the entropic change (∆S◦) and free
energy change (∆G◦), indicate the manners of these interactions.

The thermodynamic parameters were calculated from Equations (4) and (5):

logKb = −∆H
◦

RT
+

∆S
◦

R
(4)

∆G
◦
= ∆H

◦ − T∆S
◦
= −RTlnKb (5)

where Kb is the binding constant, R is the universal gas constant.
The results are listed in Table 4. The negative ∆G◦ values indicate that the interaction

between BSA and the analyzed compounds was spontaneous. Simultaneously, the ∆H◦

and ∆S◦ also had negative values. Due to this, it can be concluded that van der Waals
forces and/or hydrogen bonds were the main interaction types in the binding process.
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Figure 9. Fluorescence spectra of BSA solution in the presence of studied compounds (T-297 K,
λex = 280 nm). The concentration of derivatives from series a, b and c increased gradually as follows:
0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0 µM.

2.6.2. Circular Dichroism Spectra

Circular dichroism spectroscopy is a good method to determine the changes in the
secondary structure in the conformation of proteins and to check if the analyzed compounds
can interact with protein molecules [53]. In this study, we investigated the changes in the
structure of BSA when all of the analyzed compounds were absent or present in solutions.
Two negative bands characteristic for BSA, at near 208 nm and 222 nm, were observed in
all of the CD spectra (Table S6 in Supplementary Data), which is typical for the α-helical
structure of the protein. Any changes in this region mean conformational changes in
protein molecules [54]. On the CD spectra shown in Table S6, a reduction of ellipticity
values at 208 nm and 222 nm after adding every portion of the analyzed compounds can
be seen. The loss in the α-helix(%) was observed. The content of the α-helix was calculated
using Equations (6) and (7):

α− helix(%) =
−MRE208 − 4000

33000 − 4000
100% (6)
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where MRE208 is the MRE value observed at 208 nm, 4000 and 33,000 is the MRE value
of the β-form and random coil conformation cross at 208 nm value of pure α-helix at
208 nm, respectively.

MRE =
ObservedCD[mdeg]

10Cnl
(7)

where C is the molar concentration of BSA, n is the number of amino acid residues, which
is 583 for BSA, l is the path length in cm [55].

Table 4. The Stern–Volmer constant Ksv and the quenching rate constant kq, the binding constants Kb and number of binding
sites n and the thermodynamic parameters for the interaction of BSA with studied compounds at different temperatures.

Quenching Binding Thermodynamic

T
[K]

Ksv × 105

[dm3mol−1]
kq × 1013

[dm3mol−1·s−1]
logKb

Kb × 104

[dm3mol−1]
n ∆G◦

[kJmol−1]
∆H◦

[kJmol−1]
∆S◦

[Jmol−1K−1]

4a
297
303
308

0.82
0.56
0.24

0.82
0.56
0.24

4.95 ± 0.09
4.65 ± 0.09
4.35 ± 0.27

8.91
4.47
2.24

1.00 ± 0.02
0.98 ± 0.02
0.99 ± 0.05

−28.20 −95.14 −225.40

5a
297
303
308

0.89
0.97
0.80

0.89
0.97
0.80

4.91 ± 0.14
4.74 ± 0.04
4.30 ± 0.07

8.13
5.50
2.00

0.99 ± 0.02
0.96 ± 0.01
0.89 ± 0.01

−28.20 −95.17 −225.50

6a
297
303
308

0.51
0.40
0.14

0.51
0.40
0.14

4.69 ± 0.13
4.27 ± 0.14
3.51 ± 0.22

4.90
1.86
0.33

0.99 ± 0.02
0.94 ± 0.02
0.89 ± 0.04

−27.07 −186.69 −537.43

7a
297
303
308

0.66
0.27
0.10

0.66
0.27
0.10

4.67 ± 0.07
4.09 ± 0.20
3.26 ± 0.21

4.68
1.23
0.99

0.97 ± 0.01
0.94 ± 0.03
0.87 ± 0.04

−26.89 −222.14 −657.43

9a
297
303
308

1.71
0.48
0.20

1.71
0.48
0.20

4.91 ± 0.05
4.52 ± 0.09
4.23 ± 0.18

4.90
1.86
0.33

0.94 ± 0.01
0.97 ± 0.02
0.98 ± 0.03

−27.89 −108.40 −271.08

4b
297
303
308

1.76
0.97
0.42

1.76
0.97
0.42

4.82 ± 0.20
4.47 ± 0.22
3.82 ± 0.20

6.61
2.95
0.61

0.92 ± 0.03
0.91 ± 0.03
0.86 ± 0.02

−27.75 −156.84 −434.67

5b
297
303
308

1.72
0.97
0.25

1.72
0.97
0.25

4.76 ± 0.12
4.22 ± 0.13
3.94 ± 0.17

5.75
1.66
0.87

0.92 ± 0.02
0.93 ± 0.02
0.92 ± 0.03

−26.92 −131.53 −352.20

6b
297
303
308

1.78
0.52
0.48

1.78
0.52
0.48

4.91 ± 0.15
4.32 ± 0.12
3.86 ± 0.06

8.13
2.09
0.72

0.95 ± 0.02
0.93 ± 0.02
0.90 ± 0.01

−27.90 −167.25 −469.18

7b
297
303
308

3.07
1.95
0.78

3.07
1.95
0.78

4.97 ± 0.17
4.53 ± 0.16
4.07 ± 0.10

9.33
3.39
1.17

0.91 ± 0.03
0.87 ± 0.02
0.86 ± 0.02

−28.36 −142.60 −384.65

4c
297
303
308

0.59
0.24
0.37

0.59
0.24
0.37

4.82 ± 0.19
4.37 ± 0.40
3.97 ± 0.12

5.61
2.34
0.93

1.01 ± 0.03
0.99 ± 0.08
0.90 ± 0.02

−27.44 −135.07 −362.40

5c
297
303
308

0.81
0.60
0.36

0.81
0.60
0.36

4.97 ± 0.18
4.51 ± 0.10
4.11 ± 0.13

9.33
3.24
1.29

1.01 ± 0.03
0.95 ± 0.02
0.92 ± 0.02

−28.29 −136.72 −365.09

6c
297
303
308

2.68
0.76
0.31

2.68
0.76
0.31

4.98 ± 0.12
4.61 ± 0.03
4.28 ± 0.12

9.55
4.07
1.91

0.92 ± 0.02
0.95 ± 0.01
0.96 ± 0.02

−28.34 −111.23 −279.08

7c
297
303
308

2.37
1.03
0.41

2.37
1.03
0.41

4.97 ± 0.20
4.53 ± 0.10
3.94 ± 0.18

9.33
3.39
0.87

0.93 ± 0.03
0.92 ± 0.02
0.88 ± 0.03

−28.48 −162.47 −451.14
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Figure 10. Fluorescence spectra of BSA solution in presence of studied compounds (T-297 K, λex
= 280 nm). The concentration of a, b and c was as follows: 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8,
2.0 µM.

The reduction in the α-helical contents of BSA is observed in the presence of all of
the analyzed compounds. The changes after adding every portion of analyzed ligands
are presented in Table 5. The observed changes ranged from 2.72% for 7a to 5.88% for
7b (Figure 11). Thus, CD studies showed that all of the analyzed compounds could interact
with BSA, which agrees with the fluorescence spectroscopy.

Table 5. The values of the calculated α-helix(%) for BSA with the absence and presence of all analyzed compounds.

BSA/Analyzed
Compound
Molar Ratio

α-Helix [%]

4a 5a 6a 7a 9a 4b 5b 6b 7b 4c 5c 6c 7c

1:0 51.83 52.15 51.93 51.59 51.90 51.08 52.80 52.44 52.87 52.70 53.10 53.49 52.77
1:0.5 51.35 51.52 51.28 50.49 50.79 51.40 51.05 51.89 51.78 52.64 52.24 52.41 52.07
1:1 51.16 50.62 50.74 49.99 50.74 50.48 50.86 49.81 51.75 51.66 52.49 51.81 51.22
1:5 49.80 50.26 49.59 48.79 49.76 49.74 51.21 49.15 49.92 51.10 50.36 50.74 50.31
1:10 48.09 47.56 47.45 48.87 46.94 47.00 48.53 47.66 46.99 47.45 50.12 48.01 48.19

2.6.3. Fourier Transform Infrared Spectroscopic Measurements

The interaction of BSA with a series of investigated compounds was evaluated by
analyzing changes in the protein secondary structure. The backbone conformation of BSA
is related to the shape and intensity variation of the Amide I bond (C=O—stretching)
and Amide II bond (C–N—stretching coupled with N–H bending) detected in the range
1700–1600 cm−1 [56]. Shi et al. mention that the Amide I bond is more sensitive than the
Amide II bond for changes in the secondary structure [42]. The major signals found for
free BSA: 1658 cm−1 and 1550 cm−1 are related to the α-helix structure and contribution
of 53.8% (Table 6). It corresponds well with the CD measurements. The second large
share has the β-sheet structure, which accounts for 29.2% and manifests as 1638 cm−1,
1630 cm−1 and 1618 cm−1 peaks (Table 6, Table S7a). For all of the measurement BSA-
compound complexes, it was observed that there was a tendency to decrease the intensity
of the 1650 cm−1 and 1545 cm−1 signals with an increase of the compound concentration
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(Table S8 in Supplementary Data). This clearly proves that all of the presented compounds
interact with BSA, and binding to a protein is demonstrated by changing its secondary
structure. A reduction in the α-helix structures in BSA was observed for all of the studied
compounds after binding them to the protein. These results are in good agreement with
fluorescence and CD spectroscopy. The majority of the changes were exhibited in It is with
good correspondence the 5b, 5c, 6b, 6c and 7c compounds. Moreover, the certain losing
β-sheet structure occurred, especially for the 5c, 6c and 7c. These findings correspond to
a rise in the percentage of β-turn and β-antiparallel in the secondary structure of BSA.
Moreover, the higher contribution of disordered random coil stood out in the samples
containing 5c, 6c and 7c.

Figure 11. The comparison of changes in the α-helix(%) of BSA after adding 10 portions of each
analyzed compound.

2.6.4. Site Markers Studies and Molecular Docking

In the BSA molecule, there are two binding sites situated in subdomains IIA and
IIIA [57]. To confirm the binding sites where the analyzed compounds can be bound,
Phenylbutazone (PHB) and Ibuprofen (IBP) were used as site probes [58]. Equation (3) was
used to analyze the results here. The obtained results are collected in Table 7. The values
of Kb of all of the tested compounds with BSA in the presence of IBP and PHB decline
compared to compounds without BSA (Table 7). However, in the case of the values with
PHB, the differences are smaller than in the case of IBP. Therefore, the results suggest that
all of the studied compounds mainly bind to subdomain IIIA of BSA.
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Table 6. Secondary structure of free BSA and BSA-drug complexes at pH = 7.5 calculated from Amide
I bond obtained by FT-IR.

Compound α-Helix [%] β-Sheet [%] β-Turn [%] β-Anti [%] Random-Coil [%]

Free—BSA 53.8 29.2 6.6 1.6 8.8

4a—BSA 50.2 16.5 11.8 11.8 9.7
5a—BSA 50.4 16.5 8.9 15.4 8.8
6a—BSA 50.3 17.8 4.9 19.5 7.5
7a—BSA 51.7 17.1 8.5 15.6 7.1
9a—BSA 51.8 16.2 5.8 18.4 7.8

4b—BSA 50.2 14.3 11.7 16.4 7.4
5b—BSA 49.7 13.8 13.7 12.5 10.3
6b—BSA 49.8 12.4 12.3 13.4 12.1
7b—BSA 51.5 14.2 15.6 9.9 8.8

4c—BSA 50.1 17.3 13.2 8.3 11.1
5c—BSA 49.1 6.1 16.4 3.6 24.8
6c—BSA 49.9 5.6 18.8 4.1 21.6
7c—BSA 48.3 6.6 18.6 4.2 22.3

Table 7. The binding constant of the studied compounds with BSA in the presence of site markers Phenylbutazone (PHB) and
Ibuprofen (IBP) at 297 K.

Site
Marker logKb

Site
Marker logKb

Site
Marker logKb

4a
-

BSA + IBP
BSA + PHP

4.95 ± 0.09
3.50 ± 0.07
4.54 ± 0.05

4b
-

BSA + IBP
BSA + PHP

4.82 ± 0.20
3.55 ± 0.19
4.55 ± 0.07

4c
-

BSA + IBP
BSA + PHP

4.82 ± 0.19
3.30 ± 0.08
4.57 ± 0.12

5a
-

BSA + IBP
BSA + PHP

4.91 ± 0.14
3.60 ± 0.09
4.36 ± 0.07

5b
-

BSA + IBP
BSA + PHP

4.76 ± 0.12
3.45 ± 0.05
4.25 ± 0.13

5c
-

BSA + IBP
BSA + PHP

4.97 ± 0.18
3.27 ± 0.09
4.58 ± 0.05

6a
-

BSA + IBP
BSA + PHP

4.69 ± 0.13
3.40 ± 0.11
4.10 ± 0.09

6b
-

BSA + IBP
BSA + PHP

4.91 ± 0.15
3.60 ± 0.12
4.46 ± 0.15

6c
-

BSA + IBP
BSA + PHP

4.98 ± 0.12
3.68 ± 0.06
4.63 ± 0.05

7a
-

BSA + IBP
BSA + PHP

4.67 ± 0.07
3.37 ± 0.09
4.20 ± 0.11

7b
-

BSA + IBP
BSA + PHP

4.97 ± 0.17
3.20 ± 0.08
4.39 ± 0.07

7c
-

BSA + IBP
BSA + PHP

4.97 ± 0.20
3.50 ± 0.14
4.58 ± 0.09

9a
-

BSA + IBP
BSA + PHP

4.91 ± 0.05
3.50 ± 0.09
4.55 ± 0.10

The binding interactions between the tested compounds and BSA were studied by
the molecular docking method. The simulated results were listed in Table 8. The results
revealed that the binding free energy for all of the compounds within the hydrophobic
cavity in site II (m) of BSA was more negative than that within the hydrophobic cavity
in site I and site II(l). This indicates that site II (m) is favorable. The value of electrostatic
energy (∆E3) is much less than ∆E2. It can indicate that the main interactions are van
der Waals and hydrogen bonding interactions. The position of the compounds with
the lowest binding free energy from all of the studied series in site II (m) compared
to Ibuprofen is shown in Figure 12. The compounds are surrounded by various kinds
of residues (Figure 13). Hydrogen bonds with Arg208, Leu326, Leu346 are formed. The
π-sigma and other hydrophobic interactions are observed.
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Figure 12. Docking poses of 4a (pink), 4b (green), 5c (blue) and Ibuprofen (yellow) inside BSA site II (m).

Figure 13. Two-dimensional interaction plot of 4b, 4a, and 5c with BSA in site 2 (m).
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Table 8. Energies of the binding complexes BSA with studied compounds obtained from molecu-
lar docking.

Binding Site ∆G◦ [kJmol−1] ∆E1 [kJmol−1] ∆E2 [kJmol−1] ∆E3 [kJmol−1]

4a
site I

site II(m)
site II(l)

−31.02
−40.08
−27.42

−42.22
−51.33
−38.66

−37.66
−46.73
−39.88

−4.56
−4.60
1.21

5a
site I

site II(m)
site II(l)

−29.93
−38.22
−28.88

−42.38
−50.74
−41.38

−39.00
−46.89
−42.38

−3.38
−3.85
1.00

6a
site I

site II(m)
site II(l)

−30.18
−38.03
−31.30

−42.79
−49.28
−42.55

−38.67
−46.48
−43.72

−4.10
−2.80
1.17

7a
site I

site II(m)
site II(l)

−30.51
−35.69
−28.55

−43.01
−48.20
−41.04

−42.93
−47.36
−40.38

−0.04
−0.84
−0.67

9a
site I

site II(m)
site II(l)

−31.06
−35.44
−25.16

−43.55
−47.95
−37.62

−43.35
−47.19
−37.12

−0.21
−0.76
−0.50

4b
site I

site II(m)
site II(l)

−35.53
−41.17
−25.37

−47.98
−53.62
−37.87

−44.02
−50.20
−38.03

−4.01
−3.43
0.20

5b
site I

site II(m)
site II(l)

−32.02
−39.54
−30.47

−45.73
−53.30
−44.18

−41.05
−50.95
−45.06

−4.68
−2.30
0.84

6b
site I

site II(m)
site II(l)

−33.56
−41.17
−28.30

−46.02
−53.63
−40.76

−41.08
−51.00
−39.67

−4.22
−2.63
−1.08

7b
site I

site II(m)
site II(l)

−29.30
−39.67
−23.57

−43.01
−53.38
−37.28

−42.64
−52.83
−37.57

−0.37
−0.55
0.29

4c
site I

site II(m)
site II(l)

−34.48
−38.79
−28.34

−48.19
−52.50
−45.01

−43.76
−49.87
−43.09

−4.43
−2.63
1.08

5c
site I

site II(m)
site II(l)

−31.51
−42.48
−22.40

−46.48
−57.81
−37.37

−42.18
−54.88
−39.17

−4.26
−2.93
1.80

6c
site I

site II(m)
site II(l)

−31.77
−37.20
−24.03

−45.48
−50.91
−37.75

−42.39
−47.82
−36.12

−3.09
−3.09
−1.63

7c
site I

site II(m)
site II(l)

−27.21
−38.12
−33.89

−42.17
−53.08
−48.86

−41.08
−52.37
−48.91

−1.09
−0.71
0.05

∆G◦—binding free energy; ∆E1—intermolecular interaction energy, which is the sum of van der Waals energy,
hydrogen bonding energy, desolvation free energy and electrostatic energy; ∆E2—the sum of van der Waals
energy, hydrogen bonding energy and desolvation free energy; ∆E3—electrostatic energy.

2.7. In Silico Pharmacokinetic and Druglikeness Prediction

The derivatives 4a-7a, 9a, 4b-7b, 4c-7c were predicted for their possible pharmacoki-
netic (absorption distribution metabolism excretion; ADME) and drug-likeness proper-
ties using the SWISSADME server (http://www.swissadme.ch/index.php, accessed on
9 September 2021). The simulated results concerning the physicochemical features in the
context of the Lipinski’s rule of five (Ro5) [59] are presented in the Table 9. The compounds
4a-6a, 4b and 6b meet the conditions of the Ro5, and therefore are supposed to show good
oral bioavailability and membrane permeability. These findings are supported by the
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results collected in Table 10. Most of the investigated molecules are predicted to be highly
absorbed through the gastrointestinal (GI) tract. On the other hand, none of them are
expected to cross blood–brain barrier (BBB). The water solubility was found to be rather
poor (Table 10).

Table 9. Predicted physicochemical properties of studied compounds using SWISSADME server.

Compound
Physicochemical Properties—Lipinski’s Rule of Five (Ro5)

#H-Bond
Acceptors

#H-Bond
Donors

Log Po/w
(MLOGP) MW [g/mol] #Violations

4a 5 0 2.88 550.72 1
5a 8 0 3.36 618.72 1
6a 5 0 3.07 564.75 1
7a 6 0 2.99 578.73 2
9a 6 0 3.18 592.76 2
4b 5 0 3.89 612.79 1
5b 8 0 4.35 680.79 2
6b 5 0 4.08 626.81 1
7b 5 0 3.99 640.80 2
4c 6 0 3.58 642.81 2
5c 9 0 4.03 710.81 2
6c 6 0 3.76 656.84 2
7c 7 0 3.68 670.82 2

Table 10. Predicted ADME parameters of studied compounds using SWISSADME server.

Compound
Pharmacokinetics

GI Absorption BBB Permeant P-gp Substrate Water Solubility

4a High No Yes Moderately soluble
5a High No Yes Poorly soluble
6a High No Yes Moderately soluble
7a High No Yes Poorly soluble
9a High No Yes Poorly soluble
4b High No Yes Poorly soluble
5b Low No Yes Poorly soluble
6b High No Yes Poorly soluble
7b Low No Yes Poorly soluble
4c High No Yes Poorly soluble
5c Low No Yes Poorly soluble
6c High No Yes Poorly soluble
7c Low No Yes Poorly soluble

According to the results presented in Table 11, the derivatives 4a-6a, 4b, 6b not only do
not violate the Lipinski’s rule of five, but also fulfill the descriptors of Veber’s rule [59,60].
This factors, alongside with the promising bioavailability score and calculated values of
topological polar surface area (TPSA) (<140 Å2) [61], can suggest that our compounds
could be easily transported through biological membranes.
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Table 11. Predicted drug-likeness properties of studied compounds using SWISSADME server.

Compound
Drug-Likeness

Lipinski Veber Bioavailability Score TPSA [Å2]

4a Yes, 1 violation Yes 0.55 110.37
5a Yes, 1 violation Yes 0.55 110.37
6a Yes, 1 violation Yes 0.55 110.37
7a No, 2 violations No, 1 violation 0.17 128.61
9a No, 2 violations No, 1 violation 0.17 128.61
4b Yes, 1 violation Yes 0.55 110.37
5b No, 2 violations No, 1 violation 0.17 110.37
6b Yes, 1 violation Yes 0.55 110.37
7b No, 2 violations No, 1 violation 0.17 128.61
4c No, 2 violations No, 1 violation 0.17 119.60
5c No, 2 violations No, 1 violation 0.17 119.60
6c No, 2 violations No, 1 violation 0.17 119.60
7c No, 2 violations No, 1 violation 0.17 137.84

3. Materials and Methods
3.1. Chemistry
3.1.1. Instrumentation and Chemicals

All of the chemicals, solvents and reagents used during chemical synthesis, purifica-
tion and other experiments were delivered by commercially available suppliers (Alchem,
Wrocław, Poland; Chemat, Gdańsk, Poland; Archem, Łany, Poland) and were used without
further purification. Dry solvents were received according to the standard procedures. The
reaction progress was monitored using the thin-layer chromatography (TLC) technique on
silica-gel-60-F254-coated TLC plates, which were observed in UV light at 254 or 366 nm.
The melting points of all of the new compounds were determined on the Electrothermal
Mel-Temp 1101D apparatus (Cole-Parmer, Vernon Hills, IL, USA) using the open capillary
method and were uncorrected. The 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra
were recorder on the Bruker 300 MHz NMR spectrometer (Bruker Analytische Messtechnik
GmbH, Rheinstetten, Germany). The samples were dissolved in CDCL3 or DMSO-d6,
and tetramethylsilane (TMS) was used as an internal reference. Chemical shifts (δ) were
reported in ppm. The infrared (IR) spectra were determined on the Nicolet iS50 FT-IR
Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The samples were applied as
solids, and the frequencies were reported in cm−1. Mass spectra (MS) were recorded using
the Bruker Daltonics Compact ESI-Mass Spectrometer (Bruker Daltonik, GmbH, Bremen,
Germany), operating in the positive ion mode. The analyzed compounds were dissolved
in a methanol–chloroform mixture. All of the new reported derivatives were determined
to have purities of >95% by the above-mentioned methods, unless stated otherwise.

3.1.2. Chemical Synthesis

The synthesis protocols and experimental data for compound 1 and all of the interme-
diates have already been reported [34].

General Procedure for Preparation of N-Substituted(aminothioxomethyl)hydrazide
Derivatives of Pyrrolo[3,4-d]pyridazinone (2a-c)

The 2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetohydrazide
1 (0.001 mol) was suspended in anhydrous ethanol (25 mL), and the mixture was heated
under reflux until the hydrazide dissolved completely. Then, the appropriate N-substituted
isothiocyanate (0.0011 mol) was added, and the reflux was continued for a further 0.5–2 h
till the product precipitated. Finally, the mixture was cooled down, and the solid was fil-
tered off, thoroughly washed with ethanol and purified by crystallization from this solvent.
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2a:1-[[2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetyl]amino]-3-
methyl-thiourea

Yield: 87.56%; m.p.: 207–209 ◦C;
FT-IR (selected lines, γmax, cm−1): 3263 (N-H), 2960, 2937, 2875 (C-H aliph.), 1698

(C=O), 1372 (C=S), 1231 (C-O), 1H NMR (300 MHz, DMSO-d6) δ: 0.88–0.93 (m, 3H, -CH2-
CH2 CH2-CH3), 1.27–1.35 (m, 2H, -CH2-CH2 CH2-CH3), 1.57 (m, 2H, -CH2-CH2 CH2-CH3),
2.51 (s, 3H, 7-CH3), 2.58 (s, 3H, 5-CH3), 2.85 (s, 3H, N-CH3), 3.38 (s, 3H, 3-CH3), 3.94–3.99
(m, 2H, -CH2-CH2 CH2-CH3), 4.70 (s, 2H, O-CH2-); 7.88 (s, 1H, NH), 9.31 (s, 1H, NH), 9.96
(s, 1H, NH); 13C NMR (75 MHz, DMSO-d6) δ: 10.65, 11.33, 13.99, 19.91, 31.27, 32.06, 37.04,
63.74, 108.00, 111.23, 123.58, 129.07, 148.57, 158.46, 167.62, 182.59; MS (ESI-MS) (m/z): calcd.
for C17H26N6O3S [L+H]+: 395.1860; found: 395.1839.

2b:1-[[2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetyl]amino]-3-
phenyl-thiourea

Yield: 89.88%; m.p.: 214–216 ◦C;
FT-IR (selected lines, γmax, cm−1): 3323, 3237 (N-H), 3049 (C-H arom.), 2961, 2938,

2876 (C-H aliph.), 1689 (C=O), 1360 (C=S); 1H NMR (300 MHz, DMSO-d6) δ: 0.88–0.93 (m,
3H, -CH2-CH2 CH2-CH3), 1.28–1.35 (m, 2H, -CH2-CH2 CH2-CH3), 1.58 (m, 2H, -CH2-CH2
CH2-CH3), 2.53 (s, 3H, 7-CH3), 2.58 (s, 3H, 5-CH3), 3.36 (s, 3H, 3-CH3), 3.94–3.99 (m, 2H,
-CH2-CH2 CH2-CH3), 4.77 (s, 2H, O-CH2-); 7.16–7.18 (m, 1H, Ar-H), 7.30–7.42 (m, 4H,
Ar-H), 9.56 (s, 1H, NH), 9.71 (s, 1H, NH), 10.18 (s, 1H, NH); 13C NMR (75 MHz, DMSO-d6)
δ: 10.65, 11.36, 13.99, 19.91, 32.06, 37.03, 63.84, 108.01, 111.25, 123.57, 125.64, 128.56, 129.09,
139.50, 148.57, 158.46; MS (ESI-MS) (m/z): calcd. for C22H28N6O3S [L+H]+: 457.2016; found:
457.1985.

2c:1-[[2-(6-butyl-3,5,7-trimethyl-4-oxo-pyrrolo[3,4-d]pyridazin-1-yl)oxyacetyl]amino]-3-
[(4-methoxy)phenyl]-thiourea

Yield: 94.12%; m.p.: 217–219 ◦C;
FT-IR (selected lines, γmax, cm−1): 3321, 3219 (N-H), 3051 (C-H arom.), 2957, 2872,

2836 (C-H aliph.), 1678 (C=O), 1348 (C=S); 1H NMR (300 MHz, DMSO-d6) δ: 0.88–0.93 (m,
3H, -CH2-CH2 CH2-CH3), 1.28–1.35 (m, 2H, -CH2-CH2 CH2-CH3), 1.58 (m, 2H, -CH2-CH2
CH2-CH3), 2.53 (s, 3H, 7-CH3), 2.58 (s, 3H, 5-CH3), 3.36 (s, 3H, 3-CH3), 3.73 (s, 3H, O-CH3),
3.94–3.97 (m, 2H, -CH2-CH2 CH2-CH3), 4.76 (s, 2H, O-CH2-); 6.87–6.90 (m, 2H, Ar-H),
7.22–7.25 (m, 2H, Ar-H), 9.44 (s, 1H, NH), 9.61 (s, 1H, NH), 10.14 (s, 1H, NH); 13C NMR
(75 MHz, DMSO-d6) δ: 10.65, 11.35, 13.99, 19.91, 32.06, 37.03, 55.67, 63.84, 108.02, 111.25,
113.78 123.57, 127.77, 129.08, 132.31, 148.59, 157.32, 158.46, 167.69; MS (ESI-MS) (m/z): calcd.
for C23H30N6O4S [L+H]+: 487.2122; found: 487.2087.

General Procedure for Preparation of 4-Substituted-2H-1,2,4-triazole Derivatives of
Pyrrolo[3,4-d]pyridazinone (3a-c)

The appropriate N-substituted-(aminothioxomethyl)hydrazide derivative of pyrrolo
[3,4-d]pyridazinone (2a-c) (0.0001 mol) was dissolved in a 5% aqueous solution of sodium
hydroxide (25 mL), and the mixture was stirred and refluxed for about 2–3 h. Afterward,
it was poured onto crushed ice and carefully acidified to pH 2–3 with 7.5% hydrochloric
acid (aq), resulting in the formation of a white or yellowish solid of adequate 4-substituted-
1,2,4-triazole derivative (3a-c). Finally, the afforded precipitate was filtered off, washed
with ice-cold water and recrystallized from ethanol.

3a:6-butyl-3,5,7-trimethyl-1-[(4-methyl-3-thioxo-2H-1,2,4-triazol-5-yl)methoxy]pyrrolo
[3,4-d]pyridazin-4-one

Yield: 83.12%; m.p.: 117–120 ◦C;
FT-IR (selected lines, γmax, cm−1): 3425 (N-H), 3120, 3050 (C-H arom.), 2935, 2871(C-H

aliph.), 1544 (C=N), 1340 (C=S); 1H NMR (300 MHz, DMSO-d6) δ: 0.86–0.91 (m, 3H, -CH2-
CH2 CH2-CH3), 1.26–1.33 (m, 2H, -CH2-CH2 CH2-CH3), 1.56 (m, 2H, -CH2-CH2 CH2-CH3),
2.42 (s, 3H, 7-CH3), 2.57 (s, 3H, 5-CH3), 3.40 (s, 3H, 3-CH3), 3.50 (s, 3H, triazole-N-CH3),
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3.92–3.97 (m, 2H, -CH2-CH2 CH2-CH3), 5.30 (s, 2H, O-CH2-), 13.82 (s, 1H, NH); 13C NMR
(75 MHz, DMSO-d6) δ: 10.64, 11.18, 13.97, 19.89, 30.65, 32.01, 37.03, 43.83, 58.09, 107.62,
111.18, 123.42, 129.38, 148.07, 148.89, 158.40, 168.05; HR-MS (ESI-MS) (m/z): calcd. for
C17H24N6O2S [L+H]+: 377.1754; found: 377.1736.

3b:6-butyl-3,5,7-trimethyl-1-[(4-phenyl-3-thioxo-2H-1,2,4-triazol-5-yl)methoxy]pyrrolo
[3,4-d]pyridazin-4-one

Yield: 81.69%; m.p.: 123–125 ◦C;
FT-IR (selected lines, γmax, cm−1): 3414 (N-H), 3037 (C-H arom.), 2957, 2928, 2871

(C-H aliph.), 1543 (C=N); 1H NMR (300 MHz, DMSO-d6) δ: 0.86–0.91 (m, 3H, -CH2-CH2
CH2-CH3), 1.24–1.31 (m, 2H, -CH2-CH2 CH2-CH3), 1.53 (m, 2H, -CH2-CH2 CH2-CH3),
2.25 (s, 3H, 7-CH3), 2.53 (s, 3H, 5-CH3), 3.32 (s, 3H, 3-CH3), 3.88–3.93 (m, 2H, -CH2-CH2

CH2-CH3), 5.12 (s, 2H, O-CH2-); 7.45 (m, 5H, Ar-H), 14.04 (s, 1H, NH); 13C NMR (75 MHz,
DMSO-d6) δ:10.59, 11.20, 13.97, 19.86, 31.97, 36.95, 43.76, 57.85, 107.38, 111.05, 123.31, 128.28,
129.19, 129.69, 129.91, 133.86, 147.76, 148.60, 158.28, 168.90; MS (ESI-MS) (m/z): calcd. for
C22H26N6O2S [L+H]+: 439.1911; found: 439.1874.

3c:6-butyl-3,5,7-trimethyl-1-[[4-(4-methoxy)phenyl-3-thioxo-2H-1,2,4-triazol-5-yl]
methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 84.49%; m.p.: 129–131 ◦C;
FT-IR (selected lines, γmax, cm−1): 3414 (N-H), 3041 (C-H arom.), 2956, 2931, 2872

(C-H aliph.), 1543 (C=N);1H NMR (300 MHz, DMSO-d6) δ: 0.87–0.92 (m, 3H, -CH2-CH2
CH2-CH3), 1.31 (m, 2H, -CH2-CH2 CH2-CH3), 1.54 (m, 2H, -CH2-CH2 CH2-CH3), 2.29
(s, 3H, 7-CH3), 2.54 (s, 3H, 5-CH3), 3.31 (s, 3H, 3-CH3), 3.74 (s, 3H, Ar-O-CH3) 3.92 (m,
2H, -CH2-CH2 CH2-CH3), 5.12 (s, 2H, O-CH2-); 6.96–6.99 (m, 2H, Ar-H), 7.31–7.34 (m, 2H,
Ar-H), 13.99 (s, 1H, NH); 13C NMR (75 MHz, DMSO-d6) δ:10.59, 11.20, 13.98, 19.88, 31.99,
36.95, 43.78, 55.84, 57.85, 107.46, 111.06, 114.79, 115.18, 123.34, 126.32, 129.19, 129.54, 129.97,
147.83, 148.88, 158.29, 160.13, 169.12; MS (ESI-MS) (m/z): calcd. for C13H28N6O3S [L+H]+:
469.2016; found: 469.1976.

General Procedure for Preparation of Mannich Base-Type Derivatives of
Pyrrolo[3,4-d]pyridazinone (4a-c-6a-c)

Aqueous formaldehyde of 37% (0.01 mol, ~1mL) was added to the solution of ade-
quate 4-substituted-1,2,4-triazole derivative of pyrrolo[3,4-d]pyridazinone (3a, 3b or 3c)
(0.001 mol) in methanol (30 mL). The mixture was stirred at room temperature (RT) for
30 min. Subsequently, a corresponding aryl piperazine derivative (0.0015 mol) was added,
and the stirring was continued for a further several hours at RT. The mixture was left
overnight. The formed precipitate was filtered off, thoroughly washed with cold methanol
and purified by crystallization from methanol.

4a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-2-[(4-phenylpiperazin-1-yl)methyl]-3-thioxo-
2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 72.35%; m.p.: 186–188 ◦C;
FT-IR (selected lines, γmax, cm−1): 3019 (C-H arom.), 2962, 2937, 2874 (C-H aliph.),

1549 (C=N) 1272 (C=S); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-
CH3), 1.34–1.41 (m, 2H, -CH2-CH2 CH2-CH3), 1.60–1.66 (m, 2H, -CH2-CH2 CH2-CH3),
2.43 (s, 3H, 7-CH3), 2.68 (s, 3H, 5-CH3), 2.98–2.99 (m, 4H, CH2—piperazine), 3.18–3.19
(m, 4H, CH2—piperazine), 3.57 (s, 3H, 3-CH3), 3.67 (s, 3H, triazole-N-CH3), 3.94–3.97 (m,
2H, -CH2-CH2 CH2-CH3), 5.21 (s, 2H, N-CH2-N) 5.31 (s, 2H, O-CH2-); 6.82–6.91 (m, 3H,
Ar-H), 7.22–7.27 (m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.65, 11.30, 13.69, 20.04,
31.69, 32.32, 37.05, 43.99, 49.29, 50.42, 57.54, 69.49, 108.05, 111.84, 116.32, 119.89, 122.24,
129.10, 129.43, 146.76, 147.95, 151.28, 159.17, 169.74; HRMS (ESI-MS) (m/z): calcd. for
C28H38N8O2S [L+H]+: 551.2911; found: 551.2894.
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5a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-2-[[4-[3-(trifluoromethyl)phenyl]piperazin-1-
yl]methyl]-3-thioxo-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 64.84%; m.p.: 198–200 ◦C;
FT-IR (selected lines, γmax, cm−1): 2963, 2935, 2876, 3843 (C-H aliph.), 1650 (C=N), 1242

(C=S); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.98 (m, 3H, -CH2-CH2 CH2-CH3), 1.34–1.41 (m,
2H, -CH2-CH2 CH2-CH3), 1.60–1.63 (m, 2H, -CH2-CH2 CH2-CH3), 2.42 (s, 3H, 7-CH3), 2.68
(s, 3H, 5-CH3), 2.96–2.99 (m, 4H, CH2—piperazine), 3.22–3.25 (m, 4H, CH2—piperazine),
3.57 (s, 3H, 3-CH3), 3.67 (s, 3H, triazole-N-CH3), 3.87–3.92 (m, 2H, -CH2-CH2 CH2-CH3),
5.21 (s, 2H, N-CH2-N) 5.31 (s, 2H, O-CH2-); 7.01–7.07 (m, 3H, Ar-H), 7.30–7.35 (m, 1H,
Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.65, 11.27, 13.67, 20.04, 31.71, 32.32, 37.04, 43.99,
48.77, 50.23, 57.51, 69.39, 108.05, 111.83, 112.39, 115.99, 118.93, 122.21, 129.45, 129.56, 131.22,
131.64, 146.84, 147.91, 151.32, 159.16, 169.78; MS (ESI-MS) (m/z): calcd. for C29H37F3N8O2S
[L+H]+: 619.2785; found: 619.2748.

6a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-2-[[4-[(4-methyl)phenyl]piperazin-1-yl]methyl]-3-
thioxo-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 68.98%; m.p.: 181–183 ◦C;
FT-IR (selected lines, γmax, cm−1): 2962, 2933, 2878, 2855, 2826 (C-H aliph.), 1633

(C=N), 1248 (C=S); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.98 (m, 3H, -CH2-CH2 CH2-CH3),
1.34–1.42 (m, 2H, -CH2-CH2 CH2-CH3), 1.63 (m, 2H, -CH2-CH2 CH2-CH3), 2.26 (s, 3H,
Ar-CH3), 2.43 (s, 3H, 7-CH3), 2.67 (s, 3H, 5-CH3), 2.99 (m, 4H, CH2—piperazine), 3.15
(m, 4H, CH2—piperazine), 3.57 (s, 3H, 3-CH3), 3.67 (s, 3H, triazole-N-CH3), 3.87–3.92 (m,
2H, -CH2-CH2 CH2-CH3), 5.21 (s, 2H, N-CH2-N) 5.31 (s, 2H, O-CH2-); 6.85 (m, 2H, Ar-H),
7.05–7.08 (m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.66, 11.33, 13.70, 20.05, 20.44
31.70, 32.33, 37.06, 43.99, 50.34, 57.54, 69.43, 108.04, 111.82, 112.26, 116.81, 122.26, 129.41,
129.67, 146.77, 147.95, 159.18, 169.72; MS (ESI-MS) (m/z): calcd. for C29H40N8O2S [L+H]+:
565.3068; found: 565.3019.

4b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-2-[(4-phenylpiperazin-1-yl)methyl]-3-thioxo-
2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 69.02%; m.p.: 129–131 ◦C;
FT-IR (selected lines, γmax, cm−1): 2932, 2828 (C-H aliph.), 1543 (C=N), 1269 (C=S);

1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.36–1.38 (m, 2H,
-CH2-CH2 CH2-CH3), 1.61 (m, 2H, -CH2-CH2 CH2-CH3), 2.34 (s, 3H, 7-CH3), 2.65 (s, 3H,
5-CH3), 3.06 (m, 4H, CH2—piperazine), 3.22 (m, 4H, CH2—piperazine), 3.46 (s, 3H, 3-
CH3), 3.84–3.89 (m, 2H, -CH2-CH2 CH2-CH3), 5.16 (s, 2H, N-CH2-N) 5.30 (s, 2H, O-CH2-);
6.87–6.94 (m, 3H, Ar-H), 7.24–7.29 (m, 2H, Ar-H) 7.39 (m, 2H, Ar-H); 7.45–7.46 (m, 3H,
Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.62, 11.23, 13.71, 20.03, 32.31, 36.97, 43.92, 49.36,
50.52, 57.09, 69.64, 108.05, 111.74, 116.39, 119.98, 122.18, 127.67 129.13, 129.63, 130.03, 133.80
146.79, 147.81, 151.31, 159.11, 170.52; MS (ESI-MS) (m/z): calcd. for C33H40N8O2S [L+H]+:
613.3068; found: 613.2995.

5b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-2-[[4-[3-(trifluoromethyl)phenyl]piperazin-1-
yl]methyl]-3-thioxo-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 65.29%; m.p.: 118–120 ◦C;
FT-IR (selected lines, γmax, cm−1): 2935, 2872, 2850 (C-H aliph.), 1268 (C=S); 1H NMR

(300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.33–1.40 (m, 2H, -CH2-CH2
CH2-CH3), 1.59–1.61 (m, 2H, -CH2-CH2 CH2-CH3), 2.33 (s, 3H, 7-CH3), 2.65 (s, 3H, 5-CH3),
3.05–3.07 (m, 4H, CH2—piperazine), 3.24–3.26 (m, 4H, CH2—piperazine), 3.46 (s, 3H, 3-
CH3), 3.84–3.89 (m, 2H, -CH2-CH2 CH2-CH3), 5.16 (s, 2H, N-CH2-N) 5.30 (s, 2H, O-CH2-);
7.04–7.09 (m, 3H, Ar-H), 7.32–7.39 (m, 3H, Ar-H); 7.46–7.48 (m, 3H, Ar-H); 13C NMR (75
MHz, CDCl3) δ: 10.62, 11.20, 13.69, 20.02, 32.31, 36.96, 43.92, 48.84, 50.34, 57.08, 69.54,
108.01, 111.72, 112.44, 116.01, 119.00, 122.15, 126.08, 127.65, 129.15, 129.60, 129.66, 130.07,
131.23, 131.65, 133.75, 146.87, 147.78, 151,37, 159.09, 170.52; MS (ESI-MS) (m/z): calcd. for
C34H39F3N8O2S [L+H]+: 681.2942; found: 681.2864.
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6b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-2-[[4-[(4-methyl)phenyl]piperazin-1-yl]
methyl]-3-thioxo-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 61.74%; m.p.: 108–111 ◦C;
FT-IR (selected lines, γmax, cm−1): 2959, 2935, 2860, 2832 (C-H aliph.), 1618 (C=N),

1234 (C=S); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.36–
1.38 (m, 2H, -CH2-CH2 CH2-CH3), 1.61 (m, 2H, -CH2-CH2 CH2-CH3), 2.27 (s, 3H, Ar-CH3),
2.34 (s, 3H, 7-CH3), 2.66 (s, 3H, 5-CH3), 3.07 (m, 4H, CH2—piperazine), 3.18 (m, 4H,
CH2—piperazine), 3.46 (s, 3H, 3-CH3), 3.84–3.90 (m, 2H, -CH2-CH2 CH2-CH3), 5.16 (s,
2H, N-CH2-N) 5.30 (s, 2H, O-CH2-); 6.86 (m, 2H, Ar-H), 7.06–7.09 (m, 2H, Ar-H); 7.39
(m, 2H, Ar-H), 7.45–7.46 (m, 3H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.63, 11.26, 13.71,
20.04, 32.32, 36.97, 43.92, 50.47, 57.09, 69.60, 108.02, 111.74, 116.84, 122.20, 127.68 129.11,
129.64, 129.69, 130.02, 133.80, 146.80, 147.81, 159.11, 170.52; MS (ESI-MS) (m/z): calcd. for
C34H42N8O2S [L+H]+: 627.3224; found: 627.3176.

4c:6-butyl-1-[[4-(4-methoxyphenyl)-2-[(4-phenylpiperazin-1-yl)methyl]-3-thioxo-2H-1,
2,4-triazol-5-yl]methoxy]-3,5,7-trimethyl-pyrrolo[3,4-d]pyridazin-4-one

Yield: 71.07%; m.p.: 169–170 ◦C;
FT-IR (selected lines, γmax, cm−1): 2961, 2933, 2860, 2838 (C-H aliph.), 1651 (C=N);

1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.34–1.41 (m, 2H,
-CH2-CH2 CH2-CH3), 1.62 (m, 2H, -CH2-CH2 CH2-CH3), 2.36 (s, 3H, 7-CH3), 2.66 (s, 3H,
5-CH3), 3.05–3.07 (m, 4H, CH2—piperazine), 3.20–3.22 (m, 4H, CH2—piperazine), 3.47
(s, 3H, 3-CH3), 3.81 (s, 3H, O-CH3) 3.85–3.90 (m, 2H, -CH2-CH2 CH2-CH3), 5.15 (s, 2H,
N-CH2-N) 5.29 (s, 2H, O-CH2-); 6.84–6.95 (m, 5H, Ar-H), 7.24–7.28 (m, 4H, Ar-H); 13C NMR
(75 MHz, CDCl3) δ: 10.62, 11.26, 13.72, 20.05, 32.33, 36.97, 43.94, 49.36, 50.52, 55.51, 57.11,
69.66, 108.08, 111.74, 114.83, 116.39, 119.97, 122.19, 126.21 129.13, 147.11, 147.88, 151.31,
159.11, 160.48, 170.75; HRMS (ESI-MS) (m/z): calcd. for C34H42N8O3S [L+H]+: 643.3173;
found: 643.3194.

5c:6-butyl-1-[[4-(4-methoxyphenyl)-2-[[4-[3-(trifluoromethyl)phenyl]piperazin-1-yl]
methyl]-3-thioxo-2H-1,2,4-triazol-5-yl]methoxy]-3,5,7-trimethyl-pyrrolo[3,4-d]
pyridazin-4-one

Yield: 59.73%; m.p.: 163–165 ◦C;
FT-IR (selected lines, γmax, cm−1): 2964, 2935, 2870, 2840 (C-H aliph.), 1650 (C=N),

1248 (C=S); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.34–
1.41 (m, 2H, -CH2-CH2 CH2-CH3), 1.62 (m, 2H, -CH2-CH2 CH2-CH3), 2.36 (s, 3H, 7-CH3),
2.66 (s, 3H, 5-CH3), 3.04 (m, 4H, CH2—piperazine), 3.24–3.26 (m, 4H, CH2—piperazine),
3.47 (s, 3H, 3-CH3), 3.81 (s, 3H, O-CH3), 3.85–3.90 (m, 2H, -CH2-CH2 CH2-CH3), 5.15 (s, 2H,
N-CH2-N) 5.29 (s, 2H, O-CH2-); 6.92–6.95 (m, 2H, Ar-H), 7.04–7.09 (m, 3H, Ar-H), 7.29–7.37
(m, 3H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.61, 11.20, 13.68, 20.03, 32.32, 36.95, 43.93,
48.83, 50.34, 55.51, 57.10, 69.57, 108.09, 111.75, 112.42, 114.84, 116.04, 118.98, 122.15, 126.18,
128.83, 129.14, 129.59, 131.24, 147.18, 147.85, 151.37, 159.09, 160.51, 170.78; HRMS (ESI-MS)
(m/z): calcd. for C35H41F3N8O3S [L+H]+: 711.3047; found: 711.3031.

6c:6-butyl-1-[[4-(4-methoxyphenyl)-2-[[4-[(4-methyl)phenyl]piperazin-1-yl]methyl]-3-
thioxo-2H-1,2,4-triazol-5-yl]methoxy]-3,5,7-trimethyl-pyrrolo[3,4-d]pyridazin-4-one

Yield: 74.21%; m.p.: 151–153 ◦C;
FT-IR (selected lines, γmax, cm−1): 2958, 2934, 2860, 2837 (C-H aliph.), 1651 (C=N),

1247 (C=S); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.36–
1.41 (m, 2H, -CH2-CH2 CH2-CH3), 1.62 (m, 2H, -CH2-CH2 CH2-CH3), 2.27 (s, 3H, Ar-CH3),
2.37 (s, 3H, 7-CH3), 2.66 (s, 3H, 5-CH3), 3.07 (m, 4H, CH2—piperazine), 3.17 (m, 4H, CH2—
piperazine), 3.47 (s, 3H, 3-CH3), 3.81 (s, 3H, O-CH3) 3.85–3.90 (m, 2H, -CH2-CH2 CH2-CH3),
5.15 (s, 2H, N-CH2-N) 5.29 (s, 2H, O-CH2-); 6.85 (m, 2H, Ar-H), 6.92–6.95 (m, 2H, Ar-H),
7.07–7.09 (m, 2H, Ar-H), 7.25–7.29 (m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.63, 11.28,
13.72, 20.05, 20.46, 32.33, 36.97, 43.94, 50.43, 55.51, 57.11, 69.61, 108.08, 111.74, 114.82, 116.86,
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117.24, 122.21, 126.22, 128.85, 129.10, 129.71, 147.12, 147.88, 159.11, 160.48, 170.75; HRMS
(ESI-MS) (m/z): calcd. for C35H44N8O3S [L+H]+: 657.3330; found: 657.3316.

General Procedure for Preparation of S-Substituted Derivatives of
Pyrrolo[3,4-d]pyridazinone (7a-c-9a-c)

The appropriate 4-substituted-1,2,4-triazole derivative of pyrrolo[3,4-d]pyridazinone
(3a, 3b or 3c) (0.001 mol) was suspended in 30 mL of anhydrous ethanol in a round bottom
flask. Next, the 1 mL of 1M sodium ethoxide (0.001 mol) and the appropriate 2-chloro-1-
oxoethyl aryl piperazine derivative was added, and the mixture was refluxed for 4–6 h.
TLC monitored the reaction progress. After the completion of synthesis, the mixture
was cooled, and the precipitate was formed. Finally, the solid was filtered off, washed
thoroughly with ethanol and, afterward, purified by crystallization from this solvent.

7a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-3-[2-oxo-2-(4-phenylpiperazin-1-yl)ethyl]
sulfanyl-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 62.52%; m.p.: 183–184 ◦C;
FT-IR (selected lines, γmax, cm−1): 3054 (C-H arom.), 2961, 2922, 2873 (C-H aliph.),

1639 (C=O), 1268 (C=S); 1H NMR (300 MHz, CDCl3) δ: 0.93–0.98 (m, 3H, -CH2-CH2 CH2-
CH3), 1.33–1.41 (m, 2H, -CH2-CH2 CH2-CH3), 1.59–1.62 (m, 2H, -CH2-CH2 CH2-CH3), 2.41
(s, 3H, 7-CH3), 2.68 (s, 3H, 5-CH3), 3.17–3.19 (m, 2H, CH2—piperazine), 3.23 (m, 2H, CH2—
piperazine), 3.57 (s, 3H, 3-CH3), 3.66 (s, 3H, triazole-N-CH3), 3.78 (m, 4H, CH2—piperazine),
3.86–3.91 (m, 2H, -CH2-CH2 CH2-CH3), 4.38 (s, 2H, S-CH2) 5.44 (s, 2H, O-CH2-); 6.92–6.94
(m, 3H, Ar-H), 7.28–7.31 (m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.64, 11.21, 13.68,
20.04, 30.54, 32.32, 36.57, 37.02, 42.21, 43.93, 46.11, 49.33, 49.74, 57.45, 108.27, 111.86, 116.80,
120.80, 122.29, 129.19, 129.29, 148.33, 151.80, 152.30, 159,19, 165.55; HRMS (ESI-MS) (m/z):
calcd. for C29H38N8O3S [L+H]+: 579.2860; found: 579.2843.

8a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-3-[2-oxo-2-[4-[3-(triflouromethyl)phenyl]
piperazin-1-yl]ethyl]sulfanyl-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d] pyridazin-4-one

Yield: 56.41%; m.p.: 201–202 ◦C;
FT-IR (selected lines, γmax, cm−1): 2964, 2934, 2919 (C-H aliph.) 1226 (C=S); 1H NMR

(300 MHz, CDCl3) δ: 0.93–0.98 (m, 3H, -CH2-CH2 CH2-CH3), 1.33–1.41 (m, 2H, -CH2-CH2
CH2-CH3), 1.59–1.62 (m, 2H, -CH2-CH2 CH2-CH3), 2.42 (s, 3H, 7-CH3), 2.68 (s, 3H, 5-CH3),
3.23 (m, 2H, CH2—piperazine), 3.31 (m, 2H, CH2—piperazine), 3.57 (s, 3H, 3-CH3), 3.68
(s, 3H, triazole-N-CH3), 3.80–3.84 (m, 4H, CH2—piperazine), 3.86–3.91 (m, 2H, -CH2-CH2
CH2-CH3), 4.41 (s, 2H, S-CH2) 5.44 (s, 2H, O-CH2-); 7.08–7.16 (m, 3H, Ar-H), 7.35–7.41
(m, 1H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.64, 11.22, 13.68, 20.04, 30.68, 32.32, 36.56,
37.02, 42.01, 43.94, 45.90, 48.85, 49.21, 57.33, 108.21, 111.83, 112.97, 117.10, 119.54, 122.29,
129.25, 129.79, 131.43, 131.85, 148.26, 150.69, 151.83, 152.31, 159,17, 165.51; MS (ESI-MS)
(m/z): calcd. for C30H37F3N8O3S [L+H]+: 647.2734; found: 647.2680.

9a:6-butyl-3,5,7-trimethyl-1-[[4-methyl-3-[2-oxo-2-[4-[4-(methyl)phenyl]piperazin-1-yl]
ethyl]sulfanyl-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 59.49%; m.p.: 190–191 ◦C;
FT-IR (selected lines, γmax, cm−1): 2960, 2919, 2851 (C-H aliph.), 1643 (C=O) 1227

(C=S); 1H NMR (300 MHz, CDCl3) δ: 0.93–0.98 (m, 3H, -CH2-CH2 CH2-CH3), 1.34–1.41 (m,
2H, -CH2-CH2 CH2-CH3), 1.62 (m, 2H, -CH2-CH2 CH2-CH3), 2.27 (s, 3H, Ar-CH3), 2.41
(s, 3H, 7-CH3), 2.68 (s, 3H, 5-CH3), 3.11 (m, 4H, CH2—piperazine), 3.57 (s, 3H, 3-CH3),
3.66 (s, 3H, triazole-N-CH3), 3.78 (m, 4H, CH2—piperazine), 3.86–3.91 (m, 2H, -CH2-CH2
CH2-CH3), 4.38 (s, 2H, S-CH2) 5.44 (s, 2H, O-CH2-); 6.86 (m, 2H, Ar-H), 7.08–7.11 (m, 2H,
Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.64, 11.22, 13.68, 20.04, 20.45 30.54, 32.32, 36.67,
37.03, 42.26, 43.93, 46.16, 49.88, 50.27, 57.46, 108.28, 111.87, 117.14, 122.29, 129.19, 129.81,
148.33, 151.84, 152.29, 159,19, 165.50; MS (ESI-MS) (m/z): calcd. for C30H40N8O3S [L+H]+:
593.3017; found: 593.3092.
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7b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-3-[2-oxo-2-(4-phenylpiperazin-1-yl)ethyl]
sulfanyl-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 53.83%; m.p.: 126–128 ◦C;
FT-IR (selected lines, γmax, cm−1): 3053 (C-H arom.), 2929, 2871 (C-H aliph.), 1636

(C=O); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.33–1.41 (m,
2H, -CH2-CH2 CH2-CH3), 1.59–1.61 (m, 2H, -CH2-CH2 CH2-CH3), 2.33 (s, 3H, 7-CH3), 2.66
(s, 3H, 5-CH3), 3.17 (m, 2H, CH2—piperazine), 3.23 (m, 2H, CH2—piperazine), 3.46 (s, 3H,
3-CH3), 3.78 (m, 4H, CH2—piperazine), 3.84–3.89 (m, 2H, -CH2-CH2 CH2-CH3), 4.42 (s, 2H,
S-CH2) 5.31 (s, 2H, O-CH2-); 6.89–6.94 (m, 3H, Ar-H), 7.29–7.34 (m, 4H, Ar-H), 7.44–7.46 (m,
3H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.61, 11.19, 13.70, 20.04, 32.32, 36.32, 42.18, 43.87,
46.13, 49.26, 49.72, 56.94, 108.24, 111.78, 116.76, 120.72, 122.21, 126.65, 129.27, 129.91, 130.21,
132.60, 148.15, 150.76, 152.28, 159,13, 165.54; MS (ESI-MS) (m/z): calcd. for C34H40N8O3S
[L+H]+: 641.3017; found: 641.2935.

8b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-3-[2-oxo-2-[4-[3-(triflouromethyl)phenyl]
piperazin-1-yl]ethyl]sulfanyl-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d] pyridazin-4-one

Yield: 60.84%; m.p.: 141–143 ◦C;
FT-IR (selected lines, γmax, cm−1): 3053 (C-H arom.), 2959, 2930, 2872 (C-H aliph.),

1635 (C=O); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.33–
1.40 (m, 2H, -CH2-CH2 CH2-CH3), 1.59–1.61 (m, 2H, -CH2-CH2 CH2-CH3), 2.33 (s, 3H,
7-CH3), 2.65 (s, 3H, 5-CH3), 3.22 (m, 2H, CH2—piperazine), 3.30 (m, 2H, CH2—piperazine),
3.45 (s, 3H, 3-CH3), 3.81–3.84 (m, 4H, CH2—piperazine), 3.86–3.89 (m, 2H, -CH2-CH2
CH2-CH3), 4.39 (s, 2H, S-CH2) 5.31 (s, 2H, O-CH2-); 7.06–7.15 (m, 3H, Ar-H), 7.31–7.35 (m,
2H, Ar-H), 7.37–7.40 (m, 1H, Ar-H), 7.44–7.46 (m, 3H, Ar-H); 13C NMR (75 MHz, CDCl3) δ:
10.61, 11.18, 13.69, 20.03, 32.31, 36.02, 36.94, 41.98, 43.87, 45.92, 48.76, 49.17, 56.92, 108.21,
108.23, 111.78, 112.93, 116.94, 119.44, 122.20, 125.95, 126.64, 128.92, 129.76, 129.92, 130.25,
131.43, 131.86, 132.57, 148.13. 150.85, 152.34, 152.34, 159.13, 165.65; MS (ESI-MS) (m/z):
calcd. for C35H39F3N8O3S [L+H]+: 708.2891; found: 708.2827.

9b:6-butyl-3,5,7-trimethyl-1-[[4-phenyl-3-[2-oxo-2-[4-[4-(methyl)phenyl]piperazin-1-yl]
ethyl]sulfanyl-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 55.89%; m.p.: 129–131 ◦C;
FT-IR (selected lines, γmax, cm−1): 2958, 2925, 2870 (C-H aliph.), 1639 (C=O); 1H NMR

(300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.35–1.38 (m, 2H, -CH2-CH2
CH2-CH3), 1.61 (m, 2H, -CH2-CH2 CH2-CH3), 2.28 (s, 3H, Ar-CH3), 2.33 (s, 3H, 7-CH3),
2.65 (s, 3H, 5-CH3), 3.11–3.16 (m, 4H, CH2—piperazine), 3.45 (s, 3H, 3-CH3), 3.76 (m, 4H,
CH2—piperazine), 3.84–3.89 (m, 2H, -CH2-CH2 CH2-CH3), 4.41 (s, 2H, S-CH2) 5.31 (s,
2H, O-CH2-); 6.83–6.86 (m, 2H, Ar-H), 7.08–7.11 (m, 2H, Ar-H), 7.33–7.34 (m, 2H, Ar-H),
7.43–7.46 (m, 3H, Ar-H); 13C NMR (75 MHz, CDCl3) δ:10.60, 10.98, 11.19, 13.69, 20.02, 20.43,
32.31, 36.39, 36.94, 42.23, 43.87, 46.17, 49.81, 50.28, 56.94, 108.25, 111.78, 117.111, 122.21,
126.76, 127.16, 128.89, 129.78, 129.90, 130.19, 130.36, 132.61, 133.46, 148.16, 148.65, 152.25,
159.13, 165.49; MS (ESI-MS) (m/z): calcd. for C35H42N8O3S [L+Na]+: 677.2993; found:
677.2945.

7c:6-butyl-3,5,7-trimethyl-1-[[4-(4-methoxy)phenyl-3-[2-oxo-2-(4-phenylpiperazin-1-yl)
ethyl]sulfanyl-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d]pyridazin-4-one

Yield: 59.71%; m.p.: 150–152 ◦C;
FT-IR (selected lines, γmax, cm−1): 3060, (C-H arom.), 2957, 2929, 2871 (C-H aliph.),

1640 (C=O), 1271 (C=S); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-
CH3), 1.36–1.39 (m, 2H, -CH2-CH2 CH2-CH3), 1.61 (m, 2H, -CH2-CH2 CH2-CH3), 2.36
(s, 3H, 7-CH3), 2.66 (s, 3H, 5-CH3), 3.16 (m, 2H, CH2—piperazine), 3.23 (m, 2H, CH2—
piperazine), 3.47 (s, 3H, 3-CH3), 3.78 (m, 4H, CH2—piperazine), 3.81 (s, 3H, O-CH3),
3.84–3.89 (m, 2H, -CH2-CH2 CH2-CH3), 4.40 (s, 2H, S-CH2) 5.28 (s, 2H, O-CH2-); 6.89–6.94
(m, 5H, Ar-H), 7.21–7.31 (m, 4H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.62, 11.23, 13.71,
20.05, 32.32, 36.22, 36.95, 42.16, 43.89, 46.12, 49.25, 49.72, 55.59, 56.94, 108.29, 111.78, 114.99,
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116.75, 120.71, 122.23, 124.91, 127.97, 128.87, 129.28, 148.24, 150.76, 152.55, 153.09, 159,13,
160.71, 165.58; HRMS (ESI-MS) (m/z): calcd. for C35H42N8O4S [L+Na]+: 693.2942; found:
693.2956.

8c:6-butyl-3,5,7-trimethyl-1-[[4-(4-methoxy)phenyl-3-[2-oxo-2-[4-[3-(triflouromethyl)
phenyl]piperazin-1-yl]ethyl]sulfanyl-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-
d]pyridazin-4-one

Yield: 69.10%; m.p.: 114–117 ◦C;
FT-IR (selected lines, γmax, cm−1): 2959, 2929, 2871 (C-H aliph.), 1644 (C=O); 1H NMR

(300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3), 1.33–1.41 (m, 2H, -CH2-CH2
CH2-CH3), 1.62 (m, 2H, -CH2-CH2 CH2-CH3), 2.36 (s, 3H, 7-CH3), 2.66 (s, 3H, 5-CH3), 3.22
(m, 2H, CH2—piperazine), 3.29 (m, 2H, CH2—piperazine), 3.46 (s, 3H, 3-CH3), 3.81 (s, 3H,
O-CH3), 3.84 (m, 4H, CH2—piperazine), 3.86–3.89 (m, 2H, -CH2-CH2 CH2-CH3), 4.37 (s,
2H, S-CH2) 5.28 (s, 2H, O-CH2-); 7.89–6.92 (m, 2H, Ar-H), 7.05–7.14 (m, 3H, Ar-H), 7.21–7.24
(m, 2H, Ar-H), 7.35–7.40 (m, 1H, Ar-H); 13C NMR (75 MHz, CDCl3) δ: 10.59, 11.21, 13.69,
20.03, 32.32, 35.86, 36.94, 41.98, 43.88, 45.92, 48.72, 49.14, 55.57 56.92, 108.30 111.79, 112.88,
114.99, 116.87, 119.39, 122.21, 124.91, 127.97, 128.90, 129.75, 131.42, 131.84, 148.22, 150.89,
152.62, 152.91, 159.12, 160.74, 165.72; HRMS (ESI-MS) (m/z): calcd. for C36H41F3N8O4S
[L+Na]+: 761.2816; found: 761.2812.

9c:6-butyl-3,5,7-trimethyl-1-[[4-(4-methoxy)phenyl-3-[2-oxo-2-[4-[4-(methyl)phenyl]
piperazin-1-yl]ethyl]sulfanyl-2H-1,2,4-triazol-5-yl]methoxy]pyrrolo[3,4-d] pyridazin-4-one

Yield: 67.44%; m.p.: 119–121 ◦C;
FT-IR (selected lines, γmax, cm−1): 3052, 3002 (C-H arom.), 2957, 2922, 2871 (C-H

aliph.), 1643 (C=O); 1H NMR (300 MHz, CDCl3) δ: 0.94–0.99 (m, 3H, -CH2-CH2 CH2-CH3),
1.34–1.41 (m, 2H, -CH2-CH2 CH2-CH3), 1.59–1.61 (m, 2H, -CH2-CH2 CH2-CH3), 2.28 (s,
3H, Ar-CH3), 2.36 (s, 3H, 7-CH3), 2.66 (s, 3H, 5-CH3), 3.10 (m, 2H, CH2—piperazine), 3.16
(m, 2H, CH2—piperazine), 3.46 (s, 3H, 3-CH3), 3.78 (m, 4H, CH2—piperazine), 3.81 (s, 3H,
O-CH3), 3.84–3.89 (m, 2H, -CH2-CH2 CH2-CH3), 4.40 (s, 2H, S-CH2) 5.28 (s, 2H, O-CH2-);
6.83–6.2 (m, 4H, Ar-H), 7.08–7.11 (m, 2H, Ar-H), 7.21–7.24 (m, 2H, Ar-H); 13C NMR (75
MHz, CDCl3) δ:10.61, 11.22, 13.69, 20.04, 20.44, 32.32, 36.28, 36.95, 42.22, 43.88, 46.18, 49.81,
50.29, 55.58, 56.94, 108.30, 111.79, 114.99, 117.10, 122.22, 124.94, 127.97, 128.87, 129.79, 130.35,
148.24, 148.66, 152.54, 153.11, 159.13, 160.72, 165.54; HRMS (ESI-MS) (m/z): calcd. for
C36H44N8O4S [L+H]+: 685.3279; found: 685.3246.

3.2. Biological Evaluation
3.2.1. Cell Line and Conditions

Normal human dermal fibroblasts (NHDF) were purchased from Lonza and used
in bioassays between 7–12 passages. The cells were incubated in 5% CO2, 95% humidity
at 37 ◦C with morphology and confluence assessments twice weekly using EVOS FL
microscopy. The cells were passaged with TrypLE solution when the cell confluence was
greater than 70%. The cells were transferred to a tube and centrifuged at 1000× g for 5 min.
Then, the supernatant was removed, and the cells were resuspended in a fresh medium,
and the number of cells was counted using the Burcher chamber. Finally, the cells were
plated on the assay plates or reduced by about half and placed back in the culture flasks.
The NHDF cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) without
phenol red supplemented with 10% fetal bovine serum (FBS), 2 mM ultra-glutamine and
2 µg/mL gentamicin and streptomycin. The medium was stored at 4–8 ◦C for one month
or until used.

3.2.2. Tested Compounds

The tested compounds were dissolved in dimethyl sulfoxide (DMSO) to form 10 mM
stock solutions which were stored at −20 ◦C. These compounds were thawed immedi-
ately before the preparation of the bioassay concentrations. The concentration range of
10–100 µM was used, so the DMSO concentration did not exceed 1% at the higher concen-
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tration tested. The bioassay concentrations were prepared in DMEM without phenol red,
which was supplemented as a medium for traditional cultures, but with a reduced amount
of FBS to 5%.

3.2.3. Cyclooxygenase Inhibition Assay

The cyclooxygenase (COX) inhibition was evaluated using a ready-to-used test from
the Cayman company. In this study, the only 100 µM concentrations that were tested, each
in triplicate, for the obtained results were calculated IC50—concentration, which inhibited
activity of COX-1 or COX-2 about 50% compared to 100% activity of these enzymes. In
these studies, Meloxicam, Diclofenac and Celecoxib were used as reference compounds.

3.2.4. MTT Assay

The assessment of cell viability after 24-hour incubation with the test compounds
was performed according to ISO 10993 Part 5 Appendix C. The cells were seeded at
10,000 cells per well and left in a CO2 incubator overnight to allow the cells to adhere.
Non-adherent cells were removed with the medium, and freshly prepared concentrations
of test compounds were added for 24 h. During the last hour of 24-hour incubation, the
cells were assessed microscopically according to the ISO 10,993 scale for cytotoxicity. The
medium with the compounds was replaced with a 1 mg/mL MTT in phosphate buffered
saline (PBS) for 2 h at 37 ◦C. The solution was then gently removed and the purple crystals
dissolved in isopropanol, and the absorbance was measured at 570 nm with a VirusScan
microplate reader.

3.2.5. Anti-Inflammatory and Antioxidant Activity

To evaluate the anti-inflammatory and antioxidant activity of the tested compounds,
the MTT, DCF-DA and Griess assays were performed. In the first assay, the NHDF cells
were seeded at a density of 10,000 cells per well, and in the other assay, 40,000 cells per
well. After the cells adhered overnight, the supernatant with the non-adherent cells was
replaced with 50 µg/mL lipopolysaccharide (LPS) for 24 h. Next, the cells were washed,
and freshly prepared concentrations of the test compounds were added for 24 h. Then,
the culture plate was washed for MTT assay, and the procedure described in Section 3.2.4.
was used. To evaluate the free radicals scavenging of tested the compounds, the 50 µL
supernatant was transferred to a new plate. The rest of the supernatant was removed and
25 µM of DCF-DA solution in MEM without phenol red was added for 1 h at 37 ◦C to
measure the reactive oxygen species (ROS) and into collected supernatant 50 µM mixture
reagent A and reagent B in a volume ratio 1:1 for 20 min at RT in the dark to measure the
nitric oxide (NO). The ROS was measured at 498 nm excitation and 535 nm emission, and
NO at 548 nm using a VirusScan microplate reader.

3.3. Molecular Docking

The structure optimization was performed using the DFT/B3LYP method combined
with the 6–311+G (d,p) basis set. From the Protein Data Bank (http://www.rcsb.org,
accessed on 1 May 2021), the following crystal structure was selected for the docking
studies: 4O1Z, 4M11, 3V03. The ligand and receptor files were prepared using AutoDock
4.2.6 software and AutoDock Tools 1.5.6. All of the ligands and water molecules were
removed, and then polar hydrogen atoms and Kollman charges were added to the protein
structure. To prepare the ligand molecules, the partial charges were calculated, non-polar
hydrogens were merged, and rotatable bonds were assigned. The interactions with COX-1,
COX-2 and BSA were performed using AutoDock Script downloaded from The Scripps
Research Institute (TSRI). The centers of the grid boxes for COX-1 and COX-2 were set
according to the Meloxicam binding site in the crystal structure 4O1Z, 4M11. The centers of
the grid boxes for BSA were set according to the binding site I phenylbutazone (PDB ID:
2BXC) and site II Ibuprofen (PDB ID: 2BXG) on HSA [58]. The Lamarckian genetic algorithm
was selected for the conformational search. The running times of the genetic algorithm
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and the evaluation times were set to 100 and 2.5million, respectively. After the molecular
docking, the ligand–receptor complexes were further analyzed using Discovery Studio
software (http://accelrys.com/, accessed on 1 May 2021).

3.4. Spectroscopic Studies
3.4.1. Fluorescence

The spectroscopic fluorescence studies were performed using a Cary Eclipse 500 spec-
trophotometer (Agilent, Santa Clara, CA, USA). A concentration of BSA was
1.0 × 10−6 mol·dm−3. A solution of BSA was titrated by successive additions of
1.0 × 10−3 mol·dm−3 solution of the studied compounds to give a final concentration
of 0.2 × 10−6–2.0 × 10−6 mol·dm−3. Experiments were carried out at three temperatures:
297, 303, and 308 K in pH = 7.4. The quenching spectra were recorded at excitation and
an emission wavelength of 280 nm and 300–500 nm. The molar ratio compound/BSA
was 0.1–2.0 with 0.2 steps. Binding site identification studies were indicated in the pres-
ence of the two site markers, Phenylbutazone (PHB) and Ibuprofen (IBP), as sites I and II
markers, respectively. Concentrations of BSA and site markers were set at 1.0 × 10−6 and
3.0 × 10−6 mol·dm−3, respectively.

3.4.2. Circular Dichroism

Circular dichroism (CD) spectra were measured on the Jasco J-1500 magnetic circular
dichroism spectrometer. All of the measurements for the BSA solutions in the absence and
presence of the analyzed compounds were made at room temperature under simulated
physiological conditions in pH 7.4, in phosphate buffer as a solvent. The CD spectra were
collected in the range of 205–250 nm at a scan rate speed of 50 nm min−1, with a response
time of 1 s, 10 mm path length, and were baseline corrected. The concentrations of BSA and
the analyzed compounds were 1 × 10−6 mol·dm−3 and 1 × 10−3 mol·dm−3, respectively.
BSA performed experiments on each analyzed compound in molar ratios: 1:0, 1:0.5, 1:1, 1:5
and 1:10.

3.4.3. FT-IR Measurement

Infrared spectra were recorded on the Nicolet iS50 FT-IR (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with a deuterated triglycine sulphate (DTGS) detector and
KBr beam splitter. The spectra were obtained at room temperature using the attenuated
total reflectance (ATR) method. The spectral data were recorded within 4000 to 600 cm−1

with resolution 4 cm−1 and 100 scans were averaged for each spectrum.
Bovine serum albumin (Sigma Aldrich) was dissolved in an aqueous solution contain-

ing phosphate buffer (pH = 7.5) (Sigma Aldrich) to obtain 0.02 mol·dm−1 concentration.
The concentration of the studied compounds was 0.01 mol·dm−1 andsolutions were pre-
pared in methanol (Chempur). The 200 µL solution of BSA was mixed with the appropriate
amount of the compounds solution to achieve 0.25, 0.50, 0.75 and 1.0 molar ratio and 10 µL
of mixture was dropped on the crystal to register a spectrum.

The analysis of the secondary structure was proceeded by Omnic 9.3.30 (Thermo
Fisher Scientific Inc.) software. The analysis of the FT-IR spectra was evaluated by the Byler
and Susi procedure [56]. After normalization of each spectrum, the fragment with the peak
1650 cm−1 was extracted, and a second derivate was made. The major peaks are character-
istic for the α-helix (1660–1650 cm−1), β-sheet (1640–1610 cm−1), β-turn (1691–1680 cm−1),
β-antiparallel (1660–1650 cm−1) and random coil (1650–1640 cm−1) [56,62–64]. The self-
deconvolution and curve-fitting by Gaussian function allowed for us to determine the
intensity and total area under peaks. The calculation of the percentage of area peaks
corresponds with the contribution of the type of structure.

3.5. Statistical Analysis

The biological results are shown again as the mean ± SD of the IC50 in the cyclooxy-
genase inhibition assay and the E/E0 ratio in the remaining assays. E is the mean result for
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the compounds tested, and E0 is the mean result for the controls. For the viability assay,
E0 cells were incubated only with a medium without the test compounds. In assessing
the anti-inflammatory activity of the tested compounds, cells treated with only 50 µg/mL
LPS were controls. The statistical analyses were performed using the Statistica program.
One-way ANOVA and Tukey post-hoc analysis were calculated. The p-value was set at 0.05.

4. Conclusions

The present paper describes the design, synthesis and complex biological, computa-
tional and also spectroscopic studies of novel, three series of N-substituted-1,2,4-triazole-
based derivatives of pyrrolo[3,4-d]pyridazinone. The structures of the title compounds
were inspired by the results of our previous investigations and most recent literature re-
ports. Their formation relied on the molecular hybridization of the biheterocyclic scaffold of
pyrrolo[3,4-d]pyridazinone, N-substituted-1,2,4-triazole moiety and aryl piperazine phar-
macophore (Scheme 1, Figure 7). Our goal was to receive potent anti-inflammatory agents
with possibly the best affinity towards an inducible COX-2 isoform. The evaluation of the
viability revealed that five compounds 8a-c, 9b, 9c cause cell lysis and were excluded from
further examination. The results of in vitro COX inhibition assay indicate that molecules
4a-7a, 9a, 4b, 7b and 4c have good, comparable to Meloxicam, inhibitory activity towards
COX-2 isoenzyme and are characterized by a promising COX-2/COX-1 selectivity ratio.
Moreover, derivatives 4a, 6a, 9a and 4c acted as selective COX-2 inhibitors. These findings
were supported by the results of the molecular docking studies, according to which, new
molecules take position in the active site of COX-2 very similar to Meloxicam and did not
show an affinity to COX-1 isoform. What is more, the potential good anti-inflammatory and
antioxidant activity of the examined derivatives was confirmed in the performed in vitro
evaluation within cells. As it has already been stated, all molecules bind and interact with
serum albumin, which is the most abundant protein in blood. Some of them, especially
those belonging to series a, exert promising and beneficial properties in the executed in
silico ADME prediction.

Taking the above information into account, we can summarize that title N-substituted-
1,2,4-triazole-based derivatives of pyrrolo[3,4-d]pyridazinone can serve as promising and
valuable structures in the development of novel anti-inflammatory agents. Undoubt-
edly, further, extended investigations, especially in vivo experiments, concerning these
compounds are necessary. Moreover, based on the described biological, computational,
structure–activity relationship (SAR) and ADME study, we are going to perform rational
structural modifications of the reported derivatives in order to receive a new series of
potent and effective molecules.
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Szeląg, A. Oxadiazole Derivatives of Pyrrolo[3,4-d]pyridazinone Exert Antinociceptive Activity in the Tail-Flick and Formalin
Test in Rodents and Reveal Reduced Gastrotoxicity. Int. J. Mol. Sci. 2020, 21, 9685. [CrossRef] [PubMed]

37. Dogruer, D.S.; Kupeli, E.; Yesilada, E.; Sahin, M.F. Synthesis of New 2-[1(2H)-Phthalazinon-2-yl]acetamide and 3-[1(2H)-
Phthalazinon-2-yl]propanamide Derivatives as Antinociceptive and Anti-inflammatory Agents. Arch. Pharm. (Weinheim) 2004,
337, 303–310. [CrossRef]

38. Gupta, S.; Pandey, D.; Mandalapu, D.; Bala, V.; Sharma, V.; Shukla, M.; Yadav, S.K.; Singh, N.; Jaiswal, S.; Maikhuri, J.P.; et al.
Design, synthesis and biological profiling of aryl piperazine based scaffolds for the management of androgen sensitive prostatic
disorders. Medchemcomm 2016, 7, 2111–2121. [CrossRef]

39. McGarry, T.; Biniecka, M.; Veale, D.J.; Fearon, U. Hypoxia, oxidative stress and inflammation. Free Radic. Biol. Med. 2018, 125,
15–24. [CrossRef]

40. Burdon, C.; Mann, C.; Cindrova-Davies, T.; Ferguson-Smith, A.C.; Burton, G.J. Oxidative Stress and the Induction of Cyclooxyge-
nase Enzymes and Apoptosis in the Murine Placenta. Placenta 2007, 28, 724–733. [CrossRef] [PubMed]

41. Li, D.; Zhu, M.; Xu, C.; Ji, B. Characterization of the baicalein-bovine serum albumin complex without or with Cu 2+or Fe 3+ by
spectroscopic approaches. Eur. J. Med. Chem. 2011, 46, 588–599. [CrossRef] [PubMed]

316



Int. J. Mol. Sci. 2021, 22, 11235

42. Shi, J.H.; Pan, D.Q.; Wang, X.X.; Liu, T.T.; Jiang, M.; Wang, Q. Characterizing the binding interaction between antimalarial
artemether (AMT) and bovine serum albumin (BSA): Spectroscopic and molecular docking methods. J. Photochem. Photobiol. B
Biol. 2016, 162, 14–23. [CrossRef] [PubMed]

43. Li, Y.; He, W.; Liu, J.; Sheng, F.; Hu, Z.; Chen, X. Binding of the bioactive component Jatrorrhizine to human serum albumin.
Biochim. Biophys. Acta—Gen. Subj. 2005, 1722, 15–21. [CrossRef]

44. Wani, T.A.; Bakheit, A.H.; Zargar, S.; Bhat, M.A.; Al-Majed, A.A. Molecular docking and experimental investigation of new indole
derivative cyclooxygenase inhibitor to probe its binding mechanism with bovine serum albumin. Bioorg. Chem. 2019, 89, 103010.
[CrossRef]

45. Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: Boston, MA, USA, 2006; ISBN 978-0-387-31278-1.
46. Ware, W.R. Oxygen quenching of fluorescence in solution: An experimental study of the diffusion process. J. Phys. Chem. 1962,

66, 455–458. [CrossRef]
47. Dufour, C.; Dangles, O. Flavonoid-serum albumin complexation: Determination of binding constants and binding sites by

fluorescence spectroscopy. Biochim. Biophys. Acta—Gen. Subj. 2005, 1721, 164–173. [CrossRef]
48. Abdelhameed, A.S.; Bakheit, A.H.; Mohamed, M.S.; Eldehna, W.M.; Abdel-Aziz, H.A.; Attia, M.I. Synthesis and biophysi-

cal insights into the binding of a potent anti-proliferative non-symmetric bis-isatin derivative with bovine serum albumin:
Spectroscopic and molecular docking approaches. Appl. Sci. 2017, 7, 617. [CrossRef]

49. Suryawanshi, V.D.; Walekar, L.S.; Gore, A.H.; Anbhule, P.V.; Kolekar, G.B. Spectroscopic analysis on the binding interaction of
biologically active pyrimidine derivative with bovine serum albumin. J. Pharm. Anal. 2016, 6, 56–63. [CrossRef]

50. Wani, T.A.; Bakheit, A.H.; Al-Majed, A.R.A.; Bhat, M.A.; Zargar, S. Study of the interactions of bovine serum albumin with the
new anti-inflammatory agent 4-(1,3-dsioxo-1,3-dihydro-2H-isoindol-2-yl)-N-[(4-ethoxy-phenyl) methylidene]benzohydrazide
using a multi-spectroscopic approach and molecular docking. Molecules 2017, 22, 1258. [CrossRef]

51. Mohammadnia, F.; Fatemi, M.H.; Taghizadeh, S.M. Study on the interaction of anti-inflammatory drugs with human serum
albumin using molecular docking, quantitative structure–activity relationship, and fluorescence spectroscopy. Luminescence 2020,
35, 266–273. [CrossRef] [PubMed]

52. Klotz, I.M.; Urquhart, J.M. The Binding of Organic Ions by Proteins. Effect of Temperature. J. Am. Chem. Soc. 1949, 71, 847–851.
[CrossRef]

53. Kelly, S.M.; Jess, T.J.; Price, N.C. How to study proteins by circular dichroism. Biochim. Biophys. Acta—Proteins Proteom. 2005,
1751, 119–139. [CrossRef]

54. Kelly, S.; Price, N. The Use of Circular Dichroism in the Investigation of Protein Structure and Function. Curr. Protein Pept. Sci.
2005, 1, 349–384. [CrossRef]

55. Lu, Z.X.; Cui, T.; Shi, Q.L. Applications of Circular Dichroism (CD) and Optical Rotatory Dispersion (ORD) in Molecular Biology, 1st ed.;
Science Press: Beijing, China, 1987.

56. Byler, D.M.; Susi, H. Examination of the secondary structure of proteins by deconvolved FTIR spectra. Biopolymers 1986,
25, 469–487. [CrossRef]

57. Sudlow, G.; Birkett, D.J.; Wade, D.N. The Characterization of Two Specific Drug Binding Sites on Human Serum Albumin. Mol.
Pharmacol. 1975, 11, 824–832.

58. Ghuman, J.; Zunszain, P.A.; Petitpas, I.; Bhattacharya, A.A.; Otagiri, M.; Curry, S. Structural basis of the drug-binding specificity
of human serum albumin. J. Mol. Biol. 2005, 353, 38–52. [CrossRef] [PubMed]

59. Lipinski, C.A.; Lombardo, F.; Dominny, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2001, 46, 3–26. [CrossRef]

60. FVeber, D.F.; Johnson, S.R.; Cheng, H.-Y.; Smith, B.R.; Ward, K.W.; Kopple, K.D. Molecular Properties That Influence the Oral
Bioavailability of Drug Candidates. J. Med. Chem. 2002, 45, 2615–2623.

61. Ertl, P.; Rohde, B.; Selzer, P. Fast calculation of molecular polar surface area as a sum of fragment-based contributions and its
application to the prediction of drug transport properties. J. Med. Chem. 2000, 43, 3714–3717. [CrossRef]

62. Ahmed, A.; Tajmir-Riahi, H.A.; Carpentier, R. A quantitative secondary structure analysis of the 33 kDa extrinsic polypeptide of
photosystem II by FTIR spectroscopy. FEBS Lett. 1995, 363, 65–68. [CrossRef]

63. Liu, Y.; Xie, M.X.; Kang, J.; Zheng, D. Studies on the interaction of total saponins of panax notoginseng and human serum albumin
by Fourier transform infrared spectroscopy. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2003, 59, 2747–2758. [CrossRef]

64. Kong, J.; Yu, S. Fourier Transform Infrared Spectroscopic Analysis of Protein Secondary Structures. Acta Biochim. Biophys. Sin.
(Shanghai) 2007, 39, 549–559. [CrossRef] [PubMed]

317





 International Journal of 

Molecular Sciences

Article

Synthesis of Novel Pyrido[1,2-c]pyrimidine Derivatives with
6-Fluoro-3-(4-piperidynyl)-1,2-benzisoxazole Moiety as
Potential SSRI and 5-HT1A Receptor Ligands
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and Franciszek Herold 1

Citation: Król, M.; Ślifirski, G.; Kleps,
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Abstract: Two series of novel 4-aryl-2H-pyrido[1,2-c]pyrimidine (6a–i) and 4-aryl-5,6,7,8-
tetrahydropyrido[1,2-c]pyrimidine (7a–i) derivatives were synthesized. The chemical structures
of the new compounds were confirmed by 1H and 13C NMR spectroscopy and ESI-HRMS spectrome-
try. The affinities of all compounds for the 5-HT1A receptor and serotonin transporter protein (SERT)
were determined by in vitro radioligand binding assays. The test compounds demonstrated very
high binding affinities for the 5-HT1A receptor of all derivatives in the series (6a–i and 7a–i) and
generally low binding affinities for the SERT protein, with the exception of compounds 6a and 7g.
Extended affinity tests for the receptors D2, 5-HT2A, 5-HT6 and 5-HT7 were conducted with regard
to selected compounds (6a, 7g, 6d and 7i). All four compounds demonstrated very high affinities
for the D2 and 5-HT2A receptors. Compounds 6a and 7g also had high affinities for 5-HT7, while 6d
and 7i held moderate affinities for this receptor. Compounds 6a and 7g were also tested in vivo to
identify their functional activity profiles with regard to the 5-HT1A receptor, with 6a demonstrating
the activity profile of a presynaptic agonist. Metabolic stability tests were also conducted for 6a
and 6d.

Keywords: antidepressants; pyrido[1,2-c]pyrimidines; dual 5-HT1A/SERT activity; drug design

1. Introduction

The serotonergic nervous system plays a substantial role in regulating mood, diurnal
rhythm, cognitive functions, memory, thermoregulation and anxiety, while also contribut-
ing to many other vital functions [1]. Numerous studies in recent years have confirmed
that disturbances in serotonergic neurotransmission are closely related to central nervous
system (CNS) disorders such as depression, anxiety, schizophrenia or obsessive compulsive
disorder (OCD) [2,3]. There is an increase in patients with these depressive disorders, which
represent the fourth most common class of medical conditions and affect approximately
20% of the population. Consequently, there is a growing interest in novel modulators of
the serotonergic system [4]. The World Health Organization predicts that by 2030, unipolar
depression will be the primary reason for inability to work worldwide, with depression
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and anxiety affecting approximately 100 million people in Europe alone [5]. At the same
time, drugs currently used to treat depression are far from satisfactory [2].

The introduction of selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine
or citalopram in the 1980s marked a turning point in the pharmacotherapy of depression
(Figure 1) [6]. SSRIs demonstrate low affinities for adrenergic, histaminic and muscarinic
receptors, contributing to their limited adverse effects, better tolerability and higher thera-
peutic index than tricyclic antidepressants or monoamine oxidase inhibitors [6–8]. Thera-
peutic efficacy of SSRIs has been documented for unipolar depression, anxiety disorder,
posttraumatic stress disorder, OCD and negative symptoms of schizophrenia [9]. However,
SSRIs are not free from adverse effects, which include insomnia, nausea, sexual dysfunction
and a possible effect on myocardial ion channels [9,10]. One serious drawback of SSRIs is
their long therapeutic latency (therapeutic effects become evident two to three weeks after
administration) and limited efficacy (visible effects are only seen in approximately 60% of
patients) [7]. Given the high probability of suicide in depressive patients, drugs without a
latency period are extremely important [1,4].

Figure 1. Chemical structures of fluoxetine and citalopram.

5-HT1A receptors play an important role in the self-regulation of the serotonergic sys-
tem [2]. They may function both as presynaptic (autoreceptors) or postsynaptic receptors.
The 5-HT1A presynaptic receptors are found in the neurons and dendrites of brainstem
raphe nuclei. Upon stimulation, they release endogenous serotonin into the synaptic cleft,
reducing transmission across serotonergic neurons. On the other hand, postsynaptic 5-
HT1A neurons are stimulated in somatodendric nerve endings in the cortico-limbic area
of the CNS, increasing transmission via serotonergic neurons [7,11,12]. In fact, a number
of 5-HT1A agonists are currently undergoing various phases of clinical studies or have
already been approved for marketing. Their pharmacological activity is not limited to the
treatment of depression, but may also be used in the treatment of anxiety (osemozotan,
phase II), schizophrenia (bifeprunox, phase III) or pain (befiradol, phase II) (Figure 2) [13].

Figure 2. Chemical structures of osemozotan, bifeprunox and befiradol.

The aforementioned SSRI latency period is associated with changes in adaptive pro-
cesses within the CNS that result in increased serotonergic neurotransmission via postsy-
naptic 5-HT1A receptors [8,14]. The therapeutic effects seen during SSRI administration
are the combined result of neurochemical changes in the brain, including desensitization
of 5-HT1A autoreceptors, downregulation of receptor responsivity to neurotransmitters,
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changes in signal transmission, neurotropism and hippocampal neurogenesis [15]. One key
consequence of desensitization of somatodendric 5-HT1A autoreceptors on brainstem raphe
nuclei is increasing serotonin levels in synaptic clefts [7,16].

In 1993, Artigas proposed that coadministration of a 5-HT1A receptor antagonist with
SSRIs should potentiate the antidepressant effect through accelerating the desensitization
of 5-HT1A autoreceptors, thus strengthening their function [17]. This hypothesis was con-
firmed upon coadministration of an SSRI with the partial 5-HT1A antagonist pindolol [7].
Unfortunately, 5-HT1A antagonists were nonselective and simultaneously blocked pre-
and postsynaptic receptors, an undesirable effect when treating depression [9]. A more
promising direction in the search for next-generation antidepressants looks at agonists
of both the 5-HT1A receptor and SSRI. Such compounds have a potential for accelerating
desensitization and downregulation of autoreceptors, while directly stimulating postsy-
naptic serotonergic neurons. As a result of this process, the concentration of endogenous
serotonin in the synaptic cleft increases [18]. Most importantly, the sensitivity of postsy-
naptic receptors does not decrease with prolonged administration [18,19]. This approach
was positively verified by the introduction of vilazodone (Viibryd) to treat depression
(Figure 3). Vilazodone was the first of several SSRI+ drugs whose mechanism of action
involves both agonism towards the 5-HT1A receptors and serotonin transporter protein
(SERT) inhibition [20–22]. In 2013, the Food and Drug Administration approved vortioxe-
tine as another SSRI+ agent with an extended receptor activity profile for pharmacotherapy
of depression (Figure 3). Vortioxetine acts as an SSRI, an agonist of the 5-HT1A receptor, a
partial agonist of the 5-HT1B and an antagonist of the 5-HT3 and 5-HT7 receptors [23].

Figure 3. Chemical structures of vilazodone and vortioxetine.

This work describes the synthesis and results of pharmacological testing of a series of
novel derivatives of 4-aryl-2H-pyrido[1,2-c]pyrimidine, characterized by double binding
for the 5-HT1A receptor and SERT protein. Selected compounds were tested further to
determine their activity towards other molecular targets, such as the 5-HT2A, 5-HT6, 5-HT7
and D2 receptors.

The research presented in this paper is a continuation of a long-term research project
conducted in our department, where ligands are tested for a double binding affinity for
both the SERT protein and 5-HT1A receptors [24–28]. Two series of novel derivatives of
4-aryl-2H-pyrido[1,2-c]pyrimidine and 4-aryl-5,6,7,8-tetrahydropyrido[1,2-c]pyrimidine
were designed, based on lead compounds (I–IV) that had been synthesized previously
by the same research group and had demonstrated a high affinity for both the 5-HT1A
receptors and SERT protein (Figure 4) [26,27].

Modifications of lead compounds involved a change in the pharmacophore part via
the introduction of a 6-fluoro-3-(4-piperidinyl)-1,2-benzisoxazole residue. This addition
should increase affinity for the 5-HT1A receptors and SERT protein, and thus these new
compounds would potentially demonstrate dual binding affinity, appropriate functional
activity and affinity for other molecular targets (e.g., 5-HT2A, 5-HT6, 5-HT6, 5-HT7 and D2).

This study aimed to investigate the effect of (i.) introducing a 6-fluoro-3-(4-piperidinyl)-
1,2-benzisoxazole residue to the pharmacophore, (ii.) the degree of saturation of the
pyrido[1,2-c]pyrimidine residue in the terminal segment and (iii.) substituents in the 4-
aryl-pyrido[1,2-c]pyrimidine moiety on affinity for both the 5-HT1A receptor and SERT
protein and other receptors (5-HT2A, 5-HT6,5-HT7, D2) in extended receptor profile tests.
Further testing probed the effect of these modifications on the functional activity (agonism-
antagonism) and metabolic stability of the compounds of interest.
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Figure 4. Comparison of the novel derivatives of 4-aryl-2H-pyrido[1,2-c]pyrimidine (6a–i) and 4-
aryl-5,6,7,8-tetrahydropyrido[1,2-c]pyrimidine (7a–i), designed in this paper with lead compounds
(I–IV).

2. Results and Discussion
2.1. Chemistry

The designed target compounds (6a–i) and (7a–i) were obtained in a multistage synthe-
sis process (Figure 5). The starting materials were phenylacetonitrile derivatives subjected
to C-arylation with 2-bromopyridine over KOH. This reaction yielded respective deriva-
tives of α-(2-pyridyl)-α-(aryl)-acetonitriles (1a–i), which were subsequently hydrolyzed
in an acidic environment to obtain respective α-(2-pyridyl)-α-(aryl)-acetamides (2a–i).
These amides were then reacted with diethyl carbonate via a cyclocondensation process,
producing derivatives of 4-aryl-2H-pyrido[1,2-c]pyrimidine-1,3-dione (3a–i). All the com-
pounds (1a–i), (2a–i), (3a–i) were obtained according to an original method. The imides
(3a–i) were then N-alkylated with 1,4-dibromobuthane to produce N-bromobuthyl deriva-
tives of 4-aryl-2H-pyrido[1,2-c]pyrimidine-1,3-dione (4a–i). Some of the 2-(4-bromobuthyl)-
4-aryl-pyrido[1,2-c]pyrimidine-1,3-dione (4a–i) derivatives were subjected to catalytic
reduction over 10% Pd/C, yielding 2-(4-bromobuthyl)-4-aryl-5,6,7,8-tetrahydropyrido[1,2-
c]pyrimidine-1,3-dione (5a–i) derivatives. The target compounds (6a–i) and (7a–i) were
obtained by reacting the bromobuthyl derivatives of (4a–i) and (5a–i) with 6-fluoro-3-(4-
piperidinyl)-1,2-benzisoxazole. The chemical structures and purity of the newly synthe-
sized compounds (6a–i) and (7a–i) were confirmed by 1H and 13C NMR spectroscopy, as
well as LC/MS and HRMS spectrometry. The investigated compounds were subsequently
tested in vitro and in vivo as free bases.
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Figure 5. Schematic of the syntheses of compounds 6a–i and 7a–i. Reagents and conditions: (i) 2-bromopyridine, KOH,
DMSO, 50 ◦C; (ii) H2SO4, CH3COOH, 100 ◦C; (iii) (C2H5)2CO3, EtONa, EtOH reflux; (iv) 1,4-dibromobuthane, acetone,
K2CO3, reflux; (v) H2, 10% Pd/C, EtOH, 60 atm., 50 ◦C; (vi) 6-fluoro-3-(4-piperidinyl)-1,2-benzisoxazole, K2CO3, CH3CN,
45 ◦C.

2.2. Biological Evaluation
2.2.1. Radioligand Binding Assay for 5-HT1A and SERT

The target compounds (6a–i) and (7a–i) were assessed for in vitro affinity for the
5-HT1A receptor and SERT protein by radioligand binding assays [26,29,30]. The results,
which were subsequently used for structure–activity relationship (SAR) analysis, can be
found in Table 1. Various substituents at the ortho or para position of the benzene ring—as
well as the degree of saturation of the pyrido[1,2-c]pyrimidine residue—were investigated
with regard to their effect on the binding affinity of the compounds (6a–i) and (7a–i).
The resulting data on 5-HT1AR binding affinity indicated very high affinity of the following
ligands: 6c (Ki = 7.0 nM), 6g (Ki = 10.0 nM), 6d (Ki = 11.0 nM), 6e (Ki = 15.0 nM), 6i
(Ki = 17.0 nM), 6h (Ki = 21.0 nM), 6a (Ki = 23.0 nM) and 6b (Ki = 30 nM), with 6f being the
only compound with a binding affinity at the level of Ki = 74 nM (Table 1). The compounds
(7a–i) (4-aryl-5,6,7,8-tetrahydropyrido[1,2-c]pyrimidine derivatives) demonstrated slightly
lower binding affinity for the 5-HT1AR compared to (6a–i). Very high binding affinity
was noted for 7g (Ki = 5.0 nM), 7i (Ki = 9.5 nM), 7h (Ki = 25.0 nM), 7a (Ki = 27.0 nM), 7b
(Ki = 35.0 nM) and 7e (Ki = 36.0 nM); the other three derivatives demonstrated high binding
affinity, viz., 7f (Ki = 52.0 nM), 7c (Ki = 62.0 nM) and 7d (Ki = 71.0 nM). A comparison of
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binding affinity data for the ligands (6a–i) and (7a–i) indicated that the degree of saturation
had little effect, with the 4-aryl-2H-pyrido[1,2-c]pyrimidine derivatives (6a–i) being slightly
superior to the 4-aryl-5,6,7,8-tetrahydropyrido[1,2-c]pyrimidine derivatives (7a–i).

Table 1. 5-HT1A receptor and SERT binding affinities, as well as cLogP [31] of 4-aryl-2H-pyrido[1,2-
c]pyrimidine derivatives 4-aryl-2H-pyrido[1,2-c]pyrimidine (6a–i) and 4-aryl-5,6,7,8-tetrahydro-
pyrido[1,2-c]pyrimidine derivatives (7a–i).

Ki [nM]

Compound R R1 5-HT1A SERT cLogP

6a –H –H 23.0 ± 1.0 32.0 ± 3.6 4.32
6b –CH3 –H 30.0 ± 3.5 >5000 4.81
6c –OCH3 –H 7.0 ± 1.0 >5000 4.30
6d –Cl –H 11.0 ± 1.4 373.0 ± 32.0 4.98
6e –F –H 15.0 ± 0.6 >1000 4.52
6f –H –CH3 74.0 ± 4.0 772.0 ± 36.0 4.81
6g –H –OCH3 10.0 ± 1.1 730.0 ± 79.0 4.98
6h –H –Cl 21.0 ± 1.5 310.0 ± 1.0 4.98
6i –H –F 17.0 ± 2.0 342.0 ± 28.8 4.55
7a –H –H 27.0 ± 2.0 520.0 ± 58.8 5.02
7b –CH3 –H 35.0 ± 3.5 >1000 5.51
7c –OCH3 –H 62.0 ± 6.0 878.0 ± 88.0 5.00
7d –Cl –H 71.0 ± 6.9 310.0 ± 34.5 5.68
7e –F –H 36.0 ± 4.1 >1000 5.22
7f –H –CH3 52.0 ± 2.5 1773.0± 180.0 5.90
7g –H –OCH3 5.0 ± 0.5 48.0 ± 2.4 5.00
7h –H –Cl 25.0 ± 3.0 290.0 ± 22.7 5.68
7i –H –F 9.5 ± 1.1 311.0 ± 35.0 5.22

Reference
compound

Serotonin 3.6 ± 0.4
Methiotepin 4.8 ± 0.5
Imipramine 17.0 ± 1.3

An analysis of the effect of the substituents in the benzene ring of the 4-aryl-2H-
pyrido[1,2-c]pyrimidine residue on 5-HT1AR affinity of the ligands (6a–i) showed that
the presence of a substituent at the ortho position generally increased binding affinity,
compared to ligands with a substituent at the para position. The most marked effect on
affinity was exerted by substituents in the compounds (6a–i) in the following order: 6c
(o-OCH3) > 6g (p-OCH3) > 6d (o-Cl) > 6e (o-F) > 6i (p-F) > 6h (p-Cl) > 6a (-H) > 6b (o-CH3)
> 6f (p-CH3). Analysis of the effect of substituents on the binding affinity of the derivatives
of the 4-aryl-5,6,7,8-tetrahydro-pyrido[1,2-c]pyrimidine (7a–i) series revealed the most
marked effect on binding affinity of substituents at the para position in the following order:
7g (p-OCH3) > 7i (p-F) > 7h (p-Cl) > 7a (-H) > 7b (o-CH3) > 7e (o-F) > 7f (p-CH3) > 7c
(o-OCH3) > 7d (o-Cl).

Data on the affinity of the ligands (6a–i) and (7a–i) for SERT protein generally indicated
poor binding affinity of most of the compounds. Consequently, it is difficult to determine
the effect of the degree of saturation and substituents of the 4-aryl-pyrido[1,2-c]pyrimidine
residue in the test compounds on their binding affinity. High binding affinity was only
demonstrated for 6a (Ki = 32.0 nM) and 7g (Ki = 48.0 nM). The binding affinity values
for the other ligands in both series are low (Ki = from 310 to > 5000 nM for series 6 and
Ki = 290–1773 nM for series 7).

The compounds 6a, 6d, 7g and 7i were selected for in vitro studies. The compounds
6a and 7g showed very high affinity for the 5-HT1A receptor and SERT protein, while the
compounds 6d and 7i demonstrated very high affinity for the 5-HT1A receptor and poor
affinity for SERT. The compounds were tested for their multiple receptor binding affinity,
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with special regard to their affinity for the receptors 5-HT2A, 5-HT6, 5-HT7 and D2, whose
role in the pathomechanism of depression has been well documented [15,32] (Table 2). It has
been confirmed that disturbed dopaminergic neurotransmission in the mesolimbic and
nigrostriatal regions also contributes significantly to the development of depression [32].
Consequently, intensive research is under way on a new class of potential drugs which
exert their effects through interaction with D2/5-HT1A[33]; where the ligand would be
a partial agonist of the 5-HT1A receptor and would induce postsynaptic serotonergic
neurotransmission, which would increase dopamine levels in the mPFC (medial prefrontal
cortex) [34]. The role of 5-HT2A receptors in the treatment of schizophrenia has also been
well documented in numerous publications. Accordingly, multireceptor studies of the
selected ligands 6a, 6d, 7g and 7i—including this molecular target—appear well justified.
The role of the serotonergic receptors 5-HT6 and 5-HT7 in the pathomechanism of CNS
disorders, including depression, has been well documented and presented in numerous
papers [15], and so have the satisfactory results of treatment with multireceptor drugs,
such as Aripiprazole, Clozapine[35] or Vortioxetine[23]. This encouraged us to investigate
the extended affinity profile of selected compounds [36], targeting 5-HT2A, 5-HT6, 5-HT7
and D2 receptors.

Table 2. Binding affinity data on serotonin 5-HT1A, 5-HT2A, 5-HT6, 5-HT7 receptors, SERT protein, and dopamine D2 receptor of the
investigated 4-aryl-2H-pyrido[1,2-c]pyrimidine (6a, 6d) and 4-aryl-5,6,7,8-tetrahydro-pyrido[1,2-c]pyrimidine (7g, 7i) derivatives.

Ki [nM]

Compound R1 R2 5-HT1A SERT 5-HT2A 5-HT6 5-HT7 D2

6a –H –H 23.0 ± 1.0 32.0 ± 3.6 17 ± 3 376 ± 58 62 ± 5 7 ± 2
6d –Cl –H 11.0 ± 1.4 373.0± 32.0 20 ± 4 709 ± 135 109 ± 14 9 ± 2
7g –H –OCH3 5.0 ± 0.5 48.0 ± 2.4 16 ± 2 400 ± 32 94 ± 11 10 ± 1
7i –H –F 9.5 ± 1.1 311.0± 35.0 44 ± 6 740 ± 183 161 ± 27 17 ±2

Reference
Compound

Olanzapine [37] 4.6 ± 0.9 7 ± 1 n.d. n.d.
Mianserin [37] 2.8 ± 0.5 n.d. n.d. n.d.
Clozapine [37] n.d. n.d. 18 ± 2 n.d.

Haloperidol [37] n.d. n.d. n.d. 4.5 ± 0.7
Apomorphine [37] n.d. n.d. n.d. 42 ± 6
Chlorpromazine

[37] n.d. n.d. n.d. 1.8 ± 0.3

n.d. = not determined.

Table 2 presents binding affinities of the compounds 6a and 7g, which exhibited very
high binding affinity for the receptors 5-HT1A, 5-HT2A, SERT and D2, and high binding
affinity for 5-HT7. The compounds 6d and 7i, in turn, demonstrated very high affinity
for the receptors 5-HT1A, 5-HT2A and D2 and moderate affinity for the receptor 5-HT7,
with low affinity for the receptors 5-HT6 and SERT. The in vitro data for both groups of
compounds can be seen as a good starting point for further research on multireceptor
ligands in the treatment of depressive disorder or schizophrenia. Additionally, cLogP
values for the compounds in the 4-aryl-2H-pyrido[1,2-c]pyrimidine (6a–i) series ranged
from 4.30 to 4.98, while cLogP values for the series of 4-aryl-5,6,7,8-tetrahydro-pyrido[1,2-
c]pyrimidine (7a–i) derivatives ranged from 5.00-5.90. These values are given in Table
1. A comparison of cLogP values for both ligand series shows that all cLogP values for
the (6a–i) series do not exceed 5.00—which, according to Lipiński [38,39] is a cut-off value
for transmembrane penetration required of candidate drugs. The derivatives 6a (R = -H,
R1 = -H) and 6c (R = -OCH3, R1 = H) had a cLogP value of 4.32 and 4.30, respectively,
which can be compared to the cLogP value of 4.26 [30] of Vortioxetine, a well-known
antidepressant of the SSRI/5-HT1A class. At the same time, ligands of the (7a–i) series
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demonstrated cLogP values >5, which is not pharmacologically desirable, according to
Lipiński’s rule [38].

2.2.2. In Vivo Studies

To determine the profile of functional activity of the selected ligands, behavioral tests
were performed. It is known that 8-OH-DPAT, a 5-HT1A receptor agonist, can induce
hypothermia in mice, through 5-HT1A somatodendritic receptors [30,40]. Moreover, this
effect can be abolished by WAY-100635 [41], a 5-HT1A receptor antagonist. Based on this
knowledge, we tested compounds 6a (R = -H, R1 = -H) and 7g (R = -H, R1 = -OCH3) in a
commonly used in vivo panel of tests, to assess their functional 5-HT1A receptor activity.
Test compounds 6a and 7g, like 8-OH-DPAT, induced hypothermia in mice (Table 3).

Table 3. The effect of compounds 6a and 7g on body temperature in mice.

Treatment Dose
(mg/kg) ∆t ± SEM (◦C)

30 min 60 min 90 min 120 min

Vehicle - −0.2 ± 0.2 −0.0 ± 0.2 −0.1 ± 0.1 −0.0 ± 0.1
6a 5 −2.0 ± 0.2 b −3.2 ± 0.5 b −3.1 ± 0.5 b −2.8 ± 0.5 b

2.5 −1.6 ± 0.2 b −2.5 ± 0.3 b −2.4 ± 0.3 b −2.0 ± 0.2 b

1.25 −1.7 ± 0.3 b −1.7 ± 0.3 b −1.6 ± 0.2 b −1.6 ± 0.3 b

0.6 −1.0 ± 0.2 b −1.2 ± 0.1 b −0.9 ± 0.1 a −0.8 ± 0.2 a

p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001
Vehicle - −0.0 ± 0.2 0.0 ± 0.1 −0.1 ± 0.1 −0.1 ± 0.1

7g 5 −2.1 ± 0.1 b −3.4 ± 0.3 b −3.9 ± 0.5 b −4.2 ± 0.8 b

2.5 −2.2 ± 0.2 b −2.8 ± 0.3 b −2.9 ± 0.3 b −3.0 ± 0.4 b

1.25 −1.5 ± 0.3 b −1.7 ± 0.3 b −1.3 ± 0.4 b −1.0 ± 0.3
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

Vehicle - 0.2 ± 0.1 0.1 ± 0.2 0.1 ± 0.2 0.1 ± 0.2
WAY-100635 0.1 0.1 ± 0.2 0.1 ± 0.2 −0.1 ± 0.2 −0.2 ± 0.1
8-OH-DPAT 5 −1.7 ± 0.2 b −1.1 ± 0.2 b −0.1 ± 0.1 0.3 ± 0.3

p < 0.0001 p < 0.005 ns ns

The investigated compounds were administered 30 min before the test, a p < 0.05 vs vehicle, b p < 0.001 vs vehicle,
ns = non-significant.

WAY-100635 (0.1 mg/kg) diminished hypothermia induced by compound 6a (0.6
mg/kg) by 50% (Table 4).

Table 4. The effect of WAY-100635 (0.1 mg/kg sc) on the hypothermia induced by compounds 6a
and 7g.

Treatment and Dose (mg/kg) ∆t ± SEM (◦C)

30 min 60 min

Vehicle 0.0 ± 0.1 0.0 ± 0.0
Vehicle + 6a (0.6) −1.0 ± 0.2 c −1.2 ± 0.1 c

WAY-100635 + 6a −0.5 ± 0.2 b,d −0.4 ± 0.2 a,e

p < 0.0001 p < 0.0001
Vehicle −0.3 ± 0.1 −0.2 ± 0.1

Vehicle + 7g (1.25) −1.5 ± 0.3 c −1.7 ± 0.3 c

WAY-100635 + 7g −1.2 ± 0.2 b −0.7 ± 0.3 d

p < 0.0001 p < 0.0005
Vehicle 0.1 ± 0.1 −0.0 ± 0.1

WAY-100635 0.3 ± 0.3 0.2 ± 0.3
ns ns

WAY-100635 was administered 15 min before the tested compounds, a p < 0.05 vs vehicle, b p < 0.01 vs vehicle,
c p < 0.001 vs vehicle, d p < 0.05 vs compound group, e p < 0.001 vs compound group, ns = non-significant.
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In conclusion, the decrease in mouse body temperature produced by compound 6a can
be accounted as a measure of its presynaptic 5-HT1A agonistic activity. Tested compound
6a was ineffective in the forced swimming test in mice (Figure 6), so we can conclude lack
of postsynaptic 5-HT1A receptor activity [40].

Figure 6. Effect of compound 6a on forced swimming test in CD-1 mice.

2.2.3. Metabolic Stability Evaluation

We decided to carry out preliminary tests of metabolic stability for selected com-
pounds, as metabolic stability is an important index of a compound’s pharmacokinetics.
Such studies are routinely performed at earlier stages of studies of potential new drugs.
They are extremely important, as many known valuable compounds possessing high de-
sirable pharmacological activity are disqualified at later clinical stages on account of an
undesirable pharmacokinetic profile with regard to metabolic stability. Thus, the prelimi-
nary studies in this regard performed by us appeared advisable.

A compound with poor metabolic stability will not reach appropriate therapeutic
levels for a given molecular target. High metabolic stability of a candidate drug or its
metabolite can, in turn, potentially cause higher toxicity or adverse effects. On the other
hand, the identification of inhibition or induction of cytochrome P-450 isoenzymes, which
mediate the metabolism of most drugs, allows for predicting potential drug-drug interac-
tions [42,43]. The results of a metabolic stability study in the presence of pooled human
liver microsomes (HLMs) and nicotinamide adenine dinucleotide phosphate (NADPH)
are shown in Table 5. Metabolic stability is presented in the form of biological half-life
value, which allows for easy comparison of compounds’ structure and their susceptibility
to phase 1 biotransformation reactions (the result of incubation on the presence of hu-
man liver microsomes). Results presented in Table 5 allow for the quick assessment of
metabolic stability.

Table 5. Experimental t1/2 values along with corresponding SD and RSD%.

Compound Average t1/2 [min]
(n = 2) SD [min] RSD%

6a 3.61 0.43 11.18
6d 3.20 0.09 2.81

Table legend: SD—standard deviation, RSD%—relative standard deviation, expressed as SD/average × 100%.

Even though the biological half-life values for studied compounds were far from
high, it is worth noticing that biological half-life value depends on the compound’s initial
concentration in the incubation mix. As the initial studied compound concentration was
1 µM, such values were to be expected. Of the studied pyrido[1,2-c]pyrimidine derivatives,
compounds 6a (R = -H, R1 = -H) and 6d (R = -Cl, R1 = -H) were most susceptible to phase
1 biotransformation reactions. The metabolic stability investigations for the compounds
6a and 6d showed their sensitivity to the activity of human liver microsomes, which is
most likely associated with the presence of a 6-fluoro-3-(4-piperidinyl)-1,2-benzisoxazole
residue in the pharmacophore part. These results will prompt further studies in search of
compounds with greater metabolic stability in this group of derivatives. The justification
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for further research stems from the fact that the novel compounds revealed very high
affinity for a number of receptors and were also characterized by appropriate cLogP values.

3. Materials and Methods
3.1. General Remarks

Reagents and solvents were purchased from commercial suppliers: Sigma-Aldrich,
TCI, Alfa Aesar and Chempur. The purity of the obtained samples was routinely confirmed
by TLC using Merck plates (Kieselgel 60 F254). Melting points (m.p.) were determined
using the Electrothermal IA 9200 apparatus with open capillary tubes and were not cor-
rected. 1H and 13C NMR spectra were recorded on a Bruker AVANCE III HD (500 MHz)
instrument in CDCl3 (chemical shifts are reported in δ units), with the use of TMS as the
internal reference. The following abbreviations were used to describe peak patterns when
appropriate: s (singlet), 2s (double singlet), d (doublet), dd (double doublet), dt (double
triplet), t (triplet), td (triple doublet), 4d (quartet of doublets), m (multiplet), q (quartet), qu
(quintet). Coupling constants (J) are in hertz (Hz). Numbering system, which was used
in NMR spectra interpretation is shown in Figure 7. ESI-HRMS spectra were obtained on
a Thermo Q-Exactive instrument. Flash column chromatography was carried out using
Merck Silicagel (40–63 µm) Geduran® Si 60 and a mixture of toluene:ethylacetate:methanol
(10:4:3 v/v), methylene chloride:methanol:triethylamine (64:2:0.4 v/v), chloroform:methanol
(9:1 v/v) as an eluent. Thin layer chromatography was performed on Merck Silicagel (Kiesel-
gel 60 F254) plates, where the mobile phase was composed of toluene, dioxane, ethanol,
and 25% ammonia (9.0:5.0:1.0:0.3 v/v) or methylene chloride, methanol, triethylamine
(16.0:1.0:0.2 v/v). Plates were visualized by UV light (254 nm).

Figure 7. Numbering system for NMR spectra interpretation of compounds (6a–i) and (7a–i).

3.2. Synthesis of Compounds
3.2.1. Procedure for the Synthesis of
2-(4-Bromobutyl)-4-aryl-pyrido[1,2-c]pyrimidine-1,3-diones (4a–i) and
2-(4-bromobutyl)-4-aryl-5,6,7,8-tetrahydropyrido[1,2-c]pyrimidine-1,3-diones (5a–i)

Compounds (4a–i) and (5a–i) were obtained according to the previously described
procedures [26,37,44].

3.2.2. General Procedure for the Synthesis of Derivatives of
4-Aryl-2H-pyrido[1,2-c]pyrimidine-1,3-dione (6a–i) and
4-aryl-5,6,7,8-tetrahydropyrido[1,2-c]pyrimidine-1,3-dione (7a–i)

The appropriate bromobutyl derivatives (4a–i) or (5a–i) (0.75 mmol), 6-fluoro-3-(4-
piperidinyl)-1,2-benzisoxazole (0.75 mmol) and K2CO3 (2 mmol) were suspended in acetoni-
trile (25 mL). The reaction mixture was carried out of at 45 ◦C and stirred for 8–12 h. The re-
action time was determined using TLC. The mixture was filtered to remove inorganic salts,
and the solvent was removed from the filtrate under vacuum. The residue was purified by
column chromatography (flash or gravity technique) using toluene:ethylacetate:methanol
(10:4:3 v/v), methylene chloride:methanol:triethylamine (64:2:0.4 v/v), chloroform:methanol
(9:1 v/v) as an eluent. Appropriate fractions were identified by TLC and evaporated to give
compounds (6a–i) or (7a–i).
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4-Phenyl-2-{4-[4-(6-fluoro-1,2-benzoxazol-3-yl)-1-piperidyl]butyl}-pyrido[1,2-
c]pyrimidine-1,3-dione 6a

The title compound was isolated as a yellow powder. Yield: 20.5%; m.p. 132–133 ◦C.
1H NMR (500 MHz, CDCl3): δ 8.33 (C8H, dt, 3J = 7.5, 4J = 5J = 1.5), 7.75 (C4”H, dd,

3J = 8.5, 4JH-F = 5.0), 7.42–7.47 (C2′H, C6′H, m), 7.35 (C4′H, tt, 3J = 7.5, 4J = 1.5), 7.30–7.33
(C3′H, C5′H, m), 7.22 (C7”H, 4d, 3JH-F = 8.5, 4J = 2.5, 5J = 0.5), 7.04 (C5”H, td, 3J = 9.0,
4J = 2.0), 6.89–6.91 (C5H, C6H, m), 6.38 (C7H, m, 3J1 = 8.0, 3J2 = 4.5, 4J = 3.5), 4.20 (C1xH2,
t, 3J = 7.5), 3.11 (CaH(E), CeH(E), CcH, m), 2.52 (C4xH2, t, 3J = 7.0), 2.02–2.30 (CaH(A),
CeH(A), CbH(A), CdH(A), CbH(E), CdH(E), m), 1,81 (C2xH2, q, 3J = 7.5), 1.68 (C3xH2, q,
3J = 7.5).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.6*), 163.9 (C7”a, d, 3J = 13.6*),
160.9 (C3, s), 160.1 (C3”, s), 148.9 (C1, s), 143.5 (C4a, s), 132.8 (C1′, s), 132,4 (C6, s), 131.2
(C2′, C6′, s), 128.8 (C3′, C5′, s), 127.9 (C4′, s), 127.8 (C8, s), 122.8 (C4”, d, 3J = 10.2*), 121.4
(C5, s), 117.2 (C3”a, s), 112.3 (C5”, d, 2J = 25.3*), 110.7 (C7, s), 104.9 (C4, s), 97.3 (C7”, d,
2J = 26.7*), 58.3 (C4x, s), 53.4 i 53.4 (Ca i/lub Ce, 2s), 42.3 (C1x, s), 34.4 (Cc, s), 30.1 (Cb, Cd,
s), 25.4 (C2x, s), 24.1 (C3x, s).

ESI-HRMS m/z: Calcd for C30H30FN4O3 [M + H]+ 513.2296. Found: 513.2304

4-(2-Methylphenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-pyrido[1,2-
c]pyrimidine-1,3-dione 6b

The title compound was isolated as a yellow powder. Yield: 59.7%; m.p. 120–122 ◦C.
1H NMR (500 MHz, CDCl3): δ 8.33 (C8H, dt, 3J = 7.5, 4J = 5J = 1.0), 7.78 (C4”H, dd,

3J = 8.5, 4JH-F = 5.0), 7.21–7.33 (C4′-6′H, C7”H, [4H], m), 7.14 (C3′H, dd, 3J = 8.0, 4J = 1.5),
7.05 (C5”H, td, 3J = 9.0, 4J = 2.0), 6.88 (C6H, 4d, 3J1 = 9.5, 3J2 = 6.0, 4J = 1.5), 6.56 (C5H, dt,
3J = 9.5, 4J = 5J = 1.0), 6.38 (C7H, m, 3J1 = 7.5, 3J2 = 6.0, 4J = 1.0), 4.20 (C1xH2, t, 3J = 7.5), 3.08
(CaH(E), CeH(E), CcH, m), 2.48 (C4xH2, t, 3J = 7.5), 2.15 (CH3, s), 2.0–2.2 (Ca(A), Ce(A),
CbH2, CdH2, m), 1.80 (C2xH2, q, 3J = 7.5), 1.65 (C3xH2, q, 3J = 7.5).

13C NMR (125 MHz, CDCl3): δ 164.0 (C6”, d, 1J = 250.6*), 163.8 (C7”a, d, 3J = 13.6*),
161.0 (C3”, s), 159.6 (C3, s), 149.1 (C1, s), 143.4 (C4a, s), 138.4 (C2′, s), 132.4 (C1′, s), 132.1
(C6, s), 131.5 (C6′, s), 130.5 (C3′, s), 128.4 (C4′, s), 128.0 (C8, s), 126.4 (C5′, s), 122.7 (C4”, d,
3J = 11.1*), 121.4 (C5, s), 117.2 (C3”a, s), 112.3 (C5”, d, 2J = 25.3*), 110.5 (C7, s), 104.1 (C4, s),
97.4 (C7”, d, 2J = 26.7*), 58.4 (C4x, s), 53.4 (Ca, Ce, s), 42.2 (C1x, s), 34.5 (Cc, s), 30.3 (Cb, Cd,
s), 25.5 (C2x, s), 24.2 (C3x, s), 19.6 (CH3, s).

ESI-HRMS m/z: Calcd for C31H32FN4O3 [M + H]+ 527.2453. Found: 527.2461

4-(2-Methoxphenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-pyrido[1,2-
c]pyrimidine-1,3-dione 6c

The title compound was isolated as a yellow powder. Yield: 71.1%; m.p. 65–70 ◦C.
1H NMR (500 MHz, CDCl3): δ 8.32 (C8H, dt, 3J = 7.5, 4J = 5J = 1.0), 7.73 (C4”H, dd,

3J = 8.5, 4JH-F = 5.0), 7.37 (C4′H, 4d, 3J1 = 8.0, 3J2 = 7.5, 4J = 1.5), 7.22 (C6′H, C7”H, m),
7.01–7.07 (C5′H, C5”H, m), 6.88 (C6H, 4d, 3J1 = 9.5, 3J2 = 6.5, 4J = 1.5), 6.63 (C5H, dt, 3J = 9.0,
4J = 5J = 1.5), 6.37 (C7H, m, 3J1 = 7.5, 3J2 = 6.5, 4J = 1.5), 4.19 (C1xH2, t, 3J = 7.5), 3.76 (OCH3,
s), 3.08 (CaH(E), CeH(E), CcH, m), 2.48 (C4xH2, t, 3J = 7.5), 2.0 -2.2 (Ca(A), Ce(A), CbH2,
CdH2, m), 1.80 (C2xH2, q, 3J = 7.0), 1.66 (C3xH2, q, 3J = 7.0).

13C NMR (125 MHz, CDCl3): δ 164.0 (C6”, d, 1J = 250.4*), 163.8 (C7”a, d, 3J = 13.6*),
161.1 (C3”, s), 159.9 (C3, s), 157.8 (C2′, s), 149.1 (C1, s), 143.6 (C4a, s), 133.0 (C6’, s), 131.9
(C6, s), 129.6 (C4′, s), 127.8 (C8, s), 122.8 (C4”, d, 3J = 11.1*), 121.9 (C1′, s), 121.4 (C5, s), 120.9
(C5′, s), 117.2 (C3”a, s), 112.3 (C5”, d, 2J = 25.1*), 111.4 (C3′, s), 110.5 (C7, s), 101.2 (C4, s),
97.3 (C7”, d, 2J = 26.7*), 58.4 (C4x, s), 55.6 (OCH3, s), 53.5 (Ca, Ce, s), 42.3 (C1x, s), 34.5 (Cc,
s), 30.3 (Cb, Cd, s), 25.5 (C2x, s), 24.2 (C3x, s).

ESI-HRMS m/z: Calcd for C31H32FN4O4 [M + H]+ 543.2402. Found: 543.2410
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4-(2-Chlorophenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-pyrido[1,2-
c]pyrimidine-1,3-dione 6d

The title compound was isolated as a yellow powder. Yield: 71.7%; m.p. 69–74 ◦C.
1H NMR (500 MHz, CDCl3): δ 8.37 (C8H, dt, 3J = 7.5, 4J = 5J = 1.0), 7.75 (C4”H, bs), 7.52

(C3′H, m), 7.29–7.37 (C4′H, C5′H, C6′H, m), 7.23 (C7”H, 4d, 3JH-F = 8.5, 4J = 2.5, 5J = 0.5),
7.05 (C5”H, td, 3J = 8.5, 4J = 2.0), 6.97 (C6H, 4d, 3J1 = 9.5, 3J2 = 6.0, 4J = 1.0), 6.56 (C5H,
dt, 3J = 9.0, 4J = 5J = 1.0), 6.43 (C7H, m, 3J1 = 7.5, 3J2 = 6.5, 4J = 1.5), 4.21 (C1xH2, m), 3.10
(CaH(E), CeH(E), CcH, bs), 2.51 (C4xH2, bs), 2.0–2.3 (CaH(A), CeH(A), CbH2, CdH2), 1.81
(C2xH2, m), 1.67 (C3xH2, m).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.6*), 163.9 (C7”a, d, 3J = 13.6*),
161.0 (C3”, s), 159.5 (C3, s), 149.0 (C1, s), 143.8 (C4a, s), 135.7 (C2′, s), 133.4 (C6′, s), 133.1
(C1′, s), 131.7 (C6, s), 130.0 (C3′, s), 129.7 (C4′, s), 128.1 (C8, s), 127.3 (C5′, s), 122.8 (C4”, d,
3J = 10.7*), 121.1 (C5, s), 117.2 (C3”a, s), 122.3 (C5”, d, 2J = 25.1*), 110.8 (C7, s), 102.2 (C4, s),
97.4 (C7”, d, 2J = 26.7*), 58.3 (C4x, s), 53.4 (Ca, Ce, s), 42.2 (C1x, s), 34.4 (Cc, s), 30.2 (Cb, Cd,
s), 25.4 (C2x, s), 24.0 (C2x, s).

ESI-HRMS m/z: Calcd for C30H29ClFN4O3 [M + H]+ 547.1907. Found: 547.1915

4-(2-Fluorophenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-pyrido[1,2-
c]pyrimidine-1,3-dione 6e

The title compound was isolated as a yellow powder. Yield: 63.2%; m.p. 58–62 ◦C.
1H NMR (500 MHz, CDCl3): δ 8.37 (C8H, dt, 3J = 7.5, 4J = 5J = 1.0), 7.74 (C4”H, m),

7.35–7.43 (C4′H, m), 7.33 (C5′H, td, 3J = 7.5, 4J = 2.0), 7.23 (C6′H, C7”H, m), 7.17 (C3′H,
m, 3JH-F = 10.0, 3J = 8.5, 4J = 1.0), 7.04 (C5”H, td, 3J = 8.5, 4J = 2.5), 6.98 (C6H, 4d, 3J1 = 9.5,
3J2 = 6.5, 4J = 1.5), 6.74 (dt) i 6.74 (dt) (C5H, 3J = 9.0, 4J = 5J = 1.5**), 6.43 (C7H, m, 3J1 = 7.5,
3J2 = 6.5, 4J = 1.5), 4.20 (C1xH2, t, 3J = 7.5), 3.09 (CaH(E), CeH(E), CcH, pd), 2.49 (C4xH2,
bs), 2.00–2.30 (CaH(A), CeH(A), CbH2, CdH2, m), 1.81 (C2xH2, q, 3J = 7.5), 1.66 (C3xH2, q,
3J = 7.5).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.4*), 163.9 (C7”a, d, 3J = 13.5*),
161.1 (C3”, s), 160.9 (C2′, d, 1J = 246.9*), 159.6 (C3, s), 148.9 (C1, s), 144.0 (C4a, s), 133.4
(C6′, d, 3J = 3.0*), 133.1 (C6, s), 130.1 (C4′, d, 3J = 8.2*), 128.2 (C8, s), 124.4 (C5′, d, 4J = 3.5*),
122.8 (C4”, d, 3J = 11.1*), 121.2 (C5, s), 120.3 (C1′, d, 2J = 16.0*), 117.2 (C3”a, s), 116.1 (C3′, d,
2J = 22.3*), 112.3 (C5”, d, 2J = 25.1*), 110.8 (C7, s), 98.4 (C4, s), 97.4 (C7”, d, 2J = 26.8*), 58.4
(C4x, s), 53.5 (Ca, Ce, s), 42.4 (C1x, s), 34.5 (Cc, s), 30.3 (Cb, Cd, s), 25.5 (C2x, s), 24.2 (C3x, s).

ESI-HRMS m/z: Calcd for C30H29F2N4O3 [M + H]+ 531.2202. Found: 531.2212

4-(4-Methylphenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-pyrido[1,2-
c]pyrimidine-1,3-dione 6f

The title compound was isolated as a yellow powder. Yield: 71.1%; m.p. 158–159 ◦C.
1H NMR (500 MHz, CDCl3): δ 8.32 (C8H, dt, 3J = 7.5, 4J = 5J = 1.0), 7.78 (C4”H, bs),

7.18–7.26 (C2′H, C3′H, C5′H, C6′H, C7”H, m), 7.05 (C5”H, td, 3J = 9.0, 4J = 2.0), 6.86–6.93
(C5H, C6H, m), 6.37 (C7H, m, 3J1 = 7.5, 3J2 = 5.5, 4J = 1.5), 4.19 (C1xH2, t, 3J = 7.5), 3.14
(CaH(E), CeH(E), Cc, bs), 2.57 (C4xH2, bs), 2.39 (CH3, s), 2.03–2.35 (CaH(A), CeH(A), CbH2,
CdH2, m), 1.81 (C2xH2, q, 3J = 7.5), 1.70 (C3xH2, bs).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.7*), 163.9 (C7”a, d, 3J = 13.6*),
160.8 (C3”, s), 160.3 (C3, s), 149.0 (C1, s), 143.5 (C4a, s), 137.6 (C6, s), 132.2 (C4′, s), 131.0
(C2′, C6′, s), 129.7 (C1′, s), 129.5 (C3′, C5′, s), 127.9 (C8, s), 122.8 (C4”, d*), 121.6 (C5, s), 117.1
(C3”a, bs), 112.4 (C5”, d, 2J = 25.1*), 110.6 (C7H, s), 104.9 (C4, s), 97.4 (C7”, d, 2J = 26.8*),
58.2 (C4x, s), 53.2 (Ca, Ce, s), 42.1 (C1x, s), 34.2 (Cc, s), 30.0 (Cb, Cd, s), 25.4 (C2x, s), 23.7
(C3x, s), 21.3 (CH3, s).

ESI-HRMS m/z: Calcd for C31H32FN4O3 [M + H]+ 527.2453. Found: 527.2459
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4-(4-Methoxyphenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-pyrido[1,2-
c]pyrimidine-1,3-dione 6g

The title compound was isolated as a yellow powder. Yield: 78.9%; m.p. 163–166 ◦C.
1H NMR (500 MHz, CDCl3): δ 8.31 (C8H, dt, 3J = 7.5, 4J = 5J = 1.0), 7.73 (C4”H, dd,

3J = 8.5, 4JH-F = 5.0), 7.24 (C2′H, C6′H, dt, 3J = 8.5, 4J = 3.0), 7.21–7.24 (C7”H, m**), 7.04
(C5”H, td, 3J = 9.0, 4J = 2.0), 6.98 (C3′H, C5′H, dt, 3J = 8.5, 4J = 3.0), 6.86–6.94 (C5H, C6H,
m), 6.37 (C7H, m, 3J1 = 8.0, 3J2 = 6.0, 4J = 1.5), 4.19 (C1xH2, t, 3J = 7.5), 3.84 (OCH3, s), 3.09
(Ca(E), Ce(E), Cc, 3.09, m), 2.47 (C4xH2, t, 3J = 7.5), 2.00–2.20 (Ca(A), Ce(A), CbH2, CdH2,
m), 1.80 (C2xH2, q, 3J = 7.5), 1.65 (C3xH2, q, 3J = 7.7).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.4*), 163.8 (C7”a, d, 3J = 13.6*),
161.1 (C3”, s), 160.4 (C3, s), 159.1 (C4′, s), 149.0 (C1, s), 143.5 (C4a, s), 132.3 (C2′, C6′, s),
132.1 (C6, s), 127.9 (C8, s), 124.8 (C1′, s), 122.7 (C4”, d, 3J = 11.1*), 121.6 (C5, s), 117.2 (C3”a,
s), 114.3 (C3′, C5′, s), 112.3 (C5”, d, 2J = 25.3*), 110.6 (C7, s), 104.6 (C4, s), 97.4, d, 2J = 26.8*),
58.4 (C4x, s), 55.3 (OCH3, s), 53.5 (Ca, Ce, s), 42.4 (C1x, s), 34.5 (Cc, s), 30.4 (Cb, Cd, s), 25.5
(C2x, s), 24.3 (C3x, s).

ESI-HRMS m/z: Calcd for C31H32FN4O4 [M + H]+ 543.2402. Found: 543.2411

4-(4-Chlorophenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-pyrido[1,2-
c]pyrimidine-1,3-dione 6h

The title compound was isolated as a yellow powder. Yield: 63.2%; m.p. 152–155 ◦C.
1H NMR (500 MHz, CDCl3): δ 8.35 (C8H, dt, 3J = 7.5, 4J = 5J = 1.0), 7.76 (C4”H, bs),

7.25–7.29 (C3′H, C5′H, dt, 3J = 8.5, 4J = 2.5), 7.23 (C7”H, 4d, 3JH-F = 8.5, 4J = 2.0, 5J = 0.5),
7.40–7.44 (C2′H, C6′H, dt, 3J = 8.5, 4J = 2.5), 7.05 (C5”H, td, 3J = 8.5, 4J = 2.0), 6.95 (C6H,
4d, 3J1 = 9.5, 3J2 = 6.0, 4J = 1.0), 6.88 (C5H, m, 3J = 9.0, 4J = 5J = 1.5), 6.42 (C7H, m, 3J1 = 7.5,
3J2 = 6.0, 4J = 1.0), 4.19 (C1x H2, t, 3J = 7.5), 3.13 (CaH(E), CeH(E), CcH, bs), 2.55 (C4xH2,
bs), 2.0–2.4 (CaH(A), CeH(A), CbH2, CdH2, m), 1.80 (C2xH2, q, 3J = 7.0), 1.70 (C3xH2, bs).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.7*), 163.9 (C7”a, d, 3J = 13.7*),
160.8 (C3”, s), 160.0 (C3, s), 148.8 (C1, s), 143.7 (C4a, s), 133.7 (C4′, s), 132.9 (C6, s), 132.6
(C3′, C5′, s), 131.2 (C1′, s), 129.0 (C2’, C6′, s), 128.1 (C8, s), 122.8 (C4”, d, 3J = 9.4*), 121.1
(C5, s), 117.1 (C3”a, s), 112.4 (C5”, d, 2J = 24.9*), 110.9 (C7, s), 103.5 (C4, s), 97.4 (C7”, d,
2J = 26.8*), 58.2 (C4x, s), 53.3 (Ca, Ce, s), 42.3 (C1x, s), 34.3 (Cc, s), 29.9 (Cb, Cd, s), 25.4 (C2x,
s), 23.8 (C3x, s).

ESI-HRMS m/z: Calcd for C30H29ClFN4O3 [M + H]+ 547.1907. Found: 547.1916

4-(4-Fluorophenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-pyrido[1,2-
c]pyrimidine-1,3-dione 6i

The title compound was isolated as a yellow powder. Yield: 17.6%; m.p. 102–107 ◦C.
1H NMR (500 MHz, CDCl3): δ 8.34 (C8H, dt, 3J = 7.0, 4J = 5J = 1.5), 7.75 (C4”H, bs),

7.29 (C2′H, C6′H, m), 7.23 (C7”H, 4d, 3JH-F = 8.5, 4J = 2.0, 5J = 0.5), 7.14 (C3′H, C5′H, tt,
3J = 8.5), 7.052 (C5”H, td, 3J = 8.5, 4J = 2.0), 6.94 (C6H, 4d, 3J1 = 9.0, 3J2 = 6.0, 4J = 1.5), 6.87
(C5H, dt, 3J = 9.0, 4J = 5J = 1.5), 6.41 (C7H, m, 3J1 = 7.5, 3J2 = 6.0, 4J = 1.5), 4.19 (C1xH2, t,
3J = 7.5), 3.12 (CaH(E), CeH(E)CcH, bs), 2.53 (C4xH2, bs), 2.0–2.3 (CaH(A), CeH(A), CbH2,
CdH2, m), 1.81 (C2xH2, q, 3J = 7.5), C3xH2, bs).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.8*), 163.9 (C7”a, d, 3J = 13.5*),
162.3 (C4′H, d, 1J = 247.2*), ~161.0 (C3”, s), 160.2 (C3, s), 148.9 (C1, s), 143.7 (C4a, s), 133.0
(C2′, C6′, d, 3J = 8.2*), 132.8 (C6, s), 128.6 (C1′, d, 4J = 3.5*), 128.1 (C8, s), 122.8 (C4”,
d, 3J = 10.8*), 121.2 (C5, s), 117.2 (C3”a, s), 115.8 (C3′, C5′, d, 2J = 21.5*), 112.4 (C5”, d,
2J = 24.9*), 110.8 (C7, s), 103.8 (C4, s), 97.4 (C7”, d, 2J = 26.8*), 58.4 (C4x, s), 53.4 (Ca, Ce, s),
42.3 (C1x, s), 34.4 (Cc, s), 30.1 (Cb, Cd, s), 25.4 (C2x, s), 24.1 (C3x, s).

ESI-HRMS m/z: Calcd for C30H29F2N4O3 [M + H]+ 531.2202. Found: 531.2211
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4-Phenyl-2-{4-[4-(6-fluoro-1,2-benzoxazol-3-yl)-1-piperidyl]butyl}-5,6,7,8-tetrahydro-
pyrido[1,2-c]pyrimidine-1,3-dione 7a

The title compound was isolated as a white powder. Yield: 81.6%; m.p. 110–113 ◦C.
1H NMR (500 MHz, CDCl3): δ 7.78 (C4”H, bs), 7.40 (C3′H, C5′H, tt, 3J = 7.5), 7.33

(C4′H, tt, 3J = 7.5), 7.23 (C7”H, dd, 3JH-F = 8.0, 4J = 2.0), 7.19 (C2′H, C6′H, dt, 3J = 7.5), 7.05
(C5”H, td, 3J = 9.0, 4J = 2.0), 4.05 (C1xH2, t, 3J = 7.5), 3.95 (C8H2, t, 3J = 6.5), 3.14 (CaH(E),
CeH(E), CcH, bs), 2.54 (C4xH2, C5H2, m), 2.05–2.35 (CaH(A), CeH(A), CdH2, m), 1.93
(C7H2, q, 3J = 6.5), 1.71 (C2xH2, C3xH2, C6H2, m).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.6*), 163.9 (C7”a, d, 3J = 13.4*),
162.0 (C3, s), 160.8 (C3”, s), 151.7 (C1, s), 149.8 (C4a, s), 133.3 (C1′, s), 130.7 (C2′, C6′, s),
128.5 (C3′, C5′, s), 127.7 (C4′, s), 122.9 (C4”, d*), 117.1 (C3”a, s), 112.4 (C5”, d, 2J = 25.2*),
112.4 (C4, s), 97.4 (C7”, d, 2J = 26.7*), 58.3 (C4x, s), 53.3 (Ca, Ce, s), 42.7 (C8, s), 41.3 (C1x, s),
34.1 (Cc, s), 29.8 (Cb, Cd, s), 26.7 (C5, s), 25.6 (C2x, s), 23.9 (C3x, s), 21.8 (C7, s), 18.6 (C6, s).

ESI-HRMS m/z: Calcd for C30H34FN4O3 [M + H]+ 517.2609. Found: 517.2617

4-(2-Methylphenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-5,6,7,8-
tetrahydro-pyrido[1,2-c]pyrimidine-1,3-dione 7b

The title compound was isolated as an oil. Yield: 97.4%.
1H NMR (500 MHz, CDCl3): δ 7.75 (C4”H, bs), 7.18–7.26 (C4′-6′H, C7”H, m), 7.05

(C3′H, C5”H, m), 4.05 (C1xH2, t, 3J = 7.0), 3.93 (C8H2, m), 3.09 (CaH(E), CeH(E), CcH,
pd), 2.49 (C4xH2, bs), 2.45 (C5H(1), m), 2.27 (C5(2), m), 2.00–2.23 (CaH(A), CeH(A), CbH2,
CdH2, m), 2.14 (OCH3, s), 1.93 (C7H2, m), 1.60–1.78 (C2xH2, C3xH2, C6H2, m).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.4*), 163.9 (C7”a, d, 3J = 13.6*),
161.4 (C3, s), 161.0 (C3”, s), 151.9 (C1, s), 149.6 (C4a, s), 137.6 (C2′, s), 132.9 (C1′, s), 130.7
(C6′, s), 130.3 (C3′, s), 128.2 (C4′, s), 126.2 (C5′, s), 122.8 (C4”, d, 3J = 10.8*), 117.2 (C3”a, s),
112.4 (C5”, d, 2J = 25.3*), 111.8 (C4, s), 97.4 (C7”, d, 2J = 26.7*), 58.4 (C4x, s), 53.4 (Ca, Ce, s),
42.9 (C8, s), 41.3 (C1x, s), 34.5 (Cc, s), 30.2 (cb, Cd, s), 26.5 (C5, s), 25.7 (C2x, s), 24.1 (C3x, s),
21.9 (C7, s), 19.7 (CH3, s), 18.6 (C6, s).

ESI-HRMS m/z: Calcd for C31H36FN4O3 [M + H]+ 531.2766. Found: 531.2774

4-(2-Methoxphenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-5,6,7,8-
tetrahydro-pyrido[1,2-c]pyrimidine-1,3-dione 7c

The title compound was isolated as an oil. Yield: 71.1%.
1H NMR (500 MHz, CDCl3): δ 7.79 (C4”H, bs), 7.33 (C4′H, 4d, 3J1 = 8.5, 3J2 = 7.5,

4J = 1.5), 7.23 (C7”H, 4d, 3JH-F = 8.5, 4J = 2.0, 5J = 0.5), 7.11 (C6′H, dd, 3J = 7.5, 4J = 1.5),
7.06 (C5”H, td, 3J = 9.0, 4J = 2.0), 6.99 (C5′H, td, 3J = 7.5, 4J = 1.0), 6.94 (C3′H, dd, 3J = 8.5,
4J = 1.0), 4.03 (C1xH2, t, 3J = 7.0), 3.95 (C8H(1), dt, 2J = 13.5, 3J = 7.0), 3.90 (C8H(2), dt,
2J = 13.5, 3J = 7.0), 3.78 (OCH3, s), 3.14 (CaH(E), CeH(E), CcH, bs), 2.56 (C4xH2, bs), 2.43
(C5H2, m), 2.00 -2.35 (CaH(A), CeH(A), CbH2, CdH2, m), 1.92 (C7H2, q, 3J = 6.5), 1.61–1.80
(C2xH2, C3xH2, C6H2, m).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.8*), 163.9 (C7”a, d, 3J = 13.3*),
161.8 (C3, s), 160.8 (C3”, s), 157.3 (C2′, s), 151.9 (C1, s), 150.2 (C4a, s), 132.3 (C6′, s), 129.5
(C4′, s), 122.9 (C4”, s), 122.0 (C1′, s), 120.8 (C5′, s), 117.1 (C3”a, s), 112.5 (C5”, d, 2J = 25.5*),
111.1 (C3′, s), 108.5 (C4, s), 97.4 (C7”, d, 2J = 26.8*), 58.3 (C4x, s), 55.5 (OCH3, s), 53.3 (Ca,
Ce, s), 42.9 (C8, s), 41.1 (C1x, s), 34.2 (Cc, s), 29.9 (Cb, Cd, s), 26.3 (C5, s), 25.5 (C2x, s), ~23.8
(C3x, s), 21.8 (C7, s), 18.5 (C6, s).

ESI-HRMS m/z: Calcd for C31H36FN4O4 [M + H]+ 547.2715. Found: 547.2726

4-(2-Chlorophenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-5,6,7,8-
tetrahydro-pyrido[1,2-c]pyrimidine-1,3-dione 7d

The title compound was isolated as an oil. Yield: 51.4%.
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1H NMR (500 MHz, CDCl3): δ 7.71 (C4”H, pt), 7.46 (C3′H, m), 7.28–7.33 (C5′H, C6′H,
m), 7.23 (C7”H, 4d, 3JH-F = 8.5, 4J = 2.0, 5J = 0.5), 7.18–7.21 (C4′H, m), 7.04 (C5”H, td,
3J = 9.0, 4J = 2.0), 4.05 (C1xH2, t, 3J = 7.0), 3.98 (C8H(1), dt, 2J = 13.5, 3J = 6.5), 3.90 (C8H(2),
dt, 2J = 13.5, 3J = 6.5), 3.06 (CaH(E), CeH(E), CcH, pd), 2.44 (C4xH2, pt), 2.41 (C5H2, m),
2.00–2.20 (CaH(A), CeH(A), CbH2, CdH2, m), 1.93 (C7H2, m), 1.67–1.79 (C2xH2, C6H2 m),
1.61 (C3xH2, q, 3J = 7.0).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.4*), 163.9 (C7”a, d, 3J = 13.6*),
161.2 (C3, C3”, pd), 151.8 (C1, s), 150.4 (C4a, s), 135.1 (C2′, s), 132.6 (C6′, s), 132.5 (C1′, s),
129.7 (C3′, s), 129.5 (C4′, s), 127.1 (C5′, s), 122.7 (C4”, d, 3J = 10.9*), 117.3 (C3”a, s), 112.3
(C5”, d, 2J = 25.3*), 110.1 (C4, s), 97.4 (C7”, d, 2J = 26.7*), 58.5 (C4x, s), 53.5 (Ca, Ce, s), 43.0
(C8, s), 41.5 (C1x, s), 34.7 (Cc, s), 30.5 (Cb, Cd, s), 26.4 (C5, s), 25.7 (C2x, s), 24.4 (C3x, s), 21.8
(C7, s), 18.5 (C6, s).

ESI-HRMS m/z: Calcd for C30H33ClFN4O3 [M + H]+ 551.2220. Found: 551.2230

4-(2-Fluorophenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-5,6,7,8-
tetrahydro-pyrido[1,2-c]pyrimidine-1,3-dione 7e

The title compound was isolated as an oil. Yield: 76.3%.
1H NMR (500 MHz, CDCl3): δ 7.72 (C4”H, dd, 3J = 9.0, 4JH-F = 5.5), 7.31–7.37 (C4′H,

m), 7.20–7.25 (C6′H, C7”H, m), 7.19 (C5′H, td, 3J = 7.5, 4J = 1.0), 7.12 (C3′H, m, 3JH-F = 9.5,
3J = 8.0, 4J = 1.0), 7.04 (C5”H, td, 3J = 9.0, 4J = 2.0), 4.04 (C1xH2, t, 3J = 7.5), 3.97 (C8H(1), dt,
2J = 14.0, 3J = 7.0 **), 3.92 (C8H(2), dt, 2J = 14.0, 3J = 7.0 **), 3.07 (CaH(E), CeH(E), CcH, pd),
2.47–2.57 (C5H2, m**), 2.45 (C4xH2 t, 3J = 7.0), 2.00–2.19 (CaH(A), CeH(A), CbH2, CdH2,
m), 1.94 (C7H2, q, 3J = 7.0), 1.65–1.81 (C2xH2, C6H2, m), 1.61 (C3xH2, q, 3J = 7.5).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.4*), 163.9 (C7”a, d, 3J = 13.4*),
161.4 (C3, s), 161.1 (C3”, s), 160.4 (C2′, d, 1J = 245.8*), 151.7 (C1, s), 150.9 (C4a, s), 132.9 (C6′,
d, 3J = 3.1*), 130.0 (C4′, d, 3J = 8.3*), 124.2 (C5′, d, 4J = 3.6*), 122.7 (C4”, d, 3J = 11.2*), 120.8
(C1′, d, 2J = 16.2*), 117.3 (C3”a, s), 115.8 (C3′, d, 2J = 22.4*), 112.3 (C5”, d, 2J = 25.1*), 106.1
(C4, s), 97.4 (C7”, d, 2J = 26.7*), 58.5 (C4x, s), 53.5 (Ca, Ce, s), 42.8 (C8, s), 34.6 (Cc, s), 30.5
(Cb, Cd, s), 26.5 (C5, s), 25.7 (C2x, s), 24.4 (C3x, s), 21.8 (C7, s), 18.4 (C6, s).

ESI-HRMS m/z: Calcd for C30H33F2N4O3 [M + H]+ 535.2515. Found: 535.2522

4-(4-Methylphenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-5,6,7,8-
tetrahydro-pyrido[1,2-c]pyrimidine-1,3-dione 7f

The title compound was isolated as a white powder. Yield: 55.3%; m.p. 107–110 ◦C.
1H NMR (500 MHz, CDCl3): δ 7.71 (C4”H, pt), 7.23 (C7”H, dd, 3JH-F = 8.5, 4J = 2.0),

7.20 (C2′H, C6′H, d, 3J = 8.0), 7.08 (C3′H, C5′H, d, 3J = 8.0), 7.04 (C5”H, td, 3J = 9.0, 4J = 2.0),
4.04 (C1xH2, t, 3J = 7.0), 3.94 (C8H2, t, 3J = 6.0), 3.06 (CaH(E), CeH(E), CcH, pd), 2.54 (C5H2,
t, 3J = 6.5), 2.440 (C4xH2, pt), 2.36 (CH3, s), 2.00–2.17 (CaH(A), CeH(A), CbH2, CdH2, m),
1.92 (C7H2,q, 3J = 6.5), 1.65–1.77 (C2xH2, C6H2, m), 1.605 (C3xH2, q, 3J = 6.5).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.4*), 163.9 (C7”a, d, 3J = 13.4*),
162.1 (C3, s), 161.1 (C3”, s), 151.7 (C1, s), 149.5 (C4a, s), 137.4 (C4′, s), 130.6 (C2′, C6′, s),
130.3 (C1′, s), 129.2 (C3′, C5′, s), 122.7 (C4”, d, 3J = 10.9*), 117.3 (C3”a, s), 112.4 (C4, s), 112.3
(C5”, d, 2J = 25.1*), 97.4 (C7”, d, 2J = 26.7*), 58.6 (C4x, s), 53.6 (Ca, Ce, s), 42.6 (C8, s), 41.5
(C1x, s), 34.7 (Cc, s), 30.5 (Cb, Cd, s), 26.7 (C5, s), 25.7 (C2x, s), 24.4 (C3x, s), 21.8 (C7, s), 21.3
(CH3, s), 18.6 (C6, s).

ESI-HRMS m/z: Calcd for C31H36FN4O3 [M + H]+ 531.2766. Found: 531.2775

4-(4-Methoxyphenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-5,6,7,8-
tetrahydro-pyrido[1,2-c]pyrimidine-1,3-dione 7g

The title compound was isolated as a white powder. Yield: 78.9%; m.p. 108–109 ◦C.
1H NMR (500 MHz, CDCl3): δ 7.75 (C4”H, bs), 7.23 (C7”H, dd, 3JH-F = 8.5, 4J = 2.0),

7.12 (C2′H, C6′H, dt, 3J = 8.5, 4J = 3.0), 7.05 (C5”H, td, 3J = 9.0, 4J = 2.0), 6.93 (C3′H, C5′H,
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dt, 3J = 9.0, 4J = 2.5), 4.04 (C1xH2, t, 3J = 7.5), 3.94 (C8H2, t, 3J = 6.5), 3.82 (OCH3, s), 3.10
(CaH(E), CeH(E), CcH, bs), 2.55 (C5H2, t, 3J = 7.0), 2.49 (C4xH2, bs), 2.00–2.25 (CaH(A),
CeH(A), CbH2, CdH2, m), 1.93 (C7H2, q, 3J = 7.0), 1.60–1.80 (C2xH2, C3xH2, C6H2, m).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.5*), 163.9 (C7”a, d, 3J = 13.6*),
162.2 (C3, s), 161.0 (C3”, s), 151.7 (C1, s), 149.7 (C4a, s), 131.8 (C2′, C6′, s), 125.5 (C1′, s),
122.8 (C4”, d, 3J = 11.2*), 117.2 (C3”a, s), 114.0 (C3′, C5′, s), 112.4 (C5”, d, 2J = 25.1*), 112.0
(C4, s), 97.4 (C7”, d, 2J = 26.7*), 58.5 (C4x, s), 55.3 (OCH3, s), 53.4 (Ca, Ce, s), 42.7 (C8, s),
41.4 (C1x, s), 34.5 (Cc, s), 30.2 (Cb, Cd, s), 26.8 (C5, s), 25.7 (C2x, s), 24.2 (C3x, s), 21.8 (C7, s),
18.6 (C6, s).

ESI-HRMS m/z: Calcd for C31H36FN4O4 [M + H]+ 547.2715. Found: 547.2724

4-(4-Chlorophenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-5,6,7,8-
tetrahydro-pyrido[1,2-c]pyrimidine-1,3-dione 7h

The title compound was isolated as a white powder. Yield: 89.2%; m.p. 116–120 ◦C.
1H NMR (500 MHz, CDCl3): δ 7.77 (C4”H, bs), 7.37 (C2′H, C6′H, dt, 3J = 9.0, 4J = 2.5),

7.23 (C7”H, 4d, 3JH-F = 8.5, 4J = 2.0, 5J = 0.5), 7.15 (C3′H, C5′H, dt, 3J = 8.5, 4J = 2.5), 7.06
(C5”H, td, 3J = 9.0, 4J = 2.0), 4.04 (C1xH2, t, 3J = 7.5), 3.94 (C8H2, t, 3J = 6.5), 3.14 (CaH(E),
CeH(E), CcH, bs), 2.52 (C4xH2, C5H2, m), 2.02–2.40 (CaH(A), CeH(A), CbH2, CdH2, m),
1.94 (C7H2, q, 3J = 6.5), 1.72 (C2xH2, C3xH2, C6H2, m).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.8*), 163.9 (C7”a, d, 3J = 13.6*),
161.8 (C3, s), 160.8 (C3”, s), 151.6 (C1, s), 150.0 (C4a, s), 133.715 (C4′, s), 132.176 (C3′,C5′, s),
131.776 (C1′, s), 128.731 (C2′, C6′, s), 122.8 (C4”, d, 3J = 10.3*), 117.1 (C3”a, s), 112.5 (C5”, d,
2J = 25.7*), 111.2 (C4, s), 97.4 (C7”, d, 2J = 26.8*), 58.3 (C4x, s), 53.2 (Ca, Ce, s), 42.7 (C8, s),
41.3 (C1x, s), 34.2 (Cc, s), 29.8 (Cb, Cd, s), 26.8 (C5, s), 25.5 (C2x, s), 23.8 (C3x, s), 21.7 (C7, s),
18.5 (C6, s).

ESI-HRMS m/z: Calcd for C30H33ClFN4O3 [M + H]+ 551.2220. Found: 551.2227

4-(4-Fluorophenyl)-2-{4-[4-(6-fluoro-1,2-benzoxazol)-1-piperidyl]butyl}-5,6,7,8-
tetrahydro-pyrido[1,2-c]pyrimidine-1,3-dione 7i

The title compound was isolated as a white powder. Yield: 71.1%; m.p. 57–60 ◦C.
1H NMR (500 MHz, CDCl3): δ 7.71 (C4”H, pt), 7.23 (C7”H, 4d, 3JH-F = 8.5, 4J = 2.0,

5J = 0.5), 7.17 (C2′H, C6′H, kt, 3J = 9.0, 4JH-F = 5.5, 4J = 2.0), 7.09 (C3′H, C5′H, tt, 3J = 8.5,
4J = 2.0), 7.04 (C5”H, td, 3J = 8.5, 4J = 2.0), 4.04 (C1xH2, t, 3J = 7.5), 3.94 (C8H2, t, 3J = 6.5),
3.07 (CaH(E), CeH(E), CcH, pd), 2.52 (C5H2, t, 3J = 6.5), 2.44 (C4xH2, bs), 2.20–2.22 (CaH(A),
CeH(A), CbH2, CdH2, pd), 1.93 (C7H2, q, 3J = 7.0), 1.72 (C2xH2, C6H2, m), 1.61 (C3xH2, q,
3J = 7.0).

13C NMR (125 MHz, CDCl3): δ 164.1 (C6”, d, 1J = 250.6*), 163.9 (C7”a, d, 3J = 13.6*),
162.3 (C4′, d, 1J = 246.9*), 162.0 (C3, s), 161.1 (C3”, s), 151.6 (C1, s), 149.9 (C4a, s), 132.5 (C2′,
C6′, d, 3J = 8.0*), 129.2 (C1′, d, 4J = 3.5*), 122.7 (C4”, d, 3J = 11.3*), 117.3 (C3”a, s), 115.5 (C3′,
C5′, d, 2J = 21.5*), 112.3 (C5”, d, 2J = 25.5*), 111.4 (C4, s), 97.4 (C7”, d, 2J = 26.7*), 58.5 (C4x,
s), 53.6 (Ca, Ce, s), 42.7 (C8, s), 41.6 (C1x, s), 34.6 (Cc, s), 30.5 (Cb, Cd, s), 26.8 (C5, s), 25.7
(C2x, s), 24.4 (C3x, s), 21.7 (C7, s), 18.6 (C6, s).

ESI-HRMS m/z: Calcd for C30H33F2N4O3 [M + H]+ 535.2515. Found: 535.2523

3.3. Biological Tests
3.3.1. In Vitro Tests
5-HT1A Binding Assay

Radioligand binding was performed using membranes from CHO-K1 cells stably
transfected with the human 5-HT1A receptor (PerkinElmer, Fremont, CA, USA). All assays
were carried out in duplicate. Then, 50 µL working solution of the tested compounds,
50 µL [3H]-8-OH-DPAT (final concentration 1 nM) and 150 µL diluted membranes (20
µg protein per well) prepared in assay buffer (50 mM Tris, pH 7.4, 10 mM MgSO4, 0.5
mM EDTA, 0.1% ascorbic acid) were transferred to a polypropylene 96-well microplate
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using 96-wells pipetting station Rainin Liquidator (MettlerToledo, Columbus, OH, USA).
Serotonin (10 µM) was used to define nonspecific binding. The microplate was covered
with a sealing tape, mixed and incubated for 60 min at 27 ◦C. The reaction was terminated
by rapid filtration through GF/B filter mate, presoaked with 0.5% polyethyleneimine for 30
min. Ten rapid washes with 200 µL 50 mM Tris buffer (4 ◦C, pH 7.4) were performed using
an automated harvester system—Harvester-96 MACH III FM (Tomtec, Hamden, CT, USA).
The filter mates were dried at 37 ◦C in a forced-air fan incubator, and then solid scintillator
Meltilex was melted on filter mates at 90 ◦C for 6 min. The radioactivity on the filter
was measured in a MicroBeta TriLux 1450 scintillation counter (PerkinElmer, Waltham,
MA, USA). Data were fitted to a one-site curve-fitting equation with Prism 6 (GraphPad
Software, San Diego, CA, USA) and Ki values were estimated from the Cheng–Prusoff
equation.

SERT Binding Assay

Radioligand binding was performed using rat cortex tissue. All assays were carried
out in duplicate. First, 50 µL working solution of the tested compounds, 50 µL [3H]-
citalopram (final concentration 1.0 nM) and 150 µL tissue suspension, prepared in assay
buffer (50 mM Tris. pH 7.7; 150 mM NaCl; 5 mM KCl), were transferred to a polypropylene
96-well microplate using 96-wells pipetting station Rainin Liquidator (MettlerToledo).
Imipramine (10 µM) was used to define nonspecific binding. The microplate was covered
with sealing tape, mixed and incubated for 60 min at 24 ◦C. The reaction was terminated
by rapid filtration through GF/B filter mate presoaked with 0.3% polyethyleneimine for
30 min. Ten rapid washes with 200 µL 50 mM Tris buffer (4 ◦C, pH 7.7) were performed
using an automated harvester system—Harvester-96 MACH III FM (Tomtec). The filter
mates were dried at 37 ◦C in a forced-air fan incubator and then solid scintillator MeltiLex
was melted on filter mates at 90 ◦C for 6 min. The radioactivity on the filter was measured
in MicroBeta TriLux 1450 scintillation counter (PerkinElmer, USA). Data were fitted to
a one-site curve-fitting equation with Prism 6 (GraphPad Software) and Ki values were
estimated from the Cheng–Prusoff equation.

5-HT2A, 5-HT6, 5-HT7 and D2 Binding Assay

In vitro radioligand binding assays for 5-HT2A, 5-HT6, 5-HT7 and D2 receptors were
carried out using methods published by Zajdel et al. [45]. For the assays, HEK293 cell
cultures stably expressing the investigated human receptors were used. Cell pellets were
thawed and homogenized in 20 vol of assay buffer using an Ultra Turrax tissue homoge-
nizer, then centrifuged twice at 35000 g for 20 min at 4 ◦C, with incubation for 15 min at 37
◦C in between. The composition of the assay buffers was as follows: for 5-HT2A receptors—
50 mM Tris-HCl, 0.1 mM EDTA, 4 mM MgCl2 and 0.1% ascorbate; for 5-HT6 receptors—50
mM Tris-HCl, 0.5 mM EDTA, 4 mM MgCl2; for 5-HT7 receptors—50 mM Tris-HCl, 4 mM
MgCl2, 10 µM pargyline and 0.1% ascorbate; for D2 receptors—50 mM Tris-HCl, 1 mM
EDTA, 4 mM MgCl2, 120 mM NaCl, 5 mM KCl, 1.5 mM CaCl2 and 0.1% ascorbate. All
assays were incubated in total volume of 200 mL in 96-well microtitre plates for 1 h at
37 ◦C, except for 5-HT2A receptors which were incubated at room temperature for 1.5 h.
The process of equilibration was terminated by rapid filtration through Unifilter plates
with a 96-well cell harvester, and radioactivity retained on the filters was quantified on a
Microbeta plate reader (PerkinElmer, USA). For displacement studies, the assay samples
contained as radioligands (PerkinElmer): 2 nM [3H]-ketanserin (spec. act. 53.4 Ci/mmol)
for 5-HT2A receptors; 2 nM [3H]-LSD (spec. act. 83.6 Ci/mmol) for 5-HT6 receptors; 0.6 nM
[3H]-5-CT (spec. act. 39.2 Ci/mmol) for 5-HT7 receptors and [3H]-raclopride (spec. act. 76.0
Ci/mmol) for D2 receptors. Nonspecific binding was defined with 10 µM chlorpromazine,
10 µM methiotepine, or 1 µM (+) butaclamol used in 5-HT2A, 5-HT6 and D2 receptors as-
says, respectively. Each compound was tested in triplicate at 7–8 concentrations (10-11-10-4

M). The inhibition constants (Ki) were calculated from the Cheng–Prusoff equation [46].
Results were expressed as means of at least two separate experiments.
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3.3.2. In Vivo Tests

All studies were performed according to the guidelines of the European Community
Council (Directive 86/609/EEC) and were approved by the Ethical Committee of the
Institute of Pharmacology (88/2016, 05/31/2016). The experiments were performed on
male CD-1 mice (23–40 g). The animals were kept at room temperature (21 ± 2 ◦C) on a
natural day-night cycle (March–October) and housed under standard laboratory conditions.
They had free access to food and tap water before the experiment. Each experimental group
consisted of 6–8 animals/dose. All the animals were used only once. 8-Hydroxy-2-(di-n-
propylamino)tetralin hydro-bromide (8-OH-DPAT, Research Biochemical Inc.) was used as
aqueous solution. Compounds 6a and 7g were suspended in a 10% aqueous solution of
dimethyl sulphoxide (DMSO). Vehicle group was administered as 10% aqueous solution
of dimethyl sulphoxide (DMSO). 8-OH-DPAT was injected subcutaneously (sc); 6a and
7g were given intraperitoneally (ip) in a volume of 10 mL/kg/mice. The obtained data
were analyzed by Dunnett’s test (one drug administration) or by the Newman–Keuls
test (two drugs administrations). Forced swim test: the obtained data was evaluated by
one-way analysis of variance (ANOVA) followed by the Dunnett’s multiple comparisons
test: p < 0.05 was considered significant.

Body Temperature in Mice

The effects of the tested compounds 6a and 7g given alone, on the rectal body temper-
ature in mice (measured with an Ellab thermometer) were recorded 30, 60, 90 and 120 min
after their administration. In a separate experiment the effect of WAY-100635 (0.1 mg/kg
s.c.) on the hypothermia induced by tested compounds was measured. WAY-100635 was
administered 15 min before the tested compounds and the rectal body temperature was
recorded 30 min and 60 min after injection. The absolute mean body temperatures were
within a range 36.7 ± 0.5 ◦C. The results were expressed as a change in body tempera-
ture (∆t) with respect to the basal body temperature, as measured at the beginning of the
experiment.

Forced Swim Test in Mice

The forced swim test (FST) was carried out according to the method of Porsolt at
al. [47]. Mice were placed individually into glass cylinders (height 25 cm, diameter 10 cm)
containing 20 cm of water and maintained at 23 ± 1 ◦C. The animals were left in the
cylinder for 6 min. After the first 2 min adaptation period, the total duration of immobility
was measured during the last 4 min test. The mouse was judged to be immobile when it
remained floating passively, performing slow motions to keep its head above the water.
Tested compounds were administered 30 min before test.

Metabolic Stability

Stock solutions of studied compounds were prepared at concentration of 100 µM in
1:1 acetonitrile/water mixture. Incubation mixes consisted 1 µM of a studied compound,
100 µM of NADPH in phosphate buffer and 1 mg/mL of pooled HLMs (Sigma-Aldrich, St.
Louis, MO, USA) in potassium phosphate buffer (0.1 M, pH 7.4). Incubation was carried
out in 96-well plates at 37 ◦C. Incubation mixtures (excluding compound solution) were
subjected to 5 min preincubations, and started by addition of 10 µL of compound stock
solution. After 0, 5, 10, 15, and 30 min, 25 µL samples of incubation reaction were added to
the equal volume of ice-cold acetonitrile containing 1 µM of IS (buspirone hydrochloride).
Control incubations were performed without NADPH to assess possible chemical insta-
bility. All samples were immediately centrifuged (10 min, 10,000 rpm) and the resulting
supernatant was directly subjected to LC-MS analysis.

LC-MS analysis was performed on an Agilent 1260 system coupled to SingleQuad
6120 mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). A Poroshell C18
EC120 column (3.0 × 100 mm2, 2.7 µm, Agilent Technologies, Santa Clara, CA, USA) was
used in reversed-phase mode with gradient elution starting with 90% of phase A (0.1%
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formic acid in deionised water) and 10% of phase B (0.1% formic acid in acetonitrile).
The gradient elution program was: 0.00–10.00 min, 10–95% B; 10.01 min–10.02 min, 95–
10% B; 10.02–15.00 min, 10% B. Total analysis time was 15 min at 40 ◦C, flow rate was
0.4 mL/min and the injection volume was 5 µL. The mass spectrometer was equipped
with an electrospray ionization source and was in positive ionization mode. The mass
analyzer was set individually to each derivative to detect pseudomolecular ions [M +
H]+. Mass spectrometry detector (MSD) parameters of the ESI source were as follows:
nebulizer pressure—35 psig (N2); drying gas 12 L/min (N2); drying gas temperature—300
◦C; capillary voltage—3.0 kV; fragmenter voltage—70 V.

4. Conclusions

The use of antidepressants or neuroleptic drugs acting through an extended receptor
profile is now becoming a widely used therapeutic approach. The paper describes the
synthesis and biological studies in vitro and in vivo (binding affinity for receptor, functional
profile and metabolic stability) of new 4-aryl-2H-pyrido[1,2-c]pyrimidine derivatives (6a–i),
as well as 4-aryl-5,6,7,8-tetrahydro-pyrido[1,2-c]pyrimidines (7a–i), having a 6-fluoro-3-(4-
piperidinyl)-1,2-benzisoxazole residue in the pharmacophore ligand part. Receptor studies
of derivatives 6a (5-HT1A Ki = 23.0 nM; SERT Ki = 32.0 nM) and 7g (5-HT1A Ki = 5.0 nM;
SERT Ki = 48.0 nM) showed their desirable very high binding to both molecular targets.

Analyses of the obtained results of affinities of the derivatives (6a–i) and (7a–i) for the
5-HT1A receptor, showed that the derivatives of both series have very high bindings (6a–i
5-HT1A Ki = 7.0–30.0 nM, and for 7a–i Ki = 5.0–52.0 nM), where the series (6a–i) showed
higher (more active derivatives) activity against compounds of the series (7a–i).

Thus, when examining the effect of the degree of hydrogenation of the terminal part
of ligands on the affinity for the 5-HT1A receptor for both series (6a–i) and (7a–i), it can be
concluded that it was low. Derivatives of both series (6a–i) and (7a–i) generally showed
low affinity for SERT protein with the exception of 6a (SERT Ki = 32.0 nM) and 7g (SERT
Ki = 48.0 nM). Analysis of the effect of substituents (R, R1) bound to the benzene ring of
4-aryl-2H-pyrido[1,2-c]pyrimidine residue, (6a–i) derivatives on affinity for the 5-HT1A
receptor, showed a significant effect in the ortho position. However, in the case of 4-aryl-
5,6,7,8-tetrahydro-pyrido[1,2-c]pyrimidine derivatives, compounds (7a–i), an increase in
affinity for the 5-HT1A receptor was observed for derivatives having substituents in the
para position.

Functional profile study for compound 6a in induced hypothermia tests showed that
it is a presynaptic agonist of the 5-HT1A receptor. In turn, studies of the 6a compound
in the FST showed its inactivity, which indicated the lack of postsynaptic activity to the
5-HT1A receptor.

Metabolic stability studies were performed for the 6a and 6d derivatives, which
showed their sensitivity to the action of human liver microsomes. Low stability may be
due to the introduction of the 6-fluoro-3-(4-piperidinyl)-1,2-benzisoxazole residue into the
pharmacophore part.

For the selected compounds 6a, 6d, 7g and 7i, further in vitro studies were performed.
In vitro affinity studies in an extended receptor profile (D2, 5-HT2A, 5-HT6 and 5-HT7)
indicated that derivatives 6a and 7g have very high binding affinity to the 5-HT1A, 5-HT2A,
SERT, D2 receptors, high binding affinity to the 5-HT 7 receptor and low binding affinity to
5-HT6. For compounds 6d and 7i, ligands showed very high affinity for 5-HT1A, 5-HT2A,
D2 receptors, medium affinity for 5-HT7 and low affinity for 5-HT6 and SERT. By analyzing
the results, it can be concluded that they are a good starting point for further research on
ligands with a multireceptor profile.

The obtained study results encourage further optimization of the obtained ligand
structures in the search for new pyrido[1,2-c]pyrimidine derivatives with potential antide-
pressant activity from the SSRI+ group.
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Abstract: Serotonin modulates several physiological and cognitive pathways throughout the human
body that affect emotions, memory, sleep, and thermal regulation. The complex nature of the
serotonergic system and interactions with other neurochemical systems indicate that the development
of depression may be mediated by various pathomechanisms, the common denominator of which
is undoubtedly the disturbed transmission in central 5-HT synapses. Therefore, the deliberate
pharmacological modulation of serotonergic transmission in the brain seems to be one of the most
appropriate strategies for the search for new antidepressants. As discussed in this review, the
serotonergic system offers great potential for the development of new antidepressant therapies based
on the combination of SERT inhibition with different pharmacological activity towards the 5-HT
system. The aim of this article is to summarize the search for new antidepressants in recent years,
focusing primarily on the possibility of benefiting from interactions with various 5-HT receptors in
the pharmacotherapy of depression.

Keywords: antidepressants; drug design; dual 5-HT1A/SERT activity; multimodal activity

1. Introduction

Depression is a mental illness that affects over 250 million people worldwide [1].
Emotional (depressed mood, irritability, anhedonia), somatic (sleep, appetite, libido), and
functional disorders (suicidal thoughts, slowed speech and movement, learning, memory
and attention deficits) [2] make this disease the main cause of disabilities in the general
population [3,4].

An important step in the treatment of depressive disorders is the introduction of SSRIs
(serotonin reuptake inhibitors), which are currently first-line antidepressants (e.g., fluoxe-
tine, sertraline, escitalopram). Their mechanism of action is based on the serotonergic sys-
tem, and the molecular target is the serotonin transporter protein (SERT). The effectiveness
of these therapeutics, unfortunately, leaves much to be desired; 60–70% of patients do not
experience a remission of symptoms, and 30–40% do not respond to the treatment at all [5].
A serious drawback of selective serotonin reuptake inhibitors is their latency period, i.e., a
delay in the therapeutic response by 2–6 weeks. Common side effects for SSRIs are sexual
dysfunction, anxiety, and food intolerances.

Apart from SSRIs, other selective monoamine reuptake inhibitors are also used in
pharmacotherapy. Reboxetine, a selective norepinephrine reuptake inhibitor, appears to be
less effective than the SSRIs. These observations may, however, result from its relatively low
tolerance [6]. Bupropion, on the other hand, is a norepinephrine and dopamine reuptake
inhibitor and, therefore, has a more activating profile than SSRI drugs. Two drugs, ven-
lafaxine and duloxetine, are classified as dual serotonin-norepinephrine reuptake inhibitors
(SNRIs). However, the efficacy of the norepinephrine reuptake blocking at clinical doses of
duloxetine is unclear [7]. Clinical guidelines often recommend the use of SNRIs in patients
who do not respond to SSRIs [8–10].

There is a need for the further exploration of the neurochemical causes of depres-
sion. Recent studies report the influence of many various types of neurosignaling on
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the mechanism of depression [11–14]. The search for new generations of antidepressants
using the triple reuptake inhibition mechanism (SSRI/SNRI/SDARI), or the combination
of serotonin reuptake inhibition with affinities for various 5-hydroxytryptamine (5-HT)
receptor subtypes, broadens the knowledge in this field [15–17].

A significant part of recent studies proves that serotonergic dysfunction, especially
related to the postsynaptic 5-HT1A receptor, plays an important role in the pathomechanism
of Major Depressive Disorder (MDD) [18–24]. Clinical trials show that the combination
of SSRIs with both partial agonism and antagonism of the 5-HT1A receptor may result in
an improvement in the speed and efficacy of the antidepressant effect [23,25,26]. This can
be confirmed by the drugs recently introduced into the pharmacotherapy of depression–
vilazodone and vortioxetine (Figure 1). Vilazodone exhibits partial agonist activity at
the 5-HT1A receptor, while vortioxetine binds to several 5-HT receptor subtypes (5-HT1A,
5-HT1B, 5-HT1D, 5-HT3, and 5-HT7). For example, the degree of sexual dysfunction associ-
ated with the use of vilazodone has been found to be relatively low [27]. Vortioxetine, on
the other hand, positively influences cognitive impairment related to depression [10,28].
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The targeted pharmacological modulation of serotonergic transmission in the brain
continues to be a leading strategy in the search for new antidepressants. The careful selec-
tion of molecular targets for the proper use of the mechanisms of serotonergic modulation,
which influences other neurotransmission systems, seems to be the most effective strategy
for supplementing the activity of “serotonin-enhancing” drugs in the near future. A better
understanding of the receptors and receptor signaling responsible for the effects of sero-
tonin on neurogenesis can also help in the development of new and more effective drugs.
The aim of this article is to summarize the search for new antidepressants in recent years,
focusing primarily on the possibility of benefiting from interactions with various 5-HT
receptors in the pharmacotherapy of depression.

2. The Serotonergic System and Depression

Serotonin, or 5-hydroxytryptamine (5-HT), is a monoamine neurotransmitter found
throughout the human body [19,29]. Serotonin is synthesized in the midbrain in a small
population of raphe nucleus neurons where tryptophan hydroxylase is expressed [30].
However, serotonin synthesis is not limited to the central nervous system (CNS), as trypto-
phan hydroxylase is also found in enterochromaffin cells in the gastrointestinal tract [31].
In fact, it should be noted that most of the serotonin in the human body is produced by
this cell type [32]. Serotonin binds to more than 14 receptor proteins, most of which are
G-protein coupled receptors [30,33]. This molecule mediates the transmission of several
physiological and cognitive systems throughout the body that affect emotions, memory,
sleep, and thermal regulation [34].

Serotonin is synthesized in the body from an essential amino acid—L-tryptophan.
Ingested with food, L-tryptophan is converted into serotonin through a series of reactions.
The first step, which simultaneously limits the rate of serotonin synthesis, is the hydrox-
ylation of L-tryptophan to 5-hydroxy-L-tryptophan (5-HTP) by tryptophan hydroxylase
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(TPH) using oxygen and tetrahydropteridine as co-factors. There are two isoforms of TPH
that can participate in this reaction: TPH1, expressed predominantly peripherally; and
TPH2, expressed only in the brain. L-aromatic amino acid decarboxylase (AADC) then
converts 5-HTP to serotonin [19,31].

The crossing of the blood–brain barrier (BBB) by serotonin is impossible due to its
acid dissociation [35]; therefore, the amount of serotonin present in the CNS depends on
the amount of centrally present L-tryptophan. The L-tryptophan present in the systemic
circulation is actively transported by the BBB to the CNS using a carrier protein, where
it is then converted into serotonin. Serotonin synthesized in the central nervous system
is stored in secretory vesicles, where it remains until neuronal depolarization triggers
its release into the synaptic cleft, allowing postsynaptic binding. Once released into the
synapse, the serotonin molecules are eventually taken up by the serotonin transporter
(5-HTT), which is located on the presynaptic axonal membrane. After the above-mentioned
reuptake occurs, serotonin molecules are metabolized by monoamine oxidase (MAO) to
5-hydroxyindole acetic acid (5-HIAA) [29]. There are two isoforms of MAO (MAO-A and
MAO-B), and both break down serotonin into neurons through oxidative deamination.
The serotonin metabolite (5-HIAA) is actively transported from the CNS to the periphery
and then excreted in the urine [19].

Already by the 1950s, it was noted that several mental illnesses showed abnormalities
in the serotonergic system. The relationship between the serotonergic system and depres-
sion has been confirmed in clinical trials. They showed that an acute, transient relapse of de-
pressive symptoms can be produced in subjects in remission using p-chlorophenylalanine
(an irreversible inhibitor of serotonin synthesis). L-tryptophan depletion, causing a tempo-
rary reduction in central serotonin levels, had similar consequences. These findings have
shown that the clinical efficacy of antidepressants depends on the presynaptic serotonergic
function. Other studies have demonstrated a reduced concentration of the major metabolite
of serotonin (5-HIAA) in the cerebrospinal fluid of untreated depressed patients and a
reduced concentration of 5-HT and its major metabolite (5-HIAA) in the postmortem brain
tissue of depressed and/or suicidal patients [20].

The serotonergic neurons of the mammalian brain constitute the most extensive and
complex neurochemical network in the CNS after the glutamatergic system, which is the
brain’s primary transmission network. It has been estimated that the human brain contains
approximately 250,000 5-HT neurons. For comparison, the total number of all neurons is
around 1011 [36]. While serotonergic neurons originate mainly in the brainstem dorsal and
median raphe nuclei, they arborise over large areas such that they innervate almost every
area of the brain with high densities of axonal varicosities. Some serotonergic projections
create classical chemical synapses, but many release 5-HT in a paracrine manner (sometimes
referred to as “volumetric transmission”). In addition, serotonin neurons exhibit slow
(~1 Hz) and regular tonic activity that ceases during the rapid eye movement sleep phase
(REM-off neurons). This activity is parallel to the noradrenergic neurons of the locus
coeruleus [34]. Under normal conditions, the activity of serotonergic neurons is tightly
controlled by a number of mechanisms, including: (i.) glutamatergic inputs from the
forebrain (mainly the prefrontal cortex) [37], (ii.) the tonic noradrenergic input from the
pontine nuclei [38], (iii.) inhibitory GABAergic signals from local interneurons [39], and
(iv.) dopamine signals from the dopaminergic nuclei of the midbrain [40]. Moreover, the
serotonin system is, in a way, self-regulating. The key control mechanism of 5-HT neurons
is negative feedback through the 5-HT1A autoreceptors [20]. This mechanism is currently
being studied in great detail in the context of the treatment of CNS diseases.

The aforementioned anatomical and electrophysiological picture shows that changes
in the activity of serotonergic neurons affect a large population of target neurons in the
forebrain. The complex nature of the serotonergic system and interactions with other
neurochemical systems indicate that the development of MDD may be mediated by various
pathomechanisms. Currently suggested mechanisms include: (i.) low neuronal production
of serotonin or of postsynaptic receptors, (ii.) decreased excitatory inputs or excessive
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system self-control, and (iii.) decreased 5-HT synthesis and/or tryptophan deficiency.
The common denominator of these phenomena in depression is undoubtedly the disturbed
transmission in the central 5-HT synapses. Therefore, the deliberate pharmacological
modulation of serotonergic transmission in the brain seems to be one of the appropriate
strategies for the search for new antidepressants.

3. The 5-HT Receptors

The serotonergic system affects various physiological functions, including psychoe-
motional expression, sensorimotor integration, and the regulation of the autonomic, car-
diovascular, respiratory, and digestive systems. Within the CNS, 5-HT is involved in the
regulation of higher mental functions and emotions, extrapyramidal motor functions, and
cognitive functions (e.g., learning and memory).

At least 14 different serotonin receptors have been identified. These receptors can be
divided into distinct families, which are labelled 1, 2, 3, 4, 5, 6, and 7, and the subtypes in
each family are labelled with letters (e.g., a, b, c). Many of these receptors are thought to be
involved in the pathogenesis of various CNS disorders [41].

3.1. The 5-HT1A Receptors

The 5-HT1A receptors are located primarily in the following populations: (i.) presynap-
tic neurons of the raphe nuclei of the midbrain and (ii.) postsynaptic neurons, mainly in the
hippocampus, septum, amygdala, and corticolimbic regions [42]. Autoreceptors are located
within the bodies and dendrites of serotonin neurons. Their activation inhibits neuronal
discharges and reduces the release of serotonin [43]. Thus, 5-HT1A autoreceptors play an
important role in the self-regulation of the serotonergic system; they partially inhibit the
activity of adenylate cyclase [44] and activate G protein-dependent rectifying potassium
channels (GIRK) with the use of the βγ subunit of G protein [45]. This causes membrane
hyperpolarization, a reduction in neuronal excitability, and the inhibition of potential-
dependent calcium channels, reducing the influx of calcium ions. The consequence is a
reduction in the neural discharge rate. Given the significant influence of these neuronal
discharges on the overall activity of the entire serotonergic system, it can be concluded that
the reduction in the firing rate evoked by serotonin and other 5-HT1A agonists immediately
translates into an overall reduction in 5-HT release in most areas of the brain, particularly
in regions innervated by the dorsal raphe [20].

The activation of 5-HT1A autoreceptors by endogenous serotonin, therefore, plays an
essential role in the physiological control of the activity of the 5-HT ascending neurons.
The 5-HT neurons during waking periods show a slow and regular rate of discharge [36].
Under conditions of excessive excitatory input (e.g., stress), there is an increased release of
serotonin in the vicinity of neuronal bodies. It activates 5-HT1A autoreceptors, which allow
low and regular neuronal activity to be maintained [40]. Thus, 5-HT1A autoreceptors act as
negative feedback physiological “safety valves” to maintain homeostasis.

The expression of 5-HT1A heteroreceptors, in turn, takes place in populations of
non-serotonin receptors, mainly in the limbic system within: (i.) bodies and dendrites
of glutamatergic neurons [43] or (ii.) axons of GABA-ergic [46], and (iii.) cholinergic
neurons [47]. These receptors are involved in regulating the release of various neurotrans-
mitters: acetylcholine in the medial septum [48], glutamate in the prefrontal cortex [49],
and dopamine in the ventral tegmental area [50]. In most regions of the brain, the inhibition
of adenylate cyclase occurs due to the activation of the Gαi protein. The GIRK channels in
the hippocampus are activated by the βγ subunits of the Gαo isoform [51]. The 5-HT1A
receptors in the cortex and hypothalamus bind to both the Gαi and Gαo subunits, while
their preferential binding to the Gαi3 protein occurs within the raphe nucleus.

The differences in the properties of 5-HT1A auto- and hetero-receptors are manifested
in their different functional selectivity [52]: 5-HT1A heteroreceptors stimulate [53], while
5-HT1A autoreceptors inhibit ERK1/2 transmission [54]. The 5-HT1A-biased agonism
appears to result in the preferential activation of a specific signaling pathway without
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affecting or even blocking other pathways associated with this receptor subtype [55]. It has
also been shown that there is an agonist-dependent modulation of G-protein coupling and
a transduction of 5-HT1A receptors in rat dorsal raphe nucleus. Moreover, 8-hydroxy-2-
(di-n-propylamino)tetralin (8-OH-DPAT, a full 5-HT1A receptor agonist) compared with
buspirone (a partial 5-HT1A receptor agonist) fails to modify forskolin-stimulated cAMP
accumulation [56].

In general, 5-HT1A receptor-deficient mice show a shorter immobility time in the forced
swim test than wild-type control animals [57]. The lack of functional 5-HT1A autoreceptors
may, therefore, favor a less-depressed phenotype. The whole-life suppression of 5-HT1A
heteroreceptor expression in adolescence results in a broad depression-like phenotype.
In addition, the group showed physiological and cellular changes within medial prefrontal
cortex–dorsal raphe proper circuitry: (i.) increased basal serotonin levels in the medial
prefrontal cortex, which is hyporeactive to stress and (ii.) decreased basal serotonin levels
and firing rates in a dorsal raphe hyperactivated by the same stressor [57].

Animal studies show that both the stimulation and blockade of 5-HT1A receptors can
cause or accelerate the antidepressant effect [17]. It is difficult not to associate this with
the above-described functional differences of 5-HT1A auto- and hetero-receptors and the
phenomenon of the biased 5-HT1A agonism. Many studies have demonstrated the antide-
pressant effect of 8-OH-DPAT reversed by 5-HT1A receptor antagonists [58]. Moreover,
5-HT1A receptor-deficient mice showed no increase in adult neurogenesis in the hippocam-
pus after chronic treatment with fluoxetine (SSRI) and not with imipramine (TCA) [59].
The preferential activation of postsynaptic 5-HT1A receptors by F15599 (Figure 2), a biased
5-HT1A agonist, resulted in an antidepressant-like effect [60]. Similar activity was shown
by F13714, a non-selective agonist of 5-HT1A receptors, but it induced a deeper “sero-
tonin syndrome”, hypothermia, and corticosterone release in rats. Elevated corticosterone
levels accompany chronic stress in animals, leading to depression [61]. Moreover, the
activation of 5-HT1A receptors in the prefrontal cortex (PFC) by F15599 produces strong
antidepressant-like effects in the forced swim test (FST) in rats, with a distinctive bimodal
dose–response pattern. These data suggest that F15599 may target specific 5-HT1A receptor
subpopulations in the PFC, possibly located on the GABAergic and/or glutaminergic
neurons [62].
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The previously described physiological function of 5-HT1A autoreceptors and their
regulation of depressive behavior seem to be unfavorable in the context of the mechanism
of action of antidepressants [20,63]. The negative feedback pathway through 5-HT1A au-
toreceptors may decrease the efficacy of the SSRI as the dose increases, thus creating a
second, anomalous part of the dose–response curve. This effect may also be responsible
for the so-called therapeutic window for such antidepressants [64]. The prolonged use of
SSRIs translates into significantly higher levels of extracellular 5-HT than after a single
administration [65]. The negative feedback loop is believed to be the cause of the slow
and delayed clinical efficacy of antidepressant drugs [66]. Administration of antidepres-
sants (tricyclic drugs, monoamine oxidase inhibitors, and SSRIs) significantly increases the
level of extracellular 5-HT in the midbrain raphe [67]. This leads to: (i.) the activation of
5-HT1A receptors, (ii.) the reduction in 5-HT cell firing [68], and (iii.) the terminal release of
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5-HT [69]. The inhibition of SSRIs in the negative feedback pathway clearly decreases with
the duration of treatment. This is most likely due to the serotonin-induced desensitization
of raphe 5-HT1A autoreceptors discussed earlier [70]. Thus, the desensitization of 5-HT1A
autoreceptors may accelerate the onset and/or enhance the antidepressant effect [71].
Mice with higher levels of 5-HT1A autoreceptors showed a blunted physiological response
to acute stress, increased behavioral despair, and no behavioral response to fluoxetine [72].
Moreover, mice with lower autoreceptor levels showed a strong behavioral response to
fluoxetine after both chronic and subchronic administration [72]. Thus, lowering the level
of 5-HT1A autoreceptors prior to antidepressant treatment may accelerate and increase the
effectiveness of antidepressant therapy. Combining SSRI treatment with the 5-HT1A recep-
tor antagonist pindolol significantly reduces the latency of the antidepressant response and
improves the clinical response in previously untreated MDD patients (Table 1) [20,21,73].
The above data indicate that the stimulation of postsynaptic 5-HT1A receptors or the block-
ade of presynaptic 5-HT1A receptors results in antidepressant-like activity. (-)-pindolol may
also stimulate somatodendritic 5-HT1A receptors. Then, its accelerating antidepressant
effect might stem from the accelerated adaptive changes like autoreceptor desensitization in
response to both serotonin and pindolol. This mechanism can also be achieved by initiating
the treatment with high-dose SSRI when a patient is suicidal. The antidepressant action of
pindolol may also be related to its agonistic activity at the β1-adrenoreceptor as this drug
possesses the strongest intrinsic sympathicomimetic activity among other β-blockers [74].

Table 1. Clinical effects of augmentation of SERT inhibition with different activities towards 5-HT receptors.

Clinical Intervention Mechanism of Action Effect References

SSRI + pindolol SERT inhibition + 5-HT1A
agonism

Reduced latency of the
antidepressant response and

improved the clinical response in
previously untreated MDD patients

[21]

SSRI + buspirone SERT inhibition + 5-HT1A
partial agonism

Symptom remission in patients
unsuccessfully treated with SSRIs [75]

SSRI + mirtazapine SERT inhibition + 5-HT2A
antagonism

Augmentation of the clinical response
to SSRIs in treatment-resistant

patients
[76]

Vilazodone SERT inhibition + 5-HT1A
partial agonism

In contrast to prototypical SSRIs,
vilazodone has not been associated

with treatment-emergent sexual
difficulties or dysfunction

[27]

Vortioxetine
SERT, 5-HT3 and 5-HT7

receptors inhibition,
5-HT1A agonism

Potential rapid onset of action [77]

According to the neurotrophic hypothesis of depression, decreased neurotrophic
support causes neuronal atrophy, which in turn reduces hippocampal neurogenesis and
leads to depression. Clinical data support this theory: postmortem analysis has shown
reduced volumes of the hippocampus and prefrontal cortex in depressed patients [78,79].
Persons diagnosed with MDD showed decreased levels of BDNF (brain-derived neu-
rotrophic factor) and NGF (nerve growth factor) in the hippocampus. A deficit of these
neurotrophins may promote neuronal loss [80,81]. This phenomenon was confirmed by
in vivo studies [82–85], which showed that antidepressants reversed these changes [86].
Chronic treatment with 8-OH-DPAT, in turn reduced the feeding delay in the novelty-
suppressed feeding test and increased adult hippocampal neurogenesis in wild-type mice,
but showed no effect in the 5-HT1A receptor knockout group [59]. Thus, 5-HT1A receptors
mediate the action of 8-OH-DPAT, from which it can be concluded that the postsynaptic
5-HT1A receptors mediate the antidepressant-like action of 8-OH-DPAT [87]. The specific
deletion of the 5-HT1A heteroreceptors from mature granular cells in the dentate gyrus of
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the hippocampus has also been found to abolish the effects of SSRIs in various behavioral
tests [88]. It also attenuated the effects of SSRIs on adult neurogenesis and the expression
of hippocampal neurotrophic factors: BDNF and VEGF (vascular endothelial growth fac-
tor). Whole-life 5-HT1A heteroreceptor-knockout (but not autoreceptor-knockout) mice
showed decreased mobility in the forced swim test [89]. Such a depression-like phenotype
was not observed when the suppression of heteroreceptors was initiated in adulthood.
Therefore, serotonergic signaling in the forebrain during development may stably influence
the circuits underlying the behavioral response to the FST [89].

The STAR*D clinical trial shows that in patients unsuccessfully treated with SSRIs, the
augmentation with buspirone resulted in symptom remission [75]. Buspirone (a partial
agonist of the 5-HT1A receptor) enhances the desensitization of 5-HT1A autoreceptors,
increasing the effectiveness of the SSRI treatment. Recently, a single transcription factor,
Freud-1, has been found to be crucial for the expression of the 5-HT1A autoreceptor [90].
Mice with a conditional knockout of Freud-1 in serotonin neurons were shown to have
elevated levels of 5-HT1A autoreceptors and exhibited the enhanced anxiety and depressive
behavior in adulthood that was refractory to chronic SSRI treatment [90]. Interestingly, the
double knockout of the Freud-1/5-HT1A gene did not produce such effects. In this case, the
depressive-like behavior was even reduced [90]. The study suggests that targeting specific
transcription factors may increase the response to antidepressant treatment. These reports
indicated the need to search for compounds targeting only the population of 5-HT1A auto-
or heteroreceptors.

The results of postmortem and neuroimaging studies suggest an increased density
of 5-HT1A autoreceptors in patients with MDD compared to the control group [91–93].
Genetic studies have shown that individuals with an increased density or activity of 5-HT1A
autoreceptors are more prone to mood disorders and respond poorly to antidepressant
treatment [94,95]. However, the number and density of postsynaptic 5-HT1A receptors
have been shown to be unaltered or reduced in depressed patients, and this alteration is
not sensitive to antidepressant treatment [96]. Long-term antidepressant therapy causes
the tonic activation of 5-HT1A receptors in the dorsal hippocampus [97], and activation of 5-
HT1A receptors in the dentate gyrus increases hippocampal neurogenesis [98]. In light of the
cited reports, the use of 5-HT1A agonists as antidepressants seems natural [99]. Some agents
possessing such activity (e.g., buspirone and gepirone) show antidepressant efficacy in
placebo-controlled trials, but their potency is lower than that of SSRIs. Most 5-HT1A
agonists (especially azapirones, Figure 3) show the preferential activation of presynaptic
5-HT1A receptors. Moreover, these agents tend to have a reduced efficacy at postsynaptic
5-HT1A receptors. Thus, endogenous serotonin competes in the postsynaptic sites with
an exogenous substance (with lower agonism), which causes a paradoxical reduction in
the tone at the postsynaptic 5-HT1A receptors. Higher doses of 5-HT1A agonists (such
as those used in experimental animals) are likely to result in the greater activation of
postsynaptic 5-HT1A receptors, which may explain the positive results of efficacy studies in
animal models. Conversely, the administration of the selective 5-HT1A receptor antagonist
DU125530 with fluoxetine did not accelerate or increase the efficacy of fluoxetine in a
double-blind, randomized, placebo-controlled clinical trial. DU125530 had similar binding
to pre- and post-synaptic 5-HT1A receptors [100], and the blockade of postsynaptic 5-HT1A
receptors likely offset the benefits of enhancing presynaptic serotonergic function [101].
This may show the importance of the activation of postsynaptic 5-HT1A receptors in the
mechanism of antidepressant action.
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Observations on the 5-HT1A receptor population contributed to a fruitful search
for potential multimodal antidepressants that incorporate 5-HT1A receptor activity into
their mechanism of action [102]. Recently developed compounds seem to overcome the
aforementioned therapeutic problems of azapirones and other first-generation 5-HT1A
agonists. Two new antidepressants, vilazodone [27,103] and vortioxetine [104,105], inhibit
5-HT reuptake and show the partial agonism at 5-HT1A receptors.

The 5-HT1A receptor ligands also possess their own potentially therapeutic activity.
The 5-HT1A partial agonists show antianxiety [106,107], antidepressant [108], antiaggres-
sive [109], anticraving [110], and anticataleptic properties [111]:

• Animal studies show that both the stimulation and blockade of 5-HT1A receptors can
cause or accelerate the antidepressant effect. It is difficult not to associate this with the
functional differences of 5-HT1A auto- and hetero-receptors and the phenomenon of a
biased 5-HT1A agonism;

• A single transcription factor, Freud-1, has been found to be crucial for the expression of
the 5-HT1A autoreceptor. Targeting it may increase the response to antidepressant treatment;

• Observations on the 5-HT1A receptor population contributed to a fruitful search for
potential multimodal antidepressants (vilazodone and vortioxetine) that incorporate
5-HT1A receptor activity into their mechanism of action.

3.2. The 5-HT1B Receptors

The 5-HT1B receptors, like 5-HT1A receptors, are located pre- and post-synaptically
and are also negatively coupled to adenylate cyclase. Their highest densities are in the
striatum, pallidum, nucleus accumbens, substantia nigra, and ventral tegmental area.
Lower levels of 5-HT1B receptors are found in the hippocampus, amygdala, and cingulate
cortex [112].

Unlike somatodendritic 5-HT1A autoreceptors, 5-HT1B autoreceptors are located
on serotonergic axons, where they regulate the synthesis and release of 5-HT locally.
The 5-HT1B postsynaptic receptors are located mainly in the centers of motor control (such
as the basal ganglia), where they control the synaptic transmission of other neurotrans-
mitters [112]. Studies have shown that 5-HT1B receptors play a role in depression, anxiety,
migraines, locomotor activity, aggressive behavior, and the potentiation of the action of
other drugs [112–114].

Animal studies show that the involvement of 5-HT1B receptors in the pathophysiology
of depression is partly related to their responsiveness to environmental stress as well
as their exposure to antidepressants [115]. The 5-HT1B heteroreceptors are involved in
hippocampal neurogenesis, which may explain their importance for the antidepressant-like
effect [116]. Mice lacking 5-HT1B autoreceptors showed an increased mobility in the FST as
well as an increased preference for lower-sucrose concentrations in the sucrose preference
test compared to the control group. After SSRI administration, elevated levels of serotonin
in the hippocampus were observed [117]. Moreover, two common genetic polymorphisms
of 5-HT1B receptors, G861C [118] and C129T [119], were associated with MDD and affective
disorders. The 5-HT1B receptor gene knockout mice showed increased aggression [120].

The p11 protein, which colocalizes with 5-HT1B and 5-HT4 receptors [121], plays a key
role in modulating the function of the 5-HT1B receptor. Its dysregulation has been reported
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in preclinical models of depression and in postmortem samples from MDD patients [122].
The p11 protein improves 5-HT1B receptor function in various regions of the brain and
contributes to an antidepressant-like effect in animal behavioral tests [123]. P11 knockout
mice showed depression-like behavior and demonstrated a reduced responsiveness to
5-HT1B receptor agonists and tricyclic antidepressants [123].

Studies in the learned helplessness model showed that 5-HT1B receptors were up-
regulated in various regions of the brain following stress exposure. A reduced 5-HT1B
autoreceptor function and, thus, increased serotonin release, has also been demonstrated
after chronic antidepressant treatment [124]. Moreover, chronic treatment with SSRIs in-
duced a negative regulation and/or desensitization of 5-HT1B autoreceptors [125] and
facilitated the effect of SSRIs in serotonin neurotransmission [126]. Compounds exhibiting
5-HT1B antagonism, administered alone or with antidepressants, have been shown to be
effective in preclinical models of depression [127]. The pretreatment with 5-HT1B receptor
antagonists [128] or the genetic inactivation of the 5-HT1B receptor [129] increased the
SSRI-induced effect in mice. Therefore, the blockade of 5-HT1B autoreceptors may promote
the antidepressant effect. It has been suggested that the 5-HT1B receptor antagonists them-
selves may be attributed to an antidepressant-like effect. SB-616234-A, a 5-HT1B receptor
antagonist, decreased immobility in a forced swim test in mice (Figure 4) [130]. The se-
lective 5-HT1B receptor inverse agonist, SB236057A, increased, in turn, the extracellular
concentration of serotonin in the dentate gyrus of a guinea pig. This effect was comparable
to that of 14 days of paroxetine therapy [131]. The acute blockade of the 5-HT1B receptor
might cause a rapid antidepressant effect [131]. It appears that the agonist activation
of 5-HT1B heteroreceptors may also induce antidepressant-like effects [132]. CP94253, a
selective 5-HT1B receptor agonist, showed an antidepressant-like activity in a forced swim-
ming test in mice [133]. Anpirtoline, as a selective 5-HT1B receptor agonist, also reduced
immobility in control mice but had no effect in 5-HT1B knockout mice [132]. The effect
of this compound in the FST was, therefore, due to the activation of the 5-HT1B receptor.
The above studies suggest that 5-HT1B receptors play a role in antidepressant-like activ-
ity. Ther stimulation of postsynaptic receptors and the inhibition of presynaptic 5-HT1B
receptors may be beneficial in the treatment of depression [134].
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As with 5-HT1A receptors, acute SSRI therapy activates terminally localized 5-HT1B
receptors, thus reducing 5-HT synthesis and release. The long-term administration of
SSRIs desensitizes terminal 5-HT1B autoreceptors [135], suggesting that the plasticity of
the autoregulatory function of both 5-HT1A and 5-HT1B receptors may be important with
respect to the therapeutic profile of SSRIs. Again, as with 5-HT1A receptor antagonists, the
administration of 5-HT1B receptor antagonists increases the neurochemical and behavioral
effects of SSRIs [128,136]. Interestingly, the co-administration of the selective 5-HT1A
antagonist WAY-100635 and the 5-HT1B receptor antagonist SB-224289 has an additive effect,
enhancing the neurochemical effects of fluoxetine. This has led to the suggestion that the
combination of the 5-HT1A and 5-HT1B receptor antagonism may increase CNS serotonin
levels and, therefore, potentially be an effective treatment strategy for depression [20]:
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• Animal studies show that the involvement of 5-HT1B receptors in the pathophysiology
of depression is partly related to their responsiveness to environmental stress as well
as an exposure to antidepressants;

• The p11 protein improves 5-HT1B receptor function in various regions of the brain
and contributes to an antidepressant-like effect in animal behavioral tests;

• The 5-HT1B heteroreceptors are involved in hippocampal neurogenesis, which may
explain their importance for the antidepressant-like effect. The stimulation of postsy-
naptic receptors and the inhibition of presynaptic 5-HT1B receptors may be beneficial
in the treatment of depression.

3.3. The 5-HT1D, 5-HT1E, and 5-HT1F Receptors

The clinical significance of the remaining 5-HT1 receptors (5-HT1D, 5-HT1E, 5-HT1F) is
less clear. There is limited preclinical evidence linking some of the receptors with depressive
states. The sensitivity of postsynaptic 5-HT1D receptors in patients after treatment with
SSRIs has been found to be impaired [137]. On the other hand, a postmortem study of
untreated suicidal victims with a confirmed history of depression showed a much higher
density of 5-HT1D receptors in the globus pallidus [138]. The observed high expression of
the 5-HT1E receptor in the frontal cortex and hippocampus may indicate the relationship
between 5-HT1E receptors and cognitive functions and memory [20,139].

3.4. The 5-HT2A Receptors

The 5-HT2A receptors, like the others of the 5-HT2 family, are preferentially cou-
pled to the G protein of the Gq/11 type, so their activation increases the cellular level
of inositol phosphate and, consequently, the cytosolic concentration of calcium ions.
The 5-HT2A receptors are distributed postsynaptically and presynaptically throughout the
brain at serotonergic terminals, with the greatest concentration in the neocortex [140–142].
Recent anatomical and functional studies suggest that 5-HT2A receptors are also present
presynaptically as heteroreceptors, where they may enhance glutamatergic neurotransmis-
sion and participate in memory processes [143]. It has also been demonstrated that the
5-HT2A receptors of the cerebral cortex are located on GABAergic interneurons as well as
glutamatergic projection neurons in the brains of humans and rodents [42,144].

Many antidepressants and antipsychotic drugs possess a relatively high binding
to 5-HT2A receptors [145]. Although there is no direct correlation between the affinity
of these drugs for 5-HT2A receptors and clinically effective doses, there is ample evi-
dence that the 5-HT2A receptor plays a role in the pathomechanism of depression [20,146].
Some antidepressants mediate their action partly via the antagonism of 5-HT2A recep-
tors [147]. In addition, chronic treatment with antidepressants, such as tricyclic antidepres-
sants, monoamine oxidase inhibitors, mianserin, mirtazapine, or sertraline, decreased the
number of 5-HT2A receptors in rodents [148]. Chronic electroconvulsive shock treatment
resulted in the upregulation of cortical 5-HT2A receptors in rodents [149].

Several clinical trials have shown that atypical antipsychotics [150] and the antide-
pressant mirtazapine with an affinity for α2-adrenoceptors and 5-HT2A receptors [151]
augment the clinical response to SSRIs in treatment-resistant patients [76]. A common
feature of these substances is their ability, at clinical doses, to block responses to signals
mediated by 5-HT2A receptors [152]. Such downregulation could, inter alia, explain why
the side effects of SSRIs diminish after 2 or 3 weeks. The high co-expression of 5-HT1A
and 5-HT2A receptors in the neocortex [153] may indicate that the blockade of 5-HT2A
receptors enhances 5-HT1A receptor-mediated neurotransmission in the cortical and limbic
regions, an activity associated with antidepressant efficacy. The chronic administration of
5-HT2A receptor antagonists has been shown to result in a paradoxically negative regula-
tion of 5-HT2A receptors [154,155], which may be beneficial in the treatment of depression.
Moreover, preclinical studies indicate that 5-HT2A antagonists have anxiolytic properties,
as demonstrated by ritanserin, a 5-HT2A antagonist with anxiolytic effects in humans [156].
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Another issue is the relationship between the 5-HT2A receptor and the noradrenergic
system in relation to depression [157]. Studies have shown that the activation of 5-HT2A
receptors as a result of treatment with SSRIs causes an increase in serotonin levels in GABA
neurons. This inhibits the neuronal activity of norepinephrine through the prolonged
release of GABA [158–160]. In turn, citalopram, in addition to reducing norepinephrine
firing, also has the effect of lowering basal and evoked extracellular norepinephrine levels
in the amygdala [161]. This may underlie SSRI ineffectiveness in resistant depression.
The co-administration of an SSRI and a 5-HT2A receptor antagonist trazodone (as well
as atypical antipsychotics, such as quetiapine, risperidone, olanzapine, and aripiprazole)
reversed this inhibitory effect in noradrenergic neurons in rats and might be beneficial
in the treatment of resistant depression [160,162–164]. Increasing evidence shows that
5-HT2A receptor antagonists display antidepressant effects. EMD 281014 (Figure 5), a
5-HT2A receptor antagonist, showed significant activity in the FST in congenital learned
helpless rats [165]. A similar effect was shown by another 5-HT2A receptor antagonist,
FG5893, which significantly shortened the immobility time in the FST [166]. The selective 5-
HT2A receptor antagonist, M100907, enhanced the antidepressant-like behavioral effects of
fluoxetine [167], suggesting that a selective 5-HT2A receptor blockade may complement the
behavioral effects of serotonin transporter inhibition. In contrast, recent studies in rats have
shown that the functional disturbance of the 5-HT2A receptor in the medial prefrontal cortex
may contribute to postpartum mental disorders, including depression and psychosis [168].
In addition, prefrontal 5-HT2A receptors may both have beneficial and negative effects
on cognition, which might explain the aggravation of cognitive deficits after the onset of
SSRI treatment in depressed patients, as well as the limited efficacy of second-generation
antipsychotics that act as 5-HT2A receptor antagonists against the strongly debilitating
cognitive symptoms of schizophrenia and other psychiatric disorders [169]. A deficiency
in 5-HT2A receptors has also been shown to alter the metabolic and transcriptional, but
not behavioral, consequences of chronic unpredictable stress in mice [170]. The 5-HT2A
blockade or SSRI-induced downregulation of 5-HT2A may lead to emotional blunting in
patients. It is, therefore, very likely that 5-HT2A receptors may have different functions
depending on the region of the brain:
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• Many antidepressants and antipsychotic drugs have relatively high binding to 5-
HT2A receptors;

• The high co-expression of 5-HT1A and 5-HT2A receptors in the neocortex may in-
dicate that the blockade of 5-HT2A receptors enhances 5-HT1A receptor-mediated
neurotransmission in the cortical and limbic regions, an activity associated with
antidepressant efficacy;

• Increasing evidence shows that 5-HT2A receptor antagonists display antidepressant
effects. A selective 5-HT2A receptor blockade may complement the behavioral effects
of serotonin transporter inhibition.
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3.5. The 5-HT2B Receptors

The 5-HT2B receptor is expressed mainly in peripheral tissues, especially in the liver,
kidneys, and heart, and its distribution in the brain is low [171]. In the central nervous
system, the 5-HT2B receptor is present in septal nuclei, the dorsal hypothalamus, and
the medial amygdala at levels similar to those found in the stomach [171]. The 5-HT2B
receptor, mRNA, is found in the dorsal raphe nucleus, suggesting a potential autoreceptor
role [172]. The 5-HT2B receptors are coupled to the Gq protein, which activates PLC
(phospholipase C)/PKC (protein kinase C) and increases the concentration of calcium ions
in the cytosol.

The knowledge about the function of the 5-HT2B receptor in the CNS is limited;
however, there are reports of the antidepressant properties of selective 5-HT2B receptor
agonists [173]. The presence of 5-HT2B receptors in the dorsal raphe and their stimula-
tory role in 5-HT release has been demonstrated [173]. The pharmacological or genetic
inactivation of the 5-HT2B receptor abolished the effects of chronic treatment with SSRIs,
and the stimulation of 5-HT2B receptors induced an SSRI-like response in behavioral and
neurogenic tests. In turn, the genetic inactivation of 5-HT2B receptors in serotonergic
neurons eliminated the neurogenic effects of fluoxetine [173]. It has recently been con-
firmed that 5-HT2B receptors directly and positively regulated the activity of serotonin
neurons [174]. In addition, the stimulation of the 5-HT2B receptor via fluoxetine in astrocyte
cell cultures resulted in the phosphorylation of extracellular signal-regulated kinases and
the transactivation of the EGF (epidermal growth factor) receptor [175]. A reduced level of
astroglial (but not neuronal) 5-HT2B receptors in a mouse model of Parkinson’s disease was
also reported, which paralleled the development of the depression-like phenotype [176].
The stimulation of astroglial 5-HT2B receptors may, therefore, be beneficial in treating
depressive disorders [177].

Considering the role of peripherally located 5-HT2B receptors, potential new antide-
pressants acting on 5-HT2B receptors may adversely affect the function of the respiratory
and circulatory systems [17,20]:

• 5-HT2B receptors directly and positively regulate the activity of serotonin neurons;
• There are reports of the antidepressant properties of selective 5-HT2B receptor agonists;
• Potential new antidepressants acting on 5-HT2B receptors may adversely affect the

function of the respiratory and circulatory systems.

3.6. The 5-HT2C Receptors

The 5-HT2C receptors are mainly located in the choroid plexuses, cerebral cortex,
hippocampus, substantia nigra, and cerebellum. They bind preferentially with Gq/11
and increase the concentrations of inositol phosphates and cytosolic Ca2+. Like 5-HT2A
receptors, they are involved in the regulation of mood, motor behavior, and appetite [178].

Several classes of antidepressants have an affinity for 5-HT2C receptors. Although
these receptors are usually somatodendritic, in some regions they are also present on axon
terminals [179]. The location of 5-HT2C receptors in relation to serotonergic and GABAergic
neurons in the anterior raphe nuclei demonstrates complex systemic relationships in the
brain. It has been shown that 5-HT2C receptors are preferentially located on GABAergic
interneurons (and not on serotonergic neurons). This suggests that the stimulation of
GABAergic interneurons by 5-HT2C receptors plays an important role in the suppression
of serotonergic cell firing in the dorsal raphe and surrounding areas [180]. The immunore-
activity of the 5-HT2C receptor has also been described in GABAergic cells in the PFC [181]
and in the dopaminergic and GABAergic neurons of the mesolimbic pathway [182].

A potent 5-HT2C receptor antagonist, S32006 (Figure 6), showed antidepressant activity
in rodent behavioral tests and increased dopamine and norepinephrine levels in the frontal
cortex [183]. This compound reduced immobility in the FST in mice, suppressed anhedonia
in a chronic mild stress model, and increased cell proliferation and BDNF expression
in the dentate gyri of rats [183]. In contrast, the inverse agonist of the 5-HT2C receptor,
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S32212, showed an antidepressant effect in the FST in rats after both acute and chronic
treatment [184].
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On the other hand, some studies report that 5-HT2C agonists have been shown to be
active in animal models of depression, suggesting an antidepressant-like effect [185,186].
WAY-163909, a selective 5-HT2C receptor agonist, elicited a rapid antidepressant effect in a
rat FST that was blocked by the 5-HT2C/2B receptor antagonist, SB206553 [186]. Moreover,
after chronic treatment, WAY163909 reduced the hyperactivity associated with olfactory
bulbectomy in rats [186,187]. It is possible that the mediated antidepressant effects of these
compounds were due to the stimulation of 5-HT2C receptors and the resulting activation of
postsynaptic serotonin receptors [188]. Other selective 5-HT2C receptor agonists have also
been effective in animal models of depression and obsessive–compulsive disorder [189].

Preclinical data show that the antagonism of 5-HT2C receptors increases the neuro-
chemical and behavioral effects of SSRIs. Examples include: the increase in the effect of
SSRIs on extracellular 5-HT concentrations in the hippocampus and cortex [190,191], or a
significant increase in the effect of SSRIs in behavioral models of depression by selective
and non-selective 5-HT2C antagonists [190].

Additionally, 5-HT2C receptors have been shown to be involved in the anti-immobility
effect of antidepressants in the FST, increasing the serotonin level in the synapse [192].
Few studies suggest that 5-HT2C receptor antagonists alone may also exhibit antidepressant-
like properties. The inactivation of 5-HT2C receptors has been shown to potentiate SSRI-
induced serotonin release in rodents [190]. However, 5-HT2C receptor antagonists adminis-
tered separately had no effect on serotonin levels [191].

An altered editing of the mRNA-encoding 5-HT2C receptors has been reported in the
PFC of depressed suicide victims [193]. The desensitization of these receptors has been
observed in patients after chronic treatment with SSRIs [194].

The 5-HT2C receptors are also involved in the tonic modulation of dopaminergic
activity [195]. The role of the dopaminergic system in schizophrenia, along with the antag-
onism of atypical antipsychotics towards the 5-HT2C receptors, has aroused interest in this
receptor for the treatment of schizophrenia [196]. Conversely, the ineffectiveness of SSRIs
in some patients may be due to the serotonin-related inhibition of the neuronal activity
of dopamine in the ventral capping region via 5-HT2C receptors [157]. Escitalopram has
been shown to reduce the stimulation of dopamine neurons by activating 5-HT2C receptors
located on GABA neurons. Some studies indicate that the co-administration of SSRIs with
5-HT2C receptor antagonists (including atypical antipsychotics, such as aripiprazole) may
eliminate the inhibitory effects on dopaminergic neurons in rat brains and restore the effect
of the SSRI [163]. The aforementioned 5-HT2C receptor antagonist S32006, with a potential
antidepressant- and anxiolytic-like effect, increased dopamine levels in the frontal cortex
of rats and enhanced dopaminergic neuron firing [183]. The modulation of dopaminergic
activity may, therefore, be beneficial in the development of antidepressants due to the
above-mentioned activity of 5-HT2C receptor ligands. Recent studies demonstrate the
contradictory effect of 5-HT2C receptors on the effects of SSRIs on motor function and
affective behavior, highlighting the potential benefits of 5-HT2C receptor antagonists both
for reducing SSRI motor side effects and enhancing the therapeutic antidepressant and
anxiolytic effects [197].
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Both 5-HT2C receptor agonists and antagonists exhibit antidepressant-like activity,
and there is still a need to further define the role of this receptor subtype in depression:

• Several classes of antidepressants have an affinity for 5-HT2C receptors. Alterations in
their functional status have been observed in depressive and anxiety states;

• Both 5-HT2C agonists and antagonists have been shown to be active in animal models
of depression. Preclinical data show that the antagonism of 5-HT2C receptors increases
the neurochemical and behavioral effects of SSRIs;

• There is still a need to further define the role of 5-HT2C receptor subtype in depression.

3.7. The 5-HT3 Receptors

The activation of the 5-HT3 receptor leads to a rapid opening of the transmembrane
channel, resulting in an increase in the conductivity of Na+/K+ ions and an immediate
influx of extracellular Ca2+ ions. This, in turn, triggers the release of neurotransmitters
and/or peptides. The 5-HT3 receptors are found throughout the brain and CNS and the
highest density of 5-HT3 receptors was found in the spinal cord and brainstem. The 5-HT3
receptors present in the dorsal vagal complex are involved in the control of the emetic
mechanism [142]. Many 5-HT3 receptor antagonists have been developed as antiemetics
for use in cancer chemotherapy. In the 1990s, lithoxetine, an antidepressant combining sero-
tonin reuptake and 5-HT3 receptor antagonism, was developed to prevent SSRI-induced
gastrointestinal side effects [198]. In the forebrain, on the other hand, 5-HT3 receptors were
present mainly in structures of the limbic system, such as the hippocampus, amygdala, and
entorhinal cortex [199].

The 5-HT3 receptors are involved in the control of dopamine and acetylcholine re-
lease. They also control the functioning of the GABAergic system. Activity towards other
neurotransmission systems is the main mechanism of action for 5-HT3 receptor ligands.
The 5-HT3 receptors are expressed on different types of GABAergic interneurons in the
forebrain [200,201]. The physiological stimulation of serotonergic neurons stimulates corti-
cal (and possibly hippocampal) GABAergic neurons. This likely results in the inhibition of
neighboring excitatory neurons by GABAA and GABAB receptors [201].

Preclinical studies suggest that the 5-HT3 receptor plays a role in mental disorders [17].
The 5-HT3 antagonists show antidepressant-like activity in various animal models [202].
The systemic administration of tropisetron (a 5-HT3 receptor antagonist) prevented re-
straint stress-induced dopamine release in the nucleus accumbens and prefrontal cortex
in rats. This suggested that 5-HT3 receptors mediated the stress-dependent activation of
dopaminergic neurotransmission [203]. Tropisetron additionally exerted an antidepressant-
like effect in FST in rats. This effect was abolished after a pretreatment with mCPGB
(1-(m-chlorophenyl)-biguanide), a potent 5-HT3 receptor agonist (Figure 7) [204].
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Some antidepressants with different mechanisms of action exhibit functional 5-HT3
receptor antagonism [205]. Chronic treatment with fluoxetine desensitizes 5-HT3 recep-
tors [206], and SERT knockout mice show increased 5-HT3 receptor density compared
to wild-type mice [207]. It has been suggested that the antidepressant effect of SSRIs is
partially dependent on the blockade of 5-HT3 receptors [208]. The relatively new multi-
modal antidepressant drug vortioxetine [209,210] displays nanomolar binding affinities
to the SERT (Ki = 1.6 nM) and other serotonin receptors, including 5-HT3, 5-HT1A, 5-HT7,
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5-HT1B and 5-HT1D, with Ki values of 3.7 nM, 15 nM, 19 nM, 33 nM and 54 nM, re-
spectively [102]. Vortioxetine antagonism at the 5-HT3 receptor [211] may underlie its
faster onset of action [212]. Rodent experiments show that the antidepressant-like ef-
fect should be attributed to postsynaptic, rather than presynaptic, 5-HT3 antagonism,
since the presynaptic and somatodendritic 5-HT3 receptor blockade reduces serotonin
levels [203]. The antidepressant and/or anxiolytic effects recently demonstrated by some
5-HT3 receptor antagonists in animal models of depression may result from the modulation
of the hypothalamic–pituitary-adrenal axis, interaction with the serotonergic system, or
antioxidant properties [213–218].

The agonism of the 5-HT3 receptor reduces the antidepressant effect in the FST in
rats [219], while the antagonism of the 5-HT3 receptor reduces the immobility time in
the FST [220]. Ondansetron, a 5-HT3 receptor antagonist, confirms these observations; it
exhibits antidepressant properties in the TST (tail suspension test) and FST, also enhancing
the effect of fluoxetine [220]. In a model of chronic unpredictable stress in mice, the
administration of ondansetron reversed depressive behavior affecting the hypothalamic-
pituitary-adrenal axis [221]. Moreover, in mice with streptozotocin-induced diabetes, the
drug displayed antidepressant and anxiolytic properties, possibly through the antagonism
of the 5-HT3 receptor [222]. Behavioral studies with ondansetron (and tropisetron) also
suggested an interaction of 5-HT3 and NMDA receptors, as well as an involvement of
the nitric oxide-cyclic guanosine monophosphate pathway inhibition in the observed
antidepressant-like effects [223,224]. Studies on genetically modified animals confirm the
role of 5-HT3 receptors in the antidepressant effect. The 5-HT3 receptor knockout mice
were reported to display an antidepressant-like phenotype [225].

In vitro electrophysiology studies showed that low-dose citalopram treatment desen-
sitized the 5-HT1A receptor only in the dorsal raphe nucleus of 5-HT3 knockout mice, while
high dose treatment caused similar 5-HT1A autoreceptor desensitization in 5-HT3 knockout
and wild types [225]. Hence, lower doses of citalopram may be effective when 5-HT3
receptors are deactivated. It has also been shown that the blockade of the 5-HT3 receptor
by ondansetron enhances the effect of citalopram on extracellular serotonin levels in the
rat forebrain [102]. The use of combined SSRIs and 5HT3 receptor antagonists is proposed
as an improvement strategy to be tested in the treatment of depressive disorders [226].
The neurochemical, electrophysiological, and behavioral consequences of the repeated
administration of this drug combination will need to be assessed.

The properties of 5-HT3 receptor antagonists have also been used to alleviate substance
abuse, which is often associated with most psychiatric disorders, including MDD [227].
The 5-HT3 receptor antagonists have been reported to be effective in reducing ethanol and
morphine intake [228]. It is worth noting that various antipsychotics are non-competitive
5-HT3 receptor antagonists, and this may contribute to their efficacy [229]. There is likely
to be an association between 5-HT3 receptors and anxiety behavior [230]. The 5-HT3
antagonists reverse helpless behavior in rats [231] and abolish the emotion-potentiated
startle effect in humans [232]:

• Activity towards other neurotransmission systems is the main mechanism of action
for 5-HT3 receptor ligands;

• Rodent experiments show that the antidepressant-like effect should be attributed to
postsynaptic rather than presynaptic 5-HT3 antagonism, since the presynaptic and
somatodendritic 5-HT3 receptor blockade reduces serotonin levels;

• Some antidepressants with different mechanisms of action exhibit functional 5-HT3
receptor antagonism. The vortioxetine antagonism at the 5-HT3 receptor may underlie
its faster onset of action.

3.8. The 5-HT4 Receptors

The 5-HT4 receptors in the CNS are mainly located in the putamen, caudate nucleus,
hippocampus, nucleus accumbens, globus pallidus, and substantia nigra. To a lesser extent,
these receptors are present in the neocortex, raphe and pontine nuclei, and thalamus [233].
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Studies using positron emission tomography show a slightly more limited regional distri-
bution of 5-HT4 receptors in the human brain, showing a high density of this receptor in the
caudate–putamen and much lower densities in the frontal cortex and hippocampus [234].
The 5-HT4 receptors are coupled to the Gs protein, which activates adenylate cyclase/PKC
and increases the intracellular level of cAMP. Regarding peripheral tissues, these receptors
play an important role in the heart, gastrointestinal tract, adrenal glands, and urinary
bladder [235].

There are reports linking the 5-HT4 receptor with depressive disorders [236].
Preclinical models of depression, such as the olfactory bulbectomized and glucocorti-
coid heterozygous receptor mice, show that the expression of 5-HT4 receptors increased
in the ventral hippocampus or striatum, respectively [237], while in the Flinders-sensitive
line rat model of depression, the downregulation of 5-HT4 receptors was observed in the
ventral and dorsal hippocampus [238].

The 5-HT4 receptor subtype is involved in the modulation of synaptic plasticity [239],
which is influenced by antidepressants [240]. The signaling of the 5-HT4 receptor may
modulate the function of the dentate gyrus of the hippocampus by increasing the neuroge-
nesis and expression of neurotrophic factors, which may contribute to the antidepressant
effects of drugs that enhance serotonergic transmission [241]. The 5-HT4 receptor interacts
with the p11 protein, which determines the antidepressant activity mediated by 5-HT1B
and 5-HT4 receptors [242].

In addition, 5-HT4 knockout mice show an enhanced response of serotonergic neurons
to citalopram [243]. Thus, 5-HT4 receptors are possibly involved in the activation of 5-HT
neurons during SERT inhibition. As observed for 5-HT1A and 5-HT2A receptors [37,40],
5-HT4 receptors in the PFC control the firing rate of midbrain serotonergic neurons via
descending inputs [244]. In addition, 5-HT4 receptors mediate synaptic transmission be-
tween the dentate gyrus and the CA3 field of the hippocampus. Fluoxetine was observed to
normalize the mossy fiber pathway by activating 5-HT4 receptors [245]. Chronic treatment
with fluoxetine and venlafaxine (but not reboxetine) decreased the 5-HT4 receptor density
in rat brain [246]. Although the 5-HT4 receptor antagonist, SB 204070A, showed no indepen-
dent effect and did not reduce the immobility time in the FST in naive rats [247], another
receptor antagonist, GR 125487, blocked fluoxetine activity in a mouse corticosterone-
induced depression model [248]. Therefore, this study suggests that the activation of 5-HT4
receptors mediates the antidepressant-like effects of fluoxetine. It has been shown that
a knockout of the 5-HT4 receptor can induce some adaptive changes in mice, leading to
depression and anxiety-like behavior. Moreover, 5-HT4 receptor knockout mice do not
respond to fluoxetine in the olfactory bulbectomized model of depression and anxiety [249].
On the other hand, some studies suggest that the behavioral effects of fluoxetine in the
corticosterone-induced model of depression and anxiety do not appear to be dependent on
5-HT4 receptors [250].

Preclinical studies show that the administration of the 5-HT4 agonists, RS67333 and
prucalopride (Figure 8), reduces the immobility time in the FST, thus demonstrating the
potential of the 5-HT4 receptor as a molecular target of a potential new generation of
antidepressants [251]. The agonism of the 5-HT4 receptor may also play a role in the cogni-
tive deficits associated with MDD. The use of RS67333 in chronic neuroendocrine animal
models of depression/anxiety resulted in the restoration of induced learning and memory
disorders [252]. Moreover, the studies show that administration of RS67333 and prucalo-
pride causes 5-HT1A autoreceptor desensitization, increased the tonus on hippocampal
postsynaptic 5-HT1A receptors, and increased CREB phosphorylation and neurogenesis
in the hippocampus [251]. These parameters, which characterize the functioning of the
brain, are used in antidepressant therapies. Importantly, these effects are noticeable after
3 days of treatment [251], while they are usually only seen after 2–3 weeks of treatment
with SSRIs due to the latency phenomenon. The faster response to 5-HT4 agonism has been
suggested to be a result of the parallel rapid and sustained activation of 5-HT neuronal
firing in the dorsal raphe nucleus [253]. Increased serotonergic neuronal firing may also
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underlie the apparently superior efficacy of 5-HT4 agonists over SSRIs because the reuptake
inhibitory effect depends on the basal rates of 5-HT cell firing. Since the 5-HT4 receptor
is not expressed in the raphe nuclei, the ability of 5-HT4 receptors to stimulate the firing
of 5-HT neurons appears to involve the activation of receptors located on neurons in the
PFC [244]. The identity of the cells expressing 5-HT4 receptors and their connections to
the serotonergic neurons of the dorsal raphe nucleus are not yet well understood. It is
possible that they project to other regions, contributing to the antidepressant effect of 5-HT4
agonists [253].
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The activation of the 5-HT4 receptor may be a useful adjunct to antidepressant ther-
apy, both to accelerate the onset of clinical antidepressant effects and to target cognitive
symptoms that are not effectively treated with current therapies [254]:

• There are reports linking the 5-HT4 receptor with depressive disorders. The 5-HT4
receptor interacts with the p11 protein, which determines the antidepressant activity
mediated by 5-HT1B and 5-HT4 receptors;

• 5-HT4 receptor signaling may modulate the function of the dentate gyrus of the
hippocampus by increasing the neurogenesis and expression of neurotrophic factors,
which may contribute to the antidepressant effects of drugs that enhance
serotonergic transmission.

• The activation of the 5-HT4 receptor may be a useful adjunct to antidepressant therapy,
both to accelerate the onset of clinical antidepressant effects and to target cognitive
symptoms that are not effectively treated with current therapies.

3.9. The 5-HT6 Receptors

The 5-HT6 receptors are the postsynaptic receptors most expressed in the striatum,
nucleus accumbens, olfactory tubercle, and cortex. They are also moderately dense in the
amygdala, hippocampus, hypothalamus, thalamus, and cerebellum [255].

This serotonin receptor subtype has been found to play a role in learning and mem-
ory [256] as well as in the central regulation of hunger and satiety behavior [257]. The 5-HT6
receptors may, therefore, serve as a novel molecular target for the improvement of cog-
nitive functions [258]. Several of the tricyclic antidepressants (e.g., amitriptyline) and
atypical antidepressants (e.g., mianserin) exhibit nanomolar 5-HT6 binding and antagonis-
tic activity [259]. This fact, as well as the distribution of the 5-HT6 receptor in the limbic
and cortical regions of the brain, may suggest that 5-HT6 receptors play an important
role in the pathogenesis and/or treatment of depression [259]. The 5-HT6 antagonists
(SB-399885, Figure 9) show antidepressant activity in the FST and in the TST in rodents
(rats and mice) [260]. In addition, the combination of an ineffective dose of SB-399885 with
ineffective doses of imipramine, desipramine, bupropion, or moclobemide has been shown
to exert antidepressant effects in the rat FST [261]. This suggests that the inhibition of the
5-HT6 receptor potentiates the effects of clinically used antidepressants. This synergistic
effect is interesting in the search for a multimodal antidepressant therapy with mini-
mized side effects or a faster onset of action. Other preclinical studies show that 5-HT6
agonism can be used in the treatment of depression. The reduction in the immobility
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of mice in the FST after the administration of WAY208466, a selective potent agonist of
the 5-HT6 receptor, has been demonstrated [262]. The 5-HT6 receptor partial agonist,
EMD386088, caused antidepressant- and anxiolytic-like effects after intrahippocampal
administration [263]. This also occurred after acute and chronic treatment in rats [264],
possibly because it directly stimulated the receptor. The stimulation of the 5-HT6 receptor
may initiate the biochemical and behavioral effects induced by SSRIs (fluoxetine) [122].
On the other hand, the 5-HT6 receptor agonist LY-586713 increases the expression of BDNF
(a marker of cellular antidepressant activity) in the hippocampus after just a single admin-
istration [265]. In comparison, SSRIs require multiple applications to produce the same
effect [240]. Therefore, it is unclear what functional 5-HT6 receptor ligand profile (antag-
onism or agonism) will be more beneficial in the treatment of depression. Moreover, the
exact mechanism by which 5-HT6 ligands induce antidepressant effects is unknown and
may include effects on other neurotransmission systems [260,266]:
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• The distribution of the 5-HT6 receptor in the limbic and cortical regions of the brain
may suggest that 5-HT6 receptors play an important role in the pathogenesis and/or
treatment of depression;

• Several tricyclic and atypical antidepressants exhibit nanomolar 5-HT6 receptor bind-
ing. The inhibition of the 5-HT6 receptor potentiates the effects of clinically used
antidepressants. This synergistic effect is interesting in the search for a multimodal
antidepressant therapy with minimized side effects or a faster onset of action;

• It is not exactly clear what functional 5-HT6 receptor ligand profile (antagonism or
agonism) will be more beneficial in the treatment of depression. Moreover, the exact
mechanism by which 5-HT6 ligands induce antidepressant effects is unknown and
may include effects on other neurotransmission systems.

3.10. The 5-HT7 Receptors

The 5-HT7 receptor is highly expressed in the thalamus, hypothalamus, hippocampus,
and cortex [267]. The results of immunolocation and autoradiography studies are generally
consistent with the pattern of mRNA distribution [268,269], suggesting a dominant soma-
todendritic localization. The physiological role of 5-HT7 receptors is to regulate circadian
rhythm, sleep, and mood [270].

As with the 5-HT6 receptors, several antidepressants [271] and antipsychotics [272]
have been found to have a high affinity for the 5-HT7 receptor, leading to much further
research into its antidepressant activity. One preclinical study in rats showed that several
antidepressants, both tricyclic and SSRIs, induce c-fos expression in a manner consistent
with 5-HT7 receptor activation within the suprachiasmatic nucleus, and that chronic treat-
ment with antidepressant drugs downregulates 5-HT7 receptor binding [271].

Preclinical studies also indicate the antidepressant and anxiolytic effects of the selective
5-HT7 receptor antagonist, SB-269970, in rodents [273], as well as a synergistic interaction
between subeffective doses of this agent and antidepressants, leading to a reduction in
immobility in both the FST and the TST [274,275]. The intrahippocampal administra-

358



Int. J. Mol. Sci. 2021, 22, 9015

tion of SB-269970 (Figure 10) induced an antidepressant effect in the FST in rats [276].
The co-administration of citalopram and SB-269970 increased the activity of serotonin neu-
rons in rats and improved the antidepressant effect in the TST [274]. SB-269970 enhanced
the antidepressant effect of antidepressants (citalopram, imipramine, desipramine, and
moclobemide) in the FST in mice [275]. It was also shown that the administration of
SB-269970 for only one week caused the behavioral, electrophysiological, and neuroanatom-
ical changes that usually occur after a long-term treatment with SSRIs. Therefore, 5-HT7
receptor antagonists might represent a new class of antidepressants with a faster thera-
peutic effect. JNJ-18038683, another 5-HT7 receptor antagonist, was also effective in mice
TST [277]. Moreover, the compound potentiated serotonin transmission, REM suppression,
and antidepressant-like behaviour induced by citalopram in rodents [277]. The above
studies indicate that the participation of the 5-HT7 receptor in the antidepressant-like
action, and blockade of the 5-HT7 receptor may not only induce but accelerate this action.
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In addition, the genetic and pharmacological inactivation of 5-HT7 receptors partially
reversed phencyclidine-induced deficits of pre-pulse inhibition, an animal model for an-
tipsychotic activity [278]. Similarly, it should also be noted that the atypical antipsychotic
aripiprazole, which has a high affinity for the 5-HT7 receptor, is sometimes used to en-
hance the effects of traditional antidepressants [279]. Similarly, there are reports that the
antidepressant effect of amisulpride is mediated by its action on 5-HT7 receptors [280].

Vortioxetine is a high affinity inhibitor of the human 5-HT transporter, 5-HT3 and
5-HT7 receptors, and a 5-HT1A agonist [281]. Although the affinity of vortioxetine for the
rat 5-HT7 receptor is lower compared to the human receptor [282], subacute administration
(within 3 days) of an effective dose of vortioxetine rapidly lowers rat 5-HT7 receptor
levels [283]. This preclinical evidence suggests that vortioxetine has a relatively low affinity
for the 5-HT7 receptor compared to other 5-HT receptor subtypes but inhibits its action
with a rapid 5-HT7 receptor downregulation as an inverse agonist, similar to other 5-HT7
receptor-inhibiting mood-stabilizing atypical antipsychotics: clozapine, lurasidone, and
olanzapine [283,284]. In other words, the rapid-acting antidepressant and anxiolytic actions
of 5-HT7 receptor antagonism are worth reassessing in the context of drug development
after future clinical data have been accumulated. Overall, the 5-HT7 receptor is currently
considered a promising target for the development of antidepressants [285]. Recent clinical
studies have shown that both the intravenous and oral administration of vortioxetine
resulted in a significant improvement in depression (Montgomery Åsberg Depression
Rating Scale and Hospital Depression Scale) and anxiety (Hospital Anxiety Scale) after
3 days [77]:

• Several antidepressants have been found to have a high affinity for the 5-HT7 receptor,
leading to much further research into its antidepressant activity;

• The antagonists of the 5-HT7 receptor might represent a new class of antidepressants
with a faster therapeutic effect.

• Preclinical evidence suggests that vortioxetine has a relatively low affinity for the
5-HT7 receptor compared to other 5-HT receptor subtypes but inhibits its action with a
rapid 5-HT7 receptor downregulation as an inverse agonist. Both the intravenous and
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oral administration of vortioxetine resulted in a significant improvement in depression
and anxiety after 3 days.

4. Conclusions

The development of new antidepressants is based on monoamine systems. The tar-
geted pharmacological modulation of serotonergic transmission in the brain continues to
be a leading strategy in the search for new antidepressants. As can be seen from this review,
the serotonergic system offers great potential for the development of new antidepressant
therapies based on the combination of SERT inhibition with different pharmacological
activities towards the 5-HT system. The careful selection of molecular targets for the
proper use of the mechanisms of serotonergic autoregulation and selective/biased ac-
tivation or the blockade of relevant receptors (e.g., stimulation of postsynaptic 5-HT1A,
postsynaptic 5-HT1B, 5-HT2B and 5-HT4 receptors; or the blockade of presynaptic 5-HT1A,
presynaptic 5-HT1B, 5-HT2A, 5-HT3, and 5-HT7), which also influences other neurotrans-
mission systems, seems to be the most effective strategy for supplementing the activity of
“serotonin-enhancing” drugs in the near future. A better understanding of receptors and
the receptor signaling responsible for the effects of serotonin on neurogenesis could also
help in the development of new and more effective drugs.
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review and editing, M.K. and J.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by Medical University of Warsaw. This research received no
external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. James, S.L.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-Allah, F.; Abdela, J.; Abdelalim,

A.; et al. Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for
195 countries and territories, 1990–2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet 2018, 392,
1789–1858. [CrossRef]

2. Ögren, S.O.; Eriksson, T.M.; Elvander-Tottie, E.; D’Addario, C.; Ekström, J.C.; Svenningsson, P.; Meister, B.; Kehr, J.; Stiedl, O.
The role of 5-HT1A receptors in learning and memory. Behav. Brain Res. 2008, 195, 54–77. [CrossRef]

3. Day, J.J.; Sweatt, J.D. Epigenetic Treatments for Cognitive Impairments. Neuropsychopharmacology 2012, 37, 247–260. [CrossRef]
4. Sheehan, D.V.; Nakagome, K.; Asami, Y.; Pappadopulos, E.A.; Boucher, M. Restoring function in major depressive disorder:

A systematic review. J. Affect. Disord. 2017, 215, 299–313. [CrossRef]
5. Sharp, T.; Cowen, P.J. 5-HT and depression: Is the glass half-full? Curr. Opin. Pharmacol. 2011, 11, 45–51. [CrossRef]
6. Wiles, N.J.; Fischer, K.; Cowen, P.; Nutt, D.; Peters, T.J.; Lewis, G.; White, I.R. Allowing for non-adherence to treatment in

a randomized controlled trial of two antidepressants (citalopram versus reboxetine): An example from the GENPOD trial.
Psychol. Med. 2014, 44, 2855–2866. [CrossRef]

7. Turcotte, J.E.; Debonnel, G.; De Montigny, C.; Hébert, C.; Blier, P. Assessment of the serotonin and norepinephrine reuptake
blocking properties of duloxetine in healthy subjects. Neuropsychopharmacology 2001, 24, 511–521. [CrossRef]

8. Cleare, A.; Pariante, C.; Young, A.; Anderson, I.; Christmas, D.; Cowen, P.; Dickens, C.; Ferrier, I.; Geddes, J.; Gilbody, S.; et al.
Evidence-based guidelines for treating depressive disorders with antidepressants: A revision of the 2008 British Association for
Psychopharmacology guidelines. J. Psychopharmacol. 2015, 29, 459–525. [CrossRef]

9. Bauer, M.; Bschor, T.; Pfennig, A.; Whybrow, P.C.; Angst, J.; Versiani, M.; Möller, H.-J. World Federation of Societies of
Biological Psychiatry (WFSBP) Guidelines for Biological Treatment of Unipolar Depressive Disorders in Primary Care.
World J. Biol. Psychiatry 2007, 8, 67–104. [CrossRef]

10. Harmer, C.J.; Duman, R.S.; Cowen, P.J. How do antidepressants work? New perspectives for refining future treatment approaches.
Lancet Psychiatry 2017, 4, 409–418. [CrossRef]

11. Rana, T.; Behl, T.; Sehgal, A.; Mehta, V.; Singh, S.; Kumar, R.; Bungau, S. Integrating Endocannabinoid Signalling In Depression.
J. Mol. Neurosci. 2021. [CrossRef]

360



Int. J. Mol. Sci. 2021, 22, 9015

12. Rana, T.; Behl, T.; Sehgal, A.; Mehta, V.; Singh, S.; Sharma, N.; Bungau, S. Elucidating the Possible Role of FoxO in Depression.
Neurochem. Res. 2021. [CrossRef] [PubMed]

13. Rana, T.; Behl, T.; Sehgal, A.; Sachdeva, M.; Mehta, V.; Sharma, N.; Singh, S.; Bungau, S. Exploring Sonic Hedgehog Cell Signaling
in Neurogenesis: Its Potential Role in Depressive Behavior. Neurochem. Res. 2021, 46, 1589–1602. [CrossRef] [PubMed]

14. Rana, T.; Behl, T.; Sehgal, A.; Srivastava, P.; Bungau, S. Unfolding the Role of BDNF as a Biomarker for Treatment of Depression.
J. Mol. Neurosci. 2020. [CrossRef]

15. Millan, M.J. On “polypharmacy” and multi-target agents, complementary strategies for improving the treatment of depression:
A comparative appraisal. Int. J. Neuropsychopharmacol. 2014, 17, 1009–1037. [CrossRef]

16. Duhr, F.; Déléris, P.; Raynaud, F.; Séveno, M.; Morisset-Lopez, S.; Mannoury la Cour, C.; Millan, M.J.; Bockaert, J.; Marin, P.;
Chaumont-Dubel, S. Cdk5 induces constitutive activation of 5-HT6 receptors to promote neurite growth. Nat. Chem. Biol. 2014,
10, 590–597. [CrossRef]
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264. Jastrzębska-Więsek, M.; Siwek, A.; Partyka, A.; Szewczyk, B.; Sowa-Kućma, M.; Wasik, A.; Kołaczkowski, M.; Wesołowska, A.
Antidepressant-like activity of EMD 386088, a 5-HT6 receptor partial agonist, following systemic acute and chronic administration
to rats. Naunyn. Schmiedebergs. Arch. Pharmacol. 2015, 388, 1079–1088. [CrossRef]

265. De Foubert, G.; O’Neill, M.J.; Zetterström, T.S.C. Acute onset by 5-HT6-receptor activation on rat brain brain-derived neurotrophic
factor and activity-regulated cytoskeletal-associated protein mRNA expression. Neuroscience 2007, 147, 778–785. [CrossRef]
[PubMed]

266. Dawson, L.A.; Li, P. Effects of 5-HT6 receptor blockade on the neurochemical outcome of antidepressant treatment in the frontal
cortex of the rat. J. Neural Transm. 2003, 110, 577–590. [CrossRef] [PubMed]

267. Hedlund, P.B.; Sutcliffe, J.G. Functional, molecular and pharmacological advances in 5-HT 7 receptor research. Trends Pharmacol. Sci.
2004, 25, 481–486. [CrossRef]

268. Neumaier, J.F.; Sexton, T.J.; Yracheta, J.; Diaz, A.M.; Brownfield, M. Localization of 5-HT7 receptors in rat brain by immunocyto-
chemistry, in situ hybridization, and agonist stimulated cFos expression. J. Chem. Neuroanat. 2001, 21, 63–73. [CrossRef]

370



Int. J. Mol. Sci. 2021, 22, 9015

269. Varnäs, K.; Thomas, D.R.; Tupala, E.; Tiihonen, J.; Hall, H. Distribution of 5-HT7 receptors in the human brain: A preliminary
autoradiographic study using [3H]SB-269970. Neurosci. Lett. 2004, 367, 313–316. [CrossRef]

270. Hedlund, P.B. The 5-HT7 receptor and disorders of the nervous system: An overview. Psychopharmacology 2009, 206, 345–354.
[CrossRef] [PubMed]

271. Mullins, U.L.; Gianutsos, G.; Eison, A.S. Effects of antidepressants on 5-HT7 receptor regulation in the rat hypothalamus.
Neuropsychopharmacology 1999, 21, 352–367. [CrossRef]

272. Roth, B.L.; Craigo, S.C.; Choudhary, M.S.; Uluer, A.; Monsma, F.J.J.; Shen, Y.; Meltzer, H.Y.; Sibley, D.R. Binding of typical and
atypical antipsychotic agents to 5-hydroxytryptamine-6 and 5-hydroxytryptamine-7 receptors. J. Pharmacol. Exp. Ther. 1994, 268,
1403–1410.
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Abstract: Depression is a highly prevalent, disabling, and often chronic illness that places substantial
burdens on patients, families, healthcare systems, and the economy. A substantial minority of patients
are unresponsive to current therapies, so there is an urgent need to develop more broadly effective,
accessible, and tolerable therapies. Pharmacological regulation of histone acetylation level has been
investigated as one potential clinical strategy. Histone acetylation status is considered a potential
diagnostic biomarker for depression, while inhibitors of histone deacetylases (HDACs) have garnered
interest as novel therapeutics. This review describes recent advances in our knowledge of histone
acetylation status in depression and the therapeutic potential of HDAC inhibitors.

Keywords: histone deacetylase (HDAC); depression; biomarker; anti-depressant therapy

1. Introduction

Depression is characterized by recurrent episodes of sadness and despondency (de-
pressed mood) frequently accompanied by anhedonia, loss of appetite, reduced concen-
tration and energy, excessive guilt, and recurrent suicidal ideation [1]. Despite treatment,
more than 50% of patients experience recurrent episodes and approximately 80% of those
with a history of two episodes experience another relapse [2]. Both the incidence and
prevalence of depression are increasing, and depression is now a major global healthcare
burden and cause of lost economic productivity [3]. Current treatment guidelines recom-
mend modulators of monoaminergic transmission such as monoamine oxidase (MAO)
inhibitors and specific serotonin reuptake inhibitors (SSRIs) as first-line therapy based on
the theory that depression arises from abnormal monoaminergic transmission. However,
despite the availability of many monoamine modulators, approximately 50% of patients
are unresponsive to these treatments [4].

Indeed, the clinical diagnosis and treatment of depression based on the Diagnostic and
Statistical Manual of Mental Disorders (DSM) or the wide-ranging International Statistical
Classification of Diseases and Related Health Problems (ICD) have focused on observable
behaviors (signs) and self-reported feelings and thoughts (symptoms). Classifying mental
disorders according to clinical signs and symptoms has led to a limitation in reflecting the
underlying pathophysiology, and to heterogeneity within groups diagnosed with the same
psychiatric disease [5]. Thus, attempts have emerged to suggest the novel classification of
mental disorders that reflects biological mechanisms, such as Research Domain Criteria
(RDoC) and biological classification of mental disorders (BeCOME) study [6,7]. Further-
more, many studies have aimed to identify the pathomechanism of depression to overcome
the limitations of other existing tools for its diagnosis and treatment.
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In addition to the well-known monoaminergic neurotransmitter dysfunction, altered
hypothalamic-pituitary-adrenal (HPA) axis activity, dysfunctional brain network activity,
impaired neurotrophic factor signaling, and neuroinflammation have been implicated in
depression and studied for potential diagnostic biomarkers and therapeutic targets [8–10].
Additionally, changes in brain structure [11,12], gastrointestinal factors [13,14], oxida-
tive stress [15], and endocannabinoid system components [16] have also been implicated
in depression [17]. In addition, correlation studies for the aforementioned biomarkers
such as inflammatory factors and brain structural changes also have been conducted in
depression [18,19]. Family, twin, and adoption studies suggest that genetic factors account
for 30–40% of the variance in depression risk [20], but early genome-wide association
studies (GWASs) failed to identify genetic variants strongly associated with depression,
suggesting that genetic susceptibility is mediated by heterogeneous combinations of risk
alleles [21–23]. However, recent GWASs have identified several genetic loci reproducibly
associated with depression [24–28].

The remaining 60–70% of the variation in depression risk appears to be determined by
environmental factors [29]. Environmental stressors such as physical, emotional, and sexual
abuse, social rejection, and other early adverse experiences and stressful life events such as
the death of a loved one, illness, injury, disability, and functional decline are demonstrated
risk factors for depression [30–32]. Individual variations in susceptibility to such stimuli
may be explained in part by genetic factors. Indeed, a gene-environment interaction model
positing that penetrant and complex genetic predispositions interact with environmental
factors to determine depression susceptibility is now widely accepted [33].

In this gene-environmental interaction model, epigenetic mechanisms act as a bridge
between genes and environmental factors [34]. Epigenetics refers to “heritable, but re-
versible, regulation of various genomic functions mediated principally through changes
in DNA methylation and chromatin structure” [35]. Thus, epigenetic mechanisms are
the processes by which various types of cells within the same organism acquire unique
transcriptional properties and functions during development [36]. This dynamic and re-
versible process also contributes to the transcriptional plasticity manifested by the neurons
and glia in the brain. Therefore, it is associated with learning and memory, age-related
neurodegeneration, cognitive and behavioral effects of early experiences, repeated drug
exposure, chronic stress, prolonged changes in nutritional status, and exposure to envi-
ronmental toxins [37]. The functional analyses of DNA methylation quantitative trait
locus (meQTL) and non-coding RNA (ncRNA) in depression-associated single nucleotide
polymorphisms (SNPs) revealed that alterations in DNA methylation and ncRNAs interact
with genetic factors in depression, which underscores the importance of epigenetic regula-
tion for depression [38]. Thus, the present review provides an overview of the impact of
histone deacetylation on the pathophysiology of depression and the therapeutic potential
of its modulation.

2. Histone Acetylation

Dynamic acetylation and deacetylation of histone lysine (Lys) residues control the
packaging of genomic DNA, thereby influencing DNA replication, transcription, DNA
repair, and cell cycle progression [39]. Histone acetyltransferase enzymes (HATs) catalyze
the transfer of acetyl groups from acetyl CoA to the ε-amino groups of Lys residues within
histones [40], while histone deacetylases (HDACs) remove these acetyl groups [41]. Thus,
the balance between HAT and HDAC activities determines the net histone acetylation
status of the genome. By dynamically modulating the interaction between histones and
DNA at the local level, histone acetylation regulates the accessibility of gene promoters to
various binding factors such as transcription factors. In addition, acetylation/deacetylation
of non-histone proteins modulated by HATs and HDACs also regulates diverse cellular
functions [42].
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3. Histone Deacetylase (HDAC) Families and Classes

Human HDACs are traditionally divided into two families, the Zn2+-dependent ami-
dohydrolases including class I, II, and IV HDACs and the NAD+-dependent class III SIRT
enzymes (Table 1). To date, 18 HDACs have been identified in humans and are grouped by
sequence homology and domain organization [43]. Class I HDACs share structural homol-
ogy with the yeast transcriptional regulator Rpd3 and typically act as the catalytic subunit
within a complex of cognate corepressors to inhibit transcription in the cell nucleus [44].
HDAC1 and 2 are present in NuRD, Sin3, NODE, CoREST, and MiDAC complexes, while
HDAC3 is a component of SMRT and NCoR corepressor complexes [45,46]. In contrast,
HDAC8 can function independently without forming a multiprotein complex [47].

Table 1. HDAC classification.

Class Protein (S. cerevisiae) Protein (Human) Subcellular Localization

Class I Rpd3 HDAC1 Nucleus
HDAC2 Nucleus
HDAC3 Nucleus
HDAC8 Nucleus

Class IIa Hda1 HDAC4 Nucleus/cytoplasm
HDAC5 Nucleus/cytoplasm
HDAC7 Nucleus/cytoplasm
HDAC9 Nucleus/cytoplasm

Class IIb Hda1 HDAC6 Cytoplasm
HDAC10 Cytoplasm

Class IV Hos3 HDAC11 Nucleus/cytoplasm

Class III Sir2 SIRT1 Nucleus/cytoplasm
SIRT2 Nucleus/cytoplasm
SIRT3 Nucleus/mitochondria
SIRT4 Mitochondria
SIRT5 Mitochondria
SIRT6 Nucleus
SIRT7 Nucleus

Class II HDACs are highly homologous to yeast Hda1 and are subdivided into two
groups [48]. Class IIa HDACs 4, 5, 7, and 9 each have a single catalytic domain and a
unique adaptor domain including a transcription factor MEF2-binding motif [49], while
class IIb HDACs 6 and 10 contain two catalytic domains, a ubiquitin-binding zinc finger
domain and a leucine-rich repeat domain [50–54]. In contrast to class I HDACs, which are
exclusively localized in the nucleus, class II enzymes can shuttle between the cytoplasm
and nucleus in response to various regulatory cues [49].

HDAC11, a homolog of yeast Hos3, is the only member of Class IV [55]. It is primar-
ily expressed in the brain, skeletal muscle, heart, testis, and kidney, suggesting specific
functions in development, inflammation, metabolism [55].

Class III HDACs are homologous to yeast Sir2. Like other HDACs, Class III mem-
bers are involved in transcriptional silencing but have a deoxyhypusine synthase-like
NAD/FAD-binding domain clearly distinct from the catalytic domains of other HDAC
classes [56]. Seven Sir2-like proteins (SIRT1-7), referred to as sirtuins, have been identi-
fied in humans [57]. These sirtuins possess additional domain(s) such as a mono-ADP-
ribosyltransferase domain. SIRT1 has the strongest histone deacetylase activity among
sirtuins, while SIRT5 shows weak deacetylase activity but robust lysine desuccinylase and
demalonylase activities [58]. These enzymes are differentially localized to the nucleus
(SIRT1, 2, 3, 6, and 7), cytoplasm (SIRT1 and 2), and mitochondria (SIRT3, 4, and 5) [43].
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4. HDAC and Depression

Among the epigenetic mechanisms, the most well-studied for contributions to depres-
sion are DNA methylation mediated by DNA methyltransferases (DNMTs) and histone
post-transcriptional modifications (PTMs), including acetylation/deacetylation. Associ-
ations between depression and DNA methylation have been suggested in many studies.
For example, increased DNMT3A levels were found in the nucleus accumbens (NAc), the
limbic region regulating reward behavior, in the postmortem brains of depressed patients,
and in animal models of depression [59,60]. Data on DNA methylation age (DNAm age)
derived from blood and brain tissues indicate that patients with depression displayed
higher levels of epigenetic aging than those with normal subjects [61].

Along with DNA methylation, histone acetylation via HAT and deacetylation via
HDAC are reported to be crucial for long-term stress adaptation and responses to an-
tidepressant therapy [34]. Further, several studies have suggested a relationship between
depression and histone deacetylation. Chronic social defeat stress transiently suppressed
histone acetylation in the NAc of mice [62], while HDAC inhibition exerted antidepressant-
like effects in animal models of stress-induced depression [62–66]. Moreover, the expression
levels of HDAC2 and HDAC5 mRNAs in peripheral white blood cells were elevated in
depressed patients compared to healthy controls [67]. Singh et al. [68,69] also reported
the association between depression and HDAC6, which contributes to the stabilization
of microtubules in the brain by regulating acetylation of α-tubulin. Interestingly, the
effects of early-life stress (e.g., maternal separation) and subsequent environmental en-
richment on depressive behavior and HDAC/DNMT activities in the hippocampus and
prefrontal cortex (PFC) are sex-dependent, which supports sex differences in the prevalence
of depression [70].

Diverse reports have suggested that sirtuins, categorized as class III HDACs, play
several roles in the mammalian brain, such as modulating brain structure through axon
elongation, outgrowth of neurites, and dendritic branching [71]. Among such sirtuin pro-
teins, SIRT1 is associated with high-order brain function including synaptic plasticity and
memory formation [72]. As a result of studies based on these reported functions of SIRT1,
many researchers have demonstrated the relationship between SIRT1 and depression. For
example, the expression of SIRT1 in peripheral blood was downregulated in depressed
patients compared to healthy controls [73]. Furthermore, these results were reproduced
in animal studies; altered activity of SIRT1 in the hippocampus and the NAc provoked
depressive-like behaviors in animal models of depression [74,75].

5. HDAC and the Hypothalamic-Pituitary-Adrenal (HPA) Axis

From the epigenetic perspective, stress is considered to be an important factor in the
etiology of stress-related disorders such as depression and anxiety [76]. When exposed
to social and physical stressors, the paraventricular nucleus (PVN) of the hypothalamus
is stimulated to secrete both corticotrophin-releasing hormone (CRH) and arginine vaso-
pressin (AVP) which stimulate the release of adrenocorticotropic hormone (ACTH) in the
pituitary gland. Consequently, mainly cortisol in humans and corticosterone in rodents
are produced in the adrenal cortex and released into the bloodstream, exerting their effects
through glucocorticoid receptors (GRs) in each tissue. The activation of GRs in the PVN
of the hypothalamus and pituitary corticotroph cells inhibits the hypothalamic release of
CRH and AVP and contributes to the negative feedback regulation of the HPA axis [77–80].
Additionally, the hippocampus can contribute to feedback regulation of the HPA axis
through GR signaling [81]. This regulation is important in handling challenging situations
and maintaining homeostasis (Figure 1).
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trophin-releasing hormone (CRH) and AVP, released from the paraventricular nucleus (PVN) of 
the hypothalamus, stimulate the pituitary gland to secrete adrenocorticotropic hormone (ACTH). 
The adrenal glands, activated by ACTH, secrete cortisol. Cortisol exerts its function by binding to 
the glucocorticoid receptors (GRs). In turn, the GRs in the pituitary gland, the hypothalamic PVN, 
and the hippocampus play important roles in the feedback regulation of the HPA axis. Develop-
mental or chronic stress, which can program the HPA axis, increases AVP expression and de-
creases hippocampal GR through epigenetic mechanisms including histone deacetylases 
(HDACs). 

Stress, especially in chronic or developmentally critical periods (i.e., prenatal and 
postnatal periods), influences various epigenetic mechanisms including DNA methyla-
tions and histone modifications, leading to structural and regulatory changes and fine-
tunes the neural circuitry [82–84]. For example, researchers reported that early-life stress 
influences HDAC expression in the mouse brain [85,86]. Given that the HPA axis is one 
of the main stress responses, many researchers investigated the epigenetic regulation of 
the HPA axis in depression and identified the indirect effects of HDACs on the HPA axis. 
Murgatroyd et al. [87] focused on AVP which was reported to be important in the regula-
tion of mood behaviors [88]. The authors demonstrated that early-life stress, represented 
by maternal deprivation, modulated AVP expression dynamically in the PVN of the hy-
pothalamus initially through methyl CpG binding protein 2 (MeCP2) phosphorylation 
and later by AVP enhancer hypomethylation [87]. Considering that MeCP2 forms a com-
plex consisting of HDAC and DNMT, consequently inducing gene silencing, HDAC is 
considered as a modulator of the HPA axis (Figure 2). 

Figure 1. The epigenetic effect of stress on the hypothalamic-pituitary-adrenal (HPA) axis and the epi-
genetic regulation of arginine vasopressin (AVP) expression. When exposed to stress, corticotrophin-
releasing hormone (CRH) and AVP, released from the paraventricular nucleus (PVN) of the hy-
pothalamus, stimulate the pituitary gland to secrete adrenocorticotropic hormone (ACTH). The
adrenal glands, activated by ACTH, secrete cortisol. Cortisol exerts its function by binding to the
glucocorticoid receptors (GRs). In turn, the GRs in the pituitary gland, the hypothalamic PVN, and
the hippocampus play important roles in the feedback regulation of the HPA axis. Developmen-
tal or chronic stress, which can program the HPA axis, increases AVP expression and decreases
hippocampal GR through epigenetic mechanisms including histone deacetylases (HDACs).

Stress, especially in chronic or developmentally critical periods (i.e., prenatal and
postnatal periods), influences various epigenetic mechanisms including DNA methylations
and histone modifications, leading to structural and regulatory changes and fine-tunes
the neural circuitry [82–84]. For example, researchers reported that early-life stress in-
fluences HDAC expression in the mouse brain [85,86]. Given that the HPA axis is one
of the main stress responses, many researchers investigated the epigenetic regulation of
the HPA axis in depression and identified the indirect effects of HDACs on the HPA axis.
Murgatroyd et al. [87] focused on AVP which was reported to be important in the regula-
tion of mood behaviors [88]. The authors demonstrated that early-life stress, represented by
maternal deprivation, modulated AVP expression dynamically in the PVN of the hypothala-
mus initially through methyl CpG binding protein 2 (MeCP2) phosphorylation and later by
AVP enhancer hypomethylation [87]. Considering that MeCP2 forms a complex consisting
of HDAC and DNMT, consequently inducing gene silencing, HDAC is considered as a
modulator of the HPA axis (Figure 2).

Unlike AVP, CRH expression in the hypothalamus, another component of the HPA
axis, was not changed by maternal deprivation [87]. However, GR expression in the hip-
pocampus was influenced under early-life stress through epigenetic mechanisms. Maternal
deprivation affected DNA methylation status in the promoter of GR exons in the hip-
pocampus, which mediates the recruitment of HDAC-containing repressor complexes (e.g.,
HDAC5) to hypermethylated loci [89,90]. These effects of early-life stress on hippocampal
GR were reversed by HDAC inhibitors such as trichostatin A.
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neurogenesis, synaptic plasticity, dendritic arborization, and pruning, and dendritic spine 
maturation [91,92]. Antidepressants and exercise increase endogenous BDNF in rodents, 
resulting in enhanced neurogenesis, reduced neuronal apoptosis, and inhibition of stress-
induced depressive-like behaviors [92], while reduced BDNF is associated with depres-
sion as well as other neuropsychiatric and neurologic diseases such as Parkinson’s disease 
and Alzheimer’s disease [91]. Further, lower BDNF levels are observed in the PFC and the 
hippocampus of suicide victims compared to non-victims of suicide with or without de-
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Prenatal stress exposure was reported to increase HDAC expression and decrease BDNF 
expression in the hippocampus, resulting in anxiety- and depression-like behaviors [95]. 
In addition to prenatal stress, early postnatal stress also induced changes in histone mod-
ification and an increase of HDAC in the hippocampus, leading to changes in BDNF ex-
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Figure 2. Epigenetic programming of arginine vasopressin (AVP). In normal conditions, AVP expression is repressed by
methyl CpG binding protein 2 (MeCP2), DNA methyltransferase (DNMT), and histone deacetylase (HDAC) complex.
However, early-life stress induces MeCP2 phosphorylation, inhibiting the recruitment of DNMT and HDAC consequently
leading to hypomethylation at the AVP enhancer. As a result, increased AVP levels contribute to hyperactivation of the HPA
axis and depressive-like behaviors.

6. HDAC and Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) is a critical ligand guiding neurodevelop-
ment and the ongoing neuroplastic processes required for behavioral adaptation, such
as neurogenesis, synaptic plasticity, dendritic arborization, and pruning, and dendritic
spine maturation [91,92]. Antidepressants and exercise increase endogenous BDNF in
rodents, resulting in enhanced neurogenesis, reduced neuronal apoptosis, and inhibition
of stress-induced depressive-like behaviors [92], while reduced BDNF is associated with
depression as well as other neuropsychiatric and neurologic diseases such as Parkinson’s
disease and Alzheimer’s disease [91]. Further, lower BDNF levels are observed in the
PFC and the hippocampus of suicide victims compared to non-victims of suicide with or
without depression [93].

Expression of BDNF is influenced by environmental stimuli via histone modification
at different promoter sites in distinct brain regions especially during development [94].
Prenatal stress exposure was reported to increase HDAC expression and decrease BDNF
expression in the hippocampus, resulting in anxiety- and depression-like behaviors [95]. In
addition to prenatal stress, early postnatal stress also induced changes in histone modifica-
tion and an increase of HDAC in the hippocampus, leading to changes in BDNF expression
and behavior in rodents [92]. Not only during development but stress during adulthood
also up-regulated MeCP2 levels at the Bdnf promoter and Hdac5 expression in the hip-
pocampus [96]. On the other hand, antidepressants and HDAC inhibitors (e.g., sodium
butyrate, trichostatin A, and valproic acid) increased BDNF expression and it was associ-
ated with reduced DNA methylation and histone deacetylation around the Bdnf promoter
region [97–99]. Similar to other HDACs, SIRT1 also can regulate BDNF expression through
interaction with MeCP2 [100].

7. HDAC and Neuronal Plasticity

Experience-dependent neuronal plasticity, characterized by sustained changes in
synaptic structure and strength, is the neurocellular basis for sensing, adapting, and re-
sponding to environmental changes, including stress [101,102]. Thus, it is not surprising
that aberrant synaptic plasticity is associated with the pathophysiology of depression.
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Indeed, both preclinical models of depression and depressed patients exhibit abnormalities
in factors that regulate synaptic plasticity [33,103,104]. One of the strongest factors disrupt-
ing normal neuronal plasticity is chronic stress, and severe or chronic stress can reduce
the capacity of the brain to respond and adapt to stress, resulting in depression [102,105].
Stressors activate the HPA axis and consequently increase circulating glucocorticoid levels.
Chronically elevated glucocorticoid decreases synaptic number, impairs plasticity, and
leads to neuronal atrophy, resulting in disrupted neural circuitry within and among regions
regulating mood, executive function, and cognition [101]. Moreover, glucocorticoid can
alter gene transcription via epigenetic regulation of the GR [89].

Abnormal histone acetylation due to the imbalance between HAT and HDAC activ-
ities can also impair synaptic plasticity, thereby reducing cognitive capacity and induc-
ing abnormal behaviors. For instance, histone lysine acetylation can enhance neuronal
plasticity while activation of HDAC and concomitant deacetylation can impair neuronal
plasticity [106]. The administration of the non-selective HDAC inhibitor sodium butyrate
enhanced histone acetylation and long-term potentiation (LTP), a form of synaptic plasticity
strongly implicated in learning and memory, and improved memory performance [107].
Conversely, HDAC2 overexpression reduced synaptic number and synaptic plasticity,
resulting in long-lasting neural circuit abnormalities and memory impairment. These
changes may occur via the inactivation of activity-dependent genes involved in synaptic
plasticity. Further, these effects were reversed by the HDAC inhibitor suberoylanilide
hydroxamic acid (SAHA) [108].

In addition to HDAC2, HDAC4 is also implicated in the regulation of neuronal plastic-
ity. HDAC4 is a transcriptional repressor that can translocate from the neuronal cytoplasm
to the nucleus, bind chromatin, and suppress the expression of transcription factors critical
for synaptic plasticity and information processing such as myocyte enhancer factor 2A
(MEF2A) and cAMP response element-binding protein (CREB) [109–111]. Brain-specific
HDAC4 knockout in mice impaired hippocampus-dependent memory and long-term
synaptic plasticity [112]. Chronic cocaine-induced promoter-specific change in HDAC3,
which is known as a negative regulator of memory formation, in the NAc and interfering
HDAC3 activity restored cocaine-induced synaptic plasticity [113]. In addition, SIRT1
knockout mice also exhibited impaired memory and hippocampal plasticity [72]. Taken
together, these findings indicate that appropriate HDAC function is essential for synaptic
and neuronal plasticity and that an abnormal shift in histone acetylation status can result
in impaired neural plasticity and behavioral dysfunction.

8. Molecular Diagnosis of Depression: An Epigenetic Perspective

Studies on the pathophysiology of depression have identified several promising
prognostic and diagnostic biomarkers, including factors associated with the HPA axis
(e.g., CRH, ACTH, and cortisol), inflammatory factors (e.g., tumor necrosis factor (TNF)-α,
interleukin (IL)-1β, IL-6, and C-reactive protein (CRP)), neurotrophic factors (e.g., BDNF
and glial cell line-derived neurotrophic factor (GDNF)), insulin-like growth factor 1 (IGF-1),
and changes in the area or volume of the hippocampus, amygdala, and PFC [17,114,115].
According to Kennis et al. [17], only cortisol in saliva was a significant biomarker for the
onset/relapse/recurrence of depression, but careful interpretation is needed given the
methodological heterogeneity among included studies.

In addition, several studies have identified the genes encoding the serotonin trans-
porter (SLC6A4) [116,117], IL-1β [118–120], and FK506 binding protein 5 (FKBP5 or
FKBP-51) [116,121] as potential genetic biomarkers for depression. The genetic loci related
to depression (e.g., SNPs in LHPP, SIRT1 region) have also been revealed although there
are differences between studies [24,26]. Furthermore, there are attempts to identify blood
gene expression biomarkers and provide predictive information as well as precise and
personalized diagnosis and treatment for depression [117,122]. Recently, researchers have
attempted to integrate functional neuroimaging and genetic data (neuroimaging genetics)
for depression. Buch et al. [123] found that polymorphisms of the serotonin transporter
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(5-HTTLPR) and BDNF genes were associated with structural and functional changes in the
anterior cingulate cortex, amygdala, and hippocampus, regions of the mesocorticolimbic
reward circuit strongly associated with behaviors impaired in depression [124]. These
results provide a novel diagnostic strategy for depression and imply that genetic factors
contribute to depression by modulating brain structure and function.

The diagnostic biomarkers associated with epigenetic regulation also have been at-
tracted attention in various diseases including neuropsychiatric diseases [121,125]. For
instance, an epigenome-wide association study by Jovanova et al. [126] identified the
methylation of 3 CpG islands in blood associated with depression. Moreover, hypermethy-
lation of BDNF and SLC6A4 genes have been found in depressed patients [127]. The local
regions of histone acetylation may also serve as possible biomarkers for depression, as both
animal and human postmortem studies have reported associations between histone modi-
fications in brain tissue and depression. In addition, histone H3 lysine 27 trimethylation
(H3K27me3) at the BDNF gene promoter IV of peripheral blood was downregulated in an
antidepressant-responder group compared to a non-responder group [128]. Also, HDAC5
activity was significantly higher in peripheral leukocytes from drug-free depressive patients
and normalized by antidepressant treatment [129]. The plasma levels of acetyl-L-carnitine
(LAC), an acetylating agent that can pass through the blood–brain barrier, were decreased
in depressed patients compared to control, where the degree of reduction in LAC was
much greater in patients with treatment-resistant depression [130].

In recent years, diverse attempts have been conducted to visualize epigenetic fac-
tors and utilize them for diagnosis. For example, a positron emission tomography (PET)
imaging study in human using [11C] Martinostat, the only selective tracer for class I/IIb
HDAC in the central nervous system [131,132], demonstrated that [11C] Martinostat up-
take in the dorsolateral PFC of patients with schizophrenia/schizoaffective disorder was
lower compared to those of healthy controls, which is inconsistent with the results of
postmortem studies [133]. Additionally, low [11C] Martinostat uptake was observed in the
frontolimbic areas of patients with bipolar disorder compared with healthy controls [134].
Since no visualization studies have been published related to depression yet and it is
still in its infancy, many additional studies are expected to be needed to apply them to a
depression diagnosis.

9. Molecular Therapeutics of Depression: An Epigenetic Perspective

The current first-line therapies for depression are tricyclic antidepressants (TCAs),
MAO inhibitors, and SSRIs, all of which target the dysfunction of monoaminergic trans-
mission [115]. However, classical antidepressants such as TCAs (e.g., imipramine) and
SSRIs (e.g., paroxetine, fluoxetine, and escitalopram) not only bind to monoamine trans-
porters but also have indirect effects on both DNA methylation and histone PTM [135]. For
example, the reduced DNA methylation at the Crh promoter and increased Crh mRNA
expression in chronic social defeat stress-induced depression were reversed by chronic
imipramine administration [136]. Additionally, the SSRI paroxetine was reported to inhibit
DNMTs [98]. Chronic antidepressant administration was also found to increase acetylated
histone H3 (AcH3) levels by reducing HDAC expression in several brain regions, including
the NAc [137].

DNMT inhibitors are not approved as antidepressant drugs despite their documented
antidepressant effects because modulation of global brain methylation can cause cognitive
deficits [135]. However, HDAC inhibitors have been examined as novel therapeutics
for treatment-resistant depression [34,138,139], and numerous preclinical studies have
reported that various HDAC inhibitors exert antidepressant-like effects in animal models
of stress-induced depression [62,63,66,140–142] (Table 2). In addition to the antidepressant
effect, HDAC inhibitors promoted neuronal rewiring and recovery of motor functions
after traumatic brain injury [143]. Also, HDAC inhibitors such as sodium butyrate and
SAHA enhanced cognitive function, which may provide therapeutic options for depression
that accompanies cognitive impairment [144–146]. A recent drug repositioning study for
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precise/personalized medicine in depression using bioinformatic analyses revealed that
HDAC inhibitors such as trichostatin A and valproic acid as a new potential antidepressant
drug [117].

Table 2. Summary of the antidepressant actions of HDAC inhibitor in animal model.

HDAC
Inhibitor Animal Model Measurement of

Antidepressant Effect
Molecular Mechanisms

of Action Ref.

MS-275

Chronic social defeat stress Social avoidance,
sucrose preference, FST acH3 ↑ in the NAc [62]

Chronic social defeat stress

Sucrose preference test,
social avoidance

(combined with social
enrichment)

acH3 ↑ in the hippocampus [63]

Chronic social defeat stress Social avoidance, FST acH3 ↑ in the mPFC [64]

Chronic social defeat stress Social avoidance
Rac1 ↑ in the NAc

synapse structural plasticity
normalization

[141]

SAHA

Chronic social defeat stress Social avoidance,
sucrose preference, FST acH3 ↑ in the NAc [62]

Chronic unpredictable
mild stress

Social interaction,
sucrose preference test,

novelty-suppressed test, FST

HDAC2 inhibition,
Gdnf ↑ in the NAc [140]

Sodium butyrate

Behavioral despair
paradigm TST acH3 ↑ in the hippocampus,

Bdnf↑ in the frontal cortex [65]

Chronic social defeat stress Social avoidance
HDAC5 inhibition,

acH3 ↑ in Bdnf gene P3, P4
promotor

[66]

Chronic restraint stress Sucrose preference test,
Light/dark test, TST, FST

HDAC2 ↑, pCREB ↑, AcH3 ↑,
BDNF ↑ in the hippocampus [142]

BDNF, brain-derived neurotrophic factor; CREB, cAMP response element-binding protein; FST, forced swim test; GDNF, glial cell-derived
neurotrophic factor; HDAC, histone deacetylase; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; Rac1, Rac family small GTPase
1; SAHA, suberoylanilide hydroxamic acid; TST, tail suspension test; ↑ increase.

While these results support the potential of HDAC inhibitors as novel therapeutic
drugs for depression, their use in clinical practice is limited by severe side effects including
thrombocytopenia and neutropenia [147,148]. Although several HDAC inhibitors, includ-
ing vorinostat (SAHA), belinostat, panobinostat (LBH-589), romidepsin (FK2280), have
been approved by the Food and Drug Agency (United Stated), the clinical application
of these drugs is limited to certain forms of cancers (e.g., T-cell lymphoma and multiple
myeloma) [149] and to date, there is no clinical trial evaluating the antidepressant effect of
HDAC inhibitors in depression.

Apart from HDAC inhibitors, the acetylating agent LAC also has been reported to
be a potential antidepressant that is mediated by neurotransmitter regulations such as
serotonin and epigenetic regulation of key genes important for synaptic plasticity (e.g.,
BDNF and metabotropic glutamate receptor of class-2 (mGlu2)) [130]. Lactate, a metabolite
produced by exercise, induced resilience to social defeat stress and reversed social avoid-
ance behavior and anxiety by modulating the activity of HDAC2 and HDAC3 [150]. In
addition, dihydrocaffeic acid (DHCA) and malvidin-3′-O-glucoside (Mal-gluc) induced
a resilient state against social stress and attenuated depressive behaviors via epigenetic
regulation [151]. In particular, Mal-gluc mediates the increase in histone acetylation of the
Rac1 gene regulatory sequence through HDAC2 inhibition, and as a result, the modulation
of synaptic plasticity occurs.
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10. Conclusions

Depression is a common and disabling psychiatric disease with high recurrence rates
and heterogeneous clinical manifestations, adding to treatment complexity and suggest-
ing that depression is not a unitary disease entity. Indeed, numerous pathomechanisms
likely contribute to depression, including abnormal epigenetic changes. Environmental
stressors are the primary risk factors for depression, supporting contributions of epige-
netic mechanisms to disease pathogenesis and progression. In this review, we summa-
rized the latest knowledge on potential epigenetic mechanisms, especially histone acetyla-
tion/deacetylation, underlying disease pathophysiology, the utility of epigenetic markers
for diagnosis, and the potential of epigenetic modulators, especially HDAC inhibitors, as
therapeutics. Recent studies have shown that HDAC inhibition can upregulate BDNF ex-
pression, resulting in enhanced neural/synaptic plasticity, and exert an antidepressant-like
effect on behavior. Conventional antidepressants targeting monoaminergic neurotrans-
mission also modulate epigenetic mechanisms, further supporting the contributions of
epigenetic dysregulation to the pathophysiology of depression. Thus, HDACs can be
regarded as novel diagnostic and therapeutic targets for depression. However, further
studies are needed to develop safe and effective HDAC inhibitors for clinical use.
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Abstract: Prostate cancer is the most common cancer in men. For patients with advanced or metastatic
prostate cancer, available treatments can slow down its progression but cannot cure it. The develop-
ment of innovative drugs resulting from the exploration of biodiversity could open new therapeutic
alternatives. Dermaseptin-B2, a natural multifunctional antimicrobial peptide isolated from Ama-
zonian frog skin, has been reported to possess antitumor activity. To improve its pharmacological
properties and to decrease its peripheral toxicity and lethality we developed a hormonotoxin molecule
composed of dermaseptin-B2 combined with d-Lys6-LHRH to target the LHRH receptor. This hor-
monotoxin has a significant antiproliferative effect on the PC3 tumor cell line, with an IC50 value
close to that of dermaseptin-B2. Its antitumor activity has been confirmed in vivo in a xenograft
mouse model with PC3 tumors and appears to be better tolerated than dermaseptin-B2. Biophysi-
cal experiments showed that the addition of LHRH to dermaseptin-B2 did not alter its secondary
structure or biological activity. The combination of different experimental approaches indicated that
this hormonotoxin induces cell death by an apoptotic mechanism instead of necrosis, as observed
for dermaseptin-B2. These results could explain the lower toxicity observed for this hormonotoxin
compared to dermaseptin-B2 and may represent a promising targeting approach for cancer therapy.

Keywords: anticancer drug; antimicrobial peptide (AMP); dermaseptin; frog skin peptides; LHRH;
prostate cancer; Phyllomedusa bicolor; therapeutic peptides

1. Introduction

Prostate cancer (PCa) is the second most frequent cancer diagnosis made in men and
was the fifth leading cause of death worldwide in 2018 [1]. For most men with PCa, their
disease will follow an indolent course. The 5-year survival rates are encouraging: 98% and
83% in the USA and Europe, respectively [2]. Localized PCa may be cured with surgery or
radionuclide therapy; however, the disease recurs in approximately 20% to 30% of men
treated for localized PCa and advanced disease is associated with poor outcomes. Concern-
ing chemotherapy, the current standard treatment for hormone sensitive metastatic PCa is
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androgen deprivation by luteinizing hormone-releasing hormone (LHRH) agonists or an-
tagonists that induce castration by blocking the gonadotropic axis. Although most men with
metastatic PCa initially respond to this androgen-deprivation therapy (ADT), inevitably
their cancer progresses on this treatment to a disease state known as castration-resistant
prostate cancer (CRPC). Despite the appearance of a panel of new therapies in this indica-
tion since 2010, such as second-generation hormone therapy (abiraterone, enzalutamide),
taxane-based chemotherapy (docetaxel, cabazitaxel), immunotherapy (sipuleucel-T), tar-
geted therapy (ipilimumab, an anti-CTLA-4 antibody) and metabolic radiotherapy (Ra-223)
for men with bone metastasis, the median survival for men with metastatic castration-
resistant prostate cancer (mCRPC) is less than 2 years [2]. In this context, the development
of innovative therapies therefore represents a major challenge in the hope of offering to
patients a more effective treatment, combining low toxicity, and reduced side effects and
resistance associated with conventional therapies.

Among these new molecules, those from biodiversity could represent a particular
interest. A group of interesting peptides from natural sources are antimicrobial peptides
(AMPs) [3]. Indeed, in recent years, an increasing number of articles show that these
AMPs are in fact multifunctional peptides such as anticancer agents, immunomodulators,
chemokines, vaccine adjuvants, or regulators of innate defense [4–6]. From this group
of AMPs, the cationic antimicrobial peptides (CAPs) offer a concrete development path
derived from biodiversity. Characterized for nearly thirty years, they were initially studied
for their antimicrobial virtues. Indeed, a growing number of studies have shown that some
of these peptides, which are toxic to bacteria but not to normal mammalian cells, have a
broad spectrum of cytotoxic activity against cancer cells. Electrostatic interactions between
the positive charges carried by CAPs and the anionic components of cell membranes are
considered to be the major elements involved in the selective destruction of cancer cells [7].
Among CAPs, dermaseptins B2 and B3 (DRS-B2 and DRS-B3) are two natural antimicrobial
peptides isolated from the skin of an Amazonian tree frog of the genus Phyllomedusa
bicolor [8,9]. Our team initially reported significant antitumor activity of DRS-B2 and
DRS-B3 on various human cell lines including prostate cancer, while they had no effect on
normal cells [5,10]. Furthermore, the antitumor activity of DRS-B2 was confirmed in vivo
in a PC3 prostatic tumor cell line xenografted in an athymic mouse model. Treatment
with DRS-B2 at 2.5 mg/kg body weight six times a week in peritumoral mice reduced the
tumor growth 50% after 35 days. Concerning the mechanism of action of DRS-B2, our
previous studies suggested a rapid mechanism of cell death, with aggregation at the plasma
membrane of cancer cells and penetration into the cytoplasm and the nucleus [5,11].

These polycationic peptides, that appear to interact and specifically cross the mem-
brane of the tumor cells, with no effect on normal cells, represent an innovative technologi-
cal platform for the development and design of original molecules that can be used in the
targeted treatment of cancers resistant to current therapies. However, its use in vivo could
raise the problem of significant toxicity regarding the doses used. To reduce the toxicity of
the pharmacological molecule, a targeted therapy could represent a promising way. The
concept of a hormonotoxin (H-B2) was born from this problem, based on tumor targeting
by associating DRS-B2 with a hormone (H), the receptor if which is overexpressed on the
tumor surface. This concept is related to the immunotoxin approach, which combines
a toxin with a monoclonal antibody [12]. The specific interaction of the ligand with its
receptor would ideally allow targeting of tumor cells, while optimizing the interaction
of the peptide with the membrane. The advantage of peptides is the simplicity of their
production by chemical synthesis. Numerous studies have shown that many membrane
receptors are overexpressed on the surface of cancer cells and that there are natural or
synthetic peptide ligands (agonists or antagonists) that bind to them with very good affinity
and selectivity [13]. This is the case for the luteinizing hormone-releasing hormone receptor
(LHRH-R), the expression rate of which is greater than 80% in endometrial, ovarian and
prostate cancer cells [14]. Available data strongly suggest that about 91% of prostate cancers
express LHRH-R high-affinity binding sites [15]. In these cancers, in vitro proliferation
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may be inhibited by analogs of LHRH in a dose- and time-dependent manner [15–17].
As a result, LHRH-R appears to be an ideal target for the development of personalized
therapeutic treatment of various human cancers. An example is the fusion of LHRH or
its analogs with various bacterial and plant toxins that have been used to target and kill
cancer cells expressing LHRH receptors [18–22].

In this paper we report the design and synthesis of the chimeric peptide H-B2, a
molecule composed of dermaseptin-B2 coupled to an LHRH analog, and studies of its
structure and biological activities in vitro and in vivo, as well as deciphering its antitumor
mechanism of action.

2. Results

The hormonotoxin H-B2 and DRS-B2 induce a significant antiproliferative effect on
the hormone-resistant prostate tumor cell line PC3 and have low hemolytic activity.

In this study we used four different prostate cell lines (PC3, DU145, 22RV1 and BPH-1)
which are presented in Table 1.

Table 1. List of cell lines and their characteristics.

Cell Line Characteristics

PC3 Adenocarcinoma derived from bone metastasis

DU145 Adenocarcinoma derived from brain metastasis

22Rv1 Adenocarcinoma derived from a PCa primary tumor that was
serially transplanted in nude mice.

BPH-1 Benign Prostatic Hyperplasia Cell Line

The PC3, DU145, and 22Rv1 cell lines were used as models for androgen-independent
prostate cancer. PC3 and DU145 were derived from bone and brain metastasis, respectively.
The 22Rv1 cell line was originally derived from the primary site of an advanced PCa
that was serially transplanted in nude mice, and BPH-1 is a prostatic hyperplasic cell
line. The primary structure of the synthetic hormonotoxin H-B2 is shown in Figure 1
and its RP-HPLC profile and ESI-MS spectra are reported in the Supplementary Materials
(Figure S1A,B).

Figure 1. Synthesis of the chimeric H-B2 peptide. Primary structure of the hormonotoxin [D-Lys6]-
LHRH-dermaseptin B2 (H-B2). The amino acid sequence of dermaseptin B2 is represented as peptide
B and the amino sequence of the LHRH analog with a D-Lys (dK) in position 6 is represented as
peptide A.
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The effect of synthetic H-B2 and DRS-B2 after 48 h of treatment was evaluated on
different prostate cell lines. Results show that the viability of all cell lines was reduced
dose-dependently by DRS-B2 and H-B2 (Figure 2).

Figure 2. Sensitivity of human PCa cell lines to H-B2 is dependent on LHRH-R expression. The
dose–response effect of H-B2 and DRS-B2 (0.1 to 100 µM) on the cell viability of PC3, DU145, 22Rv1
and BPH-1 cells was evaluated using MTT assay. The 100% of cell viability corresponds to cells
without treatment.

The concentrations of peptides required to inhibit cell proliferation by 50% (IC50) are
reported in Table 2.

Table 2. Comparison of the IC50 of H-B2 and DRS-B2 extracted from Figure 1, on the different
cell lines.

Cell Lines
IC50 (µM)

DRS-B2 H-B2

PC3 3.93 2.95

DU145 2.64 2.01

22RV1 2.75 2.23

BPH1 4.05 4.64

Since PC3 cells present a relatively good sensitivity to H-B2 and DRS-B2, we decided
to use this cell line for further investigations concerning the in vivo study of H-B2 and
exploration of its antiproliferative mechanism of action.

Since CAPs could present hemolytic activity, H-B2 and DRS-B2 were tested on human
red blood cells. The hemolytic activity was determined by incubation of DRS-B2 or H-B2
at different doses with human erythrocytes. In parallel, the erythrocytes were incubated
in the presence of 0.2% (v/v) Triton representing the positive control (100% hemolysis).
Results presented in Figure 3 show that DRS-B2 and H-B2 have low hemolytic activity.
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Figure 3. Hemolytic activity of DRS-B2 and H-B2 on human erythrocytes. Human erythrocytes were
cultured with different concentrations of DRS-B2 or H-B2 for 1 h at 37 ◦C. Cells treated with 0.2%
Triton X100 were used as a positive control (CTL+) and correspond to 100% of the hemolytic activity
used as reference.

Indeed, while some cationic antimicrobial peptides show hemolytic activity, DRS-B2
and H-B2 do not cause more than 10% hemolysis at the highest doses tested (50 µM) and
could be considered as low cytotoxicity peptides. This finding is encouraging and essential
for in vivo testing and for potential therapeutic use.

2.1. Hormonotoxin H-B2 Significantly Inhibits Tumor Growth in Xenografted Mice without
Measurable Side Effects

To investigate the antitumor efficacy of H-B2, we performed in vivo experiments
using xenografted PC3 tumor cells in nude mice. Fourteen days after injection of PC3 cells,
tumors of around 100 mm3 developed. The mice were then randomized into four groups
(n = 6 mice/group) and treated by IP injection of 2.5 and 5 mg/kg of H-B2 or 2.5 mg/kg
of DRS-B2 or vehicle, three times per week for five weeks. The results showed that H-B2
inhibited PC3 tumor growth in a dose-dependent manner (Figure 4). The inhibition of the
tumor growth was about 35% and 54% when mice were treated with H-B2 at 2.5 mg/kg and
5 mg/kg, respectively (Figure 4A). At the dose of 2.5 mg/kg, H-B2 had a better antitumor
effect (35%) than DRS-B2 (26%) (Figure 4A). Similar results were obtained by analyzing the
weights of tumors harvested from tumor-bearing mice (Figure 4B).

Figure 4. Effect of DRS-B2 and H-B2 on tumor growth in vivo. Nude mice were subcutaneously
injected with PC3 cells and treatments began after the xenograft tumor reached 100 mm3. Mice were
treated twice a week intraperitoneally with PBS (Control), DRS-B2 (2.5 mg/kg) or H-B2 at 2.5 mg/kg
or 5 mg/kg. (A) Effect of tumor volume versus time of treatment. (B) Tumor weight after sacrifice
of mice. Data are presented as mean ± SEM. Differences were considered significant at p < 0.05 (*),
p < 0.01 (**) and p < 0.001 (***).
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To further define the effect of H-B2 on tumor proliferation in vivo, Ki67 labeling was
performed on tumor sections from each group. As shown in Figure 5, the proliferation
index was significantly inhibited in H-B2-treated mice (35% inhibition at 2.5 mg/kg and
68% at 5 mg/kg) as compared to the control group.

Figure 5. Effect of DRS-B2 and H-B2 on tumor proliferation in vivo. PC3 tumor proliferation was
evaluated by Ki67 staining of frozen tissue sections. Proliferation was quantified by image J software
analysis of Ki67 positive stained cells on the whole tumor section. The data are mean areas ± SEM,
p < 0.001 (***). Representative tumor section, scale bar, 50 µm.

Taken together, these results indicate that H-B2 has a better antitumor effect than
DRS-B2 and less toxicity in mice (data not shown).

2.2. Mechanism of Antitumor Action of the Hormonotoxin H-B2 in Comparison with DRS-B2

The mechanism of antitumor action of these two peptides was addressed by studying,
on the one hand, their bioactive structure by three spectroscopic approaches: CD, fluores-
cence, and 2D-NMR in the presence of micelles mimicking the plasma membranes of the
target cells; and on the other hand, by measuring: the cell viability after double annexin
V-FITC and PI staining, the cytotoxic activity by measuring the cytoplasmic LDH released,
and the DNA fragmentation induced by these peptides.

Addition of the hormonal analog (d-Lys6-LHRH) to DRS-B2 did not alter the secondary
structure of the hormonotoxin H-B2.

Preliminary indications of the secondary structures of these peptides, obtained by CD
measurements in PBS and in zwitterionic detergent (DPC) at different concentrations, are
shown in Figure 6.

The CD spectrum of DRS-B2 and H-B2 in PBS buffer showed that these peptides
have very little ordered structure. However, there is a clear change in the spectra of
these two peptides as soon as the critical micellar concentration (CMC) of DPC is reached
(Figure 6(A1) for DRS-B2 and Figure 6(B1) for H-B2) that indicates an enhanced helical
content, with minima at 208 and 222 nm. Deconvolution of the spectra allows us to quantify
the relative proportions of the secondary structures of our peptides. Thus, in the absence
of micelles in the medium, the observed α-helix ratio is about 11% for DRS-B2 and 10%
for HB2 as shown in Figure 6(A2) and Figure 6(B1), respectively. When the concentration
of DPC is increased to 5 mM, the α-helicity rates then reach 25% and 55% for H-B2 and
DRS-B2, respectively.
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Figure 6. Circular dichroism and fluorescence spectra of DRS-B2 (A1,A3) and H-B2 (B1,B3) alone in PBS or in the presence
of increasing concentration of DPC. (A2,B2) represent the percent of helix content in DRS-B2 and H-B2, alone or in presence
of an increasing concentration of DPC, respectively.

The presence of a W residue in the sequence of DRS-B2 and H-B2 allows us to study
the influence of the microenvironment on the structure of these two peptides. Indeed, the
fluorescence emission maximum of W is between 320 and 355 nm when excited at 290 nm,
and the maximum emission wavelength reflects the exposure of W to the solvent. This
fluorescence is measured in an aqueous solution (PBS 1x) for observation in a nonstructural
environment (the peptide does not form an α-helix in water) and in a micellar solution
to study the effect of a lipid-like microenvironment (Figure 6(A3,B3)). We observe that
beyond 1 mM, which is the CMC of DPC, the fluorescence emission maxima of DRS-B2 and
H-B2 shift to shorter wavelengths (“blue shift”) and show a strong increase in fluorescence
intensity (hyperchromic shift). These spectral changes reflect a change from a hydrophilic
to hydrophobic environment that can be explained either by the burial of the W residue
within the hydrophobic layers of DPC micelles, or by burying the W after folding of the
peptide following conformational changes.

Finally, the structure of H-B2 was investigated using NMR in a micellar DPC solution.
This technique allows a direct analysis of peptide conformation and flexibility at the residue
level. For each residue of the peptide chain, the chemical shift deviation (CSD) of the Hα
protons were calculated (Figure 7A).

This corresponds to the difference between the observed chemical shift of the Hα
protons and the “random coil” chemical shift (obtained in the absence of structuring and
corresponding to values taken from a library of short unstructured peptides). CSD values
which deviate from 0 ppm (<−0.1 or >+0.1 ppm) are typically used to detect the presence of
secondary structures. In the DRS-B2 portion of hormonotoxin H-B2, most residues exhibit
significantly negative Hα CSD values (average −0.23 ppm), indicating the presence of
stable helical conformations, as evidenced by CD. H-B2 forms an α-helix along virtually
the entire length of the DRS-B2 part (residues 2–31), with greater stability in the first half of
the helix. The CSD values are very close to those observed for DRS-B2 alone, proving that
the C-terminal attachment of the LHRH segment does not affect the helical structure of
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the DRS-B2 segment. On the other hand, the LHRH segment appears to be less structured,
with possibly the formation of turn structures.

Figure 7. Structure of H-B2 and DRS-B2 analyzed by NMR. (A) Chemical shift deviations (CSDs) of Hα protons of DRS-B2
and H-B2 in the presence of DPC. The CSD values were calculated as the difference between observed chemical shifts and
random coil chemical shifts. (B) Intensity of 15N-1H peaks on 2D 15N-1H HSQC. The intensities were normalized to the
highest intensity peak. Only well resolved, unambiguously assigned peaks were considered.

The linewidth of HN protons was also analyzed by measuring the intensity of 15N-1H
cross peaks on the natural abundance 15N-1H 2D HSQC spectrum (Figure 7B). The proton
linewidth is influenced by peptide dynamics and interaction with the larger molecular
weight DPC micelle. The LHRH segment shows a different behavior from the DRS-B2
segment in H-B2, with stronger 15N-1H cross peak intensities. This shows that the LHRH
segment is more dynamic and does not appear to strongly interact with the micelle.

2.3. The Cell Death Induced by H-B2 and DRS-B2 Uses Two Different Mechanisms That Are
Related to Apoptosis and Necrosis, Respectively

To obtain more information about how H-B2 acts on PC3 tumor cells, the antiprolifer-
ative mechanism of action of this peptide was studied in comparison with that of DRS-B2.
Since the known antiproliferative effect of DRS-B2 on tumor cells resemble more of a mem-
brane killing-like effect, experiments concerning the cytotoxic effect, and the induction of
apoptosis or necrosis were investigated with H-B2 in comparison with DRS-B2.

A key feature of cells undergoing apoptosis, necrosis, and other forms of cellular
damage could be analyzed by measuring the activity of cytoplasmic lactate dehydrogenase
(LDH) released by damaged cells. Previously, we have shown that DRS-2 increased this
release [11]. Thus, PC3 cells were treated with different concentrations (1, 5, 7.5 and 10 µM)
of H-B2 or DRS-B2 for 24 h and the amount of released cytoplasmic LDH into the medium
was measured (Figure 8).
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Figure 8. Cytotoxic effect of DRS-B2 on PC3. Twenty-four hours after plating, PC3 cells were single
treated with different concentrations of DRS-B2 or H-B2. Triton X100 at 0.9% (v/v) was used as an
internal positive control. LDH release was measured with a CytoTox 96 kit. Results are expressed in
percentage of cytotoxicity versus time of treatment in hours. Results represent the mean ± SEM of
three determinations.

Cells treated with Triton X100 0.9% (v/v) were used as an internal positive control. The
results show a low release of cytoplasmic LDH when the PC3 cells are treated with 1 µM
of H-B2 or DRS-B2, with 15% and 10% release, respectively. The LDH release is maximal
upon addition of 5 µM or higher doses of these peptides. However, this maximum release
was limited to 65–70%. These data suggested that the cytotoxic effect of H-B2 on PC3 cells
is comparable to that of DRS-B2.

To further characterize the effect of H-B2 and DRS-B2 on cell death in PC3 cells, we
first examined the viability of cells treated with these peptides by flow cytometry using
annexin V-FITC and PI double staining of the cells. As shown in Figure 9, flow cytometry
analysis showed that H-B2 promoted cell apoptosis in a dose-dependent manner.

Histogram of each population obtained by flow cytometry in the different conditions
are presented in the Supplementary Materials (Figure S2) and the percentages of cells in
each population are reported in the Table 3.

Table 3. Percentage of PC3 cells in each population extracted from Figure 9.

PC3 (%) NT H2O2
DRS-B2 (µM) H-B2 (µM)

1 2.5 5 1 2.5 5

AV-/PI- 93.9 16.1 91.9 83.7 76.9 84.1 72.2 22.8

AV+/PI- 1.09 63.5 1.44 3.88 9.53 3.81 15.3 63.3

AV+/PI+ 4.82 20.2 5.99 12.1 12.8 11.6 11.9 11.5

AV-/PI+ 0.2 0.42 0.68 0.42 0.81 0.49 0.64 2.45
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Figure 9. PC3 cell viability after H-B2 and DRS-B2 treatments. PC3 cells were treated with different concentrations of H-B2
or DRS-B2. H2O2 was used as a positive control for apoptosis. Twenty-four hours after treatment, cells where double stained
with FITC-Annexin-V (A-V) and Propidium Iodide (PI) and analyzed by flow cytometry. The cell viability of PC3 cells was
observed by measuring the amount of A-V and PI negative and positive cells. Dot plots of A-V/PI double staining after
PC3 treatment with the different concentrations or H-B2 or DRS-B2 for 24 h. All experiments were performed three times.

After being treated with H-B2 for 24 h, 4%, 15%, and 63% of double staining A-V+/PI−

which corresponds to early apoptotic cells were found in PC3 cells treated with 1 µM, 2.5
µM, and 5 µM, respectively. These values were significantly higher than those of untreated
cells (1%) and similar (63.5%) to cells treated with H2O2 used as a positive control. DRS-B2
presented a lower effect with only 5.5%, 4% and 9.5% of double staining A-V+/PI- when
PC3 cells were treated with DRS-B2 at 1 µM, 2.5 µM and 5 µM, which agrees with results
described by Van Zoggel et al. [11].

DNA fragmentation represents the final stage of apoptosis. To examine apoptosis
through DNA fragmentation induced by H-B2 or DRS-B2, we used the terminal deoxynu-
cleotidyl transferase (Tdt) dUTP Nick-End Labeling (TUNEL) assay, in which DNA strand
breaks are detected by enzymatic labeling of free 3′-OH ends with modified nucleotides.
The analysis of DNA fragmentation in PC3 cells by the TUNEL technique shows that the
percentage of fragmented DNA increases with H-B2 treatments. Treatment of PC3 cells
with 5 µM H-B2 induces a DNA fragmentation level of 69% compared to untreated cells
(1.5%), whereas it reaches only 9% when treated with the same concentration of DRS-B2.
(Figure 10).

PC3 cells treated with 10 nM Taxotere or 1 µM of Staurosporine as positive controls
show 96% and 86% DNA fragmentation, respectively (Figure 10). These data confirm that
the mechanism of PC3 cell death induced by H-B2 is different from that induced by DRS-B2,
which is necrotic, and could rather correspond to an apoptotic mechanism, in agreement
with the flow cytometry results described previously.
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Figure 10. Terminal transferase-mediated dUTP nick end-labeling (TUNEL) in vitro assay of treated
PC3 cells. Apoptosis of PC3 cells using TUNEL assay in vitro after DRS-B2 and H-B2 treatment.
Cells were treated for 24 h with increasing concentrations of each peptide. Taxotere treatment was
performed as a positive control for apoptosis. (A) Cells were stained with DAPI. (B) 3′ Hydroxyl-
nucleotides of double strand DNA breaks were stained with Fluoresceine. (C) Merged fluorescence
of DAPI and fluoresceine showing DNA fragmented cells. (D) Histogram representing percentage of
fragmented DNA-containing cells of the total number of cells. n = 3 (Mean ± SD; **** p < 0.0001).

3. Discussion

With 1.1 million prostate cancers diagnosed worldwide in 2012, of which approxi-
mately 6% are metastatic from the start, the development of treatments for mCPRC is a
global necessity with a promising market. The development of treatments for the manage-
ment of castration-resistant metastatic patients is necessary because currently available
treatments only allow a few months of survival gain, mainly due to problems of drug
resistance of cancer cells. In this context, the use of natural or synthetic peptides could
offer interesting therapeutic approaches. To limit peripheral toxicity and increase local
concentrations, numerous cytotoxic molecules conjugated with peptide hormones such as
LHRH or somatostatin, the receptors of which are widely overexpressed on the surface of
tumor membranes, have been developed [23–27]. Currently, only one cytotoxic peptide is
in clinical development (Phase 2 completed), AEZS-108 (zoptarelin doxorubicin) [28].

Starting from our previous studies on the anticancer activity of the CAP dermaseptin-
B2 (DRS-B2), a natural peptide issued from biodiversity, we have developed a synthetic
chimeric H-B2 peptide combining DRS-B2 and LHRH peptides [5,10,11]. The use of LHRH
was justified by the fact that 86% of prostate cancers express the LHRH receptor [14]. A
peptide targeting this receptor therefore should increase the specificity for cancer cells and
decrease the in vivo toxicity of DRS-B2.

At the structural level, the coupling of the peptide hormone (H) LHRH to the C-
terminus of DRS-B2 does not modify the structure of DRS-B2 nor its conformational
behavior in a membrane environment. The characteristics essential to the cytotoxic mode
of action of these polycationic peptides and to the targeted molecular interaction are
therefore preserved. CAPs are supposed to act on cancer cells in which the outer layer of
the plasma membrane is highly negatively charged, as for bacterial plasma membranes.
In the case of cancer cells, the negatively charged membrane is due to the presence of
phosphatidylserine, negatively charged mucin proteins or highly sulfated GAGs (5, 25).
After binding, dermaseptin peptides accumulate in a carpet-like manner on the outside of a
lipid bilayer until a threshold concentration is reached, causing them to form pores in which
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the peptides are inserted with the phospholipid headgroups of the membrane [29–34]. We
have shown that H-B2 was structured as a continuous helix in its “toxin” portion (DRS-B2)
and that the “hormone” ligand portion remains free to interact with LHRH-R.

In vitro, H-B2 was slightly more effective than DRS-B2 on the proliferation of the
various prostate cancer cell lines tested. We could also mention that cells expressing high
levels of LHRH receptors, such as PC3 and DU145, presented a modest but significant
gain in IC50 when compared with those of DRS-B2 alone. Targeting cancer cells with an
overexpressed receptor such as LHRH is a strategy that could permit improvement to the
efficiency of a peptide such as DRS-B2 to gain in its ED50. However, in the case of H-B2,
this gain is low. We could imagine that even if the LHRH receptor is overexpressed on PC3
cells, its concentration at the surface of the plasma membrane is too low to guide enough
DRS-B2 to the membrane to complete its carpet-like structure and further form pores in the
plasma membrane. As saturation of the LHRH receptor by H-B2 may not be sufficient to
kill cells, an additional part of DRS-B2 in the H-B2 structure may be necessary to do it.

In vivo, H-B2 inhibited tumor growth by more than 50% and significantly decreased
proliferation without any major side effects. Since the addition of the hormone peptide
to DRS-B2 permits a better tolerance when injected in mice, we could conclude that
despite significant improvement in the IC50 on the cell line, the hormone peptide improved
the in vivo activity of DRS-B2, as we could treat mice with 5 mg/kg H-B2 without side
effects instead of 2.5 mg/kg with DRS-B2. It is interesting to note that the treatment
of prostate tumor cells with H-B2 is globally well tolerated. We did not observe any
major abnormalities in the blood workup after H-B2 injection. Importantly, at a dose of
10 mg/kg, DRS-B2 is lethal while H-B2 at the same dose was well tolerated in toxicity tests,
with no behavioral changes in the mice or weight loss. The design of the H-B2 chimeric
peptide, thus made it possible to circumvent the toxicity of DRS-B2 while maintaining its
antitumor efficacy.

Concerning the mechanism of action, the combination of different experimental ap-
proaches used in this study, such as cell viability by flow cytometry, cytotoxicity by cyto-
plasmic LDH release, and DNA fragmentation by TUNEL assay, allowed us to show that
the mechanism of cell death induced by H-B2 is probably different from that of DRS-B2
and might be similar to apoptosis. Indeed, we showed that both peptides have the same
effect on cytoplasmic LDH release but a distinctly different cell labeling when cell viability
is analyzed by flow cytometry and DNA fragmentation by TUNEL assays. The differences
between the effect of the two peptides observed in the TUNEL assay show that H-B2
induces DNA fragmentation up to 70% in contrast to DRS-B2 which is less than 10%. These
results are also in agreement with those obtained in 2012 by Van Zoggel et al. who showed
a double Annexin V+/PI+ labeling of PC3 cells treated with DRS-B2, suggesting a necrotic
cell death mechanism [11].

Apart from DRS-B2 previously studied in the laboratory, two new members of the der-
maseptin family have been recently reported to exhibit antitumor activities: Dermaseptin-
PP from Phyllomedusa palliata and Dermaseptin-PT9 from Phyllomedusa tarsius [35,36]. Both
exhibited antiproliferative activity against various human tumor cells, rapid LDH release
activity, and an apoptosis-like cell death mechanism. Among these dermaseptins, DRS-B2
presented the higher ED50 on various tumor cells.

Finally, the study of the hemolytic effect of the different peptides allowed us to observe
that both DRS-B2 and H-B2 have low hemolytic activity, which is encouraging in the
perspective of a therapeutic approach. Further in vivo studies on mice could be necessary
to obtain more pharmacokinetic and toxicology information to complete the study.

4. Materials and Methods

Peptide synthesis. The LHRH analog containing a dK residue (d for D configura-
tion of the Lys residue) in position 6 (peptide A: pEHWSY(dK)LRG-amide) and DRS-B2
(peptide B: GLWSKIKEVGKEAAKAAAKAAGKAALGACSEAV-acid) were synthesized by
X′PROCHEM Company (Lille, France). The chimeric peptide H-B2 (Figure 1A), composed
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of the peptide A grafted by its epsilon NH2 of the dK6 residue with the COOH-terminal of
the peptide B, is determined to be >95% pure by RP-HPLC (Figure S1A) and its molecular
weight determined by ESI-mass spectrometry is [M + 4H]/4 = 1105.2 (Figure S1). The
peptide was dissolved in sterile water for in vitro biological studies and in adequate buffer
for the in vivo and structural analysis.

Circular dichroism (CD) spectroscopy of peptides. The helical structures of HB2 and
DRS-B2 were analyzed by CD spectroscopy using a Jobin Yvon CD6 dichrograph linked
to a PC microprocessor as described in [34]. Briefly, measurements were calibrated with
(+)-10-camphorsulfonic acid and performed with 10 µM H-B2 or DRS-B2 diluted in PBS
alone or with increasing concentrations of dodecylphosphocholin (DPC) (10, 30, 100, 1000
and 5000 µM) at 25 ◦C using a quartz cuvette (Hellma) with a path length of 0.1 cm. Spectra,
recorded in 1 nm steps, were averaged over five scans, and corrected for the baseline. The
CD spectra were deconvoluted using CDNN Software [37]. Circular dichroism measure-
ments are reported as ∆ε/n, where ∆ε is the dichroic increment (M−1 cm−1) and n is the
number of residues in the peptide. The α-helix content of peptides was obtained using the
relation: Pα = −[∆ε222nm × 10] (Pα: percentage of α-helix; ∆ε222nm: dichroic increment per
residue at 222 nm) [38].

Fluorescence of tryptophan-containing peptides was performed as previously de-
scribed by Dos Santos et al. [5]. Emission spectra were recorded on a Jobin-Yvon Fluoromax
II instrument (HORIBA Jobin-Yvon, Montpellier, France) equipped with an Ozone-free
150 W xenon lamp. The excitation wavelength was 290 nm, and the emission spectra were
acquired at 300–360 nm. At least five measurements for each titration point were recorded
with an integration time of 1 s. The H-B2 and DRS-B2 concentration in PBS was 2 µM, and
the DPC concentration varied from 0 to 1000 µM. Tryptophan fluorescence was determined
by subtracting spectra without the peptide.

Nuclear Magnetic Resonance (NMR) Spectroscopy. The NMR sample was prepared in
550µL of H2O/D2O (90:10 v/v) in the presence of 85 mM DPC-d38 (d38-dodecylphosphocholin,
MAPCHO®-12-d38, Avanti Polar Lipids) and using a peptide concentration of 1 mM. The pH
was set to 4.1 using microliter amounts of NaOH 0.1 M. DSS was added at a concentration
of 0.11 mM for chemical shift calibration. The NMR spectra were acquired at 45 ◦C on a
500 MHz (11.7 T) Avance III Bruker® spectrometer equipped with a TCI cryoprobe. The fol-
lowing experiments were recorded: 2D 1H-1H TOCSY (66 ms mixing time), 2D 1H-1H NOESY
(150 ms mixing time), 2D natural abundance 15N-1H and 2D 13C-1H HSQC experiments, as
described in [34].

Cell culture. Human PCa cell lines, PC3, DU145 and 22Rv1 were purchased from
ATCC (American Type Culture Collection) and were cultured in RPMI supplemented with
10% of fetal bovine serum (FBS). The human hyperplasic cell line BPH1 was purchased
from the German Collection of Cell Cultures (DSMZ, Braunschweig, Germany). BPH1
were maintained in RPMI 1640 supplemented by 10% FBS, 20 ng/mL testosterone and
1% insulin-transferrin-selenium. Cell cultures were maintained at 37 ◦C and 5% CO2 in
a humidified atmosphere. All culture reagents were purchased from Life Technologies
(Cergy-Pontoise, France). All experiments were performed as previously described by Dos
Santos et al. [5]

Cell viability assays. Cells were seeded at a density of 5 × 103 cells/well in 96-
multiwell plates in complete medium and incubated for 24 h at 37 ◦C in a controlled
humidified 7% CO2 environment. Cells were then treated with DRS-B2 or H-B2 as
indicated, for 48 h. Cell viability was measured using the 3-(4,5-dimethylthiazol2-yl)-
diphenyltetrazolium bromide (MTT) dye method (Sigma, Saint Quentin Fallavier, France)
according to the manufacturer’s instructions. Each experiment was performed in triplicate
with at least three independent experiments, as previously described by Dos santos et al. [5].
IC50 values were determined by GraphPad Prism 5.0 (GraphPad Software San Diego,
CA, USA).

Hemolysis assessment. The hemolytic activity of H-B2 and DRS-B2 was determined
using fresh human erythrocytes from a healthy donor that was prepared as follows: 4 mL of
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whole blood was collected and centrifuged at 900× g for 10 min at 4 ◦C to separate plasma
from erythrocytes. The pellet was then rinsed with PBS pH 7.4 and centrifuged at 900× g for
10 min at 4 ◦C. After counting and making a red cell solution at 4 × 108 erythrocytes/mL
(diluted in PBS pH 7.4), 50 µL of a diluted peptide solution was added in a cascade to which
50 µL of the erythrocyte solution was added (made in triplicate). After 1 h of incubation at
37 ◦C, the tubes were centrifuged at 12,000 rpm for 15 s at 4 ◦C. The supernatant was then
recovered. The hemoglobin present in the erythrocytes was determined in the supernatants
via a plate reader at 450 nm. A parallel incubation in the presence of 0.2% (v/v) Triton was
carried out to determine the absorbance associated with 100% hemolysis.

Tumor xenograft studies were performed as previously described by Van
Zoggel et al. [11]. PC3 (2 × 106) cells were injected subcutaneously into the right flank
of 4-week-old male NMRI nude mice (Janvier, Le Genest-Saint-Isle, France). When the
tumor volume reached approximately 100 mm3, the mice were randomly divided into four
groups (n = 6): control (PBS), DRS-B2 (2.5 mg/kg), H-B2 (2.5 mg/kg), H-B2 (5 mg/kg)
by intraperitoneal injection twice a week. Tumor size was measured two times per week
with a caliper and the tumor volume was calculated with the formula: V = 4/3π × R12

× R2 with radius 1 (R1), and radius 2 (R2). At the end of the experiment, the mice were
sacrificed, and their body weight was measured. The tumors were isolated, weighted and
then fixed in formalin.

Immunohistochemical analysis of the tumors was performed as previously described
by Van Zoggel et al. [11]. The fixed tumors were embedded in paraffin and then 6 µm
sections were prepared. The tumors sections were deparaffinized, antigen unmasking
was performed, and endogenous peroxidase activity was inactivated with a 2% hydro-
gen peroxide solution for 10 min. Unspecific staining was blocked using Power Block
Universal reagent (Biogenex Laboratories/Microm Microtech, Francheville, France) for
10 min at 37 ◦C. Tissues were then incubated 2 h at room temperature with anti-human
Ki67 antibody (Mouse monoclonal, M7240, Dako, 1:50) for 2 h. Immuno-complexes were
revealed using HRP conjugated secondary antibodies and the DAB substrate. Tissues were
then counterstained with hematoxylin and cover slipped with Mowiol mounting medium.
Quantification of Ki67 positive stained cells was quantified by image J software analysis on
the whole tumor section.

Lactate dehydrogenase (LDH) release assay. The cytoplasm LDH release assay was
performed as previously described in [11]. Briefly, PC3 cells were grown in a 96 well plate
(1500 cells/well/100 µL) in complete medium and treated with various concentrations of
H-B2 or DRS-B2. Cell membrane integrity was evaluated by measuring the LDH activity
released into the culture media 24 h after peptide exposure. The CytoTox96 nonradioactive
cytotoxicity assay (Promega; Charbonnières-les-Bains, France) was performed according to
the manufacturer’s instructions and quantified by measuring the absorbance at 490 nm.
The 100% cytotoxicity corresponded to the LDH released with treatment of the cells with
Triton X100 at 0.9% (v/v).

Apoptosis analysis by flow cytometry. For the apoptosis assay, an FITC-Annexin-
V (A-V) and Propidium Iodide (PI) double staining method was used. PC3 cells were
grown in a 12-well plate and treated or not with H-B2, DRS-B2 or hydrogen peroxide
as described previously [5]. At 24 h after exposure, cell viability was evaluated by flow
cytometry analysis with FITC-Annexin-V (A-V) and propidium iodide staining. Medium
and trypsinized cells were collected and washed with PBS. After centrifugation, cells were
suspended in PBS to obtain a cell density of 0.5 × 106 cells per mL. One milliliter of this
cell extract was centrifuged, suspended in 200 µL PBS, transferred to a microtiterplate
with a round bottom and centrifuged again. The resulting cell pellet was resuspended
in 200 µL of Binding Buffer 1x (BD PharmingenTM), containing 5 µL of FITC-Annexin-V
(BD PharmingenTM) and incubated for 10 min in the dark at room temperature. The
cells were washed with PBS and incubated with 200 µL of Binding Buffer 1x containing
PI (final concentration 1 µg/mL) (BD Pharmin-genTM)) for 5 min in the dark at room
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temperature. Flow cytometry analysis was performed with an LSR Fortessa X20 analyzer
(BD Biosciences, Franklin Lakes, NJ, USA) and FlowJo V10 software.

Terminal transferase-mediated dUTP Nick End-Labeling (TUNEL) assay. PC3 cells
were cultured in 6-well plates at 150,000 cells per well in complete medium and treated
or not with 1 or 2.5 µM of DRS-B2 or H-B2 and with LHRH (5 µM) or Taxotere (10 nM)
and Staurosporine (1 µM) as a positive control. After 24 h of treatment, the supernatant
was aspirated and the cells trypsinized and plated on a Superfrost PLUS slide and fixed
with a 4% formaldehyde solution without methanol. The cells were then permeabilized
with a 0.2% Triton X-100 solution in 1x PBS for 5 min at room temperature. Terminal
transferase-mediated dUTP nick end-labeling (TUNEL) was performed according to the
DeadEnd™ Fluorometric TUNEL System kit from Promega®. In addition to the fluorescein
labeling, a second labeling with DAPI, intercalating DNA was performed by incubating for
15 min at room temperature with a 1 µg/mL solution. The different labeling steps were
performed avoiding any exposure to light.

Imaging was performed with an Axiolmager M2 epifluorescence microscope. The
images obtained by microscopy were recorded with Zen 2012 software and analyzed with
ImageJ© software. Each image underwent a thresholding of fluorescence calibrated on
the positive control, and which was preserved for all the other images. The software then
analyzed the number of DAPI and fluorescein fluorescence events to calculate the ratio
between the total number of DAPI-labeled cell nuclei and the number of fluorescein-labeled
nuclei with fragmented DNA. The experiment was performed in triplicate.

Statistical analysis. The statistical analyses were performed using GraphPad PrismTM
version 4.00 software from GraphPad Software Inc. (San Diego, CA, USA). The results are
expressed as the means ± standard deviation (SD) or standard error of the mean (SEM) of
at least three determinations for each test from three independent experiments. Statistical
analyses were carried out using the unpaired t-test. The statistical significance of the
differences is given as * p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222111303/s1.
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Abstract: Pharmacological allosteric agonists (calcimimetics) of the extracellular calcium-sensing
receptor (CaSR) have substantial gastro-intestinal side effects and induce the expression of inflam-
matory markers in colon cancer cells. Here, we compared the effects of both CaSR-specific (R
enantiomers) and -unspecific (S enantiomers) enantiomers of a calcimimetic (NPS 568) and a calcilytic
(allosteric CaSR antagonists; NPS 2143) to prove that these effects are indeed mediated via the CaSR,
rather than via off-target effects, e.g., on β-adrenoceptors or calcium channels, of these drugs. The
unspecific S enantiomer of NPS 2143 and NPS S-2143 was prepared using synthetic chemistry and
characterized using crystallography. NPS S-2143 was then tested in HEK-293 cells stably transfected
with the human CaSR (HEK-CaSR), where it did not inhibit CaSR-mediated intracellular Ca2+ signals,
as expected. HT29 colon cancer cells transfected with the CaSR were treated with both enantiomers of
NPS 568 and NPS 2143 alone or in combination, and the expression of CaSR and the pro-inflammatory
cytokine interleukin 8 (IL-8) was measured by RT-qPCR and ELISA. Only the CaSR-selective enan-
tiomers of the calcimimetic NPS 568 and NPS 2143 were able to modulate CaSR and IL-8 expression.
We proved that pro-inflammatory effects in colon cancer cells are indeed mediated through CaSR
activation. The non-CaSR selective enantiomer NPS S-2143 will be a valuable tool for investigations
in CaSR-mediated processes.

Keywords: calcium-sensing receptor; enantiomer; calcimimetic; calcilytic; colon cancer; stereospecificity;
HT-29; IL-8; inflammation

1. Introduction

The extracellular calcium-sensing receptor (CaSR) is a class C G protein-coupled
receptor (GPCR) [1]. Its main and best-described physiological role is monitoring and
regulating free ionized blood calcium (Ca2+) concentration [2]. However, the CaSR has
several other functions independent of calcium homeostasis. It regulates physiological
and pathophysiological processes, such as inflammation, airway constriction, renal and
intestinal water transport, cardiovascular effects, neuronal development and function, and

407



Int. J. Mol. Sci. 2021, 22, 10124

entero-endocrine hormone secretion, etc., in a tissue- and ligand-dependent manner [3].
The CaSR is a multimodal sensor, which has multiple ligand-binding sites for the different
orthosteric and allosteric ligands, including divalent and trivalent cations, protons, L-
amino acids, polyamines, aminoglycosides, or polycationic molecules [4]. These ligands
can activate different G proteins (Gq/11, Gi/o, G12/13, and in some cases even Gs). Besides
the natural ligands, several pharmacological modulators of the CaSR have been developed,
drugs that either mimic (calcimimetics) or antagonize (calcilytics) the effects of extracellular
Ca2+ on the CaSR, as reviewed in [5].

As most of the ligands of the CaSR are able to act through other molecules (receptors
and channels), it is very difficult to prove that a certain signaling pathway is indeed
mediated by the CaSR. For instance, polycationic peptides can insert into membranes and
thus alter G protein activity; aminoglycosides can block voltage-sensitive Ca2+ channels;
Ca2+ itself can also signal through various channels; calcimimetics were originally derived
from Ca2+ channel blockers, while the amino-alcohol class of calcilytics is similar to beta-
blockers. Thus, it is difficult to determine whether a certain effect of a CaSR ligand is
indeed mediated via the CaSR or via other routes.

The role of the CaSR in the intestine is not yet clear. Its effect on regulating intestinal
inflammatory processes is a point of contention [6]. Several authors suggested a role in
preventing inflammation [7,8], while we found a rather pro-inflammatory effect [9,10].
In addition, clinically used calcimimetics have severe gastrointestinal side effects [11],
suggesting a role for the intestinal CaSR in mediating these adverse responses. Therefore,
in the present study, we tested whether the CaSR has pro- or anti-inflammatory effects, by
using positive (NPS 568) and negative (NPS 2143) allosteric modulators of the CaSR and
comparing their effects on the expression of the inflammation marker interleukin 8 (IL-8), as
several studies suggested that activation of the CaSR leads to the inhibition of IL-8 secretion
in colon cancer cells (as reviewed in [6]). To ensure that the results are indeed specific for
the CaSR, we used the R and S enantiomers of both modulators. Enantiomers are “mirror
images” of a chemical structure, which only differ in the configuration (stereochemical
orientation) of a chiral, i.e., asymmetric atom. The chemical structures of both NPS 568 and
NPS 2143 contain one such asymmetric carbon. In both cases, the respective R enantiomer
binds with much higher affinity to the CaSR than the S enantiomer. Previous studies have
shown that the R enantiomer of NPS 568 is 10-fold more potent than the corresponding S
enantiomer in inhibiting parathyroid hormone (PTH) secretion from bovine parathyroid
cells [12]. To investigate whether the pro-inflammatory effects of calcimimetics in the colon
are indeed mediated via the CaSR, we used the colon cancer cell line HT29 transfected either
with the CaSR (HT-29CaSR-GFP) or with the empty vector (HT29GFP). These transfections are
necessary because colonic epithelial cells, during transformation into cancer cells, lose their
native CaSR expression. As there are no reliable native colon epithelial cell lines available,
we used these modified cancer cells to study the effect of the CaSR in colonic epithelial
cells in vitro where we had already determined that CaSR expression and stimulation
using R-568 leads to massive changes in their gene expression pattern, including a strong
upregulation of pro-inflammatory genes [9].

We were able to prove unequivocally that, in this cell model, the activation of the
CaSR by Ca2+ or NPS R-568 induced the expression of the inflammation marker IL-8, while
the calcilytic NPS R-2143 was able to prevent this induction. To the best of our knowledge,
this is the first study to use both the R and S forms of a calcimimetic and calcilytic to
identify whether a pharmacological effect is indeed mediated via the CaSR. As the non-
CaSR selective enantiomer of NPS 2143 (NPS S-2143) is not available commercially, we also
describe the synthetic route and characterization of this valuable pharmacological tool.

2. Results

As NPS S-2143 could not be obtained from any other source, we synthetized and
evaluated it in-house.
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2.1. Synthetic Chemistry

The pure (S) enantiomer of NPS 2143 (NPS S-2143) was prepared following a previ-
ously described approach for the synthesis of the (R) enantiomer [13], according to the
synthetic route summarized in Figure 1.
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Figure 1. Preparation of NPS S-2143 and its hydrochloride salt. Reagents and conditions: (i) K2CO3, acetone, reflux,
o.n. (98%); (ii) [1,1-dimethyl-2-(2-naphthalenyl)ethyl]amine, EtOH, 80 ◦C, 72 h (73%); (iii) conc. HCl, MeOH, r.t.,
1 h (quantitative).

Briefly, substituted phenol 1 was deprotonated in refluxing acetone, using an excess
of potassium carbonate. Commercially available (S)-nosyl epoxide 2 was then added at
r.t., and the mixture was refluxed in acetone overnight, to afford the pure intermediate 3
in high yield after flash column chromatography purification. The epoxide ring in 3 was
then regioselectively opened with [1,1-dimethyl-2-(2-naphthalenyl)ethyl]amine at the less
hindered position, by heating the two reagents in anhydrous EtOH at 80 ◦C in a sealed
tube for 72 h, to afford the enantiomerically pure product NPS S-2143 in good yield after
flash column chromatography purification. The pure hydrochloride salt of NPS S-2143 was
finally obtained by treating NPS S-2143 with an excess of a concentrated hydrochloric acid
solution, while stirring in MeOH at room temperature for 1 h.

2.2. Crystal Structure of NSP S-2143.HCl

The crystal structure of NPS S-2143.HCl was determined by small molecule crystal-
lography, which confirmed the desired (S) absolute configuration of the chiral center. In
addition to two independent chloride anions, the asymmetric unit of the crystal structure
comprises two independent cations, C1-C24, N1, N2, O1, O2, Cl1 (Figure 2a) and C25-C48,
N3, N4, O3, O4, Cl2 (Figure 2b). Both are the cations of NPS S-2143 (with chiral centres
located on atoms C9 and C33), which differ in their assumption of different conformations,
as illustrated by Figure 2 and the torsion angles in Table S1. When packed into the crystal,
aromatic rings of the chlorobenzonitrile moieties of neighbouring cations are stacked in the
a-axis direction with centroid-to-centroid separation of ca. 3.6 Å. The molecules involved
are also bridged by N-H . . . Cl and O-H . . . Cl hydrogen bonds with each chloride ion
interacting with two N-H and one O-H groups (Figure S1 and Table S2).
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Figure 2. Ball and stick 3D representation of the molecular structure of NPS S-2143, confirming the absolute (S) configuration
at the asymmetric carbon, showing a comparison of the two independent cations of NPS S-2143 (a,b) comprising the crystal,
viewed roughly along the C-OH bond, e.g., showing the variation in the torsion angles between the corresponding N2-
C10-C9-C8 (158.5(4)◦) and N4-C34-C33-C32 (−65.4(5)◦) bonds. Colors denote different atoms: grey = carbon, red = oxygen,
green = chlorine, blue = nitrogen, light grey = hydrogen.

2.3. Enantiospecific Inhition of the CaSR via NPS 2143

With NPS S-2143 now available, we proceeded to test the synthetized compound
in vitro by individual-cell Ca2+-imaging performed on HEK-293 cells stably transfected
with the human CaSR, which is the most common cell model for evaluating the receptor
and agents targeting it. Pre-incubation of the cells with a concentration of 100 nmol/L
of NPS R-2143 (the selective enantiomer of the compound) significantly suppressed the
intracellular Ca2+-response elicited by 5 mmol/L extracellular Ca2+, while the newly
synthetized (unselective) NPS S-2143 had no such effect (Figure 3a–d). Together, these
results showed that the clean S enantiomer of NPS 2143 is indeed not active on the CaSR. It
could thus be used for the following specificity experiments in colorectal cancer cell.

2.4. CaSR Gene Induction and Pro-Inflammatory Responses in Colon Cancer Cells Are Mediated
through the CaSR

Having established the different activities of the two enantiomers of NPS 2143, we
evaluated the specificity of the enantiomers of calcimimetics and calcilytic and their combi-
nation in a cell model of colorectal cancer. Here, we used HT29 colon cancer cells, which
were modified to stably express the CaSR via lentiviral infection (HT29CaSR-GFP) using
empty vector infected cells as the control (HT29GFP).

To test directly whether the calcimimetic-induced effects on CaSR expression were
indeed mediated via specific activity of the drug on the receptor or whether unspecific
effects of the drug were (partly) responsible as well, we performed a series of tightly
controlled single and combination treatment experiments with the selective and non-
selective enantiomers of the calcimimetic NPS 568 and the calcilytic NPS 2143. To ensure
proper interaction of the calcilytic with the receptor, cells were always pre-treated with
NPS 2143 (or vehicle) for 30 min before their treatment with NPS 568 (if applicable). The
total treatment time after the addition of NPS 568 was 4 h. Here, we used 1 µmol/L of
each compound, as the initial results using NPS R-568 and NPS R-2143 in these transfected
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colon cancer cells were obtained using drug concentrations that were previously deemed
to be CaSR-selective [5,9,14–16].
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Figure 3. Example traces of the intracellular Ca2+ response (shown as fluorescence ratio F340/F380 of the Ca2+-dye fura-2
AM) of HEK-293 cells stably transfected with the human calcium-sensing receptor CaSR in response to 5 mmol/L Ca2+,
10 min pre-incubated and perfused with either (a) vehicle control (0.1% DMSO), (b) 100 nmol/L R-2143, or (c) 100 nmol/L
S-2143; each colored line represents a single cell. (d) Average maximum intracellular Ca2+ response per cell subtracted
from its baseline response for all experiments (N = 4–6, each N represents the average response of >50 cells). Mean ± SD,
one-way ANOVA with Tukey post-test, ** p < 0.01, * p < 0.05.

The CaSR has a rather unique property in that its expression increases in response
to stimulation (rather than decreases as most receptors do due to desensitization and
internalization). This process can be observed directly at the cell membrane, where it is
called agonist-driven insertional signaling (ADIS) [17], but also at the mRNA level.

Treatment of HT29CaSR-GFP cells with R-568 evoked a large (~5-fold) increase in CaSR
gene expression after 4 h of treatment. In contrast, the non-selective enantiomer of the
calcimimetic, S-568, did not have any effect on CaSR gene expression. Neither the selective
nor the non-selective enantiomers of NPS 2143 had any effect on CaSR gene expression,
either by themselves or in combination. Importantly, pre-treatment with the selective NPS
R-2143 completely abolished the CaSR gene induction by NPS R-568. On the other hand,
pre-treatment with the non-CaSR-selective enantiomer NPS S-2143 did not have any effect
on NPS R-568-induced CaSR gene expression. The most prominent orthosteric agonist
of the CaSR, Ca2+, also upregulated CaSR gene expression, and was used as a positive
control (Figure 4a). None of the compounds or their combinations had any effect on CaSR
expression levels in HT29GFP cells, which was expected as the expression levels of the CaSR
in the non-CaSR transfected HT29GFP cells are negligible (Figure 4b). Taken together, these
results showed that both NPS 568 and NPS 2143 affected CaSR gene expression in a highly
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enantiospecific manner. This strongly indicates that the induction of CaSR gene expression
is indeed induced directly via the CaSR itself.
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Figure 4. CaSR gene expression of (a) HT29CaSR-GFP and (b) HT29GFP cells (note the 5000× smaller scale of the y-axis
compared to (a) treated for 4 h with either vehicle control (0.1% DMSO) or single treatments with 1 µmol/L of NPS R-568,
NPS S-568, NPS R-2143, or NPS S-2143; double treatments with 1 µmol/L of each NPS S-568 + S2143, NPS R-568 + S-2143,
or NPS R-568 + R-2143; or with 5 mmol/L of the orthosteric CaSR agonist Ca2+). N = 5–7, Mean ± SD, one-way ANOVA
with Dunnett post-test vs. vehicle, *** p < 0.001, ** p < 0.01.

Next, we wanted to assess whether the observed enantiospecific effects of CaSR-
modulation could be observed on a CaSR-influenced effector gene. As mentioned before,
we have recently shown that the modulation of the CaSR with NPS R-568 led to dramatic
changes in their gene expression patterns. One of the most strikingly upregulated families
of genes were involved in inflammation. Thus, we investigated the effect of the above-
mentioned single enantiomers and their combinations on IL-8 gene expression, as one of
the most prominent members of the previously observed pro-inflammatory genes.

We observed the same pattern for IL-8 gene expression as for CaSR in HT29CaSR-GFP

cells. NPS R-568 induced a strong upregulation of IL-8, while the unspecific NPS S-586
showed no effect whatsoever. Both enantiomers of the calcilytic NPS 2143 did not affect
IL-8 gene expression, and neither did the combination of the two unselective enantiomers
NPS S-568 and NPS S-2143. Again, pre-treatment of the cells with NPS R-2143 inhibited
NPS R-568-induced IL-8 gene expression, while NPS S-2143 was not able to suppress this
upregulation. The orthosteric CaSR agonist Ca2+ also induced a robust upregulation of IL-8
gene expression (Figure 5a). In HT29GFP cells, none of the substances led to any change in
IL-8 gene expression compared with the vehicle control (Figure 5b).

Finally, we investigated whether changes in IL-8 gene expression were mirrored by
changes at the secreted protein level. We, therefore, performed an ELISA experiment on
cell culture supernatants from treated HT29CaSR-GFP and HT29GFP cells and observed the
same effect on the protein level as we did on the mRNA level. NPS R-568 and 5 mmol/L
Ca2+ induced upregulation of IL-8 secretion by the HT29CaSR-GFP cells. The pre-incubation
with NPS R-2143 prevented this upregulated secretion, while the unspecific NPS S-2143
did not (Figure 6a). No effects on IL-8 secretion were observed in HT29GFP cells lacking the
CaSR (Figure 6b). Interestingly, baseline IL-8 levels were already higher in vehicle-treated
HT29CaSR-GFP cells than in HT29GFP cells.

412



Int. J. Mol. Sci. 2021, 22, 10124

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 7 of 15 
 

 

We observed the same pattern for IL-8 gene expression as for CaSR in HT29CaSR-GFP 

cells. NPS R-568 induced a strong upregulation of IL-8, while the unspecific NPS S-586 

showed no effect whatsoever. Both enantiomers of the calcilytic NPS 2143 did not affect 

IL-8 gene expression, and neither did the combination of the two unselective enantiomers 

NPS S-568 and NPS S-2143. Again, pre-treatment of the cells with NPS R-2143 inhibited 

NPS R-568-induced IL-8 gene expression, while NPS S-2143 was not able to suppress this 

upregulation. The orthosteric CaSR agonist Ca2+ also induced a robust upregulation of IL-

8 gene expression (Figure 5a). In HT29GFP cells, none of the substances led to any change 

in IL-8 gene expression compared with the vehicle control (Figure 5b). 

 

Figure 5. Interleukin 8 (IL-8) gene expression in (a) HT29CaSR-GFP and (b) HT29GFP cells treated for 4 h with either vehicle 

control (0.1% DMSO) or single treatments with 1 µmol/L of R-568, S-568, R-2143, or S-2143; double treatments with 1 

µmol/L of each S-568 + S2143, R-568 + S-2143, or R-568 + R-2143; or with 5 mmol/L of the orthosteric CaSR agonist Ca2+. N 

= 5–7, Mean ± SD, one-way ANOVA with Dunnett post-test vs. vehicle, *** p < 0.001, * p < 0.05. 

Finally, we investigated whether changes in IL-8 gene expression were mirrored by 

changes at the secreted protein level. We, therefore, performed an ELISA experiment on 

cell culture supernatants from treated HT29CaSR-GFP and HT29GFP cells and observed the 

same effect on the protein level as we did on the mRNA level. NPS R-568 and 5 mmol/L 

Ca2+ induced upregulation of IL-8 secretion by the HT29CaSR-GFP cells. The pre-incubation 

with NPS R-2143 prevented this upregulated secretion, while the unspecific NPS S-2143 

did not (Figure 6a). No effects on IL-8 secretion were observed in HT29GFP cells lacking the 

CaSR (Figure 6b). Interestingly, baseline IL-8 levels were already higher in vehicle-treated 

HT29CaSR-GFP cells than in HT29GFP cells. 

Figure 5. Interleukin 8 (IL-8) gene expression in (a) HT29CaSR-GFP and (b) HT29GFP cells treated for 4 h with either vehicle
control (0.1% DMSO) or single treatments with 1 µmol/L of R-568, S-568, R-2143, or S-2143; double treatments with
1 µmol/L of each S-568 + S2143, R-568 + S-2143, or R-568 + R-2143; or with 5 mmol/L of the orthosteric CaSR agonist Ca2+.
N = 5–7, Mean ± SD, one-way ANOVA with Dunnett post-test vs. vehicle, *** p < 0.001, * p < 0.05.
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3. Discussion

We were able to prove unequivocally that the CaSR mediates the Ca2+- and NPS R-568-
induced increase in the expression of the inflammation marker IL-8 in HT29CaSR-GFP cells.
To verify this, we used both the R and S enantiomers of the calcimimetic NPS 568 and of the
calcilytic NPS 2143 and compared their effects in the isogenic cell lines HT29CaSR-GFP and
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HT29GFP, differing only in the expression of CaSR. As, to our knowledge, no S enantiomer
of NPS 2143 was available, we synthesized it and thus obtained a very useful tool for
further pharmacological studies on the CaSR.

After ensuring that the synthesized NPS S-2143 is indeed significantly less active than
R-2143 in preventing extracellular Ca2+-induced intracellular Ca2+ release, we assessed
the effectiveness of the modulators in regulating CaSR expression, a well-known effect of
these compounds. Indeed, extracellular Ca2+ and the well-characterized calcimimetic NPS
R-568 significantly induced CaSR expression, which was inhibited by R-2143. None of the
S enantiomers affected CaSR expression, proving that the cells were responsive only to the
R modulators. In the same cells, we measured the IL-8 expression at both the mRNA and
protein levels. Numerous studies have shown that IL-8 is a pro-inflammatory cytokine [18]
in the intestine [19,20], and thus a valid marker for a pro-inflammatory response in our
cell model.

Therefore, we needed to prove that our contradictory observation [9] that the activation
of the CaSR induces IL-8 expression is real, and indeed mediated by the CaSR. The results
of the Iamartino study [9] were already very convincing, as the observed upregulation
of several inflammatory markers was seen only in the cells expressing the CaSR but not
in the cells with undetectable CaSR levels. While the observation that R-568 induced
the expression of these markers suggested that the CaSR mediates this effect, we needed
unequivocal proof. Indeed, we could show that only the actively binding R-568, at the same
concentration of 1 µmol/L as used in the aforementioned study, induced the expression
of IL-8, and NPS S-568 was unable to do so. The effect of NPS R-568 was inhibited by
NPS 2143 in a similar stereospecific manner: only R-2143 prevented the R-568-dependent
induction, whereas NPS S-2143 did not.

Several studies suggested that calcilytics could be used in the treatment of inflamma-
tory diseases, such as asthma [14,21]. Thus, the newly synthesized S-2143 could become a
highly useful tool in experiments of proof of principle in other tissues and organs as well.

The first generation of calcimimetics, such as NPS R-568, has one chiral carbon and
acts stereoselectively on the CaSR. Regardless of the parameter assessed, the R enantiomer
was always more potent (10- to 100-fold, depending on the measured variable) compared
to the S enantiomer. At concentrations that maximally activate the CaSR, NPS 568 inhibits
ion channels, but this effect is not stereospecific, meaning that both the R and S enantiomers
have similar effects [22]. The calcilytic NPS 2143 also acts on the CaSR in a stereoselective
manner and again, the R enantiomer is more potent [12,22]. Thus, testing that the com-
pounds used in our experiment produce the expected effect in a stereospecific manner
ascertained that the effect was CaSR-mediated. Moreover, none of the compounds had
any effect on IL-8 (or CaSR) expression in the HT29GFP cells lacking detectable levels of
endogenous CaSR, suggesting that at the concentrations used, the observed effects were
not due to the activation of any other possible targets (e.g., voltage-gated Ca2+ channels).

To understand the role of the CaSR in a cell is demanding, because Ca2+, its main
physiological ligand, signals not only through the CaSR, but also by binding to other
molecules (e.g., ion channels). Therefore, it is important to combine the right pharmacolog-
ical approach with the most appropriate experimental design. However, this is challenging
in cells where the primary role of the receptor is not clear and Ca2+ affects numerous
biological processes. The biological process we had to test was given (regulation of the
expression of IL-8) and the specificity of the drugs used in this study has already been
tested either on parathyroid cells and/or on HEK-CaSR cells (a model broadly used in
the field).

Our study is a good example for testing the involvement of the CaSR in molecular
processes. It is the first study, to our knowledge, that uses enantiomer pairs and combi-
nations of positive and negative modulators to prove the involvement of a target in the
signaling process in intestinal cells. Many natural (endogenous) ligands of the CaSR signal
through numerous alternative pathways. Most of the pharmacological modulators have
structures very similar to drugs acting on other molecules (e.g., Ca2+-channel or β-blockers).
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Therefore, it is difficult to exclude the possibility that the effects seen are mediated through
other pathways, even more so when the concentrations used are higher than those needed
to modulate CaSR activity. The S enantiomers could prove very useful in such cases, as
they could be used to test if the effect seen is indeed caused by the binding of the drug to
the CaSR.

The role of the CaSR in the gastrointestinal tract is complex. The clinical use of
calcimimetics, both oral and intravenously applied, is associated with substantial gas-
trointestinal side effects, such as vomiting and nausea [11], and the U.S. Food and Drug
Administration (FDA) has updated the label of cinacalcet to include the risk for upper
gastrointestinal bleeding (FDA ID: 4097661). The actual, direct role of the gastrointestinal
CaSR in (patho-)physiology and in these adverse effects is, however, still not fully under-
stood. Several studies have shown that the CaSR is directly involved in intestinal fluid
secretion [23,24]. However, the involvement of the CaSR in intestinal inflammation is still
unclear [6]. The most frequent approaches to verify the role of CaSR in physiology and
pathophysiology are either genetic, by comparing the phenotype of the mice lacking the
CaSR to their wild type controls [25,26], or pharmacological approaches, using specific
CaSR activators (e.g., R-568) or inhibitors (e.g., NPS 2143). One of the limitations of the
genetic approach is that the organism might develop mechanisms to compensate for the
loss of the CaSR. The limitations of the pharmacological approaches are that often the doses
of the pharmacological compounds are too high [27], raising the question as to how this
affects the specificity of the effect. The potent and selective pharmacological modulators
of the CaSR (NPS R-568 and NPS R-2143) have been proven useful in uncovering new
functions of the CaSR at different sites throughout the body [28]. However, it is important
to use these compounds in a concentration that is selective to the CaSR, as at high con-
centrations, they will affect cellular responses independent of the CaSR [22]. In our study,
we combined a genetic approach (but instead of knocking out, we introduced the CaSR
in the cells) with the pharmacological approach, by using compounds at concentrations
that are still specific for the CaSR and taking advantage of the stereospecificity of the used
calcimimetic and calcilytic.

Our study demonstrates that in the HT29CaSR-GFP cells, the major activators of the
CaSR, Ca2+ and R-568, induced and did not inhibit the expression of the inflammatory
cytokine IL-8. Our results unequivocally confirm the CaSR as a mediator of the enhanced
inflammatory gene expression in these cells and are quadruple controlled: (1) a positive
CaSR modulator induced inflammatory gene expression, (2) a negative CaSR modulator
prevented this upregulation, (3) the unspecific enantiomers of these compounds did not
exhibit these effects, and (4) none of these effects were observed in cells not expressing
the CaSR.

These data also suggest that in native cells, where no endogenous CaSR is present,
the drugs will not affect the expression of these inflammatory markers. This would be in
line with our observation in an in vivo study, where neither the calcimimetic cinacalcet nor
NPS R-2143 affected the expression of the inflammatory marker IL-6 in the colon of mice
treated per gavage for 2 weeks with these modulators (unpublished results/manuscript in
preparation). We now have a better understanding of the role of the CaSR in mediating in-
flammatory responses and with NPS S-2143, a valuable tool for controlling pharmacological
CaSR modulation experiments

4. Materials and Methods
4.1. Preparation of NPS S-2143—Synthetic Chemistry

All solvents and reagents were used as obtained from commercial sources, unless
otherwise indicated. All solvents used for chromatography were HPLC grade (Fisher
Scientific, Loughborough, UK). All reactions were performed under a nitrogen atmosphere.
1H and 13C-NMR spectra were recorded with a Bruker Avance III HD spectrometer (Bruker,
Coventry, UK) operating at 500 MHz for 1H and 125 MHz for 13C, with Me4Si as the
internal standard. Deuterated chloroform was used as the solvent for NMR experiments.
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1H chemical shifts values (δ) are referenced to the residual non-deuterated components of
the NMR solvents (δ = 7.26 ppm for CHCl3, etc.). The 13C chemical shifts (δ) are referenced
to CDCl3 (central peak, δ = 77.0 ppm). TLC was performed on silica gel 60 F254 plastic
sheets. Normal-phase automated flash column chromatography was performed using a
Biotage Isolera system (Biotage, Hengoed, UK). UPLC–MS analysis was conducted on
a Waters UPLC system (Waters, Wilmslow, UK) with both Diode Array detection and
Electrospray (+′ve and −′ve ion) MS detection. The stationary phase was a Waters Acquity
UPLC BEH C18 1.7 um 2.1 × 50 mm column (Waters). The mobile phase was LC–MS grade
H2O containing 0.1% formic acid (A) and LC–MS grade MeCN containing 0.1% formic acid
(B). Column temperature: 40 ◦C. Sample diluent: MeCN or H2O. Sample concentration:
1 µg/mL. Injection volume: 2 µL. A linear gradient method was used for all analyses
performed: 90% A (0.1 min), 90–0% A (1.5 min), 0% A (1.4 min), 90% A (0.1 min); flow rate:
0.5 mL/min. All compounds synthesised were >98% pure.

4.1.1. Synthesis of (S)-2-chloro-6-(oxiran-2-ylmethoxy)benzonitrile 3

Potassium carbonate (17.6 mmol, 3 eq.) was added to a stirring solution of 2-chloro-
6-hydroxybenzonitrile 1 (5.9 mmol, 1 eq.) in dry acetone (60 mL), and the mixture was
heated to reflux for 30 min. After cooling to room temperature, commercially available
(S)-nosyl epoxide 2 (5.9 mmol, 1 eq.) was added to the reaction, and stirring was continued
while heating to reflux overnight. After cooling to room temperature, the reaction mixture
was filtered, and the filtrate was dried under vacuum. The crude residue was purified by
flash column chromatography on silica gel (n-hexane/ethyl acetate 100:0 to n-hexane/ethyl
acetate 0:100 v/v) to afford the pure title compound as a white solid in 98% yield. 1H-NMR
(CDCl3), δ: 7.46 (dd, J1 = 8.9 Hz, J2 = 8.1 Hz, 1H), 7.12 (dd, J1 = 8.1 Hz, J2 = 0.8 Hz, 1H),
6.96 (dd, J1 = 8.9 Hz, J2 = 0.8 Hz, 1H), 4.42 (dd, J1 = 11.4 Hz, J2 = 2.8 Hz, 1H), 4.14 (dd,
J1 = 11.4 Hz, J2 = 5.2 Hz, 1H), 3.43–3.40 (m, 1H), 2.96 (dd, J1 = 4.7 Hz, J2 = 4.1 Hz, 1H), 2.87
(dd, J1 = 4.7 Hz, J2 = 2.6 Hz, 1H). 13C-NMR (CDCl3), δ: 161.4, 138.1, 134.3, 122.3, 113.4,
110.7, 103.6, 69.8, 49.7, 44.5.

4.1.2. Synthesis of (S)-2-chloro-6-(3-((2,2-dimethyl-3-(naphthalen-2-yl)propyl)amino)-
2-hydroxypropoxy) benzonitrile (NPS S-2143)

A solution of (S)-epoxide 3 (3.3 mmol, 1 eq.) and [1,1-dimethyl-2-(2-naphthalenyl)ethyl]amine
(3.3 mmol, 1 eq.) in dry EtOH (17 mL) was heated to 80 ◦C in a sealed tube for 72 h. The
mixture was then dried under vacuum, and the crude residue was purified by flash column
chromatography on silica gel (n-hexane/ethyl acetate 100:0 to n-hexane/ethyl acetate 0:100
v/v) to afford the pure title compound as a colourless oil in 73% yield. 1H-NMR (CDCl3), δ:
7.83–7.76 (m, 3H), 7.64 (s, 1H), 7.48–7.42 (m, 3H), 7.35 (dd, J1 = 8.3 Hz, J2 = 1.7 Hz, 1H), 7.10
(dd, J1 = 8.1 Hz, J2 = 0.8 Hz, 1H), 6.91 (dd, J1 = 7.8 Hz, J2 = 0.8 Hz, 1H), 4.18–4.12 (m, 2H),
4.03–3.98 (m, 1H), 3.06 (dd, J1 = 12.1 Hz, J2 = 4.6 Hz, 1H), 2.94–2.90 (m, 3H), 1.17 (s, 3H),
1.16 (s, 3H). 13C-NMR (CDCl3), δ: 137.7, 134.4, 133.2, 132.5, 131.8, 129.7, 128.7, 128.1, 127.7,
127.6, 126.3, 126.1, 122.4, 113.6, 110.9, 103.6, 71.2, 65.5, 61.5, 44.9, 44.4, 23.2, 23.0. UPLC–MS:
Rt 1.65 min, MS [ESI, m/z]: 409.3, 411.3 [M + H].

4.1.3. Synthesis of (S)-2-chloro-6-(3-((2,2-dimethyl-3-(naphthalen-2-yl)propyl)amino)-2-
hydroxypropoxy) benzonitrile hydrochloride (NPS S-2143.HCl)

(S)-2-Chloro-6-(3-((2,2-dimethyl-3-(naphthalen-2-yl)propyl)amino)-2-hydroxypropoxy)
benzonitrile (2.4 mmol, 1 eq.) was dissolved in MeOH (15 mL) and added dropwise of a
concentrated HCl solution (3 mL), while stirring. Stirring was continued at room temper-
ature for a further 1 h, and the residue was then dried under vacuum to afford the pure
title compound as a white solid in quantitative yield. 1H-NMR (CDCl3), δ: 9.89 (bs, 1H),
8.37 (bs, 1H), 7.82–7.78 (m, 3H), 7.74 (s, 1H), 7.49–7.45 (m, 2H), 7.39–7.35 (m, 2H), 7.02 (d,
J = 7.9 Hz, 1H), 6.91 (d, J = 8.5 Hz, 1H), 5.67 (d, J = 5.1 Hz, 1H), 4.84 (bs, 1H), 4.32–4.26 (m,
2H), 3.57–3.51 (m, 1H), 3.49–3.37 (m, 3H), 1.54 (s, 3H), 1.51 (s, 3H). 13C-NMR (CDCl3), δ:
161.8, 137.9, 135.8, 134.2, 133.3, 132.1, 129.2, 128.8, 127.5, 127.4, 125.9, 125.4, 122.0, 113.5,
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110.5, 103.6, 71.9, 67.9, 53.7, 47.8, 43.9, 27.2, 27.1. UPLC–MS: Rt 1.70 min, MS [ESI, m/z]:
409.3, 411.3 [M + H].

4.2. Crystal Structure Determination

Single-crystal XRD data were collected at room temperature on an Agilent SuperNova
Dual Atlas diffractometer (Agilent Technologies XRD Products, Yarnton, UK) with a mirror
monochromator using Cu (λ = 1.5418 Å) radiation. The crystal structure was solved using
SHELXS [29] and refined using SHELXL2018 [30]. Non-hydrogen atoms were refined
with anisotropic displacement parameters, and hydrogen atoms were inserted in idealized
positions. A riding model was used with Uiso(H) set at 1.2 or 1.5 times the Ueq(C,N,O)
values of the atoms to which the H atoms are bonded. The asymmetric unit contains two
cations and two chloride anions. The naphthalene moieties of both independent cations
were modelled as disordered, and the components refined to roughly equal occupancy.
The crystallographic and refinement parameters are as follows: C24H26ClN2O2

+Cl-: FW =
445.37, T = 293(2) K, orthorhombic, P212121, a = 6.9104(2) Å, b = 16.3499(5) Å, c = 40.5957(9)
Å, V = 4586.7(2) Å3, Z = 8, ρcal = 1.290 Mg/m3, µ = 2.722 mm−1, F(000) = 1872, crystal
size = 0.575 × 0.114 × 0.039 mm, reflections collected = 43002, independent reflections =
9164, R(int) = 0.0629, goodness-of-fit on F2 = 1.016, Flack parameter = −0.009(8), largest
diff. peak and hole = 0.258 and −0.256 e.Å−3, R1 = 0.0522 and wR2 = 0.1311 for I > 2σ(I),
R1 = 0.0704 and wR2 = 0.1410 for all data.

4.3. Other Compounds and Reagents

NPS R-568 and NPS R-2143 were obtained commercially (Tocris Bioscience/Bio-Techne
Ltd., Abingdon, UK), NPS S-568 was a kind gift from Amgen, UK. All basic compounds
were obtained from Merck (Darmstadt, DE), unless otherwise stated.

4.4. Calcium Imaging Experiments

HEK293 cells stably transfected with the human CaSR (HEK-CaSR, a kind gift of Dr.
Donald Ward [31]) were cultured on poly-D-lysine coated 13 mm coverslips, and calcium
imaging experiments were performed as described previously [21]. In brief, the medium
of the cells was removed, and cells were loaded with 3 µmol/L Fura 2-AM (Thermo
Fisher Scientific, Waltham, MA, USA) in extracellular buffer containing 1.0 mmol/L Ca2+

for 45 min at 37 ◦C. Cells were then washed with ECS at room temperature and pre-
incubated with buffer containing 0.2 mmol/L Ca2+ and 100 nmol/L NPS R/S-2143 or
0.1% DMSO for 15 min. Cells were imaged on an inverted Olympus IX71 fluorescence
microscope (Olympus, Southend-on-Sea, UK). A rapid perfusion system was then used to
alter extracellular Ca2+ from 0.2 (2 min, baseline) to 5 (3 min, stimulation) to 0.2 mmol/L
Ca2+ (2 min), with each buffer containing either 100 nmol/L NPS R/S-2143 or 0.1% DMSO.
Fluorescence of individual cells (~30–70 per experiment) at 340 and 380 nm was acquired
every 2 s. For analysis, the background fluorescence was subtracted for both wavelengths,
and the average F340/F380 ratio of the baseline of each cell was then subtracted from
the maximum response of each cell during the stimulation phase. The average of these
differences in one experiment counted as one biological repetition.

4.5. Colon Cancer Cells

We used lentiviral stably transduced colon cancer cell lines HT29CaSR-GFP and HT29GFP [9].
The parent HT-29 cell line was obtained commercially (HTB-38™) from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Transduced cells were cultured in
Dulbecco’s Modified Eagle’s Medium containing 10% fetal calf serum, 100 U/mL Pen-Strep,
2 mmol/L L-glutamine and 10 mmol/L Hepes. Of note, the medium by itself contains
1.8 mmol/L Ca2+, the complete (FCS supplemented) medium contains ~ 2 mmol/L Ca2+. To
select for transduced cells, 0.5 µL/mL puromycin (all Thermo Fisher Scientific) was added
to the cell medium. For the treatments, cells were seeded into 6-well plates and grown to
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70–80% confluence. 24 h before the treatments, the medium was changed without adding
puromycin to let cells recover. All cells were regularly tested negatively for mycoplasma.

4.6. Compound Treatments

70–80% confluent cells in 6-well plates were treated for 4 h with 1 µmol/L of the
CaSR modulators alone or in combination, or 5 mmol/L Ca2+ (through addition of an
0.25 mol/L aqueous solution of CaCl2). All compounds were prepared as 2 mmol/L
stock solutions in DMSO and were added either by themselves and supplemented with
DMSO, or in combination so that DMSO concentration in the medium was 0.1% for all
conditions. NPS R/S-2143 was always added 15 min prior to the addition of NPS R/S-568
(pre-incubation period). After incubation, the cells were washed with ice-cold phosphate
buffered saline, and finally lysed in Trizol (Thermo Fisher Scientific) by vigorous pipetting
for RNA isolation.

4.7. Reverse Transcription Real Time PCR (RT-qPCR)

RNA was isolated from Trizol treated cells according to the manufacturer’s proto-
col. RNA concentrations and purity were measured spectrophotometrically, and integrity
was confirmed by gel electrophoresis. Reverse transcription of 1000 ng RNA per sam-
ple was performed using the High-Capacity cDNA Reverse Transcription kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. RT-qPCR was performed
on QuantStudio 12K Flex and QuantStudio 5 real time PCR systems (Thermo Fisher
Scientific) with the following program: 2 min 50 ◦C, 10 min 95 ◦C, 40 × 15 s 95 ◦C to
1 min 60 ◦C, followed by melting curve analysis 55–95 ◦C), using Power SYBR Green
PCR Master Mix (Thermo Fisher Scientific). Relative quantification of the samples was
performed using the ∆∆Ct method, using the average of two housekeeping genes (ribo-
somal protein lateral stalk subunit P0 [RPLP0] & β2-macroglocbulin [B2m]), human total
RNA calibrator (Takara, Kusatsu, JP) as reference, and the following primer sequences:
RPLP0: TGGTCATCCAGCAGGTGTTCGA (fwd), GCAGCAGCTGGCACCTTATTG (rev);
B2m: GATGAGTATGCCTGCCGTGTG (fwd), CAATCCAAATGCGGCATCT (rev); CaSR:
GCCAAGAAGGGAGAAAGAC (fwd), CACACTCAAAGCAGCAGG (rev); IL-8: CTTG-
GCAGCCTTCCTGATTT (fwd), TTCTTTAGCACTCCTTGGCAAAA (rev) [9].

4.8. Statistical Analysis

Statistical analysis and visualizations were performed used GraphPad Prism 9.2
(GraphPad Software, San Diego, CA, USA). The applied statistical tests are indicated in the
captions of each figure.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms221810124/s1.
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Abstract: Human DNA topoisomerase IB controls the topological state of supercoiled DNA through a
complex catalytic cycle that consists of cleavage and religation reactions, allowing the progression of
fundamental DNA metabolism. The catalytic steps of human DNA topoisomerase IB were analyzed
in the presence of a drug, obtained by the open-access drug bank Medicines for Malaria Venture. The
experiments indicate that the compound strongly and irreversibly inhibits the cleavage step of the
enzyme reaction and reduces the cell viability of three different cancer cell lines. Molecular docking
and molecular dynamics simulations suggest that the drug binds to the human DNA topoisomerase
IB-DNA complex sitting inside the catalytic site of the enzyme, providing a molecular explanation
for the cleavage-inhibition effect. For all these reasons, the aforementioned drug could be a possible
lead compound for the development of an efficient anti-tumor molecule targeting human DNA
topoisomerase IB.

Keywords: human DNA topoisomerase; cancer; drug; molecular docking

1. Introduction

Biologically, topoisomerases play a vital role in the maintenance of genomic integrity
inside the cell by controlling DNA torsional stress [1]. This is accomplished by transiently
breaking and rejoining DNA strands. Human DNA topoisomerase IB (htopIB) is one of
six different topoisomerases that exist in humans [2]. HtopIB is a nuclear enzyme and,
with type IA topoisomerase, belongs to the topoisomerase I subfamily that cuts only one
DNA strand. The type IA topoisomerases bind covalently to the 5′ end of the cleaved
DNA, whereas the type IB are attached to the 3′ end during the catalytic cycle. Among
topoisomerase families there are also type II topoisomerases that cut both DNA strands [2].

HtopIB is a monomeric 91 kDa enzyme consisting of 765 amino acids and is composed
of four domains: the N-terminal domain (residues 1–214), which is never crystallized
due to a high degree of flexibility and which contains nuclear localization signals; the
core domain (residues 215–635) which can be further divided into subdomains I, II, and
III; linker domain (residues 636–712) connecting subdomain III with the C-terminal; and
the C-terminal domain (residues 713–765) containing the catalytic residue Tyr723 [3,4].
The linker domain, formed by two long helices, is involved in controlling the relaxation
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mechanism. Due to its shape and its positive charge, this domain interacts with the DNA
downstream of the cleavage site and drives relaxation through a controlled rotation [5–8].
The enzyme relaxes both positive and negative supercoils by creating a nick on one strand
of the DNA duplex, forming a transient phospho-tyrosine bond [3]. This transient bond
occurs through a nucleophilic attack on DNA by Tyr723 that breaks one of the DNA strands,
leaving the enzyme covalently attached to the 3′-phosphate and forming a protein–DNA
covalent complex called “cleavage complex”. At this point, the cut DNA strand can rotate
around the other one, changing the linking number and consequently the DNA topology.
The htopIB catalytic cycle can be summarized in five steps: (1) non-covalent DNA binding;
(2) nucleophilic attack by the Tyr723 residue; (3) strand rotation of the nicked strand around
the intact strand to relax the supercoiled DNA; (4) religation of the DNA strand; and (5)
enzyme release [4].

HtopIB is the unique target of a class of anticancer compounds belonging to the
camptothecin (CPT) family [9,10]. CPT, a pentacyclic alkaloid extracted from the plant
Camptotheca acuminata, is an E-ring lactone that is poorly soluble and toxic for the organ-
ism, but a series of more soluble derivatives have been developed [11] and two of them,
topotecan (TPT) and irinotecan, are in clinical use as a second line therapy for ovarian,
lung, and colorectal cancers [12–14]. Once the enzyme has cut a supercoiled DNA to
form the protein–DNA complex, CPT binds to this transient complex by intercalating in
the cleavage site and slowing down the religation step [15–17]. The increased lifetime
of the covalent complex leads to the collapse of the replicative fork with the formation
of double strand breaks and, if not repaired, consequent cell death. The CPT inhibition
is called a poison because it causes the stalling of the protein on DNA that leads to cell
death. Other htopoIB poisons are the indenoisoquinolines which the planar polycyclic
cores allow the intercalation of at the strand breakage site in a CPT-like manner. However,
indenoisoquinolines are less reversible than CPT and thus their pharmacokinetics enable
the formation of persistent cleavage complexes and potential shorter infusion times [18].
Besides poisons, other types of htopIB inhibitors are catalytic inhibitors that act by prevent-
ing the enzyme’s binding to DNA or cleavage step. Among them we can count erybraedin
C, which is a cleavage inhibitor [19], or benzoxazines, such as 1,4-benzoxazin-3-ones and
2,4-Dihydroxy-1,4-benzoxazin-3-one, which prevent enzyme binding to DNA [11]. Ery-
braedin C contains a tetracyclic ring system and is characterized by the presence of two
hydroxy groups and two prenyl groups [19], while benzoxazines are a group of heterocyclic
chemical compounds that consist of a benzene ring fused to an oxazine ring [11].

DNA topoisomerases have been shown to be a promising therapeutic target not
only against cancer but also against bacteria and parasites [20–22]. An example is the
topoisomerase from apicomplexan parasites, like Plasmodium falciparum, which may be a
striking target for drug development [23,24].

Open-access drug banks are an interesting source of compounds for a wide range
of different diseases since, they contain hundreds of drugs for which a target is still
unknown [25]. Among them, Pathogen Box by Medicines for Malaria Venture is a product
development partnership with the aim of reducing the burden of malaria by delivering
novel, efficient and reasonably priced anti-malarial drugs for disease-endemic countries.

The Pathogen Box contains 400 different drug-like molecules active in neglected
diseases (including malaria, tuberculosis, dengue, and kinetoplastids). These compounds
were designed as drugs for the treatment of neglected diseases, but, as history has taught us,
a drug designed for a specific pathology has sometimes proved to be much more effective
in treating a completely different one. For this reason, we considered that among them
there could be a novel compound to be used as an anti-tumor drug. We then screened
the activity of 125 compounds designed for malaria treatment against htopIB, due to the
similarity of Plasmodium falciparum topoisomerase with its human counterpart [26].

During the screening, we selected one compound, MMV024937 (Figure 1), which
efficiently inhibits htopIB.

In this paper we investigated the effect of MMV024937 on the catalytical cycle of
htopIB through experimental and computational approaches, and we tested its effect on
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three different cancer cell lines. The results indicate that the compound inhibits the htopIB
cleavage activity in vitro by binding to the enzyme’s active site. Furthermore, it strongly
reduced cell viability at concentrations between 50 and 100 µM.
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2. Results
2.1. MMV024937 Inhibits the Catalytic Activity of htopIB

The inhibitory effect of MMV024937 on htopIB activity was assessed by a plasmid
relaxation assay (Figure 2A). Wild-type protein was incubated with a supercoiled plasmid
in the absence or presence of increasing concentrations of MMV024937, and the relax-
ation activity was monitored after 1 h. The results indicated that MMV024937 inhibited
the relaxation activity of htopIB in a dose-dependent manner (Figure 2A). Addition of
MMV024937 to the enzyme and DNA determined an inhibition of the relaxation activity
that was already observable at a concentration of 20 µM (Figure 2A, lane 3) and became
maximal at a concentration of 150/200 µM (Figure 2A, lanes 9 and 10). Since MMV024937
is dissolved in DMSO, we evaluated the enzyme activity in the presence of an identical
concentration of solvent without MMV024937, demonstrating that DMSO does not affect
the relaxation activity of htopIB (Figure 2A, lane 1). In addition, the compound’s effect
on the electrophoretic mobility of DNA in absence of htopIB was evaluated (Figure 2A,
lane 11).
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The assay was carried out as a function of time in the presence of MMV024937 at a
concentration of 100 µM. This experiment showed that the inhibitory effect is maintained
over time (Figure 2B, lanes 10–18), to minimally 1 h, indicating an irreversible inhibition
of the enzyme’s catalytic activity. As a control, the relaxation assay was performed in the
presence of DMSO alone (Figure 2B, lanes 1–9).

2.2. Cleavage with CL14/CP25 Suicide Substrate

The cleavage activity of the htopIB was analyzed in a time course experiment using
a CL14/CP25 suicide cleavage substrate. In detail, a 5′-end radiolabeled oligonucleotide
CL14 (5′-GAAAAAAGACTTAG-3′) was annealed to the CP25 (5′-TAAAAATTTTTCTAAG
TCTTTTTTC-3′) complementary strand to produce a duplex with an 11 base 5′ single-strand
overhang (Figure 3A).
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of the figure, in a time course experiment in the presence of only DMSO (lanes 2–7), or MMV024937 dissolved in DMSO
(lanes 8–13). In lane 1 the protein was not added. CL1 represents the DNA strand cleaved by the enzymes at the preferred
cleavage site, indicated by an arrow. (B) Percentage of cleaved suicide substrate, normalized to the total amount of each
lane, plotted against time for the reaction with only DMSO (circles) and MMV024937 dissolved in DMSO (triangles). Data
are means ± SD obtained from three independent experiments.

In this experiment the religation step was precluded because the AG-3′ dinucleotide is
too short to be religated, leaving the enzyme covalently attached to the 12 oligonucleotide
3′-end. Three units of wild-type enzyme were incubated in the absence and presence of
MMV024937, and the reactions were stopped at increasing time intervals ranging from
0.5 min to 15 min. Samples were precipitated by using 100% ethanol, then digested
by trypsin, and the products were resolved on a denaturing urea polyacrylamide gel
(Figure 3A). Figure 3A shows that in the presence of MMV024937 the cleavage does not
occur at all (lanes 8–13), while the control, in the presence of DMSO, showed a typical
cleavage kinetics (Figure 3A, lanes 2–7). The percentage of the cleaved fragment (CL1),
normalized to the total radioactivity in each lane plotted against time for DMSO (Figure 3B,
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circle) and MMV024937 incubation (Figure 3B, triangle), confirmed the full inhibitory effect
of the MMV024937 compound.

2.3. Cell Viability Assay

The cytotoxic effect of MMV024937 on the colon carcinoma cancer cell line (Caco-
2), non-small cell lung cancer cell line (A-549), and ovarian cancer cell line (SKOV-3)
was evaluated via an MTT assay in comparison to TPT. The drugs were tested at various
concentrations, ranging from 12.5 µM to 100 µM in a 96-well plate, containing 104 cells/well.
The cells were incubated in the presence of various concentrations of the drug, or in the
presence of the same amount of DMSO as a control, for 48 h at 37 ◦C under 5% CO2
and 95% air. After the incubation, the medium was removed and 200 µL of fresh media
supplemented with MTT reagent at a final concentration of 0.5 mg/mL was added for 4 h.
The reagent was then replaced with 100 µL DMSO and incubated at room temperature,
covered from light, on a shaking plate for 15 min, and the absorbance was measured at
570 nm using a microplate reader. The MMV024937 compound affected cell viability in a
dose-dependent manner with an inhibition, at 50 and 100 µM stronger than TPT, which
displays a constant inhibition from 12.5 to 100 µM (Figure 4). The compound exhibited a
larger cytotoxic effect on the SKOV-3 cell line, where cell viability started to decrease at
25 µM, indicating that MMV024937 had a cell line-dependent effect (Figure 4).
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Figure 4. Cell viability assay in the presence of MMV024937 and TPT. Cytotoxicity of MMV024937 (black) and TPT (gray)
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The figure reports cumulative data analyzed by a two-way ANOVA test, with mean ±SD values. **** p < 0.0001 and
*** p < 0.001.

2.4. Molecular Docking Simulations

Molecular docking simulations were performed to structurally evaluate the interaction
of MMV024937 with a DNA-bound htopIB structure (PDBID: 1T8I) [27], mimicking the
experimental conditions of simultaneous incubation of the enzyme, the drug, and the DNA.
All the molecular docking simulations performed indicated that the drug interacts with
the htopIB-DNA complex with a high average energy of about −12.0 kcal/mol, achieving
binding at two preferential locations within the htopIB-DNA binding cavity.
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In most of the obtained binding poses the drug localizes at the center of the cavity,
inserted among the catalytic pentad of the enzyme. Figure 5A represents the best bind-
ing pose, named “non-intercalated configuration”, that shows an interaction energy of
−12.4 kcal/mol. In this pose the drug establishes five hydrogen bonds and five hydropho-
bic interactions with the surrounding residues (Figure 5B).
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In particular, the oxazole-5-carboxamide group and the trifluoromethyl group of
MMV024937 insert within the catalytic site of the enzyme (Figure 5A), establishing hy-
drogen bonds with Arg488, Arg590, and Tyr723 and setting up hydrophobic interactions
with Lys532 (Figure 5B). The drug also contacts the nearest DNA major groove, establish-
ing four hydrophobic contacts and one hydrogen bond with the underlying nucleotides
(Figure 5A,B). In the remaining binding poses, the drug intercalates within the struc-
tural distortion generated between the dT10 and dG11 nucleotides after htopIB binding.
Figure 5C shows the best binding pose, named “intercalated configuration”, which reaches
an interaction energy of −11.7 kcal/mol. The interaction pattern evaluated for this pose
highlights two hydrogen bonds and three hydrophobic interactions with surrounding
residues, in particular with Arg488 and Lys532 of the catalytic site, and four hydrophobic
interactions with the nucleotides located below (Figure 5D).

2.5. Molecular Dynamics Simulations and MM/GBSA Analysis

The two best complexes obtained for the non-intercalated and intercalated drug con-
figurations were further analyzed by performing 100 ns of classical molecular dynamics
(MD) simulations to further validate the stability of the obtained complexes and to accu-
rately evaluate the interaction energies between the htopIB-DNA complex and the drug.
MM/GBSA analyses confirmed the strong interaction between MMV024937 and the htopIB-
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DNA complex, showing interaction free energies of −49.0 and −55.1 kcal/mol for the
non-intercalated and intercalated drug configurations, respectively (Table 1).

Table 1. Results of the MM/GBSA analyses of the MD trajectories of the htopIB-DNA complex with
the drug in non-intercalated (Figure 5A) or intercalated (Figure 5C) configuration.

Drug Binding
Configuration

VdW
(kcal/mol)

Electrostatic
(kcal/mol)

Interaction Energy
(kcal/mol)

non-intercalated −63.7 ± 2.8 −14.4 ± 9.5 −49.0 ± 3.4
intercalated −67.1 ± 2.9 −64.0 ± 12.3 −55.1 ± 4.0

Both VdW and electrostatic interactions contribute importantly to the binding, al-
though the electrostatic contribution is predominant in the intercalated configuration due
to its close interactions with the charged DNA. MM/GBSA per-residue decomposition
analyses, which allowed for estimating the contribution given by single residues or DNA
bases to the total binding energy of the drug, confirmed that the drug in non-intercalated
configuration closely interacts with htopIB catalytic site residues and also with some of the
underlying DNA bases (Table 2). On the other hand, the intercalated drug only establishes
minor contacts with the catalytic region but can strongly interact with surrounding DNA
bases (Table 2).

Table 2. MM/GBSA per-nucleotide/residue decomposition analyses performed for the MD trajecto-
ries of the htopIB-DNA complexes bound to the drug in non-intercalated (Figure 5A) and intercalated
(Figure 5C) configurations. Interaction energies were evaluated between the drug and surrounding
DNA bases or htopIB active site residues.

Nucleotide/Residue
Non-Intercalated

Drug Binding Energy
(kcal/mol)

Intercalated Drug
Binding Energy

(kcal/mol)

dT10 −2.0 ± 0.5 −3.0 ± 1.8
dG11 −0.1 ± 0.1 −5.8 ± 0.9
dG12 −3.0 ± 1.1 −0.4 ± 0.2
dA13 −2.1 ± 1.7 +0.1 ± 0.0
dC34 +0.1 ± 0.0 −4.4 ± 1.0
dA35 0.0 ± 0.0 −6.1 ± 1.0
dA36 −0.1 ± 0.1 −0.7 ± 0.2
dG37 −0.7 ± 0.4 −0.2 ± 0.2

Arg488 −0.8 ± 0.6 −0.9 ± 0.5
Lys532 −2.7 ± 0.6 −0.8 ±1.0
Arg590 +0.1 ± 0.4 −0.1 ± 0.1
His632 −1.8 ± 0.4 −0.2 ± 0.2
Tyr723 −1.3 ± 0.5 −0.3 ± 0.2

The high-interaction free energies indicate that MMV024937 could interfere with
htopIB catalytic activity when DNA binding has already occurred, occupying the catalytic
site of the enzyme and, due to the favorable electrostatic energy, altering the interactions
between the negatively charged DNA and the mostly positively charged protein, which are
crucial for the controlled rotation mechanism that leads to the final DNA relaxation [30].

2.6. Principal Component Analysis

To better characterize the collective motions of different regions of the htopIB struc-
ture and to highlight if the presence of the drug could induce changes in the structural
dynamics of the htopIB-DNA complexes, dynamic cross-correlation maps (DCCM), based
on the atomic fluctuations of 565 Cα atoms of htopIB and on the 42 P atoms of DNA, were
generated for each MD trajectory. Positive values indicate that the motion between two
residues/bases is correlated, with residues/bases moving in the same direction, while
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negative values represent an anti-correlated motion, with residues/bases moving in op-
posite directions. A 100 ns MD simulation of the htopIB-DNA complex in the unbound
state was also performed and analyzed as reference. MD simulations indicate remarkable
differences between the unbound and bound complexes, and highlight the presence of
functional structural motions in the htopIB unbound structure (Figure 6A,B).
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triangles show the DCCMs for the non-intercalated (A) and intercalated (B) drug complexes, re-
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indicated by labels and separated from the protein regions by dotted lines.

The unbound htopIB-DNA simulation is characterized by highly anti-correlated mo-
tions between subdomain I (residues 215–232 and 320–433) and subdomain III (residues
450–635) of the htopIB core domain (Figure 6A,B; upper-left triangles). Strong anti-
correlated motions are also present between the end region of subdomain III (residues
575–635) and the linker region (residues 650–700), and between the linker region and the
htopIB C-terminal domain (residues 715–765). Similarly, correlated motions can be sparsely
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observed between the subdomains I, II and III (residues 200–635), and between subdo-
main III (residues 575–635) and the C-terminal domain (residues 715–765). As previously
reported, correlated internal motions represent an important feature of the DNA-bound
htopIB structure and highlight the important role played by protein-protein domain com-
munications and conformational changes in the functional processes of this enzyme [16].
Subdomain III (residues 450–635), containing four of the five htopIB catalytic residues,
the linker (residues 650–700), and the C-terminal regions also show mild positively and
negatively correlated motions with the DNA region (Figure 6A,B; upper-left triangles).

The presence of the drug within the binding pocket completely abolishes these cor-
related motions in both the non-intercalated and intercalated binding configurations
(Figure 6A,B; lower-right triangles). In fact, in the presence of the drug, DNA motions and
intra- and inter-domain protein motions become completely uncorrelated, except for a
small anti-correlated movement between subdomain I (residues 300–350) and the linker
region (residues 636–712), and sparse positively and negatively correlated motions within
the three subdomains of the htopIB core region (residues 250–575), which was observed in
both binding configurations.

To further characterize the main regions showing different flexibilities in the bound
and unbound htopIB-DNA complexes, principal component analysis (PCA) was performed
for each MD trajectory [31]. This technique allows for the isolation of the major fluctuations
that contribute to the dynamics of each structure, identifying the principal 3 N directions
along which the majority of the protein and DNA motion is defined. Atomic displacements,
calculated for each Cα atom of htopIB and P atom of DNA along the first eigenvector,
indicate that the unbound htopIB structure shows an overall higher degree of flexibility,
mainly in the linker domain, in subdomain III, and in the C-terminal domain (Figure 7).
Interestingly, the htopIB-DNA structure, complexed with the intercalated drug, shows
a stronger rigidity within subdomain I that is not observed in the presence of the non-
intercalated drug. The linker domain is the most flexible region of htopIB in both the
unbound and bound systems, although in the unbound system this region shows about
two-fold the flexibility observed in the two bound states. These data confirm the strongly
correlated motions observed between the three main htopIB domains in the unbound
complex DCCM (Figure 6A,B; upper-left triangles), and also validate the finding that the
presence of the drug induces an evident structural rigidity in the protein, particularly in
those residues directly facing the DNA region (residues 488–500, 532–535, 631–640, 713–722)
(Figure 7).
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the 42 P atoms of DNA, computed along the direction of the first eigenvector for the three MD
trajectories. The black line indicates the unbound htopIB-DNA complex, while the red and green
lines indicate the complexes with the non-intercalated or intercalated drug bound, respectively.
Dotted lines separate the DNA region from the different htopIB domains, as indicated by the labels.

3. Discussion

Despite the fact that cancer knowledge has been growing in recent decades, the
problem of cancerous disease persists, and these decades of scientific findings are still in-
sufficient to solve it. The remarkable progresses made in cancer prevention, early detection,
and treatment are still not sufficiently specific and effective. HtopIB plays essential roles
in cell division by regulating all topological DNA stresses that arise during transcription
or replication. For these reasons, htopoIB is an interesting target for cancer treatment. In
this work we screened a library of antimalarial compounds, adopting a drug-repositioning
screening, based on the evidence of Plasmodium falciparum topoisomerase homology with
its human counterpart. In detail, we have characterized the effect of MMV024937 as a new
drug, provided by the open-access drug bank MMV, on htopIB through experimental and
computational approaches. To test MMV024937’s inhibition of htopIB activity, whether as a
poison, in a CPT-like manner, or as a catalytic inhibitor such as erybraedin C, we performed
in vitro assays. We demonstrated that MMV024937 affects htopIB as a catalytic inhibitor,
and also in an irreversible manner (Figure 2B).

The efficiency of MMV024937 as a potential anti-tumor drug was tested on cancer
cell lines in comparison with TPT, a drug currently used in clinics for cancer treatment
(Figure 4). We observed that the effect of MMV024937 is stronger than TPT at high con-
centrations, likely due to the fact that MMV024937 can act on pathways other than htopIB
alone. Indeed, a previous work has demonstrated that MMV024937 is closely related
to a series of human diacylglycerol acyltransferase-1 (DGAT-1) inhibitors [32]. DGAT-1
inhibition causes cancer cell death by inducing mitochondrial damage and elevated ROS
formation, supporting the use of MMV024937 as a promising anti-tumor drug [33].

To better understand these results we also performed a computational analysis
(Figure 5). Molecular docking and molecular dynamics simulations of MMV024937 mod-
eled over the htopIB-DNA complex strongly support the observed inhibition effect, al-
though they cannot provide information on its irreversibility. Computational results
indicate that MMV024937 binds the htopIB-DNA complex sitting inside the catalytic site
of the enzyme or intercalating within the DNA. Interaction analyses shows that the drug
contacts several htopIB residues, including residues of the catalytic pentad such as Arg488,
Lys532, Arg590, and Tyr723, as well as the neighbor DNA bases (Tables 1 and 2). The
persistent stability of the complexes and the strongly negative free energies of binding
displayed by the drug during the 100 ns MD simulations provide a clear molecular expla-
nation for the cleavage inhibition. The drug can exert its inhibitory activity, preventing
DNA and htopIB contacts, by establishing a steric hindrance within the htopIB-DNA cleft
and strong hydrophobic and electrostatic interactions with surrounding residues and DNA
bases. Furthermore, in both the evaluated binding configurations, the presence of a single
drug molecule can strongly influence the structural dynamics of htopIB-DNA structure.
It is known that intra- and inter-domain communications are fundamental for htopIB’s
catalytic activity and that DNA strand rotation is strongly dependent on the enzyme’s
conformation and dynamics [34]. In particular, a different flexibility of the linker domain
was shown to correlate with the rate of DNA religation reactions. Indeed, this region
has a role in slowing the religation step, allowing the enzyme to remain associated to
DNA for a larger number of cleavage/religation rounds, and it is also fundamental for
DNA-controlled rotation [35,36]. During MD simulations we observed that the presence of
the drug within the binding pocket almost completely abolished correlated motions of the
complex, and strongly reduced htopIB linker flexibility. This is likely due to the strong in-
teractions established by the drug with surrounding residues and DNA bases that decrease
the protein–DNA structural movements and anchor the complex in an expected inactive
state. Considering these results, we hypothesize that the structural stability induced by
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the drug should prevent the occurrence of the large conformational changes leading to the
correct unwinding and relaxation of supercoiled DNA.

Despite MMV024937 may have additional targets beside htopIB; the evidence for
relaxation and cleavage inhibition identifies this molecule as an interesting and valuable
candidate in targeting htopIB in the context of cancer treatment.

4. Materials and Methods
4.1. Chemicals, Cells, Yeast Strains and Plasmids

MMV024937 were kindly provide by Malaria for Medicine Venture, Anti-FLAG M2
monoclonal affinity gel, FLAG peptide, Anti-FLAG M2 monoclonal antibodies, topotecan,
3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT,) and dimethyl
sulfoxide (DMSO) were purchased from MERCK (Darmstadt, Germany). In order to
express the htopIB enzyme we used Saccharomyces cerevisiae Top1 null strain EKY3 (ura3–52,
his3∆200, leu2∆1, trp1∆63, top1::TRP1, MATα). Single copy plasmid YCpGAL-e- hTop1
was used to express the enzyme under a galactose-inducible promoter. The N-terminal
sequence of the epitope-tagged construct YCp-GAL-e-, indicated as ‘e’, contains a FLAG
sequence, DYKDDDY, and it is recognized by the M2 monoclonal antibody. The cloning
reaction was transformed into XL10-Gold E. coli cells (Agilent Technologies, Santa Clara,
CA, USA), and a positive clone was identified by sequencing the extracted plasmid DNA.
Oligonucleotides for radioactive assays were purchased from Eurofins Genomics. [γ-32P]
ATP was purchased from PERKIN Elmer (Waltham, MA, USA).

Dulbecco’s modified Eagle’s medium high glucose, RPMI 1640 medium, fetal bovine
serum (FBS), L-glutamine, penicillin/streptomycin, and non-essential amino acids were
purchased from Euroclone (Pero, Italy). Complete media (CM) were supplemented with
10% FBS, 2 mM L-glutamine, 0.1 mg/mL streptomycin, and 100 U/mL penicillin. The
ovarian cancer cell line SKOV-3 was purchased from Cell Biolabs, Inc. and maintained
in DMEM-high glucose, CM supplemented with 1X non-essential amino acids; colorectal
adenocarcinoma cell line, Caco-2, was maintained in RPMI 1640, CM; and non-small-cell-
lung cancer cell line, A-549, was maintained in DMEM high glucose, CM. Caco-2 and A-549
cell lines were kindly provided by Dr. Giuseppe Sconocchia (Institute of Translational
Pharmacology, CNR, Rome, Italy). The cells were tested for mycoplasma using the PCR
detection Kit (Euroclone). The cells were kept in culture for a maximum of eight passages.

4.2. Protein Purification

In order to purify htopIB, the enzyme was cloned in a single copy plasmid YCpGAL
under a galactose-inducible promoter. The purification was carried out by using the lithium
acetate procedure, and the transformation was made in top1 null EKY3. Transformed cells
were grown on SC-Uracil, with added 2% dextrose. Subsequently, the cells were diluted
1:100 in SC-Uracil with 2% raffinose until an optical density of A600 = 1 was reached, and
then the transformed cells were induced with 2% galactose for 6 h. A washing with cold
water occurred after the harvesting of the cells. In the next step the cells were resuspended
in 2 mL/g cells using a buffer made up by 50 mM Tris/HCl, pH 7.4, 1 mM EDTA, 1 mM
EGTA, 10% (v/v) glycerol, protease inhibitor cocktail, and supplemented with 10 mg/mL
sodium bisulfite and 40 mg/mL sodium fluoride, 1 mM PMSF, and 1 mM DTT. The cells
were disrupted by adding of 0.5 volume of 425–600 mm diameter glass beads, and by
vortexing the solution for 30 s, alternating with 30 s on ice. In order to separate the
glass beads from the supernatant, the solution was centrifuged at 12,000 rpm for 30 min.
The column was then washed with TBS (50 mM Tris/HCl and 150 mM KCl, pH 7.4)
and the ANTI-FLAG M2 affinity gel (MERCK, Darmstadt, Germany) was equilibrated.
Several elutions of the protein were obtained by adding five columns volume of a solution
containing the FLAG peptide, whereupon 500 µL of htopIB were supplemented with 40%
glycerol and stored at −20 ◦C. In order to test the integrity of the protein, the fractions
were resolved by SDS-PAGE and then shown through the immunoblot.
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4.3. Relaxation Assay

The activity of the htopIB was assessed through the relaxation of negatively pBlue-
Script KSII (-) DNA. The reaction was carried out in a final volume of 30 µL containing
a buffer composed of 20 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 10 mM MgCl2, 50 µg/m
acetylated bovine serum albumin, 150 mM KCl, and ddH2O. The reaction was stopped
after 1 h incubation at 37 ◦C by adding 0.5% SDS stop dye. The samples were resolved
in 1% agarose gel and in a running buffer containing 48 mM Tris, 45.5 mM boric acid,
1 mM EDTA. The enzyme’s ability to relax supercoiled DNA was visualized through a
UV transilluminator after a gel staining in 0.5 µg/mL ethidium bromide and destaining in
dH2O.

4.4. Cleavage Kinetics Using CL14/CP25 Oligonucleotide Substrate

In order to analyze the cleavage kinetics a CL14 (5′-GAAAAAAGACTTAG-3′) was
radiolabeled with [γ-32P] ATP at its 5′ end through a 30 min incubation of 10 pmol of CL14
with a T4 kinase (New England Biolabs, Ipswich, MA, USA) buffer, 10 µL of [γ-32P] ATP
and T4 kinase in a final volume of 50 µL at 37 ◦C. The radiolabeled oligonucleotide has been
purified with MicroSpin g-25 (Amersham Bioscences, Amersham, United Kindom). The
CL14 oligonucleotide contains a htopIB high affinity cleavage site. CL14 was annealed to a
complementary oligonucleotide called CP25 (5′-TAAAAATTTTTCTAAGTCTTTTTTC-3′)
that was phosphorylated with ATP at its 5′ end. The annealing between the oligonu-
cleotides was carried out by incubating 10 pmol of CL14 with 20 pmol of CP25 in the
presence of an Annealing Buffer at 95 ◦C for 5 min and then overnight at 4 ◦C.

The suicide cleavage reaction was carried out by incubating 20 nM of the duplex
CL14/CL25 with htopIB in a buffer containing 10 mM Tris (pH 7.5), 5 mM MgCl2, 5 mM
CaCl2, and 150 mM KCl at 25 ◦C in a final volume of 60 µL. After adding the enzyme,
aliquots of 5 µL were removed at different times and the reactions were stopped by adding
0.5% SDS. After a precipitation with ethanol, the samples were resuspended in 5 µL of
1 mg/mL of trypsin and incubated at 37 ◦C for 1 h. The samples were analyzed by
electrophoresis on denaturing polyacrylamide gel (7 M urea, 20% Acrylamide) in TBE
running buffer (48 mM Tris, 45.5 mM Boric Acid and 1 mM EDTA). The percentage of
cleaved substrate (CL1) has been evaluated.

4.5. Cell Viability Assay

To evaluate cell viability 1 × 104 tumor cells (Caco-2, A-549 and SKOV-3) were seeded
in a 96-well plate for 24 h at 37 ◦C, 5% CO2, and 95% humidity. The day after, each cell line
was treated with a different amount of MMV024937 or topotecan, ranging from 12.5 µM
to 100 µM. As a control, the cells were treated with the same amount of DMSO as well.
The plates were then incubated for 48 h at 37 ◦C under 5% CO2. After the incubation,
the medium was removed and 200 µL of fresh CM supplemented with MTT reagent at
final concentration of 0.5 mg/mL was added and incubated again for 4 h at 37 ◦C and
5% CO2. The reagent was then replaced with 100 µL per well of DMSO and incubated at
room temperature for 15 min on a shaking plate, covered from light. The absorbance was
measured within an hour at 570 nm using a microplate reader; the data was analyzed with
GraphPad Prism.

4.6. Molecular Docking Simulations

A crystal structure of the DNA-bound htopIB, lacking the N-terminal domain (residues
1–200), was obtained from the PDB database (PDB ID: 1T8I) [27] and used as a receptor for
molecular docking simulations. The gap between nucleotides dT10 and dG11 was repaired.
The tleap module of the AmberTools19 program [37], the parmbsc1 force field [38], and
the Chimera software [28], were used to reconstruct the two nucleotides and the missing
phosphodiester bond. A CPT molecule, originally bound to the crystal structure, was
removed from the complex. The structure of the drug MMV024937 was retrieved from
the PubChem compound database (PubChem CID: 44528432) [39]. Receptor and drug
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structure files were converted into pdbqt format using the prepare_receptor4.py and
prepare_ligand4.py tools of the AutoDockTools4 program [40]. Protein-ligand molecular
docking simulations were performed using the AutoDock Vina program [41]. Ten molecular
docking simulations, each including ten docking runs, were performed using a box of size
x = 27.4 Å; y = 27.4 Å; z = 23.3 Å, centered over the htopIB-DNA binding site. To increase
the accuracy of binding pose estimation, 10 receptor residue side chains around the binding
site were regarded as flexible (Arg364, Arg488, Lys532, Asp533, Ile535, Arg590, Asn631,
His632, Thr718 and Tyr723). The final interaction energies were calculated as an average
over the 10 replicas of the docking simulations. Interaction analyses on the best binding
poses obtained were performed using the Ligplot+ software [29].

4.7. Classical Molecular Dynamics Simulations and Trajectory Analysis

Topologies and coordinates files for the two best complexes obtained from molecu-
lar docking simulations and for the unbound htopIB-DNA structure (PDB ID: 1T8I) [27],
simulated as reference, were generated using the tleap module of the AmberTools19 pro-
gram [37]. The AMBER ff19SB [42] and parmbsc1 [38] force fields were used to parametrize
the htopIB and DNA, while ligand parameters were generated using the antechamber mod-
ule of the AmberTools19 program [37] and the general Amber force field [43]. Each complex
were inserted in a box of TIP3P water molecules [44] and 0.15 mol/L of NaCl, setting a
minimum distance of 12.0 Å from the box sides. To remove unfavorable interactions, four
minimization cycles were performed for the three structures, each composed of 500 steps
of the steepest descent minimization, followed by 1500 steps of conjugated gradient. A
starting restraint of 20.0 kcal·mol −1·Å −2 was imposed on the protein, DNA, and ligand
atoms; it was then slowly reduced and removed in the last minimization cycle. Systems tem-
perature was gradually increased from 0 to 300 K in an NVT ensemble, using the Langevin
thermostat [45], over a period of 2.0 ns. A starting restraint of 0.5 kcal·mol −1·Å −2 was
imposed on the protein, DNA, and ligand atoms and then gradually decreased to slowly
relax the system. Systems were then simulated in an isobaric-isothermal (NPT) ensemble
for 2.0 ns using the Langevin barostat [46], imposing a pressure of 1.0 atm and maintaining
the temperature to 300 K. The SHAKE algorithm [47] was used to constrain covalent bonds
involving hydrogen atoms. Production runs of 100 ns were generated for each system using
the pmemd.cuda module of the AMBER16 software [48] and a timestep of 2.0 fs. System
coordinates were written every 1000 steps. Long-range interactions werecalculated using
the PME method [49], while a cut-off of 9.0 Å was imposed for short-range interactions.

4.8. Trajectory Analysis

Principal component analysis (PCA) [30] has been performed for each trajectory on
Cα atoms of the htopIB and P atoms of DNA using the GROMACS 2019 program [50].
This analysis is based on the diagonalization of a covariance matrix, generated for each
trajectory using the covar module of GROMACS [50], and built from the atomic fluctua-
tions of Cα atoms and P atoms after the removal of translational and rotational movements.
PCA analyses showed that, for all three systems, the main motion is dispersed over 1821
eigenvectors, but 80% of the total protein and DNA motion can be described by the first 6
eigenvectors for the unbound system and by the first 17 and 16 eigenvectors for the non-
intercalated and intercalated systems, respectively. In particular, the first eigenvector, with
the largest eigenvalue, accounted for 58% of the total motion for the unbound htopIB-DNA
complex and for 32% and 34% of the total motion for the htopIB-DNA complexes bound to
the non-intercalated and intercalated drug, respectively. Dynamic cross-correlation maps
(DCCMs) were computed from the covariance matrices generated for each trajectory using
code written in-house. Plots were realized using the matplotlib Python 3 library. Molecular
mechanics/generalized Born and surface area continuum solvation (MM/GBSA) analy-
ses [51] were performed over the last 50 ns of each trajectory, using the MMPBSA.py.MPI
program implemented in the AMBER16 software [48] on three nodes of the of ENEA HPC
cluster CRESCO6 [52], setting the ionic strength to 0.15 M. Per-residue decomposition
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analysis was performed on DNA bases surrounding the drug (nucleotides dT10, dG11,
dG12, dA13, dC34, dA35, dA36, dG37) and on htopIB active site residues (residues Arg488,
Lys532, Arg590, His632, Tyr723).
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