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Natural products (NPs) are always a promising source of novel drugs for tackling
unsolved diseases [1–3]. Natural molecules have addressed the rational design of many
synthetic small-molecule drugs [4–6], despite their chemotypes having higher structural
complexity, heavier molecular weights (often > 500), more sp3 carbon atoms which amplify
tridimensionality and stereocenters, more oxygen atoms, fewer nitrogen and halogen
atoms, more H-bond acceptors and donors, marked hydrophilicity, and greater molecular
rigidity [7]. Natural molecules are likely still inspiring drug discovery due to their incredible
scaffold diversity, making them extremely unique and selective in the chemistry field [8].
Thus, developing new natural bioactive compounds and repurposing approved natural
drugs are hot topics in drug discovery and medicinal chemistry [9]. Since most compounds
exhibit synergistic effects [10] or share multiple targets [11,12], traditional approaches
to finding potential drug candidates, such as bioassay-guided fractionation, can reduce
their therapeutic efficacy. As a result, new techniques are required to produce drugs with
high and multi-target activity as well as improved bioavailability [13–15]. For example,
molecular biological techniques can increase the availability of novel compounds produced
by bacteria or yeasts [16,17], and virtual screening approaches can generate screening
libraries of natural compounds resembling drug-like compounds [18–21] or predict their
biological activity and related molecular targets with chemical accuracy [22,23]. Moreover,
advances in metabolomics have also allowed us to identify active compounds from natural
product mixtures as well as to reveal synergistic effects in complex mixtures [24,25].

We gathered twenty articles for this Special Issue that discuss the discovery of novel
bioactive NPs with potential for medical purposes. The application of synthetic biology
with all its multidisciplinary aspects (bioinformatics, data mining, pathway refactoring,
cell factories, DNA editing, and computational chemistry) was preferred to allow the
identification of novel drug molecules from microbial strains or bioresources that might
escape classical top-down strategies.

The plant kingdom is a significant source of molecules with potential therapeutic
benefits for humans; bioactive molecules derived from plants often exhibit clear therapeutic
profiles and can be employed as drugs or starting points to derive synthetic drugs [26–29].
Several recent publications on the biological activity of plant compounds are collected in
this Special Issue.

In particular, Sun et al. [30] extracted and purified the lipophilic diterpene Tanshinone
IIA (TAN) from Salvia miltiorrhiz Bunge and evaluated its role in maintaining chondrocyte
viability and promoting cartilage regeneration in osteoarthritis patients. TAN was already
recognized in herbal medicine for its anti-inflammatory, antioxidant, and vascular endothe-
lial cell-protective properties. Likewise, Schwarz et al. [31] investigated the mode of action
of the steroid sapogenin diosgenin, previously identified in the Chinese plant Dioscoreae
rhizoma, in dampening the autoimmune inflammatory response in T helper 17 (Th17)-
driven pathologies. By combining methodological approaches including gene expression
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analysis and in silico analyses, the authors revealed diosgenin as an inverse agonist of
the key transcription factors leading to Th17 cell differentiation and metabolism. Kim
and colleagues [32] demonstrated that the plant-derived ferulic acid acts as a therapeutic
agent for wound healing via inhibiting β-catenin in keratinocytes and activating Nrf2 in
wound-induced inflammation.

Florets of Safflower (Carthamus tinctorius) were identified as a source of polyacetylene
glycosides, which are responsible for preventing excessive lipid accumulation in obesity
through the inhibition of adipocyte differentiation, reducing the transcription levels of
mature adipocyte marker genes (Adipsin and Fabp4), promoting the expression of lipolytic
genes, and downregulating the expression of lipogenic genes [33].

The application of plant-derived compounds (such as polyphenols) in therapies is
often hampered by several factors including structural instability; poor bioavailability,
gastric solubility, and residence time; and fast metabolization in the liver [34–36]. Through
the combination of experimental (spectroscopy and calorimetry) and simulation techniques
(docking and molecular dynamics simulations) the glycosyl derivate of the flavonoid rutin
(quercetin-3-O-rutinose) was found to exhibit comparable potency to the parental molecule
rutin and an estimated higher bioavailability. Thus, the results of this work were proposed
as the basis for the development of quercetin-like antiviral compounds in coronavirus
infection management [37].

Like quercetin, the alkaloid antitumoral camptothecin (CPT) shows weak pharmacoki-
netic and pharmacodynamics properties [38]. Nanotechnology is perfect for improving CPT
bioavailability; thus, the review by Ghanbari-Movahed et al. provided a comprehensive
and critical evaluation of the novel, efficient nano-CPT formulations being developed for
cancer therapy [38]. By contrast, biotransformation of the antioxidant resveratrol (RSV)
by the entomopathogenic fungus Beauveria bassiana yielded a safer RSV metabolite, the
stilbene glycoside resvebassianol A [39].

As widely reported, NPs can exert multiple biological activities. For example, the
anti-inflammatory phenolic compound Apocynin, an inhibitor of NADPH-dependent
oxidase (NOX), was suggested to interact with plasmalemmal ionic channels by perturb-
ing ionic currents in excitable cells [40]. However, more evidence is needed to under-
stand the molecular-level nature of interactions affecting neuroendocrine, endocrine, or
cardiac function.

Food proteins from animals and plants are widely exploited for cryptic bioactive
peptides exhibiting multi-target activities [41–50]. Gambacorta et al. [51] evaluated the
inhibitory activity of the whey-derived bioactive small peptides MHI, IAEK, and IPAVF
against the SARS-CoV-2 3C-like protease (3CLpro) for the first time. These peptides were
previously obtained by the enzymatic hydrolysis of whey proteins and displayed ACE-
inhibitory activity [22]. The authors integrated theoretical and experimental techniques,
first performing molecular docking studies to rationally evaluate the putative chance of
binding and then in vitro testing for validation. The results confirmed the highest antiviral
activity for IPAVF and IAEK, providing new opportunities for the development of dual-
target small peptides endowed with antiviral 3CLpro- and ACE-inhibitory activities.

Using a machine learning approach, Casey et al. [52] predicted five novel anti-diabetic
peptides (pep_1E99R5, pep_37MB3O, pep_ANUT7B, pep_RTE62G and pep_QT5XGQ)
from a set of 109 peptides. Although further work is required to elucidate their bioavail-
ability, mechanism of action, and clinical efficacy, the authors presented pep_1E99R5 as the
most active peptide, affecting blood glucose metabolism. Bioactive peptide sequences can
also be re-designed to obtain novel drugs in cancer therapy, as reported by [53–55]. Thus,
an in silico peptide design optimization process was applied to identify active peptides
from the C-terminal of azurin, an anticancer bacterial protein produced by Pseudomonas
aeruginosa. Due to its molecular properties, CT-p19LC was predicted to exhibit the great-
est anticancer activity. This was confirmed in experimental trials and, therefore, it was
suggested for the development of novel anticancer strategies.
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Multidisciplinary approaches effectively reveal the synthesis pathways of NPs [56,57]
or discover new molecules that might be used as templates to develop novel biotherapeu-
tics [58,59].

Rugen et al. [60] collected venom from the assassin bug Rhynocoris iracundus and
investigated its composition and bioactivity in vitro and in vivo to exploit it for biomed-
ical applications. Assassin bug venom induced neurolysis, caused the paralysis and
melanization of Galleria mellonella larvae and pupae, and exhibited antibacterial activity.
The combined proteo-transcriptomic approach could successfully identify molecules re-
sponsible for biological effects (redulysins, kininogens, chitinases, hemolysins, and Ptu1
family peptide toxins).

Among 35 phytochemicals, sennoside B from Cassia angustifolia was predicted as a
TNF-α inhibitor by a competitive binding screening assay coupled with analytical size
exclusion chromatography and liquid chromatography–tandem mass spectrometry (LC-
MS). Molecular docking was also performed to determine the binding mode of sennoside
B to TNF-α, confirming its activity in TNF-α-induced HeLa cell toxicity assays [61]. Simi-
larly, molecular docking revealed that flavonoids (apigenin and luteolin) bound to histone
deacetylases (HDACs), with important implications in epigenetic therapy to regulate cel-
lular gene expression [62]. In addition, computational methods were applied to design
modified flavonoids endowed with high monoamine oxidase (MAO) B affinity for neu-
rological disorder treatment [63,64], as well as to identify new potential scaffolds against
Cyclin-dependent kinase 7 (CDK7) for the development of novel antitumoral strategies [65].

The bioactive compounds found in natural products are also a valuable source of
inspiration for new drug synthesis [14,66–68], such as the marine-inspired potent kinase
inhibitors with antiproliferative activities described by [69]. NPs can also be used to
chemically modify the molecular structure of existing drugs to improve their activity or
pharmacokinetics properties. For example, Neganova et al. [70] found that the conjugation
of sesquiterpene lactones, extracted from Inula helenium L. (Asteraceae), reduced the side
effects of antitumoral canthracycline antibiotics.

In conclusion, the articles published in this Special Issue underline the advances and
opportunities in using NPs in drug discovery. Several works show NPs’ key role in a
wide array of biological activities, such as maintaining tissue integrity, regulating immune
responses, and influencing complex processes in human diseases. Their current limitations
and promising strategies to design and identify novel molecules are also discussed.

Author Contributions: Conceptualization, L.Q., L.C. and O.N.; writing—original draft preparation,
L.Q.; writing—review and editing, L.C. and O.N. All authors have read and agreed to the published
version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: (1) Background: Osteoarthritis (OA) is a crippling condition characterized by chondrocyte
dedifferentiation, cartilage degradation, and subsequent cartilage defects. Unfortunately, there is a
lack of effective medicines to facilitate the repair of cartilage defects in OA patients. In this study, we
investigated the role of lncRNA NEAT1_2 in maintaining the chondrocyte phenotype and identified
tanshinone IIA(TAN) as a natural medicine that enhances NEAT1_2 levels, resulting in efficient
cartilage regeneration under inflammatory cytokines. (2) Methods: The transcriptional levels of
NEAT1_2 and cartilage phenotype-related genes were identified by RT-qPCR. The siRNA interference
approach was utilized to silence NEAT1_2; the Alamar Blue assay was performed to determine
chondrocyte viability under inflammatory conditions. To evaluate the concentrations of collagen type
II and glycosaminoglycans distributed by chondrocytes in vitro and in vivo, immunohistochemical
staining and Safranin O staining were used. (3) Results: IL-1β suppresses NEAT1_2 and genes related
to the chondrocytic phenotype, whereas TAN effectively upregulates them in a NEAT1_2-dependent
manner. Consistently, TAN alleviated chondrocyte oxidative stress inhibited cartilage degradation by
modulating the relevant genes and promoted efficient cartilage regeneration in vitro and in vivo when
chondrocytes are exposed to inflammatory cytokines. (4) Conclusions: TAN enhances the expression
of NEAT1_2 inhibited by IL-1β and affects the transcription of chondrocytic phenotype-related genes,
which promotes cartilage regeneration in an inflammatory environment.

Keywords: osteoarthritis; tanshinone IIA; NEAT1_2; cartilage defects repair; inflammatory

1. Introduction

Osteoarthritis (OA) is a prevalent degenerative joint disease that threatens millions
of patients, and it involves various histological lesions around the infrapatellar fat pad
and synovium, periarticular muscles, ligaments, subchondral bone, and especially artic-
ular cartilage [1,2]. Compared with other tissues, articular cartilage mainly consists of
chondrocytes and the large amount of extracellular matrix (ECM) which they produce.
Chondrocytes are responsible for maintaining the balance between ECM anabolism and
catabolism. However, numerous factors such as inflammatory cytokines, abnormal mechan-
ical stimuli, chondrocyte apoptosis, and oxidative stress disrupt chondrocyte physiology
and the balance of matrix transitions, which in turn leads to matrix loss and tissue degen-
eration, resulting in OA [3,4]. The inflammatory cytokines, especially interleukin (IL)-1β
and tumor necrosis factor-α (TNF-α), play a dominant role in the process of chondrocyte
dedifferentiation. They downregulate chondrocytic phenotype-related genes such as SRY-
Box Transcription Factor 9 (SOX9) and Aggrecan (ACAN) genes as well as collagen type
II (COLII), contributing to the dedifferentiation of chondrocytes and subsequent cartilage
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defects [5]. Currently authorized therapies are still primarily concerned with symptomatic
alleviation. Consequently, there is an urgent requirement to further comprehend the role of
inflammation in the development and progression of OA, as well as to develop medical
treatments to repair OA cartilage defects.

Tanshinone IIA (TAN) is a lipophilic diterpene extracted from Salvia miltiorrhiz Bunge,
a herbal medicine with many active ingredients, which has anti-inflammatory [6], antioxi-
dant [7], and vascular endothelial cell-protective properties [8]. It has been suggested that
TAN is effective in the treatment of chronic inflammatory diseases [9–12]. For instance,
the treatment of OA in SD rats with TAN resulted in a significant decrease in Mankin’s
score (p < 0.002), a significant decrease in the levels of inflammatory factors such as IL-1β,
TNF-α and inducible nitric oxide synthase (iNOS) in the serum of rats, and effective relief of
OA symptoms [9]. TAN restricts the proliferation, migration, and invasion of rheumatoid
arthritis (RA) fibroblast-like synoviocytes and effectively inhibits the increases in some
matrix metalloproteinases and pro-inflammatory factors induced by TNF-α, thereby sup-
pressing the inflammatory response and preventing knee joint destruction [10]. TAN resists
the damage to chondrocytes by inflammatory stimuli and maintains their activities [11].
Moreover, TAN promotes the proliferation of chondrocytes and enhances the regeneration
of cartilage tissue in vitro and in vivo [12]. It seems like that TAN may influence the cellular
response to inflammatory-caused stress via regulating the expression of related proteins
and ncRNAs.

Publications suggest that long noncoding RNAs (lncRNAs) play essential roles in OA,
and bioactive small molecules, like TAN, may alter the expression of lncRNAs, including
MALAT1, PVT1, HOTAIR, H19, and NEAT1 [13,14]. Nuclear-enriched abundant transcript
1 (NEAT1) plays an essential role in the advancement of several diseases, particularly
inflammation [15–17]. Recently, lncRNA NEAT1 has been implicated in the regulatory
processes of OA [18,19]. NEAT1_2 is one of the two heterodimeric transcripts of NEAT1, which
serves a structural biological function as the core backbone of paraspeckles that participate in
various cellular stress responses [20]. Hence, it is worth testing whether the bioactivity of TAN
links with the expression of NEAT1_2 to maintain the cartilage phenotype.

In this study, we investigated how TAN influences the phenotype of chondrocytes in an
inflammatory environment and prevents chondrocytes from oxidative stress and apoptosis
induced by inflammatory stimuli. To explore the potential therapeutic implications, we
also examined whether TAN affects cartilage regeneration through histological staining
both in vivo and in vitro.

2. Materials and Methods

2.1. Cell Separation and Culture

The animal experiments involved in this study were approved by the Experimental
Animal Ethics Committee, The Second Xiangya Hospital, Central South University, China.
Rabbit chondrocytes were isolated from the articular cartilage of legs, which were obtained
from New Zealand white rabbits (1-week-old, Hunan Slake Kingda Laboratory Animal
Co., Changsha, China). Briefly, rabbit cartilage tissues were washed three times with
PBS containing 1% antibiotics and digested with trypsin (Sangon Biotech (Shanghai) Co.,
Shanghai, China) at 37 ◦C for 30 min to remove other tissues and cells. Then, cartilage
was cut into 1 mm3 pieces, and these pieces were digested with 0.2% collagenase II (Gibco,
Carlsbad, CA, USA) at 37 ◦C for 8 h. Afterward, the digested cartilage pieces were filtered
through a strainer and transferred to cell culture dishes for further incubation.

The human-derived chondrocytes were a gift from Dr Fang Bairong of the Second
Xiangya Hospital of Central South University. Chondrocytes were extracted as described
above. The chondrocytes and chondrosarcoma cells (SW1353) (Institute of Biochemistry
and Cell Biology, Shanghai, China) were cultured in DMEM high glucose culture medium
containing 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) and 1% dual antibodies (peni-
cillin/streptomycin sulfate) at 37 ◦C. Cells were all treated in the exponential growth phase.
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2.2. Preparation of Silk Fibroin Scaffolds and TAN-Loaded Silk Fibroin Scaffolds

Silk fibroin scaffolds and TAN-loaded silk fibroin scaffolds were prepared according to
the methods in our published publications and the experimental steps were optimized [12].
Specifically, adding 0.02 M Na2CO3 solution over the cocoon boiling for 30 min, adding
distilled water at 75 ◦C to wash twice, then drying the silk at 60 ◦C to a constant weight.
LiBr solutions were added to dissolve the silk. The mixture should be dialysis and then
centrifugation. Eventually, the collected silk protein supernatant was stored at 4 ◦C.

TAN (purity 98%, Aladdin, Shanghai, China) was dissolved in anhydrous ethanol and
combined with the prepared silk fibroin solution to provide final TAN concentrations of 0, 5,
10, 20, and 40 μg/mL. The mixture was added into each well of a 96-well cell culture plate
to reach the depth of 2 mm, and then frozen at −20 ◦C for 6 h, then transferred to −2 ◦C
for 48 h. Following freezing, samples were lyophilized for 24 h to obtain TAN-loaded silk
fibroin scaffolds and silk fibroin scaffolds. These scaffolds were named SF, SF/T5, SF/T10,
SF/T20, and SF/T40, respectively, according to the concentration of TAN before mixing.

2.3. Characterization and Biocompatibility of TAN-Loaded Silk Fibroin Scaffolds
2.3.1. SEM

Scanning electron microscopy (SEM) was used to observe the microscopic morphology
of tested samples (FEI Quanta 200, FEI Company, Hillsboro, OR, USA). The pore size
distribution of the samples is also counted based on the microcosmograms.

2.3.2. Drug Release Properties of TAN-Loaded Silk Fibroin Scaffolds

To determine the TAN release capacity of the TAN-loaded silk fibroin scaffolds, the
samples were incubated in PBS solution at pH 7.4 for 35 days and the supernatants were
collected. The cumulative release of TAN was measured by UV spectrophotometry (UV2600,
Shimadzu, Japan).

2.3.3. Cell Proliferation Assays

Rabbit chondrocytes (1 × 105) were inoculated on every tested sample. The prolif-
eration of chondrocytes was evaluated by Alamar Blue assay [21], which was cultured
in culture medium with different influence factors for 1, 3, 5, and 7 days. The reduction
rate measured on the first day was normalized to characterize the proliferation ploidy of
chondrocytes in this study.

2.4. Isolation and Extraction of Total RNA

Chondrocytes and SW1353 cells were incubated with normal culture medium and
total RNA was extracted as the control samples. SW1353 cells and chondrocytes were
cultured with culture medium, which contained 10 ng/mL IL-1β, for 24 h, then the proper
volume of TAN solution was added into this IL-1β-containing culture medium (to obtain a
final concentration of 2 μg/mL) to incubate these cells for 6 h, 12 h, 24 h, and 48 h.

We divided the TAN-loaded silk fibroin scaffolds into normal and inflammation
groups according to the culture medium. The samples in the normal group were incubated
with normal medium for 10 days. Samples of the inflammatory group were cultured in
normal medium for 3 days and then cultured in medium containing 10 ng/mL IL-1β and
10 ng/mL TNF-α for 7 days.

We lysed the cells using Trizol (Invitrogen, Carlsbad, CA, USA) to extract total RNA
and reverse transcription of total RNA with a reverse transcription kit (K1683, Thermo
Scientific, Waltham, MA, USA). Following that, the samples were subjected to reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) and used the gene of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the control. The relevant primer
sequences are listed in Tables 1 and 2.
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Table 1. Primer sequence for RT-qPCR in humans.

Gene 5′-3′ Primer

GAPDH
forward TTCGACAGTCAGCCGCATCTTCTT
reverse GCCCAATACGACCAAATCCGTTGA

NEAT1_2
forward GGCCAGAGCTTTGTTGCTTC
reverse GGTGCGGGCACTTACTTACT

COLII
forward TCACGTACACTGCCCTGAAG
reverse TGACCCTCAAACTCATGCCTC

COLI
forward GGCAACAGCAGGTTCACTTAC
reverse AGTTAGAACCCCCTCCATCCC

ACAN
forward TCGTGGTGAAAGGTGAGAGC
reverse CGTGGAGGAGCTGGTTTGAA

SOX9
forward ACTCGCCCCAACAGATCGCC
reverse GCTGGAGTTCTGGTGGTCGGTG

Table 2. Primer sequence for RT-qPCR in rabbits.

Gene 5′-3′ Primer

GAPDH
forward TTGTCGCCATCAATGATCCAT
reverse GATGACCAGCTTCCCGTTCTC

SOX9
forward GCGTCAACGGCTCCAGCAAGA
reverse GCGTTGTGCAGGTGCGGGTAC

COLII
forward GAGAGCCTGGGACCCCTGGAA
reverse CGCCTCCAGCCTTCTCGTCAA

COLI
forward CTAGCCACCTGCCAGTCTTTA
reverse GGACCATCATCACCATCTCTG

ACAN
forward GCTGCTACGGAGACAAGGATG
reverse CGTTGCGTAAAAGACCTCACC

MMP1
forward TTCCAAAGCAGAGAGGCAATG
reverse CACCTGGGTTGCTTCATCATC

MMP3
forward GTGATACGCAAGCCCAGGTGT
reverse CTCTTGGCAGATCCGGTGTGT

MMP13
forward GTCTTCTGGCTCACGCTTTTC
reverse GGCAGCAACGAGAAACAAGTT

iNOS
forward GCTGGAGCTGAAGTGGTACGC
reverse CTCCGATCTCTGTGCCCATGT

APAF
forward TCGTGGTCTGCTGATGGTGCT
reverse TGCTGTTACGGCCTGTTTGGA

SOD2
forward CAGAAGCACAGCCTCCCCGAC
reverse CCGTGGCGTTCAGGTTGTTCA

COX2
forward CCATTGACCAGAGCAGGCAGA
reverse CTCGGCAGCCATCTCCTTCTC

Bcl-2
forward CGGAAGGGACTGGACCAGAGA
reverse GCTGTCATGGGGATCACCTCC

CASP3
forward AAGCCACGGTGATGAAGGAGT
reverse TCGGCAAGCCTGAATAATGAA

Nrf 2 forward ATTCTTTCGGCAGCATCCTCT
reverse CTGGGTTCAGCTATGAAGGCA

SOD1
forward GCACGGATTCCATGTCCACCA
reverse TCACATTACCCAGGTCGCCCA

Abbreviation: GAPDH: glyceraldehyde-3-phosphate dehydrogenase; COL II: Collagen type II; COL I: Collagen
type I; ACAN: Aggrecan; SOX9: SRY-Box Transcription Factor 9; MMP1: Matrix metallopeptidase 1; MMP3:
Matrix metallopeptidase 3; MMP13: Matrix metallopeptidase 13; iNOS: Inducible nitric oxide synthase; APAF:
Apoptotic peptidase activating factor; SOD2: Superoxide dismutase 2; COX2: Cyclooxygenase-2; Bcl-2: B-cell
lymphoma-2; CASP3: Caspase 3; Nrf 2: Nuclear factor erythroid 2-related factor 2; SOD1: Superoxide dismutase 1.
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2.5. Small Interfering RNA (siRNA) Transfection

To investigate how lncRNA NEAT1_2 influences the chondrogenic phenotype under
the stress of inflammatory factors, SW1353 cells were transfected with a small interfering
RNA targeting NEAT1_2 or with a control siRNA to silence NEAT1_2. Lipofectamine 2000
reagent (Invitrogen, Carlsbad, CA, USA) was employed to transfect SW1353 cells. After
24 h of IL-1β stimulation, we added culture medium containing TAN and IL-1β for 24 h
and collected treated SW1353 cells. Total RNA was extracted from collected cells for further
analysis.

2.6. Cartilage Regeneration Evaluation In Vitro and In Vivo

To evaluate the efficiency of cartilage regeneration, we ribbit inoculated chondrocytes
(2 × 106) on the scaffolds and then cultured them for 2 or 4 weeks. Following incubation,
samples were sliced and treated with hematoxylin and eosin (H&E) (Solarbio, Beijing,
China) and safranin-O (SO) (Solarbio, Beijing, China) staining. The glycosaminoglycan
(GAG) contained in samples was quantified using the colorimetric method of dimethyl
methylene blue (DMMB).

To test the efficiency of cartilage regeneration in vivo, ribbit chondrocytes were seeded
on the scaffolds and were cultured in vitro for 3 days. All tested samples were incubated
with medium containing IL-1β and TNF-α for one week. A total of 9 nude mice (6 weeks
old, males, Hunan Slake Kingda Laboratory Animal Co., Changsha, China) were assigned
randomly, and then the sample was implanted subcutaneously into each mouse. The
implanted samples were collected 4 weeks after surgery. After a gross morphological
examination was carried out, histological analysis (H&E, SO, and immunohistochemistry
of type II collagen) of each sample was performed to assess the efficiency of cartilage
regeneration in vivo.

2.7. Statistical Analysis

All data in this study are expressed as the standard deviation (mean ± SD.) and are
obtained from at least three independent samples or experiments (n ≥ 3). Differences
between groups were statistically assessed using one-way analysis of variance (ANOVA)
or Student’s t-test. Statistical analyses were performed by GraphPad Prism version 8.0
(GraphPad Software, San Diego, CA, USA). The significant differences were judged at the
p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results

3.1. Under IL-1β Caused Stress TAN Upregulates the Expression of NEAT1_2

It was suggested that as the backbone of paraspeckles NEAT1_2 is involved in the
cellular replication stress response, possibly including the cellular response to inflammatory
factors [22,23]. We speculated that the dedifferentiation of chondrocytes in OA patients
may relate to the alteration of NEAT1_2. By using human chondrocytes, with incubation
with IL-1β, the level of NEAT1_2 was significantly reduced (Figure 1A). Since human
chondrocytes can be cultured for limited generation, the level of NEAT1_2 significantly
declined under IL-1β-caused stress in a chondrosarcoma cell line (Figure 1B), SW1353,
which will be used as the model to carry out further investigation. Based on publications, it
seems likely that bioactive small molecules, which are purified from plants or herbs that
are used to treat OA, may influence the expression of NEAT1_2 [24,25]. Interestingly, it has
been revealed that TAN significantly upregulates NEAT1_2 in chondrocytes in response to
IL-1β-caused stress (Figure 1C,D).
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Figure 1. TAN upregulates NEAT1_2 transcription in response to IL-1β stimulation. The relative RNA
level of NEAT1_2 in chondrocytes (A) and SW1353 (B) under IL-1β stimulation, and the relative RNA
level of NEAT1_2 in chondrocytes (C) and SW1353 (D) after IL-1β combined with TAN treatment.
Values were normalized, and the RNA expression levels in untreated cells were set to 1. The data
were obtained from 3 independent experiments (n = 3), and the error bars indicate SD. * p < 0.05,
** p < 0.01, *** p < 0.001, by two-tailed Student’s t-test. NC: normal culture medium; IL-1β: culture
medium containing IL-1β; IL-1β + TAN: culture medium containing IL-1β and tanshinone IIA.

3.2. TAN Enhances the Transcription of Chondrocyte Phenotype Genes by Upregulating NEAT1_2
Expression under IL-1β Caused Stress

Given that NEAT1_2 is known to be involved in cellular responses to different types
of stress, it is plausible to consider that TAN may potentially upregulate NEAT1_2 under
IL-1β-induced stress, leading to an increase in the transcription of genes associated with
the chondrocytic phenotype. In the case of IL-1β-caused stress, the mRNA level of SOX9,
ACAN, and the COL II/COL I ratio in cells were significantly increased following incubation
with TAN (Figure 2A–C). To investigate whether IL-1β caused stress in the upregulation of
SOX9, ACAN, and the COL II/COLI ratio directly related to the TAN-induced upregulation
of lncRNA NEAT1_2, an additional siRNA was used to knockdown NEAT1_2 in the same
condition (Figure S1). It was displayed that with the knockdown of NEAT1_2 expression,
TAN lost the capacity to upregulate SOX9, ACAN, and the COL II/COL I ratio under
IL-1β-caused stress (Figure 2D–F).
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Figure 2. The relative RNA level of genes listed and the ratio of COL II/COL I. (A) The relative RNA
level of ACAN in the cases indicated; (B) the relative RNA level of SOX9 in the cases indicated; and
(C) the ratio of COL II/COL I in the cases indicated. (D) The ACAN level following IL-1β alone
and IL-1β combined with tanshinone IIA treatment in cells indicated; (E) the SOX9 level following
IL-1β alone and IL-1β combined with tanshinone IIA treatment in cells indicated; (F) the ratio of
COL II/COL I following IL-1β alone and IL-1β combined with tanshinone IIA treatment in cells
indicated. Values were normalized, and the RNA expression levels in untreated cells (control) were
set to 1. The data were obtained from 3 independent experiments (n = 3). * p < 0.05, ** p < 0.01,
*** p < 0.001, one-way analysis of variance. NC: normal culture medium; IL-1β + TNF-α: culture
medium containing IL-1β and TNF-α; IL-1β + TNF-α + TAN: culture medium containing IL-1β,
TNF-α, and tanshinone IIA.

3.3. Preparation and Characterization of TAN-Loaded SF Scaffolds for Further Investigation

To achieve continuous exposure of chondrocytes to TAN and considering that the
two-dimensional culture on cell culture plates is not suitable for long-term maintenance
of the chondrocyte phenotype, which hinders the evaluation of cartilage regeneration, we
established a TAN-loaded SF scaffold model to further our research. The SF and SF/T40
scaffolds revealed an internally interconnected three-dimensional porous structure in SEM
images (Figure 3A). There was no significant difference in the pore size distributions of
SF and SF/T40, which were all in the range of 60–120 μm (Figure 3A). It is demonstrated
that the addition of TAN had no effect on the pore size of the scaffolds, and the range of
the pore size was appropriate for chondrocyte migration and nutrient transport. After 35
days of cumulative drug release testing, all samples sustained TAN release; specifically, TAN
release was rapid during the pre-culture period, reaching an inflection point after 7 days and a
plateau TAN concentration in PBS solution after 28 days (Figure 3B). In addition, the cumulative
release of TAN over time is also presented in Table S1. It is suggested that TAN-loaded SF
scaffolds revealed the ability to gently release TAN while continually protecting the chondrocyte
phenotype for cartilage repair during inflammatory factors incubation.

To verify the effect of inflammatory factors on chondrocyte proliferation, the culture
medium containing IL-1β and TNF-α was used to treat chondrocytes seeded on SF scaffolds
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for 7 days. The data displayed that IL-1β combined with TNF-α significantly inhibited the
proliferation of chondrocytes (Figure 3C), implying that the combination of IL-1β and TNF-α is
suitable for representing the inflammatory factors of OA patients influencing chondrocytes.

Figure 3. Preparation and characterization of SF scaffolds and TAN-loaded SF scaffolds. (A) Scanning
electron microscope micrograph of SF and SF/T40. (B) Cumulative release of TAN from TAN-loaded
silk fibroin scaffold in PBS (pH = 7.4) at 37 ◦C. (C) Proliferation rates of chondrocytes grown on silk
fibroin scaffolds incubated with normal culture medium and IL-1β along with TNF-α containing
culture medium, respectively (n = 4). The data were obtained from at least 3 independent experiments
(n = 3). *** p < 0.001, by two-tailed Student’s t-test.

3.4. TAN Upregulates the Transcription of Genes Facilitating Cartilage Regeneration under
Inflammatory Factors Induced Stress

Whether TAN releasing from TAN-loaded SF scaffolds similarly affects adhered chon-
drocytes was validated by using rabbit chondrocytes, since SW1353 is a cancer cell, which
is not suitable for testing cartilage regeneration. Following incubation with the culture
medium containing IL-1β and TNF-α for 7 days, SOX9, ACAN, and the COLII/COL I
ratio were significantly downregulated, which is consistent with results obtained from
cell culture plates (Figure 4A–C). Compared with chondrocytes seeded on SF scaffolds, in
chondrocytes adhered on TAN-loaded SF scaffolds, the transcript levels of SOX9, ACAN, and
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the COLII/COL I ratio were significantly upregulated by TAN following incubation with the
culture medium containing IL-1β and TNF-α. Within these TAN-loaded SF scaffolds, which
were SF/T5, SF/T10, SF/T20, and SF/T40, the SF/T40 scaffold displayed the highest influence
on genes transcriptional regulation in chondrocytes with the induction of IL-1β and TNF-α
(Figure 4A–C). Hence, the SF/T40 scaffold was selected for further investigation.

The maintenance of the chondrocyte phenotype by TAN may also be achieved by
influencing the transcription of other cartilage-related genes, and the transcription of genes
related to cartilage extracellular matrix degradation was detected with the same treatment
applied to chondrocytes. Under IL-1β and TNF-α caused stress, the transcription of COX-2
was significantly upregulated, and the enhanced expression of COX-2 subsequently pro-
motes the secretion of matrix metalloproteinases (MMPs), which degrade the extracellular
matrix of cartilage tissue (Figure 4D). With the induction of IL-1β and TNF-α, the transcript
levels of MMP1, MMP3, and MMP13 in chondrocytes were significantly upregulated, and
TAN significantly suppressed the transcript levels of MMP1, MMP3, and MMP13 in cells
adhered on SF/T40 scaffolds compared with those on SF scaffolds (Figure 4E–G).

Figure 4. TAN influences the transcription of genes related to chondrogenesis and cartilage degra-
dation in response to inflammatory stimuli. (A) ACAN, (B) SOX9, (C) the ratio of COLII/COLI,
(D) COX2, (E) MMP1, (F) MMP3, (G) MMP13. The data were obtained from at least 3 independent
experiments (n = 3), ** p < 0.01, *** p < 0.001, by two-tailed Student’s t-test. NC: normal culture
medium; IL-1β + TNF-α: culture medium containing IL-1β and TNF-α; IL-1β + TNF-α + TAN:
culture medium containing IL-1β, TNF-α, and tanshinone IIA.

3.5. TAN Attenuates the Aggravation of IL-1β and TNF-α Induced Stress and Inhibits Apoptosis
in Chondrocytes

Following chondrocyte exposure to IL-1β and TNF-α, the transcription of Nrf2, SOD1,
and SOD2 were substantially repressed in chondrocytes and iNOS was significantly up-
regulated (Figure 5A). Similarly, the IL-1β and TNF-α-caused suppression of Nrf2, SOD1,
and SOD2 was significantly reversed by TAN, which reduces the oxidative stress for cells.
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The significant upregulation of iNOS induced by IL-1β and TNF-α was declined by TAN,
implying that it blocked the aggravation of stress in cells.

Meanwhile, TNF-α may cause apoptosis of chondrocytes, and whether TAN works in
suppressing chondrocyte apoptosis in response to the stimuli of IL-1β and TNF-α was tested
with the same method. (Figure 5D–F). In contrast to chondrocytes seeded on the SF scaffold,
the transcription of Bcl-2 was upregulated by TAN in cells adhered to SF/T40 scaffolds. The
transcription of CASP3, CASP10, and APAF was significantly upregulated in chondrocytes
following IL-1β and TNF-α induction, but in the same conditions, upregulation of CASP3,
CASP10, and APAF was significantly reduced by TAN, which may inhibit the initiation and
progress of apoptosis.

Figure 5. TAN affects the transcription of oxidative stress- and apoptosis-related genes in response
to inflammatory stimuli. (A) Nrf2, (B) SOD1, (C) SOD2, (D) iNOS, (E) Bcl-2, (F) APAF, (G) CASP3,
and (H) CASP10. The data were obtained from at least 3 independent experiments (n = 3). * p < 0.05,
** p < 0.01, *** p < 0.001, by two-tailed Student’s t-test. NC: normal culture medium; IL-1β + TNF-α:
culture medium containing IL-1β and TNF-α; IL-1β + TNF-α + TAN: culture medium containing
IL-1β, TNF-α, and tanshinone IIA.

3.6. TAN Promotes Cartilage Regeneration In Vitro following the Induction of IL-1β and TNF-α

Based on all results described above, TAN maintains the chondrocytic phenotype of
chondrocytes and keeps chondrocytes alive and active under IL-1β and TNF-α caused
stress, suggesting that TAN promotes cartilage regeneration even in a circumstance with the
presence of inflammatory factors. To confirm this hypothesis, samples with seeded chon-
drocytes were incubated with a culture medium containing IL-1β and TNF-α for 1 week,
and then, two or four weeks of incubation with a normal culture medium was applied.
Samples, which were SF-normal scaffolds with seeded chondrocytes, were incubated with
a normal culture medium for 5 weeks and were regarded as the positive control.
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After 5 weeks of incubation with a normal culture medium, many living chondrocytes
and specific glycosaminoglycan (GAG) deposition were observed, indicating that cartilage
tissue was regenerated (Figure 6A,D,G,J,M). With IL-1β and TNF-α induction for 1 week, it
seems that barely any cartilage tissue was generated resulting from extremally low GAG
deposition (Figure 6B,E,H,K,N).

Figure 6. TAN promotes cartilage regeneration in vitro. Gross morphology (A–C), H&E staining
(D –I), SO staining (J–O) and GAG content (P) of samples (n = 3) after 4 weeks of in vitro culture
following IL-1β and TNF-α stimuli for 1 week. (‘+’ indicates addition of IL-1β + TNF-α to the culture
environment. Green arrows indicate scaffolds. The red box is the corresponding zoom area). The data
were obtained from at least 3 independent experiments (n = 3). * p < 0.05, ** p < 0.01, by two-tailed
Student’s t-test.
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With the assistance of TAN, the GAG deposition nearly covered the area of samples,
demonstrating that chondrocytes maintained their phenotype and were able to generate
cartilage tissue following the induction of IL-1β and TNF-α for 1 week (Figure 6C,F,I,L,O).
Furthermore, the deposition of GAG in every sample was quantified, by which the efficiency
of cartilage tissue regeneration can be roughly estimated. Without disturbing with IL-
1β and TNF-α for 1 week, the GAG content was 1.42 ± 0.14 mg/g in positive control
samples after 4 weeks, which was significantly higher than other samples that experienced
IL-1β and TNF-α induction (Figure 6P). The GAG content of samples was dropped to
0.60 ± 0.13 mg/g after these samples were treated with IL-1β and TNF-α induction for
1 week, but with the assistance of TAN, the GAG content in samples significantly increased
to 0.98 ± 0.06 mg/g with the same treatment. Although the GAG deposition in the two-
week samples is not as high as that in the four-week samples, it demonstrates the same
trend (Figure S2).

3.7. TAN Enhances Cartilage Regeneration In Vivo following IL-1β and TNF-α Induction

To verify whether TAN regulates the transcription of genes to facilitate cartilage re-
generation under IL-1β and TNF-α-caused stress in vivo, tested scaffolds seeded with
2 × 106 chondrocytes were implanted into nude mice for 4 weeks following IL-1β and
TNF-α induction for 1 week. During the feeding period, the nude mice showed normal
vital activity and no swelling or inflammation around the samples. Samples were collected
after 4 weeks of subcutaneous implantation, and all samples retained their original shape
(Figure 7A–C). Without IL-1β and TNF-α treatment, chondrocytes were distributed evenly
in the samples (Figure 7D), and efficient cartilage regeneration was observed everywhere
in the samples (Figure 7G,J). Following IL-1β and TNF-α treatment, living chondrocytes
slightly reduced (Figure 7E), but the efficiency of cartilage regeneration dramatically de-
clined, which is inferred from the reduced deposition of GAG and Col II (Figure 7H,K)
compared with samples without IL-1β and TNF-α treatment (Figure 7G,J). However, with
TAN functioning living chondrocytes evenly distributed in samples (Figure 7F), the high
intensity of SO staining and collagen II immunohistochemistry staining reflected that effi-
cient cartilage regeneration happened in samples (Figure 7I,L) despite IL-1β and TNF-α
treatment. In conclusion, with the assistance of TAN, efficient cartilage regeneration can
be achieved under the stress caused by inflammatory factors, suggesting that TAN can be
applied to clinically treat OA patients to repair cartilage defects in the future.
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Figure 7. TAN enhances cartilage regeneration in vivo. Gross morphology (A–C), H&E staining
(D–F), SO staining (G–I), and collagen II immunohistochemistry staining (J–L) of samples after
4 weeks of subcutaneous implantation in nude mice (n = 3) following IL-1β and TNF-α induction for
1 week. (‘+’ indicates addition of IL-1β + TNF-α to the culture environment).

4. Discussion

Increased degradation of cartilage extracellular matrix leading to cartilage defects is a
typical symptom in OA patients, and the key to effective treatment of degenerative OA is
the progressive restoration of damaged articular cartilage [26,27]. There are currently no
approved medicines that have been demonstrated to be effective in repairing defective tis-
sue and delaying the progression of OA. There is accumulating proof that the pathogenesis
of OA has been associated with the generation of pro-inflammatory mediators, cartilage
matrix breakdown, chondrocyte oxidative stress, and apoptosis [28,29]. In this study,
we report that TAN can upregulate the transcription of chondrocytic phenotype-related
genes under inflammatory stress, and this upregulation is likely achieved through lncRNA
NEAT1_2. Moreover, we found that TAN also upregulates other cartilage-related genes to
alleviate chondrocyte oxidative stress and apoptosis and promote cartilage regeneration
both in vitro and in vivo.

According to recent studies, long non-coding RNAs may play a crucial role in the pre-
vention of the development of OA [5,14,30]. In particular, NEAT1 interacts with microRNAs
to influence chondrocyte proliferation, migration, and apoptosis along with extracellular
matrix (ECM) secretion, which in turn affects OA [25,31]. We revealed that NEAT1_2 plays
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a key role in chondrocytes responding to the stress caused by inflammatory factors and
dedifferentiation. Under the stress caused by IL-1β, the level of NEAT1_2 is significantly
reduced, as well as the downregulation of chondrocyte phenotype-related genes like SOX9
and ACAN and the subsequent dedifferentiation of chondrocytes. The SOX9 and ACAN
genes and the collagen type II (COLII)/collagen type I (COLI) ratio as well as the matrix
metalloproteinase gene (MMPs) are mainly associated with the chondrocyte phenotype,
and their alteration implies an imbalance between ECM synthesis and degradation [32].
Interestingly, TAN reversed the transcription of genes related to the chondrocyte pheno-
type under inflammatory stress. Plant-derived active compounds have emerged in recent
years as attractive pharmacological candidates for targeting lncRNAs and attaining disease
treatments by altering lncRNA up- or down-regulation, and TAN is no exception [13,33,34].
Therefore, we knocked down NEAT1_2 by siRNA interference and verified that TAN’s
effect on cartilage phenotypes can be exerted via modifying NEAT1_2.

It has been well documented that IL-1β and TNF-α induce oxidative stress in chondro-
cytes, causing chondrocyte dedifferentiation, apoptosis, and reduced proliferation, which
fundamentally inhibits cartilage regeneration [35]. Nrf2 is a major regulator of oxidative
stress in chondrocytes, and its low expression links with the evolution and deterioration
of OA [36]. In normal chondrocytes, iNOS exhibits a very low expression level, but its
expression is significantly elevated in arthritic chondrocytes, catalyzing NO synthesis, and
generating oxidative stress in cells, leading to further aggravation of joint inflammation [37].
Although the anti-inflammatory and antioxidant properties of TAN have been demon-
strated to be effective in the treatment of neurological diseases as well as chronic diseases
such as cardiovascular and nephritic diseases, only a handful of studies on the therapy of
OA cartilage repair have been reported [38–40]. Our findings suggest that TAN relieved the
oxidative stress by promoting the transcription of Nrf2, SOD1, and SOD2 and repressing the
transcription of iNOS, and initiation and TAN-blocked progress caused the upregulation of
Bcl-2 and downregulation of CASP3, CASP10, and APAF. Altogether, TAN may facilitate
cartilage regeneration by maintaining the chondrocytic phenotype of chondrocytes and
keeping chondrocytes alive and active under TNF-α and IL-1β-caused stress. Further-
more, the results of tissue stain in vitro and in vivo demonstrated that TAN stimulated the
secretion of COLII and GAGs by chondrocytes in response to IL-1β and TNF-α-induced
stress, successfully rescuing the loss of ECM degradation caused by inflammatory stimuli
(Figures 6 and 7).

To sum up, TAN alleviated the imbalance between ECM synthesis and degradation
caused by IL-1β and TNF-α and inhibited the development of apoptosis and oxidative
stress in cartilage chondrocytes, implying that TAN could maintain chondrocyte viability
and promote cartilage regeneration in OA patients, and thus could be a promising drug for
the treatment of OA in the future.

5. Conclusions

In summary, TAN upregulated the expression of lncRNA NEAT1_2 under IL-1β-
caused stress, by which the downregulation of chondrocytic phenotype-related genes
caused by IL-1β induction is significantly reversed and consequently maintains the chon-
drocytic phenotype of chondrocytes. Similarly, TAN inhibits the initiation and progress
of apoptosis of chondrocytes and relieves the oxidative stress under IL-1β and TNF-α-
caused stress by regulating the transcription of related genes. Following IL-1β and TNF-α
induction for 1 week, TAN facilitates efficient cartilage regeneration in vitro and in vivo,
suggesting that it can be an innovative strategy for treating OA patients in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11123291/s1, Figure S1: The efficiency of siRNA
interfering with NEAT1_2 in SW1353 indicated. *** p < 0.001, by two-tailed Student’s t-test. Figure
S2: TAN promotes cartilage regeneration in vitro. Gross morphology (A–C), H&E staining (D–I) and
SO staining (J–O) of samples (n = 3) after 2 weeks of in vitro culture following IL-1β and TNF-α
stimuli for 1 week. (‘+’ indicates addition of IL-1β + TNF-α to the culture environment. Green arrows
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indicate scaffolds. The red box is the corresponding zoom area.) (‘+’ indicates addition of IL-1β +
TNF-α to the culture environment. Green arrows indicate scaffolds. The red box is the corresponding
zoom area.). Table S1: Cumulative release of TAN over time, in mg/L.
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Abstract: The steroid sapogenin diosgenin is a well-known natural product with a plethora of de-
scribed pharmacological activities including the amelioration of T helper 17 (Th17)-driven pathologies.
However, the exact underlying mode of action of diosgenin leading to a dampened Th17 response is
still largely unknown and specific molecular targets have yet to be identified. Here, we show that
diosgenin acts as a direct ligand and inverse agonist of the nuclear receptor retinoic acid receptor
(RAR)-related orphan receptor (ROR)α and RORγ, which are key transcription factors involved in
Th17 cell differentiation and metabolism. IC50 values determined by luciferase reporter gene assays,
employing constructs for either RORγ-Gal4 fusion proteins or full length receptors, were in the low
micromolar range at around 2 μM. To highlight the functional consequences of this RORα/γ inverse
agonism, we determined gene expression levels of important ROR target genes, i.e., IL-17A and
glucose-6-phosphatase, in relevant cellular in vitro models of Jurkat T and HepG2 cells, respectively,
by RT-qPCR (reverse transcription quantitative PCR). Thereby, it was shown that diosgenin leads to a
dose-dependent decrease in target gene expressions consistent with its potent cellular ROR inverse
agonistic activity. Additionally, in silico dockings of diosgenin to the ROR ligand-binding domain
were performed to determine the underlying binding mode. Taken together, our results establish
diosgenin as a novel, direct and dual-selective RORα/γ inverse agonist. This finding establishes a di-
rect molecular target for diosgenin for the first time, which can further explain reported amendments
in Th17-driven diseases by this compound.

Keywords: natural products; steroid sapogenin; diosgenin; anti-inflammatory; RORγ inverse agonists;
RORα inverse agonists; retinoic acid-related orphan receptors; ROR; RORγ; RORα

1. Introduction

Retinoic acid receptor (RAR)-related orphan receptors (RORs) belong to the superfam-
ily of ligand-dependent nuclear receptors with three subtypes expressed in humans: RORα,
-β and -γ. While RORα and RORγ are widely expressed in peripheral tissues, e.g., liver,
skeletal muscle or immune cells, the expression of RORβ is more restricted to the central
nervous system. [1,2] Importantly, RORγ was shown to act as a key transcription factor in
proinflammatory T helper 17 (Th17) cell differentiation, which can be induced downstream
of the signal transducer and activator of transcription (STAT) 3 signaling pathway [3,4]. Fur-
thermore, RORγ acts as a master regulator in hepatic gluconeogenesis, a central process in
the development of metabolic disorders such as type 2 diabetes [5]. Consistent with these
central roles in immunological and metabolic processes, RORγ represents an attractive
molecular drug target, and it was shown that the inhibition of RORγ transcriptional activity
is effective against Th17-mediated conditions [6–8] as well as metabolic pathologies. [5,9]
Apart from RORγ, RORα was also shown to be indispensable for Th17 development as
only deletions of both nuclear receptors completely abolished Th17 differentiation [10]. Fur-
thermore, mice that express a truncated and, thus, dysfunctional mutant of RORα (Rorasg/sg
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“staggerer” mice) were shown to be resistant to diet-induced obesity [11], show impaired
gluconeogenesis in the liver [12], and exhibit increased insulin sensitivity and glucose-
uptake in skeletal muscles [13]. Notably, many target genes, such as glucose-6-phosphatase
(G6PC), were shown to be mutually regulated by RORγ and RORα [14]. Therefore, RORα
represents a promising drug target itself and can be considered as functionally redundant
to RORγ as far as immunological [15] and metabolic [16–18] effects are concerned.

Dioscoreae rhizoma (chinese yam, shānyào, lit. “mountain medicine”) is described in
traditional Chinese medicine to tonify the Qi of lung, spleen and kidney and to nourish
the kidney’s essence [19]. Diosgenin was first discovered in 1937 by Tsukamoto and col-
leagues in Dioscorea tokoro (Dioscoreaceae) and can be found, along with its corresponding
saponins dioscin and protodioscin, in many different Dioscorea species [20,21]. Chemically,
diosgenin belongs to the group of steroid sapogenins consisting of a spirostan scaffold
with a characteristic spiroketal in position 22 and a hydroxy group in position 3 (Figure 1,
bottom), which is glycosylated in the corresponding saponins dioscin and protodioscin
with a trisaccharide (Figure 1, top). The saponin protodioscin is additionally glycosylated
in position 26, resulting in the formation of a hemiketal (Figure 1, top right).

 

Figure 1. Structural formulas of the saponins dioscin and protodioscin (top) and of the sapogenin
diosgenin (bottom).

Starting in the 1940s, diosgenin gained considerable attention due to its versatile
use as a precursor compound for the synthesis of many important steroid hormones, in-
cluding progesterone described by Russell Marker [22] or cortisone by Carl Djerassi [23].
Meanwhile, it became evident that diosgenin exerts many different beneficial pharmaco-
logical activities itself, including antiproliferative, anti-inflammatory, lipid-lowering and
hypoglycemic activities (reviewed in [24,25]). Notably, several recent studies reported
beneficial effects of diosgenin and its saponin dioscin in Th17-mediated diseases such as
experimental autoimmune encephalomyelitis [26] or collagen-induced arthritis [27–29]
where they could effectively suppress Th17 cell differentiation and ameliorate disease
severities. Thus far, these studies attributed these beneficial effects to a reduction in STAT3
expression levels [26], its phosphorylation state [28] and/or to reduced expression lev-
els of the downstream transcription factor RORγ [27,29]. Furthermore, in some studies
diosgenin effectively reduced the protein expression of the RORγ target gene interleukin
(IL)-17 [3] both in vitro and in vivo. [29,30] These particular studies were performed in
isolated primary murine T lymphocytes from collagen-induced arthritis (CIA) or experi-
mental autoimmune encephalomyelitis (EAE) disease models as well as in a keratinocyte
(HaCaT) cell line. [29,30] Taken together, the data collected in previous studies led us to the
hypothesis that diosgenin may not only act via reduction of RORγ expression as already
demonstrated before (e.g., by inhibition of STAT3 signaling) but also as a direct ligand of
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RORγ. This premise was further fueled by the high structural similarity between diosgenin
and other reported natural RORγ inhibitors (reviewed in [31]).

To answer this question and to gain a better overall understanding of the pharmacol-
ogy of diosgenin, we studied its effects on RORγ using in vitro and in silico techniques
(Figure 2).

Figure 2. Graphical scheme of the study approach. First, the direct binding of diosgenin to the RORγ
(and subsequently the RORα) LBD was examined using RORα/γ-Gal4 luciferase assays. The inverse
agonistic activity elucidated via the Gal4 assays was subsequently confirmed using full-length RORγ
luciferase assays. Then, cytotoxicity and potential off-target effects were excluded using resazurin
and nuclear receptor-Gal4 assays, respectively. Finally, changes in target gene expression of RORγ
target genes in functional cellular models were studied. In silico prediction of diosgenin’s binding
mode was performed by employing molecular docking.

2. Materials and Methods

2.1. Cell Lines, Plasmids and Chemicals

Human embryonic kidney 293 (HEK293) and hepatoma G2 (HepG2) cells were pur-
chased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Jurkat
T cells were a kind gift from Manfred Ogris (Department of Pharmaceutical Sciences,
University of Vienna, Vienna, Austria). Dulbecco’s modified Eagle medium (DMEM),
Eagle’s minimum essential medium (EMEM), Roswell Park Memorial Institute Medium-
1640 (RPMI-1640), L-glutamine and penicillin–streptomycin mixtures were obtained from
Lonza (Basel, Switzerland). Fetal bovine serum (FBS) was acquired from biowest (Nu-
aillé, France). Trypsin, the High-Capacity cDNA Reverse Transcription Kit, Lipofectamine
LTX Reagent with PLUS Reagent, and Lipofectamin 3000 were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Enhanced green fluorescent protein (pEGFP-N1)
was obtained from Clontech (Mountain View, CA, USA). All other plasmids—the RORγ-
ligand-binding-domain (LBD)-Gal4-DNA-binding domain fusion construct (RORγ-Gal4),
tk(MH1000)4xLuc, farnesoid X receptor (FXR)-Gal4, liver X receptor (LXR)-α/β-Gal4,
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peroxisome proliferator-activated receptor (PPAR)-γ-Gal4, retinoid X receptor (RXR)-α/β-
Gal4, murine retinoic acid receptor (mRAR)-α-Gal4, RORα/β-Gal4, full-length RORγ
transcript variant 1 (RORγV1) and ROR-response element (RORE)-Luc—were kindly made
available by providers listed in Table S1. Primers for IL-17A and G6PC were synthesized at
Microsynth (Balgach, Switzerland). Primers for Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) and beta actin were acquired from Qiagen (Hilden, Germany). The Cell
Activation Cocktail (without Brefeldin A) was purchased from Bio-Legend (San Diego,
CA, USA). The innuPREP RNA Mini Kit 2.0 was obtained from Analytik Jena (Jena, Ger-
many). The GoTaq Green Master Mix and the 5X reporter lysis buffer were purchased from
Promega (Fitchburg, WI, USA). Ethanol (EtOH) 96% and ethylenediaminetetraacetic acid
(EDTA) were obtained from Carl Roth (Karlsruhe, Germany). Diosgenin, SR2211, resazurin
sodium salt, digitonin, T0901317, GW4064, GW3965, rosiglitazone, bexarotene and all-trans
retinoic acid (ATRA) were acquired from Sigma-Aldrich (St. Louis, MO, USA). Dioscin and
protodioscin were purchased from Biomol (Hamburg, Germany). Catalog numbers of all
commercially obtained materials are listed in Table S2.

2.2. Cell Culture

HEK293 cells, Jurkat T cells and HepG2 cells were cultured in complete DMEM,
RPMI-1640 and EMEM, respectively, which were supplemented with 10% FBS, 2 mM
glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin at 37 ◦C and 5% CO2. Cells
were passaged every 2–3 days and only used up to passage number 30. Cell number and
viability were determined using an automated cell counter (Vi-CELL™ XR Cell Viability
Analyzer, Beckmann Coulter GmbH, Krefeld, Germany). For some experiments, media
supplemented with 5% charcoal-stripped FBS (stripped media) were used.

2.3. Luciferase Assays

For luciferase assays, 6 × 106 HEK293 cells were seeded on 150 mm cell culture dishes
and incubated for five hours. Afterwards, cells were transfected by calcium phosphate
co-precipitation using 5 μg of the nuclear receptor (RORγ-Gal4 or full-length RORγ), 5 μg
of a luciferase reporter (tk(MH1000)4xLuc for RORγ-Gal4 experiments or RORE-Luc for
full-length RORγ experiments) and 3 μg pEGFP-N1 (for assessing transfection efficiency)
plasmid DNA and incubated overnight.

For selectivity tests, 5 μg of different nuclear receptor-Gal4 constructs (RORα/β, FXR,
LXRα/β, PPARγ, RXRα/β and mRARα) were transfected together with tk(MH1000)4 ×
Luc and eGFP, as described before.

On the following day, the medium was changed, and cells were further incubated
for another four to five hours before adding trypsin/EDTA to detach them from dishes.
Complete DMEM was added to stop trypsinization, and cell suspensions were centrifuged
at 410× g for four minutes. Cell pellets were resuspended in stripped DMEM and seeded
at a density of 5 × 104 viable cells per well in a 96-well plate before treatment with the
vehicle control (0.096% EtOH), respective positive controls or diosgenin at the indicated
concentrations for 18 h. Subsequently, cells were lysed using 5X reporter lysis buffer
and luminescence and fluorescence values were measured using a spectrophotometer
(Tecan Group AG, Männedorf, Switzerland). Relative luminescence units (RLU) were
normalized to relative fluorescence units (RFU) and subsequently normalized to the vehicle
control EtOH 0.096% (set to 1.0). Results are expressed as fold activations relative to the
vehicle control.

2.4. Resazurin Conversion Assay

To check the metabolic activity of cells correlating with cell viability, cells were treated
with the vehicle control (EtOH), digitonin at 50 μg/mL (positive control for cytotoxicity)
or test compounds (diosgenin, dioscin or protodioscin) at the indicated concentrations for
18 h. The next day, the medium was carefully removed and replaced with stripped DMEM
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containing 10 μg/mL resazurin sodium salt. Cells were incubated for five hours before
RFU values were measured at λem = 590 nm using a spectrophotometer.

2.5. Determination of Target Gene Expression by RT-qPCR

For reverse transcription quantitative PCR (RT-qPCR) experiments, 3 × 105 Jurkat T
cells or 5 × 105 HepG2 cells per well were seeded on a 48 or a 6-well plate, respectively. For
Jurkat T cells, 0.5 μg of full-length RORγ plasmids were transfected using Lipofectamine
LTX Reagent with PLUS Reagent according to the manufacturer’s instructions. For HepG2
cells, 2.5 μg of full-length RORγ plasmids were transfected using Lipofectamine 3000
according to the manufacturer’s instructions. After 24 h incubation, transfected cells were
treated with vehicle control (0.096% EtOH), positive control (1 μM SR2211 [7]) or diosgenin
at the indicated concentrations. HepG2 cells were treated with compounds for 6 h. Jurkat T
cells were stimulated for cytokine production after 18 h compound treatment using a cell
activation cocktail containing phorbol-12-myristate-13-acetate and ionomycin at optimized
concentrations for 5 h. Total RNA was extracted from cells using the innuPREP RNA Mini
Kit 2.0 according to manufacturer’s instructions. The concentration and purity of isolated
RNA were measured using a spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA), and aliquoted RNAs were stored at −70 ◦C until use. 1 μg RNA was reverse
transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit according
to manufacturer’s instructions. Primer sequences for RT-qPCR amplifications are provided
in Table 1.

Table 1. Primer used for RT-qPCR amplification.

Target Gene Forward Primer Reverse Primer

IL-17A 5′-ACCGATCCACCTCACCTTGG-3′ 5′-AGTCCACGTTCCCATCAGCG-3′
G6PC [32] 5′-TCCATACTGGTGGGTTTTGG-3′ 5′-GAGGAAAATGAGCAGCAAGG-3′

GAPDH Hs_GAPDH_1_SG QuantiTect Primer Assay, GeneGlobe ID: QT00079247, Detected
transcript: NM_001256799

beta actin Hs_ACTB_1_SG QuantiTect Primer Assay, GeneGlobe ID: QT00095431, Detected
transcript: NM_001101

RT-qPCR amplification reactions were performed using the GoTaq Green Master Mix
with a cDNA amount of 40 ng and 10 μM primer concentration (or diluted as recommended
by the manufacturer in case of QuantiTect primer) in a final reaction volume of 15 μL on a
thermocycler (Roche Diagnostics, Rotkreuz, Switzerland). The PCR reaction consisted of
one initial denaturation step (2 min at 95 ◦C) and 50 amplification cycles (denaturation step:
15 s at 95 ◦C, annealing/extension step: 1 min at 60 ◦C). Expression levels of target genes
were calculated using the 2−ΔΔCt method [33] whereby the target gene expression levels
were first normalized to the expression levels of the control housekeeping genes GAPDH
or beta actin before normalization to the expression levels of the vehicle control.

2.6. In Silico Docking

An X-ray structure of the RORγ-LBD in complex with ursonic acid (PDB: 6J3N; resolu-
tion 1.99 Å) was selected for docking with GOLD (software version v2020.2.0, Cambridge
Crystallographic Data Centre, Cambridge, UK) [34,35]. The protein structure was prepared
with the Protein Preparation Wizard within the Maestro molecular modeling environment
(software version 2021-3, Schrödinger Inc., New York, NY, USA) [36]. This preparation
procedure included (i) the addition of hydrogen atoms as well as the assignment of pro-
tonation and metal charge states with Epik (a software module integrated into Maestro),
(ii) the sampling of water orientations and the optimization of the hydrogen bond network
and (iii) a restrained minimization using the OPLS3e force field [37] in order to converge
heavy atoms to an RMSD of 0.30 Å (default settings used for all operations). A 3D structure
of diosgenin was prepared with LigPrep within Maestro using default settings.
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For docking with GOLD, the ligand-binding site was defined within GOLD to contain
any atoms located within 6 Å of the co-crystallized ligand ursonic acid. Water molecules
701 and 756 were allowed to toggle on and off and to spin during docking. Default settings
were used for the genetic algorithm, and a total of ten docking runs were executed (resulting
in ten ligand poses). ChemPLP was used as scoring function.

2.7. Statistical Analysis

All data are presented as mean values ± standard deviation (SD). Data were analyzed
for normal distribution by a Shapiro–Wilk test. For normally distributed data, one-way
analysis of variance (ANOVA) followed by Dunnett’s post hoc test was performed to deter-
mine statistical significance between treatment groups and the vehicle control group. For
non-normally distributed data, a non-parametric Kruskal–Wallis test followed by Dunn’s
post hoc test was performed. p-values ≤ 0.05 were considered to be statistically significant.

Concentration–response curves were fitted by nonlinear regression with sigmoidal
dose–response curves and a standard Hill coefficient of −1.0. Effects were considered
as concentration-dependent when fitting of a sigmoidal regression curve was reasonably
possible as determined by a goodness-of-fit value (R2) close to 1.0. All statistical evaluations
were performed with GraphPad Prism (software version 9.4, GraphPad Software Inc., San
Diego, CA, USA).

3. Results

3.1. Diosgenin Is a Potent and Direct Inverse Agonist of the Nuclear Receptor RORγ

In order to evaluate the potential of diosgenin as a direct RORγ inverse agonist,
luciferase assays employing RORγ-Gal4 were performed. Thereby, diosgenin showed
a potent and concentration-dependent inverse agonistic activity with a determined IC50
value of 1.73 μM, which is highly comparable to that of the described RORα/γ inverse
agonist T0901317 [38] (Figure 3).

ROR -Gal4 Luciferase Assay (n = 3) ROR -Gal4 Luciferase Assay (n = 3) 

 

(a) (b) 

Figure 3. RORγ-Gal4 luciferase assay of diosgenin in HEK293 cells. (a) Diosgenin was tested at
different concentrations in a cell-based RORγ-Gal4 luciferase assay to determine its inverse agonistic
activity on RORγ. The luminescence signals derived from the luciferase reporter were normalized
to eGFP fluorescence and expressed as fold activation normalized to the vehicle control (0.096%
EtOH). The described RORα/γ inverse agonist T0901317 (3 μM) was used as a positive control. Bar
charts represent transactivation activities expressed as mean ± SD of three biological replicates (n = 3)
measured in technical quadruplicates. One-way ANOVA followed by Dunnett’s post hoc test were
used for statistical analysis. **** p ≤ 0.0001, *** p ≤ 0.001, ns p > 0.05 compared to vehicle control.
(b) Fitted concentration–response curve of the inverse agonistic activity of diosgenin on RORγ-Gal4
with a determined IC50 value of 1.73 μM. The curve was fitted by nonlinear regression using a standard
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Hill coefficient of −1.0. Data are presented as means ± SD of three biological replicates (n = 3)
measured in technical quadruplicates.

To further confirm the diosgenin-mediated reduction in RORE-dependent transcrip-
tional activity, a luciferase assay employing full-length RORγ (RORγV1) and a luciferase
reporter gene under control of RORE was performed. Figure 4 shows the inverse agonistic
activity of diosgenin on RORE-dependent transcriptional activity in a dose-dependent
manner with a determined IC50 value of 2.19 μM.

Full-length ROR -RORE luciferase assay (n = 3) Full-length ROR -RORE luciferase assay (n = 3) 

   
(a) (b) 

Figure 4. Full-length RORγ-RORE luciferase assay in HEK293 cells. (a) Diosgenin was tested at
different concentrations in a cell-based full-length RORγ luciferase assay to determine its inverse
agonistic activity on full-length RORγ. The luminescence signals derived from the luciferase reporter
were normalized to eGFP fluorescence and expressed as fold activation normalized to the vehicle
control (0.096% EtOH). The described RORα/γ inverse agonist T0901317 (3 μM) was used as a
positive control. Bar charts represent transactivation activities expressed as mean ± SD of three
biological replicates (n = 3) measured in technical quadruplicates. One-way ANOVA followed by
Dunnett’s post hoc test were used for statistical analysis. **** p ≤ 0.0001, *** p ≤ 0.001, * p ≤ 0.05, ns
p > 0.05 compared to vehicle control. (b) Fitted concentration–response curve of the inverse agonistic
activity of diosgenin on full-length RORγ with a determined IC50 value of 2.19 μM. The curve
was fitted by nonlinear regression using a standard Hill coefficient of −1.0. Data are presented as
means ± SD of three biological replicates (n = 3) measured in technical quadruplicates.

3.2. Diosgenin Shows No Signs of Cytotoxicity in a Resazurin Conversion Assay

To exclude the possibility that the observed inverse agonistic activity of diosgenin
might be biased by the cytotoxicity of the compound, we performed resazurin conversion
assays in HEK293 cells treated with increasing concentrations of diosgenin. Thereby, no
cytotoxicity of diosgenin could be observed up to the highest concentration (15 μM) used for
all assays (Figure 5). Additionally, no morphological signs of cytotoxicity could be observed
microscopically in diosgenin-treated cells after overnight incubation (data not shown).
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Resazurin conversion assay (n = 3) 

Figure 5. Resazurin conversion assay of diosgenin in HEK293 cells. To exclude potential cytotoxic
effects of diosgenin in HEK293 cells, a resazurin conversion assay was performed. Cells were treated
with digitonin (50 μg/mL) as a positive control or diosgenin at the indicated concentrations for 18 h.
After the addition of resazurin (10 μg/mL), cells were incubated for another 5 h before RFU values
were measured at λem = 590 nm. Data are presented as means ± SD of three biological replicates
(n = 3) measured in technical quadruplicates. Kruskal–Wallis tests followed by Dunn’s post hoc test
were used for statistical analysis. * p ≤ 0.05, ns p > 0.05 compared to the vehicle control.

3.3. The Steroid Saponins Dioscin and Protodioscin Do Not Act as ROR Inverse Agonists in
Non-Toxic Concentrations

In a next step, we investigated whether the corresponding saponins of diosgenin,
dioscin and protodioscin (Figure 1, top) were also able to act on RORγ as inverse agonists.
Therefore, both saponins were tested in RORγ-Gal4 luciferase assays, as described above.
Thereby, dioscin exhibited strong cytotoxicity in HEK293 cells up to a concentration of
1 μM (Figure S1), a concentration at which no inverse agonistic activity on RORγ could be
observed (Figure 6). On the other hand, protodioscin showed no apparent cytotoxicity in
HEK293 cells (Figure S1) but also did not show any inverse agonistic activity on RORγ at
any of the concentrations tested (Figure 6).

ROR -Gal4 luciferase assay (n = 3) 

Figure 6. RORγ-Gal4 luciferase assay of dioscin and protodioscin in HEK293 cells. Dioscin and
protodioscin were tested at non-cytotoxic concentrations in a cell-based RORγ-Gal4 luciferase assay
to determine their potential activities on RORγ. The luminescence signals derived from the luciferase
reporter were normalized to eGFP fluorescence and expressed as fold activation normalized to the
vehicle control (0.096% EtOH). The described RORγ inverse agonist SR2211 (1 μM) was used as a
positive control. Bar charts represent transactivation activities expressed as mean ± SD of three biological
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replicates (n = 3) measured in technical quadruplicates. One-way ANOVA followed by Dunnett’s
post hoc test were used for statistical analysis. **** p ≤ 0.0001, * p ≤ 0.05, ns p > 0.05 compared to
vehicle control.

3.4. Diosgenin Is a Dual Specific Inhibitor of RORα and RORγ, but Shows No Activity on RORβ
or Other Important Nuclear Receptors

To examine whether diosgenin is a selective modulator of ROR receptors, we per-
formed additional luciferase screenings by employing several other important nuclear
receptor-Gal4 constructs, including FXR, LXRα, LXRβ, PPARγ, RXRα, RXRβ and mRARα.
Thereby, diosgenin showed no activities on any other nuclear receptor-Gal4 construct at
the tested concentrations (Figure S2). To further investigate the ROR subtype selectivity of
diosgenin, luciferase assays with RORα and RORβ were performed as well. Notably, the
results obtained showed a lack of activity on RORβ (Figure S2), while diosgenin was iden-
tified as an equipotent inverse agonist of RORα with an IC50 value of 2.17 μM (Figure 7).
This indicates that diosgenin acts as a dual specific inverse agonist of RORα and RORγ
while showing high selectivity over RORβ and other nuclear receptors that bind ligands of
the sterol metabolism, such as LXRs or FXR [39].

ROR -Gal4 luciferase assay (n = 3) ROR -Gal4 luciferase assay (n = 3) 

 
(a) (b) 

Figure 7. RORα-Gal4 luciferase assay of diosgenin in HEK293 cells. (a) Diosgenin was tested at
different concentrations in a cell-based RORα-Gal4 luciferase assay to determine its inverse agonistic
activity on RORα. The luminescence signals derived from the luciferase reporter were normalized
to eGFP fluorescence and expressed as fold activation normalized to the vehicle control (0.096%
EtOH). The described RORα/γ inverse agonist T0901317 (3 μM) was used as a positive control. Bar
charts represent transactivation activities expressed as mean ± SD of three biological replicates (n = 3)
measured in technical quadruplicates. One-way ANOVA followed by Dunnett’s post hoc test were
used for statistical analysis. *** p ≤ 0.001, ** p ≤ 0.01, ns p > 0.05 compared to vehicle control. (b) Fitted
concentration–response curve of the inverse agonistic activity of diosgenin on RORα-Gal4 with a
determined IC50 value of 2.17 μM. The curve was fitted by nonlinear regression using a standard Hill
coefficient of −1.0. Data are presented as means ± SD of three biological replicates (n = 3) measured
in technical quadruplicates.

3.5. Diosgenin Downregulates ROR Target Gene Expression in Functional Cellular Models

In order to verify the functional consequences of RORα/γ inhibition by diosgenin
on the gene expression of important ROR-regulated target genes in suitable cell models,
RT-qPCR experiments were performed. As RORγ is a key transcription factor involved
in Th17 cell differentiation and the production of their signature cytokine IL-17A [40],
the expression levels of IL-17A were determined in RORγ-transfected Jurkat T cells upon
treatment with diosgenin at different concentrations. Jurkat T cells represent a human
leukemia T cell line, which was shown to express RORγ and IL-17A previously [41] and
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was, therefore, chosen as a suitable cell model for investigations of altered ROR-mediated
IL-17A production in this study. Concomitant with its RORα/γ inverse agonism, the
treatment with diosgenin led to a significant reduction in IL-17A mRNA expression in this
cell model (Figure 8a).

To further confirm the functional activity of diosgenin on another important ROR
target gene, mRNA transcripts of glucose-6-phosphatase (G6PC) [5] were quantified in
RORγ-transfected HepG2 cells by RT-qPCR. As gluconeogenesis is a metabolic process
mainly occurring in the liver, the hepatocellular HepG2 cell line was chosen as a suitable
cell model for these experiments. Consistently, treatment of these cells with diosgenin led
to a significant reduction in G6PC expression levels (Figure 8b).

To further exclude potential cytotoxicity of diosgenin in these two cell lines, resazurin
conversion assays were performed and no significant reductions in cell viability could be
detected up to a concentration of 15 μM (Figure S3).

RT-qPCR (Jurkat T cells) (n = 3) RT-qPCR (HepG2 cells) (n = 3) 

 
(a) (b) 

Figure 8. Determination of target gene expression in diosgenin-treated Jurkat T and HepG2 cells by
RT-qPCR. To investigate the consequences of ROR inverse agonism by diosgenin, mRNA expression
levels of RORγ-regulated target genes were determined by RT-qPCR in functional cellular models
(a) Downregulation of the RORγ target gene IL-17A in RORγ-transfected Jurkat T cells after treatment
with diosgenin at different concentrations. The expression levels of IL-17A were normalized to the
expression levels of the housekeeping gene GAPDH and subsequently normalized to the vehicle
control (0.096% EtOH). The described RORγ inverse agonist SR2211 (1 μM) was used as a positive
control. Bar charts represent expression levels relative to vehicle control expressed as mean ± SD
of three biological replicates (n = 3) measured in technical triplicates. One-way ANOVA followed
by Dunnett’s post hoc test were used for statistical analysis. **** p ≤ 0.0001, ns p > 0.05 compared
to vehicle control (b) Downregulation of the RORγ target gene G6PC in RORγ-transfected HepG2
cells after treatment with diosgenin at different concentrations. The expression levels of G6PC were
normalized to the expression levels of the housekeeping gene beta actin and subsequently normalized
to the vehicle control (0.096% EtOH). The described RORγ inverse agonist SR2211 (1 μM) was used
as a positive control. Bar charts represent expression levels relative to vehicle control expressed as
mean ± SD of three biological replicates (n = 3) measured in technical triplicates. One-way ANOVA
followed by Dunnett’s post hoc test were used for statistical analysis. **** p ≤ 0.0001, *** p ≤ 0.001,
** p ≤ 0.01, * p ≤ 0.05, ns p > 0.05 compared to vehicle control.
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3.6. In Silico Modelling of the Binding Mode of Diosgenin to the Ligand-Binding Domain of RORγ

The likely binding mode of diosgenin in the RORγ-LBD was derived by in silico
docking with GOLD [34]. A total of ten docking poses were generated. All generated poses
are consistent with respect to the location and orientation of the ligand, and the docking
scores indicate a good geometric match of the predicted poses and the ligand-binding site
(ChemPLP scores between 76.671 and 76.858). The docking poses indicate that the binding
of diosgenin is likely driven by hydrophobic interactions with multiple residues forming
the ligand-binding site, including Leu287, His323, Val361, Met365, Ala368, Val376, Phe388,
Ile397, Ile400 and Phe401. The hydroxy moiety in position 3 of diosgenin is predicted to act
as the key anchoring group by forming hydrogen bond interactions with Leu287, Arg367
and, via a water molecule, with Tyr281 (Figure 9).

 

Figure 9. Predicted binding mode of diosgenin (green carbon atoms) in the RORγ ligand-binding
domain. To elucidate the binding mode of diosgenin to the RORγ-LBD, molecular docking was
employed. Protein preparation was performed using Maestro, and subsequent docking was per-
formed with GOLD. Diosgenin is predicted to form hydrophobic interactions with residues Leu287,
His323, Val361, Met365, Ala368, Val376, Phe388, Ile397, Ile400 and Phe401 of the RORγ ligand-binding
domain. The hydroxy group in position 3 forms hydrogen bonds with Leu287, Arg367 and, via a
water molecule, with Tyr281. Amino acid residues forming hydrophobic interactions or hydrogen
bonds with the ligand diosgenin are marked by the thick tube representation. The predicted hydrogen
bonds are indicated with purple, dashed lines.

4. Discussion

Diosgenin represents a natural steroid sapogenin with a plethora of pharmacological
activities, including anti-inflammatory and anti-diabetic effects demonstrated previously
both in vitro and in vivo (recently reviewed in [40]). However, the specific underlying
molecular targets regulated by diosgenin that are responsible for these effects remain
largely unknown and have yet to be identified. In this regard, we could show, for the first
time, that diosgenin acts as a direct and potent inverse agonist of the nuclear receptors
RORα and RORγ. The activity of diosgenin could be demonstrated in this study by showing
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a direct binding and transcriptional repression of RORα/γ in both luciferase assays as well
as by evaluating altered target gene expressions in functional cell models. Additionally,
an in silico predicted binding mode of diosgenin to the RORγ-LBD was proposed, and
potentially limiting cytotoxic effects were excluded. These findings add considerable
knowledge to the underlying mode of action of diosgenin, especially in the context of its
previously described beneficial effects in T cell-related inflammatory diseases. Specifically,
its observed beneficial effects in Th17 cell-mediated ailments such as EAE or rheumatic
arthritis, can be further explained by the ROR inverse agonistic activity shown in this study.
Together with previously identified effects on the STAT3 signaling pathway and observed
reductions in the expression levels of RORγ [27,29,42], the results of this study contribute to
a more comprehensive understanding of diosgenin’s molecular actions in these conditions.
Moreover, diosgenin could be identified in this study as a dual specific inverse agonist
of both RORα and RORγ while showing high specificity over other important nuclear
receptors, including RORβ. This is of particular interest as RORα was shown to be essential
for Th17 cell differentiation on its own and was recently confirmed to be a non-redundant
factor for pathogenic Th17 function [10]. Therefore, RORα was proposed as an alternative
target for the treatment of Th17-associated diseases [43].

Interestingly, we found that the steroid saponins dioscin and protodioscin showed
no activity on RORγ at non-cytotoxic concentrations in luciferase assays, limiting this
activity to the aglycon diosgenin. However, it has been shown that a high proportion of
ingested dioscin can become hydrolyzed to diosgenin at low pH values of gastric acid in
the stomach [44]. This can also explain why dioscin was shown to be capable of inhibiting
Th17 cell differentiation in vivo when applied orally [27,28] despite the lack of in vitro
activity on RORγ in our study.

In additional experiments, we could confirm that diosgenin was also able to down-
regulate the expression of the RORα/γ target genes IL-17A and glucose-6-phosphatase
(G6PC) in suitable cellular models, further highlighting the functional consequences of
the ROR inverse agonism. However, a potential limitation of these findings is the lack of
confirmation on protein levels in this study, although other studies could already confirm
such effects of diosgenin on protein levels for IL-17 in other cell models [29,30]. Moreover,
alterations in mRNA expression levels represent the closest functional consequence of
compounds acting as nuclear receptor modulators detectable within cells. Nevertheless,
further confirmations of these effects on protein levels are needed and should be addressed
in follow-up studies.

Eventually, molecular docking revealed that diosgenin binding to the RORγ-LBD is
likely driven by hydrophobic interactions as well as several anchoring hydrogen bonds
formed by the hydroxyl group in position 3 of diosgenin. This might explain the observed
inactivity of the steroid saponins dioscin and protodioscin on RORγ as both of them are
glycosylated at position 3. To experimentally verify the importance of the hydroxyl moiety
in position 3 of diosgenin, mutagenesis of the amino acids predicted to interact with this
position (Leu287, Arg367 and Tyr281) or derivatization (e.g., methylation) of the 3 hydroxyl
group of diosgenin might be strategies worth pursuing in the future. Nevertheless, the
information provided by the prediction of the underlying binding mode could already
be used for further structural improvements in order to develop even more potent ROR
inverse agonists on the basis of diosgenin. Of note, since the binding sites of RORγ and
RORα are structurally highly conserved, it is plausible that diosgenin binds to both proteins
with the same binding mode.

In addition to the aforementioned positive effects on Th17-mediated diseases, previ-
ous studies also found that diosgenin decreased plasma glucose levels in streptozotocin-
induced diabetic rats [45]; reduced total cholesterol, triglyceride, and LDL levels in high-fat
diet-fed Sprague–Dawley rats [46]; halted the progression of atherosclerosis by downreg-
ulation of pro-inflammatory mediators in Wistar rats [47]; and reduced the incidence of
invasive and non-invasive colon tumors in azoxymethane-induced rats by up to 60% [48]
(reviewed in [49,50]). These promising activities of diosgenin, however, are highly limited
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by the poor oral bioavailability of the compound, which precludes its potential therapeutic
uses [51]. This issue could reportedly be overcome by employing various drug delivery
strategies [52–54].

5. Conclusions

Taken together, in this study, we could demonstrate a direct inverse agonistic activity of
diosgenin on the nuclear receptors RORα and RORγ for the first time. However, additional
functional consequences of these activities on protein levels of distinct RORα/γ target
genes, the experimental validation of the in silico predictions, as well as overcoming
pharmacokinetic obstacles should be addressed in future studies.

Collectively, our findings further extend the knowledge of the pharmacological profile
of diosgenin and add to a more comprehensive picture of its beneficial effects in inflamma-
tory and metabolic diseases reported elsewhere (reviewed in [55]) (Figure 10).

 

Figure 10. Overview on the updated pharmacological actions of diosgenin. Besides the already
described effect of diosgenin on the expression and phosphorylation levels of STAT3 [42], this study
now extends the activity profile of diosgenin to a direct and dual-specific modulation of the nuclear
receptors RORα and RORγ (highlighted in red). The observed inverse agonistic activity on RORα/γ
was further shown to significantly decrease the expression levels of the important ROR target genes
IL-17A and G6PC, which are directly involved in the pathogenesis of Th17-driven inflammatory
processes and metabolic processes and thereby potentially contribute to the beneficial effects of
diosgenin observed in these conditions [55].
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Collection); cDNA (complementary DNA); DMEM (Dulbecco’s modified Eagle medium); DNA
(deoxyribonucleic acid); EDTA (ethylenediaminetetraacetic acid); eGFP (enhanced green fluorescent
protein); EMEM (Eagle’s minimum essential medium); EtOH (ethanol); FBS (fetal bovine serum);
FXR (farnesoid X receptor); G6PC (glucose-6-phosphatase); GAPDH (glyceraldehyde 3-phosphate
dehydrogenase); HEK293 (human embryonic kidney 293); HepG2 (hepatoma G2); His (histidine);
IC50 (half maximal inhibitory concentration); IL (interleukin); Ile (isoleucine); LBD (ligand-binding
domain); Leu (leucine); Luc (luciferase); LXR (liver X receptor); Met (methionine); OPLS (optimized
potentials for liquid simulations); PCR (polymerase chain reaction); Phe (phenylalanine); PPAR (perox-
isome proliferator-activated receptor); RAR (retinoic acid receptor); RFU (relative fluorescence units);
RLU (relative luminescence units); RMSD (root-mean-square deviation); RNA (ribonucleic acid);
ROR (retinoic acid receptor-related orphan receptor); RORE (ROR response element); RPMI-1640
(Roswell Park Memorial Institute-1640 medium); RT-qPCR (reverse transcription quantitative PCR);
RXR (retinoid X receptor); SD (standard deviation); STAT (signal transducer and activator of tran-
scription); Th (T helper); tk (thymidine kinase); Tyr (tyrosine); Val (valine); λem (emission wavelength)
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Abstract: Injured tissue triggers complex interactions through biological process associated with
keratins. Rapid recovery is most important for protection against secondary infection and inflam-
matory pain. For rapid wound healing with minimal pain and side effects, shilajit has been used
as an ayurvedic medicine. However, the mechanisms of rapid wound closure are unknown. Here,
we found that shilajit induced wound closure in an acute wound model and induced migration
in skin explant cultures through evaluation of transcriptomics via microarray testing. In addition,
ferulic acid (FA), as a bioactive compound, induced migration via modulation of keratin 6α (K6α)
and inhibition of β-catenin in primary keratinocytes of skin explant culture and injured full-thickness
skin, because accumulation of β-catenin into the nucleus acts as a negative regulator and disturbs
migration in human epidermal keratinocytes. Furthermore, FA alleviated wound-induced inflam-
mation via activation of nuclear factor erythroid-2-related factor 2 (Nrf2) at the wound edge. These
findings show that FA is a novel therapeutic agent for wound healing that acts via inhibition of
β-catenin in keratinocytes and by activation of Nrf2 in wound-induced inflammation.

Keywords: wound healing; ferulic acid; shilajit; K6α; β-catenin; Nrf2; keratinocytes

1. Introduction

Wound healing is a dynamic biological process with complex, diverse interactions
at the molecular level that are only partially understood. Many studies in recent decades
have contributed to a better understanding of the mechanisms of the wound repair process
and the causes and results of delayed wound healing. In addition, acute wounds are
still frequently reported to cause health trouble, with 11 million people suffering from
wounds and approximately 300,000 patients hospitalized annually in the United States. [1].
Typically, wound healing is a well-organized process that lead to predictable tissue repair
in which platelets, keratinocytes, immune surveillance cells, microvascular cells, and
fibroblasts play key roles in the restoration of tissue integrity [2]. Under the conditions
of injury, keratinocytes induce keratin 6 (K6) isoforms, keratin 16 (K16), and keratin 17
(K17). The expression of K6, K16, and K17 persists as wound-activated keratinocytes
migrate to the site of injury [3]. This transcriptional event of keratins occurs at the expense
of keratin 1 and keratin 10, and correlates with marked modulation of the morphology
and other properties of keratinocytes [3,4]. The induction of K6 isoforms and K16 has
functional effects on the epithelialization at the wound edge; they are essential to the
homeostasis of keratin integrity in the epidermis [5]. To assist recovery from acute wounds,
the development of safer therapeutic methods has been studied. The β-catenin signaling
pathway has been suggested as a good candidate for wound therapy, as β-catenin is
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involved in the regulation of the wound size in mesenchymal cells. The activation of
β-catenin is known to contribute to chronic wounds in keratinocytes [6,7]. Furthermore,
β-catenin is increased during the proliferative phase of cutaneous wound healing [8–10]
and regulates the proliferation, motility, and invasiveness of mesenchymal fibroblast-like
cells under wound conditions [11].

The Wnt signaling pathway plays important roles in many aspects of the control of
cell proliferation, survival, adhesion, and migration through both canonical β-catenin-
dependent and non-canonical β-catenin-independent signaling [12,13]. During the wound
process, interestingly, epidermal keratinocytes and fibroblasts have opposite molecular
patterns under canonical β-catenin-dependent signaling conditions. For example, nu-
cler presence of β-catenin and elevated c-myc expression showed impaired migration
of keratinocytes in the human epidermis in chronic wound conditions [7]. On the other
hand, valproic acid (VA), an inhibitor of glycogen synthase kinase-3 beta (GSK3β), has
demonstrated its efficacy for wound repair in dermal fibroblasts [14], as well as enhance-
ment of hair growth [15] and the induction of hair regeneration through the activation of
β-catenin through the canonical β-catenin-dependent signaling [16,17]. Given the crucial
role of β-catenin signaling in normal homeostasis and repair after injury, the regulation of
β-catenin as an appropriate homeostatic response may be a useful therapeutic target for
the enhancement of wound healing. However, VA therapy may cause critical side effects,
such as hepatotoxicity, pancreatitis, and hyper-ammonemia [18,19].

In a previous study, we screened natural resources to develop therapeutic agents for
wound healing and identified biological indicators of proliferation and migration, such as
the gene regulation and signaling pathways in wound healing by using microarray [20]. In
the present study, to develop a safe therapeutic target for wound healing with minimal
side effects, we tested the wound healing effects of shilajit (SH) in ayurvedic medicine
under in vivo and ex vivo conditions and analyzed the biological signaling pathway after
treatment with SH using microarray testing. SH is a blackish-brown exudate, which forms
over centuries through the progressive decomposition of natural substituents by microor-
ganisms, and is found in the Himalayans between India and Nepal [21]. In Ayurveda,
the traditional medicine system of India, SH has been prescribed for centuries to patients
with several diseases, including edema, tumors, epilepsy, insanity, diabetes, and skin
wounds [22]. As it has been used safely and efficiently for such a long time that SH
has attracted the attention of researchers for further studies. For example, researchers
attempted to identify the active ingredient in SH, and found that SH contained several
natural components, such as humic acid, fulvic acid, tannic acid, gallic acid, and ferulic
acid (FA) [23–25]. Among the various components, studies have suggested anti-cancer
effects of FA in cancer cell lines [26]. The wound healing efficacy of FA has been tested in
a rat model of diabetes [27]. However, most of the previous studies did not investigate
the mechanism of action of SH. In this study, to find the active compound, we performed
liquid chromatography–electrospray ionization–mass spectrometry (LC-ESI-MS) on SH
samples. Finally, we excavated the active compound, ferulic acid, from SH and suggested
that FA promoted the re-epithelialization of wound conditions in vivo and inhibited β-
catenin in primary keratinocytes through the enhancement of migration ex vivo. In the
histological analysis of a full-thickness wound edge, FA inhibited translocation of β-catenin
in epidermal keratinocytes. Furthermore, FA alleviated wound-induced inflammation via
activation of nuclear factor erythroid-2-related factor 2 (Nrf2), which is associated with
cellular protection at the wound edge. These results implied that FA induced migration by
inhibiting nuclear accumulation of β-catenin and induced rapid repair by activating Nrf2.

2. Materials and Methods

2.1. Shilajit Preparation and Ferulic Acid

Purified shilajit (PRIMAVIE®) was purchased from Natreon Inc. (New Brunswick, NJ,
USA), India. Shilajit was collected from 2400 m altitude in the rocky mountain of Beshtor,
Tashkent, Uzbekistan. A sample specimen is kept in the laboratory with the specific code
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number. For qualitative analysis using LC-ESI/MS, shilajit was extracted by water, acetoni-
trile, or methanol of 100% HPLC grade for 72 h at 45 ◦C in sonicated conditions (Branson,
MO, USA). Ferulic acid was purchased from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Cell Cultures

Cell cultures of primary keratinocytes were harvested and purified as previously
described [5]. Neonatal mouse skin was floated onto 0.25% trypsin and incubated overnight.
Cells were scraped into CnT-57 media (CELLnTEC, Bern, Switzerland) and live cells were
purified in Lymphoprep solution (AXIS-SHIELD, Dundee, UK) and cultured in CnT-57
media. ICR keratinocytes were harvested from newborn mice and seeded on six-well
plates (TPP; Sigma-Aldrich,) for primary culture in CnT-57 media. Primary fibroblasts
were purified in Lymphoprep solution (AXIS-SHIELD) and were cultured by selecting
supernatants of neonatal mouse skin in DMEM media of high glucose (Lonza, Walkersville,
MD, USA) containing 10% heat-inactivated fetal bovine serum (FBS; Lonza), penicillin, and
streptomycin (Thermo Fisher Scientific, Vantaa, Finland). Cell cultures were incubated at
37 ◦C in humidified air and 5% CO2 atmosphere [28]. The 308 cell line, which is a mouse
keratinocyte cell line, was received from Pierre A. Coulombe (Bloomberg School of Public
Health, Johns Hopkins University, Baltimore, MD, USA) and was described previously [29].
The 308 cell line was cultured in DMEM media of high glucose (Lonza) containing 10%
heat-inactivated fetal bovine serum (Lonza), penicillin, and streptomycin. Cell cultures
were incubated at 37 ◦C in humidified air and 5% CO2 atmosphere [30].

2.3. Real-Time Cell Analysis (RTCA) Measurement

Growth curves were performed using the xCELLigence System (Roche, Basel, Switzer-
land) in 96-well plates. Cell Index was monitored every fifteen minutes throughout the
experiment. For proliferation assays, cells were seeded in triplicate in 18-well culture plates
and grown for 72 h after treatment of shilajit or ferulic acid at 37 ◦C in humidified air and
5% CO2 atmosphere.

2.4. Real-Time Quantitative PCR

Total RNA samples from primary keratinocytes, derived from mouse back skin, were
isolated. Following this, the cDNA was hybridized from 1 μg of the total RNA with a LeGene
first strand cDNA synthesis system (LeGene Bioscience, San Diego, CA, USA) [31]. Sev-
eral expression levels of mice keratin family (Krt6a, Krt5, and Krt14) were determined with
a quantitative PCR test, as described in the manufacturer’s protocol (Applied Biosystems,
Foster City, CA, USA). The 2−ΔΔCt value compared to the normal mice sample was deter-
mined with StepOne software (Applied Biosystems). Gapdh was used as a house keeping
gene and endogenous control. The sequence of the forward and reverse primer was 5′-
CATGGCCTTCCGTGTTCCTA-3′ and 5′-GCGGCACGTCAGATCCA-3′ for the Gapdh gene,
5′-CCCTCTGAACCTGCAAATCG-3′ and 5′-GATCTGCTCCCTCTCCTCAGT-3′ for the Krt6a,
5′-TGCCCTGCCGTTTCTCTACT-3′ and 5′-TGATCTGCTCCCTCTCCTCA-3′ for the Krt5,
and 5′-ACGAGAAGATGGCGGAGAAG-3′ and 5′-CTCTGTCTTGCTGAAGAACCATTC-3′
for the Krt14.

2.5. Western Blotting

After mouse primary keratinocytes and skin tissues were treated with shilajit or ferulic
acid, the cells and tissues were lysed and the total protein concentrations were determined
by Bradford reagent (Bio-Rad, Hercules, CA, USA). Equal amounts of lysates resolved
using sodium dodecyl–polyacrylamide gel electrophoresis (SDS-PAGE) were transferred
to a nitrocellulose membrane, then the membrane was blocked with 1 x TBS containing
0.1% Tween 20 and 5% skim milk or 2% BSA for 1 h at room temperature [32]. After the
blocking, the blots were then incubated with specific primary antibodies for β-catenin
(BD Bioscience, San Jose, CA, USA), K6α (Covance, Cranford, NJ, USA), or β-actin (Santa
Cruz Biotechnology, Dallas, TX, USA) overnight at 4 ◦C. Blots were washed with TBST
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and incubated HRP-conjugated anti-mouse or anti rabbit IgG secondary antibodies (Santa
Cruz Biotechnology) for 1 h at room temperature. After three washes, the membranes
were detected using an enhanced chemiluminescence (ECL) kit (Millipore, Burlinton, MA,
USA) [33].

2.6. Animals

Commercially available ICR mice purchased from DBL (Eumseong-gun, South Korea),
were used for the experiments and adapted under constant conditions. The ICR littermates
(0-1 day old mice) were used for skin explant culture. ICR mice (8 weeks old mice) were
used for acute wound models. All studies were performed at Kyung Hee University. All
animal study protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) of Kyung Hee University. The approval number for the animal experiment was
KHUASP(SE)-14-046.

2.7. Wound Closure Test

Full-thickness excisional wounds were developed in the middle of the back skin
with a 4 mm disposable biopsy punch (Kai industries, Seki, Japan) in ICR mice (8 weeks
old mice). Five groups were prepared and used in the study. The control (Con) group
was untreated, while the VA group was treated with only Vaseline petroleum jelly (VI-
JON LABORATORIES, INC, Saint Louis, MO, USA). SH 1% and SH 10% groups received
varying concentrations of the shilajit (shilajit 0.1 g and 1 g per 10 g of the Vaseline base,
respectively). The FA 1% group received 1% concentration of the FA (FA 0.1 g per 10 g of
the Vaseline base). In this study, Vaseline was used as the vehicle. All mice were observed
for 7 days, and at 1, 3, 5, and 7 days wound images were taken with a camera (Nicon,
Tokyo, Japan) and the wound closures were recorded using ImageJ software.

2.8. Skin Explant Culture

Ex vivo explant culture of 1 d old mouse skin was performed as described previ-
ously [34]. Using 4 mm punches (Kai industries, Seki, Japan), circular skin biopsies were
obtained and plated with medium in 24-well dishes (SPL, Pochen-si, South Korea). A
subset of explants was incubated in 24-well plates (SPL) and treated with shilajit (1 μg/mL)
after 48 h. After treatment, all explants were incubated for 24 d to confirm the cellular
outgrowths and mRNA levels using microarrays. Outgrowth of epithelial cells was con-
firmed by hematoxylin and eosin staining (H&E). The epithelial cells were fixed in 4%
paraformaldehyde for 20 min. After fixation, the cells were stained with H&E solution [35].
The outgrowth of H&E-stained cells was scanned by microscope (Olympus, Tokyo, Japan)
and measured using ImageJ freeware at 12 d and 24 d, respectively.

2.9. Immunofluorescence

The isolated cells were fixed in 4% paraformaldehyde for 20 min and then incubated
with 3% H2O2 in 0.1M PBS for 30 min to remove endogenous peroxidase activity. The
cells were blocked for 2 h at room temperature with a solution containing 5% normal
goat serum, 2% bovine serum albumin, 2% fetal bovine serum, and 0.1% triton X-100 in
PBS. The primary keratinocytes derived from skin explants (P0-P1) were first incubated
overnight with rabbit anti-keratin 6α (1:200, Covance) and then incubated with Alexa Fluor
488 conjugate donkey anti-rabbit IgG secondary antibody (1:000; Invitrogen, Carlsbad,
CA, USA) for 1 h at room temperature. The primary keratinocytes and fibroblasts derived
from back skin (P0-P1), were incubated overnight with mouse anti-c-Myc (1:100; Santa
cruz) and with rabbit anti-beta-catenin (1:200; Cell signaling technology, Danvers, MA,
USA), then incubated with Alexa Fluor 647 conjugate goat anti-mouse IgG secondary
antibody and with Alexa Fluor 488 conjugate donkey anti-rabbit IgG secondary antibody
for 1 h at room temperature. DAPI (Invitrogen) and Alexa Fluor 594 were visualized using
a FluoView FV1000 confocal microscope (Olympus, Tokyo, Japan). Isolated wounded
tissues were fixed in 4% paraformaldehyde, embedded in paraffin wax within 24 h of
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removal, then deparaffinized in xylene and ethanol. The duodenal sections were incubated
with 3% H2O2 in 0.1M PBS for 30 min to remove endogenous peroxidase activity. The
sections were blocked for 2 h at room temperature with a solution containing 5% normal
goat serum, 2% bovine serum albumin, 2% fetal bovine serum, and 0.1% triton X-100 in
PBS. The skin sections of wounded edges were incubated overnight with mouse anti-beta-
catenin (1:200; BD Bioscience) and rabbit anti-keratin 6β, then incubated with Alexa Fluor
647 conjugate goat anti-mouse IgG secondary antibody (1:1000; Abcam, Cambridge, UK)
and with Alexa Fluor 488 conjugate donkey anti-rabbit IgG secondary antibody (1:1000;
Abcam, Cambridge, UK) for 1 h at room temperature. The immunofluorescence intensity
values were measured using a FluoView FV1000 confocal microscope and analyzed using
Mann–Whitney U tests in GraphPad Prism 5 software.

2.10. Microarray

Biotinylated cRNA samples were prepared according to the standard Affymetrix
protocol from 500 ng total RNA (Expression Analysis Technical Manual, 2001, Affymetrix).
Following fragmentation, 15 mg of aRNA was hybridized for 16 h at 45 ◦C on a GeneChip
Mouse Genome Array. GeneChips were washed and stained in the Affymetrix Fluidics
Station 450. GeneChips were scanned using the Affymetrix GeneChip 3000 7G scanner.
The data were analyzed with RMA using Affymetrix default analysis settings with global
scaling as the normalization method. The trimmed mean target intensity of each array
was arbitrarily set to 100. The normalized and log-transformed intensity values were
then analyzed using GeneSpring GX 12.6 (Agilent Technologies, Santa Clara, CA, USA).
Fold change filters included the requirement that the genes be present in at least 200%
of controls for upregulated genes and lower than 50% of controls for downregulated
genes. Hierarchical clustering data were clustered groups that behaved similarly across
experiments using GeneSpring GX 12.6 (Agilent Technologies). The clustering algorithm
involved Euclidean distance and average linkage.

2.11. LC-ESI-MS

Chromatographic separation of shilajit using an Agilent 1290 Infinity LC (Agilent
Technologies, Waldbronn, Germany) instrument was performed using a Zorbax Eclipse
Plus C18 column (50 mm× 2.1 mm i.d., 1.8 μm, Agilent) that employed a mobile phase
composed of water (A) and acetonitrile (B), each containing 0.1% formic acid (Sigma
Aldrich). The gradient program was: 0–5 min (5% B in A), 5–15min (5–90% B), 15–20 min
(90% B), and 20–21min (90–5% B). The column was then equilibrated with 5% B for 5 min
at a flow rate of 300 μL/min. A sample of 2 μL was injected into the column using a
thermostated HiP-ALS autosampler. The HPLC system was interfaced to the MS system
using an Agilent 6550Accurate-Mass Q-TOF instrument (Agilent Technologies) equipped
with a Jet Stream ESI source operating in negative ion mode. Mass spectra were acquired
at a scan rate of 1.0 spectra/s, with a mass range of 100–1700 m/z.

2.12. Ethics Statement

All animal study protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) of Kyung Hee University. The approval number for the animal
experiment was KHUASP(SE)-14-046 (13 April 2015). The 308 cell line, which is a mouse
keratinocyte cell line, was received from Pierre A. Coulombe (Bloomberg School of Public
Health, Johns Hopkins University, Baltimore, MD, USA).

2.13. Statistical Analysis

Data are expressed as the means ± S.E.M. Graph Pad Prism 5 (Graph Pad software,
San Diego, CA, USA.) was used for the statistical analysis. The statistical significance
of each bar chart was measured using one-way ANOVA with Dunnett’s post-hoc (for
in vitro studies) or Tukey’s post-hoc (for in vivo studies) test. For in vivo studies, two-way
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ANOVA with Tukey’s post-hoc (to compare more than 3 groups) or Bonferroni’s post-hoc
(to compare 2 groups) test was performed. Here, p < 0.05 was considered significant.

3. Results

3.1. SH Induces Keratinocyte Migration and Its Active Component Is FA

Although SH is used for wound tissue healing in ayurvedic medicine, the mechanism
of action of SH and the active components are still unknown. To discover the biological
action of SH under wound conditions, we induced an acute wound model in mice and
observed wound closure with or without SH. First, we induced an epidermal wound by
using a 4 mm skin punch (Experimental process, Supplementary Figure S1A) and observed
wound closure in the presence or absence of SH (Figure 1a). In the treatment group with
SH 10%, we observed more significant wound closure than the basal amount after day 3
(Figure 1b). The number of days needed to close 50% of the wound area was as follow:
basal (BSL, 5.43 ± 0.89 day), vehicle (Ve, 5.49 ± 0.25 day), SH 1% (4.08 ± 0.107 day), and
SH 10% (3.16 ± 0.09 day) (Figure 1b). To validate wound conditions for both non-wound
and wound groups (basal group) on day 7, skin full-thickness was evaluated by wound-
induced keratin (K6α wound marker) using immunofluorescence staining (Supplementary
Figure S2).

When wound edges healed, migration of keratinocytes contributed to rapid wound
closure. Mazzalupo et al. reported that the primary keratinocytes derived from the
back skin of mouse pups were used to evaluate quantitative outgrowth [34]. To further
evaluate wound-healing-associated migration of keratinocytes, we prepared a primary
culture derived from the back skin of explant culture in pups born within day 1 (24 h)
and observed the outgrowth of epithelial keratinocytes from the back skin of explant
culture on day 12 or 24 (Figure 1c). Through H&E staining, we easily distinguished the
outgrowth of primary keratinocytes, measured the migrated area of primary keratinocytes,
and evaluated the quantitative migration effects with or without SH. After treatment with
SH (1 μg/mL), outgrowth of primary keratinocytes was significantly enhanced from day 12
to day 24. The fold changes in outgrowth of keratinocytes were 4.94 ± 0.56 at day 12 and
5.13 ± 0.58 at day 24 (Figure 1d). A schematic figure of the ex vivo skin explant culture is
represented in Supplementary Figure S1B.

To cover SH-mediated migration associated with biological molecules, we performed
transcriptomic analysis and a microarray of primary keratinocytes in the growth area of
skin explant cultures with or without SH. In the microarray, we arranged functional catego-
rization. The alteration of gene expression of at least two-fold was sorted into 17 categories:
apoptosis, behavior, cell adhesion, cell cycle, cell differentiation, cell migration, cell prolif-
eration, growth, homeostasis, immune response, inflammatory response, lipid metabolism,
response to stress, signal transduction, transcription, and transport (Figure 1f,g). We
deduced that the major alterations in mRNA expression were the upregulation of both
keratingenes (Table 1), and junctional complex genes (Table 2) but, the downregulation of
Ctnnb1 (Table 3). Next, to evaluate the preliminary mRNA expression results from the mi-
croarray analysis, we analyzed the mRNA level of Krt6a related to wound-induced keratin
by using qPCR. Krt6a was increased by more than two-fold in the SH-treated group on day
12 (2.38 ± 0.17) and day 24 (2.22 ± 0.24) (Figure 1e). In addition, the mRNA expression
levels of Krt6a, Krt5, and Krt14, and the protein expression of K6α were increased by SH
treatment of primary keratinocytes (Supplementary Figure S3). Under wound edges after
day 7, SH treatment showed effective re-epithelialization on epidermis (Supplementary
Figure S4). The SH-mediated migration suggested that an interaction between increased
Krt6a and Ctnnb1 may be associated with rapid wound healing.
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Figure 1. Wound healing of SH and FA. (a) Representative digital images of acute wounds treated
with SH on days 0, 1, 3, 5, and 7 post-wounding. (b) Closure of acute wounds with SH was presented
as percentage of wound area from the initial wound size. Mean ± SEM; n = 8; *, p < 0.05; **, p < 0.01;
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***, p < 0.001 compared with basal group. Statistical analysis was performed using two-way ANOVA,
Bonferroni’s test, or paired t-test. (c) Representative data of mouse skin explants processed for
hematoxylin and eosin (H&E) staining at day 12 and day 24 in skin explant culture. The skin explant
culture was analyzed in triplicate. (d) The quantitation of cellular outgrowth from explants was
enhanced with SH. (e) The cells derived from skin explants were analyzed for Krt6α using qPCR
at day 12 and day 24. Mean ± SEM; n = 6; *, p < 0.05. The significance of the outgrowth area was
calculated using ImageJ software and analyzed using a paired t-test. (f,g) The classification criteria
for the 17 categories were provided in the GO ontology databases (http://www.geneontology.org).
(h) Representative digital images of acute wounds treated with SH on days 0, 1, 3, 5, and 7 post-
wounding. (i) Closure of acute wounds with FA was presented as percentage of wound area from
the initial wound size. Mean ± SEM; n = 8; *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with basal
group. Statistical analysis was performed using two-way ANOVA, Bonferroni’s test, or paired t-test.
BSL: basal, Ve: vehicle (poly petroleum jelly), FA: ferulic acid,%: (w/w). (j) Examples of mouse skin
explants processed for hematoxylin and eosin (H&E) staining and immunofluorescence analyses of
K6β after day 12 in ex vivo skin explant culture. (k) The quantitation of cell outgrowth from explants
was enhanced with FA. The skin explant culture was analyzed in triplicate. Mean ± SEM; n = 6;
***, p < 0.001. The significance of outgrowth was calculated using ImageJ software and analyzed
using paired t-test. (l) The cells derived from the ex vivo skin explant culture were analyzed for
β-catenin using qPCR at day 12. Mean ± SEM; n = 6; ***, p < 0.001. The significance was analyzed
using paired t-test.

Table 1. Up-regulation of genes associated with wound induced keratins.

Probe Name Description Gene Symbol Fold Change #

Keratins

1422784_at keratin 6A Krt6a 14.6901
1423227_at keratin 17 Krt17 7.9747
1424096_at keratin 5 Krt5 7.3153

1423935_x_at keratin 14 Krt14 8.1810
# Fold change: BSL/SH normalized intensity ratio.

Table 2. Alteration of genes associated with extracellular matrix.

Probe Name Description Gene Symbol Fold Change #

Collagen

1455494_at collagen, type I, alpha 1 Col1a1 2.5030
1423110_at collagen, type I, alpha 2 Col1a2 2.6747
1427884_at collagen, type III, alpha 1 Col3a1 3.4892

1418799_a_at collagen, type XVII, alpha 1 Col17a1 2.4751

Tight junction

1437932_a_at claudin 1 Cldn1 2.1909
1434651_a_at claudin 3 Cldn3 2.0510

Adherens junction

1448261_at cadherin 1 Cdh1 2.2079

Desmosome

1435494_s_at desmoplakin Dsp 4.6570
1434534_at desmocollin 3 Dsc3 2.1909

Gap junction

1415801_at gap junction protein, alpha 1 Gja1 −0.39884
# Fold change: BSL/SH normalized intensity ratio.
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Table 3. Alteration of genes associated with migration.

Probe Name Description Gene Symbol Fold Change #

Oncogene

1423240_at Rous sarcoma oncogene Src 2.1337

Integrin linked kinases

1449942_a_at Integrin-linked kinase Ilk 2.0405

Chemokine ligand

1417574_at chemokine (C-X-C motif) ligand 12 Cxcl12 3.078

Fibroblast growth factor

1422916_at fibroblast growth factor 21 Fgf21 2.0611

A disintegrin and metallopeptidase

1450105_at a disintegrin and metallopeptidase
domain 10 Adam10 −0.2529

1421857_at a disintegrin and metallopeptidase
domain 17 Adam17 −0.1847

Wnt signaling

1448818_at wingless-related MMTV integration site
5A Wnt5a −0.4180

1430533_a_at catenin (cadherin associated protein),
beta 1 Ctnnb1 −0.0786

# Fold change: BSL/SH normalized intensity ratio.

After determining the biological evidence for SH-mediated migration associated with
modulation of both Krt6a and Ctnnb1, we investigated the active compound involved in
rapid wound healing. Shalini et al. reported that SH contained natural components such as
tannic acid, gallic acid, caffeic acid, and ferulic acid (FA) [25]. Although a previous study
reported that FA had healing effects for diabetic injuries via amelioration of hyperglycemia,
our results focused on the biological and pharmacological effects of a topical skin ointment
treatment during wound healing [27]. Here, we accessed weather FA as a topical medication
induced wound healing or not via general blood glucoses. Before testing the FA ointment,
we analyzed the SH components. Shalini et al. showed that SH contained 37.55 μg/g of
ferulic acid in their study and the ratio between SH and FA was 1:2.66 × 10−8 (shilajit:
Ferulic acid). In our sample, we analyzed which SH components were involved using
total ion chromatography (Supplementary Figure S5A,B), and the ratio between SH and
FA was 1:1.211 × 10−5 (Supplementary Figure S5C). FA was detected among the natural
components of SH (Supplementary Figure S6).

Subsequently, to test the wound healing effects associated with wound closure and
migration, we firstly observed wound closure treatment with FA 1% in an acute wound
model (Figure 1h). In treatment with FA 1%, significant wound closure was observed on
day 3 (Figure 1i). The numbers of days required for the closure of 50% of the wound area
were as follows: BSL (5.92 ± 0.27 days), Ve (5.74 ± 0.26 days), and FA (3.99 ± 0.19 days)
(Figure 1i). Next, we tested the migration of primary keratinocytes and their morphology
in ex vivo cultures in the presence or absence of 100 nM FA (Figure 1j). We observed that FA
treatment had three biological features in common with SH treatment. FA enhanced K6α
expression (Figure 1j) and induced outgrowth of keratinocytes, similar to SH treatment
on day 24 (Figure 1k). The change in outgrowth in the presence of FA was 3.48 ± 0.66 on
day 12 (Figure 1k). FA decreased Ctbbn1 expression (Figure 1j). The fold change of the
Ctbbn1 expression was 0.4 ± 0.02 (Figure 1l). In the histological study after treatment of
SH or FA, FA treatment was the most effective wound recovery under wound edge at day
7d (Supplementary Figure S4). Moreover, qPCR analysis was performed for Krt6a, Krt6b,
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Krt16, and Nqo1 (Supplementary Figure S7). These results showed that FA derived from
SH may induce wound closure and migration by modulation of Krt6 and Ctbbn1.

3.2. SH and FA Induce Rapid Homeostatic Response of β-Catenin in Dermal Fibroblasts but Not in
Epidermal Keratinocytes

Microarray data for cells treated with SH showed the upregulation of several keratins
(Table 1) and molecules of the extracellular matrix (Table 2). However, the mRNA level
of β-catenin was most downregulated in the epithelial keratinocytes of the skin explant
culture (Figure 1j and Table 3). To further examine the protein expression of the genes with
altered mRNA levels (i.e., the decreased Ctbbn1 and the increased Krt6a) in epidermal
keratinocytes of the skin explant culture, histology study using immunofluorescence
staining of K6α and β-catenin was performed on wound edges. In accordance with the
wound closure results after treatment with SH and FA (Figure 1b,g), we observed that the
significant time points of wound healing were day 3 and day 7. Then, we performed a
histological study of wound edges on day 3 and day 7 after treatment with SH and FA.
We measured the protein expression of β-catenin and K6α in full-thickness wound edges
on days 3 and 7 after treatment with SH and FA (Figure 2). The localization of β-catenin
on the wound edge of the dermis was remarkably increased by treatment with SH 10%
(Figure 2a). Dose-dependent increased β-catenin expression on the wounded dermis was
evaluated using Western blotting on day 3. The fold change of β-catenin expression against
non-treatment was 1.19 for SH 1% and 1.4 for SH 10% (Figure 2c). The localization of K6α,
the wound-induced marker, appeared as a thick line on the wound edge of the epidermis
after treatment with SH 10% (Figure 2a). K6α expression on the wounded epidermis was
dose-dependently increased, as shown by western blotting on day 3. The fold change for
increased expression of K6α against non-treatment was 1.11 for SH 1% and 1.44 for SH
10% (Figure 2c). After post-wounding day 7, interestingly, the localization of β-catenin
on the wound edge of the dermis with SH 10% seemed to be more decreased than basal
group (Figure 2b). This decreasing tendency of β-catenin expression was evaluated using
Western blotting. The fold change for decreasing expression of β-catenin was 0.4 for SH
10% compared with basal rates (Figure 2d). However, the localization of K6α continue to
increase in epidermal keratinocytes of the wound edges (Figure 2b). The state of increase
of K6α was evaluated using Western blotting. The fold change for increasing expression of
K6α was 2.2 for SH 10% compared with basal rates (Figure 2d).

To further investigate whether FA induced wound healing to modulate K6α and β-
catenin in common with SH, we tested the localization and quantitative expression of K6α
and β-catenin under wound edges on days 3 and 7 (Figure 2e–h). Similar to the modulation
by treatment with SH 10%, FA increased the localization and expression of β-catenin on
day 3 (Figure 2e,g) and subsequently decreased the localization and expression of β-catenin
on day 7 in dermal fibroblasts (Figure 2f,h). In addition, FA treatment resulted in greater
accumulation of β-catenin than basal conditions on day 7 in the epidermal keratinocytes
on the wound edge (Figure 2f). During wound healing, additionally, FA treatment con-
tinued to increase the localization and expression of K6α on day 3 (Figure 2e,g). These
results suggested that FA exerted similar wound healing effects to SH, modulating the
downregulation of β-catenin and the upregulation of K6α, implying that FA modulated the
expression of β-catenin and K6α at the wound edge and enhanced wound healing through
the promotion of keratinocyte migration. These results suggested that SH enhanced wound
closure by modulating downregulation of β-catenin on the dermis and upregulation of
K6α on the epidermis. Additionally, FA was an active wound healing agent for modulation
of both β-catenin and K6α under the wound edge.
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Figure 2. SH and FA induce epithelialization of keratinocytes. (a,b) Immunofluorescence (IF) staining of K6α and β-catenin
in the epithelium at day 3 or 7 after wounding with or without SH. (c,d) Protein expression of K6α and β-catenin was
analyzed after exposure to SH using Western blotting at day 3 and day 7. (e,f) K6α and β-catenin in the wounded epithelium
at day 3 or 7 after exposure to FA. (g,h) Protein expression of K6α and β-catenin was analyzed after exposure to FA using
Western blotting at day 3 and day 7. The IF and Western blots were analyzed in triplicate. Mean ± SEM; n = 5; epi: epidermis;
derm: dermis.

3.3. FA Suppresses Nuclear Accumulation of β-Catenin in Epidermal Keratinocytes

As the nuclear accumulation of β-catenin caused the induction of c-myc, it contributed
to the suppression of migration and the maintenance of epidermal chronic wounds in
human epidermal keratinocytes [7]. Here, we hypothesized that if FA inhibited transloca-
tion of nuclear β-catenin or disturbed the accumulation of nuclear β-catenin, the delayed
migration of keratinocytes might be improved. To evaluate whether FA inhibited the
nuclear accumulation of β-catenin, we observed this phenomenon in primary keratinocytes
treated with and without FA (Figure 3a). FA treatment significantly inhibited the nuclear
translocation of β-catenin (Figure 3b) and decreased the nuclear translocation of c-myc,
a downstream molecule of β-catenin (Figure 3c). To further examine the effects of FA on
the inhibition of the nuclear accumulation of β-catenin, we induced the overexpression
of β-catenin by using LiCl and observed the protein localization of β-catenin and c-myc
(Figure 3a, white triangle). The LiCl-induced nuclear accumulation of β-catenin delayed
keratinocyte migration and wound healing; if this was inhibited by FA, we would expect
this to contribute to keratinocyte migration in wound healing. The IF analysis revealed that
FA restricted the nuclear accumulation of β-catenin and c-myc in primary keratinocytes
treated with LiCl (Figure 3a–c). In addition, FA blocked intracellular β-catenin and c-myc
expression in the keratinocytes (Figure 3d–f). Our results showed that 10% SH and FA
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increased localization and expression of β-catenin in dermal fibroblasts on the wound edge
on day 3 (Figure 2a,e). To examine the differential effects of FA, we additionally observed
localization and expression of both β-catenin and c-myc in primary fibroblasts (Figure 3g,j).
FA increased translocated β-catenin and c-myc expression in primary fibroblasts, as shown
by IF analysis (Figure 3g–i). Subsequently, there were no changes in β-catenin and c-myc
expression in fibroblasts after LiCl treatment (Figure 3j–l). These results implied that FA’s
actions of migration and wound closure resulted from the inhibition of β-catenin accumu-
lation on epidermal keratinocytes and the translocation of β-catenin into the nucleus of
dermal fibroblasts.

Figure 3. FA suppresses nucleus translocation of β-catenin in primary keratinocytes but induces nucleus translocation
of β-catenin in primary fibroblasts. (a) After treatment with or without LiCl, immunofluorescence (IF) staining of c-myc
and β-catenin was examined in primary keratinocytes. (b) The graph indicates the nucleus translocation ratio (%) of
β-catenin. (c) The graph indicates the nucleus translocation ratio (%) of c-myc. Significance was measured using t-tests.
Note: ** p < 0.01, scale bar: 10μm. The IF was analyzed in triplicate. Mean ± SEM; n = 100. (d) Protein expression of c-myc
or β-catenin was analyzed using Western blotting in primary keratinocytes. Significance was measured using t-tests. Note:
** p<0.01. (e,f) Protein expression of β-catenin and c-myc was analyzed using Western blotting in primary keratinocytes.
The Western blots were analyzed in triplicate. Mean ± SEM; n = 5. Significance was measured using t-tests. Note: * p < 0.05,
** p < 0.01. (g) After treatment with or without LiCl, immunofluorescence (IF) staining of c-myc and β-catenin was examined
in primary fibroblasts. (h) The graph indicates the nucleus translocation ratio (%) of β-catenin in primary fibroblasts. (i) The
graph indicates the nucleus translocation ratio (%) of c-myc in primary fibroblasts. Significance was measured using t-tests.
Note: ** p < 0.01, scale bar: 30μm. The IF was analyzed in triplicate. Mean ± SEM; n = 100. (j) Protein expression of c-myc
or β-catenin was analyzed using Western blotting in primary fibroblasts. (k,l) Protein expression of β-catenin and c-myc
was analyzed using Western blotting in primary fibroblasts. The IF and Western blot samples were analyzed in triplicate.
Mean ± SEM; n = 5. Significance was measured using t-tests. Note: * p < 0.05.

3.4. FA Ameliorated Wound-Induced Inflammation by Activation of NRF2

After tissue injury, the inflammatory response plays important roles in wound heal-
ing. To evaluate whether FA had anti-inflammatory or protective effects in FA-mediated
rapid wound healing, we observed major inflammatory markers, such as COX-2 and
iNOS, as well as the protective marker Nrf2. In the wound edge, only iNOS localiza-
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tion was significantly decreased on day 7 of FA treatment (Figure 4a). Regarding Nrf2
localization, however, FA treatment resulted in effective enhancement on both day 3 and
day 7 (Figure 4b). To further evaluate the FA-mediated iNOS decrease, we tested COX-2
and iNOS expression in RAW 264.7 under LPS-mediated inflammation conditions. After
100 μM of FA treatment, only iNOS expression was significantly decreased (Figure 4c). A
previous study suggested that FA had anti-inflammatory effects via inhibition of NF-κB
and activation of Nrf2 [36]. However, the molecular interaction between iNOS and Nrf2
related to inflammatory signaling was still unknwon. To investigate the mode-of-action of
FA in terms of anti-inflammatory effects, we performed systemic knockdown using siRNA
from Nfe2l2 and observed COX-2 and iNOS expression. Under Nfe2l2 knockdown condi-
tions, the FA-mediated iNOS decrease disappeared in the RAW 264.7 mouse macrophage
(Figure 4d). The evaluation of the knockdown of Nfe2l2 is shown in Figure 4e. These
results suggested that FA alleviated wound-induced inflammation by decreasing iNOS
expression, and that this iNOS decrease was mediated by FA-mediated Nrf2 activation.

Figure 4. FA has anti-inflammatory effects via activation of NRF2. (a) Immunofluorescence (IF)
staining of COX-2 and iNOS indicated in the epithelium at day 3 or 7 after wounding with or without
FA. (b) Immunofluorescence (IF) staining of Nrf2 indicated in the epithelium at day 3 or 7 after
wounding with or without FA. (c) Protein expression of COX-2 and iNOS was analyzed after exposure
to FA using Western blotting in RAW 264.7 cells. (d) K6α and β-catenin are indicated in the wounded
epithelium at day 3 or 7 after exposure to FA. COX-2 and iNOS expression were observed using
Western blotting under Nfe2l2 knockdown conditions. (e) The graph showed the knockdown ratio of
Nfe2l2. The IF, Western blotand Nfe2l2 knockdown test were performed in triplicate. Mean ± SEM;
** p < 0.01, n = 5. epi: epidermis, derm: dermis.
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3.5. FA Induces Proliferation in Keratinocytes

During the regeneration of the epidermis after wounding, the proliferation of ker-
atinocytes plays a crucial role. To determine the cellular proliferative effects of wound
healing by SH and FA, we performed real-time cell analysis (RTCA). RTCA was automati-
cally recorded by using the xCELLigence System in real time. The Kera 308 cells, a mouse
keratinocyte cell line [29], were seeded at 5 × 103 cells in each E-plate. The dose curves
were obtained between 1 μg/mL to 1000 μg/mL SH (Figure 5a) and between 1 nM and
1000 nM FA for 72 h (Figure 5b). The SH treatment group values were more increased than
the basal values. The values for the area under the curve are as follows: BSL (1.02 ± 0.02),
1 (1.34 ± 0.03), 10 (1.3 ± 0.04), 100 (1.33 ± 0.03), and 1000 (1.29 ± 0.01) (Figure 5a). The
FA treatment values from 1 to 100 nM were increased more than the basal values. The
values for the area under the curve were as follows: BSL (1 ± 0.01), 1 (1.17 ± 0.05), 10
(1.25 ± 0.04), 100 (1.4 ± 0.03), and 1000 (1.01 ± 0.02) (Figure 5b). To further evaluate the
proliferative effects of SH and FA at the wound edge, we observed the proliferation marker,
Ki67, in the wound edge after treatment with SH and FA. SH and FA induced a significant
increase in Ki67-positive cells in the wound epidermis 7 days after wounding. The values
for Ki67-positive cells were as follow: BSL (8.6 ± 1.56), SH 10% (20.2 ± 1.56), and FA
(43.8 ± 3.42) (Figure 5c). The proliferative enhancement induced by FA was more than
two-fold greater than that of SH. In addition, genes associated with proliferation, such as
integrin-linked kinase, chemokine ligands, and fibroblast growth factor, were altered by
SH treatment (Table 3). These results suggested that keratinocytes were enhanced to prolif-
eration in response to FA treatment in common with SH. In addition, FA treatment affected
the dose-dependent increase. These results suggested that FA might be induced in wound
healing as an active compound by enhancement of proliferation and Ki67-positive cells.

Figure 5. Cont.
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Figure 5. SH and FA enhance cellular proliferation. (a) The curves represent the course of the murine
keratinocytes’ (kera 308 cell line) viability with SH for 72 h. (b) FA’s effects were assessed for 72 h.
The RTCA was analyzed in triplicate. Each significance was measured using one-way ANOVA; n = 3,
*** p < 0.001, ** p < 0.01, C/W; cells per well, arrow, treated point; BSL, basal; SH, shilajit; FA, ferulic
acid. The graphs treated with SH or FA were compared with the area under curve using ImageJ
software. (c) Immunofluorescence (IF) staining of Ki67 indicated in the wound epithelium at day
7. Significance was measured using t-tests. The IF was analyzed in triplicate. Mean ± SEM; n = 5,
* p< 0.05, ** p < 0.01.

4. Discussion and Conclusions

Under wounding conditions, the epithelial sheets of metazoans immediately trigger
the repair mechanism to restore the condition and function of epithelial cells. The epidermis
acts as a protective barrier; the degree of this action is dependent upon the dynamic degree
of integrity of the keratin network [37–40]. Simultaneously, to repair the epidermal wound
edge, epithelial stem cells from the hair follicle bulge migrate into the epidermis during
wound healing [41].

In the present study, we demonstrated that SH and FA treatment induced rapid
wound closure in acute wounds and the migration of epidermal keratinocytes in ex vivo
culture. SH and FA affected the regulation of keratin genes and β-catenin (Figure 1). The
induction of K6α under wounding conditions plays an important structural role in the
wound epithelialization of keratinocytes and the maintenance of keratinocyte integrity [5].
K6α regulates homeostasis during recovery through a direct interaction with Src; thus,
the interaction between K6α and Src may be a trigger to dampen migration in the wound
edge [4,42]. Paradoxically, the loss of the K6 isoform of keratinocytes resulted in enhanced
epithelial migration in the wound edge [43]. Recently, the K6 isoform modulated ker-
atinocyte migration by regulation of cell–matrix and cell–cell adhesion dynamics, which
promoted essential collective cell migration and wound healing [44]. In further studies
of the development of therapeutic agents in wound healing, evaluation of migration, the
modulation of the K6 isoform, and its interaction proteins associated with cytoarchitecture,
adhesion, and force generation should be considered at the wound edge [45,46].

Second, our results indicated that SH and FA treatment increased K6α and β-catenin
expression in the acute wound on day 3. However, on day 7, the increase in K6α was
maintained but the increase in β-catenin was dissipated by treatment with SH and FA. SH
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and FA appeared to regulate protein expression in epidermal keratinocytes and dermal
fibroblasts (Figure 2). In mechanical stress conditions, such as at the wound edge, β-catenin
plays an essential role in the epidermal barrier function. Therefore, the loss of β-catenin
in the embryonic epidermis causes neonatal lethality through the activation of K6 [47].
Wnt/β-catenin signaling is a functional network for the regulation of keratins and is
generally involved in areas such as stem cells and developmental biology [48]. When the
Wnt pathway is inactivated, the key mediator of Wnt signaling, β-catenin, participates in
the adherens junction, where it contributes to the stabilization of cell-to-cell interactions [49].
When the Wnt pathway is activated, β-catenin functions not only in the cytoplasm, where
β-catenin levels are tightly controlled by processes regulating protein stability, but also
in the nucleus, where β-catenin is involved in transcriptional regulation and chromatin
interactions [50].

Third, treatment with FA, an active compound involved in wound healing, resulted
in disturbed nuclear β-catenin expression after LiCl treatment in primary keratinocytes,
whereas nuclear accumulation of β-catenin was activated by FA treatment in primary
fibroblasts (Figure 4). In hair follicle progenitor cells, β-catenin signaling plays an impor-
tant role in the active growth phase of the hair cycle [51] and contributes to proliferation,
survival, and epidermal homeostasis [52]. In the continuous nucleus accumulation of
β-catenin, however, keratinocyte migration and wound healing are suppressed by the
induction of the c-myc activation in chronic wounds in humans [7]. The deregulation of
c-myc depletes epidermal stem cells, resulting in an inability to restore wound sites and
reduce β1 integrin expression, which is involved in keratinocyte migration [53]. Thus,
FA treatment suppressed nucleus accumulation of β-catenin and c-myc in primary ker-
atinocytes, indicating wound healing via increasing migration.

Furthermore, the loss of β-catenin caused accelerated wound healing owing to reduced
numbers of fibroblasts and the failure of differentiation into follicular keratinocytes [54,55].
However, in cutaneous wounds, the activation of the Wnt/β-catenin pathway induces cu-
taneous wound healing in dermal fibroblasts through the inhibition of GSK3β by valproic
acid [16], because GSK3β is involved in fibrosis through β-catenin signaling in dermal
fibroblasts [56]. In addition, CXXC5, a negative feedback regulator of the Wnt/β-catenin
pathway, enhanced collagen production in cutaneous wound healing [57]. However, ev-
idence of the therapeutic effect is limited in clinical trials of cutaneous wound healing.
The problem of delivery is more tractable, as small-molecule drugs (typically <550 Da)
pass through the dermal layer [58]. The side effects of small-molecule drugs include low
specificity and accumulation in specific organs, which may result in severe toxic effects;
for example, valproic acid affects chemicals in the body and is involved in seizures and
epilepsy [59]. Although the previous study suggested that the regulation of β-catenin
showed opposing mechanisms between keratinocytes and fibroblasts in wound heal-
ing [55], the development of therapeutic agents targeting both keratinocytes and fibroblasts
has been poorly studied. Our results suggest that FA modulates the gene expression of
β-catenin through the differential regulation of keratinocytes and fibroblasts and leads to
epidermal migration and proliferation as a safe therapeutic target for wound healing. In a
recent study, the wave complex, which is involved in structural organization and plays a
mechanical function in cells, was essential in epidermal development by suppressing Wnt
signaling [60]. In wound treatment, the control of Wnt signaling in epidermal keratinocytes
may lead to well-established re-epithelization with minimal epidermal trauma. In the
present study, we originally reported that FA modulated β-catenin in primary keratinocytes
and fibroblasts. Our findings extend the current understanding of the pathogenesis of
keratin disorders, as well as the knowledge of rapid wound healing. For example, the
genetic mutation of K6a (~50% of cases), K6b, K16, or K17 causes pachyonychia congenita
(PC), which is a keratinizing disorder and is a phenotypic feature of focal plantar kerato-
derma [61]. To treat hyperkeratotic disorders such as PC, retinoids or statins are therapeutic
options. [62,63]. However, retinoids are not specific for a given keratin or keratin-related
gene, and retinoids and statins may cause side effects through the inhibition of epidermal
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differentiation and hepatotoxicity [64–66]. In particular, statins decrease K6a expression
by downregulation of K6a promoter activity [63], and may promote neurological injury
of the hippocampus and spinal cord via enhancement of the Wnt/β-catenin signaling
pathway [67,68]. Further studies to understand interaction of keratins and Wnt/β-catenin
signaling will provide treatment strategies for PC and other keratin-related disorders.
Indeed, FA could be a plausible treatment option, as FA has been shown to induce compen-
satory keratin gene expression to overcome the effects of the mutated keratin gene and to
regulate differential signaling modulation for fibroblasts and keratinocytes. Sulforaphane
(SF), which is chemopreventive agent extracted from broccoli sprouts [69], regulates the
induction of K16 and K17 through Nrf2-dependent and independent signaling in mouse
keratinocytes [70]. In addition, SF-mediated Nrf2 signaling rescued the epidermolysis
bullosa simplex (EBS), which is typified by the dysfunction of intermediated filaments
in the basal keratinocytes of the epidermis [71]. Similar to the SF treatment strategy, we
believe that the application of gene induction and gene repression through FA will be
useful for the development of therapeutic agents for wound healing and keratinopathies
via modulation of β-catenin and Nrf2, with minimal side effects.
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Abstract: Safflower (Carthamus tinctorius) is an annual herb belonging to the Compositae family; it has
a history of use as a food colorant, dye, and medicine in oriental countries. LC-MS-UV-based chemical
analysis of extract of the florets of C. tinctorius led to the isolation of two new C10-polyacetylene
glycosides, (8Z)-decaene-4,6-diyne-1,10-diol-1-O-β-D-glucopyranoside (1) and (8S)-deca-4,6-diyne-
1,8-diol-1-O-β-D-glucopyranoside (2), together with five known analogs (3–7). The structures of
the new compounds were determined by using 1D and 2D NMR spectroscopic data and HR-MS
data, as well as chemical transformations. Of compounds 1–7, compounds 2, 3, and 4 inhibited
the adipogenesis of 3T3-L1 preadipocytes, whereas compounds 1 and 6 promoted adipogenesis.
Compounds 2, 3, and 4 also prevented lipid accumulation through the suppression of the expression
of lipogenic genes and the increase of the expression of lipolytic genes. Moreover, compounds 3 and
4 activated AMPK, which is known to facilitate lipid metabolism. Our findings provide a mechanistic
rationale for the use of safflower-derived polyacetylene glycosides as potential therapeutic agents
against obesity.

Keywords: safflower; Carthamus tinctorius; polyacetylene glycosides; 3T3-L1 preadipocytes; AMPK

1. Introduction

Obesity is caused by energy imbalance, which leads to an excessive accumulation
of body fat in adipose tissues [1]. The expansion of adipose tissue accompanies the
differentiation of preadipocytes residing in adipose tissues to mature adipocytes and the
generation and accumulation of lipid droplets in adipocytes [2]. Thus, the identification of
compounds preventing adipogenesis and lipogenesis has been considered as an effective
strategy for the alleviation of obesity and metabolic diseases.

Carthamus tinctorius L., also known as safflower, is a highly branched and thistle-like
annual plant belonging to the Compositae family. C. tinctorius has a long history of use as a
food colorant, dye, and traditional medicine for the treatment of cardiovascular diseases
and gynecological symptoms [3]. The pistil of C. tinctorius is well-known as an edible dye
agent in various European dishes, including paella, risotto, and pasta [4]. In previous stud-
ies, phytochemical investigation of this plant reported the presence of quinochalcones, such
as carthamin, safflower yellow, and safflomin, flavonoids, alkaloids, and polyacetylenes [5].
Further pharmacological studies demonstrated that the polyacetylenes from C. tinctorius in-
hibited LPS-induced NO (nitric oxide) release, showing its potential as an agent for treating
inflammatory diseases [6]. Recent studies have shown that extracts of safflower inhibited
the adipogenesis of 3T3-L1 preadipocytes and alleviated high-fat diet-induced obesity in
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mice [7–10]. In addition, treatment with safflower extracts improved metabolic parameters,
such as glucose metabolism and lipid profiles, in mice with diet-induced obesity [9,10].
Despite numerous evidences showing the beneficial effects of safflower on metabolism, the
exact compounds responsible for the action and the mechanisms underlying their action
remain undiscovered.

As a part of our continued search for natural products with novel structural and/or
biological properties [11–15], seven polyacetylene glycosides (1–7), including two new
C10-polyacetylene glycosides, (8Z)-decaene-4,6-diyne-1,10-diol-1-O-β-D-glucopyranoside
(1) and (8S)-deca-4,6-diyne-1,8-diol-1-O-β-D-glucopyranoside (2), were isolated from the
extract of the florets of C. tinctorius by using LC-MS-UV-based chemical analysis. The
structures of the new compounds were established by 1D and 2D NMR spectroscopic and
high-resolution MS data analysis, and the absolute configurations of the sugar moiety
were elucidated by chemical transformations followed by enzymatic hydrolysis. Herein,
we have described the isolation and structural characterization of the compounds (1–7)
(Figure 1) and the evaluation of their effects on de novo adipogenesis and lipid metabolism
in adipocytes.

 
Figure 1. The chemical structures of the isolated compounds 1–7.

2. Materials and Methods

2.1. General Experimental Procedures

Optical rotations were measured using a Jasco P-2000 polarimeter (Jasco, Easton,
MD, USA). IR spectra were recorded using a Bruker IFS-66/S FT-IR spectrometer (Bruker,
Karlsruhe, Germany). Ultraviolet (UV) spectra were acquired using an Agilent 8453 UV-
visible spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). NMR spectra
were recorded using a Bruker AVANCE III HD 850 NMR spectrometer with a 5-mm TCI
CryoProbe, operated at 850 MHz (1H) and 212.5 MHz (13C). The chemical shifts were
presented in ppm (δ) for 1H and 13C NMR analyses. Preparative HPLC was performed by
using a Waters 1525 Binary HPLC pump with a Waters 996 photodiode array detector (Wa-
ters Corporation, Milford, MA, USA) and an Agilent Eclipse C18 column (250 × 21.2 mm,
5 μm; flow rate: 5 mL/min; Agilent Technologies). Semi-preparative HPLC was per-
formed on a Shimadzu Prominence HPLC System with SPD-20A/20AV Series Prominence
HPLC UV-Vis detector (Shimadzu, Tokyo, Japan) and a Phenomenex Luna C18 column
(250 × 10 mm, 5 μm; flow rate: 2 mL/min; Phenomenex, Torrance, CA, USA). LC-MS
analysis was performed using an Agilent 1200 Series HPLC system, equipped with a
diode array detector and 6130 Series ESI mass spectrometer, and an analytical Kinetex C18
100 Å column (100 × 2.1 mm, 5 μm; flow rate: 0.3 mL/min; Phenomenex). All HRESIMS
data were obtained by using a Waters Xevo G2 quadrupole time-of-flight (QTOF) mass
spectrometer and a Synapt G2 HDMS QTOF mass spectrometer (Waters). Silica gel 60
(230–400 mesh; Merck, Darmstadt, Germany) and RP-C18 silica gel (Merck, 230–400 mesh)
were used for column chromatography. The packing material for molecular sieve column
chromatography was Sephadex LH-20 (Pharmacia, Uppsala, Sweden). Thin-layer chro-

61



Biomedicines 2021, 9, 91

matography was performed by using precoated silica gel F254 plates and RP-C18 F254s
plates (Merck) and spots were detected under UV light or by heating, after spraying with
anisaldehyde–sulfuric acid.

2.2. Plant Material

The florets of C. tinctorius were collected in Pocheon, Gyeonggi-do, Korea, and pur-
chased from Dongyangpharm in September 2018. The plant was identified by one of the
authors (K. H. Kim). A voucher specimen (HH-18-12) was deposited in the herbarium of
the School of Pharmacy, Sungkyunkwan University, Suwon, Korea.

2.3. Extraction and Isolation

The florets of C. tinctorius (1.8 kg) were extracted using 80% aqueous MeOH (each
20 L × 2 days) at room temperature, filtered through Whatman’s filter paper No. 1, and then
combined and concentrated under vacuum pressure by using a rotary evaporator, which
yielded an MeOH extract (530.0 g). The MeOH extract was suspended in distilled water
(700 mL, each) and then solvent-partitioned with hexane, dichloromethane, ethyl acetate,
and n-butanol, which afforded four fractions: hexane-soluble (37.6 g), CH2Cl2-soluble
(3.3 g), EtOAc-soluble (10.4 g), and BuOH-soluble fractions (57.3 g). After solvent partition,
the residue was solvent-partitioned again with acetone, affording the acetone-soluble
fraction (68.7 g). All these fractions were initially analyzed by LC-MS, which confirmed the
presence of components with a distinctive UV spectrum, which was characteristic of an
enediyne chromophore [16,17] in the EtOAc-soluble fraction. To identify the compounds
of interest, the EtOAc fraction (10.4 g) was resolved by silica gel column chromatography
[300 g; eluted using a CH2Cl2/MeOH (50:1→1:1, v:v) gradient solvent system and washed
with 90% MeOH] and investigated by monitoring through LC-MS using our in-house UV
library. As a result, seven fractions (E1–E7) were obtained from the column chromatography,
and fraction E5 (3.2 g) was separated by MPLC, using the Yamazen UNIVERSAL Premium
ODS-SM column with MeOH/H2O (30–100% MeOH) to yield five subfractions (E51–E55).
Subfraction E52 (638.7 mg) was loaded onto a Sephadex LH-20 column by using a solvent
system of 100% MeOH to yield three subfractions (E521–E523). Subfraction E521 (267.2 mg)
was separated by preparative reversed-phase HPLC using a gradient solvent system
of MeOH/H2O (50–100% MeOH) to yield five subfractions (E5211–E5215). Subfraction
E5212 (87 mg) was subjected to silica gel column chromatography [3.0 g, eluted with
CH2Cl2/MeOH (50:1→1:1) gradient solvent system, and washed with 90% MeOH] to yield
five subfractions (E52121–E52125). Subfraction E52125 (20.7 mg) was purified by semi-
preparative HPLC (36% MeOH) to furnish compound 5 (tR 29.5 min, 3.0 mg). Subfraction
E5215 (23.4 mg) was separated by semi-preparative HPLC (17% acetonitrile, MeCN) to
yield compound 2 (tR 38.0 min, 1.5 mg). Subfraction E522 (68.2 mg) was purified by
using semi-preparative HPLC (35% MeOH) to yield compound 1 (tR 43.0 min, 1.2 mg).
Fraction E6 (1.3 g) was separated by MPLC with a gradient solvent system MeOH/H2O
(30–100% MeOH) to yield five subfractions (E61–E65). Subfraction E62 (172.7 mg) was
subjected to Sephadex LH-20 column using a solvent system of 100% MeOH to yield three
subfractions (E621–E623). Subfraction E622 (46.6 mg) was purified by semi-preparative
HPLC (37% MeOH) to yield compounds 6 (tR 42.5 min, 1.5 mg) and 7 (tR 47.5 min, 3.1 mg).
Subfraction E64 (299.4 mg) was separated by preparative reversed-phase HPLC with a
gradient solvent system of MeOH/H2O (70% MeOH) to yield five subfractions (E641–E645).
Subfraction E643 (96.2 mg) was purified by semi-preparative HPLC (28% MeCN) to furnish
compounds 3 (tR 32.5 min, 12.5 mg) and 4 (tR 34.0 min, 1.5 mg).

2.3.1. (8Z)-Decaene-4,6-diyne-1,10-diol-1-O-β-D-glucopyranoside (1)

Yellowish amorphous gum; [a]25
D − 68.0 (c 0.06, MeOH); UV (MeOH) λmax (log ε) 208

(3.41), 215 (3.47), 240 (0.72), 255 (1.46), 268 (1.76), 287 (1.66) nm; IR (KBr) νmax 3396, 2976,
2265, 1655, 1610, 1365, 1116 cm−1; 1H (850 MHz) and 13C (212.5 MHz) NMR data, see

62



Biomedicines 2021, 9, 91

Table 1; ESIMS (positive-ion mode) m/z 349.1 [M + Na]+; HRESIMS (positive-ion mode)
m/z 349.1252 [M + Na]+ (calculated for C16H22O7Na, 349.1263).

Table 1. 1H and 13C NMR data for compounds 1 and 2 in CD3OD. a

Position
1 2

δC, Type δH (J in Hz) δC, Type δH (J in Hz)

1 68.9, CH2
3.98, dt (10.0, 6.0)
3.67 dt (10.0, 6.0) 69.1, CH2

3.95, dt (10.0, 6.0)
3.64 dt (10.0, 6.0)

2 29.5, CH2 1.87, m 29.6, CH2 1.83, m
3 16.5, CH2 2.52, t (7.0) 16.3, CH2 2.44, t (7.0)
4 85.9, C 81.4, C
5 65.5, C 65.6, C
6 80.3, C 70.1, C
7 71.4, C 78.0, C
8 109.3, CH 5.61, d (11.0) 64.0, CH 4.27, d (6.5)
9 146.6, CH 6.20, dt (11.0, 6.5) 31.7, CH2 1.67, m

10 60.8, CH2 4.32, d (6.5) 9.6, CH3 0.98, t (7.5)
1′ 104.2, CH 4.28, d (8.0) 104.5, CH 4.25, d (8.0)
2′ 74.9, CH 3.19, dd (9.0, 8.0) 74.9, CH 3.16, dd (9.0, 8.0)
3′ 77.7, CH 3.28, m 77.7, CH 3.28, m
4′ 71.3, CH 3.29, m 71.3, CH 3.29, m
5′ 77.8, CH 3.36, m 77.8, CH 3.35, m

6′ 62.5, CH2
3.89, dd (12.0, 2.0)
3.69, dd (12.0, 5.5) 62.6, CH2

3.86, dd (12.0, 2.0)
3.67, dd (12.0, 5.5)

a Signal multiplicity and coupling constants (Hz) are in parentheses; the measurements are based on HSQC,
HMBC, and 1H-1H COSY experiments.

2.3.2. (8S)-Deca-4,6-diyne-1,8-diol-1-O-β-D-glucopyranoside (2)

Colorless amorphous gum; [a]25
D − 18.5 (c 0.07, MeOH); UV (MeOH) λmax (log ε)

210 (3.03), 222 (3.46), 242 (0.68), 255 (0.98), 270 (1.21), 285 (0.91) nm; IR (KBr) νmax 3374,
2953, 2205, 1650, 1235, 1051 cm−1; 1H (850 MHz) and 13C (212.5 MHz) NMR data, see
Table 1; ESIMS (positive-ion mode) m/z 351.1 [M + Na]+; HRESIMS (positive-ion mode)
m/z 329.1598 [M + H]+ (calculated for C16H25O7, 329.1600).

2.4. Enzymatic Hydrolysis and Absolute Configuration Determination of the Sugar Moiety of 1
and 2

The absolute configuration of the sugar moiety was determined by using an LC-MS-
UV-based method [18]. Compounds 1 and 2 (each 0.5 mg) were hydrolyzed with crude
hesperidinase (10 mg, from Aspergillus niger; Sigma-Aldrich, Saint Louis, MO, USA) at
37 ◦C for 72 h, individually, and then, EtOAc was used for the extraction. Each aqueous
layer was evaporated by using a vacuum evaporator and dissolved in anhydrous pyridine
(0.5 mL) with the addition of L-cysteine methyl ester hydrochloride (1.0 mg). After the
reaction mixture was heated at 60 ◦C for 1 h, O-tolylisothiocyanate (50 μL) was added, and
the mixture was incubated at 60 ◦C for 1 h. The reaction product was evaporated by using a
vacuum evaporator and dissolved in MeOH. Subsequently, the dissolved reaction product
was directly analyzed by LC-MS [MeOH/H2O, 1:9→7:3 gradient system (0–30 min), 100%
MeOH (31–41 min), 0% MeOH (42–52 min); 0.3 mL/min] using an analytical Kinetex C18
100 Å column (100 mm × 2.1 mm i.d., 5 μm). The sugar moiety from 1 and 2 was identified
as D-glucopyranose based on the comparison of the retention time with an authentic sample
(tR: D-glucopyranose 19.3 min).

2.5. Cell Culture and Differentiation

3T3-L1 preadipocytes, purchased from the American Type Culture Collection (ATCC®

CL-173™, Manassa, VA, USA), were grown in Dulbecco Modified Eagle Medium (DMEM)
supplemented with 10% bovine calf serum and 1% penicillin/streptomycin (P/S) [19]. For
the adipogenic differentiation, 3T3-L1 cells were incubated in DMEM with 10% fetal bovine
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serum (FBS), 1% P/S, 0.5 mM 3-isobuyl-1-methylxanthine (IBMX), 1 μM dexamethasone,
and 1 μg/mL insulin. Then, the medium was replaced with DMEM containing 10% FBS,
1% P/S, and 1 μg/mL insulin every alternate day until Day 8. To evaluate the effects of
compounds 1–7 on adipogenesis, we treated 3T3-L1 cells with these compounds throughout
the process of adipogenesis.

2.6. Oil Red O Staining

To observe the accumulated lipid droplets in adipocytes, Oil Red O staining was per-
formed after the differentiation [20]. After the adipocytes were fixed in 10% formaldehyde
for 1 h and washed with 60% isopropanol, mature adipocytes were incubated with the Oil
Red O working solution for 1 h. Then, the cells were washed with distilled water twice,
and images of the stained lipid droplets were captured with Cytation™ 5.

2.7. Cell Counting

First, 3T3-L1 cells were treated with compounds 1–7 at concentrations of 10, 20, and
40 μM for 24 h; then, they were incubated with EDTA for 5 min for detachment. The
detached cells were diluted with PBS, and the numbers of cells were counted by using a
LUNA-II™ Automated Cell Counter (Logos Biosystems, Annandale, VA, USA).

2.8. Western Blotting

Proteins were extracted with Pro-Prep (Intron Biotechnology, Seoul, Korea) for 20 min
on ice and then centrifuged at 13,000 rpm at 4 ◦C for 20 min. For Western blotting, 15 μg
of each protein in the supernatant was separated by SDS-polyacrylamide gel (10%) elec-
trophoresis. The proteins were transferred to polyvinylidene difluoride (PVDF, Millipore,
Darmstadt, Germany) membranes using a semi-dry transfer apparatus (Bio-Rad, Hercules,
CA, USA). The membranes were incubated with the primary antibodies (dilution 1:2000)
overnight at 4 ◦C, followed by incubation with horseradish peroxidase (HRP)-conjugated
secondary antibodies (Abcam) for 1 h at room temperature. HRP signals reacting with
chemiluminescence reagents (Abclon) were detected using AGFA X-ray films and quan-
tified using the ImageJ software. Anti-phospho (T172) AMPKα (Abcam, ab2535) and
anti-AMPKα (Abcam, ab2532S) antibodies were used for Western blotting.

2.9. Reverse Transcription and Quantitative Real-Time PCR (RT-qPCR)

Total RNA was extracted from adipocytes using Easy-Blue reagent (Intron Biotechnol-
ogy) in accordance with the manufacturer’s instructions. For reverse transcription (RT),
cDNA was synthesized from 1 μg of total RNA using the Maxim RT-PreMix Kit (Intron
Biotechnology). For quantitative real-time PCR (qPCR), cDNA from RNA was incubated
with KAPA SYBR® FAST qPCR Master Mix (Kapa Biosystems) and primers for each gene.
The qPCR reaction was detected using a CFX96 TouchTM real-time PCR detector (Bio-Rad).
The relative mRNA expression for each gene was normalized to the expression of β-actin.
The sequences of qPCR primers used in this study are listed in Table 2.

Table 2. Sequences of primers used for RT-qPCR.

Gene Forward Reverse

β-Actin 5′-ACGGCCAGGTCATCACTATTG-3’ 5′-TGGATGCCACAGGATTCCA-3′
Adipsin 5′-CATGCTCGGCCCTACATG-3’ 5′-CACAGAGTCGTCATCCGTCAC-3′
Fabp4 5′-AAGGTGAAGAGCATCATAACCCT-3’ 5′-TCACGCCTTTCATAACACATTCC-3′

SREBP1 5′-AACGTCACTTCCAGCTAGAC-3’ 5′-CCACTAAGGTGCCTACAGAGC-3′
ATGL 5′-TTCACCATCCGCTTGTTGGAG-3’ 5′-AGATGGTCACCCAATTTCCTC-3′
HSL 5′-CACAAAGGCTGCTTCTACGG-3’ 5′-GGAGAGAGTCTGCAGGAACG-3′
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2.10. Statistical Analysis

Statistical significance was analyzed by using a two-tailed Student’s t-test with Excel
and evaluated by using a p-value. The data represent the mean ± SEM for n = 3 replicates.
* p < 0.05, ** p < 0.01, and *** p < 0.001 vs. the control group.

3. Results and Discussion

3.1. Isolation of the Compounds

The crude extract of the florets of C. tinctorius was solvent-partitioned using water
and five organic solvents of increasing polarity (hexane, dichloromethane, ethyl acetate,
n-butanol, and acetone). The obtained fractions were primarily monitored and analyzed
by LC-MS, which allowed us to identify the presence of components with a distinctive
UV spectrum in the EtOAc-soluble fraction, which is characteristic of an enediyne chro-
mophore [16,17]. To identify the compounds of interest, the LC-MS-based phytochemical
analysis of the EtOAc fraction and preparative and semi-preparative HPLC were per-
formed; the processes resulted in the isolation of two new C10-polyacetylene glycosides
(1 and 2) and five known analogs (3–7).

3.2. Structural Elucidation of Isolated Compounds

Compound 1 was obtained as yellowish amorphous gum and exhibited UV data
characteristic of an enediyne chromophore (Figure S2, Supplementary Materials) [16,17].
The molecular formula was established as C16H22O7 from the molecular ion peak [M +
Na]+ at m/z 349.1252 (calculated for C16H22O7Na, 349.1263) in the positive-ion HR-ESIMS
(Figure S1) and NMR data (Table 1). The IR spectrum showed absorptions attributable
to the hydroxy (3396 cm−1) and acetylenic (2265 cm−1) groups. The 1H (Figure S3) and
13C NMR spectra of 1 (Table 1), combined with heteronuclear single quantum coherence
(HSQC) and heteronuclear multiple bond correlation (HMBC) data, indicated the presence
of a cis-configured Δ8,9 double bond with signals at δH 5.61 (1H, d, J = 11.0 Hz)/δC 109.3
and 6.20 (1H, dt, J = 11.0, 6.5 Hz)/δC 146.6, four acetylenic carbons at δC 65.5, 71.4, 80.3,
and 85.9, and two oxygenated methylene signals at δH 3.98 (1H, dt, J = 10.0, 6.0 Hz) and
3.67 (1H, dt, J = 10.0, 6.0 Hz)/δC 68.9 and 4.32 (2H, d, J = 6.5 Hz)/δC 60.8, as well as a
β-D-glucopyranosyl moiety at δH 4.28 (1H, d, J = 8.0 Hz)/δC 104.2 and δC 62.5, 71.3, 74.9,
77.7, and 77.8. Detailed NMR analysis and 2D NMR experiments (Figures S4–S6) revealed
the strong similarity of 1 with bidenoside C [21], which was isolated as compound 3 in this
study. The noticeable difference between the two compounds was that the NMR chemical
shifts of C-10 in 1 showed a downfield shift owing to hydroxylation, which was confirmed
based on the HMBC correlations between H-10 and C-8/C-9 (Figure 2). The gross structure
of 1 was further established by the analysis of cross-peaks in the 1H-1H COSY (Figure S4)
and HMBC (Figure S6) spectra (Figure 2). The absolute configuration of the sugar unit was
determined by using an LC-MS-UV-based method [18], and enzymatic hydrolysis of 1 with
hesperidinase resulted in the production of a glucopyranose. The β-D-glucopyranose was
determined by comparing the retention time of its thiocarbamoyl-thiazolidine derivative
with that of the standard sample of D-glucopyranose by LC-MS analysis and the coupling
constant (J = 8.0 Hz) of the anomeric proton signal. Accordingly, the structure of 1 was
characterized as (8Z)-decaene-4,6-diyne-1,10-diol-1-O-β-D-glucopyranoside.

Figure 2. 1H-1H COSY (bold blue lines) and key HMBC (red arrows) correlations of 1 and 2.
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Compound 2 was isolated as a colorless amorphous gum, and its IR spectrum showed
absorption bands for hydroxy (3374 cm−1) and acetylenic (2205 cm−1) groups. Its molecular
formula, C16H14O7, was established on the basis of the positive-ion HRESIMS peak at m/z
329.1598 [M + H]+ (calculated for C16H25O7, 329.1600, Figure S7) and NMR data (Table 1).
The UV spectrum (Figure S8) of 2 was typical for an enediyne chromophore [16,17]. The
1H (Figure S9) and 13C NMR spectra of 2 (Table 1) showed a close resemblance to those
of 8S-deca-4,6-diyne-1,8-diol-8-O-β-D-glucopyranoside [22], which was isolated as com-
pound 5 in this study. The only slight difference in their chemical shifts was at the level
of the glycosylated carbon group at C-1 and C-8, which was observed in compound 2 at
δC 69.1 (C-1, ΔδC +7.8 ppm in CD3OD) and δC 64.0 (C-8, ΔδC −5.6 ppm in CD3OD) [22].
This set of data indicated that compound 2 had a glucose moiety at C-1, the position of
which was confirmed by the HMBC correlation between H-1′ and C-1 (Figure 2). The
complete structure of 2 was determined further by the 2D NMR analysis [1H-1H COSY
(Figure S10), HSQC (Figure S11), and HMBC (Figure S12)] (Figure 2). The assignment
of β-D-glucopyranose was also achieved by the LC-MS-UV-based method [18], which
was followed by the enzymatic hydrolysis of 2 with hesperidinase. The absolute con-
figuration of C-8 was established by the value of specific rotation of 2a (aglycone of 2,
4,6-decadiyne-1,8-diol) derived from the enzymatic hydrolysis of 2. The specific rotation
value of 2a [[a]25

D + 12.5 (c 0.01, MeOH)] was comparable with those of the related analogs,
(S)-panaxjapyne A [[a]28

D + 11.0 (c 0.1, MeOH)] [23], (2S)-(3Z,11E)-decadiene-5,7,9-triyne-
1,2-diol [[a]25

D + 15.8 (c 0.1, MeOH)] [24], (6S)-undeca-2,4-diyne-1,6-diol [[a]25
D + 10.74 (c 0.37,

CH2Cl2)] [25], (6R)-undeca-2,4-diyne-1,6-diol [[a]25
D − 10.16 (c 0.13, CH2Cl2)] [25], and

(2R)-(3E,11Z)-decadiene-5,7,9-triyne-1,2-diol [[a]25
D − 16.5 (c 0.1, MeOH)] [24] (Figure 3),

which led to the assignment of the absolute configuration of C-8 as S. Consequently, the
structure of 2 was designated as (8S)-deca-4,6-diyne-1,8-diol-1-O-β-D-glucopyranoside.

 
Figure 3. Structures of compound 2a and the related analogs.

The five known compounds were identified as bidenoside C (3) [21], (8E)-decaene-
4,6-diyne-1-ol-1-O-β-D-glucopyranoside (4) [26], 8S-deca-4,6-diyne-1,8-diol-8-O-β-D-
glucopyranoside (5) [22], (2E)-tetradecaene-4,6-diyne-1,10,14-triol-1-O-β-D-glucopyranoside
(6) [6], and (2E,8E)-tetradecadiene-4,6-diyne-1,12,14-triol-1-O-β-D-glucopyranoside (7) [6]
through the comparison of their respective NMR data with previously reported data, in
addition to LC-MS analysis.

3.3. Evaluation of Biological Activity of the Isolated Compounds

Prior to the assessment of the anti-adipogenic properties of the isolated compounds,
we first evaluated the cytotoxic effects of compounds 1–7 in 3T3-L1 preadipocytes. No
compounds exhibited cytotoxicity at concentrations of 10 and 20 μM, but compounds 1,
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5, and 6 decreased cell viability at a concentration of 40 μM (Figure 4). Hence, we treated
3T3-L1 cells with compounds 1–7 at a concentration of 20 μM during the entire process
of adipogenesis for the evaluation of the anti-adipogenic activities of these compounds.
Oil red O staining data showed that compounds 2–4 prevented the de novo generation
of adipocytes and lipid accumulation within adipocytes (Figure 5A). The transcription
levels of mature adipocyte marker genes (Adipsin and Fabp4) were significantly reduced
by treatment with compounds 2–4 (Figure 5B). These data indicated that the new C10-
polyacetylene glycoside (2) and two known analogs (3 and 4) inhibited the adipogenesis of
3T3-L1 preadipocytes.

As the failure of lipid fusion was observed in the groups treated with compounds
2–4 (Figure 5A), we then investigated whether compounds 2–4 affected lipid metabolism.
Upon exposure to compounds 2–4 during adipogenesis, the expression of the lipogenic
gene SREBP1 was suppressed (Figure 6A), whereas the mRNA expression of the lipolytic
gene ATGL was increased (Figure 6B). In the case of compound 4, the expression of another
lipolytic gene, HSL, was also markedly enhanced (Figure 6C). These results suggested that
compounds 2–4 can enhance lipid metabolism through the inhibition of lipogenesis and
the facilitation of lipolysis.

AMP-activated protein kinase (AMPK) is known to be a key controller of energy
metabolism through the inhibition of adipogenesis and the stimulation of lipid metabolism
upon its activation [27]. It has been reported that treatment of brain cells with safflower
yellow B derived from C. tinctorius induced the phosphorylation of AMPK [28]. Thus,
we assessed the effects of compounds 1–7 on AMPK activation by detecting the level of
phosphorylated AMPK. Western blotting data showed that compounds 3 and 4 significantly
increased the phosphorylation of AMPK compared with the total amounts of AMPK
(Figure 6D).

Figure 4. Cytotoxicity of compounds 1–7. Viability of 3T3-L1 cells treated with compounds 1–7 (10, 20, and 40 μM) for 24 h
was determined by counting the cell number. The data are presented as the mean ± SD for n = 3 replicates. * p < 0.05.
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Figure 5. The inhibitory effects of compounds 1–7 on adipogenesis. (A) The Oil Red O staining of 3T3-L1 adipocytes
incubated with compounds 1–7 (20 μM) during adipogenesis. Scale bar: 200 μm. 3× magnified images are indicated
as black box. (B) The relative mRNA expression of Adipsin and Fabp4 in 3T3-L1 adipocytes incubated with compounds
1–7 (20 μM) during adipogenesis. The data are presented as the mean ± SEM for n = 3 replicates. * p < 0.05, ** p < 0.01,
*** p < 0.001 and NS: not significant.

Figure 6. The inhibitory effects of compounds 1–7 on lipid metabolism. (A–C) The relative mRNA expression of SREBP1
(A), ATGL (B), and HSL (C) in 3T3-L1 adipocytes incubated with compounds 1–7 (20 μM) during adipogenesis. (D) Im-
munoblotting analysis of 3T3-L1 cells incubated with compounds 1–7 (20 μM) for 24 h. The data are presented as the mean
± SEM for n = 3 replicates. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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4. Conclusions

In this study, we identified two novel C10-polyacetylene glycosides (1 and 2) and
five known compounds (3–7) from the MeOH extract of the florets of C. tinctorius. The
effects of the seven identified compounds on adipogenesis were evaluated; compounds
2–4 efficiently inhibited adipocyte differentiation from 3T3-L1 preadipocytes, reducing the
mRNA expression levels of Adipsin and Fabp4. Furthermore, compounds 2–4 promoted
the expression of lipolytic genes while downregulating the expression of lipogenic genes.
Compounds 3 and 4 induced AMPK phosphorylation, which is known to improve energy
metabolism (Figure 7); in contrast, compound 2 appeared to regulate lipid metabolism
through other pathways not involved in AMPK signaling. Our findings provide experimen-
tal evidence to support the metabolic role of safflower-derived polyacetylene glycosides in
the prevention of excessive lipid accumulation in obesity.

 
Figure 7. Molecular model explaining the mechanism of action of compounds 3 and 4. Compounds 3 and 4 inhibited the
adipogenesis of 3T3-L1 preadipocytes, induced AMP-activated protein kinase (AMPK) phosphorylation, and stimulated
lipid metabolism through the enhancement of lipolysis and the suppression of lipogenesis.
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Abstract: The pandemic, due to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), has stimulated the search for antivirals to tackle COVID-19 infection. Molecules with known
pharmacokinetics and already approved for human use have been demonstrated or predicted
to be suitable to be used either directly or as a base for a scaffold-based drug design. Among
these substances, quercetin is known to be a potent in vitro inhibitor of 3CLpro, the SARS-CoV-2
main protease. However, its low in vivo bioavailability calls for modifications to its molecular
structure. In this work, this issue is addressed by using rutin, a natural flavonoid that is the most
common glycosylated conjugate of quercetin, as a model. Combining experimental (spectroscopy
and calorimetry) and simulation techniques (docking and molecular dynamics simulations), we
demonstrate that the sugar adduct does not hamper rutin binding to 3CLpro, and the conjugated
compound preserves a high potency (inhibition constant in the low micromolar range, Ki = 11 μM).
Although showing a disruption of the pseudo-symmetry in the chemical structure, a larger steric
volume and molecular weight, and a higher solubility compared to quercetin, rutin is able to associate
in the active site of 3CLpro, interacting with the catalytic dyad (His41/Cys145). The overall results
have implications in the drug-design of quercetin analogs, and possibly other antivirals, to target the
catalytic site of the SARS-CoV-2 3CLpro.

Keywords: rutin; quercetin; SARS-CoV-2; drug selection; enzyme inhibitors; antivirals; spectroscopy;
molecular modeling

1. Introduction

On January 2020, the World Health Organization (WHO) announced COVID-19 as
a public health emergency of international concern and, on March 2020, declared severe
acute respiratory syndrome coronavirus (SARS-CoV-2) a pandemic [1]. Since then, and to
date, the new coronavirus has become a major global threat, with more than 100 million
reported cases and over 2 million deaths worldwide. Scientists from all over the world are
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working hard in an extraordinary research mission to speed up the investigation for rapid
diagnosis methods and for the development of vaccines and therapeutics to contain the
spread of the infection. In less than one year, these efforts have led to the development
and availability of safe and effective vaccines for COVID-19, which stimulate the immune
system to produce specific antibodies able to block the spike viral protein and prevent
the virus entry into the cells [2]. However, the need to cure patients already infected (or
escaping from vaccination for various reasons) is a stringent necessity.

Although with little specific therapeutic indication for COVID-19, several drugs in
clinical use for other disorders have been administered to patients infected with SARS-
CoV-2 (for extensive reviews, see [3,4]). Many of these therapeutics belong to the class
of antiviral agents, such as Remdesivir (a broad-spectrum pro-drug agent acting as a
viral RNA-polymerase inhibitor), the combination Lopinavir/Ritonavir (HIV-1 protease
inhibitors, which are together more efficient compared to the monotherapy of each drug),
and Sofosbuvir (a nucleotide analogue targeting the hepatitis C virus (HCV) polymerase
NS5B) in combination with Daclatasvir or Velpatasvir (both are potent HCV NS5A complex
antagonists). However, and despite the huge number of research studies reported so far,
the development of safe and effective drugs able to block the viral infection is still lacking
and represents a major goal for the scientific world. Among all the possible chemical
compounds, particular attention has been dedicated to molecules of natural origin [5–8],
including extracts, single bioactive molecules, or entire classes of phytochemicals targeting
SARS-CoV-2, and several of them are currently under investigation.

Rutin (quercetin-3-O-rutinose), shown in Figure 1, is a natural substance belonging
to the flavonol class of flavonoids, widely distributed as secondary metabolites in several
plants. Flavonoid compounds are made up by a phenylpropane-derivative and three acetyl-
CoA (from malonyl-CoA) via the acetate-malonate biosynthesis pathway and cyclization
via chalcones. For this reason, flavonoids possess (with only a few exceptions) an –OH
group at positions C-5 and C-7. Relationships between the structure of flavonoids and
their pharmacological activities have been proven so far; in particular, C-glycosidation
enhances the effectiveness of antiviral and antibacterial activity [9]. Rutin is composed of
one molecule of quercetin and the disaccharide rutinose. Quercetin 3-O-glycosides has a
higher bioavailability (235%) compared to quercetin [10], and rutin is at least two times
more soluble (130 mg/L) than its parent compound [11–13]. Quercetin and several of
its conjugates have been approved by the U.S. Food and Drug Administration (FDA) for
human use. Both quercetin and rutin are used as ingredients in numerous herbal remedies
and have been extensively studied for their multiple pharmacological activities, including
antiviral, antibacterial, and anti-inflammatory properties [9].

In a previous work [14], by using a combination of biophysical in vitro techniques, we
had found that quercetin has the ability to inhibit the main protease of SARS-CoV-2, known
as Mpro or 3CLpro (3C-like protease). 3CLpro is an excellent pharmacological target
because it is highly conserved among the different members of the coronavirus family and
no human host–cell proteases have been reported to show similar specificity. This protein
is a crucial component of the viral replication machinery of SARS-CoV-2, as it is used to
process the large polyproteins obtained by hijacking the host cell, to produce a number of
key viral proteins that include 3CLpro itself. Quercetin was identified as the best hit in an
experimental pipeline for drug screening that allowed us to identify many lead compounds
against different protein targets in the recent years [15–20]. The screening library contains
many drugs already approved for human administration, including natural compounds.
Natural molecules bear remarkable biological qualities, and they are often found to be
active against viruses [21,22].
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Figure 1. Chemical structure of rutin, with the quercetin scaffold (3,3′,4′,5,7-pentahydroxyflavone)
and the rutinoside moiety (α-l-rhamnopyranosyl-(1→6)-β-d-glucopyranose). Rings (A–E) are la-
belled according to standard convention.

The molecular scaffold of quercetin has a number of interesting physico-chemical
properties that are attractive for a drug design endeavor. These features include low molec-
ular mass, the presence of chemical groups that can be easily functionalized and, in the case
of the use to target 3CLpro, considerable inhibitory activity (especially when scaled with re-
spect to its molecular weight as an inhibitory efficiency index). Major shortcomings consist
of a poor solubility and a very low bioavailability due to metabolic transformations after
oral administration, which convert a high percentage of quercetin to glucuronide, methyl,
and sulfate conjugates [23]. In general, these issues may be tackled by resorting to different
strategies, such as employing controlled drug delivery system as nanocarriers circum-
venting solubility/trafficking/metabolic drawbacks or designing chemical modifications
such as the introduction of chemical functional groups that can increase the solubility and
thus the pharmacokinetic profile of the reference compound [24–26]. Furthermore, several
chemical modifications have been proposed to improve the pharmacokinetics of quercetin
in other cases [27,28]. Such modifications, however, open a number of key questions in the
context of the use quercetin as antiviral against SARS-CoV-2. The two most important ones
are perhaps the following: does the presence of a large adduct still guarantee a quercetin
analog the ability to bind into the restricted pocket that constitutes the catalytic site of
3CLpro, and will the inhibitory effect of the parent compound still be retained?

To address these questions, we have used rutin as a test case to verify that the presence
of the most commonly occurring sugar adduct, naturally attached to quercetin, allows
the glycoside form to retain the key bioactive features of the aglycone lead compound.
Although not constituting per se an optimization of quercetin towards a prescription drug,
such validation constitutes an important proof-of-concept that could be considered a
preliminary step to embark towards a more rational and challenging campaign of drug
design. Our results, obtained by combining simulation and experimental techniques,
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show that rutin binds to the catalytic pocket of 3CLpro and, just like its parent compound
quercetin, interacts with the dyad of protein residues responsible for the catalytic activity
of the protease. More importantly, and although not being designed or optimized to this
scope, rutin exerts a clear inhibitory activity with a relatively high potency against 3CLpro.
These results are expected to encourage further investigations towards the development of
quercetin-like antiviral compounds as a defense against coronavirus infections.

2. Materials and Methods

2.1. Protein Expression and Purification

SARS-CoV-2 3CLpro was expressed using a His-tagged construct in a pET22b plas-
mid transformed into BL21 (DE3) Gold E. coli strain. After initial cultures grown in
LB/ampicillin (100 μg/mL) media at 37 ◦C overnight, 4 L of LB/ampicillin (100 μg/mL)
were inoculated and incubated at 37 ◦C until reaching OD = 0.6 at a wavelength of 600 nm.
Then, protein expression was induced with 1 mM isopropyl 1-thio-β-D-galactopyranoside
(IPTG) at 18 ◦C for 5 h. Cells were harvested by centrifugation at 4 ◦C for 10 min at
10,000 rpm (Beckman Coulter Avanti J-26 XP Centrifuge, Barcelona, Spain) and then resus-
pended in lysis buffer (sodium phosphate 50 mM, pH 7, sodium chloride 500 mM). Cells
were ruptured by sonication (Sonics Vibra-Cell Ultrasonic Liquid Processor, Newtown,
CT) in ice, adding benzonase 20 U/mL (Merck-Millipore, Madrid, Spain) and lysozyme
0.5 mg/mL (Carbosynth, Compton, UK). Centrifugation at 4 ◦C for 30 min at 20,000 rpm,
and filtration (0.45 μm-pore membrane) allowed removing cell debris from the extract. The
protein was purified using affinity chromatography (ÄKTA FPLC System, GE Healthcare
Life Sciences, Barcelona, Spain) using a cobalt HiTrap TALON column (GE-Healthcare
Life Sciences), eluting by applying an imidazole 10–250 mM gradient. Purity was checked
by SDS-PAGE (Figure S1), and pure protein fractions were dialyzed to remove imidazole
and reach the protein storage condition (sodium phosphate 50 mM, pH 7, sodium chlo-
ride 150 mM). An extinction coefficient of 32890 M−1 cm−1 at 280 nm was employed for
protein concentration quantification. Protein identity was assessed by mass spectrometry
(LC-ESI-MS/MS).

2.2. Rutin Preparation

Rutin hydrate (purity ≥ 94%) in powder was purchased from Sigma-Aldrich (Milan,
Italy). Solutions were prepared by dissolving the powder in pure DMSO at high rutin
concentration (20 mM).

2.3. Circular Dichroism and Fluorescence Spectroscopy

Circular dichroism (CD) spectra were recorded in a Chirascan spectropolarimeter
(Applied Photophysics, Leatherhead, UK) at 25 ◦C. Far-UV and near-UV spectrum were
recorded at wavelengths between 190 and 250 nm in a 0.1-cm path-length cuvette, and
between 250 and 310 nm in a 1 cm path-length cuvette, respectively, employing a protein
concentration of 10 μM and a rutin concentration of 100 μM. Fluorescence measurements
were performed in a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies,
Madrid, Spain), monitoring the intrinsic tryptophan fluorescence of the protein at 2 μM
concentration. An excitation wavelength of 290 nm was used, with excitation and emission
bandwidths of 5 nm, and recording fluorescence emission between 300 and 400 nm. All
spectroscopic measurements were made in sodium phosphate 50 mM, pH 7, dimethyl
sulfoxide (DMSO) 0.5%.

2.4. Proteolytic Activity Assay

In vitro catalytic activity of 3CLpro was monitored using a Förster resonance energy
transfer (FRET) continuous assay with the substrate (Dabcyl)KTSAVLQSGFRKME(Edans)-
NH2 (Biosyntan GmbH, Berlin, Germany) [29,30]. Briefly, the enzymatic reaction was
initiated by adding substrate at 20 μM final concentration to the enzyme at 0.2 μM final
concentration in a final volume of 100 μL. The reaction buffer was sodium phosphate
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50 mM, pH 7, NaCl 150 mM, DMSO 2.5%. Fluorescence was measured in a FluoDia T70
microplate reader (Photon Technology International, Birmingham, NJ, USA) for 20 min
(excitation wavelength, 380 nm; emission wavelength, 500 nm). Enzyme activity was
quantified as the initial slope of the time evolution curve of the fluorescence signal. The
Michaelis–Menten constant, Km, and the catalytic rate constant or turnover number, kcat,
were estimated previously (Km = 11 μM and kcat = 0.040 s−1) [14].

2.5. Inhibition Assay

To assess the in vitro inhibition potency of rutin, the inhibition constant was estimated
from the experimental inhibition curve. The inhibition curve was obtained by measuring
the enzyme activity as a function of compound concentration: enzyme at 0.2 μM final
concentration was incubated with rutin concentration from 0 to 120 μM, while maintaining
constant the percentage of DMSO (2.5%), and the reaction was initiated by adding substrate
at 20 μM final concentration [14]. The enzymatic activity was quantitated as the initial
slope of the substrate fluorescence emission time curve and was plotted as a function of
compound concentration. The slope ratio between the activity in the presence and absence
of rutin provides the percentage of inhibition at a certain rutin concentration. Nonlinear
regression analysis employing a simple inhibition model (considering inhibitor depletion
due to enzyme binding) allowed us to estimate the apparent inhibition constant for rutin,
according to Equation (1), by monitoring the substrate fluorescence emission as a function
of time [14]:

[EI] = 1
2

(
[I]T + [E]T + Kapp

i −
√(

[I]T + [E]T + Kapp
i

)2 − 4[E]T [I]T

)

[I] = [I]T − [EI] = 1
2

(
[I]T − [E]T − Kapp

i +

√(
[I]T + [E]T + Kapp

i

)2 − 4[E]T [I]T

)
v([I])

v([I]=0) = 1 − [EI]
[E]T

= 1
1+ [I]

Kapp
i

, (1)

where [EI] is the concentration of the enzyme-inhibitor complex, [E]T and [I]T are the
total concentrations of enzyme and inhibitor, Kapp

i is the apparent inhibition constant for
the inhibitor (rutin), [I] is the concentration of free inhibitor, and v is the initial slope of
the enzymatic activity trace at a certain (free) inhibitor concentration [I] (corresponding
to a total inhibitor concentration [I]T). No approximation consisting of the free inhibitor
concentration assumed equal to the total inhibitor concentration was made, thus having
general validity for any total enzyme and inhibitor concentration and any value of the
inhibition constant (even for tight binding inhibitors). If the inhibitor acts through a purely
competitive mechanism, the previous equation can be substituted by Equation (2) [14]:

v([I])
v([I] = 0)

=
1

1 + [I]

Ki

(
1+ [S]

Km

) , (2)

where Ki is the intrinsic (i.e., substrate concentration-independent) inhibition constant,
Km is the Michaelis–Menten constant for the enzyme–substrate interaction, and [S] is the
substrate concentration. Because Km and [S] are known, the intrinsic inhibition constant
can be determined.

2.6. Isothermal Titration Calorimetry

Target engagement for rutin against 3CLpro was further assessed by isothermal
titration calorimetry (ITC). Calorimetric titrations were performed using an Auto-iTC200
calorimeter (MicroCal, Malvern-Panalytical, Malvern, UK). Protein at 10 μM, located in the
calorimetric cell, was titrated with rutin at 100 μM, performing experiments in two different
buffers: Tris 50 mM, pH 7, and phosphate 50 mM, pH 7, with DMSO 1%. The experimental
protocol consisted of a series of 19 injections of 2 μL each, using a stirring speed of
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750 rpm, maintaining a spacing between injections of 150 s, and applying a reference power
of 10 μcal/s. The association constant, Ka, the binding enthalpy, ΔH, and the binding
stoichiometry, n, (or percentage of active protein in the cell) were estimated through
nonlinear least-squares regression analysis of the data, by using a model considering a
single ligand binding site, implemented in Origin 7.0 (OriginLab, Northampton, MA, USA).
The dissociation constant, Kd, the binding Gibbs energy, ΔG, and the binding entropy,
−TΔS, were obtained from basic thermodynamic relationships. By performing titrations in
buffers with different ionization enthalpies, the buffer-independent enthalpic, ΔH0, and
entropic contributions, –TΔS0, as well are the number of protons exchanged upon complex
formation, nH, was estimated through linear regression of the observed enthalpy as a
function of the ionization enthalpy of the buffer ΔHbuf (ΔH = ΔH0 + nH ΔHbuf).

2.7. Molecular Docking

The simulation engine AutoDock Vina [31] and the modeling package AutoDock
Tools [32] were used for docking experiments. The two reference crystallographic structures
6Y2E and 6Y2F [30] retrieved from the Protein Data Bank (PDB) were used, which contain
3CLpro in unliganded form and complexed with an α-ketoamide inhibitor bound in the
catalytic protein site, respectively. Three missing residues in the latter were reconstructed
in silico, and the ligand and water molecules were not considered in the docking. The
structure of rutin was taken from PDB entry 1RY8 [33], and it was improved by performing
an energy minimization using UCSF Chimera [34] and with the addition of the hydrogens.
A blind docking search with very high exhaustiveness [35] was performed on a volume
including the whole protein. The number of poses obtained for the two protein targets
were reduced by performing a selection based on the binding energy (affinity within
1.5 kcal/mol from the best docking pose) and structure similarity (atomic root mean square
deviations RMSD < 2 Å).

2.8. Molecular Dynamics

The 3CLpro-rutin complexes obtained after molecular docking were refined in molecu-
lar dynamics (MD) simulations performed using the GROMACS suite [36]. The complexes
were solvated in a rhombic dodecahedral box with a distance of 10 Å from the closest
edge, resulting in more than 20,000 water molecules added, and four Na+ counterions were
included to neutralize the system. The force field Amber ff99SB-ILDN [37] was used for
the protein, GAFF [38] for the ligand, and the TIP3P model for water [39]. Production runs
were performed for 10 ns in the isobaric-isothermal ensemble, after a standard preparation
routine including energy minimization, annealing, and equilibration [40]. Other simulation
conditions, which include the parameters for the thermostat/barostat, the modeling of elec-
trostatic and non-electrostatic interactions, and the use of constraints, were as previously
described [41,42]. In the subsequent analysis, distances and root mean square fluctuations
(RMSFs) were calculated after eliminating the protein rototranslation by a least-squares fit
with respect to the Cα atoms. Distances from His41 and Cys145 were calculated by consid-
ering the geometric center of, respectively, the five non-hydrogen atoms in the imidazole
ring and the three Cα-Cβ-Sγ atoms in the side chain of these two residues.

3. Results

3.1. Rutin Binds and Inhibits the Main Protease 3CLpro

The far-UV CD spectrum is informative about the conformational state of a pro-
tein, providing quantitative information on its secondary structural motifs. However, in
cases where protein–ligand interaction does not result in sufficiently large conformational
changes, the spectrum may not reflect that interaction, as observed in 3CLpro interacting
with rutin (Figure S2). On the other hand, near-UV CD is more difficult to interpret on a
structural basis, but it is more sensitive to subtle changes in the tertiary structure and the
environment of aromatic residues. Therefore, near-UV spectra were determined in order to
provide direct evidence of 3CLpro-rutin interaction, as shown in Figure 2A. In addition,
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the presence of rutin strongly affected the intrinsic tryptophan fluorescence emission, as
shown in Figure 2B. Because the fluorescence of rutin is negligible, the addition of both
individual fluorescence spectra was almost identical to that of the free protein. The strong
quenching effect of rutin was indicative of the interaction with the protein. Rutin modified
the spectroscopic properties of 3CLpro, which in turn demonstrates that the ligand (i) binds
to its pharmacological target, and (ii) has the ability to alter the tertiary structure of the
protein and/or the environment of aromatic protein side chains to a significant extent. The
spectral distortions caused by rutin on 3CLpro are similar to those previously observed for
quercetin [14], and may be ascribed in both cases to a destabilization effect of the ligand
on 3CLpro.

Figure 2. (A) Near-UV CD spectrum of the 3CLpro-rutin complex (continuous line) and addition
of individual spectra of 3CLpro and rutin (dashed line), recorded at 10 μM protein concentration
and 100 μM rutin concentration. Inset: Near-UV spectrum of 3CLpro. The non-equivalence of the
spectrum of the complex and the addition of the spectra of free species is the result of the interaction.
(B) Fluorescence emission spectrum (in arbitrary units, a.u.) of 3CLpro-rutin complex (continuous
line) and addition of individual spectra of 3CLpro and rutin (dashed line), recorded at 2 μM protein
concentration and 100 μM rutin concentration. Rutin showed negligible fluorescence emission;
therefore, the dashed line also corresponds to the emission spectrum of 3CLpro.

The ability of rutin to hamper the enzymatic activity of 3CLpro was assessed by
observing the inhibitory action as a function of the ligand concentration, as shown in
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Figure 3. The intensity of the fluorescence signal could be monitored as a function of time
(Figure 3A), by fixing the concentration of both the substrate and the protein. The curves
show a more rapid and almost linear increase in the first few minutes, and afterwards the
emission continues to grow more gradually up to about 1.5 h. The increase in fluorescence
emission reflects the proteolytic activity of 3CLpro as a reduction in the FRET effect due to
the cleavage of the substrate and the concomitant spatial separation of FRET donor and
acceptor. The initial slope provides a direct quantification of the proteolytic activity of
3CLpro. Increasing the concentration of rutin (tested up to 120 μM) resulted in a reduction
of the initial slope of the fluorescence trace. These observations indicate a decrease in the
enzymatic activity of the main protease 3CLpro as a consequence of the presence of rutin,
showing a concentration-dependent action. The effect is qualitatively very similar to the
one previously observed for quercetin [14], indicating that conjugation with the glycoside
moiety does not substantially hamper the inhibitory effect of the flavonoid molecular
scaffold. This experimental finding is a first but already strong indication that the sugar
region of rutin has only an auxiliary role in the binding to 3CLpro, encouraging further
exploration of the potential of quercetin analogs to target this protein.

Figure 3. (A) Fluorescence emission (in arbitrary units, a.u.) of the substrate as a function of time at
varying concentration of rutin. The concentration of the substrate and 3CLpro were fixed at 20 and
2 μM, respectively, while the concentration of rutin was varied from 0 to 120 μM following a two-fold
serial dilution. The arrow indicates the increase in rutin concentration; (B) Experimental inhibition
curve for rutin (initial slope as a function of total rutin concentration). Nonlinear least-squares
regression data analysis (continuous line) according to Equations (1) and (2) provided an apparent
inhibition constant Ki

app of 31 μM, and an intrinsic inhibition constant Ki of 11 μM.
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A more direct indication of the actual potency of rutin for inhibiting the enzymatic
activity of 3CLpro could be obtained by determining the initial slope of each of the fluores-
cence curves, to evaluate the activity as a function of the ligand concentration (Figure 3B).
The inhibition curve obtained showed in a straightforward way the dose-dependent effect
of the presence of this compound on the functionality of 3CLpro. More importantly, the
data could be fit by using a nonlinear regression model based on a simple inhibition process
(see the section Materials and Methods). The analysis yielded an apparent inhibition con-
stant Ki

app = 31 μM, which can be compared with the value of 21 μM previously obtained
for the parent compound quercetin [14]. Under the hypothesis that the binding of rutin
takes place into a single protein site (which is later validated in the following sections),
the apparent inhibition constant can be used to evaluate the so-called intrinsic inhibition
constant (see again the section Materials and Methods). By using this model, which also
accounts explicitly for the substrate concentration and the occurrence of a competitive
inhibition, we obtained for rutin an intrinsic inhibition constant Ki = 11 μM. This value can
be again directly compared with the one obtained for quercetin, Ki = 7.4 μM [14], and is
comparable with those reported for known inhibitors described in the literature for the
previous coronavirus species SARS-CoV [43].

Another direct piece of evidence for the interaction of rutin with 3CLpro, as well
as a quantitative determination of the dissociation constant (equivalent to the intrinsic
inhibition constant), was obtained by ITC, as shown in Figure 4. ITC is the gold standard
for binding affinity determination, and it also allows the determination of the binding
enthalpy and stoichiometry. According to the results, the interaction of rutin with 3CLpro
in Tr. is buffer is characterized by a dissociation constant Kd = 6.9 μM and an interaction
enthalpy ΔH = 3.4 kcal/mol, whereas the interaction in phosphate is characterized by a
dissociation constant Kd = 6.7 μM and an interaction enthalpy ΔH = −5.1 kcal/mol. From
these data, an average dissociation constant Kd = 6.8 μM, a buffer-independent interaction
enthalpy ΔH0 = −5.8 kcal/mol, and a net number of exchanged protons nH = 0.8 (proto-
nation of complex upon binding) could be estimated. From that, a favorable albeit small
buffer-independent entropic contribution (−TΔS0 = −1.3 kcal/mol), could be calculated.
Therefore, the interaction is entropically and enthalpically favorable, but dominated by
enthalpic interactions, with a Gibbs energy of binding ΔG = −7.0 kcal/mol. The dissoci-
ation constant compares fairly well with the intrinsic inhibition constant, Ki, previously
measured. Compared to quercetin, there is a similar character for the binding of rutin, but
the binding is driven by enthalpic effects, which may reflect a stabilization of the quercetin
scaffold in the binding site due to (or in combination with) additional interactions of the
glycoside moiety.

To summarize our findings on the effect of rutin towards the main protease 3CLpro
from SARS-CoV2, the experimental evidence demonstrates rutin target engagement and
point out a clear inhibitory action on the protein catalytic activity. The inhibition constant
of rutin, although lower than that observed for its sugar-depleted parent compound, is still
in the low micromolar range, indicating a sufficiently strong inhibition potency also for
this ligand.
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Figure 4. Interaction of rutin with 3CLpro assessed by isothermal titration calorimetry at 25 ◦C in
Tris buffer, pH 7. The upper plot shows the thermogram (thermal power required to maintain a
null temperature difference between sample and reference cells as a function of time) and the lower
plot shows the binding isotherm (ligand-normalized heat effect per injection as a function of the
molar ratio, the quotient between the ligand and protein concentrations in the cell). The fitting
curve corresponds to the single ligand binding site model (continuous line). According to the data
analysis, rutin interacts with 3CLpro with unfavorable enthalpic contribution (ΔH = 3.4 kcal/mol)
and favorable entropic contribution (−TΔS = −10.4 kcal/mol) to the Gibbs energy of binding
(ΔG = −7.0 kcal/mol), corresponding to a dissociation constant Kd of 6.9 μM. The fraction of active
(or binding-competent) protein is 85% (n = 0.85).

3.2. 3CLpro-Rsutin Interaction Takes Place in the Catalytic Site

To investigate the binding of rutin at the catalytic site of 3CLpro, molecular docking
was initially employed. Two reference crystallographic structures [30] were used, which
contain 3CLpro either in unliganded form or complexed with an inhibitor in the catalytic
protein site. After a blind search performed with a very high exhaustiveness on the whole
surface of both (ligand-free) protein structures, the most favorable binding modes obtained
with these two docking hosts were analyzed and compared. The simulation results are
shown in Figure 5. The docking poses accumulated in the 3CLpro catalytic site (Figure 5A)
in terms of both the number of different binding modes and the most favorable affinity
scores. After clustering the poses to account for similarity in their structures, the most
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favorable ones were found to belong to two sole groups (see Figure 5B,C). These two groups
had in common the fact that the quercetin moiety was clearly anchored to the 3CLpro
binding site, whereas rutinose interacted only through a fraction of its chemical groups
with the protein pocket. Furthermore, in each group, the different binding modes had
their quercetin scaffold virtually superimposed, whereas the glycoside regions were more
disordered. These results suggest that the flavonoid moiety of rutin is fundamental to bind
3CLpro, whereas the rest of the molecule forms less specific interactions with the protein.

Figure 5. Docking poses of rutin in the active site of the main protease 3CLpro, shown at different
rotation angles in the three panels. (A) Ribbon representation of the protein, with the most favorable
docking poses superimposed; (B) Cluster of three docking poses (cyan, magenta, and yellow), with
the quercetin moieties (circled) almost coincident, and the rutinose regions pointing outwards;
(C) Cluster of two docking poses (blue and orange); the quercetin moieties are still almost coincident,
and the rutinose regions extend on the other side with respect to the other cluster (panel B).

The binding energies calculated in our docking experiments ranged from −7.5 to
−9.0 kcal/mol. These values could be considered upper bounds or even overestima-
tions of the actual affinity, which, according to the intrinsic inhibition constant would
be −6.8 kcal/mol (and could be compared to −7.0 kcal/mol for quercetin, as calculated
according to its intrinsic inhibition constant). In fact, docking simulations account only
implicitly for the presence of solvent, whereas, in reality, rutinose (and especially its hy-
droxyl groups) could be expected to interact preferentially with water molecules at the
protein surface. We verified that redocking of the sole quercetin moiety of rutin (with the
whole disaccharide moiety substituted in position C-3 with a single methyl group), in the
same location previously found in the docking experiments and without performing any
search, yielded a binding score of −6.8 kcal/mol. This result confirms that the quercetin
region of rutin is essentially responsible for the binding of the whole molecule, whereas the
glycoside region plays only a margin role. All these findings agree with the observation
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that the parent compound quercetin has a binding free energy of about −7 kcal/mol, as
we had previously measured by both isothermal titration calorimetry (ITC) experiments
and docking simulations performed with the same protocol here used for rutin [14]. It is
unlikely that the affinity of quercetin could be drastically improved through the addition of
a bulky and largely polar chemical adduct with little specificity towards the protein surface.

An important point is the description of the molecular interactions that guarantee
the binding of rutin to 3CLpro, and especially of its quercetin scaffold. In particular, it is
worth clarifying whether the interaction is mediated by the two protein residues forming
the catalytic dyad, His41, and Cys145. In principle, a direct involvement of these two
residues in the binding is not entirely obvious because the overall active site of 3CLpro has
a relatively extended shape that includes 24 amino acids and a surface area of 235 Å2 (as
calculated by using a solvent probe with radius 1.4 Å through the CASTp algorithm [44]).
Nevertheless, as illustrated in Figure 6, the double ring A/C of the quercetin moiety forms
direct interactions with the two residues His41/Cys145. The rest of the scaffold (i.e.,
quercetin ring B) has a higher conformational freedom, and can form hydrogen bonds as
a donor with either the backbone oxygen of Leu141 or the carboxylate group in the side
chain of Glu166. The disaccharide region of rutin, in sharp contrast with the flavonoid
scaffold, appears to be much more exposed to the solvent.

Figure 6. Schematic representation of the interactions of rutin within the active site of 3CLpro.
Circular halos around rutin atoms are proportional to solvent exposure.

3.3. Binding of Quercetin Scaffold Is Not Hampered by a Bulky Adduct

Molecular docking simulations are useful to perform a blind exploration of a protein,
for predicting the binding of a ligand to its host in a reasonable amount of elapsed real
time. However, the docking technique has several limitations [45], which notably include
the following ones: (i) the protein receptor is considered rigid to simplify the search; (ii) the
solvent is accounted for in an implicit way only; and, more generally, (iii) no information
can be determined on the behavior of the solvated complex as a function of time. The
first point is important because it may preclude a fine accommodation of the ligand in the
binding site. The second point is also particularly relevant in our specific case because of
the more hydrophilic nature of the sugar region of rutin compared to the quercetin scaffold.
To overcome these issues, all-atoms MD simulations in explicit solvent were performed
starting from the complex structures predicted by the docking technique. The simulations
were carried out for 10 ns, which is a time scale sufficient to explore the local dynamics of
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the ligand in the binding pocket. Large scale modifications of 3CLpro as a consequence
of the binding of rutin would require a much longer time scale and lie in the realm of
state-of-the-art computations [46,47].

A direct way to confirm the interaction of rutin with the 3CLpro catalytic dyad
His41/Cys145 is to estimate the distance between these two protein residues and the non-
glycoside moiety of the ligand, as reported in Figure 7. In the case of the most favorable
docking poses (Figure 7A), interaction with the side chain of His41 was already stable at
the start of the simulation and remained so during the whole MD run, with an equilibrium
distance of 4.5 ± 0.3 Å. This value can be compared with the typical ring-ring distance for
π–π interactions, which is <4 Å in the most favorable cases but may increase up to 4.5 Å
in many practical situations [48,49]. In our case, deviations from the ideal case could be
easily ascribed to the dynamics of the protein–ligand complex. We also verified that, in a
simulation run starting from a less favorable docking pose (affinity score -7.5 kcal/mol)
within the catalytic pocket, the ligand took about 3.5 ns for the heterocyclic ring C to
reach the equilibrium distance (again at 4.5 ± 0.3 Å, see Figure 7B) with respect to the
ring of His41. In the same simulation, 2 ns were necessary for rutin to accommodate its
aromatic ring A with respect to the side chain of Cys145 (equilibrium distance thereafter
was 4.7 ± 0.3 Å, as visible in Figure 7C).

Figure 7. Distance between the double ring in the quercetin moiety of rutin and the catalytic residues
His41/Cys145 of 3CLpro in MD simulation. (A) Distance with respect to the imidazole ring of His41,
for the most favorable docking pose; (B) Separation from the side chain ring of His41, starting from a
docking pose sub-optimally accommodated in the binding pocket; (C) Separation from the side chain
of Cys145 (same simulation run as in B).
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The inner dynamics of rutin were also assessed by calculating the atomic fluctuations
for each of the rings in its molecular structure, after removing non-internal motions of
the ligand anchored to 3CLpro due to the diffusive motion of the protein in the solvent.
The results reported in Figure 8 show that fluctuations were smaller (RMSF < 1 Å) for the
quercetin region of rutin, and relatively larger (RMSF > 1.5 Å) for the outmost ring in the
sugar region (i.e., ring E). Movements in the latter regions led to fluctuations >2 Å for the
hydroxyl O atoms, preventing the formation of stable hydrogen bonds with the protein.
These findings further support the notion that the quercetin scaffold plays a prevalent
role in anchoring the whole ligand to the protein, whereas the sugar region is mostly
disordered. It is also interesting to note that, although the dynamics of the ligand tends
to improve its accommodation within the protein site compared to the starting position,
the binding affinity of rutin at the end of the MD simulations did not increase compared
to the value originally estimated by applying the sole molecular docking techniques. In
fact, re-docking experiments on the rutin-3CLpro complexes obtained at the end of the
MD runs, performed by using the same scoring function without any search for the ligand
position, showed a binding energy of −7.5 kcal/mol. As already verified in the case of
molecular docking, the quercetin moiety of rutin gave the major contribution to this value,
whereas the contribution of the sugar region was marginal.

Figure 8. Root mean square fluctuations (RMSF) of the inner motion for the five rings of rutin. Rings
A and C together form the connected double ring of the quercetin moiety, and rings D and E belong
to the disaccharide rutinose (see also Figure 1). Values are calculated for the six non-hydrogen atoms
forming each ring. Error bars indicate the uncertainties in terms of standard deviations.

4. Discussion

Pharmacological research to fight against SARS-CoV-2 is hectic at present, and large
efforts are devoted to the search for antiviral agents [7]. A number of potential candidates
have already been proposed [50], based on experiments and computational predictions, and
many collaborations are active to find new ones [51]. However, emergence of an increasing
number of mutations in SARS-CoV-2 and the necessity to prevent drug resistance calls for
further attempts along this direction. Among the strategies to block SARS-CoV-2 infection,
inhibiting the main protease 3CLpro is perhaps the most appealing. In fact, this protein
is vital in the replication process of all coronaviruses. 3CLpro shows a high degree of
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homology among different members of this family, as well as among different strains of
SARS-CoV-2. Furthermore, amino acid residues in the active site are highly conserved. In
addition, 3CLpro shows little homology with host–cell proteases, thus minimizing potential
side-effects. Although indirect ways of inhibiting this protein could be envisioned (e.g.,
shifting the monomer–homodimer equilibrium toward the inactive monomeric state, or
exploiting the existence of binding sites with allosteric effects), the most direct way is to
tackle the catalytic binding site, and in particular the dyad of residues His41/Cys145. A
number of inhibitors were found to have the ability to inhibit 3CLpro, including covalent
ones. However, most of these molecules are expected to have severe side effects or other
limitations that will preclude their direct use as an antiviral drug.

Among the compounds showing antiviral effects against 3CLpro, we previously
demonstrated that a very active one is quercetin [14], which appears to be very interesting
also because of its known pharmacokinetic properties and high tolerability. Large avail-
ability, low cost, and the absence of encumbering patents are also quite attractive features
to use quercetin as a scaffold for drug design [27]. In order to prove the potential benefit
in using quercetin as a starting point for such an endeavor, and before moving to more
complex attempts (e.g., a modification of the central core of the structure to obtain active
analogs through a scaffold hopping process), some modifications should be tested. First,
quercetin has a low solubility [13]; therefore, it should be assessed whether the presence of
a more hydrophilic chemical adduct still allows this compound to bind and inhibit 3CLpro.
Second, quercetin has a low molecular mass (302 Da), which is very close to the threshold
conventionally used to classify a compound as a chemical fragment (<300 Da), thus mod-
ifications that increase its mass and steric hindrance need to be considered. Finally, we
previously noted that the pseudo-symmetry in the structure of quercetin could play a role in
binding to 3CLpro [14]; therefore, the effects of the presence of a large symmetry-breaking
adduct that may modify this feature should be probed.

To address all these points, we have investigated both in vitro and in silico rutin, a
quercetin analog that includes a two-ring sugar moiety conjugated with the core scaffold,
and with a larger solubility. Rutin is also a well-known natural product, extensively used
for various pharmaceutical properties in hundreds of registered preparations [52]. It has
also been proved to have no cytotoxic effects towards different healthy human cell lines,
including cultured normal cells (at concentrations up to 300 μM for 24 h), and in a variety
of other cases such as for human umbilical vein endothelial (HUVE) cells, lung embryonic
fibroblasts (TIG-1), and mammary fibroblasts [53,54].

The combination of our experimental and computational results points out that rutin
binds to 3CLpro. This finding is demonstrated by alterations in the near-UV CD and
fluorescence emission spectra, which demonstrate an engagement of the pharmacological
target that produces modification in the structure of the protein. The simulation has
difficulties to model these modifications due to the size of the (solvated) protein and,
more importantly, due to the large timescale that needs to be probed to observe them.
Therefore, a twofold computational approach was pursued. In a first step, molecular
docking was employed to prove the binding of rutin in the catalytic site of 3CLpro, in blind
experiments carried out considering the whole protein structure. The results showed that
the protein active site, and more specifically the catalytic dyad His41/Cys145, provides an
anchoring for the binding of rutin. Subsequently, MD simulation was used to refine the
accommodation of the rutin, and to investigate the dynamics of the ligand. Our findings
confirmed that the quercetin scaffold gives the main contribution, both from a structural
and energetic point of view, whereas the rutinose moiety remains in contact with the solvent
and plays a secondary role in the association. In particular, our simulation techniques
provided details on how the double-ring structure of quercetin is the key binding interface
with the His41/Cys145 dyad.

The resulting effect of the association of rutin on the active site of 3CLpro is an
inhibitory action on 3CLpro catalytic activity that was clearly visible in our fluorescence
results based on the Förster resonance energy transfer (FRET). This technique provides a
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measure of the hydrolytic activity of 3CLpro on a substrate, and it is therefore useful to
estimate the degree of activity for small molecules capable to block the enzymatic activity
of the protein. The inhibition constants obtained for rutin were, respectively, Ki

app = 31 μM
(apparent) and Ki = 11 μM (intrinsic). These values are slightly less favorable compared to
those previously obtained for quercetin [14], 21 and 7.4 μM, respectively, a result that is
particularly encouraging for the fact that rutin was not selected with the aim to improve the
molecular properties of quercetin. The corresponding concentration of rutin necessary for
a 50% inhibitory effect (IC50) can be readily estimated, and it has a value of IC50 = 32 μM,
although it is important to note that this parameter may not be an appropriate inhibition
potency index to measure in vitro inhibition because it is an assay-dependent value that
would be different if another substrate or enzyme concentration were employed.

The inhibition constant found for rutin still compares well with the values obtained for
other inhibitors specifically designed to bind 3CLpro. This constitutes an encouraging step
to further explore the possibility of using other quercetin analogs to block the enzymatic
activity of 3CLpro, including perhaps more radical alterations of the starting molecular
scaffold. According to the inhibition constant and its molecular mass (610 Da), rutin shows
a binding efficiency index (BEI = pKi/MW) of 8.1, compared to 16.9 for quercetin. This
reduction in binding efficiency reflects the fact that the larger molecular mass does not
result in more or significantly stronger interactions, since the glycoside moiety of rutin
hardly interacts with 3CLpro. However, we must consider that the overall effect of a given
inhibitor will be a combination of pharmacodynamic and pharmacokinetic properties; thus,
a slightly lower inhibition potency for rutin might be favorably counterbalanced by its
much better solubility and bioavailability.

The use rutin and other quercetin analogs to inhibit 3CLpro had already been pro-
posed by several studies in the vast literature on SARS-CoV-2, together with a large number
of other natural compounds. To the best of our knowledge, and with the notable exception
of our previous work on quercetin [14], former predictions were based solely on com-
putational analyses. They included molecular docking [55–57], with additional insights
from both classical [58,59] and more advanced MD methods [60], or machine learning
approaches [57]. In some cases, the compounds identified were further examined [56,61]
in terms of their quantitative structure-activity relationship (QSAR) and expected phar-
macokinetics properties including absorption, distribution, metabolism, excretion, and
toxicity (ADMET). Our study differs from the others in a number of key aspects. Most
significantly, we obtained the first experimental evidence of the inhibitory action of rutin
towards 3CLpro. We also provided an estimation of the intrinsic inhibition constant, Ki,
suggesting that previous predictions were often quite inaccurate (in some cases by several
order of magnitude [61]). We further demonstrated that rutin acts directly on the dyad
of protein residues exerting the catalytic activity of 3CLpro, in agreement with most pre-
dictions and at variance with the hypothesis of an indirect, allosteric action [62]. More
generally, we proved the importance to couple MD simulations to overcome limitations of
the docking technique.

Comparison with some of the previous computational works, on the other hand,
provides a number of interesting suggestions on how to further explore the potential
of the quercetin scaffold to develop antiviral compounds against SARS-CoV2 main pro-
tease. Of special interest is the agreement on the potential use of glycosylated flavonoids,
such as quercetin-3-O-rhamnoside [58], quercetin-3,5-digalactoside and quercetin-3,5-
diglucoside [56]. In a more general context, this suggests that the use of quercetin and
its analogs to target SARS-CoV-2 can benefits of the results already obtained for SARS-
CoV and MERS-CoV, the viruses responsible for the previous coronavirus outbreak in
2002 and 2012, respectively, and which share a high sequence identity (>95%) for the
main protease 3CLpro. Experiments had shown that quercetin had the ability to inhibit
3CLpro of both SARS-CoV [63] and MERS-CoV [22], and quercetin-3-β-galactoside and
other synthetic derivatives were also active [64]. Thus, our findings add rutin to the list of
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quercetin-derived compounds whose antiviral properties are demonstrated in vitro against
the coronavirus family.

5. Conclusions

The identification and design of antivirals compounds against SARS-CoV-2 is of
utmost importance as one of the main ways to reduce the impact of COVID-19 infection on
public health. In particular, inhibition of the catalytic activity of the main protease 3CLpro
(or Mpro) is one of the best pharmacological strategies to block the viral replication in
affected patients. High similarity of the active site among different variants of SARS-CoV-2,
as well as other coronaviruses, makes this approach particularly intriguing also to reduce
the incidence of present and possibly future infections due to other related viral strains.
After the previously reported identification of quercetin as an excellent in vitro inhibitor
of 3CLpro, herein we have shown that its glycosylated conjugate rutin is also effective
to this scope, and with a comparable potency. Determining the antiviral effect in vivo
on human cells of this compound, and possibly of its derivatives, will give a concrete
answer to the possibility of the direct use as a pharmaceutical. In the meanwhile, this
adds one more natural product to the list of molecules that are potentially active against
SARS-CoV-2, which is of further interest due to the high tolerability of many of these
compounds for human use. More importantly, our findings suggest that there is a large
amount of room for the possibility of improving the flavonoid scaffold of quercetin to
design more effective analogues. The molecular features of rutin/quercetin, including the
presence of many hydroxyl groups that can be readily functionalized, offer a variety of
possibility for future improvements.
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complex.
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Abstract: Camptothecin (CPT), a natural plant alkaloid, has indicated potent antitumor activities
via targeting intracellular topoisomerase I. The promise that CPT holds in therapies is restricted
through factors that include lactone ring instability and water insolubility, which limits the drug
oral solubility and bioavailability in blood plasma. Novel strategies involving CPT pharmacological
and low doses combined with nanoparticles have indicated potent anticancer activity in vitro and
in vivo. This systematic review aims to provide a comprehensive and critical evaluation of the
anticancer ability of nano-CPT in various cancers as a novel and more efficient natural compound
for drug development. Studies were identified through systematic searches of PubMed, Scopus,
and ScienceDirect. Eligibility checks were performed based on predefined selection criteria. Eighty-
two papers were included in this systematic review. There was strong evidence for the association
between antitumor activity and CPT treatment. Furthermore, studies indicated that CPT nano-
formulations have higher antitumor activity in comparison to free CPT, which results in enhanced
efficacy for cancer treatment. The results of our study indicate that CPT nano-formulations are a
potent candidate for cancer treatment and may provide further support for the clinical application of
natural antitumor agents with passive targeting of tumors in the future.

Keywords: cancer; camptothecin; natural products; nano-targeted therapy

1. Introduction

Systematic research in the tumor field has indicated that a set of multifarious processes,
including quick spreading and uncontrollable multiplication of abnormal cells, results in the
formation of malignant tumors with the potential for metastasis [1,2]. There are numerous
diverse methods for cancer treatment, nonetheless, some might be ineffective because of
the adverse side effects as well as augmented resistance to conventional antitumor drugs.

Natural compounds represent a valued resource in the discovery and development
of novel drugs, mainly those used for cancer treatment [3–5], and they might act as a safe
substitute for various synthetic drugs used in existing clinical therapies [6]. Evidence
showed that alkaloids are important sources for developing plant-based antitumor drugs.
Alkaloids are found generally in plants and are mainly present in blooming plants [7].
Screening for new agents has resulted in the detection of novel alkaloids that indicated
potent apoptotic and antineoplastic capabilities in various cancer cells [8]. Alkaloids, such
as vinblastine and camptothecin, have already been developed into antitumor drugs [9,10].

Camptothecin (CPT), a wide-spectrum antitumor agent, was primarily isolated from
Camptotheca acuminata (family: Nyssaceae), a tree native to Tibet and China, which has
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been widely used in traditional Chinese medicine [11]. Various analogs of CPT are used in
treating colon, ovarian, and small-cell lung cancer [7,12]. CPT’s mode of action involves
suppression of the topoisomerase I enzyme (Topo I). Human Topo I is a critical enzyme
involved in forming nonreversible and covalent Topo I-DNA complexes during replication
of DNA and leads to strand breaks and subsequent apoptosis induction [13]. Additionally,
several studies have shown that different synthetic analogs and semisynthetic derivatives
of CPT act as topoisomerase inhibitors by changing ferment catalytic activity via stabilizing
the covalent DNA-protein complexes [14–18].

The promise that CPT holds in therapy is restricted via factors that include exces-
sive toxicity, lactone ring instability, and water insolubility, which restricts the drug oral
solubility and bioavailability in blood plasma [19]. Accordingly, an efficient method
for overcoming these challenges is encapsulating CPT into different nano-sized delivery
vehicles [20].

Nanotechnology aims at delivering drugs more effective to their target for treat-
ing malignancies [21]. Nowadays, nanotechnology-based delivery systems have gained
tremendous attention as a strategy for overcoming the challenges related to bioavailability,
solubility, distribution, toxicity, and targeting of classical chemotherapeutic agents as well
as antitumor natural products [22–25]. Therefore, novel approaches involving pharmaco-
logical and low doses of CPT, either alone or combined with nanoparticles, could have
potent anticancer activity in vitro and in vivo.

Even though there are a small number of publications on the overview of CPT nano-
formulations in cancer, these papers are narrative reviews or reviews of the antitumor
activities of nano-CPT in a limited number of cancers [26]. Henceforth, a comprehensive
and critical systematic review on the antitumor capability of CPT nano-formulations within
different cancers has not been conducted before. Consequently, this review aims to provide
an up-to-date, comprehensive, and critical assessment of the antitumor ability of nano-
CPT in various cancers as a novel and more efficient natural product-based anticancer
therapeutic agent.

1.1. Natural Nano-Formulations and Cancer Treatment

Natural products particularly secondary metabolites have massive chemical and struc-
tural diversity along with enduring to instigate new findings in biology, medicine, and
chemistry because of their therapeutic potential [27,28]. A broad variety of anticancer
properties have been attributed to these plant-derived agents, including antiproliferative,
antioxidant, antimetastatic, anti-inflammatory antiangiogenic, and proapoptotic activi-
ties [29,30]. Nevertheless, several other physicochemical properties, such as weak stabil-
ity, low aqueous solubility, short half-life, low bioavailability, and rapid clearance, have
severely restricted their uses in clinical settings [31,32].

For achieving the maximum therapeutic profits of these natural compounds, nano-
sized carriers have been used for direct delivery of parent compounds to the locations
where they are required, like malignant tissues to display their potential antitumor activities.
Such targeted therapy could be essential for minimizing possible systemic toxicity and
optimizing efficacy to increase the clinical outcomes [33]. Various nano-formulations have
been used in drug delivery research, such as liposomes, solid lipid NPs, double emulsions,
protein-based systems, cyclodextrins, and chitosan [24].

Alkaloids are mostly tetracyclic, tricyclic, and bicyclic derivatives of the molecule
quinolizidine, mainly found in the Leguminosae family. The tumor suppression role of al-
kaloids nano-formulations is indicated in multiple in vitro and in vivo studies. One study
used PLGA-PEG-folate (PLGA-PEG-FOL) NPs for targeted delivery of a CPT analog,
7-ethyl-10-hydroxycamptothecin (SN-38), and demonstrated significant anticancer activity
in HT-29 colon tumor-bearing nude mice [34]. In another study, albumin NPs were loaded
with the antitumor drug tamoxifen (TMX). The cellular uptake of NPs was observed in
HeLa and MCF-7 cell lines and TMX-loaded NPs showed greater antitumor activity com-
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pared to the free drug [35]. Moreover, the cytotoxic activity of irinotecan nano-formulations
against cancer has been reviewed previously [36].

Altogether, NPs derived from natural sources are considered cost-effective and
more secure than synthetic NPs and offer protective and therapeutic activities with low
cytotoxicity [37].

1.2. Camptothecin: Sources, Chemistry, and Pharmacology

CPT, an indole alkaloid with a pentacyclic ring (classified as pyrrolo [3,4-b]quinoline),
was primarily isolated from Camptotheca acuminata (Nyssaceae) [1]. This alkaloid is also
synthesized in other plants, including Ervatamia heyeano [38], Nothapodytesfeotida [39], and in
several species of the genus Ophiorrhiza [40]. In 1966 CPT structure was determined using
a combination of X-ray and Nuclear Magnetic Resonance approach (Figure 1) [41]. CPT
has two remarkable chemical properties: (1) Its lack of important alkalinity makes it act
as a neutral molecule, and (2) the C-20 tertiary alcohol presence imparts an uncommon
electrophilicity to the lactone carbonyl group, possibly through a strong intramolecular
H-bond [42].

Figure 1. The chemical structure of CPT (C20H16N2O4, molecular weight: 348.4 g/mol).

CPT has been indicated to suppress different cancers via various mechanisms both
in vitro and in vivo and rapidly entered the clinical examination (Figure 2). The most
noticeable activity of CPT is the Topo I suppression which is a molecular basis of its
antitumor properties [43]. The structural models show that CPT non-covalently binds
to Topo I–DNA binary complex. The structure-activity relationships offer insight into a
potential mechanism of Topo I suppression via CPT and its derivatives [44].

Despite the significant antineoplastic activity and an exclusive mechanism of action,
CPT displays various unwanted properties which hinder its clinical application. First,
the very low water solubility of CPT complicates its administration. Another challenge
related to CPT is the α-hydroxy lactone ring (ring E) which opens under physiological
conditions, resulting in the CPT carboxylate open form. Carboxylic acid or its sodium
salt, even though soluble, has considerably lower antitumor potential as compared to CPT.
Furthermore, this ionic form favorably binds to the human serum albumin, lowering the
accessible drug concentration [45,46].

Even though the antitumor properties of CPT stimulated a substantial research in-
terest, other properties of CPT including insecticidal or antiviral activities have also been
investigated. Though semisynthetic CPT, such as irinotecan and topotecan, hold their
position in chemotherapy, various other anticancer agents are established which are now
in different phases of the preclinical or clinical development. Moreover, current research
on CPT involves their novel formulations (particularly nano-formulations) for optimizing
the stability, delivery, and reducing toxicity [47].
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Figure 2. Molecular mechanisms underlying the anticancer effect of CPT. Abbreviations: ATM,
ataxia telangiectasia mutated gene; Cdc25c, cell division cycle 25C; Chk2, checkpoint kinase 2; CPT,
camptothecin; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; mTOR,
mammalian target of rapamycin; Nfr2, nuclear factor erythroid 2–related factor 2; p21, tumor protein
p53; p53, tumor protein p53; ROS, reactive oxygen species.

2. Methodology for Literature Search on Camptothecin Nano-Formulations
and Cancer

The current study was conducted following the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis (PRISMA) guidelines [48]. The purpose of this paper
is to offer a systematic review of in vivo studies for examining the impact of CPT nano-
formulations on cancer. Various electronic scholarly databases, including Scopus, PubMed,
ScienceDirect, were explored and related studies in the English language only were col-
lected up to March 2021. The search syntax included “Camptothecin” AND “tumor” OR
“cancer” OR “neoplasm” OR “malignancy” OR “carcinoma” AND “nano”. The primary
search was performed by two researchers separately, and unrelated studies were excluded
based upon their titles and abstracts. Review articles, meta-analyses, books, book chap-
ters, conference abstracts, case reports, clinical trials, and non-English articles were also
excluded. Between the initial 2586 studies that were collected through electronic search,
99 were excluded because of the duplicated results, 629 were omitted due to paper type,
905 review papers were ruled out, and 564 were considered unrelated based on abstract
and/or title data. Besides, 4 were omitted as they were not in the English language. Out of
385 retrieved reports, 119 were omitted as they assessed other derivatives of CPT, 12 were
excluded as they evaluated CPT rather than its nano-formulations, 41 were omitted because
they assessed other biological effects of CPT rather than its antitumor impacts, 16 were
omitted as they focused on other compounds, not CPT, and 120 were removed because
they were in vitro studies. Finally, 82 papers were included in this systematic review as
indicated in a flowchart of the selection process and literature search (Figure 3).
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Figure 3. The PRISMA flow chart of the selection process for the included studies.

3. Anticancer Activities of Camptothecin Nano-Formulations

Nano-CPT has been indicated to suppress different cancers via various mechanisms,
such as growth suppression of malignant cells, induction of apoptosis and cell cycle arrest,
and modulation of oxidative stress, angiogenesis, and inflammation. The anticancer effects
of CPT nano-formulations in different cancers are provided in the next sections (Table 1).
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3.1. Bladder Cancer

Bladder cancer is the tenth most frequent cancer in women and fourth in men.
The primary treatment for bladder cancer includes intravesical immunotherapy and surgery.
Nevertheless, these methods show several undesirable adverse effects [130,131]. Accord-
ingly, better therapeutic approaches are vital.

Polymeric micelles enhance the drug accumulation in cancer tissues by taking advan-
tage of the increased permeability retention (EPR) impact [132]. In a study by Yen et al. [49],
strong suppression of tumor growth without toxicity was observed in the nude mice bearing
AY27 xenografts after treatment with CPT-loaded micelles. Moreover, as a wide variety of
therapeutic agents could be incorporated inside polymeric micelles, designing the sensitive-
reduction micelles could be readily custom-made to accomplish therapeutic necessities.

3.2. Brain Cancer

Gliomas are the most frequent and aggressive brain tumors, and irrespective of
progress made in treatment management, they are still limited by several barriers.
Therefore, different therapeutic strategies like nano-medicines are needed for treating
this disease [133,134].

One study indicated that treatment of 9L tumor-bearing mice with CPT-loaded am-
phiphilic β-cyclodextrin NPs inhibited tumor progression and tumor volume, and in-
creased the median survival time. This study indicated that CPT-loaded cyclodextrin NPs
arise as potential delivery systems for treating cancer which is indicated to be safe, stable,
and effective formulations for CPT delivery [50].

It has been shown that high-dose CPT-loaded NPs (20 mg/kg) inhibited the growth of
intracranial GL261 tumors in mice, providing important survival benefits in comparison
to low-dose CPT NPs or free CPT [51]. This study indicated that CPT encapsulation can
increase its activity.

Another study evaluated the anticancer effect of 3 mg/kg CPD@IR780 and CPC@IR780
micelles with or without laser toward Luc-U87 tumor-bearing mice. All the treatments
inhibited tumor growth, reduced side effects, and enhanced survival time. However,
CPT-S-S-PEG-iRGD@IR780 micelles with laser exhibited superior antitumor activity. Thus,
these results indicated that the targeting prodrug system could not only efficiently cross
different barriers to reach glioma site but also considerably increase the anticancer impact
with laser [52].

Studies showed that treatment of C6 tumor-bearing rats with different CPT-loaded mi-
celles inhibited tumor progression and growth, reduced side effects, and increased median
survival rate and therapeutic efficacy [53,54]. Moreover, CPT-TEG-ALA treatment inhib-
ited tumor growth and enhanced the survival rates and therapeutic efficacy in U-87 MG
tumor-bearing nude mice. This nano-prodrug method is a versatile approach to develop
therapeutic NPs enabling tumor-specific treatment [55]. The non-toxic, tumor-specific
targeting properties of the nano-prodrug system make it a versatile, low-cost, and safe
nano-carrier for diagnostic agents, imaging agents, and pharmaceuticals.

3.3. Breast Cancer

Breast cancer is the utmost frequently diagnosed malignancy and is the second primary
cause of mortality globally. Despite these improvements, breast cancer mortality and
morbidity is very high [135]. Therefore, the application of novel methods like nano-
therapies is essential for the prevention and treatment of this cancer [136].

One study indicated that in 4T1 tumor-bearing mice, the albumin/CPT-ss-EB nano-
complex exhibited efficient tumor accumulation, which subsequently contributed to out-
standing therapeutic efficiency [56]. In a study by Zhang [137], the MOF-2 + CPT therapeu-
tic impact was evaluated. The result of this study demonstrated that both CPT and MOF-2
can suppress tumor growth in the mouse breast cancer model. After the combination of
CPT with MOF-2, the therapeutic efficiency was noticeably improved.
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Several studies showed that treatment of 4T1 tumor-bearing mice with different
CPT-loaded micelles (FP-CPT, DCPT, HA-ss-CPT, DCM, and DEM micelles) inhibited the
tumor growth and tumor progression and resulted in enhancement of animal survival rate
and therapeutic efficacy [57–60]. PMCPT-co-electrospun fibers showed anticancer activity
toward 4T1 tumor-bearing mice and led to the suppression of the tumor growth without
toxicity [61].

Studies indicated that treating 4T1 tumor-bearing mice with various CPT-loaded NPs
led to the suppression of tumor growth and reduction in tumor metastases and tumor
recurrence [62–64]. Moreover, it has been shown that treatment with AmpF-CPT-IR820
(ACI), and PF + CPT + IR820 (PCI) inhibited tumor growth and volume in 4T1 breast
tumor-bearing mice [65].

Treating 4T1 tumor-bearing mice with chitosan stabilized CPT nano-emulsions (CHI-
CPT-NEs) led to the reduction of tumor growth and volume and enhancement of thera-
peutic efficacy [66]. Additionally, it has been shown that treatment with 1 mg/kg MDNCs
suppressed tumor progression and tumor growth in 4T1 tumor-bearing mice and exhibited
superior anticancer impact in comparison to individual drug treatment groups and free
multi-drugs treatment groups [67].

In another study, the in vivo synergistic antitumor efficiency of HSD NGs was assessed
in 4T1 tumor-bearing mice, and results indicated that HSD NGs enhanced apoptosis and
tumor accumulation, and suppressed tumor growth and volume [68].

Treating MCF-7 tumor-bearing mice with various CPT-loaded micelles led to the
strong inhibition of the tumor growth without toxicity [69–71]. Moreover, treatment
with 10 mg/kg CPT@Ru-CD, VK3-CPT@Ru-CD, and VK3-CPT@RuxCD led to the tumor
elimination, increased ROS levels and reduced side effects in MCF-7 tumor-bearing nude
mice [72].

Several studies showed that treatment with different CPT-loaded nano-formulations
led to tumor elimination and inhibited tumor growth and volume in MCF-7 tumor-bearing
mice [73–76]. Moreover, CPT-loaded MrGO-AA-g-4-HC increased the synergistic antitumor
efficacy and apoptosis in rats bearing MCF-7 tumor cells [77]. Another study showed that
treating MCF-7 tumor-bearing mice with GNS-CB[7]-CPT with or without laser resulted in
the elimination of the tumor. It has been shown that GNS-CB[7]-CPT with laser irradiation
exhibited severe necrosis and had a greater antitumor activity [78].

Studies showed that an increase in survival rate and tumor inhibition has been ob-
served in MDA-MB-231 tumor-bearing mice after treatment with CPT-HGC NPs [79]
and CPT-P-HA-NPs [80]. Moreover, treating MDA-MB-231BO tumor-bearing mice with
7.5 mg/kgpSiNP + CPT + Ab and pSiNP + CPT led to the reduction in tumor size and
inhibition of metastatic spread [81]. Another study showed that treating MDA-MB-231
tumor-bearing mice after treatment with CPT-pH-PMs, led to strong suppression of the
tumor growth and reduction in side effects [82].

Treatment of EMT6 tumor-bearing mice with 1 mg/kg CPT/DOX-CCM and CPT/DOX-
NCM, for 24 days led to tumor inhibition and reduced tumor size and volume [83]. CPT-
loaded NPs (CPTNV-Pmic) exhibited considerable anticancer activities against the Ehrlich
ascites carcinoma (EAC) mice model and reduced tumor necrosis and tumor growth [84].
In another study, the anticancer efficacy of CPT excipient formulation and CPT encapsu-
lated in E3 PA nanofibers was assessed in BT-474 tumor-bearing athymic nude mice, and
results demonstrated that these nanofibers inhibited tumor growth and tumor progres-
sion [85]. Such nano-structures provided CPT protection from the external environment
and increased CPT anticancer activity.

3.4. Cervical Cancer

Cervical cancer is the second highest cause of mortality amongst women [138]. Even
though chemotherapy is the primary method for the treatment of cervical cancer, new
approaches are essential for the enhancement of the efficacy of existing cervical cancer
therapy [139].
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Studies showed that treatment with different CPT-loaded NPs (CPT@IrSx-PEG-FA
NPs andPDA@PCPT NPs) led to the suppression of tumor progression and tumor growth
and increased the therapeutic efficiency in HeLa tumor-bearing mice [86,87]. Moreover,
another study showed that treating Hela tumor-bearing mice with 4 mg/kg CPT-PCB-based
lipoplexes inhibited tumor progression and tumor growth, and displayed a synergistic
tumor inhibition [88].

In a study by Jiang et al. [89], the synergistic effect of RLS/siPLK1+ CPT on tumor
growth suppression was evaluated in HeLa tumor-bearing nude mice. Results of this
study indicated that RLS/siPLK1+ CPT has a greater anticancer activity compared to either
agent alone. These data indicate that R2SC/siPLK1 can efficiently inhibit tumor growth via
silencing the siPLK1 gene and controlling the drug release and through inducing tumor
cells apoptosis, contributing to a synergistic impact of siPLK1 and CPT.

In another study, the antitumor efficiency of CPT-DNS-DCM was examined on HeLa
tumor-bearing nude mice. Results indicated that the prodrug considerably inhibited tumor
growth and tumor progression [91]. Moreover, treating HeLa tumor-bearing nude mice
with EuGd-SS-CPT-FA-MSNs led to the destruction of tumors and reduction of tumor
growth and volume. EuGd-SS-CPT-FA-MSNs might offer a beneficial theranostic nano-
platform for inhibiting tumor growth in vivo [90]. The results of in vivo studies indicate
that the functionalized MSNs might be effectively used as a platform for targeted therapy.

3.5. Colon Cancer

Colorectal cancer (CRC) is one of the utmost common malignant tumors. The main
approaches for the treatment of CRC are surgery, chemotherapy, and radiotherapy [140].
Yet, due to the difficulties resulting from drug resistance, the application of multifunctional
nano-medicines could be a viable therapeutic approach [140].

One study showed that transformative CPT-ss-EB nanomedicine considerably sup-
pressed tumor progression and drastically decreased side effects in HCT116 tumor-bearing
mice [56]. Another study showed that treatment of SW620 tumor-bearing nude mice with
10 mg/kg CPT-loaded CMD NPs for 30 days resulted in the suppression of tumor growth
and progression. CPT-loaded CMD NPs showed considerably higher antitumor activity
than free CPT and empty CMD NPs in mouse xenograft models, indicating the synergistic
therapeutic impacts of CPT with CMD [92].

In one study the antitumor activity of CPT&Ce6 and HBPTK-Ce6@CPT with or
without laser irradiation in HT29 tumor-bearing nude mice has been evaluated. All the
treatments inhibited tumor growth and volume. However, HBPTK-Ce6@CPT with 660 nm
laser irradiation had greater anticancer activity in comparison to other groups [93].

Studies showed that treatment of HCT116 tumor-bearing mice with different CPT-
loaded NPs resulted in the elimination of tumor, reduction of tumor growth and volume,
tumor recurrence, and increase of therapeutic efficacy and apoptosis [94–97]. Moreover,
HRC@F127 NPs indicated synergistic therapeutic efficiency and effectual tumor accumula-
tion with minimal side effects and longer survival in mice [98].

Treatment of HT-29.Fluc tumor-bearing mice with 0.8 mg/kg SNP-CPT-Cy5.5 and
SNP-CPT NPs led to the tumor elimination and inhibited tumor growth and progression,
while considerably decreasing the systemic toxicity associated with CPT administration.
These results demonstrate that the SNP-CPT NPs can be used as a potent drug delivery
system for CPT-based anticancer treatments [99].

In a study by Yao et al. [100], the in vivo anticancer activity of nano-CPT compared
with that of topotecan was assessed against HCT-8 tumor-bearing mice. Results indi-
cated that nano-CPT had the same in vivo anticancer activity with TPT and lower toxicity.
The study indicated that nano-CPT is a new promising formulation with high anticancer
efficiency and low toxicity [100].

Gd(DTPA-CPT) NPs showed significant cytotoxicity against LoVo tumor-bearing
nude mice and led to the tumor growth suppression with reduced adverse effects and
insignificant chronic toxicity [101]. Another study showed that treatment with 3 mg/kg
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CPT@Dod-ND-SPs led to suppression of tumor growth and tumor volume in HT-29 tumor-
bearing mice. The results indicated that ND-SPs might serve as a nanomedicine with major
therapeutic potential [102].

Several studies indicated that treating C26-tumor-bearing mice with different CPT
nano-formulations resulted in the elimination of tumor growth and volume, enhancement
of therapeutic efficacy, and reduction in tumor progression [103–106]. Furthermore, it has
been shown that iRGD-PEG-NPs considerably increased the therapeutic efficiency of CPT
via inducing tumor cell apoptosis in comparison to PEG-NPs [107]. These results indicate
a promising approach for small molecular nano-drug delivery systems with noticeable
antitumor efficacy for clinical applications.

3.6. Liver Cancer

Hepatocellular carcinoma (HCC) is the second leading cause of death in the world.
Irrespective of the advancement in existing HCC treatments, there has been a continuous
increment in the incidence rate of this cancer [141].

In a study by Wen et al. [108], the in vivo synergistic anticancer efficacy of MGO@CD-
CA-HA/CPT with or without NIR was assessed in BEL-7402 tumor-bearing nude mice.
Results showed that MGO@CD-CA-HA/CPT + NIR had a stronger inhibitory effect than
MGO@CD-CA-HA/CPT, exhibiting the meliority of CPT combination therapy. Thus, this
study presented a potent multiple-targeted nanocarrier for liver cancer chemo-photothermal
combination therapy.

Moreover, studies showed that treatment with different CPT prodrugs (CCLM and
RGD-prodrug) led to tumor elimination and suppressing tumor progression and growth
in HepG2 and H22 tumor-bearing mice [109,110]. These prodrug nano-platforms showed
considerable in vivo anticancer efficacy, without displaying considerable systemic toxicity.

In one study the antitumor activity of IR780-LA/CPT-ss-CPT NPs were investigated
towards Hep1–6 tumor-bearing mice. It was noticed that the tumor volume and growth in
all groups were suppressed. Nevertheless, the tumor growth in the IR780-LA/CPT-ss-CPT
NPs + laser group was the most strictly suppressed. Consequently, the IR780-LA/CPT-ss-
CPT NPs were indicated to be a brilliant fluorescence imaging-guided, redox-responsive,
and increased synergistic chemo-photothermal therapy nanoplatform toward tumors [111].

Treatment of HepG2 tumor-bearing mice with P (CPT-MAA) nanogels without SeS and
P(CPT-MAA) prodrug nanogels exhibited superior antitumor activity without observed
side effects. However, P(CPT-MAA) prodrug nanogels indicated the greatest efficacy in
tumor growth suppression. Henceforth, the P(CPT-MAA) nanogels might be a potent
delivery system for anticancer agents [112].

JP@EF and JNM@EF showed cytotoxic effects against H22 tumor-bearing mice, while
the most considerable suppression of tumor growth was identified for JNM@EF treatment.
It was demonstrated that the JNMs self-propelled tissue distribution and gradual release
increased the tumor growth suppression [113].

In another study, the anticancer effects of UCNP@mSiO2–NBCCPT @(DHMA)/β-CD-
PEG, UCNP@mSiO2-NBCCPT@(DHMA)/β-CD-PEG-LA, and UCNP@mSiO2-NBCCPT/β-
CD-PEG were assessed in HepG2 tumor-bearing mice. All the treatments inhibited tumor
growth, while UCNP@mSiO2-NBCCPT/β-CD-PEG-LA@DHMA had greater antitumor
activity and ameliorated side effects. Therefore, it showed more beneficial for prolonging
the survival of tumor-bearing mice [114]. Overall, the results indicated that the nano-drug
delivery systems have the ability to overwhelming the CPT pharmacokinetic limitations,
highlighting its anticancer effects.

3.7. Lung Cancer

Lung cancer is one of the leading causes of tumor-related mortality in the world [142].
The high lung cancer death rates are probably because of difficulties related to a high
metastatic potential and diagnosis [143]. Accordingly, developing non-toxic alternative
treatments for improving lung cancer responsiveness to chemotherapy is essential.
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Even though CPT is a renowned antitumor agent, it typically needs high and multiple
doses for achieving a satisfactory therapeutic impact. One study investigated the antitumor
impact of CPT-loaded PPBS NPs in LLC tumor-bearing mice. Results of this study indicated
that CPT-loaded PPBS NPs reduced the tumor volume and had a longer circulation time,
and substantially improved anticancer efficiency in vivo compared to free CPT [115].

NCssG NPs and CPT-ss-GEM nanowires (CssG NWs) showed cytotoxic effects against
A549 tumor-bearing mice and suppressed tumor growth and volume. Results also showed
that with the same amount of CPT-ss-GEM prodrug, NCssG NPs showed much higher
in vivo tumor inhibition efficiency than CssG NWs. Due to the superiority of this combo-
nanomedicine, such as EPR effect, synchronous dual drug action, prolonged blood circula-
tion, very potent antitumor efficiency was achieved both in vitro and in vivo [116].

Studies showed that treatment of A549 tumor-bearing nude mice with different nano-
formulations of CPT resulted in tumor elimination, reduction in tumor growth and volume,
and enhancement of therapeutic efficacy [117,118]. These combination approaches hold
great promise for the future potential application in cancer therapy.

Another study indicated that treatment with ZTC-NMs delayed tumor growth and
prolonged the survival time in A549 tumor-bearing mice. Also these results showed that
ZTC-NMs had a greater antitumor activity, which can be ascribed to the tumor-targeted
drug delivery [119].

In one study the antitumor effect of Ce6-CPT-UCNPs with or without laser irradiation
was evaluated in NCI-H460 tumor-bearing nude mice. Results showed that treatment
with Ce6-CPT-UCNPs + laser irradiation inhibited tumor growth, tumor recurrence, and
metastasis. In contrast, treatment with Ce6-CPT-UCNPs and no laser irradiation did not
show antitumor activity, because CPT and Ce6 in the Ce6-CPT-UCNPs cannot be released
out, and cannot eliminate cancer cells [120].

Treatment of NCI-H460 tumor-bearing nude mice with a new mitochondria-targeting
drug delivery system, ZnPc/CPT-TPPNPs or ZnPc/CPT-NH2NPs led to the suppression
of tumor growth, tumor recurrence, and metastasis and did not result in considerable
side effects in vivo. These results demonstrated that surface modification of the NPs with
triphenylphosphine cations simplified effective subcellular delivery of the photosensitizer
to mitochondria [121].

In another study, the in vivo anticancer efficiency of 2OA-CPT/NAs and OA-CPT/NAs
was compared using the LLC tumor-bearing mice. It is found that treatments with different
CPT formulations led to a considerably delayed tumor progression. However, in com-
parison with OA-CPT/NAs, 2OA-CPT/NA exhibited a greater potent anticancer activity.
These results revealed the critical role of DHP hydrophobicity in impacting the DHP NA
in vivo anticancer efficacy [122].

3.8. Ovarian Cancer

Ovarian cancer represents a group of neoplasms, and it is one of the utmost lethal
female reproductive system tumors [144]. The conventional approaches for the treatment
of this cancer are platinum-based chemotherapy and surgical cytoreduction, which have
their challenges [145]. Consequently, investigating new agents with increased efficiency
and reduced toxicity can open up new pathways for ovarian cancer treatment.

In one study CPT was encapsulated into plain NOBs (NOB–CPT) and ZH2-displayed
NOBs (ZH–NOB–CPT) and then administered to SKOV3 tumor-bearing nude mice. Results
showed that treatment with 0.5 mg/kg ZH–NOB–CPT significantly inhibited tumor growth
and volume. In contrast, NOB–CPT-treated mice did not show any antitumor effects. This
study indicates that ZH2-tagged NOBs selectively deliver CPT into the human epidermal
growth factor receptor 2/neu-positive cancerous site. Taken together, the result shows the
NOB’s potential for targeted delivery of hydrophobic drugs [123].

107



Biomedicines 2021, 9, 480

3.9. Pancreatic Cancer

Pancreatic cancer is a disease with a high mortality rate and a very poor prognosis.
Various biological and physical barriers make this tumor very hard to treat with conven-
tional chemotherapy. Hence, more effective strategies, such as nano-therapies, are crucial
to fulfill the immediate necessity for more effective pancreatic cancer treatment [146,147].

One study evaluated the therapeutic effects of EGGPTCPT, PEGPTCPT, and GSH-
PTCPT in BxPC-3 tumor-bearing mice. All the treatments resulted in tumor inhibition,
while GSHPTCPT displayed considerably greater anticancer activity than PEGPTCPT and
EGGPTCPT. There was no considerable difference between PEGPTCPT and EGGPTCPT
in terms of tumor weight and volume. This study indicates the high efficacy of an active
tumor penetrating dendrimer-drug conjugate for PDA therapy [124].

Another study showed that treatment with 2 mg/kg CPT-loaded αDR5-NPs and CPT-
loaded nude NPs noticeably suppressed tumor growth rates and induced tumor regressions
in MIA PaCa-2 and PANC-1 xenografts in mice. The effects were more considerable in the
MIA PaCa-2 cells where delivery of CPT-loaded αDR5-NPs resulted in considerable tumor
regressions, whereas the CPT-loaded nude NPs only resulted in growth retardation. These
results indicate the CPT-loaded αDR5-NPs potential for pancreatic cancer treatment [125].

In a study by Wang et al. [126], the DPPSC micelles in vivo anticancer efficiency were
investigated in the pancreas cancer treatment. Results of this study showed that treatment
of PANC-1 tumor-bearing nude mice with DPPSC + SL and DPPSC + LL micelles remark-
ably inhibited the tumor growth and tumor volume. Moreover, it has been demonstrated
that the mice treated with the DPPSC + SL group led to a more significant reduction in
the tumor growth, compared to the DPPSC + LL group. Hence, this system indicated a
high anticancer impact in PANC-1 tumor-bearing mice because of the combination of PDT
and enhanced chemotherapy. This study presents a novel approach for the design of the
stepwise multiple stimuli-responsive nano-carrier with the variation of biological signals to
maximize the treatment outcomes while minimizing the side effects of therapeutic agents.

3.10. Prostate Cancer

Prostate cancer is one of the most common cancers in men [148]. The combined
consumption of nutraceutical agents and anticancer drugs is an excellent strategy to
enhance the therapeutic antitumor effects as well as the facilitation of side effects of
chemotherapy and drug resistance [149].

One study indicated that treatment of U14 tumor-bearing nude mice with CPT-HA
and CPT-HA@IR825 with or without laser led to tumor elimination. In vivo results demon-
strate that after treating tumors with CPT-HA or CPT-HA@IR825 without laser, the tumor
volume was only partially inhibited. In sharp contrast, the tumor growth from the CPT-
HA@IR825-treated mice upon laser irradiation has been effectively suppressed, indicating
that the multifunctional polymeric prodrug NPs are very effective for cancer treatment,
while having reduced cytotoxicity to the healthy organs [127].

Another study indicated that treatment with P(OEGMA-co-CPT-co-G3-C12) or P(OEGMA-
co-CPT) for 32 days inhibited tumor volume and tumor growth in DU145 tumor-bearing
BALB/c mice. Results of this study indicated that P(OEGMA-co-CPT-co-G3-C12) had a
greater antitumor activity compared to P(OEGMA-co-CPT). Furthermore, P(OEGMA-co-
CPT-co-G3-C12) indicated minimal toxicity and improved antitumor activity compared to
free CPT. Henceforth, P(OEGMA-co-CPT-co-G3-C12) can be a potent drug in androgen-
independent prostate cancer treatment [128].

3.11. Skin Cancer

Melanoma is the primary cause of death from skin cancer [150]. Generally, treating
melanoma with chemotherapy provides very limited beneficial effects in overall survival
and very low response rates. Consequently, multiple targeted therapeutic strategies have
been assessed [151].
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In a study by Hu et al. [129], nude mice bearing B16 tumor cells were treated with
PEG-SeSe-CPT/CUR and PEG-SeSe-CPT for 21 days. In vivo assay showed that both of
the treatments could inhibit B16 tumor growth and volume. This result also showed that
the PEG-SeSe-CPT/CUR co-delivery system had a much better inhibition effect than either
agent alone, suggesting a synergistic therapeutic effect.

4. Pharmacokinetics and Toxicity of Nano-Camptothecin

The plasma drug time-concentration profile of CPT was constructed after the oral
administration of 5 mg/kg pure CPT suspension and CPT encapsulated poly (methacylic
acid-co-methyl methacrylate) nano-formulation to rats. The results demonstrated a con-
siderable difference between the CPT nano-formulation and free CPT pharmacokinetic
profiles. After oral administration of free CPT, the drug was detected rapidly in plasma
in the initial hours, ascribed to the greater CPT permeability coefficient in the upper GIT.
Subsequently, the drug-plasma concentration reduced rapidly to undetectable levels after
8 h. In the case of CPT nano-formulation, the maximum CPT level was reached at 12 h
after oral administration as the polymer present in the nano-formulation enhanced the CPT
residence time and then gradually reduced over the next 12 h, which demonstrated the
released drug prolonged residence time in the colon with drug slow leaching to systemic
circulation because of low permeability and compromised surface area [152,153].

After a single oral administration (1.5 mg/kg) of CPT and CPT nanocrystals in
Sprague-Dawley rats, it was reported that in comparison to CPT salt solution, CPT
nanocrystal’s area under the curve (AUC) value was lower, but the distribution half-
life (t1/2α) was higher, showing prolonged circulation via the nanocrystals. It seems to
be plausible that due to the poor solubility, CPT nanocrystals gradually dissolved and
released free drug molecules [154]. Therefore, concerning extending blood circulation, the
CPT nanocrystals might provide considerable benefits [155].

For evaluating the subacute toxicity of CPT NPs, ICR mice were administered with
0.4 mL/20 g. body weight NPs through i.p. injection. There was no treatment-related
death in the CPT NPs treated mice at any of the doses tested. Nevertheless, the free CPT
group body weight was considerably lower than information from the control group and
the two other CPT groups [156].

In an inorganic–organic model, CPT was primarily incorporated into micelles derived
from negatively charged biocompatible surfactants, such as sodium cholate, and these neg-
atively charged micelles were next encapsulated in NPs of magnesium–aluminum layered
double hydroxides (LDHs) via an ion exchange process. Although these nano-complexes
exhibited lower cytotoxicity than CPT alone, they act as a potent biocompatible model for
delivering CPT, enabling the administration of drugs in a dose-controlled manner [157].

After CPT-loaded GNR@SiO2−tLyP-1 treatment, the systemic toxicity of CPT on
human mesenchymal stem cells was reduced, since the GNR@SiO2−tLyP-1 selectively
penetrated the cancer cells, and CPT was released into the blood or culture medium [158].

5. Conclusions and Future Directions

Natural products with remarkable chemical diversity have been examined in the
treatment of human malignancies and particularly in cancer treatment. CPT, a natural
plant alkaloid, has indicated strong antitumor activities via targeting intracellular Topo I.
CPT alone or in combination with other anticancer drugs might be beneficial for cancer
treatment. Studies indicated that CPT nano-formulations have higher antitumor activities
in comparison to free CPT and lead to better bioefficacy for the treatment of cancer. CPT
can affect different cancer types, including bladder, brain, breast, cervical, colon, leukemia,
liver, lung, melanoma, and prostate cancer. It has been shown that CPT employs multi-
ple mechanisms for suppressing cancer initiation, progression, and promotion through
modulating different dysregulated signaling cascades implicated in proliferation, invasion,
inflammation, cell survival, metastasis, and apoptosis (Figure 4).
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Figure 4. Molecularmechanisms underlying antitumor effects of CPT nano-formulations. Abbrevia-
tions: CPT, camptothecin; Topo I, topoisomerase I; VEGF, vascular endothelial growth factor.

The promise that CPT holds as an antitumor agent in therapy is restricted by factors
that include lactone ring instability and water insolubility, which restricts the drug oral sol-
ubility and bioavailability in blood plasma. Novel approaches including pharmacological
and low doses of CPT in combination with NPs have indicated potent anticancer potential
in vivo. The results of our study indicate that CPT nano-formulations is a potential candi-
date for cancer treatment, and might provide further support for developing nano-CPT as
a promising agent for cancer treatment.
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Abstract: A stilbene glycoside (resvebassianol A) (1) with a unique sugar unit, 4-O-methyl-D-
glucopyranose, was identified through biotransformation of resveratrol (RSV) by the entomopathogenic
fungus Beauveria bassiana to obtain a superior RSV metabolite with enhanced safety. Its structure,
including its absolute configurations, was determined using spectroscopic data, HRESIMS, and
chemical reactions. Microarray analysis showed that the expression levels of filaggrin, HAS2-AS1,
and CERS3 were higher, while those of IL23A, IL1A, and CXCL8 were lower in the resvebassianol
A-treated group than in the RSV-treated group, as confirmed by qRT-PCR. Compound 1 exhibited the
same regenerative and anti-inflammatory effects as RSV with no cytotoxicity in skin keratinocytes and
TNF-α/IFN-γ-stimulated HIEC-6 cells, suggesting that compound 1 is a safe and stable methylglyco-
sylated RSV. Our findings suggest that our biotransformation method can be an efficient biosynthetic
platform for producing a broad range of natural glycosides with enhanced safety.

Keywords: Beauveria bassiana; resveratrol; biotransformation; microarray analysis; cell rejuvenation

1. Introduction

Resveratrol (RSV, 3,5,4′-trihydroxy-trans-stilbene), a natural compound commonly
found in the skin of peanuts, grapes, raspberries, blueberries, and mulberries, is a physio-
logically active polyphenolic compound with potential antioxidant activity [1]. Naturally,
RSV is present as a glycoside attached to glucose [2]. Many studies on RSV have demon-
strated that it may play an important role in preventing and treating interactions involving
cell signaling pathways and diseases associated with oxidative stress, inflammation, cancer,
abnormal metabolism, and neurotoxicity [3].

To date, the clinical effects of RSV have not been sufficiently validated in cellular and
animal studies. Additionally, there have been some limitations to its commercialization. For
example, RSV is well absorbed in vivo, but it is rapidly metabolized to sulfo- or glucurono-
conjugates [4]. RSV is safe at low doses, but it may have poor bioavailability in humans
due to extensive hepatic metabolism [5]. Therefore, developing a drug for clinical use
using RSV has been challenging. To overcome these problems, a new micronized RSV
formulation—SRT 501—has been developed [6]. However, limitations associated with the
metabolism and bioavailability of RSV continue to exist, and there is a need for RSV-derived
compounds with enhanced bioavailability.
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Natural product drug discovery includes the process of diverting more active molecules
from the original active molecules of natural products, wherein a microbial transforma-
tion is a useful approach. The use of specific microorganisms that mimic mammalian
metabolism to perform selective transformation reactions is advantageous due to the eco-
nomically and ecologically friendly microbial transformations [7]. Attempts have been
made to produce new RSV compounds using biotransformation and biosynthesis of RSV
by microorganisms. A simple method to efficiently produce RSV from polydatin (piceid)
using Bacillus safensis has been reported [8]. Owing to the practical challenges during
the microbial production of RSV, some studies have been conducted on fungal strains
such as Botrytis cinerea, which oxidizes RSV to produce RSV dimers such as restrytisols
A, B, and C [9]. RSV 3-O-β-D-glucoside has also been produced from RSV using Bacillus
cereus, also known as soil bacteria [10]. Additionally, the biotransformation technique
using Aspergillus sp. yielded a new prenylated trans-RSV (arahypin-16) and RSV trans-
dehydrodimer (leachinol F) [11]. However, their biological activities are not superior to
those of RSV. In our preliminary experiments, biotransformation studies were performed
using several dietary Lactobacillus and fungi. Interestingly, among them, it was confirmed
that newly produced substances were detected only when the experiment was performed
using Beauveria bassiana. Therefore, to obtain superior RSV metabolites with enhanced
safety using microbial co-culture, we co-cultured RSV with tissue culture seedlings of B.
bassiana, which is an important entomopathogenic fungus currently under development
as a bio-control agent for various insect pests [12]. In the present study, resvebassianol
A, a stilbene glycoside with a unique sugar unit, 4-O-methyl-D-glucopyranose, was iso-
lated from the whole-cell fermentation of B. bassiana. The bio-functional superiority of the
newly produced RSV metabolite, resvebassianol A, through biotransformation of RSV by
B. bassiana, was further investigated using microarray analysis.

2. Materials and Methods

2.1. Microorganism

Beauveria bassiana (KCCM 60248) was purchased from the Korean Culture Center
of Microorganisms (Seoul, Korea). All culture and biotransformation experiments were
performed in potato dextrose agar (PDA, BD, Le Pont-de-Claix, France).

2.2. Metabolites of RSV Manufactured by B. bassiana

B. bassiana was incubated in PDA (0.4% potato starch, 2% dextrose, and 2% agar) at
26 ◦C for 3 days, and subsequently, the spores were collected from the plate surface using
0.85% saline and gauze filtration. The RSV metabolites were produced at different time
points (0, 1, 3, and 7 days) at 26 ◦C for 72 h in a 100 rpm shaking incubator with initial
inoculation concentrations of 5× 107 spores/mL and RSV concentration of 100 μg/mL in
the culture medium. The culture medium was treated with a two-fold volume of ACN, and
it was vortexed, sonicated, and centrifuged at 8000 rpm for 15 min. The supernatants were
filtered using a 0.2 μm syringe. The filtrate was concentrated and chromatographically
analyzed using HPLC.

2.3. HPLC Analysis of RSV Metabolites

RSV metabolites were analyzed using a reverse-phase HPLC system (Waters Corp.,
Milford, MA, USA) with a photodiode array detector (model 2998, Waters Corp.) and a
SunFire™ analytical C18 column (4.6 × 150 mm, 5 μm, Waters Corp.). The solvent system
consisted of a gradient of solvent A (water:tetrahydrofuran:trifluoroacetic acid, 98:2:0.1,
v/v/v) and solvent B (MeCN) with an initial composition of 83% A, isocratic to 75% A
from 2 to 7 min, linear gradient to 65% A from 7 to 15 min, linear gradient to 50% A from
15 to 20 min, linear gradient to 20% A from 20 to 35 min, linear gradient to 83% A from 35
to 40 min, and linear gradient to 83% A from 40 to 45 min. Following this, the column was
washed and reconditioned. The solution was eluted at a flow rate of 1 mL/min, and the
UV spectra were monitored at 305 nm.
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2.4. Isolation of RSV Metabolites

To optimize the incubation time, the culture medium was harvested after 1, 3, and
7 days, and the biotransformation yields were monitored at each time point. After a day of
incubation, the RSV metabolite reached its maximum yield. The fermentation broth was
extracted using a two-fold volume of MeCN, and it was vortexed, sonicated, and filtered.
The filtrate was concentrated to yield the MeCN soluble fraction, which was purified by
semi-preparative HPLC using a Phenomenex Luna phenyl-hexyl column (250 × 10 mm
i.d., flow rate: 2 mL/min) with a solvent system containing 40% MeOH/H2O to yield
compounds 1 (tR 15.5 min, 2.1 mg) and 2 (tR 34.0 min, 0.4 mg).

Resvebassianol A (1)

White amorphous powder; [α]25
D −47.3 (c 0.1, MeOH); IR (KBr) νmax 3039, 2866, 1551,

1210, 1076 cm−1; UV (MeOH) λmax (log ε) 210 (2.4), 305 (4.0) nm; 1H (700 MHz) and 13C
(175 MHz) NMR data, see Table 1; HRESIMS (negative-ion mode): m/z 403.1395 [M–H]−
(calcd. for C21H23O8, 403.1393).

Table 1. 1H (700 MHz) and 13C NMR (175 MHz) Data of Resvebassianol A (1) in CD3OD a.

Position δH δC

1 141.0
2 6.46 d (2.0) 106.0
3 159.8
4 6.18 t (2.0) 103.1
5 159.8
6 6.46 d (2.0) 106.0
1′ 133.2
2′ 7.45 d (8.5) 128.7
3′ 7.07 d (8.5) 118.0
4′ 158.8
5′ 7.07 d (8.5) 118.0
6′ 7.45 d (8.5) 128.7
1” 6.88 d (16.0) 128.7
2” 6.99 d (16.0) 129.1
1′ ′ ′ 4.90 d (8.0) 102.2
2′ ′ ′ 3.47 dd (9.0, 8.0) 75.1
3′ ′ ′ 3.57 t (9.0) 78.1
4′ ′ ′ 3.21 t (9.0) 80.7
5′ ′ ′ 3.43 ddd (9.0, 5.0, 2.0) 77.3
6′ ′ ′ 3.71 dd (12.0, 5.0); 3.86 dd (12.0, 2.0) 62.2

4′ ′ ′-OCH3 3.59 s 61.1
a Signal multiplicity is expressed as doublet (d), doublet of doublet (dd), doublet of doublet of doublet (ddd), and
triplet (t) and coupling constants (Hz) are in parentheses.

2.5. Acid Hydrolysis of 1

Compound 1 (1.0 mg) was hydrolyzed using 1 mL of 1N HCl under reflux conditions
at 90 ◦C for 1 h. The hydrolysate was diluted with H2O, extracted using CH2Cl2 (3 × 2 mL),
and the extract was evaporated in a vacuum to yield the aglycone, RSV (0.3 mg), which was
identified using 1H NMR [13] and LC/MS analysis. The aqueous layer was neutralized by
passing it through an Amberlite IRA-67 column (Rohm and Haas, Philadelphia, PA, USA),
and it was repeatedly evaporated to yield the sugar unit 4-O-methyl-D-glucopyranose
(0.4 mg, [α]25

D +27.5 (c 0.02, MeOH)).

2.6. Microarray

RNA labeling and hybridization were conducted in accordance with the Agilent
One-Color Microarray-Based Gene Expression Analysis protocol (Agilent Technologies,
V 6.5, 2010, Lexington, MA, USA). Briefly, 200 ng of total RNA from each sample was
linearly amplified, and it was labeled with Cy3-dCTP. The labeled cRNAs were purified
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using an RNeasy Mini Kit (Qiagen, Hilden, Germany). The concentrations and specific
activities of labeled cRNAs (pmol Cy3/μg cRNA) were measured using NanoDrop ND-
1000 (NanoDrop, Wilmington, NC, USA). Subsequently, 600 ng of each labeled cRNA was
fragmented by adding 1 μL of 25 × fragmentation buffer and 5 μL 10 × blocking agent,
and they were heated at 60 ◦C for 30 min. Finally, 25 μL 2 × GE hybridization buffer
was added to dilute the labeled cRNA. Following this, 50 μL of hybridization solution
was dispensed into the gasket slide, and it was placed in the SurePrint G3 Custom Gene
Expression Microarrays, 8 × 60 K (Agilent Technologies). The slides were incubated at
65 ◦C for 17 h in an Agilent hybridization oven and washed at room temperature according
to the Agilent One-Color Microarray-Based Gene Expression Analysis protocol (Agilent
Technology, V 6.5, 2010). The hybridized array was immediately scanned using an Agilent
SureScan Microarray Scanner (Agilent Technologies).

2.7. Cell Culture

HIEC-6, human small intestinal cells (ATCC, Manassas, VA, USA), were maintained in
OptiMEM (Gibco, Waltham, MA, USA), 4% fetal bovine serum (FBS), 20 mM HEPES, 10 mM
GlutaMAX, 10 ng/mL epidermal growth factor, 100 U/mL penicillin, and 100 μg/mL
streptomycin. HaCaT cells, spontaneously immortalized human keratinocyte cells, were
obtained from the Korean Cell Line Bank. Cells were cultured in Dulbecco’s modified eagle
medium (Hyclone) supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL
streptomycin. Subsequently, cells were incubated in a humidified atmosphere of 5% CO2
at 37 ◦C.

2.8. Cell Viability

To measure the cytotoxicity of compound 1 using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, HIEC-6, and HaCaT cells were seeded in
a 48-well plate (3 × 104 cells/well) and incubated for 24 h. Subsequently, the cells were
treated with different doses of resvebassianol A and RSV for 24 h. After treatment, the cells
were incubated with MTT solution (0.5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) at
37 ◦C for 1 h. The dark blue formazan crystals were solubilized using 200 μL of DMSO per
well, and the absorbance was measured at 570 nm using a spectrophotometer (Molecular
Devices, San Jose, CA, USA).

2.9. Enzyme-Linked Immunosorbent Assay (ELISA)

Interleukin (IL)-6 and IL-1β levels were measured using ELISA. HIEC-6 and HaCaT
cells were seeded (3 × 105 cells/well) in a 24-well plate and stimulated using TNF-α and
INF-γ (10 ng/mL each) in the presence of compound 1 and RSV. After 24 h of incubation,
the supernatants were collected, and the levels of IL-1β and IL-6 were evaluated using
their respective ELISA kits (R&D Systems, Minneapolis, MN, USA).

2.10. Cell Proliferation and Migration Assay

Cell proliferation was analyzed using the 5-Bromo-2-deoxyUridine (BrdU) assay.
Briefly, HaCaT cells were seeded in a 24-well plate (4.0 × 104 cells/well), treated with
compound 1 or RSV for 24 h or 48 h with or without IL-22 (50 ng/mL) stimulation, and
incubated with a final concentration of 10 μM BrdU. After incubation, cells were fixed at
room temperature for 30 min, incubated with peroxidase-linked BrdU-antibody for 1 h,
washed three times, incubated with HRP-conjugated antibody for 30 min, washed three
times, and incubated with 3,3′,5,5′-tetramethylbenzidine solution for 30 min. Subsequently,
the absorbance was measured at 450 nm. To measure the cell migration rates, cells were
seeded at a density of 3.0 × 104 cells per well in 96-well ImageLock plates (Essen Bioscience,
Arbor, MI, USA) and incubated to form a spatially uniform monolayer. Scratch wounds
were created in monolayers of cultured cells using a Wound Maker™ (Essen Bioscience).
After creating the scratch wound, cells were washed twice with phosphate-buffered saline,
incubated with or without IL-22, and treated with compound 1 or RSV in fresh serum-free
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media. The plate was placed in an IncuCyte® ZOOM (Essen Bioscience), and the migrating
cell images were recorded after 6 h of wound creation.

2.11. Statistical Analysis

Results of the statistical analyses are expressed as mean ± SEM. Statistical compar-
isons were made between the control and other groups by Bonferroni’s test for multiple
comparisons of one-way analysis of variance using the GraphPad Prism 5.0 software
(GraphPad Software Inc., San Diego, CA, USA). A p-value less than 0.05 indicated statisti-
cal significance.

3. Results and Discussion

3.1. Identification of RSV Metabolite with 4-O-Methyl-D-Glucopyranose through
Biotransformation by Beauveria bassiana

To investigate the metabolite profile of RSV obtained from biotransformation using
B. bassiana, RSV was incubated in the culture medium with B. bassiana for 0, 1, 3, and
7 days. The medium samples were analyzed using HPLC, where the concentration of RSV
significantly decreased with increasing incubation time, which indicates the bio-conversion
of RSV (Figure S1 (Supplementary Materials)). As the biotransformation yields were
monitored at each time point, the RSV metabolite reached its maximum yield after a day of
incubation. Chemical analysis of the extract of the 1-day fermentation broth resulted in the
isolation of a stilbene glycoside, named resvebassianol A (1) and RSV (Figure 1A) through
semi-preparative HPLC purification.

Figure 1. (A) Chemical structures of resvebassianol A (1) and RSV (2). (B) Key 1H-1H COSY (blue
bold lines) and HMBC (red arrows) correlations of 1. (C) Coupling constant analysis of 4-O-methyl-
D-glucopyranose.

3.2. Structural Elucidation of Resvebassianol A (1)

Resvebassianol A (1) was isolated as a white amorphous powder and possessed a
molecular formula of C21H24O8 as established by the HRESIMS ion at m/z 403.1395 [M–
H]− (calculated for C21H23O8, 403.1393) and the NMR data (Table 1). The NMR data
(Table 1) of 1 suggested that compound 1 shares the resveratrol skeleton by inspection and
comparison of the NMR spectroscopic data with those of RSV [13], which was isolated in
this study as compound 2. In addition, the signals of oxygenated protons were observed at
δH 3.21 (1H, t, J = 9.0 Hz), 3.43 (1H, ddd, J = 9.0, 5.0, 2.0 Hz), 3.47 (1H, dd, J = 9.0, 8.0 Hz),
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3.57 (1H, t, J = 9.0 Hz), 3.71 (1H, dd, J = 12.0, 5.0 Hz), 3.86 (1H, dd, J = 12.0, 2.0 Hz), and 4.90
(1H, d, J = 8.0 Hz), which was deduced to be attributable to the sugar unit together with
the presence of a methoxyl group at δH 3.59 (3H, s). With the clear evidence of compound
1 being a resveratrol glycoside, the 13C NMR spectrum (Table 1) also showed the signals
for the resveratrol frame and the rest of the carbon NMR resonances corresponding to the
sugar unit at δC 102.2, 80.7, 78.1, 77.3, 75.1, and 62.2, and a methoxyl group at δC 61.1.

The proton at δH 4.90 (1H, d, J = 8.0 Hz), attached to the downfield carbon at δC 102.2
(C-1′ ′ ′) with the aid of HSQC, was assigned to the anomeric proton, and its large J-value
(8.0 Hz) was indicative of the β-oriented anomeric proton. A comprehensive investigation
of the 2D NMR spectra of 1 allowed the establishment of its pyranose unit from C-1′ ′ ′ to
C-6′ ′ ′ (Figure 1B) by 1H-1H COSY correlations from H-1′ ′ ′ to H-6′ ′ ′ and HMBC correlation
from methoxyl proton (δH 3.59) to C-4′ ′ ′ (δC 80.7). Based on this evidence and comparison
of the NMR data of the sugar moiety in previous reports [14], the sugar unit was determined
to be 4-O-methyl-β-glucopyranose. By the analysis of vicinal coupling constants of the
sugar moiety (J1′ ′ ′ ,2′ ′ ′ = 8.0 Hz, J2′ ′ ′ , 3′ ′ ′ = 9.0 Hz, J3′ ′ ′ ,4′ ′ ′ = 9.0 Hz, and J4′ ′ ′ ,5′ ′ ′ = 9.0 Hz), it
was confirmed that H-1′ ′ ′, H-2′ ′ ′, H-3′ ′ ′, H-4′ ′ ′, and H-5′ ′ ′ were all oriented in the axial
positions of a pyranose ring (Figure 1C) [15]. The position of the sugar unit to the aglycone
was determined by HMBC correlation between H-1′ ′ ′ and C-4′ (δC 158.8). The assignment
of the D-configuration of the sugar unit was verified by the specific optical rotation value
([α]25

D +27.5 (c 0.02, MeOH)) of the sugar moiety obtained from the acid hydrolysate of
1, which was comparable to the 4-O-methyl-D-glucopyranose previously reported, [α]20

D
+71 (c 0.30, MeOH) [14]. Detailed analysis of COSY and HMBC correlations confirmed the
complete structure of 1 as 4′-O-(4′ ′ ′-O-methyl-β-D-glucopyranosyl)-resveratrol, which we
named resvebassianol A.

Interestingly, resvebassianol A is a glycosylated RSV with a unique sugar unit,
4-O-methyl-D-glucopyranose, and it is remarkable that natural products bearing the
unique sugar moiety, including akanthol, meromusides A–B, and pyridovericin-N-O-
glucopyranoside, were mostly isolated from entomopathogenic fungi [16–20]. Recently,
the glycosyltransferase–methyltransferase (GT–MT) gene pair that encodes a methylgluco-
sylation functional module has been identified in B. bassiana [21]. This GT–MT gene pair is
unique to the entomopathogenic fungal species, leading to the characteristic methylglyco-
sylated natural products of these organisms [21]. The GT–MT gene pair is promiscuous in
conjugating methylglucose to a broad range of drug-like substrates, but it yields both O-
and N-glucosides with substantial regio- and stereoselectivity. The resulting methylglyco-
sylated products in the recent study included the production of resvebassianol A [21], yet
the absolute configuration was established for the first time in the present study.

3.3. Microarray Analysis to Determine the Functional Differences between Resvebassianol A
and RSV

We investigated the gene expression profiles of resvebassianol A- and RSV-treated skin
keratinocytes using microarray analysis to determine the functional differences between
resvebassianol A and RSV. Analyses of the gene expression data of both groups revealed
1790 differentially expressed genes with a fold-change higher than two. It was observed
that 843 genes were upregulated, while 947 genes were downregulated in resvebassianol
A-treated cells (Figure 2). The expression of several genes, including six upregulated genes
and eight downregulated genes, was analyzed (Table 2).
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Figure 2. Differential expression of genes in resvebassianol A- and RSV-treated keratinocytes. (A) Hierarchical clustering of
altered mRNA. Microarray analysis for mRNA expression patterns of platelet heatmap of deregulated mRNAs, which were
two-fold upregulated or downregulated. (B) Volcano plotting microarray analysis revealed the mRNAs that were two-fold
upregulated or downregulated in platelet during storage.

Table 2. Upregulated or downregulated genes in resvebassianol A-treated keratinocytes compared
to those in RSV-treated cells.

Gene Symbol RefSeq Gene Name Fold-Change

CCL17 NM_002987 Chemokine (C-C motif) ligand 17 4.79
FLG NM_002016 Filaggrin 4.02

HAS2-AS1 NR_002835 HAS2 antisense RNA 1 3.43
IL17RE NM_153483 Interleukin 17 receptor E 3.13
TLR3 NM_003265 Toll-like receptor 3 3.00

CERS3 NM_178842 Ceramide synthase 3 2.62
IL11RA NM_001142784 Interleukin 11 receptor, alpha −2.24

IL7R NM_002185 Interleukin 7 receptor −2.62
IL32 NM_001012631 Interleukin 32 −3.53
IL1A NM_000575 Interleukin 1, alpha −3.66

CXCL8 NM_000584 Chemokine (C-X-C motif) ligand 8 −3.90
IL23A NM_016584 Interleukin 23, alpha subunit p19 −7.53
IL4I1 NM_152899 Interleukin 4 induced 1 −9.30
IL11 NM_000641 Interleukin 11 −13.16

To further validate the results of microarray analyses, qRT-PCR was performed to
confirm the expression of differentially expressed genes. The expression levels of many
selected genes (FLG, HAS2-AS1, CERS3, IL23A, IL1A, and CXCL8) were examined via
qRT-PCR using the same RNA samples. The expression levels of filaggrin (FLG), HAS2-
AS1, and CERS3 were higher, while those of IL23A, IL1A, and CXCL8 were lower in the
resvebassianol A-treated group than in the RSV-treated group. Thus, the results of qRT-PCR
were consistent with those of the microarray analysis (Figure 3). The functions of these
altered genes were mainly related to the maintenance of skin barrier function, immune
reaction, and cell regeneration of keratinocytes derived from the skin epidermis.
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Figure 3. The key differentially expressed mRNAs identified from microarray were verified using
qRT-PCR. The expression of genes in resvebassianol A (1)- and RSV-treated groups was consistent
with the results of gene chip detection. Values are expressed as means ± SD. * p < 0.05, ** p < 0.01,
and *** p < 0.001 vs. RSV-treated group; Comp. means compound.

3.4. Effects of Resvebassianol A on the Proliferation and Migration of HaCaT Cells

Next, the proliferation effects of resvebassianol A were tested in HaCaT cells using
the BrdU assay (Figure 4). Interestingly, resvebassianol A showed no cytotoxicity, whereas
RSV showed cytotoxicity at 25 μM (Figure 4A). At the cellular and animal model levels,
most glycosidic compounds are safer and have higher stability than aglycones. After
comparing the proliferation rates of RSV and resvebassianol A, it was observed that the
latter significantly inhibited cell proliferation from 24 h to 48 h, which was similar to the
activity of RSV in IL-22-induced keratinocytes without any cytotoxicity (Figure 4B). To
investigate the potential effects of resvebassianol A on cell migration and rejuvenation in
skin keratinocytes, we performed a cell scratch assay and wound analysis. The wound areas
in IL-22-induced HaCaT cells were measured after a 6 h treatment with resvebassianol A
or RSV (1, 10 μM each, Figure 4C). Resvebassianol A inhibited cell migration; however, the
same concentration of RSV showed higher inhibition (Figure 4C,D) in IL-22-induced HaCaT
cells. The difference in proliferation and migration rates indicated that resvebassianol A
showed effects similar to those of RSV without any cytotoxicity.

3.5. Inhibitory Effects of Resvebassianol A on the Inflammatory Cytokine Expression of
TNF-α/INF-γ-Induced HIEC-6 Cells

To confirm the regenerative and anti-inflammatory effects of resvebassianol A in other
tissues as well as in skin cells, we examined the inhibitory effects of resvebassianol A on
inflammatory cytokine secretion in TNF-α/IFN-γ-stimulated HIEC-6 cells and human
intestinal epithelial cells. Treatment with resvebassianol A showed no cell death, in contrast
to RSV treatment (Figure 5A). Resvebassianol A significantly inhibited both IL-6 and IL-1β
secretion in a dose-dependent manner, but the anti-inflammatory activity of RSV was
higher than that of resvebassianol A (Figure 5B,C). These results suggest the inhibition
of inflammatory cytokine secretion by resvebassianol A was similar to that of RSV with
no cytotoxicity. Thus, resvebassianol A may maintain epithelial homeostasis and repair
the damage caused by various toxic factors in skin and intestinal tissues. Based on these
findings, resvebassianol A was determined to be safe for use even at high concentrations,
unlike RSV, which is cytotoxic at high concentrations.
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Figure 4. Effects of resvebassianol A on the proliferation and migration of HaCaT cells. (A) Cells
were cultured in 96-well plates, and they were treated with resvebassianol A and RSV (1, 10, and 25
μM). After 24 h cell viability was measured using the MTT assay. (B) HaCaT cell proliferation after 24
and 48 h of treatment with resvebassianol A and RSV was measured using BrdU incorporation assay.
(C) The wound margin was photographed after 0 h and 6 h of wound scratching. (D) Quantitative
analysis of wound closure was determined as the wound area at a given time relative to that of
the IL-22-treated group. Values are expressed as means ± SEM. ## p < 0.01 and ### p < 0.001 versus
untreated (control) group; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. IL-22-treated group.

Figure 5. Inhibitory effects of resvebassianol A on the inflammatory cytokine expression of TNF-
α/INF-γ-induced HIEC-6 cells. (A) Cells were cultured in 96-well plates, and they were treated with
resvebassianol A and RSV at 1 and 10 μM, respectively. After 24 h, cell viability was measured using
the MTT assay. (B,C) The levels of IL-6 and IL-1β in the supernatants were determined using ELISA.
Values are expressed as means ± SD. ### p < 0.001 versus control group; * p < 0.05, ** p < 0.01, and ***
p < 0.001 vs. TNF-α/IFN-γ-treated group.
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RSV has various biological activities in humans [22]. Particularly, many studies
have reported the effectiveness of RSV in skin photoaging, inflammation, skin whiten-
ing, and skin cancer [23–26]. Despite its various biological functions, RSV has very low
structural stability and bioavailability upon oral administration [27]. Additionally, it is
known to interact with other drugs [28]. We have conducted several studies to investigate
the application of RSV, its synthetic derivatives, and RSV-enriched rice as functional cos-
meceuticals [23,29], where RSV showed cytotoxicity in skin cells at high concentrations.
Therefore, we conducted this study to establish a new method for producing RSV deriva-
tives using biotransformation on the entomopathogenic fungus B. bassiana, which led to
the biosynthesis of an interesting RSV derivative with enhanced stability and safety. Glyco-
sylation is widespread among natural products and is capable of increasing the diversity
of structure and function of natural products [30]. Glycosylation of natural products can
be advantageous in terms of water solubility, pharmacological activities, pharmacokinetic
properties, and bioavailability [30], which provides useful information for the development
and application of glycosylated natural products for drug research and development.

Recently, attempts were made to use the characteristic methylglycosylated natural
products from B. bassiana for biosynthesis, where the resulting methylglycosylated products
showed increased solubility and displayed increased stability against glycoside hydroly-
sis [21]. Upon methylglucosidation, specific methylglycosylated products were found to
exhibit enhanced bioactivities [21]. These findings support our results establishing a new
method for the biosynthesis of methylglycosylated RSV with enhanced safety and stability
using biotransformation by B. bassiana.

4. Conclusions

In this study, we suggest a practical method for the efficient biosynthesis of a wide
range of natural glycosides in total biosynthetic or biocatalytic platforms. Despite many
trials for the development of a drug using RSV, there have been limitations associated
with the metabolism and bioavailability of RSV. Our findings introduce the method for
the production of a unique RSV metabolite, resvebassianol A, which is less toxic and has
higher stability upon oral administration compared to RSV, while exhibiting the biological
functions that RSV possesses. Until now, most studies on biotransformation have been
intensively conducted on endogenous interactions using endophytes; instead, we used
edible B. bassiana possessing excellent pharmacological activities in the skin and other
diseases [20,21,31]. The current study will establish a foothold in successfully overcoming
the problems in the development of RSV-derived drugs, while introducing an economically
and ecologically friendly method for producing the RSV derivatives.
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10.3390/biomedicines9050555/s1, Figure S1: HPLC analysis of RSV metabolites obtained from
biotransformation of RSV by B. bassiana; Figure S2: The HR-ESIMS data of compound 1; Figure S3:
The 1H NMR spectrum of compound 1 (CD3OD, 700 MHz); Figure S4: The 13C NMR spectrum of
compound 1 (CD3OD, 175 MHz); Figure S5: The 1H-1H COSY spectrum of compound 1; Figure S6:
The HSQC spectrum of compound 1; Figure S7: The HMBC spectrum of compound 1.
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Abstract: Apocynin (aPO, 4′-Hydroxy-3′-methoxyacetophenone) is a cell-permeable, anti-inflammatory
phenolic compound that acts as an inhibitor of NADPH-dependent oxidase (NOX). However, the
mechanisms through which aPO can interact directly with plasmalemmal ionic channels to perturb the
amplitude or gating of ionic currents in excitable cells remain incompletely understood. Herein, we
aimed to investigate any modifications of aPO on ionic currents in pituitary GH3 cells or murine HL-1
cardiomyocytes. In whole-cell current recordings, GH3-cell exposure to aPO effectively stimulated
the peak and late components of voltage-gated Na+ current (INa) with different potencies. The EC50

value of aPO required for its differential increase in peak or late INa in GH3 cells was estimated
to be 13.2 or 2.8 μM, respectively, whereas the KD value required for its retardation in the slow
component of current inactivation was 3.4 μM. The current–voltage relation of INa was shifted
slightly to more negative potential during cell exposure to aPO (10 μM); however, the steady-state
inactivation curve of the current was shifted in a rightward direction in its presence. Recovery of
peak INa inactivation was increased in the presence of 10 μM aPO. In continued presence of aPO,
further application of rufinamide or ranolazine attenuated aPO-stimulated INa. In methylglyoxal-
or superoxide dismutase-treated cells, the stimulatory effect of aPO on peak INa remained effective.
By using upright isosceles-triangular ramp pulse of varying duration, the amplitude of persistent
INa measured at low or high threshold was enhanced by the aPO presence, along with increased
hysteretic strength appearing at low or high threshold. The addition of aPO (10 μM) mildly inhibited
the amplitude of erg-mediated K+ current. Likewise, in HL-1 murine cardiomyocytes, the aPO
presence increased the peak amplitude of INa as well as decreased the inactivation or deactivation
rate of the current, and further addition of ranolazine or esaxerenone attenuated aPO-accentuated INa.
Altogether, this study provides a distinctive yet unidentified finding that, despite its effectiveness
in suppressing NOX activity, aPO may directly and concertedly perturb the amplitude, gating and
voltage-dependent hysteresis of INa in electrically excitable cells. The interaction of aPO with ionic
currents may, at least in part, contribute to the underlying mechanisms through which it affects
neuroendocrine, endocrine or cardiac function.

Keywords: apocynin (4′-Hydroxy-3′-methoxyacetophenone); NADPH-dependent oxidase (NOX);
voltage-gated Na+ current; persistent Na+ current; erg-mediated K+ current; current kinetics; voltage-
dependent hysteresis; electrically excitable cell

1. Introduction

Apocynin (aPO, 4′-Hydroxy-3′-methoxyacetophenone), a polyphenolic compound, is
a naturally occurring ortho-methoxy-substitued catechol isolated from a variety of plant
sources, including Apocynum cannabinum, Pierorhiza kurroa, and so on [1]. Of note, this
compound has been widely used as a selective inhibitor of NADPH-dependent oxidase
(NOX) [2–5]. Alternatively, it has been recognized to be one of the most promising drugs in
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a variety of pathophysiological disorders, such as inflammatory and neurodegenerative
diseases, glioma, and cardiac failure [1,3,5–11]

aPO has been recently shown to ameliorate cardiac function (e.g., structural remod-
eling) in heart failure [6,7,11–13]. Pituitary cells were previously demonstrated to be
expressed in the activity of NOX [14,15]. aPO has been reported to blunt the progres-
sion of neuroendocrine alterations induced by social isolation, which were thought to be
mainly through its inhibition of NOX activity [16]. However, whether aPO exercises any
modifications on ionic currents remains largely unknown.

The voltage-gated Na+ (NaV) channels, nine subtypes of which are denoted NaV1.1
through NaV1.9, belong to the larger protein superfamily of voltage-dependent ion channels
and their activity plays an essential role in the generation and propagation of action
potentials (APs) in electrically excitable cells. The NaV channels contain four homologous
domains (DI-DIV), each of which consists of a six α-helical transmembrane domain (S1–
S6) and a reentry P loop between S5 and S6. NaV1.5 channels primarily underlie AP
initiation and propagation in the heart, these channels have also been shown to be critical
determinants of AP duration, particularly in the setting of certain arrhythmias (e.g., LQT-3
syndrome) [17,18]. Previous studies have demonstrated the ability of aPO to attenuate
angiotensin II-induced activation of epithelial Na+ channels in human umbilical vein
endothelial cells as well to blunt activation of these channels caused by epidermal growth
factor, insulin growth factor-1 or insulin [19,20]. However, the issue of how aPO or other
related compounds could perturb the amplitude or kinetic gating of transmembrane ionic
currents (e.g., voltage-gated Na+ current [INa]) still remains unmet.

Therefore, in the present study, the electrophysiological effects of aPO and other
related compounds in pituitary GH3 cells and in HL-1 atrial cardiomyocytes were investi-
gated. We sought to (1) evaluate whether the aPO presence has any effect on the amplitude,
gating and voltage-dependent hysteresis (Vhys) of INa residing in GH3 cells; (2) compare
the effect of other related compounds on the peak amplitude of INa; (3) study the effect of
aPO on erg-mediated K+ current in GH3 cells; and (4) investigate the effect of aPO on INa
in HL-1 cardiomyocytes. Findings from this study, for the first time, provide distinctive
evidence to show that, in addition to its effectiveness in suppressing NOX activity, the
differential stimulation by aPO of peak and late INa may be engaged in varying ionic mech-
anisms underlying its perturbations on the functional activities of electrically excitable cells
(e.g., GH3 or HL-1 cells).

2. Materials and Methods

2.1. Chemicals, Drugs and Solutions Used in the Present Work

Apocynin (aPO, NSC 2146, NSC 209524, acetovanillone, acetoguaiacone, 4′-Hydroxy-
3′-methoxyacetophenone, 1-(4-Hydroxy-3-methoxyphenyl)ethanone, C9H10O3, CAS num-
ber: 498-02-2, https://pubchem.ncbi.nlm.nih.gov/compound/Acetovanillone (accessed
on 16 September 2004)), methylglyoxal (MeG, acetylformaldehyde, pyruvaldehyde, pyru-
vic aldehyde), norepinephrine, superoxide dismutase (SOD), tefluthrin (Tef), tetraethy-
lammonium chloride (TEA), and tetrodotoxin (TTX) were acquired from Sigma-Aldrich
(Merck, Taipei, Taiwan), rufinamide (RFM, 1-[(2,6-difluorophenyl]-1H-1,2,3-triazole-4-
carboxamide), E-4031 and ranolazine (Ran) were from Tocris (Union Biomed, Taipei, Tai-
wan), and esaxerenone (ESAX) was from MedChemExpress (Gene-chain, Kaohsiung,
Taiwan). Unless noted otherwise, culture media (e.g., F-12 medium), horse serum, fetal
bovine or calf serum, L-glutamine, and trypsin/EDTA were purchased from HyCloneTM
(Thermo Fisher Scientific, Tainan, Taiwan), while all other chemicals were of laboratory
grade and taken from standard sources.

The HEPES-buffered normal Tyrode’s solution used in this work had an ionic compo-
sition, comprising (in mM): NaCl 136.5, KCl 5.4, CaCl2 1.8, MgCl2 0.53, glucose 5.5, and
HEPES 5.5, and the pH was adjusted with NaOH to 7.4. For measurements of INa or INa(P),
we kept GH3 or HL-1 cells immersed in Ca2+-free, Tyrode’s solution in attempts to avoid
the contamination of Ca2+-activated K+ currents and voltage-gated currents. To record K+
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currents, we filled up the recording pipette with a solution containing (in mM): K-aspartate
130, KCl 20, KH2PO4 1, MgCl2 a, Na2ATP 3, Na2GTP 0.1, EGTA 0.1, HEPES 5, and the pH
was titrated to 7.2 by adding KOH, while to measure INa or INa(P), we substituted K+ ions
in internal pipette solution for equimolar Cs+ ions and the pH in the solution was adjusted
to 7.2 by adding CsOH. All solutions used in this study were prepared using demineralized
water from Milli-Q purification system (Merck). On the day of experiments, we filtered
the bathing or filling solution and culture medium by using Acrodisc® syringe filter with
a 0.2-μm pore size (Bio-Check, Tainan, Taiwan).

2.2. Cell Preparations

These are provided in the Supplemental Materials mentioned in previous studies [21,22].

2.3. Electrophysiological Measurements

Shortly before experiments, we dispersed cells with 1% trypsin/EDTA solution and
an aliquot of cell suspension was quickly placed in a custom-built chamber affixed to the
stage of a CKX-41 inverted microscope (Olympus; Taiwan Instrument, Tainan, Taiwan).
Ionic currents in GH3 or HL-1 cells were measured with an RK-400 operational patch-clamp
amplifier (Bio-Logic, Claix, France) or an Axopclamp-2B amplifier (Molecular Devices,
Sunnyvale, CA, USA), which was equipped with a Digidata 1440A device (Molecular
Devices). Ionic currents were recorded in whole-cell or cell-attached configuration of the
patch-clamp technique [23,24]. By using a PP-830 vertical puller (Narishige; Taiwan Instru-
ment, Taipei, Taiwan) or a Flaming-Brown P97 horizontal puller (Sutter, Novato, CA, USA),
the recording pipettes were pulled from Kimax-51 (#34500) borosilicate glass capillaries
(Kimble; Dogger, New Taipei City, Taiwan), and they had tip resistances of 3–5 MΩ in
situations when filled with internal pipette solutions stated above. All measurements were
undertaken at room temperature (20–25 ◦C) on the stage of an inverted DM-II fluorescence
microscope (Leica; Major Instruments, Kaohsiung, Taiwan). Data acquisition with varying
voltage-clamp waveforms (i.e., analog-to-digital and digital-to-analog) was performed
using the pClamp 10.7 software suite (Molecular Devices). The liquid junction poten-
tials were zeroed immediately before seal formation was made, and the whole-cell data
were corrected.

The signals were monitored and digitally stored on-line at 10 kHz in an ASUS Ex-
pertBook laptop computer (P2451F; Yuan-Dai, Tainan, Taiwan). During the measure-
ments, the Digidata 1440A was operated using pClamp 10.7 software run on Microsoft
Windows 7 (Redmond, WA, USA). The laptop computer was placed on the top of an
adjustable Cookskin stand (Ningbo, Zhejiang, China) to enable efficient operation during
the measurements.

2.4. Whole-Cell Data Analyses

To determine concentration-dependent stimulation of apocynin on the transient (peak)
or late INa, we kept cells bathed in Ca2+-free Tyrode’s solution. During the measurements,
we voltage-clamped the examined cell at −80 mV and the brief depolarizing pulse to
−10 mV was applied to evoke INa. The late INa in response to 100 μM aPO was taken as
100% and those (i.e., peak and late INa) during exposure to different aPO concentrations
(0.3–30 μM) were thereafter compared. The concentration-response data for stimulation of
peak or late INa in pituitary GH3 cells were least-squares fitted to the Hill equation. That is,

percentage decrease(%) =
Emax × [aPO]nH

ECnH
50 + [aPO]nH

(1)

In this equation, [aPO] is the aPO concentration used, n
H the Hill coefficient, EC50

the concentration needed for a 50% inhibition of peak or late INa, and Emax the maximal
stimulation of peak or late INa caused by the addition of aPO.k.
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The stimulatory effect of aPO on INa is thought to be explained by a state-dependent
activator that binds preferentially to the open state of the NaV channel. From a simplifying
assumption, the first-order binding scheme was given as follows:

(2)

or
dC
dt

= O × β − C × α (3)

dO
dt

= C × α + O·[aPO]× k−1 − O × β − O × k∗+1·[aPO] (4)

d(O·[aPO])

dt
= O × k∗+1[aPO]− O·[aPO]× k−1 (5)

where [aPO] is the aPO concentration applied, and α or β the voltage-gated rate constant for
the opening or closing of the Nav channels, respectively. k*+1 or k−1 represents the forward
(i.e., on or bound) or reverse (i.e., off or un-bound) rate constant of aPO, respectively,
while C, O, or O·[aPO] in each term denotes the closed (resting), open, or open-[aPO]
state, respectively.

Forward or backward rate constants, k*+1 or k−1, were respectively determined
from the time constants of current decay activated by the brief step depolarization from
−80 to −10 mV. The time constants of INa inactivation were estimated by fitting the inacti-
vation trajectory of each current trace with a double exponential curve (i.e., fast and slow
components of current inactivation). These rate constants would be evaluated using the
following equation:

1
Δτ

= k∗+1 × [aPO] + k−1 (6)

where k*+1 or k−1, respectively, are ascribed from the slope or from the y-axis intercept
at [aPO] = 0 of the linear regression in which the reciprocal time constant (i.e., 1/Δτ)
versus varying aPO concentrations was interpolated. Δτ indicates the difference in the
slow component of current inactivation (τinact(S)) obtained when the τinact(S) value during
exposure to each concentration (0.03–30 μM) was subtracted from that in the presence of
100 μM aPO (Figure 1C).

The quasi-steady-state inactivation curve of peak INa with or without the aPO addition
identified in GH3 cells was established on the basis of a simple Boltzmann distribution (or
the Fermi–Dirac distribution):

I =
Imax

1 + e
(V−V1/2)qF

RT

(7)

where Imax is the maximal peak INa in the absence or presence of 10 μM aPO; V the
conditioning potential in mV; V1/2 the half-maximal inactivation in the relationship of the
curve; q the apparent gating charge; F Faraday’s constant; R the universal gas constant; and
T the absolute temperature.

132



Biomedicines 2021, 9, 1146

Figure 1. Effect of aPO on the peak and late components of voltage-gated Na+ current (INa) identified
in pituitary GH3 cells. These experiments were undertaken in cells bathed in Ca2+-free Tyrode’s
solution containing 10 mM tetraethylammonium chloride (TEA), whereas the recording pipette was
filled up with Cs+-enriched solution. (A) Representative INa traces activated by brief depolarizing
pulse (indicated in the upper part). a: control (i.e., aPO was not present); b: 3 μM aPO; c: 10 μM
aPO. (B) Concentration-dependent stimulation of aPO on peak or late INa (mean ± SEM; n = 8 for
each point). The peak (�) or late (�) amplitude of the current was measured at the beginning or
end of a 40-ms depolarizing pulse from −80 to −10 mV. Data analysis was performed by ANOVA-1
(p < 0.05). Each continuous line illustrates the goodness-of-fit to the Hill equation, as elaborated
in Materials and Methods. The vertical broken line indicates the EC50 value required for 50%
stimulation of the current (peak or late INa). (C) The relationship of the reciprocal to the time
constant (i.e., 1/Δτ) versus the aPO concentration was plotted (mean ± SEM; n = 7–11 for each point).
From the binding scheme (indicated under Materials and Methods), the forward (k+1*) or backward
(k−1) rate constant for aPO-accentuated INa in GH3 cells was computed to be 0.00898 ms−1μM−1 or
0.0303 ms−1, respectively.

2.5. Curve-Fitting Procedures and Statistical Analyses

Curve fitting (linear or non-linear (e.g., exponential or sigmoidal curve)) to various
data sets was carried out with the goodness of fit by using various maneuvers, such as the
Microsoft “Solver” function embedded in Excel 2019 (Microsoft) and 64-bit OriginPro® 2016
program (OriginLab; Scientific Formosa, Kaohsiung, Taiwan). The data are presented as
the mean ± standard error of the mean (SEM), with sample sizes (n) indicating the number
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of GH3 or HL-1 cells from which the data were collected. The Student’s t-test (paired or
unpaired) and the analyses of variance (ANOVA-1 or ANOVA-2) with or without repeated
measures followed by post-hoc Fisher’s least-significant different test were performed.
The analyses were performed using SPSS version 20.0 (Asia Analytics, Taipei, Taiwan).
A p value of less than 0.05 was considered to indicate the statistical difference.

3. Results

3.1. Effect of aPO on the Voltage-Gated Na+ Current (INa) Recorded from Pituitary GH3 Cells

In the first stage of measurements, we kept cells immersed in a Ca2+-free Tyrode’s
solution containing 0.5 mM CdCl2, the composition of which was stated in Materials
and Methods, and we filled up the pipette by using the Cs+-containing solution. As the
whole-cell configuration was firmly established, we voltage-clamped the tested cell at the
level of −80 mV and a brief step depolarization to −10 mV was delivered to activate INa
with a rapid activation and inactivation [23,25,26]. Of interest, one minute after cells were
continually exposed to aPO, the peak amplitude of INa was progressively increased, and
the concomitant inactivation time course of the current slowed (Figure 1A). In the presence
of 10 μM aPO, the peak INa amplitude in response to rapid depolarizing pulse from −80 to
−10 mV was significantly increased to 445 ± 31 pA (n = 9, p < 0.05) from a control value
of 315 ± 22 pA. Additionally, the slow component of the inactivation time constant of INa
activated by brief membrane depolarization was conceivably prolonged to 65.1 ± 10.2 ms
(n = 9, p < 0.05) from a control value of 11.3 ± 2.3 ms (n = 9), although the fast component of
the inactivation time constant did not differ significantly between absence and presence of
aPO. After washout of aPO, the current amplitude was back to 306 ± 19 pA (n = 8, p < 0.05).
Similarly, the deactivation time course of INa at −50 mV was prolonged in the presence
of aPO.

The relationship between the aPO concentration and the peak or late component of INa
was further analyzed and constructed in GH3 cells. Each cell was depolarized from
−80 to −10 mV and current amplitudes at different concentrations (0.3–100 μM) of
aPO were compared. As can be seen in Figure 1B, the application of aPO resulted in
a concentration-dependent increase in peak or late INa activated by a short depolarizing
pulse. The EC50 value for aPO-stimulated peak or late INa was 13.2 or 2.8 μM, respectively,
and aPO at a concentration of 100 μM almost fully increased INa. The data, therefore, reflect
that aPO has a specific stimulatory action on INa in GH3 cells, and that the late component
of INa was stimulated to a greater extent than the peak component of the current.

3.2. Evaluating aPO’s Time-Dependent Slowing of INa Inactivation

It needs to be mentioned that increasing aPO not only resulted in increased amplitude
in the peak INa but also caused a clear and marked retardation in the magnitude of INa
inactivation in response to rapid membrane depolarization. According to the first-order
reaction scheme (indicated under Materials and Methods), the relationship between 1/Δτ

and [aPO] turned out to be linear (Figure 1C). The forward and backward rate constants
were estimated to be 0.00898 ms−1μM−1 or 0.0303 ms−1, respectively; thereafter, the
apparent dissociation constant (i.e., KD = k−1/k+1*) for the binding of aPO to the Nav
channels was consequently yielded to be 3.4 μM, a value which was noticeably close to
the estimated EC50 value for aPO-mediated stimulation of late INa determined from the
concentration-response curve (Figure 1B).

3.3. Effect of aPO on the Current-Voltage (I-V) Relationship or Steady-State Inactivation Curve
of INa

We continued to examine the stimulatory effect of aPO at different membrane poten-
tial, and an I-V relationship of INa without or with the aPO addition was constructed. As
depicted in Figure 2A, the I-V relationship of INa was shifted slightly to more negative
potentials during cell exposure to aPO (10 μM). Additionally, the stimulatory effect of
aPO on the steady-state inactivation curve of INa was further characterized (Figure 2B).
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In this stage of experiments, a 40-ms conditioning pulse to various membrane potentials
(from −120 to +20 mV in 10-mV steps) was delivered to precede the test pulse (40 ms in
duration) to −10 mV from a holding potential of −80 mV. Under this experimental protocol,
the relationship between the conditioning potentials and the normalized amplitudes of
INa with or without the addition of aPO (10 μM) was constructed and properly fitted to
a Boltzmann type sigmoidal function (indicated under Materials and Methods) by us-
ing a non-linear regression analysis. In the absence and presence of 10 μM aPO, the
V1/2 value was noticed to differ significantly (−62.6 ± 1.3 mV (in the control) versus
−49.2 ± 1.4 mV (in the presence of aPO); n = 7, p < 0.05); in contrast, the value of q
(apparent gating charge) did not differ significantly (2.79 ± 0.12 e (in the control) versus
2.82 ± 0.13 e (in the presence of aPO); n = 7, p > 0.05). Therefore, cell exposure to aPO not
only increased the maximal conductance of INa, but also shifted the inactivation curve to
the rightward direction by approximately 13 mV. However, we found no evident change
in the gating charge of the inactivation curve during cell exposure to aPO. As such, it
is reasonable to assume that the steady-state INa inactivation curve in the presence of
this compound was shifted rightward, with no clear adjustment in the gating charge of
this curve.

Figure 2. Stimulatory effect of aPO on averaged current–voltage (I-V) relationship (A) and steady-
state inactivation curve (B) of INa present in GH3 cells. Cells were kept bathed in Ca2+-free Tyrode’s
solution containing 10 mM TEA. (A) Averaged I-V relationships of INa in the absence (�) and
presence (�) of 10 μM aPO (mean ± SEM; n = 8 for each point). The examined cell was held at −80 mV
and the 40-ms voltage pulse ranging from −80 to +40 mV in 10-mV steps was delivered to it. The
statistical analyses were undertaken by ANOVA-2 for repeated measures, p (factor 1, groups among
data ken at different level of voltages) < 0.05, p (factor 2, groups between the absence and presence
of aPO) < 0.05, p (interaction) < 0.05, followed by post-hoc Fisher’s least-significant difference test,
p < 0.05). (B) Effect of aPO on the steady-state inactivation curve of INa taken without (�) or with (�)
the addition of 10 μM aPO. In these experiments, the conditioning voltage pulses with a duration of
40 ms to various membrane potentials between −120 and +20 mV were applied from a holding
potential of −80 mV. Following each conditioning potential, a test pulse to −10 mV with a duration of
40 ms was delivered to activate INa. The normalized amplitude of INa (I/Imax) was constructed against
the conditioning potential and the sigmoidal curves were optimally fitted by the Boltzmann equation
(indicated under Materials and Methods). Each point represents the mean ± SEM (n = 7). The
statistical analyses were undertaken by ANOVA-2 for repeated measures, p (factor 1, groups among
data ken at different level of conditioning potentials) < 0.05, p (factor 2, groups between the absence
and presence of aPO) < 0.05, p (interaction) < 0.05, followed by post-hoc Fisher’s least-significant
difference test, p < 0.05).
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3.4. Effect of aPO on the Recovery from INa Inactivation by Using Two-Step Voltage Protocol

We then examined whether the presence of aPO produces any effect on the recovery
of INa from inactivation. In a two-step voltage protocol, a 50-ms conditioning step to
−10 mV inactivated most of the current, and the recovery from current inactivation at the
holding potential of −80 mV was examined at different times with a test step (−10 mV,
50 ms), as demonstrated in Figure 3A,B. In the control period (i.e., aPO was not present), the
peak amplitude of INa nearly completely recovered from inactivation when the interpulse
duration was set at 100 ms. The time constant course of recovery from current inactivation
in the absence or presence of aPO (10 μM) was least-squares fitted to a single-exponential
function with a time constant of 23.3 ± 1.1 or 11.3 ± 0.9 ms (n = 8, p < 0.05), respectively.
These experimental observations indicate that cell exposure to aPO produces a significant
shortening in the recovery from inactivation of INa in GH3 cells.

Figure 3. Effect of aPO on the time course of recovery from INa inactivation. The cell tested was
depolarized from −80 to −10 mV with a duration of 50 ms, and voltage-clamp commands with
varying durations of interpulse interval (i.e., the interval between the first and second pulses) were
applied to it. (A) Superimposed INa traces in the presence of 10 μM aPO. The upper part shows the
voltage protocol applied. The dashed arrow indicates the trajectory of current inactivation elicited
by different durations of interpulse pulse. (B) Effect of aPO on the time course of recovery from
current inactivation, as the cells examined were depolarized from −80 to −10 mV. �: control; �:
aPO (10 μM). Each smooth line was optimally fitted by a single-exponential function. The relative
amplitude denotes that the peak INa taken at the second pulse is divided by that at the first one. Each
point represents the mean ± SEM (n = 8). The statistical analyses were undertaken by ANOVA-2
for repeated measures, p (factor 1, groups among data ken at different interpulse intervals) < 0.05,
p (factor 2, groups between the absence and presence of aPO) < 0.05, p (interaction) < 0.05, followed
by post-hoc Fisher’s least-significant difference test, p < 0.05).

3.5. Comparison among Effects of aPO, Tefluthrin (Tef), Tef Plus aPO, aPO Plus Rufinamide
(RFM), and aPO Plus Ranolazine (Ran) on the Peak Amplitude of INa

Tef, a type-I pyrethroid insecticide, was reported to be an activator of INa [23–25,27],
Ran is recognized as a late INa blocker as well as an inhibitor of NOX activity [26,28–30],
and RFM, known to be an antiepileptic agent, was previously demonstrated to perturb
INa inactivation [31,32]. For these reasons, we further examined and then compared
the effects of these agents on peak INa identified in GH3 cells. As demonstrated in
Figure 4, in accordance with previous studies [23], one minute after Tef (10 μM) was
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applied, it was effective in stimulating peak INa. However, in the continued presence of
Tef for two minutes, one minute after further addition of 10 μM aPO, peak INa was not
increased further. In addition, as cells were continually exposed to 10 μM aPO, subsequent
application of 10 μM RFM or 10 μM Ran was able to attenuate aPO-induced stimulation
of INa one minute later. The results imply that aPO and Tef share a similarity to their
stimulation of INa, and that further addition of RFM or Ran is effective in attenuating
aPO-stimulated INa in GH3 cells.

Figure 4. Effect of aPO, tefluthrin (Tef), Tef plus aPO, aPO plus rufinamide (RFM), and aPO plus
ranolazine (Ran) on peak amplitude of INa identified in GH3 cells. (A) Representative INa traces
activated by depolarizing pulse (as indicated in the upper part). a: control; b: 10 μM aPO; c: 10 μM
aPO plus 10 μM RFM. (B) Summary bar graph showing effect of aPO, Tef, Tef plus aPO, aPO plus
RFM, and aPO plus Ran on peak INa (mean ± SEM; n = 8–10 for each bar). The number of the control
group is 10, while those in other groups are 8. Data analysis was performed by ANOVA-1 (p < 0.05).
* Significantly different from control (p < 0.05) and ** significantly different from aPO (10 μM) alone
group (p < 0.05).

3.6. Stimulatory Action of aPO on INa in Methylglyoxal- (MeG-) or Superoxide Dismutase-
(SOD-) Treated Cells

One would expect that the effect of aPO on INa is engaged in either its inhibition of
NOX activity or the reduction in the production of reactive oxygen species. The expression
of NOX was previously reported to be distributed in pituitary cells [14,15]. As such,
the effect of aPO on INa was assessed in cells preincubated with MeG or SOD for 6 h.
MeG was previously recognized to be a substrate for NOX activity [33–35], while SOD, an
antioxidative enzyme, was reported to reduce the production of reactive oxygen species [36].
However, in GH3 cells preincubated with MeG for 6 h, the I-V relationship of peak INa with
or without addition of aPO is illustrated in Figure 5. For example, in cells pretreated with
MeG (10 μM), aPO (10 μM) could significantly increase the amplitude of INa measured
at the level of −20 mV from 401 ± 31 to 511 ± 39 pA (n = 7, p < 0.05). Likewise, in SOD-
preincubated cells, the addition of aPO (10 μM) increased INa amplitude at −20 mV from
409 ± 31 to 515 ± 41 pA (n = 7, p < 0.05). Therefore, these results allowed us to suggest that
the stimulatory effect of aPO on INa that we obtained in these cells is unlikely to be due to
changes in either the production of reactive oxygen species or cytosolic NOX activity.
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Figure 5. Stimulatory effect of aPO on averaged I-V relationship of INa in GH3 cells treated with
methylglyoxal (MeG) (A) or with superoxide dismutase (SOD) (B). GH3 cells were preincubated
with 10 μM MeG for 6 h. Cells were bathed in Ca2+-free Tyrode’s solution and the pipette was
filled up with Cs+-containing solution. The cell tested was maintained at −80 mV and the de-
polarizing pulses ranging between −80 and +40 mV were thereafter delivered to it. Each point
represents the mean ± SEM (n = 7). Inset denotes the voltage-clamp protocol used. � or �: con-
trol; •or �: aPO (10 μM). Noticeably, in MeG- or SOD-treated cells, the stimulatory effect of aPO
on the overall I-V relationships of peak INa was altered little. The statistical analyses were un-
dertaken by ANOVA-2 for repeated measures, p (factor 1, groups among data taken at different
levels of voltages) < 0.05, p (factor 2, groups between the absence and presence of aPO) < 0.05,
p (interaction) < 0.05, followed by post-hoc Fisher’s least-significant difference test, p < 0.05).

3.7. Effect of aPO on the Amplitude and Voltage-Dependent Hysteresis (Vhys) of Persistent
Na+ (INa(P))

The Vhys behavior residing in varying types of ion channels (i.e., the difference in
current trajectory in response to the upsloping and the downsloping voltages) is currently
a subject of extensive research, including NaV channels [24,37,38]. We next examined
whether or how the presence of aPO is able to modify INa(P) Vhys activated in response to
the upright isosceles-triangular ramp pulse in GH3 cells. In this stage of our whole-cell
current recordings, the tested cell was voltage-clamped at the level of −80 mV and we
then applied it with a set of isosceles-triangular ramp pulses ranging between −110 and
+50 mV (with a height of 160 mV) of varying ramp duration at a rate of 0.05 Hz through
digital-to-analog conversion (Figure 6A). Consistent with previous observations [24,26],
the amplitude of INa(P) in response to such upright triangular ramp voltage was noticed
to display a striking figure-of-eight Vhys (i.e., ∞) in the instantaneous I-V relationship of
INa(P) with two distinct peaks, i.e., low and high threshold INa(P). Alternatively, there is
an initial counterclockwise direction, which time goes by, in current trajectory (i.e., high-
threshold loop with a peak at −0 mV) activated by the upsloping limb, and following the
downsloping limb, a clockwise direction (i.e., low-threshold loop with a peak at −80 mV)
ensued (Figure 6B). Of particular interest, one minute after GH3 cells were exposed to
30 μM aPO alone, the amplitude of INa(P) at high or low threshold respectively activated
by the upsloping triangular ramp voltage (forward or ascending) or downsloping (back-
ward or descending) limb of upright triangular ramp voltage was increased. The aug-
mentation of low-threshold INa(P) produced by 30 μM aPO was observed to be greater
than that in the high-threshold one (Figure 6C), for example, as the isosceles-triangular
ramp pulse with a duration of 3.2 s (or ramp speed of ±0.1 mV/ms). In the presence of
30 μM aPO, the peak INa(P) amplitude measured at the level of −0 mV (i.e., high-threshold
INa(P)) during the ascending phase of triangular ramp pulse was significantly raised to
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175 ± 29 pA (n = 8, p < 0.05) from a control value (measured at the isopotential level) of
151 ± 18 pA (n = 8). Meanwhile, during cell exposure to 30 μM aPO, the peak INa(P)
amplitude measured at −80 mV during the descending phase of such a ramp concurrently
increased from 285 ± 33 to 393 ± 54 pA (n = 8, p < 0.05). Alternatively, the subsequent
application of 10 μM Ran, but still in the continued presence of 30 μM aPO, was able
to attenuate the aPO-mediated increase of INa(P) taken at either high or low threshold
amplitude in the Vhys loop. These observations, therefore, enabled us to indicate that
the Vhys strength of INa(P) activated by isosceles-triangular ramp pulses of varying ramp
duration observed in GH3 cells was enhanced in the presence of aPO (Figure 6B,C).

Figure 6. Cont.
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Figure 6. Effect of aPO on voltage-dependent hysteresis (Vhys) of persistent INa (INa(P)) activated by
isosceles-triangular ramp pulses with varying ramp duration in GH3 cells. In this series of whole-cell
current recordings, we voltage-clamped the tested cell at −80 mV and the isosceles-triangular ramp
voltage with varying duration of 0.4 to 3.2 s (i.e., ramp speed of ±0.1 to 0.8 mV/ms) to activate
INa(P) in response to the forward (i.e., ascending from −110 to +50 mV) and backward (descending
from +50 to −110 mV) that was thereafter applied to it. (A) Representative INa(P) traces obtained
in the control period (upper, aPO was not present), and during cell exposure to 10 μM aPO (lower).
The uppermost part shows varying durations of isosceles-triangular ramp pulse applied. Of notice,
the presence of aPO can augment the INa(P) amplitude elicited by the upsloping and downsloping
limbs of the triangular ramp. (B) Representative instantaneous I-V relation of INa(P) in response
to isosceles-triangular ramp pulse (the voltage between −100 and +50 mV) with a duration of
3.2 s (as indicated in the left side of panel (B)). Current trace in the left side is control, while that
in the right side was acquired from the presence of 10 μM aPO. The dashed arrows in the left side
show the direction of INa(P) trajectory in which time passes during the elicitation by the upright
isosceles-triangular ramp pulse. Of interest, a striking figure-of-eight (or infinity-shaped: ∞) exists in
the Vhys trajectory responding to the triangular ramp. (C) Summary bar graph demonstrating the
effect of aPO and aPO plus Ran on INa(P) amplitude activated by the upsloping and downsloping
limbs of 3.2-s triangular ramp pulse (mean ± SEM; n = 8 for each bar). Current amplitudes in the left
side were taken at the level of 0 mV in situations where the 1.6-s ascending (upsloping) end of the
triangular pulse was delivered to elicit INa(P) (i.e., high-threshold INa(P), while those in the right side
(i.e., low-threshold INa(P)) was at −80 mV during the descending (downsloping) end of the pulse.
Current amplitude measured is illustrated in the absolute value. Data analyses were performed by
ANOVA-1 (p < 0.05). * Significantly different from controls (p < 0.05) and ** significantly different
from aPO (30 μM) alone groups (p < 0.05).

3.8. Effect of aPO on Erg-Mediated K+ Current (IK(erg)) in GH3 Cells

Earlier studies have demonstrated that telmisartan, an activator of INa, can be effective
in inhibiting IK(erg) [22]. For this reason, we decided to investigate whether aPO exercises
any perturbations on IK(erg). The biophysical and pharmacological properties of IK(erg) in
GH3 cells have been previously reported [22,39–41]. In these whole-cell experiments, we
bathed cells in high-K+, Ca2+-free solution, and the recording pipette was filled up with K+-
containing solution. The composition of these solutions was detailed under Materials and
Methods. The examined cell was voltage-clamped at −10 mV and the linear downsloping
ramp pulse from −10 to −100 mV with a duration of 1 s was applied to it. As shown in
Figure 7, the addition of 10 μM aPO resulted in a progressive decline in the amplitude of
deactivating IK(erg) in response to such a downsloping hyperpolarizing ramp. However, in
the continued presence of aPO, further application of E-4031, an inhibitor of IK(erg), was
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able to decease the current amplitude further. Therefore, unlike INa induced by aPO, IK(erg)
residing in these cells was subject to being inhibited by its presence.

Figure 7. Effect of aPO on erg-mediated K+ current (IK(erg)) in GH3 cells. The experiments were un-
dertaken in cells that were bathed in high-K+, Ca2+-free solution containing 1 μM tetrodotoxin (TTX),
and the recording pipette was filled up with K+-containing internal solution. (A) Representative
IK(erg) traces obtained in the control (a) and during cell exposure to 10 μM aPO (b). The examined cell
was held at −10 mV and a downsloping ramp from −10 to −100 mV with a duration of 1 s (indicated
in the inset) was applied to it. The dashed arrow indicates the direction of current trajectory in which
time passes, while the asterisk shows the inwardly-rectifying property of IK(erg). (B) Summary bar
graph showing effect of aPO and aPO plus E-4031 on the amplitude of IK(erg) (mean ± SEM; n = 8 for
each bar). Current amplitude (i.e., peak IK(erg) amplitude) was measured at the level of −70 mV. Data
analyses were performed by ANOVA-1 (p < 0.05). * Significantly different from control (p < 0.05) and
** significantly different from the aPO (10 μM) alone group (p < 0.05).

3.9. Effect of aPO on INa Recorded from Murine HL-1 Cardiomyocytes

aPO was previously demonstrated to be a chemo-preventive agent for cardiovascular
disorders though the inhibition of NOX activity [35,42–44]. In another set of experiments,
we tested whether INa inherently in heart cells (i.e., HL-1 cardiomyocytes) could still be
modified by the presence of aPO. The preparation of these cells was described above
under Materials and Methods. Cells were kept bathed in Ca2+-free Tyrode’s solution in
which 10 mM TEA was included, and the pipette was filled with Cs+-enriched solution.
Noticeably, as HL-1 cells were continually exposed to aPO at a concentration of 3 or 10 μM,
the amplitude of peak INa activated by 50-ms depolarizing pulses from −80 to −10 mV was
increased; concomitantly, progressive slowing of the inactivation time course of the current
was seen (Figure 8A,B). For example, cell exposure to 10 μM aPO resulted in a conceivable
increase of peak INa from 859 ± 56 to 1381 ± 85 pA (n = 8, p < 0.05); concomitantly, the
τinact(S) value was significantly raised to 56.3 ± 7.1 ms (n = 8, p < 0.05) from a control
value of 7.1 ± 1.4 ms. After washout of aPO (i.e., aPO was removed, but cells were still
exposed to Ca2+-free Tyrode’s solution containing 10 mM TEA), current amplitude returned
892 ± 58 pA (n = 8, p < 0.05). Alternatively, in the continued presence of aPO (10 μM), further
application of either ranolazine (Ran, 10 μM) or esaxerenone (ESAX, 10 μM) was noticed
to attenuate aPO-mediated stimulation of INa (Figure 8B). Like Ran. ESAX was recently
reported to inhibit INa [24]. Therefore, consistent to some extent with the observations
done in GH3 cells, the results reflect the effectiveness of aPO in stimulating INa in response
to the rapid depolarizing step in HL-1 cells.
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Figure 8. Effect of aPO on depolarization-activated INa present in HL-1 cardiomyocytes. In this set
of experiments, we kept cells immersed in Ca2+-free Tyrode’s solution and the electrode was filled
with Cs+-enriched solution. When whole-cell configuration was established, we voltage-clamped
the cell at −80 mV and the brief depolarization to −10 mV was delivered to it. (A) Representative
INa traces activated by depolarizing command pulse (indicated in the upper part). a: control; b:
3 μM aPO; c: 10 μM aPO. (B) Summary bar graph showing effects of aPO, aPO plus ranolazine
(Ran), and aPO plus esaxerenone (ESAX) on peak amplitude of INa in HL-1 heart cells (mean ± SEM;
n = 8 for each bar). Current amplitude was measured at the beginning of 50-ms depolarizing pulses
from −80 to −10 mV. Data analyses were performed by ANOVA-1 (p < 0.05). * Significantly different
from control (p < 0.05) and ** Significantly different aPO (10 μM) alone group (p < 0.05).

4. Discussion

The distinctive findings in the present study are that (a) GH3-cell exposure to aPO
could increase INa in a concentration, time-, state-, and Vhys-dependent fashion; (b) this
agent resulted in the differential stimulation of peak or late amplitude of INa activated
by abrupt step depolarization with aneffective EC50 value of 13.2 or 2.8 μM, respectively;
(c) aPO mildly shifted the I-V curve of INa towards the depolarized potentials (i.e., a leftward
shift), and it also made a rightward shift in the steady-state inactivation curve of the current
towards the right side with no changes in the gating charge of the curve; (d) the recovery
of the INa block was enhanced in its presence; (e) subsequent addition of rufinamide (RFM)
or ranolazine (Ran) counteracted aPO-accentuated INa; (f) the stimulatory effect of aPO on
INa remained unaltered in cells preincubated with MeG or SOD; (g) aPO was capable of
increasing the high- or low-threshold amplitude of INa(P) elicited by the isosceles-triangular
ramp at either upsloping (ascending) or downsloping (descending) limb, respectively;
(h) the aPO presence mildly decreased the amplitude of IK(erg) activated by the downsloping
ramp pulse; and (i) the exposure to aPO was effective at increasing the amplitude and
inactivation time constant of INa in HL-1 atrial cardiomyocytes. Collectively, the present
results allow us to reflect that aPO-stimulated changes in the amplitude, gating, and Vhys
behavior of INa appear to be unlinked to and upstream of its inhibitory action on NOX
activity, and that it would participate in the adjustments of varying functional activities
in electrically excitable cells (e.g., GH3 or HL-1 cells), presuming that similar in vivo
findings exist.

From the overall I-V relationship of INa demonstrated here, there was a slight shift
toward more negative potential in the presence of aPO. The steady-state inactivation curve
of INa in its presence of aPO was also shifted to a rightward direction with no apparent
change in the gating charge of the curve. The increased recovery of the INa block was
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demonstrated in its presence. As a result, the window current of INa in GH3 cells was
expected to be increased during cell exposure to aPO. Such a small molecule may have
higher affinity to the open/inactivated state than to the resting (closed) state residing in
the Nav channels, despite the detailed ionic mechanism of its stimulatory action on the
channel remaining elusive.

Several lines of clear evidence have been demonstrated to indicate that aPO can inhibit
NOX activity and decrease the production of superoxide oxide [2–4,16]. Pituitary cells have
been previously demonstrated to be expressed in the activity of NOX [14–16]. As such, the
question arises as to whether the stimulatory effect of aPO on INa observed in GH3 cells
may actually result from either the reduction of NOX activity or the decreased level of
superoxide anions [15,16]. However, this notion appears to be difficult to reconcile with
the present observations disclosing that in GH3 cells preincubated with MeG or SOD, the
stimulatory effect of aPO on INa was indeed observed to remain effective. It is also noted
that aPO can mildly inhibit the amplitude of IK(erg). Therefore, under our experimental
conditions, the stimulation of INa caused by aPO tends to emerge in a manner largely
independent of its inhibitory effect on NOX activity; hence, the aPO molecule can exert an
interaction at binding site(s) inherently existing on Nav channels.

Perhaps more important than the issue of the magnitude of the aPO-induced increase
in INa is that we observed the non-linear Vhys of INa(P) in the control period (i.e., aPO
was not present) and during cell exposure to aPO or aPO plus Ran, by use of the upright
isosceles-triangular ramp voltage command of varying duration through digital-to-analog
conversion. In particular, when cells were exposed to aPO, the peak INa(p) activated by
the forward (ascending or upsloping) end of the triangular ramp of varying duration was
observed to be elevated, particularly at the peak level of 0 mV, whereas the INa(P) amplitude
at the backward (descending or downsloping) end was increased at the peak level of
−80 mV. In this respect, the figure-of-eight (i.e., infinity-shaped: ∞) configuration in the
Vhys loop activated by the triangular ramp pulse was evidently demonstrated
(Figure 6A,B). Additionally, there appeared to be two types of Vhys loops, that is,
a low-threshold loop with a peak at −80 mV (i.e., activating at a voltage range near
the resting potential) and a high-threshold loop with a peak at 0 mV (i.e., activating at a
voltage range near the maximal INa elicited by rectangular depolarizing step. The presence
of aPO was capable of enhancing the Vhys strength of INa(P) and, in its continued presence,
further addition of Ran attenuated aPO-increased Vhys loop of the current. In this scenario,
findings from the present observations disclosed that the triangular pulse-induced INa(P)
was detected to undergo striking Vhys change (i.e., initial counterclockwise direction fol-
lowed by clockwise one) in the voltage-dependence and that such Vhys loops were subject
to enhancement by the presence of aPO.

Pertinent to the stimulatory effect of aPO on INa is that in this study, due to its effec-
tiveness in increasing the Vhys magnitude of INa(P), the voltage-dependent movement of
the S4 segment residing in NaV channels is probably perturbed by this agent; consequently,
the coupling of the pore domain to the voltage-sensor domain, which the S1–S4 segments
comprise, tended to be facilitated [45,46]. Indeed, the voltage sensor energetically coupled
to channel activation, which might be influenced by the aPO molecule, is supposed to be
a conformationally flexible region of the NaV-channel protein. Therefore, these findings
can be interpreted to mean either that such INa(P), particularly during exposure to aPO,
is intrinsically and dynamically endowed with “memory” of previous (or past) events,
which is encoded in the conformational (or metastable) states of the Nav-channel protein,
or that there is a mode shift of channel kinetics occurring regarding the voltage sensitivity
of gating charge movement, which relies on the previous state (or conformation) of the Nav
channel [37,38]. Such a striking type of Vhys natively in NaV channels would potentially
play substantial roles in interfering with electrical behavior, Na+ overload, and hormonal
sretion in varying types of excitable cells [37]. It is also worth pointing out that the subse-
quent addition of Ran, still in the continued presence of aPO, did produce a considerable
reduction in the aPO-mediated increase in Vhys responding to triangular ramp voltage.
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From pharmacokinetic studies in mice [47], following intravenous injection of aPO
(5 mg/kg), the peak plasma aPO level was detected at 1 min to reach around 5500 ng/mL
(or 33.1 μM). Additionally, aPO was reportedly a selective inhibitor of NOX2 activity with
an effective IC50 of 10 μM [48]. According to the data of Figure 1, the IC50 value required
for the aPO-stimulated peak or late INa was 13.2 or 2.8 μM, respectively, while the KD
value estimated on the basis of minimal reaction scheme was 3.4 μM. It is reasonable to
assume, therefore, that aPO-induced changes in the amplitude, gating or Vhys behavior of
INa presented herein could be highly achievable and of pharmacological relevance.

On the basis of the present experimental observations, despite the inhibitory effect
on NOX activity [2–4], our results strongly suggest that the stimulatory actions of aPO on
transmembrane ionic currents, particularly on NaV channels, tends to be direct obligate
mechanisms. Pyrethroids (e.g., permethrin and cypermethrin), known to activate INa,
have also been reported to disrupt NOX activity in brain tissue (striatum) [49]. Therefore,
through ionic mechanisms shown herein, pyrethroids or other structurally similar com-
pounds are able to adjust the functional activities of varying types of neuroendocrine or
endocrine cells, or heart cells, if similar in vivo results exist [6,7,11–13,50]. To this end, the
overall findings from our study highlight an important alternative aspect that has to be
taken into account, inasmuch as there is the beneficial or ameliorating effect of aPO in
various pathologic disorders, such as inflammatory or neurodegenerative diseases, and
heart failure [1,3,6,7,9–13,16,42].
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Abstract: In the present work, and for the first time, three whey protein-derived peptides (IAEK,
IPAVF, MHI), endowed with ACE inhibitory activity, were examined for their antiviral activity against
the SARS-CoV-2 3C-like protease (3CLpro) and Human Rhinovirus 3C protease (3Cpro) by employing
molecular docking. Computational studies showed reliable binding poses within 3CLpro for the three
investigated small peptides, considering docking scores as well as the binding free energy values.
Validation by in vitro experiments confirmed these results. In particular, IPAVF exhibited the highest
inhibitory activity by returning an IC50 equal to 1.21 μM; it was followed by IAEK, which registered
an IC50 of 154.40 μM, whereas MHI was less active with an IC50 equal to 2700.62 μM. On the other
hand, none of the assayed peptides registered inhibitory activity against 3Cpro. Based on these results,
the herein presented small peptides are introduced as promising molecules to be exploited in the
development of “target-specific antiviral” agents against SARS-CoV-2.

Keywords: antiviral peptides; protease inhibitors; molecular docking; rhinovirus; COVID-19; milk

1. Introduction

On 11 March 2020, the World Health Organization (WHO) declared the novel coro-
navirus (COVID-19) outbreak a global pandemic for the rapid spread of severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) worldwide [1]. To date, the SARS-CoV-
2 infection has caused more than 4 million deaths around the world [2].

The advent of effective vaccines and the adoption of restrictive prophylaxis measures,
as well as appropriate sanitization procedures, have improved the global fight against
SARS-CoV-2 [3]. However, the world still urgently needs new and affordable approaches
to better counteract the spread of SARS-CoV-2 and prevent the spectrum of lethal adverse
effects, especially in immunocompromised and vulnerable people. Thus, a wide range of
therapies tackling the effects of COVID-19 in frail, symptomatic patients is increasingly
gaining ground in clinical practice. They include both antivirals based on nucleotide
analogs, such as Paxlovid™ (Nirmatrelvir and Ritonavir, Pfizer), Malnupirovir™ (Merck),
Favipiravir, Remdesivir, and corticosteroids (such as Dexamethasone), and cytokine in-
hibitors (baricitinib and anti-IL-antibodies 6, anakinra). In addition, the use of monoclonal
antibodies as an alternative to convalescent plasma is also spreading. Antivirals have been
developed to block viral replication by inhibiting the RNA-dependent RNA replicase. Con-
versely, corticosteroids are used to avoid severe forms of the disease [4,5]. However, these
drugs must be taken while under medical supervision or even in a clinical environment
and they can often show serious adverse side effects. Furthermore, they all have a very
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high cost, preventing their large-scale diffusion [4,6]. Thus, the discovery of new molecular
entities, showing low toxicity and high specificity, to block the entry or replication of
SARS-CoV-2 in host cells still represents a challenge regarding safer and more effective
therapeutic solutions [7].

The SARS-CoV-2 3-chymotrypsin-like cysteine protease (3CLpro), also named the main
protease (Mpro), which plays an important role in the virus’s life cycle, is considered an
attractive target for the discovery of promising antiviral agents [8]. Importantly, 3CLpro

is involved in the replication process due to its two N-terminal domains, containing
two β-barrel chymotrypsin-like folds ultimately responsible for the cleavage of the viral
polyproteins to yield 16 mature non-structural proteins [9,10].

Human rhinoviruses (HRV, belonging to the Picornaviridae family), etiological agents
of the common cold, also show a protease (HRV 3C protease or 3Cpro) involved in the
viral replication process. Briefly, 3Cpro and 3CLpro are cysteine proteases and share a
typical chymotrypsin-like folding, a nucleophilic cysteine residue in the active site, and
a preference for a glutamine or glutamic acid residue in the primary binding residue
(P1 site) of the substrate proteins. Picornaviral HRV 3C protease was studied in the
recent past for its degree of homology with coronaviral 3C-like proteases (3CLpro) within
the 3C coding region, including the strict conservation of the active-site residues, thus
providing an additional rationale for targeting drug discovery efforts [11,12]. Nevertheless,
subtle differences in the active-site structures of these proteases did not allow for the
identification of common inhibitors [13]. Only recently, a duplex assay based on self-
assembled monolayer desorption ionization (SAMDI)-MS analysis has been developed,
allowing the identification of equipotent peptides against 3CLpro and HRV 3Cpro [14].

Several studies have been carried out regarding the structural and functional charac-
terization of these proteins, to be employed for high-throughput screening for the discovery
of new effective inhibitors [15–17]. The search for 3CLpro inhibitors has been pursued
by exploiting FDA-approved drugs, screening the libraries of natural and chemical com-
pounds, and considering the de novo design of novel agents [18–20]. Based on these
strategies, a number of putative inhibitors, whose structures can be grouped as peptidic
and non-peptidic, have been identified and are awaiting further investigations before
approval [16,21–23]. Recently, the 3CLpro covalent inhibitor Nirmatrelvir (PF-07321332,
purchased in combination with Ritonavir) has been authorized for emergency use for
COVID-19 patients not requiring supplemental oxygen [24,25].

In order to increase the affinity and efficacy, 3CLpro inhibitor substrates have been
mainly modified by introducing some reactive chemical groups, such as Michael acceptors,
aldehydes, epoxy ketones, and so on [8]. However, these structural changes promote
the formation of covalent bonds with the catalytic cysteine responsible for the enzyme’s
irreversible inhibition and, thus, for potential toxicity [14,16].

Besides synthetic compounds, other studies on promising antiviral agents are focusing
on the identification of bioactive molecules from natural sources [26–28]. Among others,
health-promoting - represent an attractive option. It has been reported that the role of
food ingredients and active components (i.e., bioactive peptides, polysaccharides, bioactive
lipids, and natural polyphenols) in supporting immune function in the prevention and treat-
ment of COVID-19 disease is important [29,30]. Noteworthy, several peptides from milk
proteins showed their ability to inhibit the main SARS-CoV-2 proteases [30,31]. Natural
peptides show lower toxicity and fewer side effects: their application in adjuvant therapies
is also favored by their satisfactory biological activity profiles, in which antioxidant, antimi-
crobial, immunomodulatory, anti-inflammatory, and/or angiotensin-converting enzyme
(ACE) inhibitory activities can coexist [26,32,33]. Interestingly, peptides taken from milk
proteins and endowed with ACE inhibitory activity have also been investigated recently,
via in silico studies, for their ability to prevent interaction among the COVID-19 spike gly-
coproteins and the host cell dipeptidyl peptidase-4 (DPP-4, [34]); however, these promising
results are still lacking validation by in vitro or in vivo studies.
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Recently, we investigated ACE inhibitory activity by peptide sequences, derived from
the enzymatic hydrolysis of whey proteins and predicted by molecular docking and related
prioritization studies. This approach allowed us to obtain three peptides—MHI, IAEK, and
IPAVF—with ACE inhibitory IC50 values equal to or lower than 25 μM [35]. Importantly,
IPAVF and the related one-residue-longer sequence IPAVFK also exhibited DPP-4 inhibitory
activity and antimicrobial activity against Gram-positive bacteria [33,34].

Building on these observations, we explored the potential of our recently studied ACE
inhibitory peptides (i.e., MHI, IAEK, and IPAVF) in interfering with SARS-CoV2 3CLpro

functioning. With this in mind, we carried out an integrated theoretical and experimental
investigation, involving first, molecular docking studies to rationally evaluate the putative
chance of binding and then, in vitro testing for validation. Due to the occurrence of coin-
fection with a common virus (influenza viruses, human metapneumovirus, and seasonal
coronaviruses) in SARS-CoV-2 positive specimens [36,37], peptides were also assayed for
their ability to inhibit human rhinovirus 3C protease (EC: 3.4.22.28) in order to evaluate the
peptides’ exploitation as broad-spectrum antiviral agents.

2. Materials and Methods

2.1. Molecular Docking

SARS-CoV-2’s main protease crystal structure was fetched from the Protein Data Bank
by retrieving the entry 7L0D [38]. The protein was treated with the Protein Preparation
Tool [39,40] available from Schrödinger Suite (New York, NY, USA). Such a method allows
for optimizing the crystal structure by removing water molecules, adjusting the side-chain
conformation, and adding the missing hydrogen atoms. The peptides to be docked were
processed by employing the Ligprep Tool (Schrödinger, New York, NY, USA, for more
information, see [41]) to generate all possible tautomers, as well as the protonation states at
the physiological pH. The grid-box was generated so as to be suitable for standard precision
(SP) peptide-docking protocol and, thus, was centered on the center of mass of the cognate
ligand. Satisfactorily, Glide software (Schrödinger, New York, NY, USA) [42] could properly
replicate the original binding pose of the co-crystallized molecule, returning a root mean
square deviation (RMSD) value as small as 1.025 Å.

The induced-fit docking protocol [43,44] was employed, using Glide with an OPLS3e
force field [45] to analyze the binding mode of the selected ligands, together with confor-
mational changes within the receptor. Such changes are not allowed in standard docking
protocols. In detail, side-chain conformation predictions were performed on residues within
6 Å from the ligand poses, together with the Glide SP redocking of each protein–ligand
complex structure within 30.0 kcal/mol from the lowest energy.

The molecular mechanics/generalized born surface area (MM-GBSA, accessed on
January 2022 [46]) method was employed in the last stage of the study for the computation
of the binding free energies (ΔG) between the proteins and ligands. The Prime package
(Schrödinger, LLC, New York, NY, USA) [47], available in the Schrödinger 2020-4 suite
(New York, NY, USA), was used for this purpose.

For completeness, -additional molecular docking analyses were carried out against
the HRV 3C protease by retrieving entry 2XYA [48] from the Protein Data Bank (https:
//www.rcsb.org, accessed on 10 January 2022) and are included in the Supplementary
Information.

2.2. In Vitro Screening of the Antiviral Activity

Synthetic peptides were purchased (purity > 95%; GenScript, Leiden, The Netherlands)
and resuspended in MQ water, then assayed at the concentrations of 2, 1, 1, 0.6 0.2 and
0.02 mg/mL (corresponding to 500 to 5 μM for MHI, from 420 to 4.2 μM for IPAVF, and
from 366 to 3.6 μM for IAEK). In the case of peptides with a value of relative inhibition
(RI) percentage that was higher than 40–50% at the lowest assayed concentration, further
dilutions were made.
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2.2.1. SARS-CoV-2 3CL Protease Assay

The in vitro screening of enzyme inhibition activities was evaluated by using 3CL
Protease, untagged (SARS-CoV-2 Assay Kit, Catalog #: 78042-1, BPS Bioscience, Inc.,
Allentown, PA, USA). According to the manufacturer’s protocol, a fluorescent substrate,
SARS-CoV-2 3CL Protease (GenBank Accession No. YP_009725301, amino acids 1-306
(full-length), expressed in an Escherichia coli expression system, MW = 34 kDa) and a
buffer composed of 20 mM Tris, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT, pH 7.3,
was used for the inhibition assay. The protease inhibitor, GC376 MW 507.5 Da, with an
IC50 value of 0.017 μM was used as the positive control. Initially, 30 μL of diluted SARS-
CoV-2 3CL protease, at the final concentration of 15 ng, was pipetted into a 96-well plate
containing pre-pipetted 10 μL quantities of each test compound (final concentrations of
each peptide ranged from 2 to 0.0002 mg/mL in the wells). The mixture was incubated at
room temperature for 30 min with slow shaking. Afterward, the reaction was started by
adding the substrate (10 μL), dissolved in the reaction buffer to 50 μL final volume, at a
concentration of 40 μM, then the plates were incubated for 4 h at room temperature with
slow shaking. The plates were sealed. Fluorescence intensity (Fi) was measured with the
Varioskan microtiter plate-reader (Varioskan Flash, Thermo Fisher, Milan, Italy), exciting
at a wavelength of 360 nm and detecting at a wavelength of 460 nm. Each sample was
assayed in triplicate.

The percentage of relative inhibitions (RI %) was calculated as follows:

% Relative Inhibition
(

%
RI

)
=

(
FiC − FiT

FiC

)
× 100

where C is the control and T is the test peptide or inhibitor.

2.2.2. HRV 3C Protease Determination Assay

The inhibition activity of synthetic peptides was assayed against human rhinovirus
3C protease (HRV 3Cpro; EC:3.4.22.28), a cysteine protease that recognizes the cleavage
site of Leu-Glu-Val-Leu-Phe-Gln*Gly-Pro. Protease activity in the presence or absence of
peptide inhibitors was determined colorimetrically, as reported, with an HRV 3C Protease
Inhibitor Screening Kit (Catalog #: ab211089, Abcam, Cambridge, UK) according to the
manufacturer’s instructions. The kit also included a protease inhibitor as a positive control.

Briefly, the screening sample compound wells contained 10 μL of the test compounds
at each concentration (final concentration/well from 1 to 0.05 mg/mL) or 10 μL of inhibitor,
or 10 μL of assay buffer in the case of enzyme control, and 50 μL of enzyme solution. After
the incubation of the plate at room temperature for 15 min, 40 μL of the substrate solution
was added to each reaction, and absorbance (OD = 405 nm) was measured in a kinetic
mode for 1–2 h at 37 ◦C on the Varioskan Flash microplate reader. Each sample was assayed
in triplicate.

The percentage of relative inhibitions (RI) was calculated as follows:

% Relative Inhibition (%RI) =
(

slopeC − slopeT
slopeC

)
× 100

where C is the control and T is the test peptide or inhibitor.

2.3. Statistical Analyses

Results related to the 3CL protease inhibition percentage were subjected to a square
root arcsin transformation in order to meet the homogeneity-of-variance assumptions,
following Levene’s test. The univariate general linear model (GLM) procedure, carrying out
a two-way analysis of variance (ANOVA, p < 0.05) using the IBM SPSS Statistics release 20
(IBM, Armonk, NY, USA) to evaluate the main and interaction effects of concentration levels
and the assayed peptide types on the inhibition percentage of viral protease. Whenever
required, the simple main effects of peptides and the assay control inhibitor on viral
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protease inhibition percentage were also examined, applying a one-way ANOVA (p < 0.05).
Multiple comparisons among individual means for each assayed peptide and concentration
level were performed using honestly significant difference (HSD)Tukey’s test (p < 0.05).
A multiple regression test was run to predict the inhibition percentage of 3CL protease
activity from different peptide concentrations.

The half-maximal inhibitory concentration (IC50) of peptides on SARS-CoV-2 3CL
protease was calculated by using the software package SigmaPlot12 (Systat Software, Inc.
SigmaPlot for Windows, San Jose, CA, USA) and referred to the micromolar range.

3. Results and Discussion

The chance of targeting SARS-CoV-2 main protease was rationally assessed by em-
ploying numerous structure-based approaches [49]. These studies were aimed at predicting
the potential of the three small peptides (i.e., IAEK, IPAVF, and MHI) to act as antiviral in-
hibitors of SARS-CoV-2 main protease, as well as understanding the molecular interactions
governing the recognition and the engagement of the binding site [50].

These sequences, endowed with high ACE inhibitor activity, were designed by the
molecular pruning of longer β-lactoglobulin-derived peptides (e.g., IIAEKTKIPAVF, and
MHIRL); these latter were, in turn, purified and identified after the enzymatic hydrolysis of
whey, for its transformation from a by-product of cheese manufacture to a high added-value
compound [33]. The assumption that IAEK, IPAVF, and MHI could be good candidates
for SARS-CoV-2 3CLpro inhibition was suggested by their sequences, which contain hy-
drophobic and aromatic amino acids that are able to interact with the hydrophobic regions
of the 3CLpro active site, such as the S2 pocket [51]. In addition, bioactive peptides, such
as ACE inhibitor ones, usually exhibit multifunctional properties that, once proved, make
them excellent candidates for the development of multi-target drugs [33,34]. Similarly, this
latter evidence has pushed other authors into investigating their activity as inhibitors of
the SARS-CoV-2 main protease [52].

We preferred to use the induced fit docking protocol instead of the standard methods,
the former being suited to exploring with higher accuracy and reliability the nature and the
type of molecular interactions by considering both the ligand and binding site flexibility.
In this respect, the effect of the induced fit on the key binding site residues (i.e., H41,
N142, C145, H161, E166, and Q189) is assessed by computing the deviations from the
crystallographic pose for each protein-oligopeptide complex; the following RMSD values,
equal to 1.51 Å, 1.39 Å and 1.24 Å, are measured for IPAVF, IAEK, and MHI, respectively.
Interestingly, we observed that Q189 and N142 are more sensitive to the induced fit, as
these two residues experienced significant conformational changes, promoting a better
fit and the easier accommodation of the three small peptides through the formation of
cooperative hydrogen bonds. The N142 χ1 and Q189 χ1 and χ2 torsional angle shifts, due to
the induced fit, were reported in Table S1 of the Supplementary Information. Furthermore,
the chance of interaction with the catalytic residue H41 and, in addition, with the key
residue E166 is supposed to be crucial for the effective inhibition of the target [53,54]. As
shown in Figure 1, the three peptides can form a network of hydrogen bonds within the
binding pocket. Specifically, IPAVF can interact with the side chains of N142, H41, and
Q189, and with the backbone of E166. Furthermore, its protonated nitrogen head can
trigger an electrostatic interaction with the negatively charged side-chain of E166. As far
as IAEK is concerned, hydrogen bonds with H41, N142, Q189, H163, and E166 were also
detected, and the protonated arm of its terminal lysine residue can engage in electrostatic
interaction with the side-chain of E166. Regarding MHI, the same hydrogen bonds with
E166, N142, and Q189 were observed, and, notably, π−π interactions with H41 through the
imidazole ring of its histidine residue were also detected.

151



Biomedicines 2022, 10, 1067

Figure 1. Panels (a–c) report the best pose returned from docking simulations for IPAVF (cyan sticks),
IAEK (green sticks), and MHI (magenta sticks) peptides, respectively. Red arrows and green and
blue lines depict hydrogen bonds, π-π, and electrostatic interactions, respectively. Black wireframes
show the original side-chain conformation of the 7L0D crystal structures. Yellow arrows highlight
the shifting of the side chains from their original positions, due to the induced fit.

From an energetic point of view, we employed the OPLS3e force field to quantify the
docking scores, and the MM-GBSA method to account for the binding of free energies.
Interestingly, the values of the docking scores as well as of the binding free energies
calculated for the three peptides were much better than those calculated for the reference
X-ray-solved cognate ligand, ML188. For the sake of comparison, all the values are reported
in Table 1.

Table 1. Values of the docking score and of MM-GBSA free energy of the best poses obtained through
induced-fit docking.

Docking Score (kcal/mol) MM-GBSA (kcal/mol)

IPAVF −10.967 −83.43
IAEK −10.318 −76.24
MHI −9.338 −78.80

ML188 cognate ligand −5.283 −68.03

In addition, a more detailed analysis of the terms of the binding free energy function
indicated that the Coulomb and van der Waal energy contributions were determinants for
IPAVF, with values equal to −43.15 kcal/mol and −70.55 kcal/mol, respectively. On the
other hand, the strongest hydrogen bonding contribution with a value of −6.13 kcal/mol
was for IAEK, due to the presence of two charged side chains within its sequence.

Taken together, all the above-described results concerning the in silico investiga-
tions made us confident of the potential antiviral action of these natural small peptides
in contrasting SARS-CoV-2 main protease, and this encouraged us to run experimental
validations.

Recently, Behzadipour et al. [31] screened several di- and tri-peptides in silico, re-
sulting from the simulated digestion of bovine milk proteins, for their SARS-CoV-2 Mpro

inhibitory activity using molecular docking. Twenty peptides (with at least one aromatic-
hydrophobic amino acid residue at the C-terminal side) showed the best binding energy
but this was less than those obtained in the present work. In particular, three among
these peptides, originating from the in silico proteolysis of β-caseins, β-lactoglobulin,
and αs2-casein, were able to form at least two hydrogen bonds and achieve π-alkyl hy-
drophobic interactions with the catalytic residues, C145 and H41, of SARS-CoV-2 Mpro,
respectively. Other authors [32,34,55] have reported food-derived peptides with virtual
3CLpro inhibitory activities, showing several potential advantages in terms of high binding
affinity, bioavailability, and cost-effective synthesis.

In the past, a representative group of tripeptide aldehydes (CBZ-Leu-Phe-Gln-CHO)
was prepared and analyzed to demonstrate poor inhibitory activity against 3Cpro. However,
peptides that were modified with a primary amide (Gln-γ-CONH2) were more active,
revealing carbonyl oxygen–hydrogen bonds with the H161 and Oγ of T142 [56]. Our three
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small peptides were also subjected to docking simulations within the binding site of 3Cpro

and similar interactions were experienced, although these yielded more disappointing
scoring values. Additional details are available in the Supplementary Information.

Based on the theoretical analyses, the inhibitory activity of the three investigated
peptides was experimentally evaluated against SARS-CoV-2 3CLpro and HRV 3Cpro, both
employing the catalytic dyad (His-Cys) for their functionality.

Satisfactory experimental results were observed, following the in vitro inhibition
screening of the assayed peptides regarding SARS-CoV-2 3CLpro activity.

The half-maximal inhibitory concentrations (IC50) of the three assayed peptides against
SARS-CoV-2 3CLpro were measured and are shown in Table 2, confirming IPAVF and IAEK
as being more active than MHI; in particular, the IC50 value of IPAVF was the best and
was comparable with those obtained for the ACE inhibitor peptides against SARS-CoV-2
3CLpro, after in silico analyses [52]. The experimental data used to determine IC50 are
reported in Table S3 in the Supplementary Information.

Table 2. Experimental IC50 values for the inhibition of SARS-CoV-2 3CLpro.

IC50 (μM) 95% Confidence Interval

MHI 2700.62 1186.17 6145.84
IPAVF 1.21 0.02 9.53
IAEK 154.40 137.18 291.60

GC376 (inhibitor) 0.017 0.05 0.042

Similar inhibitory activities toward SARS-CoV2 in the μM range have been identified
for synthetic tetrapeptides, pentapeptides, and octapeptides, as recently reviewed by Hey-
dari et al. [57]. Moreover, the in silico hydrolysis of marine fish proteins by gastrointestinal
enzymes released oligopeptides containing 1–3 aliphatic amino acids (A, L, V, I) with a
high affinity toward SARS-CoV-2 3CLpro; some of these peptides were also predicted to
play a role as dual binders toward SARS-CoV-2 3CLpro and monoamine oxidase A [58].

It is noteworthy that no appreciable activity was observed when testing the three small
peptides against HRV 3C protease, the RI percentage being lower than a value of ca. 5%
at a concentration of 1 mg/mL. A synoptic view is shown in Table 3. This finding is in
agreement with our predictive docking studies. Interested readers can look at Figure S1
and Table S2 of the Supplementary Information for more details.

Table 3. The relative inhibition percentage (RI %) of HRV 3C protease by the assayed small peptides.

Peptides Concentration for Well Relative Inhibition (RI %)

MHI 250 μM 4.92 ± 1.02
IPAVF 210 μM 5.30 ± 1.06
IAEK 183 μM 4.54 ± 0.56

During the COVID-19 pandemic, several variants of SARS-CoV-2 emerged that, nev-
ertheless, showed mutations in the binding domain of the spike protein receptor [59,60].
In all the variants of concern of the virus, no mutation in the Mpro gene was recorded [61].
This suggests that any Mpro inhibitor could also be effective against multiple variants of
the same virus.

As already demonstrated for Nirmatrelvir [62], it is expected that the inhibitors studied
in this work can block viral replication; therefore, they can also reduce infection. Neverthe-
less, unlike the currently authorized antivirals, the peptides studied could have very few
or mild side effects and potentially have broad-spectrum applications. In particular, the
peptides studied have been shown to have possible anti-hypertensive effects that would
ameliorate the clinical conditions of COVID-19 patients. Finally, biologically active pep-
tides would be cheaper and can be easily transformed into derivatives with improved
pharmacological properties.
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It is noteworthy that the three proposed peptides represent the minimum active
sequences with the desired biological properties toward the SARS-CoV-2 3CL protease.
This finding opens the way for the synthesis of peptides with improved activity. Their
conversion into therapeutic peptides is, indeed, a further challenging task aimed firstly
at tackling two intrinsic stumbling blocks: the low membrane permeability and the poor
in vivo stability [63]. Inspired by consolidated medicinal chemistry strategies, backbone
and side-chain modifications could be of great help. The former is normally pursued to
improve the proteolytic stability of the peptides and includes, for instance, the replacement
of L-amino acids with D-amino acids [64], the addition of methyl-amino acids [65], and
the inclusion of β-amino acids [66] and peptoids [67]. The latter, instead, aims at exploring
changes to improve the binding affinity and selectivity [68]. Together with these design
approaches, targeted delivery strategies could also be exploited to overcome the inherent
drawbacks of peptides [69]. These approaches could indeed be very valuable to obtain real
therapeutic peptides; peptides with protease inhibitory activity have already been studied
for various viruses, such as the Dengue virus, West Nile virus, and hepatitis C virus [57].

On the other hand, IAEK, IPAVF, and MHI are naturally included within whey pro-
teins [33,35]; although their purification requires time and cost with a putative low yield,
the fractionation of a mixture containing several inhibitory peptides may be an advanta-
geous experimental design step toward the development of nutraceutical supplements
with a more efficient manufacturing process and improved activity.

4. Conclusions

In this work, the inhibitory activity of the whey-derived bioactive small peptides MHI,
IAEK, and IPAVF against viral proteases was evaluated for the first time, indicating their
possible role in blocking the replication processes of SARS-CoV-2.

Molecular docking studies predicted the relevant interactions between the peptides
and key amino acid residues of the enzyme catalytic pocket of 3CLpro. These results were
validated by in vitro experiments that confirmed the highest antiviral activity for IPAVF
and IAEK against 3CLpro. These peptides of natural origin were previously obtained by
the enzymatic hydrolysis of whey proteins and also displayed ACE inhibitory activity. It is
noteworthy that their short sequences facilitate their synthesis as well as changes to their
structure to improve stability and enhance activity. The results herein open the door to new
opportunities for the development of dual-target small peptides that are endowed with
antiviral 3CLpro and inhibitory ACE activities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10051067/s1, Figure S1: Panels (a), (b), and (c) report
the best pose returned from docking simulations for IPAVF (cyan sticks), IAEK (green sticks) and
MHI (magenta sticks) peptides, respectively. Red arrows depict hydrogen bonds. Black wireframes
show the original side-chain conformation of the 2XYA crystal structures of rhinovirus 3C protease.
Table S1: Docking induced-fit variation of the torsional angles χ1 for N142 and of χ1 and χ2 for Q189
from the X-ray structure (PDB_ID: 7L0D) of SARS-CoV-2 3CLpro. Table S2: Comparative docking
score values for SARS-CoV-2 3CLpro and HRV 3Cpro. Table S3: Relative inhibition percentage (RI %)
of SARS-CoV-2 3CLpro by the three small peptides assayed at different concentrations.
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Abstract: While there have been significant advances in drug discovery for diabetes mellitus over
the past couple of decades, there is an opportunity and need for improved therapies. While type
2 diabetic patients better manage their illness, many of the therapeutics in this area are peptide
hormones with lengthy sequences and a molecular structure that makes them challenging and
expensive to produce. Using machine learning, we present novel anti-diabetic peptides which are
less than 16 amino acids in length, distinct from human signalling peptides. We validate the capacity
of these peptides to stimulate glucose uptake and Glucose transporter type 4 (GLUT4) translocation
in vitro. In obese insulin-resistant mice, predicted peptides significantly lower plasma glucose, reduce
glycated haemoglobin and even improve hepatic steatosis when compared to treatments currently in
use in a clinical setting. These unoptimised, linear peptides represent promising candidates for blood
glucose regulation which require further evaluation. Further, this indicates that perhaps we have
overlooked the class of natural short linear peptides, which usually come with an excellent safety
profile, as therapeutic modalities.

Keywords: drug discovery; peptide; type 2 diabetes; machine learning

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic condition which accounts for over 90% of
all diabetes mellitus (DM) incidences. In T2DM, cells fail to respond to the hormone insulin,
or a relative lack of insulin is produced by the beta cells of the pancreas, which normally
allows glucose to enter cells from the blood, reducing blood glucose levels. This condition
has long-term implications, affecting several organs in the body, such as nephropathy of
the kidney and retina, and hepatic steatosis, all of which contribute to poor quality of
life and a high burden on healthcare systems [1]. Major risk factors for T2DM include
obesity, lack of exercise and sedentary lifestyle, all of which are increasingly common in
the West. Currently, the global incidence of DM continues to grow at an inexorable rate,
currently affecting over 450 million people, and is expected to afflict almost 700 million
by 2045 [2]. While DM drug discovery has seen some important advances over the last
two decades [3,4], in light of such widespread disease prevalence, there is an evident and
urgent need for novel, effective anti-diabetic treatments that have improved safety profiles
and are well tolerated for chronic use in the DM population [5,6].

Pharmacological interventions for T2DM include metformin, a small-molecule drug
known to work via several mechanisms, including AMP-activated protein kinase (AMPK) [7]
and mitochondrial activity [8,9]; it is a well-established first line treatment for T2DM, both
as a monotherapy and in combination with other medications, and has been routinely
shown to have glucose-lowering effects [10]. Thiazolidinediones are cyclic compounds that
act as ligands to peroxisome proliferator-activated receptors (PPARs), reducing circulating
fatty acids and increasing the expression of glucose transporter Glucose transporter type 4
(GLUT4), allowing cells to take up more glucose from the blood for energy, reducing blood
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glucose levels [11,12]. More recently, sodium glucose transporter 2 (SGLT2) inhibitors have
been developed, which work to prevent the action of the transporters in the proximal
tubule of the kidney from reabsorbing glucose to the body, thereby allowing excretion
and reducing blood glucose [13]. Indeed, SGLT2 inhibitors are often used in combina-
tional therapy with other medications to help manage the complex pathophysiology of
T2DM [14].

An important and efficacious group of T2DM therapeutics includes a group of peptides
such as insulin analogues, and, more recently, incretin mimetics, acting as either agonists
(e.g., Glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP) analogues) or antagonists (e.g., GLP-1 receptor antagonists) of endogenous human
hormones, with modifications [15]. These therapeutics form a significant number of
the modern anti-diabetic drugs and also those in the development pipeline [16]. This
group has been shown to suppress glucagon and hepatic glucose production, slow gastric
emptying and reduce appetite [17], with two approved members of the class, Exenatide and
Liraglutide, having long-term weight loss effects on patients over a 1–2-year period [18].
Both Exenatide and Liraglutide are relatively shorter compared to 51-amino-acid-long
insulin, at 39 amino acids and 32 amino acids in length, respectively. Both medications are
administered as subcutaneous injectables and havepresented with some adverse effects,
including vomiting and nausea [19,20].

An alternative class of peptides which may offer good safety profiles and toleration
for chronic use, but have been largely underexplored, are short linear peptides with
few modifications. Linear endogenous and synthetic peptides have been shown to be
capable of modulating intracellular signalling, without modifications [21]. As such, these
advantages position this class as an attractive addition to the diabetes armamentarium.
Indeed, peptides can be highly selective, having multiple points of contact with their target,
which may result in decreased side effects and toxicity [22]. Furthermore, as they comprise
amino acids, peptides are easily metabolised over time, thereby avoiding the tolerance
issues that can be associated with chronic administration of many drugs [22,23]. A possible
advantage of short linear peptides includes lower manufacturing costs and offers a flexible
base for modifications [24,25]. However, presently, a major drawback of these peptides is
that they are readily broken down during gastrointestinal digestion (GID); therefore, issues
with low bioavailability via oral administration remain problematic [26]. This has resulted
in a turn towards developing optimised peptides to enhance therapeutic properties, such as
cyclisation [27], although there are instances where anti-cancer linear peptides outperform
their cyclic counterparts [25], indicating that this class of peptides should not be so readily
dismissed.

Biology is an extremely data-rich discipline owing to various “omics” technologies pro-
ducing increasingly larger volumes of heterogenous data [28]. In recent years, integration of
such data has facilitated a greater understanding of the molecular basis of disease [29], but
with continued escalation in terms of scale and complexity, human-directed interpretation
is rendered increasingly impractical [27,30]. When considering peptides, deciphering scale
and complexity becomes a major hurdle; for example, proteins can be broken down into
peptides at a rate of 36 million per minute [21]. However, Artificial Intelligence (AI) and
deep learning techniques are perfectly primed to extract previously indecipherable knowl-
edge from disparate biological data streams; as such, machine learning is increasingly seen
as a discovery tool in life science, with bioactive peptides being successfully predicted in
the areas of inflammation and skin aging [31–34]. Here, similar machine learning methods
were employed to identify a short linear novel peptide therapeutics for use in T2DM.
The goal of this project was to identify (a) peptide(s) which could modulate an effect on
blood glucose levels, GLUT4 expression and/or glycated haemoglobin (HbA1c) levels,
while being both non-toxic and showing no off-target effects. The peptide candidates were
validated in both in vitro and in vivo assays to ensure these properties.
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2. Materials and Methods

2.1. Cell Line

Human skeletal muscle cells (HSkMCs; Cell Applications Inc., San Diego, CA, USA)
were cultured at 37 ◦C, 5% CO2 in HSkMC growth medium (Cell Applications Inc., San
Diego, CA, USA). HSkMCs cultured for, at most, 10 passages were used for all experiments
described.

2.2. Animals

All animal procedures were carried out in accordance with Institutional Animal
Care and Use (IACUC) guidelines in an Association for Assessment and Accreditation of
Laboratory Animal Care International-accredited facility. Ethical approval was granted by
the International Association of Religious Freedom (IARF #:MLR-101, IARF #:MLR-115)
Studies were performed with 12-week-old male KK.Cg-Ay/J (KK-Ay) mice obtained from
the Jackson Laboratory, which were randomly assigned to treatment groups according to
baseline fasting blood glucose (IARF #: MLR-101, 1 May 2018). Mice were housed with
no more than 4 per cage on a 12-h light/dark cycle with ad libitum access to standard
rodent chow and water. Mice were subcutaneously (sc) administered either indicated doses
of peptide or saline (untreated vehicle control) once daily for 2 weeks. Bodyweight was
measured at baseline and once per week thereafter. Fasting (overnight) blood glucose
was measured at baseline, day 5, day 7 and day 13 of dosing (cohort 1). In a second,
independent in vivo study (IARF #: MLR-151; 13 January 2020), mice (n = 11/group) were
sc administered either indicated dose of peptide, Liraglutide or saline for 6 weeks. Glycated
haemoglobin was measured at 6 weeks, and liver sectioning via microtome, staining with
haematoxylin and eosin (H&E) and scoring were performed on snap-frozen tissues.

2.3. Prediction Workflow

A similar predictive model to that used by Kennedy et al., 2020 [33] was utilised
here; briefly, the model was developed using an ensemble of neural networks. To build
the training set for the model, we used structured data from public databases (bioactivity
annotations, biological pathways and structural annotations) and unstructured data ex-
tracted from peer-reviewed scientific papers and patents (Figure 1). Initial descriptors used
to query these data sources were “diabetes”, “blood glucose regulation” and “GLUT4”.
A combination of graph-based techniques and manual curation was used to process the
structured data, while, concurrently, Natural Language Processing (NLP) techniques, such
as word and sentence embedding and named entity recognition, were applied to the un-
structured data. The high-level information extracted was assembled and formatted into a
bespoke peptide representation format.

The resulting dataset of peptides with a known effect on blood glucose regulation was
used to train our predictive architecture for bioactivity in fold cross-validation. The fully
trained model was used to predict novel peptides’ glucose uptake efficacy from a large
input set of peptide sequences.

Additional testing and refinement of the predictive architecture was achieved by
incorporating a predict–test–refine loop. The predict–test–refine loop is an example of
active learning. Uncertainty sampling was performed where peptides that the model was
least certain as to what their activity should be were selected for experimental testing. This
strategy was mixed with the selection of the best predicted peptides, which were tested
concurrently. Uncertainty sampling was prevalent in the first iterations and progressively
reduced to be completely replaced by the identification of the most promising peptides
in the latest iteration. The results of in vitro testing were additionally integrated into the
model to bias it towards the prediction of peptides with specific GLUT4 translocation
activity. In this framework, a set of peptides, which the model found most difficult to
classify (i.e., those with an efficacy prediction close to 50%), were selected for experimental
testing in vitro, with resultant data being fed back to the predictive model. This predict–
test–refine loop was completed three times. Across the multiple iterations, in vitro activity
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was measured in 74% of cases, where peptides tested in glucose regulation assays would
show what was internally classified as “medium to high activity”. A similar active learning
paradigm was used in Kennedy et al., 2020 [33]. In that case, a lower ratio of in vitro
activity was measured across the multiple lab tests, with only 40% of peptides tested in
extra cellular matrix development assays displaying “medium to high activity”.

Figure 1. Peptide prediction. Workflow for predictive models adapted from Corrochano et al., 2021 [35].

At the end of the refinement process, a set of 109 peptides was fed into the model,
which returned an output set of 102 peptides classed as “active.”

Next, a further collection of internally built tools was used to filter out sequences
exhibiting undesirable properties. To narrow down the number of relevant peptides to
be tested at each iteration (from hundreds to tens), predicted peptides were ranked using
different internal predictive models. Specifically, peptides predicted as cell-penetrant,
stable in blood and not toxic were prioritised. Additionally, other filters were applied,
removing peptides with an odd number of cysteines or with sequence longer than 30
residues, to facilitate synthesis. Finally, all peptides exhibiting high homology against
peptides contained known to have a role in glucose regulation were discarded. This final
stage ultimately left a set of 5 distinct, novel peptides suitable for experimental validation.

2.4. Homology Searching and Synthesis of Predicted Peptides

To determine the true novelty of our 5 predicted peptides, we measured their homol-
ogy to (1) each other and (2) to analogues or antagonists of endogenous human hormones.
All searches were performed using BLASTP from the BLAST+ (BLAST+, v2.2.31) suite of
programs using the following parameters: word size = 2; matrix = PAM30, E-value = 10,000.
Predicted peptides were chemically synthesised by GenScript Corporation (Piscataway,
New Jersey, United States). For all peptides screened at initial stages, theoretical molecu-
lar weight (MW) was checked, and all were confirmed to have HPLC purity of ≥95.0%.
pep_1E99R5 had a theoretical MW of 1270.48 with a HPLC purity of ≥98.0%.
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2.5. Glucose Uptake Assay

HSkMCs were plated on collagen-coated 96-well plates (1 × 104/well) and allowed to
adhere overnight at 37 ◦C, 5% CO2 in 100 μL of HSkMC growth medium. The medium was
then changed to HSkMC differentiation medium (Promocell, Heidelberg, Germany) and
cells were allowed to differentiate for 7 days, with fresh medium added every 2 days. The
day prior to the experimentation, cells were starved overnight in basal medium. Glucose
uptake was measured using a glucose uptake assay kit (Abcam, Cambridge, MA, USA)
as per the manufacturer’s instructions. Briefly, cells were rinsed three times in Dulbecco’s
phosphate-buffered saline (DPBS; Lonza, Basel, Switzerland) and then starved of glucose
by incubating with 100 μL of Krebs-Ringer-Phosphate-Hepes (KRPH) buffer for 40 min
at 37 ◦C. KRPH buffer was made with 20 mM HEPES, 5 mM monopotassium phosphate,
1 mM magnesium sulphate, 1mM calcium chloride, 136 mM sodium chloride, 4.7 mM
potassium chloride, adjusted to pH 7.4, all compounds were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Cells were treated with HSkMC basal medium containing 0.5 μg/mL
(~0.4 μM) of peptide or 1 μM of human insulin solution (Sigma-Aldrich, St. Louis, MO,
USA) for 20 min, followed by incubation with 10 μL of 2-deoxyglucose (2-DG; Glucose
uptake assay kit; Abcam, Cambridge, UK) for 20 min at 37 ◦C. Subsequently, cells were
washed 3 times with PBS and lysed with 80 μL of extraction buffer, after which cell lysates
were freeze–thawed once before heating at 85 ◦C for 40 min. Following cooling on ice for 5
min, lysates were neutralised by adding 10 μL of neutralisation buffer and then diluted
with assay buffer to a total volume of 50 μL (5 μL lysate + 45 μL assay buffer). After
two amplification reactions, absorbance of the samples was measured at 412 nm with a
microplate spectrophotometer.

2.6. GLUT4 Translocation Assay

HSkMCs aliquots (2 × 105/well) were seeded in muscle growth medium in collagen-
coated 6-well plates and differentiated in differentiation medium for 7 days. The day prior
to the experimentation, cells were starved overnight in basal medium. The cells were
treated with peptide (0.5 μg/mL (~0.4 μM)) or 1 μM human insulin solution for 20 min.
Membrane proteins were then solubilised and isolated from cytosolic proteins using a Mem-
PER™ Plus Membrane Protein Extraction Kit (ThermoFisher, Waltham, Mass, USA) as
per the manufacturer’s instructions. A 1-μM treatment with insulin to investigate glucose
uptake and the associated downstream signalling is widely used in the literature, in both rat
and human cell line models [36,37]. GLUT4 concentration was subsequently measured via
a commercially available Human GLUT4 Sandwich ELISA kit (Abbexa, Cambridge, UK).
Briefly, 100 μL of standard, blank or sample was loaded into individual wells of a 96-well
plate and incubated at 37 ◦C for 2 h. Liquid was then aspirated and 100 μL of detection
reagent A was added for 1 h at 37 ◦C. Subsequently, liquid was aspirated from each well,
which was then washed 3 times using 350 μL of wash buffer before detection reagent B
was added for 30 min at 37 ◦C. Wells were washed 5 times, as before, following which
90 μL of 3,3',5,5'-Tetramethylbenzidine substrate was added to each well and incubated at
37 ◦C for 10 min while protecting from light. Then, 50 μL of Stop solution was then added,
after which the optical density of the sample was determined using a microplate reader
(SpectraMax M3, Molecular Devices, Sunnyvale, CA 94089, USA) set to 450 nm.

2.7. Microarrays

HSkMCs aliquots (2 × 105/well) were seeded in muscle growth medium in collagen-
coated 6-well plates and differentiated in differentiation medium for 7 days. The day
prior to the experimentation, cells were starved overnight in basal medium. The cells were
treated, in triplicate, with peptide (0.5 μg/mL (~0.4 μM)) or 1 μM or human insulin solution
for 20 min, at which point the treatment medium was removed and the cells were scraped
in 1 mL of PBS. The cell suspension was pelleted in a microcentrifuge at 1500 rpm for 5
min, and the supernatant was removed. The cells were immediately flash-frozen in liquid
nitrogen and transferred to a −80 ◦C freezer for storage prior to RNA extraction. RNA
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was extracted in accordance with standard operating procedures for RNA extraction from
tissue/cell pellets using a RNeasy mini kit (Qiagen, Manchester, UK). RNA quality and
integrity were determined via bioanalyser. For each microarray experiment, 100 ng of total
RNA was used. To study the whole genome expression with a comprehensive coverage of
genes and transcripts, 26,083 Entrez Genes and 30,606 lncRNA, SurePrint G3 Human Gene
Expression v3, 8 × 60 K Microarrays (Agilent, Santa Clara, CA, USA) were used. Microarray
gene expression experiment was performed according to the manufacturer’s protocol (One-
Color Microarray-Based Gene Expression Analysis—Low Input Quick Amp Labeling v6.9).
After the experiment, the arrays were scanned by SureScan Microarray Scanner (Agilent,
Santa Clara, CA, USA) and data were extracted using Feature Extraction Software (Agilent,
Santa Clara, CA, USA). The samples were prepared for array hybridisation according to the
manufacturer’s protocol. Briefly, labelled cRNA was hybridised to the microarray for 16 h
before the array slides were washed and scanned using an Agilent G2565CA Microarray
Scanner System.

2.8. Transcriptomics and Pathway Enrichment

Microarray data analysis was conducted using the R Bioconductor package limma [38].
Intensities were background corrected using the normexp method with an offset of 50 [39].
Quantile normalisation was then applied. Due to the use of several arrays, subsequent
batch effect was identified and removed using ComBat (sva R package) [40]. Each treated
group was compared to the negative untreated control using linear modelling, from which
an empirical Bayesian analysis was then performed using the function ebayes from limma.

To initiate the pathway enrichment analysis, significant gene lists were filtered using
raw p-value < 0.01 and fold-change > 1.3. Enrichment was performed on Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathways using a hypergeometric test. Pathways were
considered enriched at raw p-value < 0.01. Enrichment was assessed for each treatment
insulin and pep_1E99R5, respectively, considering up- and downregulated gene lists. All
analysis was performed internally and by third-party Fios Genomics Ltd. (Edinburgh, UK).

2.9. Statistical Analyses

All data are presented as mean ± SEM. Replicate numbers for each experiment are
indicated in figure legends. Results of in vitro experiments were assessed by one-way
ANOVA followed by Dunnett’s post-hoc test. Comparisons between different peptide
treated and untreated KK-Ay groups were assessed by one-way ANOVA followed by
Dunnett’s post-hoc test. Statistical significance was defined as p < 0.05. Graphs were
generated using the “ggplot2” R package [41].

3. Results

3.1. Novel Peptide Prediction and Validation

Using a machine learning approach similar to Kennedy et al., 2020 [33], one hundred
peptide candidates were predicted as potentially possessing anti-diabetic functionality
via blood glucose regulatory activity. This set of peptides was further refined using a
collection of tools to filter out the sequences with undesirable physiochemical properties.
Taking into account the significant costs involved in peptide drug manufacturing [42], all
predicted peptides were to be less than 20 amino acids in length and linear with no major
structures. Ultimately, this resulted in a final set of five peptides that interestingly exhibited
no homology to each other or to any known patented or published bioactive peptides.
These peptides are referred to hereafter as pep_1E99R5, pep_37MB3O, pep_ANUT7B,
pep_RTE62G and pep_QT5XGQ. To validate the bioactivity of these predicted peptides, an
in vitro glucose uptake method was employed.

Insulin-stimulated uptake of blood glucose by skeletal muscle plays a fundamental
role in the maintenance of glucose homeostasis, accounting for 75% of glucose utilisation
in the body [43]. Accordingly, the predicted bioactivity of our predicted peptides was first
validated in a cell-based glucose uptake assay, where insulin was used as a positive control.
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Three predicted peptides, pep_1E99R5, pep_37MB3O and pep_ANUT7B, demonstrated the
ability to significantly increase glucose uptake in human skeletal muscle cells (HSkMCs),
with pep_37MB3O and pep_ANUT7B displaying a stronger effect than that of insulin
(Figure 2A). No significant glucose uptake activity was reported for pep_RTE62G and
pep_QT5XGQ; thus, these peptides were not progressed further in our in vitro and in vivo
validation studies. Cumulatively, these results indicate an in vitro validation success rate of
60% for the predictive model and suggest that these sequences should be further examined
in relevant models. Of note, a more comprehensive absorption, distribution, metabolism,
and excretion (ADMET) prediction could be incorporated for further development of the
presented peptides.

 
Figure 2. In vitro validation of predicted peptides as potent stimulators of glucose uptake and Glucose transporter type
4 (GLUT4) translocation. Skeletal muscle cells were stimulated with either insulin or predicted natural peptides at the
indicated concentrations for 15 min. (A) The effect on glucose uptake is measured, while in (B), the extent of GLUT4
translocation is assessed (one-way ANOVA analysis with Dunnett’s test; *** p < 0.001; data presented are the mean ± SEM
of at least 3 independent replicates).

The key mediator of glucose uptake into skeletal muscle cells is the protein GLUT4 [44].
Skeletal muscle accounts for the majority of glucose uptake in the body [45]. While glucose
uptake efficacy was used as an initial experimental validation of our predicted peptides,
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the ultimate objective of the predictor was to identify peptides capable of stimulating
GLUT4 translocation to the plasma membrane, which is known to be decreased in type
2 diabetics [46]. Indeed, interventions to promote the expression and translocation of
GLUT4 in appropriate cells such as skeletal muscle fibres are of clear benefit to those with
T2DM [47]. The HSkMC model used for this study allows for measurement of GLUT4
translocation, which, in turn, allows for a specific molecular mechanism to be identified as
the cause of these peptides’ ability to modulate glucose levels. Accordingly, we evaluated
the ability of these peptides to initiate GLUT4 translocation in HSkMCs. At a test dose
of 0.5 μg/mL, we found that all three predicted peptides stimulated a highly significant
increase in GLUT4 translocation (Figure 2B). Of the three positively predicted peptides,
pep_1E99R5 is seen to demonstrate the most potent effect, eliciting an approximately
equivalent response to insulin (Figure 2B).

3.2. Validation of Peptides in a Diabetic Mouse Model

The therapeutic potential of our in-vitro-validated anti-diabetic peptides was eval-
uated in the KK-Ay model of obese insulin-resistant DM. In KK-Ay mice, fasting blood
glucose and HbA1c levels are elevated, and when fed a normal diet, obesity and DM are ob-
served by 12 weeks. Peptides pep_37MB3O, pep_1E99R5 and pep_ANUT7B at 127 mg/kg
(100 μM) or vehicle were dosed subcutaneously (sc) once daily for 14 days. All animals
tolerated treatment well and body weight did not change per treatment throughout the
study (Figure S1). At day 5 post-baseline, all three predicted peptides significantly reduced
fasting blood glucose compared to the vehicle control group (Figure 3), with pep_1E99R5
demonstrating the most significant reduction. The effect of pep_ANUT7B was tempered
by day 7 (p = 0.07) and day 13, with pep_1E99R5 and pep_37MB3O both exhibiting a
significant reduction in fasting blood glucose at these time points. However, the effect of
pep_1E99R5 was slightly reduced at day 13 (Figure 3), a trend that is in line with what
is observed for known anti-diabetic therapies in several animal studies [48,49]. While
pep_1E99R5 and pep_37MB3O’s effects were maintained throughout the study period,
pep_1E99R5 treatment resulted in the most potent effects on fasting blood glucose levels
in vivo; therefore, this peptide was chosen for a longer in vivo study to measure HbA1c.

Figure 3. Predicted peptides in a mouse model of type 2 diabetes. Fasting glucose levels (overnight) of all mice were
measured as indicated. Data are mean ± SEM (n = 8 per group; aged 12 weeks at baseline) and analysed by Dunnett’s test
to compare the differences between the peptide treatment groups and the vehicle control group (* p < 0.05 ** p < 0.01 *** p <
0.001).

As a decrease of >1% HbA1c is considered to be of significant clinical benefit [50], the
effects of pep_ 1E99R5 on HbA1c % were measured in a trial over 6 weeks. In KK-Ay mice,
pep_1E99R5 (12.7 mg/kg (10 μM) or 63.5 mg/kg (50 μM)) was administered daily via sc
injection and compared to control groups of vehicle or Liraglutide (250 μg/kg), previously
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shown to have a positive effect on HbA1c [51]. HbA1c levels are a long-term indicator of
blood glucose regulation [52]; previous studies have shown significant treatment effects
on HbA1c at 8 weeks in similar KK-Ay models [53]. However, Liraglutide treatment did
not significantly reduce HbA1c percentage compared to vehicle control following 6 weeks
of treatment (Figure 4); it is possible that a significant drop in HbA1c levels would have
been recorded if the study duration were extended. In contrast, pep_1E99R5 (63.5 mg/kg)-
treated mice showed a significant reduction of approximately 1.3% in HbA1c compared to
vehicle control, suggesting a sustained effect of pep_1E99R5 in the animals. No effect was
noted in the 10-μM-treated mice, which suggests a dose-dependent effect of the peptide.

Figure 4. Effect of pep_1E99R5 on HbA1c levels. HbA1c levels (%) of all mice were measured as
indicated. Data are mean ± SEM (n = 11 per group; aged 12 weeks at baseline) and analysed by
Dunnett’s test to compare the differences between peptide treatment groups, Liraglutide group and
vehicle control (* p < 0.05).

A common complication associated with T2DM is hepatic steatosis (HS), a condition
in which fatty deposits accumulate in the liver, affecting up to 75% of T2DM patients,
often leading to non-alcohol fatty liver disease (NAFLD) [54]. Moreover, HS among the
prediabetic population is considered to be a predictor of conversion to DM [55]. In a
study by Fiorentino et al., a subset of HbA1c-defined prediabetic individuals with 1-h
postload glucose ≥155 mg/dL were at higher risk of developing HS [56]. Furthermore,
the prevalence of prediabetes and DM was found to be six-fold higher in NAFLD patients
compared to healthy controls. [57] Therefore, a decrease in HS, alongside the HbA1c
decrease, would be of significant clinical interest.

Consequently, levels of hepatic steatosis (HS) in the mice were measured via sectioning
and H&E staining. Histological NAFLD scoring was performed by an independent third-
party reviewer. Features were scored according to a murine liver scoring system devised
by [58] (Figure 5A). Vehicle control and Liraglutide-treated mice exhibited signs of NAFLD;
however, these were reduced significantly in 50-μM pep_1E99R5 and trended to a decrease
in 10-μM pep_1E99R5 treatment, suggesting a dose-dependent effect (Figure 5B).
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Figure 5. Effect of pep_1E99R5 on hepatic steatosis. (A) Livers of all mice were excised and sectioned before staining
with H&E. Images were taken using a Motic BA310E trinocular compound microscope at 10x magnification. Histological
non-alcohol fatty liver disease (NAFLD) scoring was performed by an independent third-party reviewer. (B) Features were
scored according to a murine liver scoring system devised by Liang et al., 2014. Data are mean ± SEM (n = 6 per group;
aged 12 weeks at baseline) and analysed by Dunnett’s test to compare the differences between the two peptide treatment
groups and vehicle control and Liraglutide groups (* p < 0.05).

3.3. Characteristics of Predicted Peptides

As short linear peptides offer an intriguing therapeutic option due to decreased side
effects and toxicity [22], the predictive model focused on peptides <20 amino acids (AA) in
length. Of note, pep_1E99R5 consists of 11 AA, WKDEAGKPLVK, with no major structures
(Table 1; Figure 6A). While this specific sequence of amino acids was predicted due to
desirable features identified through the predictive model, further work is being carried
out on derivatives of pep_1E99R5 to assess bioactivity retention. Apart from structure
and length, an important consideration often overlooked when describing predictions
of functional compounds is the level of true novelty offered by the de-novo-discovered
compounds. Accordingly, focusing our most promising candidate peptide, pep_1E99R5,
presented in Table 1, we assessed the extent to which it was truly novel in light of (1) key
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human peptide hormones involved in glucose regulation and (2) the larger set of 1550
known endogenous human peptides (Figure 6B). To achieve this, we calculated three major
peptide properties: charge, molecular weight and hydrophobicity. Here, pep_1E99R5′s
charge (+1) and hydrophobicity (45.5%) are no different to most human endogenous
peptides, with an average charge of +2.9 (50% of the peptides between −1 and +7) and an
average hydrophobicity of 46.4 (50% of the peptides between 42.9% and 50.4%) (Figure S2).
However, pep_1E99R5 (1.3 kDa) is substantially smaller than 99.6% of human endogenous
peptides and smaller than both insulin (5.8 kDa) and GLP-1 (3.3 kDa), as well as on-the-
market DM-treatment peptides Exenatide (4.1 kDa) and Liraglutide (3.7 kDa), which offers
a considerable advantage in terms of production cost. pep_1E99R5 was further assessed
against the natural glucose-regulating hormones in terms of homology, where, even at a
very lenient e-value threshold, no sequence similarity was reported.

Table 1. pep_1E99R5 characteristics.

Sequence
Length

(Amino Acid)

Molecular
Weight

(Da)
Charge

Isoelectric
Point

Hydrophobicity

WKDEAGKPLVK 11 1270.48 1 8.5 45.5%

Figure 6. Linear representation of pep_1E99R5 and molecular weight and charge dispersion of
pep_1E99R5 compared to endogenous human peptides. (A) Representation of the linear structure
for pep_1E99R5 generated using PyMol, Version 2.3.5, Schrödinger, LLC (stick visualisation). (B)
Dispersion of molecular weight and charge of human endogenous peptides (blue) and pep_1E99R5
(red). The human peptides were retrieved from UniprotKB (https://www.uniprot.org/statistics/
Swiss-Prot (Accession date: 8 March 2021)) and filtered with a threshold of 200 amino acids. The
average molecular weight of the human peptides is 14.4 kDa (Q1 = 11.3 kDa, Q3 = 18.1 kDa) while
pep_1E99R5 is 1.3 kDa. The average charge of the human peptides is +2.9 (Q1 = −1, Q3 = +7) while
pep_1E99R5′s charge is +1.
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3.4. Molecular Mechanisms Modulated by pep_1E99R5

To elucidate the molecular pathways modulated by pep_1E99R5 in vitro, HSkMCs
treated with the peptide underwent a full transcriptomic screen. HSkMCs treated with
insulin were screened in parallel. To determine gene expression, RNA was extracted
from the cells, fluorescently labelled and run in triplicate on SurePrint G3 Human Gene
Expression v3 8 × 60 K Microarrays. Microarray technology simultaneously measures the
expression of large numbers of transcripts in treated and untreated samples.

A 20-min stimulation of HSkMCs with 0.5 μg/mL (0.4 μM) pep_1E99R5 changed the
expression, up or down (>1.3 fold; p < 0.01) of 625 transcripts, compared to untreated cells.
A 1-μM insulin treatment of HSkMCs was run in parallel and changed the expression, up or
down (>1.3 fold; p < 0.01) of 540 transcripts, compared to untreated cells (data not shown).
KEGG analysis was used to obtain a biochemical overview of the pathways differentially
expressed under the influence of pep_1E99R5 and insulin [59].

Pathways related to glycolysis, oxidative phosphorylation and the citrate cycle were
among the most highly ranked of the 21 KEGG pathways enriched by our peptide (all
p < 0.01) (Figure 7). These pathways are typically downregulated in T2DM patients [60].
The pentose phosphate pathway, an alternative pathway to glycolysis, and the citrate
cycle for oxidation of glucose also showed a trend toward enrichment when treated with
pep_1E99R5, as did the TGF-β pathway, shown to stimulate the glucose uptake through
GLUT1 [61]. Stimulation of these key glucose metabolism pathways with pep_1E99R5
may be key to its efficacy in enhancing glucose uptake in skeletal muscle cells. Nineteen
KEGG pathways were downregulated by pep_1E99R5 (p < 0.01), including the PI3k-Akt
pathway, the primary pathway for insulin-stimulated glucose uptake. This is further
evidence that our peptide stimulates glucose uptake independent of the insulin pathway.
The p53 signalling pathway was also downregulated by pep_1E99R5; typically, a tumour
supressing pathway, this mechanism has the added ability to mediate metabolic changes in
cells through the regulation of energy metabolism and has been shown to disrupt glucose
uptake into cells [62]; hence, downregulation of this pathway will promote glucose uptake
into cells.

The transcriptomic profile of cells treated with 1 μM insulin showed minimal KEGG
pathway enrichment related to T2DM. This may be due to the relatively high insulin
dose that the cells were exposed to, promoting upregulation in genes related to insulin
resistance, including SOCS3, which was significantly upregulated by the insulin treatment
and has been shown to be key to the physiological regulation of insulin signalling [63].
Conversely the KEGG pathway related to type I DM (T1DM) was among the pathways
decreased by insulin treatment (p < 0.01). This finding is easier to interpret as the deficiency
of bioavailable insulin is the primary mechanism by which T1DM arises. Furthermore,
while the oxidative phosphorylation pathway showed a trend towards enrichment in
the insulin-treated cells, this enrichment was less than that observed in the pep_1E99R5-
treated samples. Comparison of significant gene enrichment in this pathway when the cells
are stimulated with insulin (n = 3 genes) versus pep_1E99R5 (n = 9 genes) suggests that
pep_1E99R5 has a greater effect in activating this key glucose metabolism pathway. While
these data indicate different transcriptomic profiles for pep_1E99R5 and insulin, further
work is underway to elucidate specific targets of pep_1E99R5.

Peptides represent the largest class of signalling molecules in animals, acting as
hormones, neurotransmitters and growth factors to perform many critical physiological
functions. Given that peptides have evolved to interact with specific biological targets, they
offer great promise as selective, potent therapeutics that are less likely to suffer from issues
of tolerability and toxicity [22,23]. Although beyond the scope of the current study, it is
expected that natural peptides in their current form, due to their linear nature and absence
of modifications, can circumvent issues with safety [64]. Indeed, no tolerability concerns
were noted in any animals during both in vivo studies in this project with doses as high as
127 mg/kg.
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Figure 7. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of pep_1E99R5 and insulin.
Representation of the KEGG pathway enrichment of significantly differentially expressed genes for insulin and pep_1E99R5
compared to untreated. Gene lists were filtered using raw p-value < 0.05 and fold change ≥ 1.3. The significance of a given
KEGG pathway is assessed with raw p-value < 0.05. (A) Heatmap showing significantly downregulated (red) enrichment in
KEGG pathways and (B) heatmap showing significantly upregulated (blue) enrichment in KEGG pathways (deeper colour
indicates increased significance). Heatmaps present log-transformed raw p-values. Enrichment analyses were performed for
each treatment (insulin and pep_1E99R5) separately and then brought together for comparison. Colour gradients indicate
significance; the darker the colour, the more significant the result is.

To date, linear peptides as therapeutics have been largely underexplored. By their
nature, they usually have an excellent safety profile and are easier to manufacture, with
reduced loss of yield during synthesis [65]. Given their simple structure, a linear peptide
can, in many cases, be optimised for bioavailability and stability more easily [42] than
more structured, “difficult” peptides where optimisation alters efficacy [27,66,67]. Our aim
here was to find a novel short natural linear peptide that can improve glucose modulation
in vivo. When taking molecule size into account in current T2DM therapeutics, pep_1E99R5
is demonstrably smaller than current peptide therapeutics, which creates the potential
for improved precision at the target site and reduced manufacture scale-up costs [68].
This coupled with the reduced economic burden observed following improved glycaemic
control in T2DM of up to 13% [69], indicates further potential for such a peptide.
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Understanding the mechanism of action (MOA) of pep_1E99R5 might reveal new
mechanisms of glucose regulation in vivo; our results indicate that its MOA is different
to that of insulin and further work is underway to elucidate this. Our initial study is
a first step in investigating the world of natural linear peptides which, combined with
good stability and bioavailability profiles, could become a repository for future therapeutic
development.

The exploration of a diverse class of linear peptides and their association with glucose
metabolism could not have been possible without the use of AI and machine learning. The
predicted peptide, pep_1E99R5, is capable of modulating GLUT4 translocation, thereby
affecting glucose uptake in vitro. Preclinical studies suggest that this peptide is biologically
functional, leading to potential clinically relevant changes in both blood glucose and gly-
cated haemoglobin, as well as a concomitant reduction in hepatic steatosis. Furthermore,
analysis of the peptide itself, along with KEGG pathway analysis compared to insulin, sug-
gests a unique, novel function of pep_1E99R5 in modulating blood glucose metabolism. An
interesting application would be to integrate these machine learning approaches to explore
the bioavailability and stability of linear peptides, which could give rise to candidates with
not only good safety and efficacy profiles but also desirable pharmacokinetic properties for
future therapeutic development in metabolic disorders such as T2D or others.

4. Conclusions

In undertaking this study, we aimed to explore short linear peptides with glucose-
regulating activity and present experimental evidence that machine learning methods can
reveal truly novel molecules capable of demonstrating meaningful and clinically relevant
biological effects—in this case, in the context of T2DM. Of note, efficacious short linear
peptides with good tolerability in vivo also present an opportunity for the pharmaceutical
industry, with reduced manufacturing costs. Although further work is required to elucidate
bioavailability, mechanism of action and clinical efficacy, we show initial evidence that
unoptimised predicted peptides can display enhanced bioactivity in vitro than insulin and
outperform Liraglutide in a hyperinsulinemic in vivo model. Ultimately, we highlight the
capabilities of AI in discovery and present pep_1E99R5 as a short, linear bioactive peptide
capable of affecting blood glucose metabolism in vitro and in vivo via robust modulation
of a unique network of several key signalling pathways.
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Abstract: Peptides have been thoroughly studied as new therapeutic strategies for cancer treatment.
In this work, we explored in vitro the anticancer potential of three novel peptides derived from the
C-terminal of azurin, an anticancer bacterial protein produced by Pseudomonas aeruginosa. CT-p26,
CT-p19 and CT-p19LC peptides were previously obtained through an in silico peptide design
optimization process, CT-p19LC being the most promising as it presented higher hydrophobicity
and solubility, positive total charge and, most importantly, greater propensity for anticancer activity.
Therefore, in this study, through proliferation and apoptosis assays, CT-p19LC was tested in four
cancer cell lines—A549, MCF-7, HeLa and HT-29—and in two non-cancer cell lines—16HBE14o- and
MCF10A. Its membrane-targeting activity was further evaluated with zeta potential measurements
and membrane order was assessed with the Laurdan probe. The results obtained demonstrated that
CT-p19LC decreases cell viability through induction of cell death and binds to the plasma membrane
of cancer cells, but not to non-cancer cells, making them less rigid. Overall, this study reveals that
CT-p19LC is an auspicious selective anticancer peptide able to react with cancer cell membranes and
cause effective action.

Keywords: anticancer peptide; azurin; peptide-based drug development; cytotoxic effect; membrane-
based anticancer therapy

1. Introduction

The use of membranolytic anticancer peptides (ACPs) has become a potential strategy
for the development of new cancer therapies [1]. ACPs (<10 kDa), either from eukaryotes
or of bacterial origin, are small linear or cyclic molecules (5–50 amino acids), rich in cationic
and hydrophobic amino acids that give them an overall positive charge (at pH 7) and an
amphipathic behavior. These peptides can adopt α-helix or β-pleated sheet configurations,
but random coil structures have also been described in the literature [2].

There are two different classifications for ACPs considering their selectivity properties.
The first is the ACPT class, which includes non-selective peptides with identical activities
against several cell types, such as mammalian, bacterial and cancer cells [3,4]. The second
category, named ACPAO, corresponds to those that selectively target bacterial and cancer
cells while showing residual activity against normal cells. The reason for this behavior is
not fully clear yet but the differences at the membrane level between normal and cancer
cells may explain, at least in part, this selectivity. In fact, the plasma membrane of cancer
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cells is characterized as having some unique features, from which a larger surface area, a
net negative charge and an abnormal fluidity stand out. This may be due to a high number
of microvilli, with the negative charge in the outer layer resulting from the abnormal
presence of anionic phospholipid phosphatidylserine, O-glycosylated mucins, sialylated
gangliosides and heparin sulfate [3–6].

The mechanism of action for ACPs leads to the irreparable disruption of the plasma
membrane of tumor cells [7] through pore formation, followed by cell lysis (direct-acting
mechanism) [8,9]. Both the structure they adopt when in contact with the plasma membrane
of these cells as well as their intrinsic characteristics mean that these peptides are capable
of associating with this cellular barrier mainly through electrostatic interactions [4,10].
Apart from the plasma membrane, other internal membranes may be targeted by the
membranolytic effects of ACPs, such as the mitochondrial membrane, where their effects
can trigger apoptosis (indirect-acting mechanism) [8,11].

The development of cancer therapies with the use of ACPs presents advantages
for clinical applications compared to conventional chemotherapy. In particular, ACPs
act both in metabolically active tumor cells and in slow-growing or multidrug-resistant
cancer cells [12]. Additionally, ACPs have a relatively high tissue penetration, the cost
for producing them is low and they can be easily modified by solid-phase synthesis
technology [13].

Currently, the database of the National Library of Medicine (NLM) at the National
Institutes of Health (NIH) in the PubMed.gov platform displays a total of 463 clinical trials
with the application of ACPs in several types of cancer, being the most common studies in
melanomas, breast and lung cancer [9,14]. As examples, LTX-3158, a human lactoferrin-
derived oncolytic peptide, is currently in a phase I clinical trial and bryostatin 1, a peptide
within the bryostatin family composed of marine natural products, is at phase II [15,16].
In addition to them, there is p28, a cell-penetrating peptide derived from the anticancer
protein azurin (14 kDa) produced by the bacterium Pseudomonas aeruginosa [17]. This
peptide has already completed two phase I clinical trials in cancer patients [18,19] and
received approval as an orphan drug by the Food and Drug Administration (FDA) [20].
Overall, these studies show promising results for the treatment of cancer with ACPs not
only as sole drugs but also in combination with other therapeutic approaches [21].

The aim of this study was to evaluate the anticancer potential of new peptides derived
from azurin. Evidence from our previous work and from others suggests that azurin
may therapeutically act on cancer cell membranes through a lipid raft/caveolae-mediated
pathway [22–24]. By specifically targeting such plasma membrane microdomain sites,
azurin promotes a multivalent action accelerating the endocytosis of receptors and the
disruption of signaling pathways hyperactivated in cancer cells [25,26]. In addition, it is
known that p28, derived from this protein, is a protein transduction domain (PTD), in
part responsible for mediating the entrance of azurin into cells, and it also has anticancer
properties [25,27]. Beyond this, it has become clear that the anticancer activity exerted by
azurin depends on other domains (azurin C-terminal 88–128 amino acids) besides the p28
domain (azurin 50–77 amino acids). In fact, the C-terminal peptide has anticancer activity
through its binding with the cell surface EphB2 receptor and interfering in cancer growth
promotion, which has been explored to design peptides to improve radiotherapy efficacy
in lung cancer [28,29]. On the other hand, the phenylalanine residue at position 114 was
found to be critical for azurin uptake by cancer cells [30]. Based on this, in a previous
study, our group used a region of 26 amino acid residues of azurin close to its C-terminal
(CT-p26 peptide) as a template for the discovery of new bioactive peptides against cancer
cells. Bioinformatics tools used in peptide design studies have enabled the assessment of
the bioactivity of this native peptide. First, by reducing its length, and then by changing
some residues in its amino acid sequence, it was possible to improve the parameters for
solubility, hydrophobicity, overall charge and anticancer potential, giving rise to two new
peptides, CT-p19 (shorter than CT-p26) and CT-p19LC (three amino acid residues altered
compared to CT-p19) [31]. In the present work, we evaluated in vitro the anticancer activity
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of these peptides and compared it with the anticancer activity of full-length azurin and its
derived native peptides.

2. Materials and Methods

2.1. Azurin-Derived Peptides

The four azurin-derived peptides used, namely p28, CT-p26, CT-p19 and CT-p19LC,
were chemically synthetized by Pepmic Co., Ltd., Suzhou, China, with a minimal purity
of 95.0%. CT-p19 and CT-p19LC peptides labeled with 5,6-FAM were commercially synthe-
sized by CASLO ApS, Kongens Lyngby, Denmark. Lyophilized samples of the peptides
were resuspended in 10 mM sodium phosphate buffer (pH 7.4) or in phosphate buffer
saline (PBS; pH 7.4), divided into aliquots and stored at −20 ◦C.

2.2. Circular Dichroism Spectroscopy

The secondary structure of the CT-p19LC peptide was analyzed through spectro-
scopic analysis. UV-visible and far-UV circular dichroism (CD) spectra were traced. UV-
visible spectra between 250 and 800 nm were obtained using a PharmaSpec UV-1700
(Shimadzu, Kyoto, Japan) UV-visible spectrophotometer. Far-UV CD spectra were traced
using a Π*-180 spectropolarimeter from Applied Photophysics using default parameters.
Ten measurements were made with an integration time of 1 sec, a cuvette path length
of 10 mm, a wavelength ranged of 190 to 250 nm and a step size of 1 nm. The obtained
spectra were analyzed using the online DICHROWEB server (http://dichroweb.cryst.bbk.
ac.uk/html/home.shtml, accessed on 1 July 2019) to predict the secondary structure of the
peptide [32].

2.3. Human Cancer Cell Lines and Cell Culture Conditions

The A549 (lung), MCF-7 (breast), HeLa (cervix) and HT-29 (colorectal) human cancer
cell lines (European Collection of Authenticated Cell Cultures (ECACC), Public Health
England, Salisbury, United Kingdom), the 16HBE14o- human bronchial cell line [33] and
the MCF10A human mammary gland cell line (American Type Culture Collection (ATCC),
Manassas, VA, United States) were used. The cancer cells were seeded and maintained in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco® by Life Technologies, Carlsbad, CA,
United States). The medium was supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco® by Life Technologies, Carlsbad, CA, United States), 100 IU/mL peni-
cillin and 100 mg/mL streptomycin (Pen-Strep, Invitrogen, Waltham, MA, United States).
The 16HBE14o- cells were grown in MEM medium without earls’ salts and supplemented
with 10% FBS, 1% L-glutamine and 10,000 U/mL penicillin and 10,000 mcg/mL strep-
tomycin (PenStrep, Invitrogen, Waltham, MA, United States). The MCF10A cells were
cultured in 50% DMEM/50% F12 nutrient mix, supplemented with 5% equine serum, EGF
(20 ng/mL), insulin (10 μg/mL), hydrocortisone (0.5 μg/mL), cholera toxin (100 ng/mL)
and 10,000 U/mL penicillin and 10,000 mcg/mL streptomycin (PenStrep, Invitrogen,
Waltham, MA, United States). The culture conditions for all cell lines were 37 ◦C in a
humidified chamber containing 5% CO2 (binder CO2 incubator C150, Keison products,
Chelmsford, United Kingdom).

2.4. MTT Cell Proliferation Assays

Cell proliferation after treatment with the peptides was measured by MTT (3-
(4,5 dimethylthiazol-2-yl-2,5 tetrazolium bromide)) assay. The A549, MCF-7, HeLa and
HT-29 human cancer cells were seeded in 96-well plates at a density of 104 cells/well
(three replicates) and were left to adhere and grow overnight in a CO2 incubator (5%)
at 37 ◦C. The 16HBE14o- and MCF10A cells were seeded at densities of 7.5 × 104 and
4.5 × 104 cells/well (three replicates), respectively, and left to adhere and grow overnight
in the same conditions. The next day, the medium was collected and the cells were treated
with the peptides (concentrations from 0 μM to 100 μM). Proliferation was determined
after 48 h. Following the incubation period, 20 μL of MTT (5 mg/mL) was added to
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each well and incubated at 37 ◦C for 3.5 h. The reaction was stopped with the addition
of 150 μL of a solution of 40 mM HCL in isopropanol. The MTT formazan formed was
spectrophotometrically read at 590 nm in a microplate reader (SpectroStarNano, BMG
LABTECH, Aylesbury, United Kingdom). Untreated cells were used as controls (0% of
viability decrease) to determine the relative cell viability of treated cells.

2.5. LDH Release Assays

The InvitrogenTM CyQUANTTM LDH Cytotoxicity Assay Kit (Invitrogen, Waltham,
MA, United States) was used to determine the LDH release of non-cancer cells treated with
CT-p19LC, according to the manufacturer’s instructions. Briefly, 16HBE14o- and MCF10A
cells were seeded at densities of 7.5 × 104 and 4.5 × 104 cells/well (three replicates),
respectively, and left to adhere and grow overnight in the same conditions. The next day,
the medium was collected and the cells were treated with the peptides (100 μM). After
48 h, the medium was collected and analyzed. Untreated cells were used as controls to
compare the spontaneous LDH release and to normalize the data. Additional controls used
were the maximum LDH activity release by lysing the cells with the lysis buffer provided
in the kit, as well as the LDH positive control.

2.6. Quantitative Cellular Interaction

In order to evaluate the cell–peptide interaction, A549, MCF-7, HeLa and HT-29 cell
lines were plated in 6-well plates with 5 × 105 cells/well, respectively, and left to adhere
and grow overnight in a CO2 incubator (5%) at 37 ◦C. The following day, the medium
was removed, and the cells were washed twice with PBS and treated with 5 μM of CT-p19
and CT-p19LC labeled with 5,6-FAM over 2 h at 37 ◦C. After treatment, cells were washed
twice with PBS, detached with TrypLE™ Express (Gibco® by Life Technologies, Carlsbad,
CA, United States) at 37 ◦C and resuspended in medium. Then, cells were collected by
centrifugation at 1200 rpm over 3 min, washed once with PBS and re-dispersed in 350 μL
of PBS for cytometry analysis.

The quantification of the peptides’ interaction with the cells was done using a BD
Accuri™ C6 Plus Flow Cytometer (BD Biosciences, Devon, England), where peptides were
detected through the fluorescein isothiocyanate (FITC) channel (FL1 detector, 533/563 nm;
laser configuration of 3-blue 1-red, 640 nm laser). Measurements were carried out in
triplicate and 20,000–50,000 events were acquired in the gated region of the forward-
scatter/side-scatter plot per sample. A control based only on cells without treatment was
also performed to exclude the possible cellular autofluorescence. The results were analyzed
using the software FlowJo v10 by gating out cellular debris and doublets and expressed as
the geometric mean fluorescence intensity (Geo MFI).

2.7. CT-p19LC Cellular Uptake

In order to characterize the cellular uptake of CT-p19LC, cells were cultured on μ-Slide
8-well glass-bottom chambers (ibidi®, Munich, Bavaria, Germany) with 5 × 104 cells/well
and left to adhere overnight before being treated with 5 μM of CT-p19LC-5,6-FAM pep-
tide for 2 h. After this time, the medium was collected and the cells were washed twice
with phosphate buffer saline (PBS) pH 7.4.Then, Alexa Fluor® 633 WGA (Invitrogen™,
Waltham, MA, United States; 1:200) and Hoechst 33342 (InvitrogenTM, Waltham, MA,
United States; 1:500) were added to stain the plasma membrane and the nucleus, respec-
tively, followed by 15 min of incubation. Finally, the samples were observed on a Leica TCS
SP5 (Leica Microsystems CMS GmbH, Mannheim, Germany) inverted confocal microscope
(model DMI6000) with a 63.3× water-immersion (1.2-numerical-aperture) apochromatic
objective [34].

2.8. Apoptosis Assay

The FITC-Annexin V Apoptosis Detection Kit I (BD Pharmingen™, BD Biosciences,
Devon, England) was used to study the apoptosis of cancer cell lines and non-cancer cell
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lines under study after treatment with CT-p19LC peptide. Briefly, A549, MCF-7, HeLa,
HT-29 and the 16HBE14o- and MCF10A cell lines were plated in 6-well plates with 5 × 105

and 7.5 × 105 cells/well, respectively, and left to adhere and grow overnight in a CO2
incubator (5%) at 37 ◦C. The following day, the medium was removed and the cells were
washed once with PBS pH 7.4 and treated with 20 μM of CT-p19LC over 48 h at 37 ◦C. After
treatment, the cells were washed twice with PBS pH 7.4, detached with Accutase® (Merck
KGaA, Darmstadt, Germany) at 37 ◦C and resuspended in cell culture medium. After that,
1 × 105 cell/mL was collected and centrifuged at 1200 rpm for 3 min. The supernatant
was discarded, and cells were resuspended in 100 μL of 1X annexin V binding buffer.
Then, FITC-annexin and PI (5 μL each) were added, and the cells were incubated at room
temperature in the dark for 15 min. Finally, 400 μL of 1X annexin V binding buffer was
added, and cells were analyzed on a BD Accuri™ C6 Plus Flow Cytometer (BD Biosciences,
Devon, England). Untreated cells were used as a control. Cell death induction was
considered by adding quadrant 2 (Q2) to quadrant 4 (Q4). At least 20,000 events were
acquired and analyzed per sample.

2.9. Zeta Potential Measurements of Live A549, MCF-7, HeLa and HT-29 Cancer Cells and
16HBE14o- and MCF10A Non-Cancer Cells in the Presence of CT-p19LC

Zeta potential measurements through laser Doppler anemometry (LDA) were per-
formed to assess the surface charge density of cancer and non-cancer cells and the electro-
static attraction of CT-p19LC toward them. For this, cells were diluted to 1 × 105 cells/mL
in DMEM and washed with PBS pH 7.4 twice (1200 rpm; 5 min). Then, cellular suspensions
were incubated with different peptide concentrations (5, 10 and 20 μM) in serum-free
medium for 30 min at 37 ◦C and dispensed into disposable zeta cells with gold electrodes.
A set of 10 measurements (≈40 runs each) were performed at 37 ◦C with a voltage of
48 V (Malvern Instruments Ltd., Worcestershire, United Kingdom). Control values were
obtained by measuring the surface charge of each cellular suspension in the absence of
CT-p19LC (0 μM, untreated condition).

2.10. GP Determination for Membrane Order Evaluation

The membrane order evaluation of the A549, MCF-7, HeLa and HT-29 human can-
cer cell lines after CT-p19LC treatment was investigated with the probe Laurdan using
two-photon excitation microscopy. Cells were treated for 2 h with 20 μM of CT-p19LC
after seeding with 5 × 104 cells on μ-Slide 8-well glass-bottom chambers (ibidi®, Munich,
Bavaria, Germany). Subsequently, two washing steps with PBS pH 7.4 were performed
followed by incubation at 37 ◦C for 15 min with medium containing 5 μM of Laurdan [35].
Untreated cells were used as controls. Following incubation, samples were examined
on a Leica TCS SP5 inverted confocal microscope (model DMI6000) with a 63.3× water-
immersion (1.2-numerical-aperture) apochromatic objective. Fluorescence microscopy data
was obtained by using a titanium-sapphire laser as the excitation light source (the wave-
length was set to 780 nm and the fluorescence emission was collected at 400–460 nm and
470–550 nm to calculate the GP images). Fluorescence imaging data was processed through
homemade software based on a MATLAB environment, with the GP value defined as
GP = (/400–460−G.I470-530)/(/400–460 + G.I470-530). The parameter G was a calibration
factor calculated from imaging Laurdan in DMSO (GP = 0.01 in this solvent) using the
same experimental conditions.

2.11. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0.1 (GraphPad Software
Inc., San Diego, CA, USA). Statistical significance of the difference between two groups
was evaluated by with Student’s t-test. Differences between groups were compared using
one-way analysis of variance (ANOVA) and Tukey’s multiple comparisons test. Results are
expressed as means ± standard deviation (SD) and geometric means with 95% confidence
intervals.
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3. Results and Discussion

3.1. CT-p26 Peptide Effect on Cell Viability Confirms the Anticancer Potential of C-Terminal Azurin

The CT-p26 peptide comprises amino acid residues 95 to 120, close to the C-terminal
region of the bacterial protein azurin (Table 1), which is known to contribute to its anticancer
activity as well as to its ability to enter cancer cells [28–30].

Table 1. Overview of the characteristics of azurin and its derived peptides.
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Azurin 128 aa n.a. n.a. n.a. n.a. n.a. n.a. 20–40% [30]

p28
LSTAADMQGVVTDG-
MASGLDKDYLKPDD

50–77
aa n.a. n.a. n.a. n.a. n.a. 0–25% [21]

CT-p26
VTFDVSKLKEGEQYMFF-

CTFPGHSAL
95–120

aa −0.03 −0.5 5.3 Poor 0.76 n.a. [31]

CT-p19 n.a. VSKLKEGEQYMFFCTFPGH 99–117
aa −0.08 0.5 7.0 Poor 0.90 n.a. [31]

CT-p19LC n.a. VSKLRKGEKYMFFCTFPGH n.a. −0.16 3.5 10.0 Good 0.99 n.a. [31]

SMV: Support vector machine score; aa: amino acids; n.a.: not applicable

Taking this into account, MTT cell proliferation assays were performed to evaluate
the effect of this peptide on A549 lung and MCF-7 breast cancer cell lines. Parallel assays,
under the same conditions, have also been carried out with the p28 peptide, also derived
from azurin and mentioned previously for its anticancer properties [17,21,25]. These assays
were performed with increasing concentrations of both peptides, from 0 to 100 μM. As
shown in Figure 1, the two peptides exhibited cytotoxic activity against both cancer cell
lines, and a dose–response effect is evident in the A549 lung cancer cell line. Moreover,
treatment with CT-p26 leads to a higher decrease in cell viability than treatment with p28:
by about two- to seven-fold in the case of A549 cells and one- to four-fold in the case of
MCF-7 cells. These results confirmed that the C-terminal region of the azurin protein can
be used as an anticancer functional peptide, thereby making it an interesting lead peptide.
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Figure 1. Comparison of cell viability after treatment with p28 and CT-p26 peptides (0 to 100 μM) in A549 (lung) and MCF-7
(breast) cancer cells incubated over 48 h. Untreated condition (control) consisted of cells incubated with medium only.
Values represent the means ± SD, and each condition had at least n = 3. *, **, ***, **** and ns denote significant differences of
p < 0.1, p < 0.01, p < 0.001 and p < 0.0001 and differences that were not statistically significant, respectively, when comparing
control with treatments.

3.2. CT-p19 Peptide Decreases Cancer Cell Viability and Has Selective Property

The in silico study previously performed by our group made it possible to design a
new peptide with a shorter length, and with a higher propensity to demonstrate anticancer
activity, from the C-terminal peptide (support vector machine (SVM) score: 0.76 vs. 0.90;
Table 1) [31]. This parameter and the possible selectivity of this peptide, as seen in azurin
and the other peptides derived therefrom [25,36], were evaluated through an MTT cell
proliferation assay on the cancer cell lines under study and on two matching-tissue non-
cancer cell lines, 16HBE14o- and MCF10A (Figure 2). After treatment with 10, 20, 50 and
100 μM of CT-p19, decreases in cell viability of 10%, 14%, 22% and 28% were observed in
the case of the A549 cancer cell line. The same concentrations of CT-p19 induced decreases
of 9%, 9%, 30% and 27% on the viability of MCF-7 cells. Regarding non-cancer cell lines, the
viability decrease did not exceed 3% in 16HBE14o- and 8% in MCF10A. Thus, the results
showed that the CT-p19 peptide is able to decrease the viability of cancer cells but not of
non-cancer cells, which demonstrates that this peptide has the desired selectivity. These
results provided a smaller version of the CT-p26 peptide while maintaining its anticancer
activity.

Figure 2. Viability decrease (100% of proliferation in untreated condition—% of proliferation for each treatment condition)
of A549 (lung) and MCF-7 (breast) cancer cells and 16HBE14o- (bronchial) and MCF10A (mammary gland) non-cancer cells
when incubated with different concentrations of CT-p19 peptide (0 to 100 μM) over 48 h. Untreated condition (control)
consisted of cells incubated with medium only. Values represent the means ± SD, and each condition had at least n = 3.
*, **, ***, **** and ns denote significant differences of p < 0.1, p < 0.01, p < 0.001 and p < 0.0001 and differences that were not
statistically significant, respectively, when comparing control with treatments.
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3.3. The Newly Designed CT-p19LC Peptide Reduces Proliferation and Induces Cell Death in
Cancer Cell Lines

After the development of CT-p19 in silico, our group re-designed a new peptide
based on single substitutions of amino acid residues that made it possible to not only
increase the SMV score to 0.99 but also improve its solubility (Table 1). Thus, this new
peptide, designated CT-p19LC, contained 19 amino acids (VSKLRKGEKYMFFCTFPGH)
and represented an iterative peptide optimization from a region close to the C-terminal of
the anticancer protein azurin. It had a molecular weight of 2275.7 g/mol (2.3 kDa), a pI of
pH 10 and a net charge of +3.5 at pH 7 (Table 1) [31].

In this work, circular dichroism (CD) spectral measurements (Figure 3A) indicated
that the peptide adopted a randomly coiled structure in solution.

Figure 3. Cytotoxic effect of newly designed CT-p19LC peptide: (A) circular dichroism spectra of azurin and CT-p19LC
(5 μM) in sodium phosphate buffer 10 mM, pH 7.4, at 25 ◦C; (B) viability decrease (100% of proliferation in untreated
condition—% of proliferation for each treatment condition) of A549 (lung), MCF-7 (breast), HeLa (cervix) and HT-29
(colorectal) cancer cells and 16HBE14o- (bronchial) and MCF10A (mammary gland) non-cancer cells when incubated with
different concentrations of CT-p19LC peptide (0 to 100 μM) over 48 h. Untreated condition (control) consisted of cells
incubated with medium only. Values represent the means ± SD, and each condition had at least n = 3. *, **, ***, **** and
ns denote significant differences of p < 0.1, p < 0.01, p < 0.001 and p < 0.0001 and differences that were not statistically
significant, respectively, when comparing control with treatments; (C) LDH assay in non-cancer cell lines treated with
100 μM of CT-p19 and CT-p19LC. Values represent the means ± SD (n = 3). **, *** and ns denote significant differences
of p < 0.01 and p < 0.001 and differences that were not statistically significant, respectively, when comparing treatments
with control; (D) apoptosis assay in cancer and non-cancer cells treated with 20 μM of CT-p19LC for 48 h, assessed by flow
cytometry. Representative figures showing a population of viable cells in the left lower quadrant (Q1; annexin V − /PI −),
early apoptotic cells in the right lower quadrant (Q2; annexin V+/PI −), necrotic cells in the left upper quadrant (Q3;
annexin V−/PI+) and advanced apoptotic or necrotic cells in the right upper quadrant (Q4; annexin V+/PI+).
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To evaluate the anticancer potential of the CT-p19LC peptide, MTT cell proliferation
and apoptosis assays were carried out. For this, the spectrum of cell lines used was
expanded by adding the HeLa (cervix) and HT-29 (colorectal) cancer cell lines to the
A549 (lung) and MCF-7 (breast) cancer cells, and the 16HBE14o- (bronchial) and MCF10A
(mammary gland) non-cancer cell lines.

First, the MTT cell proliferation assays were performed with increasing doses of
CT-p19LC (0 to 100 μM; Figure 3B). Comparing it with the CT-p19 treatment that led to a
dose–response effect on the lung and breast cancer cell lines (Figure 2), this same effect was
only observed at the lowest concentrations of 5, 10 and 20 μM in the case of the CT-p19LC
treatment. At higher concentrations of 50 and 100 μM, a stabilization of the decrease in
viability was observed. However, we observed that for the concentration of 20 μM of
CT-p19LC, the values for the decrease in viability were similar to those obtained with
higher concentrations of CT-p19. These results confirmed the anticancer potential predicted
in silico for CT-p19LC (0.90 vs. 0.99 SMV score; Table 1). The CT-p19LC treatment in the
cervix and colorectal cancer cell lines demonstrated that this peptide can exert its anticancer
action on a wide spectrum of cancer lines, since a decrease in cell viability of 20–30% was
observed (Figure 3B). It is interesting to note that the values of the decrease in viability for
the concentration of 20 μM of CT-p19LC in all cancer cell lines were around 20–40%, and to
achieve the same decrease with the azurin (Table 1) or p28 peptide treatment (Figure 1),
100 μM would be needed. Furthermore, it was also found that CT-p19LC does not have a
cytotoxic effect on the non-cancer cell lines under study (in all concentrations tested, less
than a 14% decrease in viability was observed; Figure 3B), which indicates that this peptide
also demonstrates selectivity for cancer cells, an important and desired characteristic in the
development of new anticancer compounds. The non-toxic effect on non-cancer cells was
also supported by the low levels of spontaneous LDH release in cells treated with 100 μM
of peptide, in particular for CT-p19LC (Figure 3C).

Second, the apoptosis assays supported the MTT cell proliferation assays. Treating
cancer cells with a single dose of CT-p19LC at 20 μM strongly promoted cell death. This
concentration was chosen as it corresponded to the maximum anticancer potential, since
higher concentrations had no additional impact on cell viability. In A549 cells, there
was induction of cell death in 77.8% of the cells, in MCF-7 in 28.8%, in HeLa in 38.5%
and in HT-29 in 37.4%, which were comparable to the values in their controls (untreated
condition) of 27.4%, 15.7%, 18.4% and 19.2%, respectively (Figure 3D). Importantly, the
same was not observed in non-cancer cell lines, since in 16HBE14o- (34.0% control condition
vs. 34.2% treatment condition) and MCF10A (7.5% control condition vs. 4.6% treatment
condition), cell death was similar to the control condition (untreated), again demonstrating
the selectivity of this peptide (Figure 3D). Overall, these results indicate that CT-p19LC
induces a decrease in cell viability in part through the induction of cell death.

3.4. CT-p19LC Peptide Targets Cellular Plasma Membrane

It is known that the plasma membrane of cancer cells is more anionic at their surface
than for non-cancer cells due to its constitution based on negatively charged compo-
nents [3–5]. In addition, one of the mechanisms by which it has been proposed that there is
an electrostatic attraction of ACPs towards this cellular barrier of cancer cells is related to
the positive charge of these peptides [4,10]. In the case of the CT-p19LC peptide, the in silico
approach established a charge of +3.5 at pH 7 (Table 1) [31]. Therefore, we evaluated the
capacity of CT-p19 and CT-p19LC to associate to the cancer cell lines using flow cytometry.
Cells were treated with 5,6-FAM labeled peptides (5 μM) and left to interact with the cells
for 2 h. A stronger association of CT-p19LC was observed for all cell lines compared to
CT-p19, which may have contributed to its higher anticancer activity (Figure 4A). We then
proceeded to analyze the cellular distribution of this peptide in both cancer and non-cancer
cells using fluorescence confocal microscopy (Figure 4B). The peptide was detected both
in the plasma membrane and intracellularly distributed, suggesting its capacity to pene-
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trate the plasma membrane and even reach the nucleus, but only in cancer cells. In the
non-cancer cell line MCF10A, almost no peptide was detected.

Figure 4. CT-p19LC membrane-active properties: (A) flow cytometry quantitative analysis of cancer cell–peptides interac-
tion. Results are reported as the means ± SD, and each condition had at least n = 3. * and ** denote significant differences
of p < 0.1 and p < 0.01, respectively, when comparing CT-p19LC treatment with CT-p19 treatment; (B) representative
confocal microscopy qualitative analysis of CT-p19LC cellular uptake by MCF-7, HeLa and HT-29 cancer cells and MCF10A
non-cancer cells incubated with PBS pH 7.4 as control and 5 μM of peptide labeled with 5,6-FAM (green color) for 2 h.
WGA Alexa Fluor® 633 and Hoechst 33342, for staining the plasma membrane and nucleus, respectively, are shown in
red and blue colors. Scale bars represent 25 μm; (C) zeta potential of A549, MCF-7, HeLa and HT-29 cancer cells and
16HBE14o- and MCF10A non-cancer cells in the presence of CT-p19LC peptide. A total of 1.5 × 105 cells/mL were incubated
and stabilized for 30 min at 37 ◦C with different peptide concentrations, and the zeta potential was measured. Data are
represented as means ± SD. *, **, ***, **** and ns denote significant differences of p < 0.1, p < 0.01, p < 0.001 and p < 0.0001
and differences that were not statistically significant, respectively, when comparing the untreated condition (0 μM) with
increasing concentrations of CT-p19LC (5, 10 and 20 μM); (D) the effects of CT-p19LC on the cell‘s membrane order for
A549, MCF-7, HT-29 and HeLa cancer cell lines and their respective GP values. All represented cell lines were seeded on
μ-Slide 8-well glass-bottom chambers and treated with 20 μM of CT-p19LC for 2 h. For each condition, 5 μM of Laurdan
was used. Untreated cells were used as the control. Homemade software built in a MATLAB environment was used to
measure the GP values. Representative Laurdan GP images are shown. Scale bars represent 50 μm. Average GP values
are expressed as means ± SD from at least 15 individual cells in each condition. Results are compared to the untreated
population with equal variance (****, p < 0.0001).
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We also evaluated the zeta potential of the live non-cancer and cancer cell lines under
study in the presence of increasing concentrations of CT-p19LC peptide (0 to 20 μM). The
measurements of the zeta potential allowed the assessment of the electrostatic potential
that is triggered after a particle with a certain charge is placed in solution with others [37].
This concept can be applied to evaluate the interaction of peptides with cell membranes,
which results in the alteration of the cell surface electropotential [38]. As the concentration
of CT-p19LC exposed to cancer cells increased, an increase in the zeta potential was
obtained in all cancer cell lines, with this potential reaching positive values for the highest
concentration of the peptide (Figure 4C).

After treatment with 20 μM of CT-p19LC, the potential of the lung cancer cell line
increased from −17.2 ± 2.8 mV to 4.8 ± 7.3 mV; in the case of the breast cancer cell line, it
increased from −15.4 ± 4.4 mV to 0.8 ± 5.5 mV; in the cervix cancer cell line, it increased
from −15.5 ± 2.2 mV to 1.9 ± 4.8 mV; and, finally, in the colorectal cancer cell line, it
increased from −16.6 ± 3.3 mV to 3.0 ± 7.3 mV. These results indicate that this peptide
targets the plasma membrane of cancer cells. In the case of the non-cancer cell lines, at
the highest concentration used (20 μM), it was found that the potential remained negative
and close to the value obtained in the untreated condition (Figure 4C). For 16HBE14o-,
before treatment the zeta potential was −11.7 ± 2.9 mV, and it did not change with the
treatment (−11.6 ± 4.9 mV). In the case of MCF10A, before treatment the zeta potential
was −14.8 ± 3.3 mV, and after treatment it increased only moderately to −9.3 ± 3.2 mV,
remaining more negative than that obtained in the same concentration of peptide in cancer
cells. Thus, these results show that the CT-p19LC peptide directs itself towards the cancer
cell membranes much more strongly than towards non-cancer cell membranes.

To further characterize the effect on the membranes of cancer cells, the membrane
order of the plasma membranes subjected to treatment with the CT-p19LC peptide was
investigated with the Laurdan probe using two-photon excitation microscopy. To do this,
the cancer cells (A549, MCF-7, HT-29 and HeLa) were treated over 2 h with CT-p19LC at
20 μM. To quantify the degree of lipid packing (the measured mean of the GP value) in both
conditions (untreated and treated cancer cells), homemade software created in a MATLAB
environment was used. The GP value varies between −1 and 1; a GP value higher than
0.5 indicates the existence of very compact and ordered membranes. In contrast, a GP
value lower than 0.5 is typically observed for more fluid membranes [35,39]. As shown in
Figure 4D, for the four cancer cell lines the GP values decreased after CT-p19LC treatment,
making the cell membranes more fluid (A549: 0.57 to 0.50; MCF-7: 0.53 to 0.48; HeLa:
0.47 to 0.40; HT-29: 0.55 to 0.39). This common pattern indicates that the CT-p19LC peptide
acts efficiently at the plasma-membrane level. Fluorescence microscopy images of the cells
showed that treated cells suffered a variety of morphological modifications; i.e., the cell
shape became irregular and the fragmentation of the plasmatic membrane and the nucleus
was visible (Figure 4D).

In general, these results indicate that the CT-p19LC peptide engaged with the plasma
membrane, which could trigger the apoptotic events. However, it remains to clarify the
possible membrane components that could be targets of CT-p19LC. Further studies with
biophysical approaches such as atomic force microscopy (AFM) or leakage studies using
model membranes (liposomes) are necessary to unravel the mode of action of this peptide
against cancer cells.

4. Conclusions

The CT-p19LC anticancer potential explored in this work reinforces the relevance of
studies in other domains of azurin that contain anticancer properties of their own. In an
initial approach, a region of the C-terminal domain of azurin, which was studied in the form
of a peptide with 26 residues, CT-p26, was shown to have a similar anticancer potential to
the p28 peptide and azurin. From here, the in silico redesign of this region made it possible
to decrease the length of its peptide chain and increase its anticancer potential, as well as
its selectivity for cancer cells through changes in hydrophobicity and net charge, giving
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rise to a new peptide called CT-p19LC. The results of this work suggest that the CT-p19LC
application induced a decrease in the cell viability, in part through the triggering of cell
death, in all the cancer cell lines under study, without affecting the non-cancer cell lines. In
addition to this, it was also demonstrated that this peptide selectively binds to the plasma
membranes of cancer cells, since its electrostatic potential is altered, and changes occur at
the level of lipid packing. All in all, this study characterizes CT-p19LC as a synthetic ACP
with improved and selective anticancer potential and with membrane-active properties.
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Abstract: Kasugamycin (KSM), an aminoglycoside antibiotic, is composed of three chemical moieties:
D-chiro-inositol, kasugamine and glycine imine. Despite being discovered more than 50 years ago,
the biosynthetic pathway of KSM remains an unresolved puzzle. Here we report a structural and
functional analysis for an epimerase, KasQ, that primes KSM biosynthesis rather than the previously
proposed KasF/H, which instead acts as an acetyltransferase, inactivating KSM. Our biochemical
and biophysical analysis determined that KasQ converts UDP-GlcNAc to UDP-ManNAc as the
initial step in the biosynthetic pathway. The isotope-feeding study further confirmed that 13C,
15N-glucosamine/UDP-GlcNH2 rather than glucose/UDP-Glc serves as the direct precursor for the
formation of KSM. Both KasF and KasH were proposed, respectively, converting UDP-GlcNH2 and
KSM to UDP-GlcNAc and 2-N′-acetyl KSM. Experimentally, KasF is unable to do so; both KasF and
KasH are instead KSM-modifying enzymes, while the latter is more specific and reactive than the
former in terms of the extent of resistance. The information gained here lays the foundation for
mapping out the complete KSM biosynthetic pathway.

Keywords: kasugamycin; kasugamine; antibiotic biosynthesis; epimerase and acetyltransferase

1. Introduction

Kasugamycin (KSM), an aminoglycoside antibiotic produced by Streptomyces kasugaensis,
was discovered in 1965. KSM is composed of three structurally distinct sub-components: a
glycine imine, an unusual amino-sugar kasugamine and D-chiro-inositol (Figure 1) [1,2].
It has long been known that KSM binds specially to the interface between E- and P-site
of the 30S ribosomal subunit to control fungal and bacterial protein translation [3]. KSM
was used as an agricultural supplement to protect rice from fungus-derived diseases [4].
Beyond that, a number of new findings revealed that KSM possesses several unexpected
biological activities effectively countering some recalcitrant human diseases: (i) an in vitro
and in vivo study showed that the combination of KSM with rifamycin is in a position
to control Mycobacterium tuberculosis, [5] (ii) KSM was recently shown to be capable of
inhibiting herpes simplex virus-2 (HSV-2), [6] and (iii) KSM has also been shown to have
a promising activity against COVID-19 by inhibiting 3a-channel [7] and chitinase 3-like-1
(CHI3L1) proteins [8]. We were attracted by these new findings and thus eager to investigate
the biosynthetic pathway of KSM in the hope of generating new and useful KSM analogs
in the future.
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Figure 1. (A) The biosynthetic gene cluster (BGC) sequenced and identified from Streptomyces
kasugaensis. (B) The proposed biosynthetic pathway of KSM based on the results revealed in this
study. KasF is unable to acetylate UDP-GlcNH2 to UDP-GlcNAc. KasQ initiates the KSM biosynthesis
by converting UDP-GlcNAc 1 to UDPManNAc 4 through AAG 2 and UDP 3 intermediates. KasH acts
as a self-resistance enzyme to acetylate kasugamycin (KSM) to 2-N’-acetyl kasugamycin (Ac-KSM).

The KSM biosynthetic pathway was proposed on the basis of the gene sequence simi-
larity of each gene encoded in its biosynthetic gene cluster (BGC) [9–11]. However, the gene
products responsible for the formation of UDP-N-acetyl-glucosamine (UDP-GlcNAc) and
myo-inositol, the possible starting units for the formation of the kaugamine moiety, were
still unclear (Figure S1). Five enzymes (KasF codes for an acetyltransferase, KasD codes for
a NAD-dependent dehydratase, KasR codes for a PLP-dependent dehydratase, KasP codes
for an oxidoreductase, and KasC codes for an aminotransferase) were proposed to act on
UDP-GlcNAc in sequence to form the UDP-kasugamine precursor. Two downstream gene
products—KasN, a glycine oxidase, and KasQ, an epimerase—may drive reactions toward
UDP-kasugamine and UDP-carboxyformimidoyl-kasugamine sequentially. KasA, a glyco-
syltransferase, could couple UDP-carboxyformimidoyl-kasugamine and myo-inositol to
form a KSM disaccharide precursor, then KasJ, an epimerase, could complete the synthetic
pathway by epimerizing the equatorial C1-OH of myo-inositol to D-chiro-inositol (with an
axial C1-OH) to afford KSM (Figure S1) [9–11]. KasH was reported as a self-resistance
enzyme inactivating KSM by N2′-acetylation [12]. F. Kudo et al. recently came up with
a new biosynthetic pathway for KSM [13], whereas no intrinsic in vitro biochemical ev-
idence was provided therein unequivocally delineating the actual roles of the enzymes
designated in the biosynthesis of KSM. With the aim of determining the roles of these
enzymes, our in silico analysis revealed that KasQ shares a high sequence similarity with
many UDP-GlcNAc 2-epimerases, especially RffE (also referred to as WecB, 47% identity)
and to SecA (44% identity). RffE converts UDP-GlcNAc to UDP-ManNAc in the early
stage of enterobacterial common antigen (ECA) biosynthesis [14]. Likewise, SecA performs
the same reaction in the first step of the capsular polysaccharide (CPS) biosynthesis [15].
L. Zhang et al. further examined the substrate specificity of SecA with a group of C2
N-acyl-modified UDP-GlcNAc and UDP-ManNAc derivatives, concluding that the C2
N-acyl group in the UDP-acylhexosamines is critical for molecular recognition [16]. Of
these facts, we speculated that KasQ should stand in the early stage of the biosynthetic
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pathway (converting UDP-GlcNAc 1 to UDP-ManNAc 4; Figures 1 and S2) instead of
the reported pathway where UDP-deoxy aminosugar is epimerized to UDP-kasugamine
(Figure S1) [9–11]. This viewpoint, however, conflicted with the roles assigned for KasH
and KasF; namely, they were proposed to prime and regulate the biosynthesis of KSM. We
were thus prompted to resolve this long-standing issue by employing in vitro biochemical
and biophysical analyses alongside in vivo isotope feeding assays, whereby we concluded
that KasQ is the starter enzyme rather than KasF, and both KasF and KasH are self-resistant
enzymes in the biosynthesis of KSM.

2. Materials and Methods

2.1. Cloning, Expression, and Purification

For the expression of KasQ, a gene was amplified from Streptomyces kasugaensis and
cloned into expression vector pET28a+ to generate the protein with an N-terminal His6 tag.
The recombinant plasmid was transformed into Escherichia coli BL21 competent cells for
protein overexpression. The transformed BL21 cells were used to inoculate LB medium
(1000 mL) containing 1 mM kanamycin and the culture was grown at 37 ◦C. After reaching
the OD at A600 nm of 0.6–0.8, the culture was induced by the addition of 1 mM IPTG,
followed by incubation at 16 ◦C overnight. Cells were harvested by centrifugation at
6000 rpm using a JLA8.1 rotor in a Beckman Coulter centrifuge for 25 min at 4 ◦C. The
harvested (1000 mL) cells were resuspended in 20 mL of binding buffer (50 mM Tris pH 7.5,
500 mM NaCl, 10% glycerol, and 10 mM imidazole). Resuspended cells were lysed using
a sonicator (time, 4 min, pulse, 3 s on and 2 s off). The resulting lysate was centrifuged
at 18,000 rpm (JA20.50 rotor, Beckman Coulter, Brea, CA, USA) for 30 min at 4 ◦C. The
supernatant was added to a Ni-agarose affinity column equilibrated with binding buffer.
The unbound proteins were washed off using varied imidazole concentrations (10 mM,
25 mM, and 50 mM). The protein was then eluted with elution buffer (50 mM Tris pH 7.5,
500 mM NaCl, 10% glycerol, and 250 mM imidazole). The eluted protein samples were
concentrated and injected into a Superdex S-200 column equilibrated with gel filtration
buffer (50 mM HEPES pH 8.0, 100 mM NaCl). The peak fractions were collected and the
purity of the KasQ protein was analyzed by 10% SDS-PAGE.

For the expression of KasH, a gene was amplified from Streptomyces kasugaensis and
cloned into the expression vector pET28a+ to generate the protein with an N-terminal His6
tag. The recombinant plasmid was transformed into E. coli BL21 competent cells and the
protein was overexpressed. The purification steps of the above procedure were followed
with the different gel filtration buffer (50 mM MOPS pH 7.5, 100 mM NaCl). The purity of
the KasH protein was analyzed by 10% SDS-PAGE and confirmed by mass spectrometry
(peptide mass fingerprinting).

For the expression of KasF, the gene was amplified from Streptomyces kasugaensis and
cloned into the expression vector pET28a+ to generate the protein with an N-terminal His6
tag. The recombinant plasmid was transformed into E. coli BL21 competent cells and the
protein was overexpressed. The purification steps were followed by the above procedure
with the different gel filtration buffer (50 mM HEPES pH 7.5, 200 mM NaCl). The purity of
the KasF protein was analyzed by 10% SDS-PAGE and confirmed by mass spectrometry
(peptide mass fingerprinting).

2.2. Crystallization and Data Collection

KasQ wild type (WT) and complex crystals were crystallized using the hanging
drop vapor diffusion method at 20 ◦C. KasQ wild type (WT) protein was crystallized
(7 mg mL−1) in a buffer (50 mM HEPES pH 8.0, 100 mM NaCl) using a reservoir solution
(0.2 M potassium/sodium tartrate, 0.1 M Bis-Tris propane pH 7.5 and 20% PEG 3350).
KasQ–WT crystals were formed after 7 days of incubation. The enzyme (10 mg mL−1) was
co-crystallized with 2 mM UDP or 2 mM UDP-Glc in the presence of 2 mM MgCl2 with
a reservoir solution containing 0.2 M lithium sulfate, 0.1 M Bis-Tris pH 5.5 and 25% PEG
3350 to obtain the KasQ–UDP or KasQ–UDP-Glc complex crystals. The complex crystals
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were formed after 15 days. Prior to the data collection, the crystals were transformed into
the mother liquor containing 20% glycerol as a cryoprotectant and flash-frozen using liquid
nitrogen. All the crystal data were collected in beamline 15A1 and 05A equipped with
an ADSC Quantum-315 or MX300HE CCD detector (Rayonix, L.L.C., Evanston, IL, USA)
at an operating temperature of 100K in National Synchrotron Radiation Research Center
(NSRRC), Taiwan. The raw data were indexed and processed using the HKL2000 package
(HKL Research, Inc., Charlottesville, VA, USA) [17]. The KasQ–WT crystal belongs to the
C2 space group; the KasQ–UDP and KasQ–UDP-Glc complex crystals belong to the P1
space group. Detailed data collection statistics are shown in Table 1.

Table 1. Summary of crystal data-collection statistics.

KasQ–WT KasQ–UDP KasQ–UDP-Glc

PDB code 7VYY 7VZA 7VZ6
Wavelength (Å) 1.0 1.0 1.0
Space group C2 P1 P1
Cell dimensions

a, b, c (Å) 112.4 106.1 94.3 81.8 104.7 106.3 82.8 104.9 106.8
α, β, γ (◦) 90 124.9 90 74.5 73.0 68.4 74.9 72.9 68.1
Resolution (Å) 25.45–2.44 (2.55–2.46) 19.89–2.60 (2.68–2.60) 21.56–2.10 (2.18–2.10)
Rmerge 0.031 (0.387) 0.023 (0.365) 0.035 (0.296)
I/I 26.6 (2.4) 23.8 (1.9) 19.7 (2.7)
Completeness (%) 85.9 (86) 93.9 (94.1) 95.2 (95.1)
Redundancy 3.6 (3.9) 2.4 (2.5) 2.2 (2.1)
Refinement

Resolution (Å) 25.45–2.44 (2.55–2.44) 19.9–2.58 (2.68–2.58) 21.5–2.09 (2.14–2.09)
No. reflections 28,957 91,395 176,474
Rwork/Rfree 0.22/0.27 0.21/0.24 0.20/0.22
R.m.s deviations

Bond lengths (Å) 0.66 0.66 0.70
Bond angles (◦) 0.77 0.79 0.84

2.3. Structure Determination and Refinement

The KasQ–WT and its complex crystal structures were determined by molecular
replacement (MR) with Phaser-MR from the CCP4 program suit [18]. The E. coli UDP-
GlcNAc epimerase (PDB entry 1vgv) was used as a search model to solve the initial
phase [19]. The protein structures were built and refined using REFMAC [20], COOT [21],
and PHENIX [22]. PyMOL as used to construct the protein structures and electron density
maps [23].

2.4. Site-Directed Mutagenesis

Site-directed mutagenesis was performed using QuikChange (Stratagene), following the
manufacturer’s protocol. The sequences of primers used in this study to create KasQ mutants
are shown in Table 2. The wild-type KasQ plasmid (BCRC12349) was used as the template for
the single mutation. All mutations were confirmed by DNA sequencing. KasQ mutants were
expressed and purified with the same protocol as used for the wild-type protein.

Table 2. The sequences of primers used in this study to create KasQ mutants.

Mutants Primers

Q95A Forward 5′-TGGTGTCTCCCGCTACCACGGCGACGTCC-3′
Reverse 5′-GGACGTCGCCGTGGTAGCGGGAGACACCA-3′

Q95E Forward 5′-TGTCTCCCTCTACCACGGCGACGTCCA-3′
Reverse 5′-TGGACGTCGCCGTGGTAGAGGGAGACA-3′

E308A Forward 5′-CCTCGGGGCGCGCCGTGCGGTCC-3′
Reverse 5′-GGACCGCACGGCGCGCCCCGAGG-3′

E308Q Forward 5′-CTCGGGGCGCTGCGTGCGGTCCC-3′
Reverse 5′-GGGACCGCACGCAGCGCCCCGAG-3′
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2.5. Isothermal Titration Calorimetry (ITC)

ITC analyses were carried out at 25 ◦C using an ITC200 microcalorimeter (MicroCal
Inc., Northampton, MA, USA). The buffer solution (50 mM HEPES pH 8.0, 100 mM NaCl)
was used to prepare protein and substrates for ITC analysis. Each titration contained 0.1
mM KasQ in the sample cell (250 μL), and 1 mM substrates was loaded into the syringe
(40 μL). The titration experiment contains 18 injections (2 μL for a duration of 4 s) and
each injection was separated by 120 s. The distilled water was filled in the reference cell
throughout all titrations. The cell stirring speed was 1000 rpm. The collected raw data were
processed in Origin 7.0 (provided by MicroCal) by a non-linear least square method to a
single-site binding model. KasH ITC analyses were followed using the above procedure
with a buffer solution of 50 mM MOPS pH 7.5, 100 mM NaCl.

2.6. Synthesis of 2-Acetamidoglucal (AAG)

AAG 2 was synthesized as shown in Scheme 1. GlcNAc I reacts with acetyl chloride
to yield glycosyl chloride II. Further reaction with isopropenyl acetate affords glucal III.
Deacetylation of III using sodium methoxide provides 2.

Scheme 1. The synthetic steps for AAG 2.

2.6.1. General Information
1H and 13C NMR spectra were recorded on a Bruker 600 spectrometer with tetram-

ethylsilane as the internal reference. 31P NMR was performed in Bruker Avance 500 AV
NMR. Chemical shifts (δ scale) were reported in parts per million (ppm). 1H NMR spectra
were reported in the order: multiplicity, number of protons, and coupling constant (J
value) in hertz (Hz); signals were characterized as s (singlet), d (doublet), dd (doublet of
doublet), and m (multiplet). Saturation transfer difference nuclear magnetic resonance
(1H-STD NMR) was performed using a Bruker 600 MHz spectrometer, with KasQ and
UDP-GlcNAc in a ratio of 1:100 recorded within 0–5 min. A saturation time of 2s was em-
ployed. UDP-GlcNAc-relative STD (saturation transfer difference) effects were determined
by (I0 – Isat)/I0. (I0 – Isat) is the signal intensity in the STD NMR spectrum, whereas I0 is
the signal intensity of the reference spectrum. Column chromatography was performed
on silica gel (70–230 mesh). TLC analysis was carried out on Merck Silica gel 60 F254
plates using MOSTAIN/p-anisaldehyde sugar staining. Compound 2 was synthesized by
following a slight modification of the procedure described in the literature [16].

2.6.2. Procedure for the Synthesis of 2-Acetamidoglucal (AAG)

Acetyl chloride (6 mL), GluNAc I (2.00 g, 9.04 mmol) was added and stirred for up to
12 h. After that, CHCl3 (20 mL) was added and the mixture was poured into ice-cold water.
The organic layer was washed with an aqueous sodium bicarbonate solution (20 mL) and
concentrated under reduced pressure. The crude residue was purified by flash column
chromatography to obtain the pure glycosyl chloride II (1.65 g, 50%). 1H NMR (600 MHz,
CDCl3) δ 6.18 (d, J = 3.7 Hz, 1H), 5.88 (d, J = 8.7 Hz, 1H), 5.31 (dd, J = 10.8, 9.4 Hz, 1H), 5.20
(dd, J = 11.0, 8.6 Hz, 1H), 4.53 (ddd, J = 10.7, 8.8, 3.7 Hz, 1H), 4.27 (m, 2H), 4.13 (m, 1H), 2.09
(s, 3H), 2.04 (s, 6H), 1.98 (s, 3H). 13C NMR (150 MHz, CDCl3) δ 171.7, 170.8, 170.3, 169.3,
93.8, 71.1, 70.3, 67.1, 61.3, 53.7, 23.3, 20.9, 20.7. The resulting chloride II (1.40 g, 3.83 mmol)
was treated with isopropenyl acetate (28 mL) and p-TsOH (45 mg) and was refluxed at
130 ◦C for 24 h. Then, the mixture was concentrated under reduced pressure and the crude
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residue was purified by flash column chromatography to attain the pure glucal product
III (0.682 g, 62%). 1H NMR (600 MHz, CDCl3) δ 6.60 (s, 1H), 5.56 (d, J = 4.8 Hz, 1H), 5.25
(m, 1H), 4.51 (m, 1H), 4.47 (m, 1H), 4.19 (dd, J = 12.0, 3.0 Hz, 1H), 2.09 (s, 6H), 2.01 (s, 3H).
13C NMR (150 MHz, CDCl3) δ 170.7, 170.0, 169.7, 148.0, 113.5, 74.9, 67.4, 67.1, 61.1, 20.9,
20.8. To a glucal III (0.600 g, 2.09 mmol), dry methanol (14 mL) was added and dissolved,
then sodium methoxide was added (pH ~8.5) and the mixture was stirred for up to 2 h.
The mixture was neutralized with Amberlite IR-120 (H+), filtered, and concentrated. The
crude residue was purified by flash column chromatography and the pure solid product 2

(0.360 g, 85%) was obtained. 1H NMR (600 MHz, D2O) δ 6.61 (s, 1H), 4.18 (d, J = 6.6 Hz, 1H),
3.91 (m, 1H), 3.79 (d, J = 4.0 Hz, 2H), 3.69 (dd, J = 9.2, 6.8 Hz, 1H), 1.97 (s, 3H). 13C NMR

(150 MHz, D2O) δ 174.5, 141.7, 113.2, 78.5, 68.8, 68.4, 59.9, 21.9.

2.7. Construction of pMKBAC08-KAS and pWZC07-PrpsJ-kasT

The E. coli-Streptomyces spp. shuttle BAC plasmid, pMKBAC08, was designed by
amplifying the DNA segments containing the origin of transfer region (oriT) and the
integrase and apramycin resistance gene, aacIII(IV), within the primer set P325 and P326
from plasmid pGUSRolRPA3 [24], and inserted into the BAC plasmid pBeloBAC11 (New
England Biolabs, NEB).

pMKBAC08-KAS-Int, which carries an intact kasugamycin BGC, was constructed via
sequentially cloning partial segments from the kasugamycin BGC into the pMKBAC08
plasmid as reported in previous studies [11]. Briefly, the DNA fragments containing
the kasT gene, kasU-kasM, kasN-kasQ, kasR-kasB, and kasC-kasI were amplified with the
primer sets P115/P116, P117/P118, P119/120, P121/P122m and P123/P124 (Table 3). After
digesting the amplicons by different restriction enzymes and individually introducing them
into the pMKBAC08 vector using T4 DNA ligase, the BAC-containing kasugamycin BGC,
pMKBAC08-KAS, was obtained.

Table 3. The sequences of primers used to construct pMKBAC08-KAS and pWZC07-PrpsJ-kasT.

Primers Sequence

P303
P304
P115
P116
P117
P118

TAACCGTTTAAACTTAATTAAGAAGATCCTTTGATCTTTTCTACGG
AAGCCCTGGATCCAATTCCCCAATGTCAAGCACTT
ATTATTATTCATATGCGCGTCATCGACGGGATGCACCGGCT
ACCTGTGTTCAACCAAGGAATTTCCTGGGTTGAACACCGC
AAGATCAGATCCCCGCGGTGACGTAGTACGAGAT
ACAGCGTCATGACGTGAAGTTCAGCGACCCGT

P119
P120
P121
P122
P123
P124

ATTATTATTCAATTGCACTACAAGTTCCGCTGGGTGTACCTGAATTT
ATTATTATTTTAATTAAGCTTATTCGCAGCAGTCCTCGATGACGAAGACA
CAGGAAATTCGAGGCGGAATTCGCCGAATCCTT
TGCCTTGTCGTCGTAGGTGTGGAGGCTGTT
TTCGACATCGGCATGATCACCCACGGTCTGCTCT
ATTATTATTAAGCTTAACAACGTGACGGGTTCAGCCAGTTACCGCTTCATGCTT

The E. coli-Streptomyces spp. shuttle plasmid, pWZC07, was constructed by replac-
ing the apramycin resistant gene, aacIII(IV), in the plasmid pGUSRolRPA3 [24] with the
neomycin resistant gene, neo (Tn5). To activate the expression of kasugamycin, the pWZC07-
PrpsJ-kasT plasmid was constructed by cloning the rpsJ promoter fused with the kasT
activator gene into the pWZC07 vector as reported previously [11].

2.8. In Vivo Isotope Incorporation Assay

For investigating the incorporation of the isotope-labeled compounds, Streptomyces
lividans TK64 was introduced with pMKBAC08-KAS and pWZC07-PrpsJ-kasT. After being
grown on an MS agar plate at 28 ◦C for 7 days [25], the grown spores were inoculated into
flasks (50 mL volume) containing 10 mL of KPMb medium (maltose monohydrate, 15 g/L;
bacto-yeast extract, 4.0 g/L; phytone-peptone, 15 g/L; MgSO4·7H2O, 0.5 g/L; KH2PO4,
1.0 g/L; and NaCl, 3.0 g/L.) and incubated at 28 ◦C for 5 days [11]. After 24 h of incubation,
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isotope-labeled precursors (13C1-glucose; 13C1-glucosamine; 13C1-15N2-glucosamine; 15N-
glycine; 15N-aspartic acid; and 15N-glutamic acid) were prepared and added into the culture
individually every 24 h until 72 h (17 mg/mL). After shaking for 96 h, the mycelium was
removed from the culture broth and the filtrate was adjusted to pH 4.0 with oxalic acid. The
treated samples were incubated at 70 ◦C for 20 min and then the supernatant was collected
and analyzed after removing the debris by centrifuge. Supernatants were injected into the
HPLC-TQ-MS and separated by the method described below.

HPLC method A:

The supernatant was subjected to HPLC-TQ-MS with a Bridge BEH amide column
(250 mm × 4.6 mm, 5 μm). The mobile phase was set up with a linear gradient, 30% H2O +
0.1 formic acid (FA) and 70% acetonitrile, at a flow rate of 1.0 mL min−1 over 30 min.

2.9. Disc Diffusion Assay

KSM susceptibility and production were confirmed by disc diffusion assay. An E. coli
culture was grown at 37 ◦C overnight and spread on an LB agar plate (pH 7.0). About 5 μL
of extracted samples from Streptomyces lividans TK64 (from days 2–5) were loaded onto the
paper disc. The disc was placed onto the surface of an LB agar plate and incubated at 37 ◦C
overnight to visualize the zone of inhibition (ZOI).

For the KSM resistant assay, BL21 cells with/without the kasH or kasF gene were
individually expressed and seeded on LB agar plates (pH 7.0). About 5 μL of different
aminoglycoside antibiotics (amikacin, gentamicin, sisomicin, streptothricin-F, or tobramycin)
were loaded onto each paper disc and placed on the surface of the LB plates. The plates were
incubated 37 ◦C overnight to visualize the appearance of the zone of inhibition (ZOI). Note:
this is a standard protocol for evaluating the effectiveness of common antibiotics, including
aminoglycosides; there is no apparent impact concerning the structural integrity or biological
deterioration of the selected aminoglycosides at pH 7.0 during the examining course.

2.10. HPLC Activity Assay

The epimerization reaction was carried out in a 100 μL reaction mixture containing
0.1 mg freshly purified KasQ, 1 mM UDP-GlcNAc, and 1 mM MgCl2 in 25 mM Tris buffer,
pH 8.0. The reactions were incubated at 37 ◦C for 12 h and quenched by adding equal
volumes of chloroform. The precipitated protein was removed from the reaction mixture by
centrifugation at 15,000 rpm for 20 min. For the screening of different NDP-sugar substrates,
the enzymatic reactions were carried out in a 100 μL reaction mixture containing 0.1 mg
KasQ, 1 mM NDP-Sugars (UDP-GalNAc, UDP-Glc, TDP-Glc, GDP-Glc, and UDP-Gal) in the
presence of 1 mM MgCl2 in 25 mM Tris buffer, pH 8.0. The reactions were incubated at 37 ◦C
for 12 h and quenched by adding equal volumes of chloroform. The precipitated protein was
removed from the reaction mixture by centrifugation at 15,000 rpm for 20 min. Supernatants
were injected into the HPLC-LTQ-MS and separated by the method described below.

HPLC method A:

The supernatant was subjected into HPLC-LTQ-MS with a Hypercarb Porous Graphitic
Carbon Column (100 mm × 4.6 mm, 5 μm, Thermo Fisher Scientific, USA). The solvents
used in the mobile phases were: solvent A: 50 mM ammonium formate; solvent B: 100%
acetonitrile. A gradient started at 0–5 min (solvent A: 95%; solvent B: 5%) and progressed
to 18 min (solvent A: 60%; solvent B: 40%) and 24–26 min (solvent A: 2%; solvent B: 98%)
and ended at 28–32 min (solvent A: 95%; solvent B: 5%) at a flow rate of 1.0 mL min−1.

The acetylation reactions were carried out in a 100 μL reaction mixture containing
0.1 mg KasH or KasF, 1 mM KSM or UDP-GlcNH2, and 0.5 mM AcCoA in 25 mM Tris
buffer, pH 8.0. The reactions were incubated 12 h at 37 ◦C and quenched by adding equal
volumes of chloroform. Supernatants were injected into the HPLC-LTQ-MS and separated
by the method described below.
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HPLC method B:

The supernatant was subjected into HPLC-LTQ-MS with a Phenomenex Prodigy C-18
column (250 mm × 4.6 mm, 5 μm). The solvents used in the mobile phases were: solvent A:
H2O + 0.1% trifluoroacetic acid (TFA); solvent B: acetonitrile (ACN) + 0.1% TFA. A gradient
started at 0–5 min (solvent A: 98%; solvent B: 2%) and progressed to 18 min (solvent A:
60%; solvent B: 40%) and 24–32 min (solvent A: 2%; solvent B: 98%) and ended at 35–41 min
(solvent A: 98%; solvent B: 2%) at a flow rate of 1.0 mL min−1.

2.11. Thin Layer Chromatography (TLC) Analysis

About 1–2 μL of AAG 2 and reaction mixture of KasQ with UDP-GlcNAc and MgCl2
were spotted onto a TLC plate (Merck Silica gel 60 F254 plates). For aminoglucal detection,
TLC was soaked with p-anisaldehyde stain solution and, upon gentle heating on a hot plate,
the red color spot was visualized.

2.12. HPLC Kinetic Analysis

Kinetic analysis was performed in a 100 μL reaction mixture containing 0.1 mg freshly
purified KasQ, six different concentrations of UDP-GlcNAc (0.25, 0. 50, 0.75, 1.00, 1.25,
and 1.50 mM) and 1 mM MgCl2 in 25 mM Tris buffer, pH 8.0. The reaction mixture was
mixed by vortex and incubated at 37 ◦C. Reactions were stopped at six different time points
(10, 30, 60, 120, 180, and 240 min) by adding equal volumes of chloroform. Precipitation
was removed by centrifugation and analyzed by HPLC-LTQ-MS using HPLC method B as
described above. Substrate (UDP-GlcNAc 1) peaks were eluted at 10.69 min and products
were (UDP-ManNAc 4) eluted at 9.90 min, whereas the intermediates UDP 3 and AAG
2 were eluted at 9.51 min and 8.99 min, respectively. The Michaelis–Menten curve of the
KasQ activity was derived from the integrated peak area of each reaction.

2.13. NMR Activity Assay

Enzymatic reactions were performed in 25 mM Tris pH 8.0 with 1 mg freshly purified
KasQ, 15 mM UDP-GlcNAc, and 5 mM MgCl2 in a total reaction volume of 600 μL,
incubated at 37 ◦C for 4 h. After incubation, the reaction was quenched by adding an
equal volume of chloroform, and the supernatant was collected by centrifugation. The
supernatant was filtered through a 3 kDa cut-off filter membrane (Millipore) and freeze-
dried using a lyophilizer. The lyophilized product was dissolved in D2O (500 μL) and
analyzed by NMR. For standards, a pure UDP-GlcNAc 1, AAG 2, and UDP 3 were dissolved
in D2O (500 μL) and analyzed by NMR.

Similarly, time course NMR samples were prepared. The enzymatic reactions were
stopped at six different time points (10 min, 30 min, 60 min, 120 min, 180 min, and 12 h) by
adding an equal volume of chloroform, and supernatants were collected by centrifugation.
The supernatants were filtered through a 3 kDa cut-off filter membrane (Millipore) and
freeze-dried using a lyophilizer. The lyophilized product was dissolved in D2O (500 μL)
and analyzed by 1H and 31P NMR spectroscopy.

HPLC method C:

Each enzymatic reaction was performed in a 100 μL reaction mixture containing
1 mM UDP-GlcNAc and 1 mM MgCl2, incubated with or without KasQ in D2O. Deuterium
incorporation was stopped at nine different time points (0 min, 2 min, 5 min, 10 min, 15 min,
20 min, 25 min, 30 min, and 12 h) by adding equal volumes of chloroform. Supernatants
were injected into the HPLC-LTQ-MS and separated by the method described below.

HPLC method D:

The supernatant was subjected to HPLC-LTQ-MS with a Phenomenex Prodigy C-18
column (250 mm × 4.6 mm, 5 μm). The solvents used in the mobile phase were: solvent
A: 50 mM ammonium formate; solvent B: 100% acetonitrile. A gradient started at 0–6 min
(solvent A: 92%; solvent B: 8%) and progressed to 7–10 min (solvent A: 70–50%; solvent B:
30–50%) and 11–21 min (solvent A: 98%; solvent B: 2%) at a flow rate 0.3 mL min−1.
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2.14. Computational Analysis

For sequence alignment, KasQ homologue protein sequences were retrieved from
the National Center for Biotechnology Information (NCBI). Multiple sequence alignment
was performed with Clustal Omega and the aln format file was uploaded into EsPript
to construct the final image (Figure S21) [26]. KasQ homolog selected active sites were
uploaded to the Weblogo server to build the KasQ active site sequence logo [27].

3. Results and Discussion

3.1. Biochemical Investigation of an Epimerase

In an attempt to validate the biochemical function of KasQ, N-terminally His-tagged
KasQ was purified, which exists in solution as dimeric proteins (Figure S3). At first, poten-
tial substrates/intermediates UDP-GlcNAc 1, 2-acetamidoglucal 2 (AAG), and UDP 3 were
analyzed by HPLC-MS. Next, enzymatic reactions of KasQ incubated with UDP-GlcNAc
and MgCl2 were examined at various time points (Figures 2A,B and S4). At 10 min, the
expected product, UDP-ManNAc 4 (m/z 605.15 [M-H]), appeared at the retention time
of 9.90 min. On an elevated timeline, AAG 2 and UDP 3 (m/z 402.20 [M-H]) emerged,
respectively, at 8.99 and 9.51 min, and then increased over time (Figure S5). The generation
of UDP-ManNAc 4 stagnated after 10 min and slightly increased at 12 h. The optimum
temperature for KasQ epimerization activity was 37–42 ◦C. (Figure S6). Next, the effi-
ciency of the epimerase reaction was investigated. UDP-ManNAc formation was 6.8%
at 10 min and marginally increased to 9.2% at 12 h. On the other hand, at 10 min AAG
and UDP were formed at 0.2% and 1.1%, respectively. At 12 h, the conversion of AAG
was 23.8% and that of UDP was 64.4%. UDP-ManNAc concentration was 2.6-fold lower
than that of AAG and seven-fold lower than that of UDP, which indirectly suggested that
the intermediates formed are thermodynamically stable, consistent with previous studies
(Figures 2C and S7) [14].

The KasQ epimerase reaction was parallelly probed by NMR spectrometry. The
reaction of UDP-GlcNAc in the presence of KasQ and MgCl2 emanated the peak of a singlet
at 6.60 ppm corresponding to an alkenyl proton of AAG and an appreciable amount of
UDP-ManNAc was determined by its anomeric proton at 5.35 ppm. In contrast, a lesser
number of UDP-GlcNAc anomeric protons at 5.41 ppm was observed (Figure S8). Extensive
studies at various time intervals of the enzymatic reaction were executed (Figure 3). AAG
formed at 10 min and increased consistently with respect to time (Figure 3B), whereas
UDP-ManNAc formation from 10–120 min remained almost the same and slightly increased
at 12 h (Figure 3C). The equilibrated existence of phosphorus in the epimerase reaction
was tracked at various time periods by P31 NMR spectrometry. At 10 min, UDP extrusion
was observed with Pα at −8.7 ppm and Pβ at −4.5 ppm, along with UDP-GlcNAc Pα

at −11.7 ppm and Pβ at −10.0 ppm. At a wider timespan, the UDP-GlcNAc peak was
reduced and the UDP peak was intensified, whereas UDP-ManNAc Pα and Pβ at −12.8
and −12.7 ppm moderately increased with respect to time (Figure 3D). Enzymatic isotope
labeling studies of UDP-GlcNAc were scantly documented [14,28]. To gain further insight
into the KasQ epimerization reaction, a reversibility experiment was performed. UDP-
GlcNAc with or without KasQ in the presence of MgCl2 was incubated in D2O at different
time intervals and the reaction mixtures were subjected to HPLC-MS analysis (Figure S9).
No deuterium scrambling was observed when UDP-GlcNAc was incubated in D2O without
KasQ up to 12 h (m/z 605.98 [M-H]) (Figures 3E and S9A). Moreover, in the presence
of KasQ with UDP-GlcNAc and MgCl2 in D2O, deuterium was labeled from 2 min to
12 h (m/z 606.96 [M-H]) (Figures 3E and S9B). To validate the position of the deuterium
incorporation, NMR studies were performed (Figure 3F,G). The C2 position of the UDP-
GlcNAc was deuterated (97%) and appeared as a doublet at 5.36 ppm with minor traces of
C2-deuterated UDP-ManNAc (<1%). Heavily incorporated deuterium at the C2 position
of the UDP-GlcNAc clearly suggests that the abstraction of protons at the C2 position
is highly reversible with the surrounding active-site residues of KasQ. It also postulates
that first step of the reaction mechanism is highly reversible. A control experiment was
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performed to recognize the ability of thermodynamically stable AAG with UDP to generate
UDP-ManNAc or UDP-GlcNAc. KasQ incubated with AAG and UDP in the presence
of MgCl2 was monitored by 1H NMR (Figure S12). The absence of anomeric proton
signals of UDP-ManNAc or UDP-GlcNAc concluded that the enzymatic reaction was
ultimately futile. A similar finding was also noticed with SacA [16]. An ITC experiment
for AAG with KasQ showed unfavored binding in the medium (Table 4). This implies
that, thermodynamically, there is no binding affinity with KasQ for AAG. Enzyme binding
interactions of UDP-GlcNAc were determined by saturation transfer difference (STD) NMR
(Figure 3H). The proton binding epitope of UDP-GlcNAc with KasQ suggested that the
ribose framework accumulated a major zone of interactions, whereas the GlcNAc and
uridine moieties occupied a minor zone with KasQ. Both uridine H13 (the alkenyl group)
and ribose H7 bind closely with KasQ, acquiring major STD effects. Moderate binding
was attained on H8 and H9 of the ribose ring. GlcNAc H5, H14, and ribose H11 formed
weak binding interactions with KasQ. Based on these binding studies of STD NMR and ITC
analyses, we propose that the KasQ epimerase may proceed through a kinetically favorable
or an enzyme-bound reaction mechanism. The proposed pathway for this epimerization
reaction is from UDP-GlcNAc which undergoes an anti-elimination to generate AAG and
UDP. Then, it undergoes subsequent syn-addition to afford an epimer UDP-ManNAc 4.
Overall, our biochemical investigations indicate that KasQ converts UDP-GlcNAc 1 to
UDP-ManNAc 4 in a shorter reaction time, whereas in a prolonged reaction it releases a
higher amount of AAG 2 and UDP 3.

3.2. Biochemical Characterization of Acetyltransferases

The primary sequence analysis revealed that both KasF and KasH belong to enzymes
of the acetyltransferase superfamily, while both share very low sequence identity (<10%)
(Figure S13). Purified KasF forms monomers but KasH forms dimers in solution (Figure S3).
The in vivo acetylation (resistance) activity of KasF and KasH versus KSM was evaluated
with a disc diffusion assay (Figure S14). Individually, we introduced the pET28a+ plasmid
carrying the kasF or kasH gene into the BL21 (DE3) E. coli cells. The E. coli cells (carrying
the empty pET28a+ plasmid without the given acetyltransferase gene) were used as a
control. We observed a clear zone of inhibition (ZOI) in the E. coli cells (not carrying the
acetyltransferase gene) representing the cells’ inability to grow in the presence of KSM (the
disc contained ~5 μL of 7.6 mg/mL of KSM). The growth of E. coli that carried the kasH gene
was not affected in the presence KSM, whereas moderate growth of E. coli was observed in
the cells carrying the kasF gene (Figures 4A and S14). This phenomenon indicated that KasH
serves as a resistance gene specific to KSM. Whether KasF is a resistance gene against other
aminoglycoside antibiotics was further examined (Figures 4B,C and S15). The activities
of these two acetyltransferases against a number of commonly used aminoglycoside an-
tibiotics (amikacin, gentamicin, kanamycin B, sisomicin, streptothricin-F, and tobramycin)
were examined. The appearance of ZOI in all conditions strongly suggested that neither
KasH nor KasF are active towards these aminoglycoside antibiotics (Figures 4B,C and S15).
Based on this in vivo assay we concluded that KasH serves as a self-resistance gene, while
KasF partially acts as a self-resistance gene to KSM. To support this finding, an in vitro
assay was performed. KasF or KasH were incubated with 1 mM KSM and 0.5 mM AcCoA
at 37 ◦C for 12 h. KasH completely acetylated KSM (m/z 380.16 [M+H]) to produce 2′N-
acetyl-kasugamycin (Ac-KSM; m/z 422.38 [M+H]). Consistent with the in vivo analysis,
KasF partially acetylated KSM (m/z 380.10 [M+H]) to form Ac-KSM (m/z 422.07 [M+H])
(Figure 4J–M). As a result, KasH is the main self-resistance enzyme in the biosynthesis of
KSM, but KasF may play a supportive role in the overall resistance system. Additionally,
both KasF and KasH that are unable to acetylate the generally used aminoglycoside antibi-
otics (Figure 4D–I) suggested that the two enzymes are a pair of resistance enzymes specific
to KSM, the latter stronger than the former in terms of antimicrobial effectiveness. The
specificity of KasF and KasH is due likely to their regioselectivity on KSM because it is an
atypical aminoglycoside antibiotic, thereby incapable of acetylating other aminoglycosides.
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Isothermal titration calorimetry (ITC) was used to quantify the binding affinity of KasH
versus CoA (Kd = 96.1 μM), AcCoA (Kd = 160.7 μM), and KSM (Kd = 56.1 μM). Among
these binding affinity parameters, KasH and KSM concentrations are 2.9- and 1.7-fold
higher than AcCoA and CoA, respectively (Figure S17 and Table S1). Although KasF is
capable of partially acetylating KSM, it may not be a direct substrate. In the proposed
biosynthetic pathway, KasF catalyzes the first step of reactions by converting UDP-GlcNH2
to UDP-GlcNAc. To check this proposition, KasF was incubated with 1 mM UDP-GlcNH2
and 0.5 mM AcCoA at 37 ◦C for 12 h. We could not observe the formation of UDP-GlcNAc,
thus ruling out the possibility that KasF primes the KSM biosynthesis (Figure S18). The
origin of UDP-GlcNH2 or UDP-GlcNAc may be directly from the first metabolism, as they
are fundamental metabolites. To test whether KasF carries out the deacetylation reaction
in the KSM biosynthesis pathway (given UDP-GlcNAc the precursor, a deacetylase is
required but not found in the KSM BGCs), KasF was incubated with 1 mM UDP-GlcNAc
and 0.1 mM divalent ion (Zn2+). We found that neither KasF nor KasH was able to catalyze
the deacetylation reaction (Figure S19).

Figure 2. Biochemical investigation of KasQ by HPLC-LTQ-MS. (A) Time course assay for the
KasQ-mediated reaction in the presence of UDP-GlcNAc. The assay scheme is shown at the top:
1. UDP-GlcNAc, 2. AAG, 3. UDP, and 4. UDP-ManNAc. (B) The m/z of UDP-GlcNAc, UDP-ManNAc,
and UDP for the reaction carried out by KasQ in the presence of UDP-GlcNAc and MgCl2 for 180 min.
(C) The conversion rate of UDP-GlcNAc (orange) to UDP-ManNAc (brown), UDP (pink), and AAG
(cyan) over 12 h time course.
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Figure 3. Biochemical investigation of KasQ by NMR and mass spectrometry. (A) Scheme of the
KasQ-mediated epimerization reaction. Proton and phosphorous labels are shown in structural
formulas. (B) The 1H NMR stack plot of AAG evolution. (C) Time course 1H NMR spectra during
UDP-ManNAc formation. (D) The 31P NMR stack plot of varied time intervals. (E) The deuterium
incorporation assay with or without KasQ was incubated with UDP-GlcNAc and MgCl2 in D2O.
(F,G) Reversibility experiment. The pink circle denotes anomeric protons of UDP-GlcNAc; red and
black asterisks are the C2 deuterated UDP-GlcNAc and UDP-ManNAc anomeric protons. (H) 1H-STD
NMR analysis of UDP-GlcNAc in the presence of KasQ and the relative STD effects are shown in
appropriate colors. The highest intensity of the STD signal signifies 100%, according to which the
other signals were respectively calculated.
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Table 4. Thermodynamic parameters of KasQ versus different substrates.

S.No KasQ with n Kd (μM) ΔG (kcal mol−1) ΔH (kcal mol−1) ΔS (cal mol−1 K−1)

1 AMP NBD NBD NBD NBD NBD
2 ADP NBD NBD NBD NBD NBD
3 ATP NBD NBD NBD NBD NBD
4 GMP NBD NBD NBD NBD NBD
5 GDP NBD NBD NBD NBD NBD
6 GTP NBD NBD NBD NBD NBD
7 TTP 1.1 ± 0.1 174.5 ± 20.2 −5.128 ± 1.221 −7.612 ± 1.221 −8.33
8 UMP 1.0 ± 0.0 123.9 ± 70.9 −13.19 ± 1.245 −9.254 ± 1.245 13.2
9 UDP 3 1.0 ± 0.0 32.2 ± 6.8 −6.128 ± 0.5523 −4.130 ± 0.5523 6.70

10 UTP 1.0 ± 0.0 71.4 ± 5.7 −5.645 ± 1.340 −9.104 ± 1.340 −11.6
11 UDP-GlcNAc 1 NBD NBD NBD NBD NBD
12 UDP-GlcNAc/Mg2+ NBD NBD NBD NBD NBD
13 UDP-GalNAc 1.8 ± 0.4 334.4 ± 133. 7 −4.742 ± 1.700 −3.418 ± 1.700 4.44
14 UDP-Glc 0.5 ± 0.0 9.5 ± 0.3 −6.834 ± 0.0375 −0.3944 ± 0.0375 21.6
15 TDP-Glc 0.3 ± 0.0 25.1 ± 0.2 −6.273 ± 0.2773 −4.568 ± 0.2773 5.72
16 GDP-Glc NBD NBD NBD NBD NBD
17 UDP-Gal 1.0 ± 0.2 273.3 ± 54.6 −4.862 ± 1.926 −6.636 ± 1.926 −5.95
18 UDP-GlcA 1.5 ± 0.2 76.3 ± 15.2 −5.61 ± 0.5751 −1.376 ± 0.5751 14.2
19 GDP-Man NBD NBD NBD NBD NBD
20 UDP-GlcNH2 NBD NBD NBD NBD NBD
21 GlcNAc NBD NBD NBD NBD NBD
22 GalNAc NBD NBD NBD NBD NBD
23 GlcNH2 NBD NBD NBD NBD NBD
24 GlcA NBD NBD NBD NBD NBD
25 GalA NBD NBD NBD NBD NBD
26 D-Glucose NBD NBD NBD NBD NBD
27 D-Mannose NBD NBD NBD NBD NBD
28 D-Galactose NBD NBD NBD NBD NBD
29 AAG 2 NBD NBD NBD NBD NBD

NBD: No binding detected.

A number of studies revealed that modified aminoglycoside antibiotics carried encour-
aging antimicrobial activity to inhibit some human pathogens [29–32]. For example, the
enzymatically modified isepamicin (ISP), 6′-N-acetylated ISP analogs, manifested stronger
antimicrobial activity but less cytotoxicity than ISP against ISP-resistant Gram-negative
pathogens [33]. This fact prompted us to examine KasH for its ability to generate 2-N’-
acylated KSM analogs. KasH was examined in the presence of AcCoA, isovaleryl-CoA,
β-hydroxybutyryl-CoA, acetoacetyl-CoA, and propionyl-CoA alongside KSM, whereby new
2-N’-acyl substituted KSM analogs were generated (Figure 5). The binding affinity of KasH
versus isovaleryl-CoA (Kd = 199.2 μM), acetoacetyl-CoA (Kd = 98.0 μM), and propionyl-CoA
(Kd = 35.0 μM) was further determined (Figure S17 and Table S1), indicating that KasH has
considerable substrate promiscuity when it comes to forming new analogs.

3.3. Crystal Structure of KasQ in Complex with UDP and UDP-Glc

To better understand the catalytic mechanism of KasQ, we solved crystal structures
of KasQ for the wild type (WT) and its complexes with UDP or UDP-Glc in resolutions
of 2.44 Å, 2.58 Å, and 2.09 Å, respectively. Concerning the structure in complex with
UDP-GlcNAc—the structure that was most wanted—it was not obtainable from all our
co-crystallization conditions. Despite this, the structures, not least the one with UDP-Glc,
are still in a position to provide a structural basis to help elucidate the mechanism of the
epimerization reaction mediated by KasQ. Figures 6A and S20, respectively show the ribbon
diagram of the tertiary structure and the topology diagram of the secondary structure of
KasQ-WT. In consistence with homodimers in solution, an asymmetric unit contains two
monomers colored in rainbow (N-terminal blue, C-terminal red) and gray. Superimposition
of these two monomers with an RMSD of 0.86 Å for 317 Cα atoms indicated no significant
conformational differences. In brief, each monomer consists of two domains (N-terminal
and C-terminal domains), in which each subdomain is made of a typical sandwich (αβα)
architecture of a Rossmann fold (Figure 6A). Two fragments marked in dashed lines
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(residues 40–45 in the N-terminal domain and residues 184–190 in the C-terminal domain)
are missing from the model due to lack of electron density, likely a consequence of structural
disorder/flexibility in loop regions. The N-terminal domain is constituted by residues 1–170
that fold into a central seven-strand β-sheet (β1–β7) sandwiched by α-helices (α1–α7) on
each side along with a stand-alone α16 helix (residues 357–370). The C-terminal domain is
formed by residues 201–359 composed of a central six-strand β-sheet (β8–β13) sandwiched
α-helices (α9–α16) on each side. The N-terminal and C-terminal domains are connected by
two helices, α7–α8 (residues 173–199). The cleft between these two domains provides the
substrate binding pocket.

Figure 4. Biochemical characterization of acetyltransferases KasF and KasH. (A) Disc diffusion assay
with or without KSM. The E. coli BL21 (DE3) strain was used as a control. (B,C) The in vivo resistance
activity of KasF and KasH was assayed against amikacin, gentamicin, sisomicin, streptothricin-F, and
tobramycin. (D–I) The acetylation reactions of KasF and KasH were examined in the presence of
AcCoA and different aminoglycoside antibiotics, (D) amikacin, (E) gentamicin, (F) kanamycin B, (G)
sisomicin, (H) streptothricin-F, and (I) tobramycin. The EICs of (i) the antibiotic alone, (ii) KasF with
the selected antibiotic and AcCoA, (iii) KasH with the selected antibiotic and AcCoA are displayed.
(J,K) The acetylation reactions of KasF and KasH were examined in the presence of KSM and AcCoA,
indicating that both KasF and KasH are specific to KSM. (L,M) MS spectra for the substrates and
products (in m/z) of the KasF- and KasH-mediated reactions.
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Figure 5. HPLC-LTQ-MS analysis for 2-N’-acyl substituted KSM analogs generated using KasH.
(A) EIC spectra of (i) KSM at m/z 380.13 [M+H], (ii) Ac-KSM at m/z 422.19 [M+H], (iii) isovaleryl-
KSM at m/z 464.10 [M+H], (iv) β-hydroxybutyryl-KSM at m/z 466.24 [M+H], (v) acetoacetyl-KSM at
m/z 464.35 [M+H], (vi) propionyl-KSM at m/z 436.05 [M+H]. (B) Chemical structures of 2-N’-acyl
substituted KSM analogs with calculated m/z [M+H].

As revealed above, UDP or UDP-Glc is bound to its binding site at the interface of the
two domains. The superimposition of KasQ–UDP and KasQ–UDP-Glc with an RMSD of
0.29 Å for 332 Cα atoms suggested no apparent conformational differences as a result of
binding from different ligands (Figure 6B). The electron density of UDP or UDP-Glc is well
defined and consistent in the substrate binding site (Figure 6C,D). The UDP binding site
is highly conserved among all non-hydrolyzing UDP-GlcNAc 2-epimerases (Figure S21):
the guanidino side chain of Arg12 and the backbone of Leu267 are in close contact with
the uracil O2 atom, likely due to hydrogen bonding (3.1 Å and 3.4 Å, respectively). The
backbone of Leu267 is also in a hydrogen-bonding distance to the O4 atom (3.1 Å) and
the N3 atom (2.7 Å) of the uracil base. The two hydroxyl groups of the ribose moiety are
associated with Glu292 (2.8 Å and 2.6 Å) by hydrogen bonds. His209 may play a role
in stabilizing UDP by interacting with its α-phosphate (3.1 Å) and β-phosphate (2.6 Å).
Ser286, Gly287, and Gly289 are three highly conserved residues for molecular recognition,
in which Ser286 interacts with α/β phosphate (2.7 Å/3.2 Å, respectively), Gly287 is in
contact with the O1/O2 atom of β-phosphate (3.3 Å/3.1 Å, respectively), and Gly289 is
associated with the O1 atom of β-phosphate (2.9 Å) (Figure 6C).

In view of the KasQ–UDP-Glc complex, the UDP portion is well defined as it is
surrounded by an array of highly conserved residues, His209, Leu267, Ser286, Gly287, and
Gly289. The hexose moiety is held in place by a group of highly conserved residues for
its recognition and epimerization, except for Arg12, which differs from the corresponding
residues in other homologs pointing away from the uracil O2 atom (4.6 Å); the guanidino
group of Arg309, which is associated with Glu291 (2.9 Å), is in close proximity to the C2
hydroxyl group (4.1 Å), and the terminal carboxyl group of Asp97 is in close proximity
to the C2 atom (3.8 Å). These residues may act as a set of the interlinking acids/bases
triggering the elimination/addition reaction for the epimerization of UDP-GlcNAc to UDP-
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ManNAc. The C3 hydroxyl group of the hexose moiety is also within hydrogen-bonding
distances to both the guanidino group of Arg309 (2.7 Å/2.9 Å) and the carboxyl group of
Glu119 (3.3 Å). The C4 hydroxyl group is interacting with both Lys17 and Gln95 through
hydrogen bonding (3.5 Å and 3.1 Å, respectively). The C6 hydroxyl group is likewise
interacting with the carboxyl and amino groups of Asp97 through hydrogen bonding
(2.5 Å and 2.8 Å, respectively). Importantly, the carboxyl group of Asp97 that is located on
top of the sugar plane relative to the C2 atom (3.8 Å) likely serves as the general base to
deprotonate C2 in the first half of the reaction, yielding AAG and UDP; the Arg309/Glu291
dyad, on the other hand, acts as the general acid, likely protonating AAG to afford UDP-
ManNAc, thus completing the epimerization reaction (Figure 6D). Samuel et al. created five
mutants of catalysis-related residues K15A, D95Q, E117Q, E131Q, and H213N to evaluate
their biochemical importance [34]: they observed that all the mutants can release the AAG
intermediate. The activity of mutants D95Q and E131Q was 100-fold slower than that of the
wild type. Although non-hydrolyzing UDP-GlcNAc 2-epimerases have been extensively
studied, the catalytic residues that engage in the anti-elimination and syn-addition to form
the product remain unclear. On the basis of the KasQ structural complexes, we highlighted
the importance of two residues, Q95 and E308, which were mentioned less frequently in all
UDP-GlcNAc 2-epimerases reported thus far (Figure S21). To confirm their importance,
we prepared four mutants, Q95A, Q95E, E308A and E308Q, and performed biochemical
assays by incubating them with UDP-GlcNAc and MgCl2 at 37 ◦C for 12 h. For mutants
E308A and E308Q, both HPLC and TLC analyses did not show the appearance of the
intermediates, thereby confirming their importance in the catalysis (Figure S22). Moreover,
given their special and geographic position relative to the AAG intermediate, we propose
that Asp97 acts as the active site general base to trigger the elimination reaction, resulting
in the formation of UDP and AAG. In contrast, both mutants Q95A and Q95E performed
equally well, as did the wild type in terms of biochemical reactions, thus negating their
direct participation in the epimerization reactions. To this end, obtaining the UDP-Glc
or UDP bound complexes along with the mutagenesis studies allowed us to summarize
the catalytic mechanism of KasQ: Asp97 may serve as the first base to abstract the C2
proton from GlcNAc, resulting in the formation of AAG and the neglect of UDP that is
stabilized by nearby Arg210. Since the anti-elimination and syn-addition follow different
electron-configuration courses, an oxocarbenium intermediate may be transiently present
for buffering the transition state as well as helping change the reaction path. The positively
charged oxocarbenium intermediate may be stabilized by the negatively charged UDP
nearby [35]. In the UDP-addition course, the Arg309/Glu291 dyad opposite to Asp97
may serve as the general acid to protonate AAG so that UDP-ManNAc is derived in a
syn-addition manner, completing the epimerization reaction.

3.4. Structural Comparison

The primary sequence and tertial structural analysis revealed that KasQ is a homolog
to many non-hydrolyzing UDP-GlcNAc 2-epimerases in bacteria (Figure S21), for example,
2-epimerase from E. coli (PDB entry 1vgv; 47% identity [19]), Neisseria meningitidis (PDB
entry 6vlc; 44% identity [36]), Burkholderia vietnamiensis (PDB entry 5dld; 44% identity),
and Bacillus subtilis (PDB entry 4fkz; 42% identity). Despite the fact that KasQ exists as
dimers in solution as well as asymmetric units, only one UDP-Glc molecule is bound to
one protomer of the dimer. The superimposition of the KasQ–UDP-Glc complex with
that from E. coli (PDB entry 1vgv) shows high structural similarity (RMSD of 1.0 Å for
286 Cα), UDP-glucose and UDP-ManNAc well overlapping each other in the active site,
suggesting that both substrate-binding environments are comparable (Figure 7A). In light
of the residue sequence of the substrate/active site of KasQ, it is highly conserved except
for Q95 when aligned against other homologs (Figure 7B). Q95 was found interacting
with the C4-OH of UDP-Glc (Figure 6D) in contrast to the histidine (H) counterpart in
homologous 2-epimerases, which is at a distance from C4-OH of 4.5 Å. The close-up view
out of these active sites suggests that there is adequate space for KasQ to accommodate
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UDP-GlcNAc or UDP-ManNAc (Figure S23). Residue R214 of that in E. coli is missing due
to a lack of electron density (Figure 7C), while both structures fit well (E. coli epimerase
bound with UDP, PDB entry 1f6d; 47% identity [37]) with an RMSD as low as 2.0 Å for
298 Cα (Figure 7D). The UDP binding sites among all the selected epimerases are conserved
(Figure 7E) where residues SGG are highly conserved, likely to stabilize UDP by interacting
with its α/β-phosphates through hydrogen bonds (Figure 7F).

Figure 6. Crystal structures of KasQ in complex with UDP or UDP-Glc. (A) KasQ–WT structure.
Monomer 1 is displayed in rainbow colors (N-terminal blue/C-terminal domain in red) and monomer
2 is displayed in gray. The missing residues 40–45 and 184–190 are designated by dashed lines.
(B) Superimposition of the KasQ–UDP monomer (pale cyan) with the KasQ–UDP-Glc monomer
(cyan) gives an RMSD of 0.29 Å. UDP and UDP-GlcNAc are displayed as yellow and pink sticks,
respectively. (C) The UDP model fits well into its 2Fo-Fc electron density map (contoured at 1 σ).
(D) The UDP-Glc model fits well in its 2Fo-Fc electron density map (contoured at 1 σ).

A sodium ion was observed in coordination with the carbonyl backbone of N-terminal
residues Leu25, Asp26, Asp28, and Phe31 (Figure S24). In the KasQ–UDP complex, the
carboxyl group of Glu32 makes an additional interaction with the Na+ ion. Moreover, we
found that the C-terminal residues Pro298, Ser250, and Ala352 of a KasQ homolog (PDB
entry 1f6d) are associated with a Na+ ion (Figure S24D). These metal-ion binding sites,
however, are ~25 Å away from the substrate binding region (Figure S24E), suggesting
that they have little or no influences on the substrate-binding and enzymatic activity
(Figure S24F).
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Figure 7. Sequence and structural comparison of KasQ with reported UDP-GlcNAc 2-epimerases.
(A) Superimposition of KasQ–UDP-Glc monomer (cyan) with UDP-GlcNAc 2-epimerases of E. coli
bound with UDP-ManNAc colored blue (PDB entry 1vgv, crystal structure modeled with UDP-
ManNAc, mistakenly named UDP-GlcNAc) gives an RMSD of 1.0 Å. UDP-Glc and UDP-GlcNAc are
colored as pink and blue sticks, respectively. (B) Sequence logo of sugar binding-site residues amid
KasQ homologs. (C) The active site of KasQ–UDP-Glc superimposed with that of E. coli bound with
UDP-ManNAc. (D) Superimposition of the KasQ–UDP monomer (cyan) with the E. coli counterpart
bound with UDP (PDB entry 16fd) gives an RMSD of 2.2 Å. (E) Sequence logo of UDP binding sites
amid KasQ homologs. (F) Active sites of KasQ–UDP superimposed with the E. coli counterpart bound
with UDP.

3.5. KasQ Substrate Specificity

To investigate the substrate specificity, KasQ was assayed against an array of NDP-
sugars. In brief, KasQ was incubated with NDP-sugars (UDP-GlcNAc, UDP-GalNAc,
UDP-Glc, TDP-Glc, GDP-Glc, and UDP-Gal) in the presence of MgCl2 at 37 ◦C for 12 h and
then subjected to HPLC analysis. In comparison with standards (both retention time and
molecular weight, m/z), we concluded that KasQ can only convert UDP-GlcNAc 1 to UDP-
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ManNAc 4. The consumption of a considerable amount of UDP-GlcNAc and release of AAG
2 and UDP 3 in solution were observed in a 12 h reaction. The fact is that none of the other
NDP-sugars can be hydrolyzed by KasQ, suggesting that UDP-GlcNAc is the only valid
substrate (Figure S25). The kinetic parameters for KasQ in the presence of UDP-GlcNAc
and MgCl2 were determined: kcat 1.33 s−1, KM 40.28 mM, and kcat/KM = 0.032 s−1mM−1

(Figure S26 and Table S2). In addition, the dissociation constants (Kd) of KasQ versus
nucleosides, (mono/di/tri) phosphates, NDP-sugars, and monosaccharides were examined
using ITC, as summarized in Table 4 and Figures S27–S29. Neither UDP-GlcNH2 that was
enzymatically synthesized using the published procedure [38] nor AMP, ADP, ATP, GMP,
GDP, or GTP shows detectable binding affinity with KasQ. We nevertheless observed some
binding affinity in a micromolar range when KasQ was titrated with UMP (Kd = 123.9 μM),
UDP (Kd = 32.2 μM), UTP (Kd = 71.4 μM), and TTP (Kd = 174.5 μM) (Table 4 and Figure S27).
Of these, the binding affinity of UDP versus KasQ was shown to be 2–5-fold higher than
that of the others, suggesting that UDP-sugar is most likely the physiological substrate for
KasQ. In contrast, UDP-Glc showed the highest binding affinity (Kd = 9.5 μM) in contrast
to UDP-GlcNAc, which, for some reason, could not be determined (Table 4 and Figure S28).
We speculated that divalent ions (Mg2+) may influence the binding but cannot conclude
this from the ITC assay. Interestingly, both mutants Q95A and Q95E showed high binding
affinity versus UDP-GlcNAc (Kd = 45.2 μM and Kd = 14.2 μM, respectively) comparable
to that of WT versus UDP-Glc (Figure S30 and Table S3). In addition, we performed time
course assays for KasQ in the presence of UDP-Glc and MgCl2, while we could not observe
the formation of 2-hydroxyglucal and UDP-mannose, thereby concluding that UDP-Glc is
not a substrate (Figure S31). Given these facts, we summarized that Q95 interacts with the
C4 hydroxyl group of UDP-Glc (Figure 6D), while mutants Q95A and Q95E are not able to
bind with UDP-Gal (C4-axial hydroxyl group). We propose that Q95 may play a critical role
in the control of the reaction rate, directionality, and product release. Our mutagenic study
may have shed new light on this subtle regulation in KSM biosynthesis while the actuality
may depend on future detailed kinetic and biochemical/biophysical examinations.

3.6. In Vivo Isotope Incorporation Analysis

The origin of the main chemical components of KSM has previously been examined
using isotopically labeled sugars, glycine, or ammonia. These results as a whole revealed
that glucose or mannose is the precursor of kasugamine, that the D-inositol moiety is
derived from myo-inositol, and that the glycine imine side chain comes directly from
glycine [39–43]. This information, however, is insufficient to shed light on the real roles
of KasF, H, and Q in the biosynthesis of KSM. To address the insufficiency, we used
Streptomyces lividans TK64 harboring pMKBAC08-KAS as a model system to produce KSM,
for which the susceptibility of E. coli to KSM was gauged by disc diffusion assay to profile
its production. The inhibition zone appeared in agar plates on the third day, suggesting
that KSM had been produced to a considerable quantity by manifesting a significant
inhibition zone against E. coli (Figures 8A and S33). Samples collected from the culture
medium were subjected to HPLC-TQ-MS (positive mode), whereby the molecular weight
of KSM was determined with m/z at 380.1 [M+H] as a reference. To see if KSM directly
derived from glucose or glucosamine, we fed three precursors, 13C1-D-glucose, 13C1-D-
glucosamine, and 13C1,15N2-D-glucosamine, to the culture of Streptomyces lividans TK64.
We found that only 13C1-D-glucose is partially incorporated into KSM, as shown by the
isotopic profile of KSM with m/z at 380.1 [M+H], 381.2 [M+1+H], and 382.1 [M+2+H], in
which the latter two displayed a ratio close to unit, likely as a result of D-glucose that
serves as the precursor for both kasugamine and inositol in the KSM biosynthetic pathway
(Figures 8B, S1 and S32). Given 13C1-D-glucosamine, the isotopic profile is dissimilar to
13C1-D-glucose, where it showed a dominant m/z at 381.2 [M+1+H] and a second dominant
m/z at 382 [M+2+H] with a ratio close to 2 in contrast to the almost vanished native KSM
(m/z at 380.1 [M+H]), suggesting that glucosamine instead of glucose is the main or direct
precursor of kasugamine and is readily convertible back to glucose at a high rate, an
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alternative source to myo-inositol (Figures 8B and S32). Given 13C1,15N2-D-glucosamine,
the isotopic profile showed the dominant m/z at 382.2 [M+2+H] and 383 [M+3+H] with a
ratio close to unit confirming the above reasoning. D-glucose is an indirect substrate, while
glucosamine is the “direct” substrate in terms of utilization efficiency towards incorporation
into KSM. On the other hand, given 15N-glycine, the molecular weight of KSM increased
by one mass unit (m/z 381.2 [M+1+H]), indicating that glycine is the key precursor for
the carboxyformidoyl group at C4-NH2 of KSM. Although UDP-N-Glc derivatives are
the key precursors for KSM, the origin of the C4 amino group was parallelly investigated
using 15N-aspartic acid or 15N-glutamic acid. An equal isotopic increment at M+H and
M+1+H and a relatively minor extent of M+2+H for KSM were observed, suggesting that
both 15N-aspartic acid and 15N-aspartic acid are the C4-NH2 donor of KSM and a minor
C2-NH2 donor of glucosamine (Figure 8B,C). Based on our bioinformatics analysis, we
put forward that KasC, the committed transaminase (28% similarity to PDB entry 5ghg, ω-
Transaminase), may transfer the amino group given by either of these two amine donors to
the precursor of KSM [44]; KasN, the committed glycine oxidase (42% similarity to fms14),
may oxidatively add the glycine to the kasugamine precursor, forming carboxyformimidoyl-
kasugamine [45].

Figure 8. Disc diffusion and in vivo isotope incorporation assay. (A) Disc diffusion assay shows
the zone of inhibition (ZOI) determining the optimal course of kasugamycin production against
E. coli. (B) Isotope incorporation analysis: (i) KSM isolated from the producing strain fed without
isotopes, (ii) KSM isolated from the producing strain fed with 13C1-glucose, (iii) KSM isolated from
the producing strain fed with 13C1-glucosamine, (iv) KSM isolated from the producing strain fed with
13C115N2-glucosamine, (v) KSM isolated from the producing strain fed with 15N-glycine, (vi) KSM
isolated from the producing strain fed with 15N-aspartic acid, and (vii) KSM isolated from the
producing strain fed with 15N-glutamic acid. Increments of m/z are colored in light to dark green.
(C) Schematic diagram of isotope incorporation in KSM.
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4. Conclusions

In summary, KSM is produced by Streptomyces kasugaensis, isolated in 1965 [2]. It
has been widely used in agriculture because of good activities against a plethora of plant
bacterial diseases, for example, to control rice bacterial grain and seedling rot [4]. Beyond
this, a number of new findings have highlighted that KSM is a promising drug lead, as it
effectively counters some recalcitrant human diseases [5–8]. Unlike other aminoglycosides,
KSM is composed of two unusual sugars, a D-chiro-inositol and a kasugamine with a
glycine imine appendage. Whereas KSM has been discovered more than 50 years, its
biosynthetic pathway remains still elusive due to lack of biochemical evidence. Based on
the previous hypothesis, KasF was proposed as a starter enzyme involved in the formation
of UDP-GlcNAc to initiate the biosynthesis of KSM, KasH as a self-resistance enzyme to
regulate its biosynthesis, and KasQ as an enzyme standing in the middle of the pathway for
the formation of kasugamine. In this study, we took advantage of in vitro biochemical and
biophysical analyses alongside in vivo isotope feeding assays to solve these outstanding
issues. First, we biochemically characterized the function of KasQ, which indeed is an
epimerase converting UDP-GlcNAc to UDP-ManNAc, likely serving as the first step in the
KSM biosynthesis. Mechanistically, we made use of NMR, stable isotope labelling, and
synthetic AAG to ascertain that KasQ belongs to the un-hydrolyzing 2-epimerase protein
family, in which the 2-epimerization reaction is carried out following the anti-elimination
and syn-addition dual mechanisms. Structurally, we determined three crystal structures
of KasQ for the wild type and its complex with UDP or UDP-Glc, thus allowing insights
into the molecular recognition and catalytic mechanism at the molecular level. KasF was
previously proposed as an enzyme that primes the biosynthesis of KSM; our in vivo and
in vitro biochemical assays, however, ruled out this possibility. The fact is that UDP-
GlcNH2 cannot be converted to UDP-GlcNAc in the presence of KasF alongside AcCoA.
KasF, nevertheless, shares the KSM-inactivation activity to some extent. By contrast, KasH is
literally the aminoglycoside-modifying enzyme transferring the acetyl group from AcCoA
specific to KSM to form 2-N’-acetyl KSM. Finally, the isotope-feeding study confirmed that
13C,15N-glucosamine/UDP-GlcNH2 rather than glucose/UDP-Glc is the direct precursor
in the formation of KSM. To this end, we have addressed several long-standing unresolved
issues, which should be conducive toward mapping out the correct KSM biosynthetic
pathway. The information garnered should also pave the way for developing novel KSM-
based medicines using chemoenzymatic and synthetic biology approaches.
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Abstract: New di-(β-chloroethyl)-amides of some acids derived from 2-mercaptobenzoxazole were
prepared by reaction of the corresponding pivalic mixed anhydrides with di-(β-chloroethyl)-amine. A
study regarding the optimization of the chemical reactions was made for the case of di-(β-chloroethyl)-
amines. The quantum chemical analysis by Spartan’14 was made in order to establish the most stable
configuration of the ground electronic states for the obtained chemical structures and some physico-
chemical parameters of N-mustards reported in this paper. Mercaptobenzoxazoles substituted in the
side chain with the cytotoxic group show antitumor activity and they inhibit Ehrlich Ascites in an
appreciable proportion compared to the drug I.O.B.-82, as our studies evidenced.

Keywords: 2-mercaptobenzoxazole; N-mustards; anti-inflammatory activity

1. Introduction

Cancer can be considered one of the most pressing concerns of research in medicine,
chemotherapy, phytochemistry, and biology. Chemotherapy alone or in combination with
radio-immunosurgical treatment is the major strategy in the fight against cancer.

In addition to drugs that support the current possibilities of clinical treatment, the
range of antitumor compounds is constantly growing [1–10].

However, there are some drawbacks in the administration of various chemicals used
as cytostatic drugs. First, their poor selectivity towards cancer cells, they also act on normal
cells and are, therefore, toxic for the body. Second, there are concerns about the installation
of the resistance of malignant tumors against the used drugs [11]. Nowadays, the most
active and widely used class of cytostatics is that of alkylating substances. The cytostatics
containing the di-(β-chloroethyl)-amine group in their structure have the widest utility.

When the active group is attached to a radical of an aliphatic hydrocarbon, those
N-mustards have a reduced selective action against cancer cells and a high toxicity to the
normal cells [12].
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N-mustards chemotherapy has taken a step forward in the use of aromatic and hetero-
cyclic di-(β-chloroethyl)-amines. Their lower toxicity is due to the action of the aromatic
or heterocyclic support, which causes a decrease in the basicity of the nitrogen atoms and
the rate of alkylation, respectively. The main mode of action of di-(β-chloroethyl)-amines
consists in the possibility of an intramolecular cyclization with the formation of an immo-
nium cation consisting of an ethylene ring of three atoms, which, being unstable, easily
breaks and can react through carbon as an alkylating agent for substances possessing active
groups: NH2, SH, and so forth.

It is assumed that, through the alkylating group, the N-mustards bind to the active
groups NH2, SH, and so forth, from two protein macromolecules, nucleoproteins, deoxyri-
bonucleic acids that participate in the multiplication process of the neoplastic cells and, by
forming cross-links, forms a bridge between two nucleoprotein macromolecules or protein
molecules and enzymes (cross-linking), preventing them from participating in accelerated
biosynthesis, stopping the anarchic division of malignant cells [13].

The specialized literature offers synthesis techniques for some N-mustards in which,
by varying the support of the cytotoxic group, alkylated substances with advantageous
chemotherapeutic indices and lower toxicity were obtained [4,5,13–18].

Benzoxazole and its derivatives constitute an important class of compounds that
possess a wide range of pharmacological properties [19–28]. In addition, some of the
benzoxazoles also show cytotoxic activity against malignant cells [29,30].

The aim of the present study is to propose new N-mustard compounds for biomed-
ical applications in cancer therapy. As new compounds, they are studied both for the
optimization of their obtaining reactions and for establishing some characteristics based
on quantum mechanical analysis. Their very low toxicity and the results provided after
testing on experimental animals recommend them as potential candidates for antitumor
drugs development.

2. Materials and Methods

The chemical reactants were provided by Merck Company (Darmstadt, Germany) and
Fluka (Darmstadt, Germany) and used without any purification.

The purity of the obtained substances was checked by quantitative elemental analysis,
as well as Fourier-transform infrared (FT-IR) and nuclear magnetic resonance (NMR) spec-
troscopy. Quantitative elemental analysis was performed by using the Exeter Analytical
CE 440 (Exeter Analytical UK Ltd., Coventry, UK). BRUKER Tensor-27 FT-IR (ATR) spec-
trophotometer (Bruker Optik GmbH, Ettlingen, Germany) was used to record the FT-IR
spectra. 1H-NMR spectra (DMSO-d6, 400 MHz) were recorded using a BRUKER ARX 400
spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) equipped with 5 mm QNP
1H/13C/31P/19F samples and Silicon Graphics INDIGO2 workstation (Silicon Graphics,
Inc., Mountain View, CA, USA).

Statistical models based on the factorial design [31–33] were applied to establish the
best conditions in which the reaction rates can be maximized. To decide the situations
for which the reaction yield does not depend on a given variable, the Student’s t-test [32]
was applied.

The quantum mechanical analysis was performed by the help of Spartan’14 software
(Wavefunction, Inc., Irvine, CA, USA) [34,35], using the density functional method (Density
Functional EDF2, 6-31 G*).

The acute toxicity was established by evaluation of produced mortality. The toxicity
degree indicates the maximum bearable dose LD0, minimum lethal dose LD100, and the
killing dose that kills 50% of the experimental animals LD50, these representing the best
clues in the interpretation of the results. In the determination of the acute toxicity of
the compounds, mice weighing 20 ± 2 g were used, the experimental groups consisting
of 10 animals of both sexes. The substances were administered intraperitoneally as a
suspension in Tween 80 (Sigma-Aldrich, Darmstadt, Germany) and the mortality was
recorded at 24 h, 48 h, and 7 days. The general condition, the appearance of the hair, the
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behavior, the appearance of the tremors, and so forth were observed. The Spearman–Kärber
method [36] allowed for the quick determination of LD50 on a small number of animals,
using the next calculation method:

LD50 = LD100 − ∑
a × b

n
(1)

where a is the difference between two successive doses of the administrated substance, b is
the average number of dead animals in two successive doses, and n is the total number of
animals in the group.

To study the cytostatic action, the A2G mice weighing 25–30 g (±2 g) were used as
experimental animals and Ascita Ehrlich has been used as an experimental tumor. The
transplantation was performed intraperitoneally. The substances were administered as
suspensions in 1% methylcellulose, by single injections on the 7th day after transplantation.
The concentrations of 400, 200, and 40 mg/kg body weight were used. The experimen-
tal groups included 20 animals for each concentration, while the control groups had 10
tumored animals. The inhibition was calculated according to the methods from the litera-
ture [37], 7 days after the administration of the substances.

3. Results and Discussion

3.1. Chemical Reactions

The pharmacodynamic action of various chemicals is the result of their interaction
with substances from the biological substrate, under the influence of biochemical factors.
Consequently, the synthesis and study of a wide range of chemical compounds that contain
bioactive groups in the molecule will allow the establishment of a more accurate correlation
between structure and biological activity.

Based on the previous research [13–17,38,39], the synthesis of new N mustard deriva-
tives containing the benzoxazole heterocycle and the di-(β-chloroethyl)-amine group in
their molecules was made. Thus, it becomes interesting to study the mutual influence of
these components that are present in the same molecule, as well as their contribution to the
overall biological activity of the substance.

In our research, we aimed to graft the di-(β-chloroethyl)-amine group in different
positions on the side chain of the oxazole ring within the 2-mercapto benzoxazole substrate.
For this purpose, by the hot dissolution of 2-mercaptobenzoxazole in alcoholic solution
containing sodium ethoxide, the sodium salt of 2-mercaptobenzoxazole (I) was obtained,
which, treated in water-acetone solution, with chloroformic acid, chloroacetic acid and
β-chloropropionic acid, led to benzoxazole-2-yl-mercapto-formic (II), acetic (III), and β-
propionic (IV) acids (Scheme 1).

 
Scheme 1. Synthesis of the benzoxazole-2-yl-mercapto-(II–IV) acids.

The synthesis of the compounds I–IV was confirmed by elemental and spectral analysis
(FT-IR, 1H-NMR).
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The IR spectra of the compound (I) show a characteristic band of the aromatic ring
at 3000 cm−1. The band attributed to the valence vibration of the cyclic C = N group can
be noticed at 1481 cm−1. The C–S group gives absorption at 685 cm−1. In the 1H-NMR
spectra, the signal of the aromatic protons appears in the form of a doublet in the range
6.94–7.47 ppm.

The IR spectra of the derivatives (II–IV) show a band at 3356–3368 cm−1 correspond-
ing to the valence vibrations of the COOH group and in the immediate proximity, at
2982–3060 cm−1, an intense absorption band given by the vibrations of the aromatic CH
group. The cyclic C = N group is highlighted by the band at 1638–1644 cm−1. The bands
specific to the valence vibration of the C–S connection appear at 720–752 cm−1. The band
at 1076–1080 cm−1 is assigned to the cyclic C–O group. In the 1H-NMR spectra of the
compounds (II-IV), the proton of the COOH group is highlighted at 11.56–11.76 ppm, while
signals of the aromatic protons are present at 7.13–7.69 ppm. For compounds (III) and (IV),
due to the nucleophilic nature of the COOH group and the two heteroatoms (N and O) of
the benzoxazole heterocycle, the peak values for the protons of the CH2 group are found
close to the protons in the benzene nucleus, namely at 7.6–7.11 ppm.

It is known [13,40–45] that the functionalization of di-(β-chloroethyl)-amine is per-
formed in the presence of an inert solvent, using anhydrides, acid chlorides or other
acylating agents. The use of the mixed anhydride method [46] allowed us to functionalize
the di-(β-chloroethyl)-amine with acids derived from 2-mercaptobenzoxazole and to obtain,
with good yield, some di-(β-chloroethyl)-new benzoxazole amides.

Initially, the sodium salts of the benzoxazole-2-yl-mercapto-formic, acetic, and β-
propionic (V–VII) acids were synthesized by refluxing a mixture of acid (II–IV) in alcoholic
solution with sodium hydroxide (Scheme 2).

 
Scheme 2. Synthesis of the sodium salts of benzoxazol-2-yl-mercapto-formic, acetic, and β-propionic acids (V–VII), respectively.

The structure of the compounds V-VII was also investigated by elemental and spectral
analysis (FT-IR, 1H-NMR). The IR spectra for the compounds V-VII show absorption at
1608–1640 cm−1, specific to the COO– group. The 1H-NMR spectra of the compounds V-VII
show the aromatic protons as a doublet at 7.12–7.68 ppm and the protons of the CH2 group
(in the compounds VI and VII) as a multiplet in the region of 7.05–7.12 ppm.

In order to increase the reactivity of the carboxyl group in sodium salts (V–VII),
they were converted by treatment with pivaloyl chloride (trimethylacetic acid chloride)
to mixed anhydrides (A–C), capable of reacting rapidly and under mild conditions with
di-(β-chloroethyl)-amine. The mixed anhydrides (A–C) are unstable and it is difficult
to isolate them, so we chose for their in situ use a dichloromethine solution in which
di-(β-chloroethyl)-amine is dissolved as a free base. The reaction mixture was stirred for
three hours, filtered, and recrystallized from the anhydrous dioxane precipitate to give
N-mustards (VIII-X) (Scheme 3).
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Scheme 3. Reactions for obtaining di-(β-chloroethyl)-amides of benzoxazole-2-yl-mercapto-formic (VIII), acetic (IX) and
β-propionic (X) acids, respectively.

The structure of the compounds VIII–X was established by elemental and spectral anal-
ysis (FT-IR, 1H-NMR). The IR spectra show characteristic bands of the three N-mustards.
In the area 3094–3097 cm−1, there are the bands corresponding to the vibration of the
aromatic CH group. The C = O amide bond produces a well-highlighted band at 1623 cm−1

and 1624 cm−1. The vibration of the C = N group appears at 1490–1493 cm−1. In the
IR absorption spectra of N-mustards VIII-X, the C–N stretching frequency was iden-
tified at 1283–1306 cm−1, while the C–Cl stretching frequency was identified between
747–789 cm−1. In the 1H-NMR spectra of the compounds VIII–X, multiplets between
δ = 3.16–3.41 ppm (VIII), δ = 3.55–3.57 ppm (IX) and δ = 2.55–3.39 ppm, respectively, whose
integrated surface satisfactorily coincides, in all cases, with the eight existing protons, were
obtained for the protons from the N-mustard group.

3.2. Experimental Procedure
3.2.1. Sodium Salt of the 2-Mercaptobenzoxazole (I)

First, 0.2 mol 2-mercaptobenzoxazole were treated with 0.2 mol metal sodium dis-
solved in 120 mL anhydrous ethyl alcohol. The obtained solution was refluxed for 90 min
on a water bath, then hot filtered to remove any impurities. Excess of alcohol was removed
by distillation under reduced pressure, then, after cooling, the precipitate was separated,
filtered in vacuum, and then dried.

Light gray solid (32.76 g; yield 95%); M.p. = 298–300 ◦C.
Elemental analysis calculated for C7H4NOSNa (%): C, 48.55; H, 2.31; N, 8.09; S, 18.49.

Found: (%): C, 48.67; H, 2.65; N, 8.31; S, 18.90.
IR; νmax (cm−1): 3000 (CHAr); 1481 (C = N); 685 (C–S).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 6.94–7.14 (d, 2H, CHAr); 7.31–7.47 (d,

2H, CHAr).
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3.2.2. Benzoxazole-2-Yl-Mercapto-Formic, Acetic, β-Propionic Acids, Respectively (II–IV)

Next, 0.05 mol of sodium salt of 2-mercaptobenzoxazole (I) were dissolved in 60 mL
of water-acetone (1:1) to give a clear gray solution. Then, 0.05 mol of acid (chloroformic,
chloroacetic and β-chloropropionic) were added in portions, under vigorous stirring. The
reaction mixture was heated at 40–45 ◦C, stirring for 100–120 min. Towards the end, an
abundant white-yellow precipitate appeared instantly. It was filtered by vacuum, dried,
and purified by recrystallization from boiling water.

3.2.3. Benzoxazole-2-Yl-Mercapto-Formic Acid (II)

White, crystalline solid (6.24 g; yield, 64%); M.p. = 111–112 ◦C.
Elemental analysis calculated for C8H5NO3S (%): C, 49.23; H, 2.56; N, 7.17; S, 16.41.

Found: (%): C, 49.57; H, 2.78; N, 7.36; S, 16.68.
IR; νmax (cm–1): 2988 (CHAr); 1644 (C = N); 1076 (C–O); 720 (C–S); 3360 (COOH).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 7.26–7.39 (d, 2H, CHAr); 7.41–7.69 (d, 2H,

CHAr); 11.76 (s, 1 H, COOH).

3.2.4. Benzoxazole-2-YL-Mercapto-Acetic Acid (III)

White, crystalline solid (8.04 g; yield, 77%); M.p. = 113–114 ◦C.
Elemental analysis calculated for C9H7NO3S (%): C, 51.67; H, 3.34; N, 6.69; S, 15.31.

Found: (%): C, 52.02; H, 3.51; N, 6.97; S, 15.64.
IR; νmax (cm–1): 2982 (CHAr); 1641 (C = N); 1076 (C–O); 760 (C–S); 784 (–CH2–S);

3356 (COOH).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 7.06–7.08 (m, 2H, CH2); 7.13–7.16 (d, 2H,

CHAr); 7.24–7.32 (d, 2H, CHAr); 11.60 (s, 1 H, COOH).

3.2.5. Benzoxazole-2-Yl-Mercapto-β-Propionic Acid (IV)

White, crystalline solid (7024 g; yield, 63%); M.p. = 120–122 ◦C.
Elemental analysis calculated for C10H9NO3S (%): C, 53.01; H, 4.03; N, 6.27; S, 14.34.

Found: (%): C, 53.35; H, 4.22; N, 6.65; S, 14.61.
IR; νmax (cm–1): 3060 (CHAr); 1638 (C = N); 1080 (C–O); 752 (C–S); 788 (–CH2–S);

3360 (COOH).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 7.09–7.11 (m, 4H, CH2); 7.27–7.28 (d, 2H,

CHAr); 7.60 (d, 2H, CHAr); 11.51 (s, 1 H, COOH).

3.2.6. Sodium Salts of Benzoxazole-2-Yl-Mercapto-Formic, Acetic, β-Propionic
Acids (V–VII)

0.02 moles of sodium hydroxide p.a. are introduced into 100 mL of anhydrous ethyl
alcohol with 0.02 moles of acid (II–IV). The mixture is stirred until the acids are completely
dissolved, then is refluxed for 60 min. The alcoholic solution is filtered and then concen-
trated by distillation under reduced pressure to a volume of 25–30 mL. The content of the
flask still hot is transferred to a crystallizer in which, by cooling, the sodium salt (V–VII)
precipitates in the form of crystals in an abundant layer.

3.2.7. Sodium Salt of Benzoxazole-2-Yl-Mercapto-Formic Acid (V)

White, crystalline solid (4.07 g; yield, 94%); M.p. = 188–190 ◦C.
Elemental analysis calculated for C8H4NO3SNa (%): C, 44.23; H, 1.84; N, 6.45; S, 14.74.

Found: (%): C, 44.38; H, 2.07; N, 6.78; S, 15.03.
IR; νmax (cm–1): 720 (C–S); 1610 (COO–).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 7.25–7.68 (d, 2H, CHAr).

3.2.8. Sodium Salt of Benzoxazole-2-Yl-Mercapto-Acetic Acid (VI)

White, crystalline solid (4.48 g; yield, 97%); M.p. = 206–208 ◦C.
Elemental analysis calculated for C9H6NO3SNa (%): C, 46.75; H, 2.59; N, 6.06; S, 13.85.

Found: (%): C, 46.96; H, 2.77; N, 6.43; S, 14.18.
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IR; νmax (cm–1): 784 (S–CH2); 1608 (COO–).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 7.05–7.07 (m, 2H, CH2); 7.12–7.33 (d,

2H, CHAr).

3.2.9. Sodium Salt of Benzoxazole-2-Yl-Mercapto-β-Propionic Acid (VII)

White, crystalline solid (4.50 g; yield, 92%); M.p. = 209–221 ◦C.
Elemental analysis calculated for C10H8NO3SNa (%): C, 48.97; H, 3.26; N, 5.71; S,

13.16. Found: (%): C, 49.28; H, 3.43; N, 6.04; S, 13.34.
IR; νmax (cm–1): 790 (–CH2–S); 1610 (COO–).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 7.08–7.12 (m, 4H, 2CH2); 7.26–7.62 (d,

2H, CHAr).

3.2.10. Di-(β-Chloroethyl)-Amides of the Benzoxazole-2-Yl-Mercapto-Formic, Acetic,
β-Propionic Acids (VIII–X)

First, 0.02 mol of sodium salt (V–VII) were dissolved in 50 mL of anhydrous dichloromethane,
cooled to 3–5 ◦C and, under stirring, 0.02 mol of freshly distilled pivalic chloride was added.
The mixed anhydride formed was treated with 0.025 moles of di-(β-chloroethyl)-amine
and then the stirring at 10–12 ◦C for 60 min was continued. Interrupting the cooling, the
reaction mixture was stirred for 3 h, filtered, and recrystallized from the anhydrous dioxane
precipitate. N-Mustards (VIII–X) were obtained.

3.2.11. Di-(β-Chloroethyl)-Amide of Benzoxazole-2-Yl-Mercapto-Formic Acid (VIII)

Solid white-yellow, crystalline (4.59 g; yield, 72%); M.p. = 195–197 ◦C.
Elemental analysis calculated for C12H12N2O2SCl2 (%): C, 45.14; H, 3.76; N, 8.77; S,

10.03; Cl, 22.25. Found: (%): C, 45.31; H, 3.98; N, 8.98; S, 10.37; Cl, 22.56.
IR; νmax (cm–1): 3095 (CHAr); 1491 (C = N); 1305 (C–N tertiary); 1623 (C = O amidic);

748, 789 (C–Cl).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 3.16–3.19 (m, 4H, 2CH2); 3.40–3.44 (m, 4H,

2CH2); 7.39–7.41 (d, 2H, CHAr); 7.71–7.73 (d, 2H, CHAr).

3.2.12. Di-(β-Chloroethyl)-Amide of Benzoxazole-2-Yl-Mercapto-Acetic Acid (IX)

Yellow, crystalline solid (5.09 g; yield, 84%); M.p. = 178–180 ◦C.
Elemental analysis calculated for C13H14N2O2SCl2 (%): C, 46.84; H, 4.20; N, 8.40; S,

9.60; Cl, 21.32. Found: (%): C, 46.95; H, 4.44; N, 8.74; S, 9.99; Cl, 21.67.
IR; νmax (cm–1): 3097 (CHAr); 790 (S–CH2); 1493 (C = N); 1283 (C–N tertiary); 1624

(C = O amidic); 749 (C–Cl).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 3.35–3.37 (m, 4H, 2CH2); 3.55–3.57 (m, 4H,

2CH2); 4.62 (s, 2H, CH2–S); 7.38–7.40 (d, 2H, CHAr); 7.60–7.61 (d, 2H, CHAr).

3.2.13. Di-(β-Chloroethyl)-Amide of Benzoxazole-2-Yl-Mercapto-β-Propionic Acid (X)

White-yellow, crystalline solid (4.71 g; yield, 68%); M.p. = 187–189 ◦C.
Elemental analysis calculated for C14H16N2O2SCl2 (%): C, 48.41; H, 4.61; N, 8.06; S,

9.22; Cl, 20.46. Found: (%): C, 48.70; H, 4.96; N, 8.47; S, 9.60; Cl, 20.82.
IR; νmax (cm–1): 3094 (CHAr); 785 (S –CH2); 1490 (C = N); 1306 (C–N tertiary); 1623

(C = O amidic); 747, 788 (C–Cl).
1H-NMR (DMSO-d6, 400 MHz), δ (ppm): 2.55–2.57 (m, 2H, CH2); 3.37–3.39 (m, 4H,

2CH2); 3.60–3.62 (m, 4H, 2CH2); 4.32–4.34 (m, 2H, CH2–S); 7.71–7.73 (d, 2H, CHAr);
7.85–7.87 (d, 2H, CHAr).

3.3. Optimization of the Reactions

In the factorial experiments [31–33], the reaction yield is considered as being an in-
dicator of the reaction optimization. It is markedly influenced by some conditions of
the chemical reactions as temperature, time interval, solvent, solvent mixture, impuri-
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ties, or pressure. These parameters are considered real variables. Some of these are
significant variables.

The yield of the chemical reactions for obtaining the benzoxazoles derivatives VIII–X
depends on two significant variables: temperature and time interval of reactions. Let us
consider temperature (T, in ◦C, noted with X1) and interval of time (t, in hours, noted
with X2) as being real variables of the experiment. In order to facilitate the calculations,
dimensionless variables x1 and x2 are introduced instead of the real variables X1 and X2 by
using the average value of the real variables, noted Xi, i = 1, 2, and the half of the variation
domain of the variables, noted ΔXi, i = 1, 2, defined by relations (2) and (3):

Xi =
ximin + ximax

2
, i = 1, 2 (2)

ΔXi =
ximax − ximin

2
, i = 1, 2. (3)

The dimensionless variables depend on the real variables as relation (4) indicates:

xi =
Xi − Xi

ΔXi
, i = 1, 2. (4)

Let us propose a dependence (5) of the reaction yield [31–33], η, on the dimensionless
variables, considering the individual influence and the conjugate effects of these variables:

η = a0 + a1x1 + a2x2 + a12x1x2 + a11x2
1 + a22x2

2, i = 1, 2. (5)

The regression coefficients, ai, can be determined using the values of η and of the
dimensionless variables obtained in 32 experiments organized for the chemical reaction
for obtaining benzoxazoles. The results are given in Tables 1–3 and in Figures 1–3 for the
molecules VIII, IX and X, respectively.

Table 1. Experiment 32 for molecule VIII.

No. x1 (X1, ◦C) x2 (X2, h) x1x2 x2
1−2/3 x2

2−2/3 η (%)

1 −1 (65) −1 (2.5) 1 1/3 1/3 64
2 −1 (65) 0 (2.5) 0 1/3 −2/3 70
3 −1 (65) 1 (2.5) −1 1/3 1/3 65
4 0 (70) −1(3.0) 1 −2/3 1/3 68
5 0 (70) 0 (3.0) 0 −2/3 −2/3 73
6 0 (70) 1 (3.0) −1 −2/3 1/3 67
7 1 (75) −1 (3.5) 1 1/3 1/3 63
8 1 (75) 0 (3.5) 0 1.3 −2/3 71
9 1 (75) 1 (3.5) −1 1/3 1/3 66
Σ 0 0 0 0 0 607

Table 2. Experiment 32 for molecule IX.

No. x1 (X1, ◦C) x2 (X2, h) x1x2 x2
1−2/3 x2

2−2/3 η (%)

1 −1 (65) −1 (2.5) 1 1/3 1/3 82
2 −1 (65) 0 (2.5) 0 1/3 -2/3 83
3 −1 (65) 1 (2.5) −1 1/3 1/3 81
4 0 (70) −1(3.0) 1 −2/3 1/3 82
5 0 (70) 0 (3.0) 0 −2/3 −2/3 87
6 0 (70) 1 (3.0) −1 −2/3 1/3 84
7 1 (75) −1 (3.5) 1 1/3 1/3 80
8 1 (75) 0 (3.5) 0 1.3 −2/3 84
9 1 (75) 1 (3.5) −1 1/3 1/3 83
Σ 0 0 0 0 0 746
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Table 3. Experiment 32 for molecule X.

No. x1 (X1, ◦C) x2 (X2, h) x1x2 x2
1−2/3 x2

2−2/3 η (%)

1 −1 (65) −1 (2.5) 1 1/3 1/3 64
2 −1 (65) 0 (2.5) 0 1/3 −2/3 68
3 −1 (65) 1 (2.5) −1 1/3 1/3 63
4 0 (70) −1(3.0) 1 −2/3 1/3 65
5 0 (70) 0 (3.0) 0 −2/3 −2/3 69
6 0 (70) 1 (3.0) −1 −2/3 1/3 66
7 1 (75) −1 (3.5) 1 1/3 1/3 65
8 1 (75) 0 (3.5) 0 1.3 −2/3 68
9 1 (75) 1 (3.5) −1 1/3 1/3 67
Σ 0 0 0 0 0 595

 
Figure 1. Yield map obtained for molecule VIII.

Figure 2. Yield map obtained for molecule IX.
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Figure 3. Yield map obtained for molecule IX.

The absolute values of the coefficients indicate the strength of the dependence of
the reaction yield on the corresponding variables. The positive sign of these coefficients
indicates the increasing in yield when the corresponding variables increase. The decrease
of the reaction yield when the dimensionless variables increase is indicated by the negative
sign of the corresponding coefficients.

Using the data from Tables 1–3, the regression coefficients from Table 4 were obtained
for the three studied compounds.

Table 4. Regression coefficients for the analyzed molecules.

Molecule a0 a1 a2 a12 a11 a22

VIII 72.218 0.167 0.5 0.5 −2.839 −5.833
IX 86.111 0.167 0.667 1 −2.166 −2.667
X 68.888 0.830 0.333 0.75 −0.833 −3.333

To decide the situations for which the reaction yield does not depend on a given
variable, we must know the t-Student coefficients [32]. For this purpose, supplemental
experiments were organized in the vicinity of the middle of the variation domain of the
dimensionless variables (see Table 5).

Table 5. Yields for the experiments in the middle of the variation domain.

Molecule η1 η2 η3 η

VIII 71.0 73.5 74.0 72.83
IX 86.11 85.80 85.70 85.87
X 69.3 68.1 69.4 68.93

The precision of determination of the regression coefficients in relation (5) was esti-
mated by using relation (6):

P =

√
S2

η

N
, (6)

where

S2
η =

∑3
1(ηi − η)2

n − 1
. (7)

In relations (6) and (7) N is the number of the experiments in 32 procedure and n is the
number of the supplemental experiments organized for precision estimation. To compute
the sum of quadratic deviations the data of Table 5 were used. The t-Student coefficients,
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estimated on the basis of the values of the regression coefficients from Table 4, are given
in Table 6.

Table 6. t-Student coefficients.

Molecule t0 t1 t2 t12 t11 t22

VIII 830.14 18.93 5.67 5.67 32.13 66.13
IX 1209.42 2.35 9.37 14.04 30.42 37.46
X 285.67 3.46 1.38 3.11 3.46 13.83

If one supposes that the variables corresponding to the t-Student coefficients are
smaller than 3.00, this does not exert a significant influence on the reaction yield, relation (5)
can be written for the studied molecules in relations (8)–(10):

ηVII I = 72.22 + 0.17x1 + 0.50x2 + 0.50x1x2 − 2.84x2
1 − 5.83x2

2, (8)

ηIX = 86.11 + 0.67x2 + 1.00x1x2 − 2.17x2
1 − 2.67x2

2, (9)

ηX = 68.89 + 0.83x1 + 0.75x1x2 − 0.83x2
1 − 3.33x2

2. (10)

3.4. Quantum Mechanical Analysis of N-Mustards

Since the N-mustards described above are new compounds, the quantum mechanical
characterization is necessary because the provided results can help in obtaining information
on the interaction mechanism of these molecules with living cells.

The optimized structures of the three molecules, performed by Spartan’14 software,
are given in Figure 4a–c. In Figure 4a–c oxygen atom is red, nitrogen is blue, sulfur is yellow,
chlorine is green, carbon is black, and hydrogen is white. Resulting from Figure 4a–c, the
reciprocal orientation of the atomic groups in the optimized structure of N-mustards VIII-X
and the change in the dipole moment orientation when CH2 group is introduced in the
structures IX and X. The arrow indicates the orientation of the electrical dipole moment of
the molecule.

 
(a) 

Figure 4. Cont.
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(b) 

 
(c) 

Figure 4. Optimized structure of molecules VIII (a), IX (b), and X (c).

The values of some electro-optical parameters computed using Spartan’14 for the
studied molecules are given in Table 7.

Table 7. Molecular parameters computed by Spartan’14.

No. Parameter Molecule VIII Molecule IX Molecule X

1 Solvation energy (kcal/mol) −35.60 −53.64 −61.09
2 EHOMO (eV) −6.28 −5.94 −5.90
3 ELUMO (eV) −1.29 −0.84 −0.77
4 |ΔE|(eV) 4.99 5.10 4.13
5 Dipole moment (D) 1.53 4.40 4.33
6 Polarizability (Å3) 62.65 64.07 65.57
7 Area (Å2) 304.38 324.54 342.11
8 Volume (Å3) 276.89 294.66 313.21
9 PSA (Å2) 29.781 28.490 28.650

10 Log P 2.26 1.49 1.78
11 Ovality 1.48 1.52 1.53
12 Molecular radius (Å) 2.7291 2.7238 2.7466
13 R3 (Å3) 20.3253 20.2080 20.7192
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The dipole moment, measuring the separation of the positive and negative electrical
charges of the molecule, increases when passing from molecule VIII to molecule X, as
results from Table 7. The molecular polarizability, giving information about the induced
dipole moment in the molecule by the internal electric field acting in each point in solution,
also increases from molecule VIII to molecule X.

The polar surface area (PSA) [47–51] defined as the sum of the polar atoms’ surfaces
in a molecule is a useful parameter for prediction of drug transport properties. The values
of PSA are between 28.490 and 29.781 Å2, these molecules being able to cross both the cell
membranes and the blood-brain barrier.

The log P [47–51] value is a measure of lipophilicity or hydrophobicity. The chemical
structures of the studied molecules are hydrophobic because the values of logP are positive.

The HOMO and LUMO maps of the studied N-mustards are illustrated in Figure 5a–c.
HOMO and LUMO orbitals are involved in the chemical reactivity of the molecule, de-
termining the chemical stability, the electrical and optical properties, and the interaction
ability of the molecule with other species.

  
HOMO map LUMO map 

(a) 

  
HOMO map LUMO map 

(b) 

Figure 5. Cont.
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HOMO map LUMO map 

(c) 

Figure 5. HOMO and LUMO maps of the molecules VIII (a), IX (b), and X (c).

Figure 5a–c illustrates the changes in the valence electron cloud distribution by excita-
tion; these changes involve especially the heterocycle region. As results from the data of
Table 7 referring to the energy gap |ΔE|(eV), the transitions between HOMO and LUMO
are made under the UV photons. Figure 5a–c also emphasizes the atomic groups involved
in the chemical reactions both in the ground and excited states of N-mustards molecules.

Some graphical representations provided by Spartan’14 program [34,35] are illustrated
in Figures 6–8.

  
(a) (b) 

Figure 6. Local ionization map (a) and |LUMO| map (b) for molecule VIII.
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(a) (b) 

Figure 7. Local ionization map (a) and |LUMO| map (b) for molecule IX.

  
(a) (b) 

Figure 8. Local ionization map (a) and |LUMO| map (b) for molecule X.

Some information can be extracted from the analysis of Figures 6–8.
The local ionization potential map (Figures 6a, 7a and 8a) is an indicator of the

electrophile addition. Colors in red correspond to small ionization potentials, while colors
in blue correspond to high ionization potentials. The studied molecules are characterized
by high and intermediate ionization potentials.

|LUMO| map (Figures 6b, 7b and 8b) is an indicator of nucleophilic addition. Colors
in red indicate absolute low values of LUMO, while colors in blue indicate absolute high
values of LUMO. For molecules VIII-X, the absolute values of LUMO are close to zero.

Figure 9a–c shows the electrostatic charges near the constituent atoms of the studied
molecules, calculated using Spartan’14 program and expressed as a percentage of the
elementary electric charge.

From Figure 9a–c, it results that the highest negative charges are localized near ni-
trogen atom belonging to the heterocycle and oxygen atom of the C = O group in all
studied molecules.

The arrows in Figure 9a–c show the orientation of the electric dipole moment in
the ground electronic states of the studied molecules. It is parallel to the CS bond for
the molecule VIII and makes angles near 40–45 degrees with this bond in the other
two molecules.
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(a) 

 
(b) 

 
(c) 

Figure 9. Electrostatic charges near the atoms composing the structures of molecules VIII (a), IX (b),
and X (c), respectively.
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3.5. Biological Properties
3.5.1. Assessment of Toxicity of Acids II–IV and N-Mustards VIII–X Compared to
Di-(β-Chloroethyl)-Amine

The mice weighing 20 ± 2 g were used and the experimental groups consisted of
10 animals of both sexes. The substances were administered intraperitoneally as a suspen-
sion in Twen 80 and the mortality was recorded at 24 h, 48 h, and 7 days. The degree of
toxicity (LD50) was determined using the Spearman–Kärber method [36]. The obtained
results are listed in Table 8.

Table 8. The LD50 values (mg/kg body weight) for the compounds II–IV, VIII–X.

Compound
LD50

24 H 48 H 7 Days Average

II 1695 1695 1682 1690
III 1830 1830 1790 1816
IV 1725 1725 1690 1713

VIII 1620 1620 1595 1611
IX 1790 1790 1740 1773
X 1685 1685 1650 1673

Di-(β-chloroethyl)-amine 378

It is found that the N-mustards (VIII–X) present a very low toxicity compared to that
of the di-(β-chloroethyl)-amine free base and a slightly increased toxicity compared to the
support intermediates (II–IV). The results confirm the data from the literature according
to which the use of heterocyclic structures as transport agents positively influences the
decrease of cytotoxic group toxicity [1,52–54].

Thus, in the case of N-mustards, the toxicity is due to the support, which causes a
decrease in the basicity of nitrogen atom by involvement in the amide conjugation system
of its non-participating electrons.

3.5.2. Antitumor Activity of di-(β-Chloroethyl)-Amides VIII-X

In order to study the cytostatic action, the A2G mice weighing 25–30 g (±2 g) as
experimental animals were used, and Ascita Ehrlich was used as an experimental tumor.
The transplantation was performed intraperitoneally (106 cells dose). The substances were
administered as suspensions in 1% methylcellulose, by single injections on the 7th day after
transplantation. The concentrations of 400, 200, and 40 mg/kg body weight were used. The
experimental groups included 20 animals for each concentration and the control groups
had 10 tumored animals. The inhibition exerted by N-mustards VIII–X was calculated
according to the methods from the literature [37], 7 days after the administration of the
substances (Table 9), with an error of 1%.

Table 9. Inhibition (%) of N mustards VIII–X.

The Tested
Compound

Experimental
Animals

Route of Ad-
ministration

Inhibition (%)

Ehrlich Ascites

mg/kg Body Weight

400 200 40

VIII mice i.p. 43 30 24
IX mice i.p. 74 66 53
X mice i.p. 52 46 39

I.O.B-82 mice i.p. 88 79 68

From the experimental data it results:
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• The tested N mustards presents appreciable antitumor activity; more selective is
the N mustard IX: di-(β-chloroethyl)-amide of benzoxazole-2-yl-mercapto-acetic acid
which inhibits Ehrlich’s Ascites in a proportion close to that of the reference cytostatic,
I.O.B.-82;

• In addition to the alkylating effect, the synthesized N-mustards may also have a
specific antimetabolite effect;

• The selective transport of the di-(β-chloroethyl)-amine group performed by the ben-
zoxazole heterocycle and the active group transforms it into a masked group (protected
group);

• The relationship between the benzoxazole nucleus and the active group does not
consist exclusively in transport, but also in their mutual potentiation (convenient or
not, direct or indirect).

4. Conclusions

The paper presents results related to the extension of the grafting reaction of the
di-(β-chloroethyl)-amine group on heterocyclic structures.

The technique of obtaining di-(β-chloroethyl)-amides with benzoxazole structure
was applied for the first time using the activation of support acids derived from 2-
mercaptobenzoxazole by transforming them into mixed pivalic anhydrides which, for
electronic and steric reasons, can be cleaved by the aminic nitrogen to one of the two
carbonyls in the desired direction.

The synthesized products were characterized by elemental and spectral analysis (IR,
1H-NMR).

The new compounds VIII –X were characterized by Spartan’14 and their electro-optical
properties were established.

The importance of the synthesized N mustards among the biologically active products
was highlighted by establishing the degree of toxicity and testing their antitumor activity
on experimental animals.
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Abstract: Assassin bug venoms are potent and exert diverse biological functions, making them
potential biomedical goldmines. Besides feeding functions on arthropods, assassin bugs also use
their venom for defense purposes causing localized and systemic reactions in vertebrates. However,
assassin bug venoms remain poorly characterized. We collected the venom from the assassin bug
Rhynocoris iracundus and investigated its composition and bioactivity in vitro and in vivo. It caused
lysis of murine neuroblastoma, hepatoma cells, and healthy murine myoblasts. We demonstrated, for
the first time, that assassin bug venom induces neurolysis and suggest that it counteracts paralysis lo-
cally via the destruction of neural networks, contributing to tissue digestion. Furthermore, the venom
caused paralysis and melanization of Galleria mellonella larvae and pupae, whilst also possessing
specific antibacterial activity against Escherichia coli, but not Listeria grayi and Pseudomonas aeruginosa.
A combinatorial proteo-transcriptomic approach was performed to identify potential toxins respon-
sible for the observed effects. We identified neurotoxic Ptu1, an inhibitory cystin knot (ICK) toxin
homologous to ω-conotoxins from cone snails, cytolytic redulysins homologous to trialysins from
hematophagous kissing bugs, and pore-forming hemolysins. Additionally, chitinases and kininogens
were found and may be responsible for insecticidal and cytolytic activities. We demonstrate the
multifunctionality and complexity of assassin bug venom, which renders its molecular components
interesting for potential biomedical applications.

Keywords: assassin bugs; venom; transcriptomics; proteomics; bioactivity; paralysis; cytolysis;
antibacterial; neurolysis
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1. Introduction

Venoms typically consist of a plethora of highly diverse toxins that affect a complex
range of physiological targets [1]. Consequently, venom components have become highly
specialized with the ability to perform complex and intricate biochemical tasks within
their target organism [2]. This ability to precisely manipulate specific organismal functions
presents a biochemical gold mine of bio-active compounds that can be developed towards
therapeutic or biotechnological applications [3,4].

The repurposing of venom toxins has been highly successful in the development
of novel analgesics [5], diabetes drugs [6], and blood pressure modulators [7]. Due to
their potential applicability, venom toxins are receiving significant attention to discover
candidates as therapeutics for many other diseases [8,9]. Particularly, the rich profile of
active venom molecules, often found in diverse venoms, present promising molecules for
oncological studies [10,11].

Toxins from venomous animals have also been investigated as therapeutic antibacterial
candidates in the face of increasing antibiotic resistance and as alternatives for chemical
insecticides [12,13]. However, to date, the focus of such investigations has primarily been
on toxins from ‘classical’ venomous animals, such as snakes, scorpions, and spiders, with
only few studies investigating diverse insect venoms [14,15].

The suborder heteroptera with more than 40,000 described species deserve further
attention, since among these numerous species at least some possess potent venoms [16,17].
Notably, heteropterans’ saliva has evolved in response to different trophic specializa-
tions [18]. Kissing bugs (Heteroptera: Triatominae) are hematophagous species specialized
on blood meals and their saliva possess local anesthetic effects enabling stealth feed-
ing [19,20]. While phytophagous hemipteran have specialized to feed on various plant
tissues (e.g., vascular fluids, cell contents, and seeds) [21,22], assassin bugs (Heteroptera:
Reduviidae) are zoophagous and use their venom to paralyze and liquefy their invertebrate
prey [23]. Their venom can also have severe effects on vertebrates, including pain, mus-
cle paralysis, hemorrhage, and even death of mice due to respiratory paralysis [24,25].
Reduviids are generalistic predators and their venoms are not species-specific, making
them an interesting source of bio-active compounds which could be used in a medical or
agronomical context (e.g., as insecticides).

It was previously reported from the harpactorine assassin bug Pristhesancus plagipen-
nis and the red-spotted assassin bug Platymeris rhadamanthus that their venom comprises
numerous enzymes, putative pore-forming toxins, and peptides [26,27]. Moreover, venom
gland reconstructions recently revealed three distinct venom gland compartments: pos-
terior main gland (PMG), anterior main gland (AMG), and accessory gland (AG), each
containing venom with distinct functions [25]. P. plagipennis PMG venom, which can
be elicited by electrostimulation, paralyzed and killed their prey, whilst AMG venom,
extracted via harassment, did not paralyze prey in the studied species [25]. However, para-
lytic effects of AMG venom were found in other assassin bug species [28]. AMG venom was
suggested to serve defensive purposes and might deter common predators such as birds
and small mammals [18,25]. Furthermore, despite the small size of assassin bugs, their
venom is potent and medically significant to humans, causing symptoms such as sharp
pain, edema, and fever [29]. Although assassin bugs specialized to feed on invertebrates,
the cases reporting negative effects on humans demonstrate the bioactivity and complexity
of their venom, making it an untapped and valuable source for biomedical applications.

Among reduviids, the assassin bug Rhynocoris iracundus has a particularly conspicuous
behavior. Instead of hiding, R. iracundus is highly exposed to various predators since it
ranges freely and prefers to ambush prey on flowers (personal observation). R. iracundus
can use its proboscis to inject venom and for feeding purposes (Figure 1A) or defense
(Figure 1B). During defense, R. iracundus displays similar behaviors and body position as
typically observed in arachnids (Figure 1C). During feeding the main body segments are
aligned in a position allowing an easy flow of liquefied prey content from the proboscis to
the digestive organs (Figure 1D). During defense or prey attack, the thorax and abdomen
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are lifted allowing the assassin bug to raise and strike with its proboscis. The segments
of the latter are then aligned which allows the assassin bug to transfer the full striking
energy emerging from the main body to the tip of the proboscis (Figure 1E). As a first line
of defense, some assassin bug species have developed additional protective morphological
features, such as dorsal crests as in Arilus cristatus, a thorn bush as in Sinea diadema, or a
crown of prominent thorns as in Platymeris biguttatus and Psytalla horrida. The assassin
bug R. iracundus shares aposematic coloration, but lacks these morphological features, and
therefore relies on its venom for protection.

A

6
5

4321

6543

21

7

B

D E

C

Figure 1. Rhynocoris iracundus using its proboscis for feeding or defense purposes. (A) R. iracundus
using its proboscis (red arrowhead) to feed on a Tenebrio molitor larva. The front legs are used to grab
and hold its prey. (B) R. iracundus in defense position with its elevated front legs and long proboscis
(red arrowhead), ready to attack entomological forceps (gray arrowhead). (C) Defense position of a
Blue Mountains funnel-web spider Hadronyche versuta with elevated front legs and chelicerae (Photo
credits: with permission of Greg Bourke). (D,E) Alignment of main body and proboscis segments
during feeding and defense, respectively. Body segments are shown with gray lines: abdomen (1),
thorax (2), head (3), and proboscis segments are displayed as yellow lines (4–7).

Here, we study R. iracundus venom in detail and assess its molecular composition
and functional characteristics for the first time. We tested the range of activity of R.
iracundus venom on mammalian, insect, and bacterial cells, and we conducted in vivo
studies in insects. To identify the compounds causing the observed effects, we performed
a combinatorial proteo-transcriptomic analysis of the venom glands and the harvested
venom. This study highlights the broad activity spectrum and potency of R. iracundus
venom and identifies key candidates for potential therapeutic or insecticidal use.

2. Materials and Methods

2.1. Assassin Bug Collection, Rearing, and Venom Collection

R. iracundus nymphs were collected from North Rhine-Westphalia, Germany, with
permission granted from the nature conservation authority as part of the County Govern-
ment of Rhineland-Palatinate (Obere Naturschutzbehörde, permission No. 425-104.1713).
R. iracundus used in this study were kept on a diet composed of meal worm Tenebrio molitor
larvae and kept in laboratory conditions (24 ± 1 ◦C and 55–75% relative humidity), in
ventilated boxes, partially filled with soil and dried wheat straw.

We used the recently established method to stimulate R. iracundus nymphs to display a
defense posture and subsequently collected the venom as illustrated in Figure 2 [30]. This
procedure performed with one individual assassin bug refers to one venom harvesting event.
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Figure 2. Rhynocoris iracundus venom collection. (A) To stimulate defensive venom production, R. iracundus was tapped using
forceps causing it to display a defense posture and to raise its proboscis. (B) Then, the assassin bug was gently pinched on a
rear leg (yellow arrowhead) with forceps causing it to use its proboscis (red arrowhead) to stab through the Parafilm stretched
over a microcentrifuge tube. (C) Small venom drop released by the assassin bug on the Parafilm (red arrow).

For cytotoxicity and antibacterial assays, the venom was collected from four individ-
uals in four separate microcentrifuge tubes containing 100 μL phosphate buffered saline
(PBS) each. The venom harvesting event was repeated ten times for each individual with
2–3 day intervals. The content of all tubes was pooled to obtain a venom stock solution.

The venom concentration was directly determined with PBS diluted venom by mea-
suring the total protein concentration using the Pierce BCA protein assay kit (Thermo
Scientific, Frankfurt, Germany). The measured protein concentration was 3470 μg/mL,
which was used to determine the required venom concentrations for cytotoxicity and
antibacterial assays.

For in vivo injections in Galleria mellonella, the venom harvesting event was repeated
with four individuals in a total of either eight or 21 harvesting events, which corresponds
to the low and high venom doses, respectively, used in subsequent experiments. Each
microcentrifuge tube contained 75 μL of PBS.

For proteome analysis, the venom was collected from a total of eight venom harvesting
events from four individuals, in one microcentrifuge tube without PBS.

All venom harvesting events were performed with 2–3 day intervals. After each
venom harvesting event, the microcentrifuge tubes were briefly centrifuged and kept in
−20 ◦C until further use.

2.2. Cell Lines and Cell Viability Assay

The cytotoxic effects of R. iracundus venom was tested against 2D cell cultures using
two cancerous cell lines (Hepa 1–6 mouse hepatoma and Neuro 2a mouse neuroblas-
toma), non-cancerous cells (C2C12 mouse myoblasts), and Schneider 2 cells (S2 Drosophila
melanogaster cell line). The first three cell lines were maintained in Dulbecco’s Modified Ea-
gle’s Medium (DMEM) (Thermo Fisher Scientific, Frankfurt, Germany) supplemented with
4.5 g/L glucose, 110 mg/L sodium pyruvate and 584 mg/L L-glutamine, and 10% heat-
inactivated fetal bovine serum (FBS). Incubation was at 37 ◦C in a humidified atmosphere
with 5% CO2. S2 cells were cultured in Schneider’s medium (Thermo Fisher Scientific,
Frankfurt, Germany), supplemented with 10% heat inactivated FBS, 2 mM L-glutamine,
penicillin (100 U/mL) and streptomycin (100 μg/mL). Incubation was at 28 ◦C. Sub-culture
was performed every 2–3 days, as soon as a confluency of 80–90% was reached.

The cytotoxic effects of assassin bug venom on the cell lines were evaluated using
the resazurin-based alamarBlue assay (BioRad, Puchheim, Germany), which measures the
cell viability after exposure to venom. Cells were seeded at a density of 2 × 104 cells/well
for C2C12 cells, 8 × 104 cells/well for Hepa 1–6, and 1 × 105 cells/well for Neuro 2a in
96-well, and 1 × 107 cells/well for S2 cells. Incubation was for 48 h for the first three cell
lines, with S2 cells incubated for 24 h. The cells were then exposed to assassin bug venom
by incubating them for 4 h with final assassin bug venom concentrations of 43 μg/mL,
79 μg/mL, 174 μg/mL, and 848 μg/mL for the three cells and 174 μg/mL for S2 cells. After
incubation, venom was removed from the cells by rinsing with PBS. 10% v/v alamarBlue
reagent was added to each well and the cells were incubated for 1.5 h at 37 ◦C for C2C12,
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Neuro 2a and Hepa 1–6 cells, and for 1.5 h at 28 ◦C for S2 cells). The fluorescence of
alamarBlue of the alive cells was measured in a Synergy H4 Hybrid Multi-Mode plate
reader (BioTek Instruments, Vermont, United States) using excitation (528 nm) and emission
(590 nm) filters. Cells incubated for the same period without venom (0 μg/mL venom)
were used as negative controls (reference). The fitness of the control cells was verified by
observing their shape using an inverted microscope Motic AE21 (Motic, Wetzlar, Germany).
Respective media without cells were used as a blank. Two independent experiments were
carried out for each concentration and performed in duplicates. The cell viability was
calculated considering the reference as 100% viable cells and using Equation (1):

Cell viability (%) =
Cell count venom

Cell count reference
× 100 (1)

For each cell line, statistical difference of cell viability between different concentrations
of venom and the reference was evaluated using one-way ANOVA, with Dunnett’s multiple
comparison test in GraphPad 5 Prism program (GraphPad Software Inc., United States).
Differences were considered significant when p < 0.05.

2.3. Antibacterial Assay

The effect of R. iracundus venom on bacterial growth was assessed using the Gram-
positive bacterium Listeria grayi (DSM 20601), as well as the Gram-negative bacteria
Pseudomonas aeruginosa (DSM 50071) and Escherichia coli (D31). Each strain was cultured
overnight at 37 ◦C in a bacterial culture tube with 10 mL volume containing brain heart in-
fusion broth (BHIB) liquid medium (Sigma-Aldrich, Darmstadt, Germany) for L. grayi, and
lysogeny broth (LB) liquid medium (Sigma-Aldrich, Darmstadt, Germany) for P. aeruginosa
and E. coli. Each bacterial suspension was then diluted in the respective media to reach
an optical density at 600 nm (OD600) of ~0.005. Venom stock solution was added to the
bacterial suspension at final venom concentrations of 43 μg/mL, and 174 μg/mL. The
subsequent incubation was performed for 16 h at 37 ◦C and the antibacterial activity
was determined as previously reported [31]. Negative control cultures without venom
(0 μg/mL) containing medium and bacteria only were also included. The assays were
carried out twice with comparable results.

2.4. Injection of Venom in Galleria Mellonella

G. mellonella larvae at their sixth larval instar were obtained alive from a local pet shop
(Fauna Topics Zoobedarf Zucht und Handels GmbH, Marbach am Neckar, Germany) and
were maintained as previously described [32]. We used larval and fresh pupal stages for all
in vivo injections.

The venom from the microcentrifuge tubes with 21 or 8 venom harvesting events
(see Section 2.1) was directly used by injecting 5 μL of diluted venom into individual
G. mellonella larvae or pupae. Injection was performed subcutaneously in the thorax region
using Hamilton micro-syringes and 22 gauge needles. Pupae and larvae which received a
single 5 μL PBS injection instead of venom, and also untreated pupae and larvae which did
not receive any injection, were used as controls. The effect of the venom on the larvae and
pupae was assessed by evaluating melanization on their bodies’ surfaces 1 h, 4 h, and 24 h
post injection. Paralysis was analyzed by observing their movements after a stimulation
with tweezers 1 min, 30 min, 1 h, 4 h, 24 h after injection. R. iracundus releases varying
quantities of venom in very small amounts, which does not allow precise quantification.
Therefore, the venom dose injected in G. mellonella was calculated independently from the
released amounts, as indicated in Equation (2):

Venom dose (%) =
Venom harvesting event count

Vharvested venom + PBS
× Vinjection (2)

with: venom harvesting event count: 8 or 21, Vharvested venom+PBS = 75 μL, and Vinjection = 5 μL.
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2.5. Venom Gland Transcriptome Analysis
2.5.1. RNA Isolation, Library Preparation and Illumina Sequencing

To prepare the samples for transcriptome analysis the assassin bugs were anaes-
thetized at −20 ◦C for 5 min, followed by dissection of the venom glands in pre-chilled
(+4 ◦C) PBS. The dissected material was placed in tubes containing 500 μL of TRIzol (Merck
KGaA, Darmstadt, Germany) and stored at −20 ◦C until RNA extraction. Total RNA was
isolated from pooled venom glands (VG), body residues (BO), and gut (GU) using TRIzol
according to the manufacturer’s instructions, followed by DNase treatment (Turbo DNase,
Thermo Fisher Scientific, Schwerte, Germany) and further purification using RNA Clean
and Concentrator 5 (Zymo Research, Irvine, United States). RNA quantity was determined
using an Implen Nanophotometer and integrity of all RNA samples was verified using
an Agilent 2100 Bioanalyzer and an RNA 6000 Nano Kit (Agilent Technologies, Palo Alto,
United States). Transcriptome sequencing was carried out by GATC Biotech on an Illumina
HiSeq3000 Genome Analyzer platform. Poly-A containing mRNAs were isolated from 1 μg
total RNA using oligo-dT attached magnetic beads. The obtained mRNA was fragmented
to an average of 260 bp and sequencing libraries were generated using the TruSeq RNA
library preparation kit. Paired-end (2 × 150 bp) read technology was used for sequencing
the R. iracundus samples, and resulted in a total of 24 million reads for the venom gland
samples. Quality control measures, including the filtering of high-quality reads based
on the score provided in the fastq files, the removal of reads containing primer/adapter
sequences, and the trimming of the read length were carried out using CLC Genomics
Workbench v11 (Qiagen, Hilden, Germany; http://www.qiagenbioinformatics.com).

2.5.2. Transcriptome Assembly, Annotation, and Venom Protein Prediction

The de novo transcriptome assembly was carried out using CLC Genomics Workbench
v11 with standard settings and two additional CLC-based assemblies with different pa-
rameters and then selecting the presumed optimal consensus transcriptome, as described
previously (Vogel et al., 2014). The resulting final de novo reference transcriptome as-
sembly of R. iracundus contained 38,109 contigs for the venom gland RNAseq data, with
an N50 contig size of 1448 bp and a maximum contig length of 26,864 bp. The de novo
transcriptome assembly of the combined RNAseq datasets contained 67,588 contigs, with
an N50 contig size of 1169 bp and a maximum contig length of 25,112 bp. The transcrip-
tomes were annotated using BLAST, Gene Ontology and InterProScan with Blast2GO Pro
version 5.2 [33]. For BLASTx searches against the nonredundant NCBI protein database
(NR database; accessed on 13 November 2019), up to 20 best NR hits per transcript were
retained, with an E-value cutoff of ≤10−1 and a minimum match length of 15 amino acids
to obtain the best homolog for the predicted short polypeptides. To assess transcriptome
completeness, we performed a BUSCO (Benchmarking Universal Single-Copy Orthologs;
http://busco.ezlab.org) analysis by comparing our assembled transcriptome against a set
of highly conserved single-copy orthologs. This was accomplished using the BUSCO v3
pipeline [34], comparing the predicted proteins of the R. iracundus transcriptome to the
predefined set of 1658 Insecta single-copy orthologs from the OrthoDB v9.1 database. This
resulted in 89.5% complete and 4.9% missing BUSCO genes for the combined transcrip-
tome assembly. Digital gene expression analysis was carried out using CLC Genomics
workbench v11 to generate binary alignment mapping (BAM) files, and finally by counting
the sequences to estimate expression levels, using previously described parameters for
read mapping and normalization [35]. Post annotation, contigs were manually curated and
separated into three categories: (i) putative toxins (contigs with homology to sequences
previously identified as pathogenic toxins), (ii) non-toxins (e.g., contigs matching sequences
such as housekeeping genes), and (iii) unassigned (contigs where no matches were assigned
or BLAST E-values <1 × 10−5). Putative toxin contigs were subsequently curated in MEGA
7 by trimming to protein encoding regions only, (ii) removing contigs containing mutations
which would interfere with expression of the encoded putative toxin (e.g., stop codons,
frameshifts) and (iii) merging of identical sequences.
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2.6. Venom Proteome Analysis
2.6.1. SDS-PAGE, Protein Digestion and LC–MS Analysis of R. iracundus Venom

Venom proteins were separated by sodium dodecylsulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) on 4–12% Criterion™ XT gradient gels (BioRad, Kabelsketal,
Germany) with XT MES running buffer. Before loading, samples were mixed with XT
sample buffer and reducing agent, and heated for 5 min at 95 ◦C. The Gel was run for
80 min at 120 V and stained using Coomassie Brilliant blue R250 (Imperial Protein stain,
Thermo Scientific, Frankfurt, Germany). Molecular weights (kDa) of separated venom
proteins were assessed using a pre-stained (Novex Sharp Pre-Stained Protein Standard,
Invitrogen, Schwerte, Germany) and an unstained high mass precision protein marker
(Broad Range Unstained Protein Standard, NEB, Frankfurt, Germany).

Two lanes of the SDS-PAGE gel were excised into 20 molecular weight fractions each,
with the right lane containing twice the staining densities and twice the total protein amount
compared to the left lane. Tryptic digestion was carried out as previously described [36].

For liquid chromatography-mass spectrometry (LC-MS) analysis, the extracted tryptic
peptides were reconstituted in 30 μL aqueous 1% formic acid. Depending on staining inten-
sity, 1 to 5 μL of sample were injected into the LC-MS/MS system consisting of an UPLC
M-class system (Waters, Milford, United States) online coupled to a Synapt G2-si mass spec-
trometer (Waters, Milford, United States). Peptides were first on-line pre-concentrated and
desalted using a UPLC M-Class Symmetry C18 trap column (100 Å, 180 μm × 20 mm, 5 μm
particle size) at a flow rate of 15 μL min−1 (0.1% aqueous formic acid) and then eluted onto
a ACQUITY UPLC HSS T3 analytical column (100Å, 75 μm × 200, 1.8 μm particle size) at
a flow rate of 350 nL/min using following gradient: 3–10% B over 3 min, 10–20% B over
12 min, 20–30% B over 25 min, 30–70% B over 10 min, 70–95% B over 3 min, isocratic at 95%
B for 1 min, and a return to 1%B (Buffers: A, 0.1% formic acid in water; B, 100% acetonitrile
in 0.1% formic acid).

The eluted peptides were transferred into the mass spectrometer operated in V-mode
with a resolving power of at least 20,000 full width at half height FWHM. All analyses were
performed in a positive ESI mode. A 200 fmol/μL human Glu-Fibrinopeptide B in 0.1% formic
acid/acetonitrile (1:1 v/v) was infused at a flow rate of 1 μL min−1 through the reference
sprayer every 45 s to compensate for mass shifts in MS and MS/MS fragmentation mode.

Data were acquired using data-dependent acquisition (DDA) and data-independent
acquisition (DIA, referred to as enhanced MSE). The acquisition cycle for DDA analysis
consisted of a survey scan covering the range of m/z 400–2000 Da followed by MS/MS
fragmentation of the 10 most intense precursor ions collected at 0.2 s intervals in the range
of 50–2000 m/z. Dynamic exclusion was applied to minimize multiple fragmentations for
the same precursor ions. LC-MSE data were collected using alternating low energy (MS)
and elevated energy (MSE) mode of acquisition over 0.5 s intervals in the range m/z 50–2000
with an interscan delay of 0.05 s. In low energy mode, data were collected at constant
collision energy of 4 eV set on the trap T-wave device and ramped during scan from 20
to 45 eV in elevated MSE mode. MS data were collected using MassLynx v4.1 software
(Waters, Milford, United States).

2.6.2. Data Processing and Protein Identification

DDA raw data were processed and searched against a subdatabase containing com-
mon contaminants (human keratins and trypsin) using ProteinLynx Global Server (PLGS)
version 2.5.2 (Waters, Milford, United States). The following searching parameters were
applied: fixed precursor ion mass tolerance of 15 ppm for survey peptide, fragment ion
mass tolerance of 0.02 Da, estimated calibration error of 0.002 Da, one missed cleavage,
fixed carbamidomethylation of cysteines, and possible oxidation of methionine. Spectra
remained unmatched by database searching were interpreted de novo to yield peptide
sequences and subjected for homology-based searching using MS BLAST program [37]
installed on a local server.
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MS BLAST searches were performed against R. iracundus sub-database obtained from
in silico translation of R. iracundus transcriptome and against insecta databases downloaded
from https://www.ncbi.nlm.nih.gov/, accessed on 3 March 2020.

In parallel, pkl-files of MS/MS spectra were generated and searched against R. ira-
cundus subdatabase combined with NCBI nr database (https://www.ncbi.nlm.nih.gov/,
accessed on 24 May 2020; containing 285,796,321 sequences) using MASCOT software ver-
sion 2.6.2. The acquired continuum LC-MSE data were processed using ProteinLynx Global
Server (PLGS) version 2.5.2 (Waters, Milford, United States). The thresholds for low/high
energy scan ions and peptide intensity were set at 150, 30 and 750 counts, respectively. The
processed data were searched against R. iracundus protein sub-database combined with
Swissprot database downloaded from http://www.uniprot.org/, accessed on 13 July 2020.
The database searching was performed at a false discovery rate (FDR) of 4%, following
searching parameters were applied for the minimum numbers of: product ion matches
per peptide (3), product ion matches per protein (7), peptide matches (1), and maximum
number of missed tryptic cleavage sites (1). Searches were restricted to tryptic peptides
with a fixed carbamidomethyl modification for Cys residues.

2.7. Protein Sequence Alignment

Multiple sequence alignments were performed using MAFFT 7.0 with default param-
eters and the E-INS-i refinement method [38,39]. The sequence logo was generated using
WebLogo tool (Version 2.8.2) [40].

2.8. Phylogenetic Tree

To create the phylogenetic trees for Ptu1, hemolysin, and redulysin, we used the follow-
ing approach: homologous sequences for each toxin family were obtained from Genbank.
Sequences were aligned using MAFFT configured for highest accuracy [38] and non-aligned
regions were removed with Gblocks (v 0.91b) [41]. The best-fit model was selected based on
Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) implemented
in Molecular Evolutionary Genetics Analysis X (MEGA version X) [42]. MEGA was used for
the following steps: obtaining the best tree topologies using the maximum likelihood (ML)
method, estimation of the proportion of Gamma distributed sites (G), determination of the
reliability of internal branches using the bootstrapping method (500 bootstrap replicates), and
graphical representation and editing of the phylogenetic tree.

The percentage of trees in which the associated taxa clustered together is shown
next to the branches. Initial tree(s) for the heuristic search were obtained automatically
by applying Neighbor-Joining and BioNJ algorithms to a matrix of pairwise distances
estimated using the JTT model (for redulysins and hemolysins), Le-Gascuel model (for Ptu1
family peptides) and then selecting the topology with superior log likelihood value. The
tree is drawn to scale, with branch lengths corresponding to the number of substitutions per
site. This analysis involved 25, 14, and 17 amino acid sequences for redulysins, hemolysins,
and Ptu1 family peptides, respectively. All positions containing gaps and missing data
were eliminated (complete deletion option). In the final dataset, there were a total of
112, 115, 21 positions for redulysins, hemolysins, and Ptu1 family peptides, respectively.
The phylogenetic trees were inferred using MEGA X [42].

Species and accession numbers used in phylogenetic trees and alignments are listed
in Supplementary Data S5.

3. Results

3.1. Venom Activity Against Mouse Cancer Cells and Healthy Mouse Cells

To assess the activity of R. iracundus venom on different cell types, as well as its
oncological potential, we performed viability assays with cancer cells, Hepa 1–6 (murine
epithelial hepatoma cells), Neuro 2a (murine neuroblastoma cells) and C2C12 (healthy
mouse myoblasts) using the resazurin-based alamarBlue assay. Exposure to the lowest
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venom concentration (43 μg/mL) showed a significant and potent cytotoxic effect in all
tested cell lines compared to the control (Figure 3).

Figure 3. Cytotoxic effect of assassin bug venom. The effect of Rhynocoris iracundus venom was tested at different
concentrations on healthy mouse myoblast cells C2C12 (A), on mouse hepatoma cells Hepa 1–6 (B), and on mouse
neuroblastoma cells Neuro 2a (C). Shown are means and standard deviation values of the replicate samples. Statistical
analysis was performed by one-way ANOVA with Tukey’s multiple comparison test applied for individual comparisons.
Statistical significance of the differences of all venom concentrations against the control (0 μg/mL) are indicated with
asterisks (*** p < 0.0001).

3.2. Venom Activity Against Bacteria

To evaluate the effect of R. iracundus venom against bacteria, we performed bacterial
growth inhibition assays using Gram-positive L. grayi DSM 20601 and Gram-negative P.
aeruginosa DSM 50071 and E. coli D31. No activity was observed on L. grayi and P. aeruginosa
(Supplementary Figure S1). However, E. coli was susceptible to the highest venom concen-
tration (174 μg/mL). A lower concentration of venom (43 μg/mL) delays the growth of
E. coli (Figure 4).

Figure 4. Effect of assassin bug Rhynocoris iracundus venom on E. coli D31 growth. Venom activity was
tested using different concentrations of crude venom incubated together with E. coli D31. Bacterial
growth was monitored by measuring OD600 values at 20 min intervals for 16 h. The effective venom
concentration of 174 μg/mL is shown as a red line, and the bacterial growth curve at lower venom
concentrations (43 μg/mL), or without venom (0 μg/mL), are displayed as black lines.
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3.3. Venom Activity Against Insect Cells and G. mellonella Pupae and Larvae

R. iracundus venom was tested for its cytotoxic effects on S2 cells using the resazurin
based alamarBlue assay. Co-incubation of S2 cells with 174 μg/mL of venom strongly
decreased the viability of S2 cells, causing 99% cell death during an incubation period of
4 h. S2 cells exposed to 174 μg/mL venom for as little as 30 s demonstrated morphological
disruption by losing their shape, leading to lysis and cell death (Figure 5).

Figure 5. Effect of assassin bug Rhynocoris iracundus venom on insects. (A) Melanization of
G. mellonella pupae in response to R. iracundus venom injection was assessed 4 h post injection.
PBS injected and no injected pupae were used as controls. (B) Effect of venom on S2 cells after 30 s
of co-incubation with venom. Morphological changes of S2 cells were monitored using an inverted
microscope. Incubation of S2 cells together with 174 μg/mL venom for 30 s caused complete cell
lysis. Incubation of S2 cells with PBS only (control) did not cause any visible cell lysis.

To investigate the effects of assassin bug venom on potential prey in vivo, we subcuta-
neously injected R. iracundus venom in G. mellonella larvae and pupae before evaluating the
level of melanization and paralysis. Since the amount of venom during each envenomation
can vary, we tested a low and a high dose of venom equivalent to 50% and 140% of the
average venom dose, respectively (Table 1). For pupae and larvae, the first immobilization
effects were already observed 1 min after post-injection. Strong melanization occurred after
4 h in larvae and pupae of G. mellonella. Three larvae were fully immobilized after 1 min,
which progressively decreased after 4 h despite initiation of melanization. Furthermore,
larvae became very soft 1 h post-injection. All tested G. mellonella pupae and larvae died,
except one larva, which received only 50% of the average venom dose. This shows that
the observed initial recovery in two out of three G. mellonella larvae was only temporary.
Pupae and larvae, which were not injected remained healthy during the entire analysis and
showed neither melanization responses nor a reduction in their mobility when stimulated
with tweezers. PBS-injected pupae and larvae remained healthy as well but only slight and
strictly localized melanization was observed at injection sites (Table 1).

3.4. Molecular Components of the Venom
3.4.1. Overview of R. iracundus Venom-Gland Transcriptome

Sequencing of R. iracundus venom gland transcriptome yielded ~16 Mio trimmed,
paired-end reads. The reads were subsequently assembled into 38,109 distinct contigs.
Post-annotation, contigs were assigned into three categories: venom toxins, non-toxins and
unassigned. The venom toxin transcripts accounted for 29% of total relative expression
despite being comprised of only 0.1% of total transcripts (292 venom toxin transcripts).
Notably, a substantial portion of the relative venom toxin expression was due to just two
toxin families; venom family 17 (3 transcripts representing ~11% total expression) and
hemolysins (4 transcripts representing ~7% total expression) (Figure 6).
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Table 1. Effect of Rhynocoris iracundus venom on Galleria mellonella. G. mellonella larvae and pupae were injected subcuta-
neously with low (50%) and high (140%) venom doses. Paralysis and melanization observations were recorded from 1 min
until 24 h post injection.
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PBS only none none n.a. n.a. none <5 none <5 12
No injection none none n.a. n.a. none 0 none 0 12

n.a. = not applicable (paralysis and/or melanization were not assessed).

Figure 6. Types of transcripts found in Rhynocoris iracundus venom gland. (A) Relative proportion of
venom protein encoding genes, non-venom protein encoding genes, and transcripts designated as
“no-hit” (unknown). Venom protein genes account for <1% of the total transcripts (B) represents the
relative transcript expression levels of the same categories. Among them, 29% of all sequence read
counts of the transcripts are associated with the category “putative venom protein”. (C) Relative
expression levels of toxin encoding genes only, displayed as % transcript expression of total putative
venom protein encoding transcripts.

Curation of the R. iracundus venom toxin transcripts revealed 35 individual venom
toxin families (including the two mentioned above) represented by full length or partial
transcripts. A total of 71 venom toxin transcripts were removed due to the presence of
mutations which would render resulting proteins non-functional.

The majority (>50%) of transcripts related to venom proteins belonged to the S1 pro-
tease (38 total, 10 full-length/28 fragment), trypsin (28, 15/33), orphan venom-family
(25, 11/14), secreted hypothetical protein (14, 6/8), venom family 13 (11, 0/11) and chiti-
nases (9, 3/6). However, the total relative expression of these families represented just 15%
of total toxin transcript expression. In addition to venom family 17 and hemolysin already
described above, other highly expressed toxin families include the orphan venom family
(2% total expression), redulysin (~1%), and venom family 11 (~1%) (Figure 6).
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Nevertheless, it should be noted that our transcriptomic approach identifies putative
toxin precursor transcripts, and that our subsequent proteomic analysis validates whether
the toxins were expressed.

3.4.2. Venom Proteome of the Assassin Bug R. iracundus

Based on the assembled venom transcriptome of R. iracundus, we broadly character-
ized the venom proteome by two sample runs using a standard bottom-up proteomics
workflow. Venom samples were separated by SDS-PAGE (Figure 7) and both lanes were
divided into 20 gel slices and subjected to in-gel digestion [43,44]. Resulting tryptic pep-
tides were analyzed by peptide spectrum matching (PSM) based on the translated toxin
sequences of the assembled transcriptome. The selected workflow does not allow any
precise quantitative statements, but qualitative correlation can be achieved by identical
protein matches.

Figure 7. SDS-PAGE analysis of Rhynocoris iracundus venom proteins. Proteins collected from the
venom glands of R. iracundus were separated by SDS-PAGE and stained with Coomassie Brilliant
Blue R250. Numbers on the left and right of the lanes with venom indicate the 20 bands cut out from
the gel and processed as individual samples for LC-MS/MS. PM = protein marker.

In total, the proteomic analysis resulted in 93 and 105 protein matches for run 1 and
run 2, respectively (Supplementary Table S1). Among the 35 individual toxin families iden-
tified in the R. iracundus venom proteome, six abundant and 12 low abundant toxin families
were represented. A direct comparison of the venom composition for both sample runs
showed a high agreement of identical toxins (87% and 67% of the total toxins in run 1 and
run 2 respectively were detected in both sample runs) (Figure 8, Supplementary Table S1).
The majority of the assassin bug venom proteins, identified by specific peptide fingerprints,
belong to the proteolytic toxin families S1 proteases (27 isoforms), S1 proteases with CUB
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domain (16 isoforms), and trypsin-like proteases. Further, toxins belonging to minor di-
verse toxin families were identified, such as a venom protein family (10 isoforms) whose
function is still uncertain, cytolytic toxin redulysin (6 isoforms), and cystatin-like proteins
(5 isoforms) which are protease inhibitors. The remaining constituents of very low quantity
include astacin-like protein, cathepsin B, inositol phosphatase-like proteins, nuclease-like
proteins, venom protein kinase, venom phosphatase, and acetylglucosaminidase (Figure 8).
Additionally, we found venom components in low quantity, such as chitinase-like protein,
CUB domain protein, and serpin but also a number of unspecific proteins and contaminants
for the first run (Supplementary Table S1).

Transcriptome (putative proteins)

Proteome (proteins)

Figure 8. Rhynocoris iracundus transcriptome and proteome analysis workflow and identified venom
protein families. In the venom gland transcriptome, 227 transcripts belonging to venom protein
families were identified (top right), while venom proteome analysis resulted in the identification of
93 proteins and 105 proteins for each run, respectively (bottom right). Putative proteins and proteins
belonging to the same protein family are indicated with identical colors.

A qualitative assessment of the assassin bug (Rhynocoris iracundus; Rirac) venom proteome
in comparison to the predaceous Australian assassin bug (Pristhesancus plagipennis; Pplag)
revealed strong similarities regarding the existence and relative proportion of the different
toxin families [26]. Both analyses show a complex venom pool containing at least 127 (Pplag)
or 110 (Rirac) toxin components, with the vast majority consisting of proteolytic proteins
such as S1 proteases, with or without CUB domain (Pplag 65 proteins/Rirac 68 proteins). The
cytolytic-active redulysin (Pplag 9/Rirac 8) venom protein family proteins (Pplag 19/Rirac 10),
and cystatins (Pplag 7/Rirac 5) are also abundant toxin families in both venom proteomes.
In addition, other minor abundant enzymes are present in both venoms.

3.5. Selected Toxins with Potential Cytotoxic and Antibacterial Activities
3.5.1. Redulysins

It has been previously demonstrated that redulysins are homologs of trialysins, which
are Lys-rich cytolytic toxins described in the blood-feeding kissing bug Triatoma infestans [45].
The necessity of Lys (K) residues for cytolytic activity in the cytolytic region between Gly6
and Val32 of trialysin (AAL82381.1) was proven experimentally [45]. We compared the
cytolytic domain of R. iracundus redulysins identified in our transcriptome analysis together
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with redulysins from the African assassin bug Platymeris rhadamanthus, the Australian
assassin bug P. plagipennis, and trialysins from T. infestans (Figure 9A). The cytolytic domains
are preceded by a conserved Asp (D)–Glu (E)–Glu (E)–Arg (R) sequence (Figure 9A). When
comparing all redulysin sequences, only one of the R. iracundus redulysins (Ri_Redulysin1)
have additional amino acids at the beginning of the cytolytic region. These additional amino
acids are also found in one of the redulysins from P. plagipennis (Pp_Redulysin5) (Figure 9A).
The last four residues of these additional amino acids align well with trialysins and show
three out of four conserved residues. However, based on these data, it is not possible to
state whether additional amino acids correspond to an insertion or a deletion in the rest of
the sequences where additional amino acids were not detected (Figure 9A).

Figure 9. Redulyin catalytic domain characterization. (A) Cytolytic domain of redulysins from
R. iracundus (Ri_Redulysin), P. rhadamanthus (Pr_Redulysin), P. plagipennis redulysin (Pp_Redulysin),
and homolog trialysins from T. infestans (Ti_Trialysin). Coiled regions are highlighted in red. All Lys
(K) residues are shown in bold and conserved amino acids are indicated with asterisks. Ri_Redulysin1
and Pp_Redulysin5 are aligned separately to show the high sequence similarity and the insertion
in the cytolytic domain highlighted in gray. (B) WebLogo of the cytolytic domain alignment is
represented by a stack of letters. The height of each letter indicates its frequency at that position
of the sequence. The height of the overall stack is proportional to the sequence conservation.
(C) Phylogenetic analysis of redulysins. Roots of the two main clades were highlighted in green
and blue. The phylogenetic tree of all sequences mentioned above, as well as trialysins from
Riptortus pedestris (Hemiptera: Alydidae) was inferred by using the Maximum Likelihood method and
the Le_Gascuel_2008 model [46]. The tree with the highest log likelihood (−3253.56) is represented.
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In the generated sequence logo, the overall height of each stack indicates the sequence
conservation at that position (measured in bits) (Figure 9B). In the cytolytic region of
redulysins and trialysins, Lys (K) residues are frequent and highly conserved. One Leu
(L) is conserved in all sequences. We also aligned the complete sequences of the men-
tioned redulysins and trialysins and found that the C-terminal domain is stabilized by a
pattern of eight conserved Cys (C) residues (Supplementary Data S1). To phylogenetically
characterize R. iracundus redulysins, we used the same redulysin and trialysin sequences
mentioned earlier together with trialysins from the broad-headed bug Riptortus pedestris
(Hemiptera: Alydidae) (Figure 9C). The resulting phylogenetic tree is rooted with trialysins
from R. pedestris. All redulysins and trialysins from Reduviidae fall into two main clades
(roots highlighted in green and blue). Both of them display a clade expansion and have
sequences from each assassin bug species. R. iracundus redulysins are more closely related
to the redulysins from P. plagipennis than the redulysins from P. rhadamanthus.

3.5.2. Kininogens

In the R. iracundus proteome, we found a kininogen which belongs to the cystatin
family. Kininogens are also found in P. plagipennis and P. rhadamanthus. We aligned the
kininogen from R. iracundus, P. plagipennis, and P. rhadamanthus for comparison (Supple-
mentary Data S2) and we found that, although the sequences align well, there are only 17%
identical amino acids (Figure 10). We also found a conserved proteinase inhibitor cystatin
site between Arg 72 and Glu 85, with 43% conserved amino acids. Four out of five putative
protease inhibition sites are located within the proteinase inhibitor cystatin site.

Figure 10. Sequence alignment of assassin bug kininogens. Kininogen sequences from R. iracundus,
P. plagipennis, and P. rhadamanthus were aligned together. The conserved proteinase inhibitor cystatin
site (Arg 72–Glu 85, Interproscan, IPR018073) is indicated with a line. Putative protease inhibition
sites are highlighted in gray. Conserved amino acids are shown with asterisks (*).

3.5.3. Chitinases

In the R. iracundus proteome, we identified one chitinase. Based on the previously re-
ported active domain motif for chitinases DxxDxDxE [47], we performed a motif search and
aligned the identified active domain motifs from R. iracundus chitinase together with the
chitinase-like protein from P. plagipennis (assassin bug) and the chitinases from Halyomorpha
halys (stink bug), Cimex lectularius (bed bug), Frankliniella occidentalis (thrips), Harpegnathos
saltator (ant), and Apis cerana (honey bee) (Figure 11). We found two conserved active
domain motives D206xxD209xD211xE213 (active domain 1) and N629/D629xxD632xD634xE636
(active domain 2) (Figure 11, and Supplementary Data S3). To find out if other insect orders
share Asn 629 (N629), which was found in the active domain 2 of assassin bug chitinases,
we aligned 86 chitinases from eight insect orders (Supplementary Table S2). Our findings
revealed that assassin bugs share N629 in the active domain 2 together with all insect orders,
except for hymenopterans. The latter are the only representatives having Asp 629 (D629) in
active domain 2.
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Figure 11. Alignment of chitinases. Chitinase and chitinase-like protein sequences from order
Hemiptera (red, R. iracundus, P. plagipennis, Halyomorpha halys, Cimex lectularius), Thysanoptera
(yellow, Frankliniella occidentalis) and order Hymenoptera (green, Harpegnathos saltator and Apis
cerana) aligned and two active regions were found using interproscan website using R. iracundus
chitinase protein sequence. Conserved residues from the active site motifs known for the activity of
glycosyl hydrolase family 18 (GH18) indicated with bold. * indicates conserved amino acid residues.

3.5.4. Hemolysins

Three full length hemolysin transcripts (Ri_Hly_1, Ri_Hly_2, and Ri_Hly_3) were
identified in the R. iracundus transcriptome. We used pairwise identity matrix of hemolysin
sequences from various Hemiptera, including the assassin bugs R. iracundus (Ri_Hly),
P. plagipennis (Pp_Hly), and P. rhadamanthus (Pr_Hly), both kissing bugs T. infestans (Ti_Hly)
and Panstrongylus chinai (Pc_Hly), the giant water bug Lethocerus distinctifemur (Ld_Hly) and
the bacteria E. coli (Ec_Hly) together to assess their similarity. The analysis suggested that
hemolysin from E. coli has a maximal identity of <18% to insect hemolysins. R. iracundus Ri-
Hly1 showed ~79% and ~78% identity to P. plagipennis hemolysins Pp_Hly1 and Pp_Hly2,
respectively. R. iracundus Ri_Hly2 presented 75.35% identity to P. plagipennis Pp_Hly3
(Figure 12A). We also build a phylogenetic tree using hemolysins from Hemiptera. Within
insect hemolysins, there are two sub-clades of hemolysins; the first clade consists of assassin
bugs including two sequences from R. iracundus and the giant water bug hemolysin,
whereas the second one includes kissing bug and assassin bug hemolysins with one
sequence from R. iracundus (Figure 12B).

3.5.5. Ptu1 Family Peptides

Ptu1 is a N-type calcium channel blocker [48] neurotoxin [26]. In our transcriptomics
analysis, we identified two complete Ptu1 family peptides in the venom gland assembly
(Ri_Ptu1_1 and Ri_Ptu1_2) and four complete sequences in the combined assembly (Ri_Ptu1_3-
Ri_Ptu1_6). We aligned the regions containing the knotting scaffold of Cys residues [48] from
Ptu1 family peptides from R. iracundus and other species of assassin bugs (P. rhadamanthus,
P. plagipennis, Peirates turpis) and from ω-conotoxins, which are Ptu1 homologues [48], from
the cone snails Conus magus and Conus moncuri [49,50] (Figure 13A). We found that the Cys
residues are highly conserved in R. iracundus Ptu1 and present the typical inhibitor cystine
knot (ICK) scaffold. However, all inter-cysteine loops show sequence diversities (Figure 13A).
In the well characterized toxins Pt_Ptu1 and MVIIA, we highlighted the residues in loop 2
which play a critical role in surface interactions [48]. Those residues are found in the same
positions in Ptu1 family peptides from R. iracundus (Ri_Ptu1_3 and Ri_Ptu1_4) (Figure 13A).
However, for the remainder of Ptu1, amino acids with different properties were found. The
sequence similarities between Ptu1 family peptides from R. iracundus and the previously
characterized Pt_Ptu1_1 and MVIIA [48] were below 45%.
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Figure 12. Characterization of hemolysins. (A) Pair-wise identity matrix of hemolysin sequences
from insect order Hemiptera. Shown are hemolysins from the assassin bug R. iracundus (Ri_Hly),
P. plagipennis (Pp_Hly), P. rhadamanthus (Pr_Hly), two kissing bugs T. infestans (Ti_Hly), and
Panstrongylus chinai (Pc_Hly), and the giant water bug Lethocerus distinctifemur (Ld_Hly). (B) Phy-
logenetic tree of hemolysins. Hemolysin sequences from three assassin bugs R. iracundus (Ri_Hly)
(highlighted in red), P. plagipennis (Pp_Hly), and P. rhadamanthus (Pr_Hly), two kissing bugs T. infes-
tans (Ti_Hly), and Panstrongylus chinai (Pc_Hly), the giant water bug Lethocerus distinctifemur (Ld_Hly)
were analyzed together. The phylogenetic tree was inferred by using the Maximum Likelihood
method and Whelan and Goldman model (Whelan and Goldman, 2001). The tree with the highest
log likelihood (−2664.67) is shown.

Using a pair-wise identity matrix we show that Ri_Ptu1_1 has 84% sequence simi-larity to
Pp_Ptu1_1, and Ri_Ptu1_2 has 78% sequence similarity to Pp_Ptu1_2 (Supplementary Data S4).
Interestingly, phylogenetic analysis revealed that R. iracundus Ri_Ptu1_4 and Ri_Ptu1_5 fall
into a separate branch together with cone snail ω-conotoxins. The rest of the assassin bug Ptu1
family peptides form a separate clade (Figure 13B).

Ri_Ptu1_1       CIPGFHACGGA-NTRCCGLYV-C-------FNNKC
Ri_Ptu1_2       CIMVGRPCRGI-NARCCNFTI-C-------VNGRC
Ri_Ptu1_3       CLPRGSKCLGE-DKQCCKGTT-CM-----FYANRC
Ri_Ptu1_4       CLGAGQPCNRVLPYQCCTPLT-CD-----YFMGSIC
Ri_Ptu1_5       CLPDGARCHH--PEQCCGG-V-CTNGMINGWGNHC
Ri_Ptu1_6       CTPFGEKCVMV-DFRCCAPYT-CD-----WLENKC
Pr_Ptu1_1       CIPAANPCRG--NAKCCGNYV-C-------KNGRC
Pr_Ptu1_2       CIPPFQPCEGV-NSRCCGLYV-C-------FNKIC
Pp_Ptu1_1       CIPGFQQCGGA-NSRCCGLYV-C-------FNNRC
Pp_Ptu1_2       CLPRGSKCLGE-NKRCCKGTT-CM-----SYANRC
Pp_Ptu1_3       CIMPGNPCRGI-NARCCSFNV-C-------VNGRC
Pt_Ptu1_1       CIAPGAPCFGT-DKPCCNPRAWCS-----SYANKC
MVIIA CKGKGAKCSRL-MYDCCTG-S-CR-----S--GKC
MVIIB CKGKGASCHRT-SYDCCTG-S-CN-----R--GKC
GVIIA/GVIIB     CKSPGTPCSRG-MRDCCT--S-CL-----LYSNKC
GVIA CKSPGSSCSPT-SYNCCR--S-CN-----PYTKRC
CVID CKSKGAKCSKL-MYDCCSG-S-CS-----GTVGRC
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Figure 13. Characterization of Ptu1 family peptides. (A) Alignment of Ptu1 family peptides from Rhyno-
coris iracundus (Ri_Ptu1_V1, Ri_Ptu1_V2, (Ri_Ptu1_BGV3-Ri_Ptu1_BGV6), P. rhadamanthus (Pr_Ptu1_1 and
Pr_Ptu1_2), P. plagipennis (Pp_Ptu1_1, Pp_Ptu1_2, Pp_Ptu1_3), P. turpis (Pt_Ptu1_1), and their homolog
ω-conotoxins (MVIIA, MVIIB, GVIIA/GVIIB, CVID) from cone snails. The structure of Ptu1 family
peptides includes three disulfide bridges (I, II, III) connecting six conserved cysteines, which are separated
by four inter-cysteine loops. Residues playing a role in surface interaction such as aromatic residues (blue
circle), acidic residues (black circle), and basic residues (green circle) are highlighted as published for
Pt_Ptu1 and MVIIA. (B) Phylogenetic tree of Ptu1 family peptides. Ptu1 and ω-conotoxins mentioned
above were used to generate a phylogenetic tree which was inferred by using the Maximum Likelihood
method and Le-Gascuel model [46]. The tree with the highest log likelihood (−543.24) is presented. The
cone snail image was created with Biorender.com.

4. Discussion

4.1. Primary Functions of Reduviid Venom: Capturing and Feeding on Arthropod Prey

Due to their abundance, arthropods represent a valuable food source for predators
such as assassin bugs. However, arthropods have evolved to protect themselves from
predatory attacks through the ability to quickly escape [51], possession of hard exoskele-
tons [52], the use of stingers [53] and venom [54]. Assassin bugs have learned and evolved
to cope with these defense strategies. After a slow approach, reduviids ambush their prey,
pin it down with their front legs, and quickly bite through soft body parts with a specialized
straw-like proboscis. R. iracundus often feeds on honeybees Apis sp. and for such dangerous
prey, R. iracundus prepares its proboscis in advance by elevating it towards the prey and
in a sudden movement stabbing the prey with the proboscis and immediately pinning it
down with the front legs at the same time (personal observation). A cocktail of venom with
paralyzing components is injected through their particularly long proboscis [25]. Quick
paralysis protects assassin bugs from injuries potentially caused by counterattacks from
their prey and enables them to secure it for feeding purposes [25]. Since reduviids do not
possess chewing mouth parts, components of the venom with liquefying properties are
essential for feeding on their prey [25].

Notably, assassin bugs are able to modulate the composition of their venom in a
context-dependent manner, either for defense or feeding purposes [25]. In our study,
venom was collected after treating R. iracundus to display a defense posture. To understand
its effects on their natural prey, we tested the venom on insects and insect cells. The
injection of R. iracundus venom caused quick and full paralysis of G. mellonella larvae and
pupae indicating the potency of the venom against insects, which is in line with the full
paralysis observed on their natural preys such as honeybees; likely, the induced paralysis
is a result of muscular or nervous dysfunction [55]. The earliest description of assassin
bug venom effect on prey showing its paralytic activity, was described in 1773 [56] “once
stung, the fly died immediately, which indicates that the assassin bug (Reduvius personatus)
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probably delivers potent venom”. In 1961, the paralysis observed in assassin bug prey
was attributed to the disruption of cell membranes [23]. However, as it was observed with
R. personatus and for other assassin bug species [25,57], R. iracundus venom also caused
potent, quick and generalized paralysis in the entire insect body. This is in accordance with
previous suggestions [25,27,57] that paralysis is not the result of localized cell membrane
disruption, but it is due to molecular components of the venom targeting nerve cells.
The neurotoxic effects on prey could be attributed, probably among other factors, to the
presence of Ptu1 [26]. However, the role of Ptu1 family peptidesis controversial because
previous publications mentioned that Ptu1 family peptides are neurotoxins that blocks N-
type voltage-sensitive calcium channels [26,48], while the toxicity of Ptu1 family peptides
could not be verified in vivo [58]. Further studies are required to understand its effects
in vivo. Ptu1 family peptides are part of the inhibitory cystin knot (ICK) family capable
of blocking nerve conduction [26,48]. Here, we found six different Ptu1 family peptides
in the venom gland transcriptome of R. iracundus. In the well characterized Pt_Ptu1 from
the assassin bug P. turpis and in its homolog MVIIA from the cone snail Conus magus, the
respective aromatic residues Phe13 and Tyr13, surrounded by basic residues in loop 2, are
critical for the binding of the toxin to the channel [48]. Notably, we found two out of six
Ptu1 family peptides from R. iracundus clade together with cone snail ω-conotoxins. We
have also observed, at the amino acid level, that one sequence of Ptu1 family peptide from
R. iracundus possesses two identical residues as MVIIA in the same positions in loop two,
and another sequence of Ptu1 family peptides from R. iracundus possesses one identical
residue as Pt_Ptu1_1 in the same position. These residues play critical roles in surface
interaction [48]. The rest of the Ptu1 family peptides have different amino acid residues
at these positions. Potential candidates for sodium channel surface interaction residues
with identical properties were found in different inter-cysteine loops in R. iracundus Ptu1
family peptides. The residues present in the inter-cysteine loops of ICK toxins can be
mutated without significantly affecting their 3D structure [59], but are known to have
an impact on binding specificity [60]. The cone snail ω-conotoxins are used as analgesic
drugs for severe and chronic pain [5,61] and due to their similarities, Ptu1 family peptides
could be interesting candidates for pharmaceutical applications. In addition, assassin
bug venom Ptu1 family peptides revealed high conservation between R. iracundus and
the Australian P. plagipennis (Ri_Ptu1_1/Pp_Ptu1_1: 84% similarity, Ri_Ptu1_2/Pp_Ptu1_3:
78% similarity), which suggests that these species share a relatively recent common ancestor
of Ptu1 family peptides in geographically distant assassin bug species.

Assassin bug venom contains a high proportion of molecular components with
cytolytic and enzymatic activities involved in tissue liquefaction [26]. In vivo injected
G. mellonella larvae and pupae with R. iracundus venom lost their bodies’ rigidity and got
soft to the touch. The addition of R. iracundus venom to S2 insect cells caused 99% cell
lysis within 30 s, demonstrating the potency of R. iracundus venom to lyse and liquify
their prey. In our transcriptome and proteome data we found digestive enzymes such
as S1 proteases, S1 protease + CUB, and also chitinases which are, possibly among other
molecular components, responsible for the observed insect softening and cell lysis [26,62].

In other zoophagous heteropterans, such as P. plagipennis chitinase-like proteins were
also detected. Chitinases are also present in salivary glands of phytophagous hemipterans,
e.g., Oncopeltus fasciatus [63] but were not found in hematophagus kissing bugs such as
Rhodnius prolixus [64]. Despite the phytophagy of O. fasciatus, the presence of chitinases in
its salivary glands is probably important due to its occasional cannibalistic behavior [65],
which is rare in kissing bugs [66]. Insect chitinases have the primary role to digest chitin
during metamorphosis [67,68]. Their presence in salivary glands and venom glands of
insects further suggests their importance toward feeding and defense purposes. We noticed
that chitinases possess two active domains: active domain 1 (DxxDxDxx) present in all
insects, while active domain 2 presented a sequence specific to hymenopterans (DxxDxDxx),
which is different from all other insect orders (NxxDxDxx). The sequence DxxDxDxx was
described essential for the enzymes’ activity [47]. We suggest that in hymenopterans
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Asn (N(1)) mutated to Asp (D(1)) in the active domain 2. The impact of this mutation in
chitinases is not known yet. However, what is known is that chitinases have multifunctional
roles, e.g., regulation of inflammation or intratumoral processes, potentially making them
attractive candidates for cancer therapy and immunomodulation [69].

Beside paralysis, strong melanization of G. mellonella was also observed; however, it
appeared a few hours post injection. Melanization could be a secondary response of the
cell lysis, which was characterized by softening of the G. mellonella bodies. Melanization
plays a vital role in various physiological processes in insects, including wound healing
and immunity [70].

4.2. Versatility of Assassin Bug Venom towards Defense Purposes

Using their proboscis, assassin bugs are capable of inflicting painful bites to humans,
with local and systemic symptoms, as reported from Zelus sp. [29]. This shows that assassin
bugs can use their proboscis to stab and deliver venom for self-defense purposes, and that
the venom has potent bioactivity on potential threats, such as predators. For example,
mice can be severely affected by assassin bug venom, even resulting in their death due to
venom-inflicted respiratory paralysis [24].

When harassed, R. iracundus immediately takes a defense posture, lifting its front legs,
and displaying its venom delivery organ. We noticed that the defense posture of assassin
bugs resembles those typically observed in arachnids [71]. This enables assassin bugs to
raise up towards predators of greater size and the position of their proboscis prepares them
for a direct attack. Furthermore, a small drop of venom sticking to the end of the proboscis
was often released in a fashion similar to disturbed funnel web spiders [72].

Assassin bug Holotrichius innesi venom causes quick respiratory paralysis and leads
to death in mice [24] which indicates that the venom is also potent against their natural
enemies such as mice and potentially birds. To understand the effects of assassin bug
venom on mammalian tissues, we tested R. iracundus venom on various cell types. The
cytotoxicity assays performed with R. iracundus venom demonstrated significant lysis
of all tested cell types: hepatoma cells, murine neuroblastoma, as well as on murine
myoblasts demonstrating its activity on diverse cells. The activity of R. iracundus venom
on neuroblastoma is especially interesting in regards of the observed paralysis in mice.
Paralysis due to assassin bug venom was also noticed in insect preys which was first
explained by cell membrane breakdown [23]. However, considering the similarity with
ω-conotoxins, and the presence of conserved ICK motifs, Ptu1 family peptides block N-
type voltage-sensitive calcium channels, which suggests that their presence in assassin bug
venom could possibly be associated with pain [73] and paralysis [48]. However, Ptu1 was
tested against a range of vertebrates and invertebrates, including insects, and it did not
show toxicity [58]. All in all, this suggests that Ptu1 could be responsible for the relief of
pain or counteract paralysis. Fast paralysis observed in insects in our experiment, and in
insects and vertebrates in other studies [23–25,56] as well as sensations of numbness and
tingling in human [29] can be associated with other yet undescribed neurotoxins.

The lysis of murine neuroblastoma, as shown for the first time in our study, and the
observed murine respiratory paralysis [24] suggest that both neurolysis and paralysis are
caused by assassin bug venom. Generalized and rapid paralysis in assassin bug prey
enables assassin bugs to protect themselves from injuries. We suggest that neurolysis
counteracts paralysis locally, in the region of the assassin bugs’ sting, due to the destruction
of neuronal networks and may serve for prey digestion and feeding purposes.

The observed cytotoxic effect against the tested cell types can be attributed, among
other factors, to the presence of redulysins, hemolysins [74], and kininogen [75] which
were found in our transcriptome data. Redulysins and kininogen were also found in the
R. iracundus venom proteome.

Redulysins, homologs of trialysins [27] for which cytotoxic activity was demon-
strated [45], were among the four protein families with highest relative expression levels.
Alignment of the cytolytic domains of the four complete R. iracundus redulysins with
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published sequences from other assassin bug species and from kissing bugs revealed a
high proportion of Lys residues in all redulysins, which is required for their cytotoxic
activity [45]. The remaining amino acid residues found within the cytolytic domain can be
responsible for varying degrees of cytotoxic activity against mammalian cells [45].

Notably, one of the R. iracundus redulysins (Ri_Redulysin1) aligned well with the
redulysin from P. plagipennis (Pp_Redulysin5) and, when comparing both of them to all
other redulysins and trialysins, they showed an additional Lys-richregion at the beginning
of the cytolytic domain. Whether and how this insertion additional Lys-rich region affects
the activity of the redulysins should be studied in more detail in regards of their cytolytic
properties.

Hemolysins are known as pore-forming [76] exotoxins and are able to lyse erythro-
cytes [77]. One partial and three complete sequences were found in the R. iracundus venom
transcriptome. Based on the pair-wise identity matrix and phylogenetic tree, R. iracundus
hemolysins have sequence similarities with hemolysins from P. plagipennis.

In our previous study we already discovered that R. iracundus venom causes only
~6% of hemolysis on porcine erythrocytes [30] and erythrocytes from different vertebrate
species show different levels of hemolysis [57]. This suggests that assassin bug venom
has selectivity on different erythrocyte types making assassin bug venom interesting for
leukemia studies.

Finally, our third candidate for cytotoxic activity are kininogens, which are a family
of cysteine protease inhibitors. They have similarities to histidine-rich glycoproteins and
cystatin-related proteins [78,79]. We aligned kininogens from the assassin bugs R. iracundus,
P. plagipennis, and P. rhadamanthus and found a maximum sequence similarity (~58%) be-
tween the kininogens of R. iracundus Ri_Kin and P. plagipennis Pp_Kin2. Kininogen inhibits
migration and invasion of cancer cells in vitro [80], and overexpression of the kininogen
KNG1 was shown to decrease tumor growth and to promote the apoptosis of glioma
cells [75]. The observed cytotoxic activity on cancer cells in our study could therefore,
possibly among other candidates, be attributed to kininogens. Therefore, kininogensA from
assassin bugs kininogens are interesting to study in more detail regarding their antitumor
activity. Interestingly, assassin bug venom did not negatively affect collagen tissues [23]
and molecular components with cytolytic activities could therefore be interesting to study
in cancer of bones and joints.

4.3. Keeping the Glands Clean: The Antibacterial Activity of Assassin Bug Venom

In their natural environment, and especially during feeding, assassin bugs are exposed
to various microorganisms. Insects can carry entomopathogens such as bacteria, fungi, and
viruses [81,82] which could potentially affect and kill their predatory insects [83,84] via
toxemia, bacteremia, or septicemia [85]. To analyze whether R. iracundus venom protects
the assassin bug from potential pathogens, we tested its venom against Gram-positive
and Gram-negative bacteria and found venom-mediated bacterial growth inhibition on
Gram-negative E. coli only. The selective antibacterial effect against E. coli highlights the
potential of R. iracundus venom to identify molecular compounds, which could be used
to treat human diseases caused by E. coli or other Gram-negative bacteria. Therefore,
we suggest that R. iracundus venom can prevent microbial colonization of the glands,
protecting the assassin bug against pathogens. Due to their similarity to trialysins [27],
redulysins represent potential candidates for the observed growth inhibition of bacteria.
Trialysins were shown to have pore forming activities in lipid bilayers [45]. Therefore, the
identified redulysins in our R. iracundus venom are interesting candidates to investigate in
more detail in regards to their potential antibacterial properties.

5. Conclusions

The need for novel biomedical tools is ever increasing, thus driving researchers to
continuously explore novel and untapped opportunities. In this context, some focus has fallen
on animal venoms since the toxins they are constituted of perform specialized physiological
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functions within their prey or predators. The specificity as well as potency of animal venom
toxins renders them highly interesting for biomedical research. However, whilst the venom
cocktails of larger animals (e.g., snakes, spiders, and scorpions) have been investigated for
decades, the ones from smaller animals remain poorly characterized. Only recently, assassin
bugs and their multifunctional venom has entered the limelight. Therefore, in this study, we
investigated the venom of the assassin bug Rhynocoris iracundus and discovered a diverse
array of toxins and bioactivities. Indeed, we found that redulysins, kininogens, chitinases,
hemolysins, and Ptu1 family peptides appear to be responsible for paralysis of arthropods
and vertebrates, neurolysis and cytolysis of insect and mammalian cells, as well as insecticidal
and antibacterial activities. Therefore, our study provides a promising basis for further
investigation and characterization of specific R. iracundus toxins, and the candidate molecules
presented here could, in future, serve as templates for novel biotherapeutics.
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Abstract: Natural products (NPs) have played a significant role in drug discovery for diverse diseases,
and numerous attempts have been made to discover promising NP inhibitors of tumor necrosis
factor α (TNF-α), a major therapeutic target in autoimmune diseases. However, NP inhibitors of
TNF-α, which have the potential to be developed as new drugs, have not been reported for over a
decade. To facilitate the search for new promising inhibitors of TNF-α, we developed an efficient
competitive binding screening assay based on analytical size exclusion chromatography coupled
with liquid chromatography-tandem mass spectrometry. Application of this screening method to the
NP library led to the discovery of a potent inhibitor of TNF-α, sennoside B, with an IC50 value of
0.32 μM in TNF-α induced HeLa cell toxicity assays. Surprisingly, the potency of sennoside B was
5.7-fold higher than that of the synthetic TNF-α inhibitor SPD304. Molecular docking was performed
to determine the binding mode of sennoside B to TNF-α. In conclusion, we successfully developed
a novel competition binding screening method to discover small molecule TNF-α inhibitors and
identified the natural compound sennoside B as having exceptional potency.

Keywords: tumor necrosis factor α; natural products; sennoside B; analytical size exclusion
chromatography; liquid chromatography-tandem mass spectrometry

1. Introduction

Tumor necrosis factor-alpha (TNF-α), an important pleiotropic cytokine, is a well-
known central biological mediator of critical pro-inflammatory and immunomodulatory
effects [1,2]. Overexpression of TNF-α is widely associated with a series of autoimmune
diseases, including rheumatoid arthritis [3], Crohn’s disease [4], and psoriasis [5]. Because
of its profound implications in various diseases, TNF-α has become one of the most
promising molecular targets of interest and some therapeutic biologics, such as etanercept,
infliximab, certolizumab, golimumab, and adalimumab, have been successfully developed
to block the interaction between TNF-α and its receptors [1]. Nevertheless, biological drugs
have inherent limitations pertaining to applications because of their immunogenicity, health
economics, complexity in manufacturing, and inconvenient routes of administration [1,6,7].
In light of this, a small-molecule drug will have better applicability and be beneficial to
more patients.

Suramin was the first small-molecule to demonstrate inhibitory effect on TNF-α
through a direct action on the ligand rather than on its receptors [8]. Later, SPD304 was
discovered as a small-molecule antagonist of TNF-α with an IC50 value of 4.6 μM. X-ray
crystallography revealed that SPD304 displaces a subunit of the TNF-α trimer to form a
complex with the resultant dimer [9]. Several small-molecule inhibitors that bind to TNF-α
or tumor necrosis factor receptor (TNFR) have subsequently been reported. Utilizing a
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ligand docking-based virtual screening method, Chan et al. discovered two compounds
that show a similar binding modality to SPD304, quinuclidine and indoloquinolizidine [10].
Ma et al. applied computer-aided drug design combined with in vitro assays and iden-
tified C87 that directly binds to TNF-α [11]. Luzi et al. developed and improved the
bicyclic peptide display method and discovered macrocyclic peptide M21, which could
dissociate the active trimeric form of TNF-α [12]. Cao et al. used a novel surface plasmon
resonance (SPR)-based screening method and identified TNFR1 antagonist physcion-8-O-
β-D-monoglucoside (PMG) from complex herbal extracts [13]. Using TNF-α and TNFR
crystal structures, Chen et al. performed a virtual screening method followed by SPR
and biological validation and discovered T1 and R1, which could bind to TNF-α and
TNFR1, respectively [14]. Despite several efforts, compounds’ low potency and potential
toxicity impeded further developments and no small molecule drug for TNF-α is currently
available [15,16]. Therefore, the discovery of small-molecule TNF-α inhibitors with high
efficacy, low toxicity, and potential clinical applications remains a challenging goal.

Natural products (NPs) have played a significant role in the drug discovery and
development. According to a recent review paper, among 1394 small-molecule drugs
approved over the last four decades, NPs and NP derivatives account for 441 drugs
(32%) [17]. The contribution of NPs would be more significant when NP-inspired drugs,
such as synthetic drugs with NP pharmacophores or those mimicking NPs, are included in
NP drug classification. The virtues of chemical scaffold diversity, structural complexity,
and potentially lower toxicity profiles of NPs continuously offers a great opportunity to
discover novel bioactive compounds and contribute to drug development.

Encouraged by the fact that natural compounds with high potency and low toxicity
that directly target TNF-α have rarely been reported, we developed a competitive binding
screening assay coupled with analytical size exclusion chromatography (SEC) and liquid
chromatography (LC) tandem mass spectrometry (MS) and applied the screening method to
an in-house NP compound library to discover of novel small-molecule TNF-α antagonists.
In vitro cell-based assays were performed to validate the inhibitory effect of the NPs and
in silico modeling was performed to predict their interactions. Collectively, we observed
that sennoside B, a NP small-molecule, effectively inhibited TNF-α and its downstream
signaling pathways. Moreover, the binding mode of sennoside B with the TNF-α crystal
structure was analyzed using molecular docking, and the key residue interactions between
sennoside B and TNF-α were predicted.

2. Materials and Methods

2.1. Chemicals, Reagents, and Cell Lines

All HPLC grade solvents were purchased from Fisher Scientific (Thermo Fisher Sci-
entific, Hanover Park, IL, USA). Centrifugal ultrafiltration filters (Microcon YM10) were
obtained from Millipore (MilliporeSigma, Burlington, MA, USA). Human recombinant
TNF-α was obtained from PeproTech (PeproTech, Rocky Hill, NJ, USA). Fetal bovine serum
(FBS) was purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). Prostaglandin D2 (PGD2) and prostaglandin E2 (PGE2), and internal standards (IS) of
d4-prostaglandin D2 (d4-PGD2) and d4-prostaglandin E2 (d4-PGE2) were purchased from
Cayman Chemical (Cayman Chemical, Ann Arbor, MI, USA). Dimethyl sulfoxide (DMSO),
actinomycin D (AMD), and SPD304 were purchased from Sigma-Aldrich (MilliporeSigma,
Burlington, MA, USA). L929 and HeLa cells were purchased from ATCC and maintained
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% FBS.

2.2. Method Development
2.2.1. Competitive Binding Screening Assay Using Analytical SEC

To develop a competitive binding screening assay, the known TNF-α inhibitor SPD304
and the NP compound were incubated with TNF-α in 70 μL buffer (pH 7.5) consisting of
100 mM Tris, 10% glycerol, 50 mM KCl, and 1 mM EDTA at room temperature for 20 min.
The final concentration of SPD304 and the NP compound was 3.5 μM each, and of TNF-α
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was 0.1 μM. After incubation, the mixture solution was loaded into an SP-6 Bio-gel SEC
column (Bio-Rad, Hercules, CA, USA), followed by spin-down at 1000 g for 4 min at 4 ◦C.
The eluted solution containing the ligand and TNF-α complex was washed three times
with 50 mM ammonium acetate (pH 7.5), followed by another centrifugation at 13,000 g
for 10 min. Then, the ligands were dissociated using 400 μL of methanol. The ultrafiltrate
containing the ligand was dried using a SpeedVac (Thermo Fisher Scientific, Hanover Park,
IL, USA). The sample was reconstituted with 100 μL of 50% methanol, and 2 μL of the
sample was injected into the LC–tandem MS system.

2.2.2. LC–Tandem MS Analysis

The samples were analyzed using an Agilent 1290 HPLC system (Agilent Technologies,
Santa Clara, CA, USA) interfaced with a triple quadrupole mass spectrometer (SCIEX API
4000, Foster City, CA, USA) with multiple reaction monitoring (MRM) scan in electrospray
ionization positive mode. The separation was achieved using a Waters ACQUITY BEH
(Waters Corporation, Milford, MA, USA) C18 column (2.1 × 100 mm, 1.7 μm) fitted to
a Waters ACQUITY UHPLC BEH C18 Vanguard pre-column (2.1 × 5 mm, 1.7 μm). The
mobile phase consisted of mixtures A (95% water and 5% acetonitrile, 0.1% formic acid) and
B (95% acetonitrile and 5% water, 0.1% formic acid). The flow rate was set to 0.6 mL/min.
The following gradient program was employed: 0–10 min, 5–100% B. Re-equilibration was
applied for 3 min between analyses. The oven temperature was set to 40 ◦C. The mass
spectrometer parameters were as follows: voltage, 5.5 kV; probe temperature, 400 ◦C; gas 1,
35; gas 2, 40; curtain gas, 40; and dwell time, 200 ms. The MRM parameters for the SPD304
were set up as follows: Q1 (548.4), Q3 (274.3), DP (100), EP (10), CE (43), and CXP (15).

2.3. Cell Viability Assay

A cell viability assay was performed using Cell Counting Kit-8 (CCK-8, Dojindo,
Kumamoto, Japan) according to the manufacturer’s instruction. Briefly, mouse L929 and
human HeLa cells were seeded in 96-well plates at a density of 2.0 × 104 cells/well and
cultured overnight. Prepared DMEM containing different concentrations of sennoside
B was added to the cells and incubated for 18 h. Subsequently, cells were washed with
phosphate-buffered saline three times and cell viability was assessed by adding CCK-8
solution to the treated cells and incubating for 2 h. The optical density in the CCK-8 assay
was measured at 450 nm using a microplate reader (BioTek, Winooski, VT, USA).

2.4. TNF-α Dependent L929 Cytotoxicity Assay

Treating mouse L929 cells with TNF-α induces cytotoxicity, and the susceptibility of
L929 to TNF-α is greatly increased when cells are exposed to AMD [18,19]. This assay
has been successfully used to characterize the in vitro efficacy of TNF-α biologics [11,20].
L929 cells were seeded in 96-well plates at a density of 2.0 × 104 cells/well and cul-
tured overnight. Prepared DMEM containing different concentrations of sennoside B
(6.25–100 μM), 10 ng/mL of TNF-α, and 1 μg/mL of AMD was added to the cells, and
incubated for 18 h. The cell viability was assessed by microscopic examination and CCK-8
assay. SPD304 was used as a positive control.

2.5. Western Blot Analysis

L929 and HeLa cell lines were used for western blotting analyses. After the treatment,
the cells were lysed and the total protein concentration was determined using Bradford
reagent (Bio-Rad, Hercules, CA, USA). Total protein samples (20 μg) were separated using
sodium dodecyl polyacrylamide gel electrophoresis and transferred to polyvinylidene diflu-
oride (MilliporeSigma, Burlington, MA, USA) membranes. The membranes were blocked
with 5% BSA in TBST and the protein levels of caspase 3, cleaved caspase 3, inhibitor of
kappa B-alpha (IκB-α), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
determined using anti-caspase 3 primary antibody (#9662, Cell Signaling Technology),
anti-cleaved caspase 3 primary antibody (#9661, Cell Signaling Technology), anti-IκB-α
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primary antibody (#4812, Cell Signaling Technology), and anti-GAPDH primary antibody
(#2118, Cell Signaling Technology), respectively. Densitometric analysis of the bands was
performed using the LAS4000 system (Fujifilm, Tokyo, Japan).

2.6. Measurement of PGD2 and PGE2 by LC-high Resolution MS

L929 cells were seeded in 6-well plates at a density of 5.0 × 105 cells/well and cul-
tured overnight. Prepared DMEM containing different concentrations of sennoside B
(25–100 μM), 10 ng/mL TNF-α, and 1 μg/mL AMD was added to the cells and incubated
for 18 h. The collected cell medium was centrifuged at 13,000 g at 4 ◦C to remove dead cells.
Then, 2 μL of d4-PGE2 and d4-PGD2 (10 μg/mL, IS) were added to the collected super-
natant. The supernatant was cleaned using solid-phase extraction cartridges (Phenomenex,
Torrance, CA, USA). The filtrate was dried under nitrogen flow and reconstituted with
100 μL of 50% aqueous methanol, and 2 μL of the reconstituted filtrate was injected directly
into the LC-high resolution MS system.

Analysis of PGD2 and PGE2 was performed according to a previous report [21]
using a Vanquish pump and Q-Exactive Hybrid Quadrupole-Orbitrap Mass Spectrome-
ter (Thermo Fischer Scientific, Bremen, Germany). Briefly, the separation was achieved
using a Waters ACQUITY BEH (Waters Corporation, Milford, MA, USA) C18 column
(2.1 × 100 mm, 1.7 μm) fitted to a Waters ACQUITY UHPLC BEH C18 Vanguard pre-
column (2.1 × 5 mm, 1.7 μm). The mobile phase consisted of mixtures A (95% water and
5% acetonitrile, 0.1% formic acid) and B (95% acetonitrile and 5% water, 0.1% formic acid).
The flow rate was set to 0.5 mL/min. The following gradient program was employed:
0–10 min, 5–100% B. Re-equilibration was applied for 3 min between analyses. The oven
temperature was maintained at 35 ◦C. The Orbitrap Mass Spectrometer was operated in
full scan mode (m/z 200–500) in negative ion mode at a mass resolving power of 70,000
(FWHM at m/z 200). The electrospray ion source parameters were as follows: spray voltage,
3.5 kV; sheath gas (N2 > 95%), 40; auxiliary gas (N2 > 95%), 10; sweep gas (N2 > 95%), 1;
capillary temperature, 320 ◦C; heater temperature, 300 ◦C; and S-lens RF level, 50. The full
scan mass spectra were acquired using the following parameters: automatic gain control
(AGC), 5 × 105 and maximum accumulation time, 100 ms.

2.7. Molecular Docking and Dynamic Simulations

The crystal structure TNF-α was retrieved from the Protein Data Bank (ID: 2AZ5).
TNF-α and its dimeric form were used as the receptors and sennoside B as the ligand.
Molecular docking was performed using the AutoDock 4 [22]. Proteins were prepared
by removing water molecules, and the number of rotatable bonds in the ligand was left
unmodified. The grid box was set to perform blind docking to cover almost the entire
protein structure with a grid spacing of 0.375 Å. Ten docking runs were set with the genetic
algorithm, and the maximum number of energy evaluations was changed to 25,000,000
using the Lamarckian genetic algorithm to score the energy. The docking complex of
sennoside B with the positive control SPD304 crystal complex structure was scored against
TNF-α using the DSX online server [23] to compare interaction scores. Molecular docking
interactions and figures were generated using BIOVIA Discovery Studio 2018. GROMACS
-2018 [24] was used for molecular dynamics (MD) simulations. The PRODRG server [25]
was used to determine the GROMOSA1 force field for the ligand molecules. The proteins
and the ligands were solvated with the SPC water model, periodic boundary conditions
were applied in all directions, and the total charge of the system was neutralized. Energy
minimization steps were carried out using the steepest descent algorithm. For long-range
interactions, the particle mesh Ewald method was used with a Fourier spacing of 0.16 nm.
The electrostatic cutoff was set to 1.4 nm, and the van der Waals cutoff was set to 1.4 nm.
The bond angles were restrained using the LINCS algorithm. The Parrinello–Rahman
method was used to set the pressure (1 atm) of the system, and the V-rescale weak coupling
method was used to regulate the temperature (310 K). The position restraints in the MD
simulations for the NVT and NPT were carried out for 100 ps, with a production run of
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30 ns for each protein–ligand complex, and a time step of 2 fs. The structural coordinates
were saved every 1 ps, and final snapshots of the complexes were extracted using the
GROMACS analysis tool.

2.8. Statistical Analysis

All results are presented as the mean ± standard error of the mean (SEM). Statistical
analysis was performed using GraphPad Prism 7.0 software (GraphPad Software Inc., San
Diego, CA, USA). Statistical significance was considered at p < 0.05, after one-way analysis
of variance (ANOVA) with Tukey multiple comparison test.

3. Results

3.1. Development of Competitive Binding Screening Assay

The scheme illustrating the overall screening method described in the Materials and
Methods section is shown in Figure 1A. The known TNF-α inhibitor SPD304 was selected
as a positive control or competitive ligand to validate the competitive binding screening
assay using analytical SEC LC–tandem MS. First, sample of SPD304 incubated without
TNF-α was analyzed as shown in Figure 1B, indicating that the small molecule SPD304 was
efficiently removed after SEC and 10 kDa ultrafiltration. Next, when SPD304 was incubated
with fresh TNF-α, a strong signal of SPD304 was detected at a retention time of 5.0 min
after the process of analytical SEC (Figure 1C). However, no SPD304 signal was detected
when SPD304 was incubated with denatured TNF-α (Figure 1D). This result confirmed
that signal detection of SPD304 occurred only when it successfully bound to intact TNF-α.

Figure 1. Method development and validation of competitive binding screening assay. (A) Schematic overview of
competitive binding screening assay. After sample incubation for competitive binding, samples were processed through
size exclusion chromatography, washed, and dissociated. The final eluent was N2 dried and reconstituted. Samples were
analyzed with liquid chromatography-tandem mass spectrometry. The signal intensity of SPD304 when (B) SPD304 was
incubated without TNF-α; (C) SPD304 was incubated with fresh TNF-α; (D) SPD304 was incubated with denatured TNF-α.

3.2. Natural Product Compound Library Screening

Using the validated method, a competitive binding screening assay was performed
with the natural product compound library listed in Table 1. Thirty-five prescreened
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candidate compounds from the library were chemically diverse and included alkaloids,
phenolic acids, and flavonoids. These compounds presented at least one of the following
bioactivities: anti-inflammatory, anticancer, and antiviral activities. Using SPD304 as a
positive control, the competitive binding ability of the library compounds was calculated,
and the results are presented in Table 1. Signal reduction of SPD304 suggested competitive
binding of a screened compound to TNF-α. In general screening assays, the threshold
activity should be determined by making a few considerations, such as test concentration,
desired potency, and system sensitivity. In this study, compounds with an inhibition
level of SPD304 signal higher than 70% were set as the moderate inhibitors, giving a
5.7% hit rate with two primary hits among the 35 phytochemicals (Table 1). The two hits,
sennoside B (#23) and acutumidine (#27), were found to be the most potent inhibitors with
inhibition percentages of SPD304 signal at 89.4% and 71.4%, respectively (structures shown
in Figure 2).

Table 1. Natural product compound library list used in the screening and corresponding signal
inhibition percentages.

Sample
#

Signal
Inhibition a Name

Sample
#

Signal
Inhibition a Name

1 18.7 (23)-Hydroxyursolic acid 19 1.3 Gomisin N
2 29.3 Fraxinellone 20 −1.3 Harpagoside
3 20.2 Limonin 21 21.1 (+)-Matrine
4 33.3 Obacunone 22 32.5 Paeoniflorin
5 14.7 Heraclenol 23 89.4 Sennoside B
6 44 Imperatorin 24 25 Tanshinone IIA
7 25.9 Dioscin 25 22.6 Hexahydrocurcumin
8 20 Amygdalin 26 21 Acutumine
9 14.7 Betaine 27 71.4 Acutumidine
10 17.3 Decursin 28 35 Isoliquiritigenin
11 6.9 6,7-Dimethylesculetin 29 12.5 Liquiritin
12 −1.3 Ephedrine 30 17.4 (8)-Demethoxyrunanine
13 15 Eugenol 31 32.5 Chlorogenic acid
14 20 Evodiamine 32 31.2 Caffeine
15 28 (6)-Gingerol 33 0 Dihydrofolic acid

16 33.9 Ginsenoside Rb1 34 23.5 N-(1-Naphthyl)ethylenediamine
dihydrochloride

17 17.4 Ginsenoside Rg1 35 15.2 Myricetin
18 25.3 Gomisin A

a: Inhibition percentage (%) of SPD304 signal intensity; # denotes “number”.

Figure 2. The chemical structures of SPD304, acutumidine, and sennoside B.

To further validate whether the two hits, acutumidine and sennoside B, competitively
bind to TNF-α with SPD304, a competition binding assay with the two compounds was
performed and the final eluate was analyzed using UPLC-Q Exactive hybrid quadrupole-
orbitrap MS. As shown in Figure 3, when SPD304 was incubated with TNF-α alone, the
signal of SPD304 was approximately 7 × 104 at a retention time of 7.2 min. However,
when sennoside B was added to the mixture of SPD304 and TNF-α, the signal of SPD304
was significantly attenuated to 0.8 × 104. Additionally, the peak of sennoside B was
simultaneously detected at a retention time of 2.8 min. These results showed that sennoside
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B competes with SPD304 for binding to TNF-α. In the case of acutumidine, the result was
not reproducible, which led us to focus on sennoside B for further validation.

Figure 3. Confirmation of competitive binding of sennoside B with SPD304 against TNF-α.
After the competitive binding assay and the subsequent follow-up steps, the samples were
analyzed using UPLC-Q Exactive hybrid quadrupole-orbitrap MS. Blue line indicates the sig-
nal intensity from SPD304 + TNF-α sample. Red line indicates the signal intensity from
SPD304 + sennoside B + TNF-α sample.

3.3. Sennoside B Inhibits TNF-α-Induced L929 Cell Death

Next, we evaluated the efficacy of sennoside B using a TNF-α dependent L929 cell
cytotoxicity assay [6,20,26]. In the presence of sub-lethal concentrations of AMD, TNF-α
can induce apoptosis in L929 cells. As expected, the positive control SPD304 significantly
reduced L929 cell death induced by TNF-α up to 37.33% at 100 μM (Figure 4A,B). Sennoside
B showed significant dose-dependent inhibition of TNF-α-mediated cytotoxicity in L929
cells, inhibiting 80.3% at 100 μM concentration (Figure 4A,C). Surprisingly, the efficacy
of sennoside B was much better than that of positive control SPD304. When L929 cells
were treated with sennoside B alone, a minimal effect on cell proliferation was observed
(Supplementary Figure S1), thus excluding the possibility that the TNF-α inhibition efficacy
of sennoside B did not result from direct biological effect on L929 cells.

Figure 4. Sennoside B inhibits TNF-α-induced L929 cell death. (A) L929 cells were treated with 10 ng/mL TNF-α and
1 μg/mL actinomycin D for 18 h in the presence of the indicated concentrations of SPD304 and sennoside B. SPD304
was used as the positive control. Cell viability was examined under a microscope (×200). Inhibition of TNF-α-mediated
cytotoxicity by (B) SPD304 and (C) sennoside B on L929 cells was measured using the CCK-8 assay. Data were obtained
from three independent experiments performed in triplicate and presented as mean ± standard error of the mean (SEM).
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3.4. Sennoside B Blocks TNF-α-Induced Signaling Pathways in Mouse L929 Cells

Having confirmed that sennoside B potently inhibits TNF-α-induced cell death, we
next tested the effects of sennoside B on the signaling pathways induced by TNF-α. First,
we explored whether sennoside B could block the degradation of IκB-α and the activation of
caspase-3, a common downstream signaling process of TNF-α [27,28]. As expected, SPD304
successfully antagonized the downstream signaling pathways of TNF-α in L929 cells
(Figure 5). Indeed, sennoside B also significantly inhibited the degradation of IκB-α and
the activation of caspase 3 induced by TNF-α in a dose-dependent manner (Figure 5A,B).
Eicosanoid lipid mediators, PGD2 and PGE2, are involved in diverse cellular responses,
including cell proliferation, apoptosis, angiogenesis, and inflammation [29]. We found that
treatment of L929 cells with TNF-α dramatically increased the secretion of PGD2 and PGE2
compared with the control group. This effect was significantly inhibited after treatment
with 25, 50, and 100 μM of sennoside B (Figure 5C). In line with previous assays, sennoside
B showed greater efficacy in blocking the activation of caspase 3 and inhibiting the secretion
of pro-inflammatory mediators, compared to SPD304. These data indicate that sennoside B
successfully inhibited the inflammatory response induced by TNF-α in mouse L929 cells.

Figure 5. Sennoside B blocks TNF-α-induced signaling pathways in mouse L929 cells. L929 cells were treated with the
positive control SPD304 or sennoside B and the protein levels of (A) IκB-α, (B) caspase 3 and cleaved caspase 3 were
measured. GAPDH was used as the internal control. (C) After the cell treatment, PGD2 and PGE2 levels were quantified
in the cell medium (n = 3). All data are expressed as the mean ± SEM. ** p < 0.01 and *** p < 0.001 indicate significant
difference from the TNF-α-induced group and ### p < 0.001 indicates significant difference from the control group. nd
indicates not detected.

3.5. Sennoside B Blocks Degradation of IκB-α in HeLa Cells

After confirming the TNF-α inhibitory effect of sennoside B in a mouse cell line, the in-
hibitory effect of sennoside B on human cells was investigated. In HeLa cells, SPD304 inhib-
ited TNF-α-mediated IκB-α degradation, and showed a comparable IC50 value (1.82 μM),
as observed earlier (Figure 6A) [9,10]. Consistently, sennoside B significantly inhibited the
degradation of IκB-α induced by TNF-α in HeLa cells and was found to be much more
potent than SPD304 with an IC50 value of 0.32 μM (Figure 6B), which is 5.69 times lower
than that of SPD304. No signs of cytotoxicity or cell proliferation were observed when
HeLa cells were treated with sennoside B alone (Supplementary Figure S2). These results
suggest that sennoside B can inhibit TNF-α-induced IκB-α degradation in human HeLa
cells very well.
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Figure 6. Sennoside B blocks TNF-α induced degradation of IκB-α in human HeLa cells. Cells were treated with the
indicated concentrations of (A) SPD304 and (B) sennoside B in the presence of TNF-α, and the protein level of IκB-α was
measured. GAPDH was used as the internal control. The IC50 values were calculated based on the inhibition percentage.
All data are expressed as the mean ± SEM (n = 3). ### p < 0.001 indicates significant difference from the control group,
and * p < 0.05; ** p < 0.01, and *** p < 0.001 indicate significant difference from the TNF-α-induced group. ns indicates
not significant.

3.6. Sennoside B-TNF-α Binding Interactions and Stability

The binding interactions of SDP304 with the TNF-α dimer include L57, Y59, S60, Q61,
Y119, L120, G121, G122, and Y151 from chain A and L57*, Y59*, S60*, Y119*, L120*, G121*,
and Y151* from chain B of the dimer (asterisks indicate the TNF-α B chain residues) [9].
Using the TNF-α dimer PDB crystal structure (PDB code 2AZ5), molecular docking was
performed to investigate the binding mode of sennoside B to TNF-α. Sennoside B was
stably positioned in the hydrophobic cavity of TNF-α and was predicted to have numerous
hydrophobic interactions with residues, such as Y119, L57*, Y119*, and L120* (Figure 7).
These interactions are also part of the key interactions between TNF-α and the SPD304
complex. Moreover, the significant residues Q61 and Y151 are proposed to form hydrogen
bonds with the hydroxyl oxygen atoms in sennoside B, and G121* is proposed to form a
hydrogen bond with a carbonyl oxygen atom in sennoside B (Figure 7C). Furthermore,
to evaluate the binding energy between TNF-α and sennoside B, binding energy was
calculated using the DSX online server and MD simulations. The interaction scores ob-
tained from the DSX online server were –20.730 and –122.948 for SPD304 and sennoside
B, respectively. The total interaction energy values obtained using GROMACS 2018 after
30 ns of MD simulations were –246.8415 kJ/mol for SPD304 and –367.8971 kJ/mol for
sennoside B. The consistent lowest binding affinity scores of TNF-α/sennoside B suggest
that sennoside B is a promising inhibitor of TNF-α. In short, sennoside B may not only
fit well in the SPD304 binding site of the TNF-α dimer, but it also forms a complex that
appears to be stable in molecular dynamics simulations.
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Figure 7. Sennoside B/TNF-α binding interactions and stability. (A) Sennoside B binding to the crystal structure of TNF-α
(2AZ5). Blue color indicates chain A and green color indicates chain B. (B) Three-dimensional representation of sennoside
B/TNF-α interactions. Residues of TNF-α and sennoside B are represented as sticks. The carbon and oxygen of ligands are
presented in yellow and red colors, respectively. Hydrogen bond and hydrophobic interactions are shown as dotted lines.
Asterisks indicate the B chain residues. (C) Two-dimensional representation of sennoside B/TNF-α interactions. Carbons of
sennoside B are presented in black color.

4. Discussion

There are several viable strategies to antagonize TNF-α using small molecules. SPD304
directly binds to the inner pocket of the homotrimer of TNF-α and disassembles the
homotrimer, resulting in a dimer that has no signaling activity against TNFR [9]. The
natural product-derived compound, PMG directly binds to TNFR1, blocking the interaction
between TNF-α and TNFR1 [13]. The synthetic compound UCB-9260 uniquely interacts
with the homotrimer of TNF-α and stabilizes the asymmetric form of the trimer, which has
no signal transduction activity [6]. Resveratrol has been proposed to inhibit TNF-α activity
by modulating NF-κB translocation, the downstream signaling of TNF-α [30].

Here, we developed a screening assay based on analytical SEC LC–tandem MS to
identify small molecule inhibitors of TNF-α, that can compete for the active site with the
known inhibitor SPD304. In silico molecular docking-based virtual screening method
offers a fast and cost-effective way to screen diverse chemical libraries against the target of
interests, although it requires rigorous validation steps. In vitro protein evolution methods,
such as phage display, bacterial display, or mRNA display are powerful methods to screen
peptides or proteins that have strong affinities against the desired target, but their utilization
for small-molecule screening is limited. Other in vitro affinity-based assays, such as ELISA
or SPR, can be used for small molecule screening, but require specific antibodies against
the target or target immobilization. Our analytical SEC LC–tandem MS screening method
utilizes an intact TNF-α homotrimer in solution without any chemical derivatization on the
surface, which allows a much more straightforward and high-throughput screening. In our
study, application of this screening method to in-house prescreened NP library compounds
led to the identification of sennoside B, which showed higher efficacy than the known
inhibitor SPD304.

Sennoside B, a dianthrone glycoside, is one of the main compounds extracted from Cas-
sia angustifolia, which has been widely used as a natural laxative in traditional medicines [31].
Additionally, it has been reported that sennoside B can block platelet-derived growth factor
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receptor signaling in human osteosarcoma cells [32] and inhibit SARS-CoV-2 main protease
activity as well [33]. We discovered that sennoside B is a potent inhibitor of TNF-α with an
IC50 value of 0.32 μM in human HeLa cells. To date, the most potent NP TNF-α inhibitor
was quinuclidine, as reported by Chan et al. [10]. Quinuclidine showed an IC50 value of
5 μM in TNF-α-induced cell toxicity assays. Although the assayed platform was different,
they used SPD304 as a positive control, and upon comparing the biological efficacy of
compounds using SPD304, sennoside B showed an IC50 value approximately 5.7 times
lower than SPD304, whereas quinuclidine had an IC50 value 1.6 times higher than SPD304.
To our knowledge, sennoside B is by far the most potent NP TNF-α inhibitor known to date.
The potency of sennoside B is comparable to that of UCB-9060, the most potent synthetic
compound TNF-α inhibitor, with an IC50 value of 116 nM in the L929 cell-based assay [6].

Sennoside B is believed to directly bind to the active site of TNF-α, as evidenced by
LC-MS detection of both SPD304 and sennoside B. When sennoside B was added to the
incubation mixture consisting of SPD304 and TNF-α, and the analytical SEC assay was
further processed, the signal of sennoside B appeared, whereas the signal of the positive
compound SPD304 was attenuated due to the competitive binding of sennoside B with
SPD304 against TNF-α. Molecular docking using the crystal structure (PDB code 2AZ5)
of the TNF-α dimer also indicated the possible hydrophobic interactions and hydrogen
bonds between sennoside B and the binding site of TNF-α, suggesting that sennoside B
effectively binds to and inhibits TNF-α, as specifically described in the results of Figure 7.

5. Conclusions

In this study, we developed and validated a competition binding screening method
based on analytical SEC coupled with LC–tandem mass spectrometry for the discovery of
small-molecule TNF-α inhibitors. Among the screened natural product library compounds,
sennoside B showed an exceptional effect on TNF-α inhibition and is probably the most
potent natural product TNF-α inhibitor identified to date. The activity of sennoside B was
further validated by a series of in vitro cell assays that showed that sennoside B successfully
inhibited TNF-α induced cell death and subsequent downstream signaling pathways in
both mouse and human cell lines. Finally, the binding mode of sennoside B with the TNF-α
crystal structure was analyzed using AutoDock 4, and the key residue interactions between
sennoside B and TNF-α were predicted. Currently, the optimization of sennoside B to
enhance its pharmacokinetic and metabolic properties is in progress for drug development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9091250/s1. Figure S1: Effects of sennoside B on the cell viability of mouse
L929 cells. L929 cells were seeded in 96-well plates at a density of 2.0 × 104 cells/well and cultured
overnight. Prepared DMEM containing different concentrations of sennoside B (1.56–100 μM) was
treated to the cells. After incubating for 18 h, cell viability was measured using the CCK-8 assay,
Figure S2: Effects of sennoside B on the cell viability of human HeLa cells. HeLa cells were seeded in
96-well plates at a density of 2.0 × 104 cells/well and cultured overnight. Prepared DMEM containing
different concentrations of sennoside B (0.62-40 μM) was treated to the cells. After incubating for
18 h, cell viability was measured using the CCK-8 assay.
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Abstract: Histone modifications through acetylation are fundamental for remodelling chromatin and
consequently activating gene expression. The imbalance between acetylation and deacetylation activity
causes transcriptional dysregulation associated with several disorders. Flavones, small molecules of
plant origin, are known to interfere with class I histone deacetylase (HDAC) enzymes and to enhance
acetylation, restoring cell homeostasis. To investigate the possible physical interactions of flavones
on human HDAC1 and 2, we carried out in silico molecular docking simulations. Our data have
revealed how flavone, and other two flavones previously investigated, i.e., apigenin and luteolin,
can interact as ligands with HDAC1 and 2 at the active site binding pocket. Regulation of HDAC
activity by dietary flavones could have important implications in developing epigenetic therapy to
regulate the cell gene expression.

Keywords: epigenetics; histone deacetylase inhibitors; flavones; molecular simulations

1. Introduction

The fine remodelling of the chromatin structure by post-translational covalent modifications
(acetylation, methylation, phosphorylation, and clipping) of histone tails is a key mechanism for
epigenetic regulation of gene expression [1,2]. In this context, histone acetyltransferases (EC 2.3.1.48,
HAT) and histone deacetylases (EC 3.5.1.98, HDAC) are essential enzymes in adding and removing,
respectively, the acetyl moiety on the amino acid lysine [1]. N-terminal tails of histones deacetylated
by HDAC have positive charges that interact with the negatively charged phosphate groups of DNA.
Consequently, the chromatin is condensed into a compact structure (heterochromatin) associated
with low levels of gene transcription. This structural condition can be reversed by HAT activity to a
relaxed and transcriptionally active DNA (euchromatin). Therefore, the levels of histone acetylation
are the result of the HAT/HDAC activity balance that plays a crucial role in the regulation of gene
transcription through modulation of epigenetic changes. Alterations of this tightly coordinated
molecular system have been implicated in a range of diseases including inflammation, cardiovascular
and neurodegenerative disorders, diabetes, and cancer [3,4].

To date, 18 eukaryotic HDAC are known and grouped into four classes on the basis of their
structural and catalytic similarity [3]. Class I with HDAC1, 2, 3, and 8 is subdivided into the three
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subclasses Ia (HDAC1 and 2), Ib (HDAC3), and Ic (HDAC8). Class II is formed by the two subclasses IIa
(HDAC4, 5, 7, 9) and IIb (HDAC6 and 10). Class III consists of NAD+ dependent HDAC homologous
to the yeast Sir2 protein (Sir2-like or sirtuins: Sirt1-7). Class IV only includes HDAC11. The common
characteristic to classes I, II, and IV is a catalytic domain with one histidine (His) and two aspartate (Asp)
residues associated with Zn2+ ion cofactor responsible for Zn2+-dependent hydrolysis of ε-N-acetylated
lysine residues to yield deacetylated histone by a charge-relay mechanism [5]. Overall, HDACs have a
conserved domain belonging to the open alpha/beta fold class. This central core consists of alpha-helices
alternating with parallel beta-strands that build a central beta-sheet. From here, large loops associate
to form a binding pocket where, in depth, the Zn2+ ion participates in the enzyme active site.

HDAC activity can be regulated at different levels by transcriptional regulation, post-translational
modifications, subcellular localization, protein–protein interactions, proteolytic regulation,
and small-molecules acting as HDAC inhibitors (HDACi). Thus, HDAC are attractive targets
for the development of novel drugs, and HDACi may constitute potential therapeutic agents. Based on
their structural characteristics, HDACi of natural origin are subdivided in hydroxamates, benzamides,
cyclic peptides, and short-chain fatty acids [2]. Among the inhibitors acting on classes I-II HDACs,
the anticancer agents Vorinostat (suberoylanilide hydroxamic acid or SAHA, Figure 1) and the
structurally related Trichostatin A (TSA) exert multiple biological effects by interfering with the cell
cycle, inducing apoptosis, autophagy, oxidative stress, and inhibiting angiogenesis [6,7]. SAHA and
TSA reversibly bind to the HDAC active site, where chelate the cofactor Zn2+ by their hydroxamic acid
group. NAD+ dependent HDAC belonging to class III (sirtuins) are not inhibited by conventional
HDACi such as TSA and SAHA [8].

Figure 1. Molecular structures of vorinostat, flavone, apigenin, and luteolin are from the PubChem database.
A, B, and C indicate the different rings of flavones. Images are generated by DiscoveryStudio4.5.

Since clinically used HDACi still experience adverse effects, to identify novel, more potent and
specific inhibitors, plant-derived compounds have been screened and tested against human diseases,
including cancers, for their ability to restore gene expression alterations [2,6,9,10]. A previous study
on the acetonic extract from fruits of Feijoa sellowiana O. Berg has identified the bioactive component
2-phenyl-1,4-benzopyrone (known as flavone) to show anti-cancer action on solid and haematological
cancer cells via HDAC inhibition [9]. This natural inhibitor, together with apigenin and luteolin,
belongs to the subclass of flavonoids called flavones and is structurally different from known HDACi.
Flavonoids have a backbone of 15 carbon atoms formed by two phenyl rings (A and B) and a heterocyclic
ring with oxygen (C) abbreviated C6-C3-C6 (Figure 1). They are characterized by a double bond in
position 2–3 and a ketone in position 4 of the ring C. Luteolin and apigenin have additional hydroxyl
groups on the A and B rings. Flavonoids are chemopreventive molecules, ubiquitously present in
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different plant organs [2,10–12]. However, the exact action mechanism at the molecular level of
inhibitory effects is still not fully understood [9].

The observation that the apoptotic activities of flavones are correlated with the same targets of
HDACi [9,13,14] inspired us to carry out an in silico molecular characterization of underlying inhibition
mechanism on HDAC of flavone and its derivatives apigenin and luteolin. In fact, the activity of these
flavones has been already observed by experimental results reported in the literature [9,13,14], but it is
not known how these molecules bind and inhibit their protein targets. We investigated their possible
interactions on subclass Ia HDAC1 and 2 in comparison with the better known HDACi vorinostat.
In more detail, we used docking simulations to check the suitability of the three molecules to mimic
the interaction occurring between HDAC2 and vorinostat, described by the structural model obtained
by X-ray diffraction studies [1]. We simulated by molecular docking the ligand-protein interaction,
showing that the flavonic ligands can bind HDAC1 and 2 at the active site, as the vorinostat does with
HDAC2. Consequently, HDAC activity could be directly regulated by dietary flavones with important
implications on global gene expression regulation.

2. Materials and Methods

The structures of human HDAC1 and HDAC2 were selected from RCSB PDB [15], file code 4BKX
and 4LXZ, respectively. The HDAC2 structure 4LXZ is complexed with vorinostat, an hydroxamic acid
that inhibits HDACs. By selecting this structure, we have an experimental reference of HDAC2-inhibitor
binding for our study. We selected the highest-resolution structure available of the entire HDAC1,
i.e., the structure 4BKX in complex with the dimeric ELM2-SANT domain of MTA1 from the NuRD
complex, in the absence of an HDAC1 structure complexed with vorinostat; the dimeric domain has
been removed to perform the docking simulation. Although the sequences of HDAC1 and HDAC2 are
very similar and can be aligned with the shift of one position at the N-terminus and few gaps in the
C-terminal portion (see Supplementary Figure S1), we used the amino acid numbers with a difference
of 5 positions in agreement with the numbers in the PDB structures.

Docking simulations were performed between the two enzymes and vorinostat, flavone, apigenin,
and luteolin, with AutoDock 4.2 and AutoDockTools4 [16], to verify the suitability of the molecular
structure of flavone, apigenin, and luteolin to interact with HDAC1 and HDAC2 at the same binding
site occupied by vorinostat.

The crystallographic structure of HDAC2 with vorinostat from the PDB was used to perform a
redocking test in order to check the correctness of the parameters used and to evaluate the binding
energy. In this way, the value of the predicted binding energy was used to compare the docking results
between HDAC1/2 and ligands.

The 3D structures of flavones were downloaded in .sdf format from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov) [17] and converted in .pdb format using UCSF Chimera
(http://www.rbvi.uscf.edu/chimera) [18].

Two different docking approaches were performed: the blind docking, by setting a grid box to
include the entire protein surface, and the focused docking, by setting the grid box only on the binding
site of the protein, as reported by the PDB file annotations. For each docking simulation, we simulated
three protein-ligand systems: (i) the protein structures without water molecules, as suggested by
AutoDock 4.2 protocol; (ii) the protein structures with two water molecules in binding site; (iii) the
ligand decorated with an ensemble of water molecules, which may then contribute to the interaction
(hydration condition).

For all systems, the molecular docking was performed with flexible ligands and both by keeping
the entire protein rigid and by making flexible the residues involved in the catalytic channel, selected by
visual inspection of the structure and on the basis of AutoDock limits in a flexibility setting. For HDAC1,
the flexible residues were His140, His141, Phe205, Asp264, Tyr303, and additionally Asp176 for apigenin
and luteolin. For HDAC2, the flexible residues were His145, His146, Asp181, Phe210, Asp269, Tyr308,
and additionally Phe155 for flavone. According to docking simulation protocols already in use in
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our laboratory [19,20], the ligands and the proteins were prepared using AutoDockTools, by adding
hydrogens and partial charges in agreement with Gasteiger. The dimensions of the grid box were set
according to the protein’s dimension. The Lamarckian Genetic Algorithm was employed, setting 100
independent Genetic Algorithm runs for each ligand; the other parameters were kept at default values.
Detailed settings are reported in Supplementary Table S1.

Cluster analysis was performed on the docked results using a root mean square deviation
(RMSD) tolerance of 2 Å, and the initial coordinates of the ligand were used as the reference structure.
Subsequently, we selected for each ligand the result with the best binding energy value. To further
investigate the cluster population, we selected the best five results in terms of binding energy,
and evaluated their mean value with standard deviation.

Analysis of the ligand–protein interaction has been performed with DiscoveryStudio4.5 (Biovia,
San Diego, CA, USA), used also to generate the 2D schemes of ligand-protein binding and 3D
molecular images.

3. Results and Discussion

3.1. Docking Simulations of Inhibitor Vorinostat Interaction with HDAC1 and HDAC2

In this work, docking simulations were performed to explore the capability of flavone, luteolin,
and apigenin to interact with HDAC1 and HDAC2 proteins. The availability of the crystal structure of
HDAC2 in complex with the inhibitor vorinostat allowed us to use vorinostat as a reference point for
settings of the docking procedure and comparison of binding energy values obtained with the natural
compounds under study. Firstly, we re-docked vorinostat in the binding site of HDAC2. This procedure
is useful to verify that the simulation protocol is able to reproduce an experimental proof. The result of
the simulation showed that vorinostat is correctly positioned into the active site binding pocket of
HDAC2 (see Figure 2) and gave favourable energy values of interaction (Table 1). The comparison of
the vorinostat conformation from the experimental structure and from redocking procedure is also
reported as a molecular superimposition image with RMSD in Supplementary Figure S2.

Figure 2. Interaction of the inhibitor vorinostat with HDAC2 from a crystallographic structure and
re-docking simulations. The complex HDAC2-vorinostat obtained by redocking simulation has
been superimposed to the crystallographic complex. Vorinostat from redocking (orange molecule
in stick representation) occupies the same site as in the crystallographic complex (blue molecule).
HDAC2 backbone is represented as a ribbon, with red helices and cyan strands. Grey sphere indicates
the Zinc atom in the site. Image is generated by DiscoveryStudio4.5.
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Table 1. Predicted energies of interaction from molecular docking simulations of HDAC1/2 with
flavones as ligands and inhibitor vorinostat as a reference.

Protein–Ligand
Complex

Free Energy of
Interaction (Kcal/mol)

Explicit Interaction
with Zn2+ Ion

Rigid/Flexible
Docking

Notes

Blind docking

HDAC1-flavone −8.50 yes Rigid
HDAC1-luteolin −7.09 yes Rigid
HDAC1-apigenin −7.61 yes Rigid

HDAC1-vorinostat −7.23 yes Rigid
HDAC2-flavone −7.94 yes Rigid
HDAC2-luteolin −6.84 no Rigid

HDAC2-apigenin −8.98 yes flexible hydrated with 3 water
molecules

HDAC2-vorinostat −7.45 yes Rigid Hydrated

Focused docking

HDAC1-flavone −10.25 Yes flexible
HDAC1-luteolin −9.41 Yes flexible
HDAC1-apigenin −9.25 Yes flexible

HDAC1-vorinostat −8.46 Yes rigid hydrated
HDAC2-flavone −8.90 Yes rigid
HDAC2-luteolin −9.26 Yes flexible
HDAC2-apigenin −9.32 Yes flexible

HDAC2-vorinostat −8.45 Yes rigid 2 water molecules involved

The simulation has been performed under different conditions (see Section 2) and the best
interaction energy value obtained, i.e., −8.45 Kcal/mol (Table 1), referred to the focused docking in the
presence of the crystallographic water molecules. Binding to the cofactor Zn2+ in HDAC2 is given
by the hydroxamic acid group (Supplementary Figure S3), as expected [7]. Then, we also performed
docking simulations between HDAC1 and vorinostat, and obtained a very similar interaction energy
value, i.e., −8.46 Kcal/mol (Table 1). However, at the lowest energy the orientation of vorinostat
into the HDAC1 catalytic site allows that the oxygen bound to C8 coordinates the cofactor Zn2+

(Supplementary Figure S4), different to HDAC2. By exploring the other conformations obtained in
the docking simulations of vorinostat-HDAC1, the interaction of the hydroxamic acid group with
the cofactor Zn2+ is also possible, though with higher energy, i.e., −6.71 Kcal/mol (data not shown),
thus suggesting that two different binding modes may exist with HDAC1.

It is worth noting that, while the conformation at the lowest energy value represents the best
interaction obtained, the docking simulations generate 100 conformations, clustered on the basis of
their structural similarity. Therefore, we performed a deeper analysis of the results by comparing the
best 3 conformations from the cluster containing the conformation with the lowest binding energy.
The table with mean energy values and standard deviation (Supplementary Table S2) confirms the
capability of flavone, luteoline, and apigenin to interact with HDAC1 and 2 with binding energy values
similar to the value of vorinostat, or better.

3.2. Docking Simulations of Flavones Interaction with HDAC1 and HDAC2

To explore the possibility that flavone, luteolin, and apigenin bind to HDACs, we applied the same
docking simulation protocol to HDAC1 and HDAC2 as target proteins and these three molecules as
ligands, by testing different conditions. The best energy values obtained for each pair of protein-ligands
are reported in Table 1.

Blind docking was performed to explore the entire surface of protein, searching for possible
binding sites to be further investigated in more detail. In our case, the target active site of the protein is
known, being already identified by crystallographic structure of HDAC2 in complex with the vorinostat
inhibitor. However, in any case, the blind simulation is useful in finding alternative binding sites, as it
helps to have a preliminary screening of the surface. Next, focused docking was performed on the
preliminary sites resulting from the blind search, by setting a higher resolution screening. The blind
docking identified in all cases the known active site pocket as the most reliable binding site for the
ligands. The energy values of blind docking are commonly considered not optimized, being performed
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by searching grids with low definition. It is interesting to note that the blind docking suggested that
flavone and apigenin might interact with better energy values than vorinostat, in both HDAC1 and
HDAC2 (Table 1, higher part). On the contrary, the blind docking conditions suggested that luteolin
might interact with HDAC1 in a worse way than vorinostat.

The results of blind docking have been further investigated by focusing on the binding site of
HDACs. The results are shown in Table 1 (lower part). As expected, in all cases interaction energy
values obtained with focused docking are lower than in blind docking, because the higher definition of
the simulation allows to optimize the docking and find protein–ligand interactions with lower energies.
Previous docking simulations reported better docking scores for givinostat, another known inhibitor
of HDACs, than apigenin and luteolin [21]. Interestingly, the energy values of our focused docking
indicate that flavone, luteolin, and apigenin may interact with both HDAC1 and HDAC2 better than
vorinostat. The differences in energy values are evident in both cases, but more relevant with HDAC1.
The low values of energy obtained in our simulations strongly support the possibility that flavone,
luteolin, and apigenin may interact with HDAC1 and HDAC2, thus confirming the experimental
evidence [9,13,14,22].

3.3. Molecular Interactions of Flavones with HDAC1 and HDAC2

Bontempo et al. (2007) [9] demonstrated that the anti-cancer pharmacological potential of
the Feijoa fruits is due to the secondary metabolite flavone, which showed to inhibit HDAC1,
thus hyper-acetylating histones and non-histone targets in leukaemia cell lines. To investigate
the details of molecular interactions of flavone with HDAC1 and HDAC2, as also suggested by the
energy values of our in silico simulations, we analysed the interactions of flavone in the active site
binding pockets of HDAC1 and HDAC2 (see Figures 3 and 4, respectively). A schematic 2D view
is also reported in Supplementary Materials (Figures S5 and S6). Schematic 2D images for apigenin
and luteolin are under Supplementary Figures S7–S8 and S9–S10, respectively. Apigenin and luteolin
present additional hydroxyl groups that make possible different binding modes (not shown).

Figure 3. Interaction of flavone with HDAC1. (A) HDAC1 (ribbon with red helices and cyan strands)
with flavone (grey molecule, in a ball and stick representation) in the interaction resulting from docking
simulation. Zinc ion is represented as a sphere. (B) flavone (ball and stick) in the catalytic channel
(surface coloured by hydrophobicity scale) of HDAC1. Amino acids (sticks) involved in the interaction
with flavone are labelled with a one-letter code and number in the sequence. Zinc ion, represented
as a sphere, is coordinated with the carbonyl oxygen atom of flavone ring C and D176, H178, D264.
Atoms are coloured in grey (Carbon), red (Oxygen), white (Hydrogen), and blue (Nitrogen). (C) the
opposite view of panel B shows the position of amino acids not visible in the other panel. Images are
generated by DiscoveryStudio4.5.
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Figure 4. Interaction of flavone with HDAC2. (A) HDAC2 with flavone in the interaction with zinc ion
resulting from docking simulation. Colours and representations are as in Figure 3. (B) flavone in the
catalytic channel of HDAC2. Amino acids are labelled as in Figure 3. Zinc ion, represented as a sphere,
is coordinated by the carbonyl oxygen of flavone ring C and D181, H183, D269. Atoms and bonds are
coloured and represented as in Figure 3. (C) the opposite view of panel B shows the position of amino
acids not visible in the other panel. Images are generated by DiscoveryStudio4.5.

Overall, the three flavones are able to bind to the HDACs by completely inserting their aromatic
rings into the active site pocket with multiple contacts to the tubular channel. Similar to the subclass
benzamides of HDAC inhibitors, flavones are located in the active site pocket, more in depth than
vorinostat belonging to the inhibitor’s subclass hydroxamic acids [23]. Indeed, as initially supposed
by Bontempo et al. (2007) [9], flavone occupies in depth the catalytic channel of HDACs, binding
the cofactor Zn2+ (Figures 3 and 4 and Supplementary Video S1). HDACs deacetylate the ε-N-acetyl
lysines of histones and non-histone targets in the active site channel of binding pocket about 11 Å
deep, where the cofactor Zn2+ ion is located, by activating bound water for nucleophilic addition
and subsequent hydrolysis [23,24]. The alkoxide zinc tetrahedral intermediate, stabilized by enzyme
residues, releases the acetate and the lysine residue of target protein as reaction products. The tubular
internal cavity about 14 Å deep is located below the active site and has been suggested to be an
exit way for the acetate [23]. The first crystallographic structures of the human HDACs complexed
with inhibitors support the mechanism of action of HDACi through binding to active site channels
and steric hindrance preventing substrate hydrolysis [25]. In this regard, Bontempo et al. (2007) [9]
hypothesized that flavone (and its derivatives) may similarly interact with the active site of HDAC
occupying the same channel. According to the biochemical and structural characteristics of HDAC
enzymes, a prototypical HDACi can be structurally subdivided into three functional regions: a polar
tail (such as hydroxamic acid) chelates the catalytic Zn2+ ion located deep into the active site tunnel;
a hydrophobic cap (aromatic group) is responsible for molecular recognition and selectivity of HDAC
type closing the active site gate by interaction with the amino acid residues of the binding pocket rim;
lastly, a central linker region places the two functional groups at the correct distance and interacts with
the residues of the tunnel wall. Flavones do not structurally resemble canonical HDACi, lacking a true
cap, but they can be considered to have a zinc binding group (carbonyl oxygen of ring C) and a linker
(ring B). Nowadays, however, the classic inhibitor structure is questionable, because in most cases
HDACis are profoundly different and cannot be dissected into the canonical zinc binding-linker-cap
structure [26].

The amino acids of HDACs involved in the interaction with flavone, apigenin, luteolin,
and vorinostat, are reported in Supplementary Table S3. First of all, we note that all residues
involved at least in one of the interactions are conserved in HDAC1 and HDAC2. It is relevant to
note that all ligands interact with the cofactor Zn2+ of both HDAC proteins. In fact, as already shown
in Figures 3 and 4, the atom of carbonyl oxygen of flavone, belonging to the heterocyclic ring C,
can coordinate with the active site Zn2+ ion. The carbonyl carbon C4 of flavone should mime the
carbonyl carbon of the acetyl moiety in the acetylated lysine residue of the substrate. The aromatic
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configuration of flavone hinders the nucleophilic attack by a water molecule. The chelation of the zinc
ion by flavone differs from the bidentate binding mode proposed for class I HDAC (HDAC1, 2, 3, 8),
based on the different structure of vorinostat, which binds the Zn2+ ion with two oxygen atoms in
the hydroxamic acid group [27]. Flavone binding is possibly strengthened by an aromatic interaction
with Tyr303/308 in HDAC1/2. Previous findings on in silico triple mutants indicate that this tyrosine
residue, when present together with two phenylalanines, is essential to determine the chelation mode
with vorinostat [27]. Our simulations confirm that two conserved phenylalanine residues (Phe150/155
and Phe205/210 in HDAC1/2) are located around the gateway of the binding pocket. Their phenyl
groups are orientated in parallel to bind the ring B of flavone with a stacking configuration in both
HDACs (Figures 3 and 4). As proposed by Wu et al. (2011) [27], this “sandwich-like” conformation,
when the two phenylalanines bind the linker region of vorinostat, blocks the binding pocket entrance
and prevents water molecules from entering the channel.

All ligands interact with Gly149/154 and Gly301/306 of HDAC1/2 by van der Waals forces.
Although no evidence of a key role is reported for these two amino acids, we note that Gly149/154 is
spatially located right at the entrance of the binding pocket between the two conserved phenylalanines
(the aforementioned Phe150/155 and Phe205/210), contributing to making the channel wall take its
shape. Therefore, the space made available by the absence of a side chain for this glycine is needed to
create an appropriate entrance for the substrate, as for the inhibitor flavone. Gly301/306 is located in a
stretch of glycine residues (positions 299–302/304–307) of a loop region that, in the same way, generates
an internal cavity adjacent to the binding pocket (data not shown).

Moreover, in all ligand-protein complexes with HDAC1/2, there is an interaction with Asp176/181
and His178/183. These two amino acids play an important role, because the coordination of Zn2+ is
given by Asp176/181, His178/183, and Asp264/269. The latter amino acid interacts with ligands only in
some complexes.

The proposed catalytic mechanism for deacetylation assigns also an important role to His140/145,
His141/146, and Tyr303/308 [5], in particular with the histidines contributing to the charge-relay system
of the active site. It is worth noting that our results show that these amino acids are involved in the
interaction with vorinostat as well as with flavones in both HDACs (Supplementary Table S3).

Finally, four residues of HDAC1, i.e., Met30, Leu139, Cys151, and Gly300, such as two residues in
HDAC2, i.e., Asp104 and Gln265, are always involved in ligand–protein binding. Although no evidence
of a key role is reported, based on their location, they could contribute to shaping the binding pocket.

The dietary flavones apigenin and luteolin showed profiles of interaction similar to that of flavone.
Overall, the position of flavones (having direct interactions with amino acids involved in relevant
activities) midway between the active site channel and the tubular cavity, and their direct binding with
the catalytic Zn2+ ion are suitable to prevent the interaction of HDACs with acetylated lysine residues
as a substrate.

4. Conclusions

The aim of our work was to verify whether the three flavones, which were the object of our study
(flavone, apigenin, luteolin), already known for their inhibitory activity on HDACs, can physically
interact with HDAC1 and 2 similar to the known inhibitor vorinostat. Therefore, we used docking
simulations for checking the ability of these three molecules to occupy the same binding site. The similar
or better binding energy values for flavones suggest that it is possible. In more details, flavones are
able to interact with HDAC1 and HDAC2 with energies similar to the known inhibitor vorinostat
by occupying the catalytic site and creating interactions with Zn2+ ion and amino acids in the
binding pocket. The present study contributed to shedding light on the molecular basis of the
pharmacological potential of flavones as naturally occurring and no canonical HDACi. These plant
secondary metabolites could be an important weapon against several diseases by epigenetic therapy.
In the future, new “smart” drugs to fight cancer could have a natural origin and, thanks to the
knowledge of their action mechanism, present reduced adverse effects by exerting anti-cancer activities
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via epigenetic modulation on responsive cells, such as HDAC inhibition. We would experimentally
verify these data to further understand the selectivity of the flavones for the inhibitor effects on
the different HDACs. Our findings could stimulate further investigations on these inhibitors by
in vitro and in vivo model systems and be a support for the development of more selective and potent
therapeutic molecules.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/8/12/568/s1,
Supplementary File S1 containing Tables S1–S3 and Figures S1–S10. Supplementary Video S1: 3D view of the
catalytic site of HDAC1 with flavone.
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Abstract: A series of dietary flavonoid acacetin 7-O-methyl ether derivatives were computationally
designed aiming to improve the selectivity and potency profiles against monoamine oxidase (MAO)
B. The designed compounds were evaluated for their potential to inhibit human MAO-A and -B.
Compounds 1c, 2c, 3c, and 4c were the most potent with a Ki of 37 to 68 nM against MAO-B. Compounds
1c–4c displayed more than a thousand-fold selectivity index towards MAO-B compared with MAO-A.
Moreover, compounds 1c and 2c showed reversible inhibition of MAO-B. These results provide a
basis for further studies on the potential application of these modified flavonoids for the treatment of
Parkinson’s Disease and other neurological disorders.

Keywords: flavonoids; Parkinson’s Disease; monoamine oxidases A and B; acacetin; docking

1. Introduction

Parkinson’s Disease (PD) is one of the most prevalent neurodegenerative disorders [1],
affecting over four million people worldwide. The causes of PD remain unknown. How-
ever, the disease is known to arise from interaction between environmental and genetic
factors, resulting in progressive degeneration of neurons in the brain. Despite decades
of research, the molecular pathways involved in neurodegeneration, the nature of the
interaction, and the identity of the factors are poorly understood [2]. PD is characterized by
the progressive loss of dopaminergic neurons. Most of the PD cases are sporadic, but rare
familial forms have also been recognized. The common pathways underlying the pathogen-
esis of PD include oxidative stress, mitochondrial quality control, and protein degradation
processes. Understanding the possible reasons behind these common processes provides
various targets, which are therapeutically relevant to the discovery of disease-modifying
treatments [1].

The etiology of PD remains obscure, but oxidative stress is thought to play a sig-
nificant role in dopaminergic neurotoxicity. At the cellular level, PD is associated with
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excessive production of reactive oxygen species (ROS), resulting in metabolic alteration of
catecholamine, the mitochondrial electron-transporter chain (METC), or enhancement of
the deposition of iron in the substantia nigra pars compacta (SNpc) [3]. Recently, special fo-
cus has been directed to the role of oxidative stress in neurological abnormalities, including
PD. Excessive production of ROS has been considered to be a significant cause of neuronal
death [4]. The most effective pharmacological treatment to date is levodopa–dopamine
substitution therapy. Recently, attention has been shifted towards the enzyme monoamine
oxidase B (MAO-B) as a secondary drug target in PD [5].

MAO-B is one of the two subtypes of the monoamine oxidases (MAO-A and MAO-B).
It is a major monoamine-metabolizing enzyme that is known to oxidize the neurotransmit-
ter dopamine, along with other amines. MAO-B is primarily localized in astrocytes, while
MAO-A is largely located in the neurons of the brain [5]. Selective, irreversible MAO-B
inhibitors are devoid of the severe side effect called the “cheese effect” resulting from the
non-selective MAOs that potentiate the effects of tyramine. Since MAO-B is significantly
involved in the degradation of dopamine, it is considered to be a first-line therapy for
PD [6]. Selegiline [5], rasagiline [5], and safinamide [7] are the only approved MAO-B
inhibitors used in the treatment of PD [5–8]. Selegiline and rasagiline are examples of irre-
versible MAO-B inhibitors [8], while safinamide is a potent reversible MAO-B inhibitor [6].
Therefore, there is a need to develop novel selective MAO-B inhibitors as PD drugs.

Our previous research on the Central American medicinal plant, Calea urticifolia,
yielded acacetin, a prominent dietary flavonoid [9,10] as a bioactive compound using
bioassay-guided fractionation [9]. Acacetin exhibited good inhibitory activities against
MAO-A (0.121 μM) and -B (0.049 μM). Later, acacetin 7-O-methyl ether proved to be a
selective MAO-B inhibitor with a selectivity index (SI) of 505-fold for MAO A/B [11], which
inspired further exploration of new MAO-B inhibitors using acacetin 7-O-methyl ether
as the lead compound. Flavonoids are known for their admirable safety profile with no
known notable adverse effects. Flavonoids possess various pharmacological properties,
including anticancer, antioxidant, antimicrobial, cardioprotective, anti-inflammatory, and
hepatoprotective activity [12].

In the current study, a series of acacetin 7-O-methyl ether derivatives were compu-
tationally designed using fragment-based drug design [13], synthesized, and evaluated
as monoamine oxidase B inhibitors. Furthermore, molecular modeling studies were per-
formed to understand the binding interactions.

2. Materials and Methods

2.1. General
1H and 13C NMR spectra were obtained using Bruker model AMX 400 and 500 NMR

spectrometers operating at 400 and 500 MHz in 1H and 100 and 125 MHz in 13C, respectively.
The chemical shift values were reported from tetramethylsilane (TMS) in parts per million
(ppm) using known solvent chemical shifts. Standard pulse sequences were used for DEPT,
COSY, HSQC, HMBC, NOESY, and TOCSY. Coupling constants are documented in hertz
(Hz). The high-resolution mass spectra (HRMS) were recorded on a Waters Micromass Q-
Tof Micro mass spectrometer with a lock spray source. The mass spectra (MS) were recorded
on a WATERS ACQUITY Ultra Performance LC with a ZQ detector in ESI mode. If needed,
the purity was determined using high-performance liquid chromatography (HPLC). The
purity of all the final compounds was greater than 95%. Column chromatography was
carried out on Sephadex LH-20 (GE Healthcare, Uppsala, Sweden) and silica gel (70–230
mesh, Merck, Billerica, MA, USA). The fractions from column chromatography were
monitored using TLC (silica gel 60 F254, Merck, Billerica, MA, USA). Preparative TLC
was carried out with silica gel 60 PF254 + 366 plates (20 × 20 cm, 1 mm thick, Analtech,
Newark, DE, USA). Human recombinant monoamine oxidase A and monoamine oxidase B
enzymes were obtained from BD Biosciences (Bedford, MA, USA). Kynuramine, clorgyline,
deprenyl, acacetin, and DMSO were purchased from Sigma Chemical (St. Louis, MO,
USA). All the acacetin 7-O-methyl ether analogs were synthesized in the Department of
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BioMolecular Sciences, Division of Medicinal Chemistry, School of Pharmacy, University
of Mississippi, Oxford, MS, USA.

2.2. Synthesis of Derivatives
2.2.1. Procedure for Preparation of Compounds 1–4

Synthesis of (E) 4-Propyloxy-4′,6′-Dimethoxy-2′-Hydroxychalcone (1a)

IUPAC.: (E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(4-propoxyphenyl)prop-2-en-1-one. A
mixture of equimolar amounts of 2′-hydroxy-4′,6′-dimethoxyacetophenone (300 mg, 1.53 mmol)
and 4-n-propoxybenzaldehyde (251 mg, 1.53 mmol) was taken in a round-bottomed flask (RBF)
and 10 mL of 50% NaOH in ethanol for 16 h at rt. The resulting yellow precipitate was filtered
and washed with Hex and CH2Cl2 to yield 1a (342 mg, 65%). 1H NMR (400 MHz, CDCl3) δH
14.41 (s, C-2′-OH), 7.79 (s br, 2H, H-α and H-β), 7.55 (d, J = 8.5 Hz, 1H, H-2 and H-6), 6.91 (d,
J = 8.5 Hz, 2H, H-3 and H-5), 6.10 (d, J = 1.8 Hz, 1H, H-3′), 5.96 (d, J = 1.8 Hz, 1H, H-5′), 3.97 (t,
J = 6.5, 2H, H2-1”), 3.93 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 1.83 (dt, J = 6.5, 7.4 Hz, 2H, H2-2”),
1.05 (t, J = 7.4 Hz, 3H, CH3-3”). 13C NMR (100 MHz, CDCl3) δC 192.6 (C=O), 168.3 (C-2′), 166.0
(C-4′), 162.4 (C-6′), 161.0 (C-4), 142.6 (C-β), 130.1 (C-2 and C-6), 128.1 (C-1), 124.9 (C-α), 114.8
(C-3 and C-5), 106.3 (C-1′), 93.8 (C-3′), 91.2 (C-5′), 69.6 (C-1”), 55.8 (OCH3), 55.5 (OCH3), 22.5
(C-2”), 10.5 (C-3”). HRESIMS m/z 343.0897 [M+H]+ (calcd C20H22O5 342.1467).

Synthesis of 5,7-Dimethoxy-4′-Propyloxyflavone (1b)

IUPAC.: 5,7-Dimethoxy-2-(4-propoxyphenyl)-4H-chromen-4-one. The chalcone 1a

(200 mg, 0.584 mmol) was treated with 3–4 mol% of iodine crystals with a minimal amount
of DMSO at 140 ◦C for 4–6 h. The resulting white precipitate was extracted with CH2Cl2
and was removed by filtration. The filtrate was transferred into a separatory funnel where
the layers were separated as aqueous and organic. The organic layer was washed with
sodium thiosulfate (Na2S2O3), dried with sodium sulfate (Na2SO4), and concentrated. The
intermediate flavonoid 1b was then purified in a silica column using 100% CH2Cl2, 50:1
CH2Cl2-MeOH, 9:1 CH2Cl2-MeOH, 1:1 CH2Cl2-MeOH, and 100% MeOH (128 mg, 64%).
1H NMR (400 MHz, CDCl3) δH 7.80 (d, J = 8.9 Hz, 2H, H-2′ and H-6′), 6.98 (d, J = 8.9 Hz,
2H, H-3′ and H-5′), 6.59 (s, 1H, H-3), 6.57 (d, J = 2.3 Hz, 1H, H-6), 6.37 (d, J = 2.3 Hz, 1H,
H-8), 3.99 (t, J = 6.6 Hz, 2H, H2-1”), 3.96 (s, OCH3), 3.91 (s, OCH3), 1.84 (dt, J = 6.5, 7.4 Hz,
2H, H2-2”), 1.06 (t, J = 7.4 Hz, 3H CH3-3”). 13C NMR (100 MHz, CDCl3) δC 177.7 (C-4),
163.9 (C-2), 161.6 (C-5), 160.9 (C-4′), 160.7 (C-9), 159.8 (C-7), 127.5 (C-2′ and C-6′), 123.5
(C-1′), 114.8 (C-3′ and C-5′), 109.2 (C-10), 107.6 (C-3), 96.0 (C-8), 92.8 (C-6), 69.7 (C-1”),
56.4 (OCH3), 55.7 (OCH3), 22.5 (C-2”), 10.5 (C-3”). HRESIMS m/z 341.0738 [M+H]+ (calcd
C20H20O5 340.1311).

Synthesis of 7-Methoxy-4′-Propyloxy-5-Hydroxyflavone (1c)

IUPAC.: 5-Hydroxy-7-methoxy-2-(4-propoxyphenyl)-4H-chromen-4-one. The interme-
diate 1b (128 mg, 0.377 mmol) was treated with 1N boron tribromide (189 mg, 0.754 mmol)
in the presence of CH2Cl2 at rt for 1–3 h. The reactant solution was diluted with 10:1
CH2Cl2:MeOH and then washed with brine and water. Na2SO4 was added to the solution
and left overnight. The solution was then filtered, dried, and concentrated. The flavonoid
1c was purified in a silica column using 30:1 CH2Cl2-MeOH (35 mg, 29%). 1H NMR
(400 MHz, CDCl3) δH 12.83 (s, C-5-OH), 7.82 (d, J = 8.9 Hz, 2H, H-2′ and H-6′), 7.00 (d,
J = 8.9 Hz, 2H, H-3′ and H-5′), 6.56 (s, 1H, H-3), 6.47 (d, J = 2.2 Hz, 1H, H-6), 6.35 (d,
J = 2.2 Hz, 1H, H-8), 4.00 (t, J = 6.6 Hz, 2H, H2-1”), 3.88 (s, OCH3), 1.86 (ddd, J = 6.6, 7.4 Hz,
2H, H2-2”), 1.08 (t, J = 7.4 Hz, 3H, CH3-3”). 13C NMR (100 MHz, CDCl3) δC 182.4 (C-4),
165.4 (C-7), 164.0 (C-2), 162.2 (C-4′), 162.1 (C-5), 157.6 (C-9), 127.7 (C-2′ and C-6′), 123.5
(C-1′), 115.0 (C-3′ and C-5′), 105.5 (C-10), 104.2 (C-3), 98.0 (C-8), 92.5 (C-6), 69.8 (C-1”),
55.8 (OCH3), 22.5 (C-2”), 10.5 (C-3”). HRESIMS m/z 327.1038 [M+H]+ (calcd C19H18O5
326.1154).
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Synthesis of (E) 4-Isopropyloxy-4′,6′-Dimethoxy-2′-Hydroxychalcone (2a)

IUPAC.: (E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(4-isopropoxyphenyl)prop-2-en-
1-one. The procedure for the preparation of the chalcone 2a is similar to that for the
preparation of the chalcone 1a except for the use of 4-isopropoxybenzaldehyde (251 mg,
1.53 mmol). The chalcone 2a was purified in a silica column using 4:1 Hex-EtOAc, 3:1
Hex-EtOAc, 4:1 EtOAc-Hex, 100% EtOAc, and 100% MeOH (411 mg, 79%). 1H NMR
(400 MHz, CDCl3) δH 14.43 (s, C-2′-OH), 7.80 (s br, 2H, H-α and H-β), 7.55 (d, J = 8.7 Hz,
2H, H-2 and H-6), 6.91 (d, J = 8.7 Hz, 2H, H-3 and H-5), 6.12 (d, J = 2.3, 1H, H-3′), 5.97
(d, J = 2.3, 1H, H-5′), 4.62 (sept, J = 6.0 Hz, 1H, H-1”), 3.93 (s, 3H, OCH3), 3.84 (s, 3H,
OCH3), 1.37 (d, J = 6.0 Hz, 6H, CH3-2” and CH3-3”). 13C NMR (100 MHz, CDCl3) δC 192.6
(C=O), 168.3 (C-2′), 166.0 (C-4′), 162.4 (C-6′), 159.8 (C-4), 142.6 (C-β), 130.1 (C-2 and C-6),
127.9 (C-1), 124.9 (C-α), 115.9 (C-3 and C-5), 106.4 (C-1′), 93.8 (C-3′), 91.2 (C-5′), 70.0 (C-1”),
55.8 (OCH3), 55.6 (OCH3), 22.0 (C-2” and C-3”). HRESIMS m/z 343.0876 [M+H]+ (calcd
C20H22O5 342.1467).

Synthesis of 5,7-Dimethoxy-4′-Isopropyloxyflavone (2b)

IUPAC.: 2-(4-Isopropoxyphenyl)-5,7-dimethoxy-4H-chromen-4-one. This procedure
is similar to that for the preparation of the intermediate flavonoid 1b. The intermediate
flavonoid 2b was purified in a silica column using 1:1 Hex-EtOAc, 100% EtOAc, 20:1
EtOAc-MeOH, and 100% MeOH (78 mg, 52%). 1H NMR (400 MHz, CDCl3) δH 7.78 (d,
J = 8.9 Hz, 2H, H-2′ and H-6′), 6.95 (d, J = 8.9, 2H, H-3′ and H-5′), 6.56 (s, 1H, H-3), 6.53
(d, J = 2.3, 1H, H-6), 6.34 (d, J = 2.3, 1H, H-8), 4.62 (sept, J = 6.0 Hz, 1H, H-1”), 3.93 (s,
3H, OCH3), 3.89 (s, 3H, OCH3), 1.36 (d, J = 6.0 Hz, 6H, CH3-2” and CH3-3”). 13C NMR
(100 MHz, CDCl3) δC 177.6 (C-4), 163.8 (C-2), 160.8 (C-5), 160.7 (C-4′), 160.5 (C-9), 159.8
(C-7), 127.6 (C-2′ and C-6′), 123.3 (C-1′), 115.8 (C-3′ and C-5′), 109.2 (C-3), 109.2 (C-10), 107.5
(C-3), 96.0 (C-8), 92.8 (C-6), 70.1 (C-1”), 56.4 (OCH3), 55.7 (OCH3), 21.9 (C-2” and C-3”).
HRESIMS m/z 341.0796 [M+H]+ (calcd C20H20O5 340.1311).

Synthesis of 7-Methoxy-4′-Isopropyloxy-5-Hydroxyflavone (2c)

IUPAC.: 5-Hydroxy-2-(4-isopropoxyphenyl)-7-methoxy-4H-chromen-4-one. This pro-
cedure is similar to that for the preparation of the final flavonoid 1c. The final flavonoid 2c

was purified in a silica column using 7:3 Hex-EtOAc and 1:1 Hex-EtOAc (6 mg, 10%). 1H
NMR (400 MHz, CDCl3) δH 12.83 (s, C-5-OH), 7.83 (d, J = 8.9 Hz, 2H, H-2′ and H-6′), 6.99
(d, J = 8.9 Hz, 2H, H-3′ and H-5′), 6.58 (s, 1H, H-3), 6.49 (d, J = 2.2 Hz, 1H, H-6), 6.37 (d,
J = 2.2 Hz, 1H, H-8), 4.66 (sept, J = 6.0 Hz, 1H, H-1”), 3.89 (s, 3H, OCH3), 1.40 (d, J = 6.0 Hz,
6H, CH3-2” and CH3-3”). 13C NMR (100 MHz, CDCl3) δC 182.4 (C-4), 165.4 (C-7), 164.1
(C-2), 162.2 (C-4′), 161.1 (C-5), 157.3 (C-9), 128.0 (C-2′ and C-6′), 123.1 (C-1′), 115.9 (C-3′
and C-5′), 105.5 (C-10), 104.2 (C-3), 98.0 (C-8), 92.6 (C-6), 70.2 (C-1”), 55.8 (OCH3), 21.9 (C-2”
and C-3”). HRESIMS m/z 327.1038 [M+H]+ (calcd C19H18O5 326.1154).

Synthesis of (E) 4-Isobutyloxy-4′,6′-Dimethoxy-2′-Hydroxychalcone (3a)

IUPAC.: (E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(4-isobutoxyphenyl)prop-2-en-1-
one. This procedure is similar to that for the preparation of the chalcone 1a except for
the use of 4-isobutoxy benzaldehyde (273 mg, 1.53 mmol). The chalcone 3a was purified
in a silica column using CH2Cl2 (436 mg, 80%). 1H NMR (500 MHz, CDCl3) δH 14.45 (s,
C-2′-OH), 7.82 (s, br, 2H, H-α and H-β), 7.57 (d, J = 8.8 Hz, 2H, H-2 and H-6), 6.94 (d,
J = 8.8 Hz, 2H, H-3 and H-5), 6.13 (d, J = 2.4 Hz, 1H, H-3′), 5.99 (d, J = 2.4 Hz, 1H, H-5′),
3.94 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 3.79 (d, J = 6.6 Hz, 2H, H2-1”), 2.13 (sept, J = 6.7 Hz,
1H, H-2”), 1.06 (d, J = 6.7 Hz, 6H, CH3-3” and CH3-4”). 13C NMR (125 MHz, CDCl3) δC
192.6 (C=O), 168.4 (C-2′), 166.0 (C-4′), 162.4 (C-6′), 161.1 (C-4), 142.6 (C-β), 130.1 (C-2 and
C-6), 128.0 (C-1), 124.9 (C-α), 114.9 (C-3 and C-5), 106.4 (C-1′), 93.8 (C-3′), 91.2 (C-5′), 74.5
(C-1”), 55.8 (OCH3), 55.6 (OCH3), 28.2 (C-2”), 19.2 (C-3” and C-4”). HRESIMS m/z 357.0610
[M+H]+ (calcd C21H24O5 356.1624).
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Synthesis of 5,7-Dimethoxy-4′-Isobutyloxyflavone (3b)

IUPAC.: 2-(4-Isobutoxyphenyl)-5,7-dimethoxy-4H-chromen-4-one. This procedure
is similar to that for the preparation of the intermediate flavonoid 1b. The intermediate
flavonoid 3b was purified in a silica column using 1:1 Hex-EtOAc, 8:2 EtOAc-Hex, 100%
EtOAc, 20:1 EtOAc, and 9:1 EtOAc-MeOH (113 mg, 57%). 1H NMR (400 MHz, CDCl3)
δH 7.73 (d, J = 8.6 Hz, 2H, H-2′ and H-6′), 6.92 (d, J = 8.4 Hz, 2H, H-3′ and H-5′), 6.52 (s,
1H, H-3), 6.48 (d, J = 1.4 Hz, 1H, H-6), 6.29 (d, J = 1.6 Hz, 1H, H-8), 3.89 (s, 3H, OCH3),
3.85 (s, 3H, OCH3), 3.73 (d, J = 6.5 Hz, 2H, H2-1”), 2.07 (sept, J = 6.7 Hz, 1H, H-2”), 1.00
(d, J = 6.7 Hz, 6H, CH3-3” and CH3-4”). 13C NMR (100 MHz, CDCl3) δC 177.6 (C-4), 163.8
(C-2), 161.7 (C-5), 160.7 (C-4′ and C-9), 159.7 (C-7), 127.4 (C-2′ and C-6′), 123.4 (C-1′), 114.8
(C-3′ and C-5′), 109.0 (C-10), 107.4 (C-3), 96.0 (C-8), 92.8 (C-6), 74.5 (C-1”), 56.3 (OCH3),
55.7 (OCH3), 28.2 (C-2”), 19.2 (C-3” and C-4”). HRESIMS m/z 355.0958 [M+H]+ (calcd
C21H22O5 354.1467).

Synthesis of 7-Methoxy-4′-Isobutyloxy-5-Hydroxyflavone (3c)

IUPAC.: 5-Hydroxy-2-(4-Isobutoxyphenyl)7-methoxy-4H-chromen-4-one. This proce-
dure is similar to that for the preparation of the final flavonoid 1c. The final flavonoid 3c

was purified in a silica column using 7:3 EtOAc-Hex and 100% EtOAc (40 mg, 44%). 1H
NMR (400 MHz, CDCl3) δH 12.79 (s, C-5-OH), 7.81 (d, J = 8.9 Hz, 2H, H-2′ and H-6′), 7.00
(d, J = 8.9 Hz, 2H, H-3′ and H-5′), 6.56 (s, 1H, H-3), 6.47 (d, J = 2.2 Hz, 1H, H-6), 6.36 (d,
J = 2.2 Hz, 1H, H-8), 3.88 (s, 3H, OCH3), 3.80 (d, J = 6.6 Hz, 2H, H2-1”), 2.14 (sept, J = 6.6 Hz,
1H, CH3-2”), 1.07 (d, J = 6.7 Hz, 6H, CH3-3” and CH3-4”). 13C NMR (100 MHz, CDCl3) δC
182.4 (C-4), 165.4 (C-7), 164.1 (C-2), 162.3 (C-4′), 162.1 (C-5), 157.6 (C-9), 127.9 (C-2′ and
C-6′), 123.1 (C-1′), 114.9 (C-3′ and C-5′), 105.5 (C-10), 104.1 (C-3), 98.0 (C-8), 92.5 (C-6), 74.6
(C-1”), 55.7 (OCH3), 28.2 (C-2”), 19.2 (C-3” and C-4”). HRESIMS m/z 341.0737 [M+H]+

(calcd C20H20O5 340.1311).

Synthesis of (E) 4-Propargyloxy-4′,6′-Dimethoxy-2′-Hydroxychalcone (4a)

IUPAC.: (E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(4-(prop-2-yn-1-yloxy)phenyl)prop-
2-en-1-one. This procedure is similar to that for the preparation of the chalcone 1a except for
the use of 4-(prop-2-ynyloxy)benzaldehyde (245 mg, 1.53 mmol). The chalcone 4a was purified
in a silica column using 100% CH2Cl2 (326 mg, 63%). 1H NMR (500 MHz, CDCl3) δH 14.38
(s, C-2′-OH), 7.84 (d, J = 15.6 Hz, 1H, H-β), 7.79 (d, J = 15.6 Hz, 1H, H-α), 7.60 (d, J = 8.8 Hz,
2H, H-2 and H-6), 7.03 (d, J = 8.8 Hz, 2H, H-3 and H-5), 6.14 (d, J = 2.3 Hz, 1H, H-3′), 5.99 (d,
J = 2.3 Hz, 1H, H-5′), 4.76 (d, J = 2.4 Hz, 2H, H2-1”), 3.94 (s, 3H, OCH3), 3.86 (s, 3H, OCH3), 2.57
(t, J = 2.4 Hz, 1H, H-3”). 13C NMR (125 MHz, CDCl3) δC 192.6 (C=O), 168.4 (C-2′), 166.1 (C-4′),
162.5 (C-6′), 159.1 (C-4), 142.1 (C-β), 130.0 (C-2 and C-6), 129.2 (C-1), 125.7 (C-α), 115.3 (C-3 and
C-5), 106.4 (C-1′), 93.8 (C-3′), 91.3 (C-5′), 78.1 (C-2”), 75.9 (C-3”), 55.9 (2C, OCH3, C-1”), 55.6
(OCH3). HRESIMS m/z 339.0599 [M+H]+ (calcd C20H18O5 338.1154).

Synthesis of 5,7-Dimethoxy-4′-Propargyloxyflavone (4b)

IUPAC.: 5,7-Dimethoxy-2-(4-(prop-2-yn-1-yloxy)phenyl)-4H-chromen-4-one. This
procedure is similar to that for the preparation of the intermediate flavonoid 1b. The
intermediate flavonoid 4b was purified in a silica column using 1:1 Hex-EtOAc, 100%
EtOAc, 20:1 EtOAc-MeOH, 9:1 EtOAc-MeOH, 1:1 EtOAc-MeOH, and 100% MeOH (87 mg,
54%). 1H NMR (400 MHz, CDCl3) δH 7.82 (d, J = 8.9 Hz, 2H, H-2′ and H-6′), 7.07 (d,
J = 8.9 Hz, 2H, H-3′ and H-5′), 6.58 (s, 1H, H-3), 6.54 (d, J = 2.3 Hz, 1H, H-6), 6.36 (d,
J = 2.3 Hz, 1H, H-8), 4.76 (d, J = 2.4 Hz, 2H, H2-1”), 3.94 (s, 3H, OCH3), 3.90 (s, 3H, OCH3),
2.57 (t, J = 2.4 Hz, 1H, H-3”). 13C NMR (100 MHz, CDCl3) δC 177.6 (C-4), 163.9 (C-2), 160.9
(C-5), 160.4 (C-4′), 159.8 (C-9), 159.8 (C-7), 127.5 (C-2′ and C-6′), 124.7 (C-1′), 115.2 (C-3′
and C-5′), 109.2 (C-10), 107.9 (C-3), 96.1 (C-8), 92.8 (C-6), 77.9 (C-2”), 76.1 (C-3”), 56.4 (C-1”),
55.9 (OCH3), 55.7 (OCH3). HRESIMS m/z 337.0495 [M+H]+ (calcd C20H16O5 336.0998).
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Synthesis of 7-Methoxy, 4′-Propargyloxy-5-Hydroxyflavone (4c)

IUPAC.: 5-Hydroxy-7-methoxy-2-(4-(prop-2-yn-1-yloxy)phenyl)-4H-chromen-4-one.
This procedure is similar to that for the preparation of the final flavonoid 1c. The final
flavonoid 4c was purified in a silica column with 7:3 Hex-EtOAc, 1:1 Hex-EtOAc, 100%
EtOAc, 20:1 EtOAc-MeOH, and 9:1 EtOAc-MeOH (14 mg, 28%). 1H NMR (400 MHz,
CDCl3) δH 12.79 (s, C-5-OH), 7.88 (d, J = 8.9 Hz, 2H, H-2′ and H-6′), 7.12 (d, J = 8.9 Hz, 2H,
H-3′ and H-5′), 6.60 (s, 1H, H-3), 6.50 (d, J = 2.2 Hz, 1H, H-6), 6.39 (d, J = 2.2 Hz, 1H, H-8),
4.80 (d, J = 2.3 Hz, 2H, H2-1”), 3.90 (s, 3H, OCH3), 2.59 (t, J = 2.3 Hz, 1H, H-3”). 13C NMR
(100 MHz, CDCl3) δC 182.4 (C-4), 165.5 (C-7), 163.8 (C-2), 162.2 (C-4′), 160.4 (C-5), 157.7
(C-9), 128.0 (C-2′ and C-6′), 124.4 (C-1′), 115.4 (C-3′ and C-5′), 105.6 (C-10), 104.6 (C-3), 98.1
(C-8), 92.6 (C-6), 77.7 (C-2”), 76.2 (C-3”), 55.9 (C-1”), 55.8 (OCH3). HRESIMS m/z 323.0767
[M+H]+ (calcd C19H14O5 322.0841).

2.2.2. Procedure for Preparation of Compounds 5

Synthesis of 4-(Cyclopropyl Methoxy)Benzaldehyde (Compound IV)

IUPAC.: 4-(Cyclopropylmethoxy)benzaldehyde. (Bromomethyl)cyclopropane (400 mg,
2.96 mmol) was added to 4-hydroxy benzaldehyde (724 mg, 5.92 mmol) and was dissolved
in 15 mL of acetone and potassium carbonate (1.6 g, 11.9 mmol). The mixture was then
refluxed for 36 h, then diluted with EtOAc and washed with water. This compound IV
was purified in a silica column using 95:5 Hex-EtOAc (380 mg, 73%). 1H NMR (400 MHz,
CDCl3) δH 9.82 (s, 1H, CHO), 7.76 (d, J = 8.8 Hz, 2H, H-2 and H-6), 6.94 (d, J = 8.8 Hz, 2H,
H-3 and H-5), 3.84 (dd, J = 8.1, 10.9 Hz, 2H, H2-1′), 1.27–1.21 (m, 1H, H-2′), 0.64 – 0.61 (m,
2H, H-3′a and H-4′a), 0.34 – 0.32 (m, 2H, H-3′b and H-4′b). 13C NMR (100 MHz, CDCl3) δC
190.7 (CHO), 164.0 (C-4), 131.9 (C-2 and C-6), 129.8 (C-1), 114.8 (C-3 and C-5), 73.0 (C-1′),
10.0 (C-2′), 3.2 (C-3′ and C-4′).

Synthesis of (E) 4-(Cyclopropyl Methoxy)-4′,6′-Dimethoxy-2′-Hydroxychalcone (5a)

IUPAC.: (E)-3-(4-(Cyclopropylmethoxy)phenyl)-1-(2-hydroxy-4,6-dimethoxyphenyl)
prop-2-en-1-one. This procedure is similar to that for the preparation of the chalcone
1a except for the use of 4-(Cyclopropylmethoxy)benzaldehyde (compound IV) (270 mg,
1.53 mmol). The chalcone 5a was purified in a silica column with 4:1 CH2Cl2-Hex, 100%
CH2Cl2, 20:1 CH2Cl2-MeOH, and 9:1 CH2Cl2-MeOH (287 mg, 53%). 1H NMR (400 MHz,
CDCl3) δH 14.42 (s, C-2′-OH), 7.84 (s, br, 2H, H-α and H-β), 7.55 (d, J = 8.7 Hz, 2H, H-2 and
H-6), 6.93 (d, J = 8.7 Hz, 2H, H-3 and H-5), 6.11 (d, J = 2.3 Hz, 1H, H-3′), 5.97 (d, J = 2.3 Hz,
1H, H-5′), 3.86 (s, 2H, H2-1”), 3.92 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 1.31 – 1.27 (m, 1H,
H-2”), 0.67 (dd, J = 4.9, 12.9 Hz, 2H, H-3”a and H-4”a), 0.38 (dd, J = 4.9, 10.3 Hz, 2H, H-3”b
and H-4”b). 13C NMR (100 MHz, CDCl3) δC 192.6 (C=O), 168.3 (C-2′), 166.0 (C-4′), 162.4
(C-6′), 160.8 (C-4), 142.5 (C-β), 130.1 (C-2 and C-6), 128.2 (C-1), 125.0 (C-α), 114.9 (C-3 and
C-5), 106.3 (C-1′), 93.8 (C-3′), 91.2 (C-5′), 72.9 (C-1”), 55.8 (OCH3), 55.5 (OCH3), 10.2 (C-2”),
3.2 (C-3” and C-4”). HRESIMS m/z 355.0575 [M+H]+ (calcd C21H22O5 354.1467).

Synthesis of 5,7-Dimethoxy-4′(Cyclopropyl Methoxy)Flavone (5b)

IUPAC.: 2-(4-(Cyclopropylmethoxy)phenyl)-5,7-dimethoxy-4H-chromen-4-one. This
procedure is similar to that for the preparation of the intermediate flavonoid 1b. The
intermediate flavonoid 5b was purified in a silica column using 1:1 Hex-EtOAc, 100%
EtOAc, 20:1 EtOAc-MeOH, 9:1 EtOAc-MeOH, and 1:1 EtOAc-MeOH (120 mg, 78%). 1H
NMR (400 MHz, CDCl3) δH 7.78 (d, J = 9.0 Hz, 2H, H-2′ and H-6′), 6.97 (d, J = 9.0 Hz, 2H,
H-3′ and H-5′), 6.56 (s, 1H, H-3), 6.53 (d, J = 2.3 Hz, 1H, H-6), 6.34 (d, J = 2.3 Hz, 1H, H-8),
3.93 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 3.85 (d, J = 6.9 Hz, 2H, H2-1”), 1.25 (t, J = 7.2, 1H,
H-2”), 0.66 (dd, J = 4.8, 12.9 Hz, 2H, H-3”a and H-4”a), 0.37 (dd, J = 4.8, 10.6 Hz, 2H, H-3”b
and H-4”b). 13C NMR (100 MHz, CDCl3) δC 177.6 (C-4), 163.9 (C-2), 161.5 (C-5), 160.8
(C-4′), 160.7 (C-9), 159.8 (C-7), 127.5 (C-2′ and C-6′), 123.6 (C-1′), 114.9 (C-3′ and C-5′), 109.1
(C-10), 107.5 (C-3), 96.0 (C-8), 92.8 (C-6), 72.9 (C-1”), 56.4 (OCH3), 55.7 (OCH3), 10.1 (C-2”),
3.2 (C-3” and C-4”). HRESIMS m/z 353.0805 [M+H]+ (calcd C21H20O5 352.1311).
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2.2.3. Procedure for Preparation of Compounds 6–8

Synthesis of (E) 4-Bromo-4′,6′-Dimethoxy-2′-Hydroxychalcone (6a)

IUPAC.: (E)-3-(4-Bromophenyl)-1-(2-hydroxy-4,6-dimethoxyphenyl)prop-2-en-1-one.
A mixture of equimolar amounts of 2′-hydroxy-4′,6′-dimethoxyacetophenone (300 mg,
1.53 mmol) and 4-bromobenzaldehyde (285 mg, 1.53 mmol) was taken in a RBF and 10 mL
of 50% NaOH in ethanol was added and left for 16 h at rt. The resulting yellow precipitate
was then suction filtered and washed with hexanes and CH2Cl2. The brominated chalcone
6a was then purified in a silica column using 10% EtOAc and hexanes (361 mg, 65%). 1H
NMR (400 MHz, CDCl3) δH 14.23 (s, C-2′-OH), 7.89 (d, J = 15.6 Hz, 1H, H-β), 7.71 (d,
J = 15.6 Hz, 1H, H-α), 7.55 (d, J = 8.4 Hz, 2H, H-2 and H-6), 7.47 (d, J = 8.4 Hz, 2H, H-3
and H-5), 6.13 (d, J = 2.2 Hz, 1H, H-3′), 5.98 (d, J = 2.2 Hz, 1H, H-5′), 3.93 (s, 3H, OCH3),
3.86 (s, 3H, OCH3). 13C NMR (100 MHz, CDCl3) δC 192.3 (C=O), 168.4 (C-4′), 166.4 (C-6′),
162.5 (C-2′), 140.8 (C-β), 134.5 (C-1), 132.1 (C-3 and C-5), 129.7 (C-2 and C-6), 128.1 (C-α),
124.2 (C-4), 106.3 (C-1′), 93.8 (C-3′), 91.3 (C-5′), 55.9 (OCH3), 55.6 (OCH3). HRESIMS m/z
363.1418 [M+H]+ (calcd C17H15BrO4 362.0154).

Synthesis of 5,7-Dimethoxy-4′-Bromoflavone (6b)

IUPAC.: 2-(4-Bromophenyl)-5,7-dimethoxy-4H-chromen-4-one. The brominated chal-
cone (6a) (200 mg, 0.551 mmol) was treated with 3–4 mol% of iodine crystals with a minimal
amount of DMSO at 140 ◦C for 4–6 h. The resulting white precipitate was extracted with
CH2Cl2 and was removed by filtration. The filtrate was transferred into a separatory funnel,
where the layers were separated as aqueous and organic. The organic layer was washed
with Na2S2O3, dried with Na2SO4, and concentrated. The intermediate flavonoid 6b was
purified in a silica column with 1:1 Hex-EtOAc, 3:2 EtOAc-Hex, 4:1 EtOAc-Hex, and 9:1
EtOAc-Hex (134 mg, 67%). 1H NMR (400 MHz, CDCl3) δH 7.72 (d, J = 8.7 Hz, 2H, H-3′ and
H-5′), 7.62 (d, J = 8.7 Hz, 2H, H-2′ and H-6′), 6.64 (s, 1H, H-3), 6.55 (d, J = 2.3 Hz, 1H, H-6),
6.37 (d, J = 2.3 Hz, 1H, H-8), 3.95 (s, 3H, OCH3), 3.91 (s, 3H, OCH3). 13C NMR (100 MHz,
CDCl3) δC 177.3 (C-4), 164.2 (C-2), 160.9 (C-5), 159.8 (C-9), 159.5 (C-7), 132.2 (C-3′ and C-5′),
130.4 (C-1′), 127.3 (C-2′ and C-6′), 125.8 (C-4′), 109.2 (C-10 and C-3), 96.3 (C-8), 92.8 (C-6),
56.4 (OCH3), 55.8 (OCH3). HRESIMS m/z 361.1324 [M+H]+ (calcd C17H13BrO4 359.9997).

Synthesis of 5,7-Dimethoxy-4′-Aminopropylflavone (6c)

IUPAC.: 5,7-Dimethoxy-2-(4-(propylamino)phenyl)-4H-chromen-4-one. Sodium tert-
butoxide (17 mg, 0.18 mmol), tris(dibenzylideneacetone)dipalladium (11 mg, 0.012 mmol),
and 1,1′-binaphthalene-2,2′-diylbis(diphenylphosphine) (8 mg, 0.012 mmol) were dissolved
in 5 mL of toluene. To this, the brominated intermediate flavonoid 6b (50 mg, 0.138 mmol)
and propylamine (11 mg, 0.18 mmol) were added dropwise with stirring at rt, and the
mixture was refluxed at 80 ◦C for 48 h. The nitrogenated intermediate flavonoid was
purified in a silica column using 7:3 EtOAc-Hex, 9:1 EtOAc-Hex, 100% EtOAc, and 9:1
EtOAc-MeOH (24 mg, 52%). 1H NMR (500 MHz, CDCl3) δH 7.67 (d, J = 10.9 Hz, 2H, H-2′
and H-6′), 6.61 (d, J = 10.9 Hz, 2H, H-3′ and H-5′), 6.52 (d, J = 2.6 Hz, 1H, H-6), 6.50 (s, 1H,
H-3), 6.33 (d, J = 2.5 Hz, 1H, H-8), 3.92 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 3.13 (t, J = 9.0 Hz,
2H, H2-1”), 1.66 (ddd, J = 9.2, 18.2, 9.0 Hz, 2H, H2-2”), 1.00 (t, J = 9.2 Hz, 3H, CH3-3”). 13C
NMR (125 MHz, CDCl3) δC 177.8 (C-4), 163.6 (C-2), 161.6 (C-5), 160.7 (C-4′), 159.7 (C-9),
150.9 (C-7), 127.5 (C-2′ and C-6′), 119.0 (C-1′), 112.1 (C-3′ and C-5′), 109.2 (C-10), 105.8
(C-3), 95.8 (C-8), 92.8 (C-6), 56.3 (OCH3), 55.7 (OCH3), 45.2 (C-1”), 22.5 (C-2”), 11.5 (C-3”).
HRESIMS m/z 340.2991 [M+H]+ (calcd C20H21NO4 339.1471).

Synthesis of 7-Methoxy-4′-Aminopropyl-5-Hydroxyflavone (6d)

IUPAC.: 5-Hydroxy-7-methoxy-2-(4-(propylamino)phenyl)-4H-chromen-4-one. The
nitrogenated intermediate flavonoid 6c (15 mg, 0.044 mmol) was treated with double the
moles of 1N boron tribromide (22 mg, 0.088 mmol) in the presence of CH2Cl2 at rt for
1–3 h. The reactant solution was diluted with 10:1 CH2Cl2:MeOH and then washed with
brine and water. Na2SO4 was added to the solution and left overnight. The solution was
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then filtered into a RBF, dried, and concentrated. The final compound 6d was purified in a
silica column using 1:1 Hex-EtOAc (11 mg, 77%). 1H NMR (500 MHz, CDCl3) δH 12.90 (s,
C-5-OH), 7.65 (d, J = 8.8 Hz, 2H, H-2′ and H-6′), 6.58 (d, J = 8.7 Hz, 2H, H-3′ and H-5′), 6.43
(s, 1H, H-3), 6.39 (d, J = 2.2 Hz, 1H, H-6), 6.27 (d, J = 2.2 Hz, 1H, H-8), 3.80 (s, 3H, OCH3),
3.10 (t, J = 7.2 Hz, 2H, H2-1”), 1.62 (ddd, J = 7.4, 7.2, 7.3 Hz, 2H, H2-2”), 0.96 (t, J = 7.4 Hz,
3H, CH3-3”). 13C NMR (125 MHz, CDCl3) δC 182.3 (C-4), 165.2 (C-7), 164.4 (C-2), 162.1
(C-5 and C-4′), 157.6 (C-9), 128.0 (C-2′ and C-6′), 127.5 (C-1′), 114.0 (C-3′ and C-5′), 105.4
(C-10), 103.0 (C-3), 97.9 (C-8), 92.5 (C-6), 55.8 (OCH3), 29.7 (C-1”), 22.1 (C-2”), 11.5 (C-3”).
HRESIMS m/z 326.2691 [M+H]+ (calcd C19H19NO4 325.1314).

Synthesis of 5,7-Dimethoxy-4′-Aminoisopropylflavone (7c)

IUPAC.: 2-(4-(Isopropylamino)phenyl)-5,7-dimethoxy-4H-chromen-4-one. This proce-
dure is similar to that for the preparation of the intermediate flavonoid 6c except for the
use of isopropylamine (11 mg, 0.18 mmol). The intermediate flavonoid 7c was purified in
a silica column using 9:1 EtOAc-Hex (37 mg, 79%). 1H NMR (400 MHz, CDCl3) 7.65 (d,
J = 8.7 Hz, 2H, H-2′ and H-6′), 6.58 (d, J = 8.7 Hz, 2H, H-3′ and H-5′), 6.50 (d, J = 2.2 Hz,
1H, H-6), 6.48 (s, 1H, H-3), 6.31 (d, J = 2.2 Hz, 1H, H-8), 3.90 (s, 3H, OCH3), 3.86 (s, 3H,
OCH3), 3.67 (sept, J = 6.4 Hz, 1H, H-1”), 1.22 (d, J = 6.4 Hz, 6H, H-2” and H-3”). 13C NMR
(100 MHz, CDCl3) δC 177.7 (C-4), 163.6 (C-2), 161.5 (C-5), 160.7 (C-4′), 159.7 (C-9), 150.0
(C-7), 127.5 (C-2′ and C-6′), 118.8 (C-1′), 112.5 (C-3′ and C-5′), 109.1 (C-10), 105.7 (C-3), 95.8
(C-8), 92.8 (C-6), 56.3 (OCH3), 55.6 (OCH3), 43.9 (C-1”), 22.7 (C-2” and C-3”). HRESIMS
m/z 340.3005 [M+H]+ (calcd C20H21NO4 339.1471).

Synthesis of 7-Methoxy-4′-Aminoisopropyl-5-Hydroxyflavone (7d)

IUPAC.: 5-Hydroxy-2-(4-(Isopropylamino)phenyl)-7-methoxy-4H-chromen-4-one. This
procedure is similar to that for the preparation of the final compound 6d. The final compound
7d was purified in a silica column with 9:1 Hex-EtOAc (16 mg, 83%). 1H NMR (500 MHz,
CDCl3) 13.00 (s, C-5-OH), 7.74 (d, J = 8.9 Hz, 2H, H-2′ and H-6′), 6.64 (d, J = 8.9 Hz, 2H, H-3′
and H-5′), 6.52 (s, 1H, H-3), 6.48 (d, J = 2.3 Hz, 1H, H-6), 6.37 (d, J = 2.3 Hz, 1H, H-8), 3.90
(s, 3H, OCH3), 3.75 (sept, J = 6.3 Hz, 1H, H-1”), 1.29 (d, J = 6.3 Hz, 6H, CH3-2” and CH3-3”).
13C NMR (125 MHz, CDCl3) δC 182.4 (C-4), 165.1 (C-7), 164.9 (C-2), 162.1 (C-4′), 157.6 (C-5),
150.5 (C-9), 128.1 (C-2′ and C-6′), 118.6 (C-1′), 112.6 (C-3′ and C-5′), 105.5 (C-10), 102.4 (C-3),
97.8 (C-8), 92.5 (C-6), 55.7 (OCH3), 44.1 (C-1”), 22.8 (C-2” and C-3”). HRESIMS m/z 326.2691
[M+H]+ (calcd C19H19NO4 325.1314).

Synthesis of 5,7-Dimethoxy-4′-(Cyclopropyl Methylamino)Flavone (8c)

IUPAC.: 2-(4-((Cyclopropylmethyl)amino)phenyl)-5,7-dimethoxy-4H-chromen-4-one.
This procedure is similar to that for the preparation of the intermediate flavonoid 6c except
for the use of (aminomethyl)cyclopropane (13 mg, 0.18 mmol). The intermediate flavonoid
8c was purified in a silica column using 7:3 EtOAc-Hex, 100% EtOAc, 10:1 EtOAc-MeOH,
and 100% MeOH (40 mg, 83%). 1H NMR (500 MHz, CDCl3) 7.66 (d, J = 8.5 Hz, 2H, H-2′
and H-6′), 6.66 (d, J = 8.7 Hz, 2H, H-3′ and H-5′), 6.56 (s, 1H, H-3), 6.41 (d, J = 2.2 Hz,
1H, H-6), 6.38 (d, J = 2.2 Hz, 1H, H-8), 3.97 (s, 3H, OCH3), 3.92 (s, 3H, OCH3), 3.05 (d,
J = 6.9 Hz, 2H, H2-1”), 1.12 (m, 1H, H-2”), 0.61 (dd, J = 6.0, 13.6 Hz, 2H, H-3”a and H-4”a),
0.30 (dd, J = 5.5, 10.5 Hz, 2H, H-3”b and H-4”b). 13C NMR (125 MHz, CDCl3) δC 177.8 (C-4),
163.7 (C-2), 161.5 (C-5), 160.8 (C-4′), 160.9 (C-9), 159.8 (C-7), 127.5 (C-2′ and C-6′), 119.3
(C-1′), 112.3 (C-3′ and C-5′), 109.3 (C-10), 106.0 (C-3), 96.3 (C-8), 92.8 (C-6), 56.5 (OCH3),
55.7 (OCH3), 48.5 (C-1”), 10.7 (C-2”), 3.6 (C-3” and C-4”). HRESIMS m/z 352.2586 [M+H]+

(calcd C21H21NO4 351.1471).

Synthesis of 7-Methoxy-4′-(Cyclopropyl Methylamino)-5-Hydroxyflavone (8d)

2-(4-((Cyclopropylmethyl)amino)phenyl)-5-hydroxy-7-methoxy-4H-chromen-4-one. This
procedure is similar to that for the preparation of the final compound 6d. The final compound
8d was purified in a sephadex column with 1:1 Hex-EtOAC (2 mg, 7%). 1H NMR (500 MHz,
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CDCl3) 13.00 (s, C-5-OH), 7.75 (d, J = 8.8 Hz, 2H, H-2′ and H-6′), 6.67 (d, J = 8.8 Hz, 2H, H-3′
and H-5′), 6.53 (s, 1H, H-3), 6.48 (d, J = 2.1 Hz, 1H, H-6), 6.37 (d, J = 2.1 Hz, 1H, H-8), 3.90
(s, 3H, OCH3), 3.07 (d, J = 6.9 Hz, 2H, H2-1”), 1.14 (m, 1H, H-2”), 0.63 (dd, J = 5.9, 13.0 Hz,
2H, H-3”a and H-4”a), 0.31 (dd, J = 4.9, 9.9 Hz, 2H, H-3”b and H-4”b). 13C NMR (125 MHz,
CDCl3) δC 182.4 (C-4), 165.1 (C-7), 164.9 (C-2), 162.1 (C-4′), 157.6 (C-5), 151.3 (C-9), 128.1 (C-2′
and C-6′), 118.9 (C-1′), 112.3 (C-3′ and C-5′), 105.5 (C-10), 102.5 (C-3), 97.8 (C-8), 92.5 (C-6),
55.7 (OCH3), 48.4 (C-1”), 10.7 (C-2”), 3.6 (C-3” and C-4”). HRESIMS m/z 338.2880 [M+H]+

(calcd C20H19NO4 337.1314).

2.3. Evaluation of Pan Assay Interference Compounds (PAINS)

All the designed MAO-B inhibitors were analyzed per the recently published edito-
rial [14] using the False Positive Remover [15] and the ZINC Pattern Identifier [16]. All
compounds passed the filter and were not reported as covalent inhibitors or potential
PAINS by any of these algorithms.

2.4. Monoamine Oxidase Inhibition Assay and Determination of IC50 Values for Synthesized
Compounds

To investigate the inhibitory effect of the acacetin 7-O-methyl ether analogs on human
recombinant MAO-A and MAO-B, the kynuramine oxidation deamination assay was
performed in 384-well plates as previously reported, with minor modifications [17]. A
fixed single concentration of kynuramine substrate and varying concentrations of the test
inhibitor were used to determine the IC50 values. The kynuramine concentrations for
MAO-A and -B were 80 μM and 50 μM, respectively. These concentrations of kynuramine
were twice the apparent KM value for substrate binding [9,18]. The acacetin 7-O-methyl
ether analogs were tested at the concentrations ranging from 0.001 μM to 100 μM for
MAO-A and -B inhibition assays. Enzymatic reactions were performed in 50 μL of the
assay mixture containing 0.1 M potassium phosphate buffer, pH 7.4. The inhibitors and
acacetin 7-O-methyl ether analogs were dissolved in DMSO, diluted in the buffer solution,
and pre-incubated at 37 ◦C for 10 min (the final concentration of DMSO was <1.0%).
Reactions were initiated by the addition of 12.50 μL of MAO-A (to 5 μg/mL) or -B (to
10 μg/mL). The plate was incubated for 20 min at 37 ◦C, and the enzymatic reaction was
terminated by the addition of 18.8 μL of 2N NaOH. Formation of the enzyme product,
4-hydroxyquinoline, was measured fluorometrically using a SpectraMax M5 fluorescence
plate reader (Molecular Devices, Sunnyvale, CA, USA) with excitation (320 nm) and
emission (380 nm) wavelengths and the Soft Max Pro program. The inhibition effects
of enzyme activity were calculated as percent of product formation compared to the
corresponding control (enzyme–substrate reaction) without inhibitors. Controls included
the assays where the enzyme or the substrate was added after terminating the reaction
to determine the interference with the fluorescence measurements. The IC50 values for
MAO-A and -B inhibition were calculated from the concentration-dependent inhibition
curves using XLFit® software.

The enzyme assay was performed at a fixed concentration of the substrate kynuramine
(80 μM for MAO-A and 50 μM for MAO-B) and varying concentrations of the inhibitor/test
analogs (0.01 μM to 100 μM) for MAO-A and (0.01 μM to 100 μM) for MAO-B. The dose–
response curves were generated using Microsoft® Excel and the IC50 values were calculated
using XLfit software [9].

2.5. Enzyme Kinetics, Mechanism Studies, Analysis of Reversibility, and Binding Assays of
Acacetin 7-O-Methyl Ether Analogs

For determination of the binding affinity of the inhibitor (Ki) with MAO-B, the enzyme
assays were carried out at different concentrations of kynuramine substrate (1.90 μM to
500 μM) and varying concentrations of the test compound. Acacetin 7-O-methyl ether
analogs: 1c, 2c, 3c, and 4c were tested at 0.015–0.500 μM for MAO-B to determine the Km
and Vmax values of the enzymes in the presence of the inhibitor. The controls without
inhibitor were also run simultaneously. Three sets of assays were performed at varying
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concentrations of the substrate for each experiment: one control without inhibitor and
the others at two fixed concentrations of the inhibitor. The data were analyzed by double
reciprocal Lineweaver–Burk plots to determine Ki (i.e., inhibition/binding affinity) values
and the kinetic data, namely Km, Vmax, and Ki values, were computed by SigmaPlot 12 [9].

Most of the inhibitors produce inhibition of the target enzyme activity through forma-
tion of an enzyme–inhibitor complex. Formation of the enzyme–inhibitor complex may
be accelerated in the presence of a high concentration of the inhibitor. The reversibil-
ity/irreversibility of binding of acacetin 7-O-methyl ether analogs with MAO-B was
determined from the formation of the complex by incubating the enzyme with a high
concentration of the inhibitor followed by extensive equilibrium-dialysis of the enzyme–
inhibitor complex. Recovery of the catalytic activity of the enzyme was determined by
assay of the enzyme activity before and after equilibrium-dialysis. MAO-B (0.2 mg/mL
protein) enzyme was incubated with each analog, namely acacetin (0.5 μM), 1c (1.5 μM),
2c (1.5 μM), 3c (1.5 μM), 4c (1.5 μM), and deprenyl (0.5 μM), in a total volume of 1 mL of
potassium phosphate buffer (100 mM, pH 7.4). After 20 min of incubation at 37 ◦C, the
reaction was stopped by chilling the tubes in the ice bath. All the samples were dialyzed
against potassium phosphate buffer (25 mM; pH 7.4) at 4 ◦C for 14–18 h (with three buffer
changes). The control enzyme (without inhibitor) was also run simultaneously using
the same procedure and the activity of the enzyme was determined before and after the
dialysis.

To analyze if the nature of MAO-B binding to the inhibitor was time-dependent, the en-
zyme was pre-incubated for different time periods (0–15 min) with the inhibitor concentra-
tions, which exhibited approximately 70–80% inhibition. The inhibitor concentrations used
to test time-dependent inhibition were acacetin (0.080 μM), 1c (0.100 μM), 2c (0.300 μM),
3c (0.300 μM), 4c (0.400 μM), and deprenyl (0.080 μM) with MAO-B (12.5 μg/mL). The
controls, without inhibitors, were also run simultaneously. Activities of the enzyme were
determined as described above, and the percentage of the remaining enzyme activity was
plotted against the pre-incubation time to determine time-dependent inhibition.

2.6. Molecular Modeling Studies

The crystal structures of MAO-A (PDB ID: 2Z5Y with an atomic resolution of 2.17 Å)
and MAO-B (PDB ID: 4A79 with an atomic resolution of 1.89 Å) were downloaded from the
protein databank (www.rcsb.org, accessed on 12 January 2017). The protein structural files
were prepared using the protein preparation wizard of Schrödinger suite [19]. Standard
procedures were followed for protein preparation through assigning bond orders, adding
hydrogens and removing original ones, creating zero-order bonds to metals, filling in
the missing side chains, and deleting waters beyond 5 Å from the ligand. The ionization
states were generated at pH 7.4 using Epik [20–22]. The next step was sampling water
orientations and checking for possible protonation and tautomerization states at pH 7.4.
Water molecules that did not display at least two hydrogen bonds with no-water residues
were deleted. Finally, the structure was relaxed to remove all atomic clashes using OPLS3
force field [23].

The receptor grid was generated using Glide [24–27]. The binding pocket was identi-
fied by the ligand coordinates. Because of the importance of the FAD cofactor in directing
the right pose in the substrate binding pocket [28–30], it was kept during the construc-
tion of the docking grids. The dimensions of the docking grid of MAO-A are: a grid
center of −40.89 × −26.66 × −14.85, an inner box of 10 × 10 × 10, and an outer box
of 22.59 × 22.59 × 22.59 (Å). The dimensions of the MAO-B grid are: a grid center of
14.02 × 130.51 × 25.58, an inner box of 10 × 10 × 10, and an outer box of 26.74 × 26.74
× 26.74 (Å). The soft docking protocol was followed by softening the potential of non-
polar parts of the receptor (i.e., decreasing the van der Waals radius of nonpolar atoms
to accommodate ligands). Ligands were prepared for docking using LigPrep [31]. This
step was performed for acacetin 7-O-methyl ether and for the designed compounds as
well. Possible protonation and tautomerization states were generated at a pH of 7.4 and
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the specified chiralities were retained. The lowest energy conformer of each ligand was
kept. OPLS force field was employed in the preparation step. Acacetin 7-O-methyl ether
and the designed compounds were docked into the receptor grids of MAO-A/B. The soft
docking protocol [32] was followed by using flexible ligand sampling and the soft receptor
grid. Standard docking precision was used to generate the best five poses for acacetin
7-O-methyl ether and the best pose for the other compounds.

The two most diverse poses of acacetin 7-O-methyl ether were used for molecular
dynamics simulations and mapping of the active site water molecules. Each complex
was prepared and solvated in an orthorhombic box of the TIP4P water solvation model
using Desmond system builder [33,34]. The net charge on the protein was neutralized by
adding the appropriate number of sodium ions. MD simulations were conducted using
OPLS3 force field. The FAD cofactor was included in the MD studies and it was prepared
by OPLS3 force field and charges. The cofactor showed a state penalty of 0.65 kcal/mol
and a hydrogen bond count of 16 at a negative charge of −2. Desmond’s minimization
algorithm was used to relax the MD system for 2000 iterations. Desmond’s algorithm
involves a series of energy minimizations and short MD simulations to further relax
the solvated protein before the MD production step, including two minimization steps
and 4 short MD simulation steps for 12 ps, 12 ps, 24 ps, and 24 ps at 10 K, 10 K, 300 K,
and 300 K, respectively, using the NPT ensemble. For the production step of the MD
simulations, the NPT ensemble, the Nose–Hoover chain thermostat, and the Martyna–
Tobias–Klein barostat [33,34] were used. The coordinates were saved at intervals of 25 ps,
ending with 8000 frames, and the MD simulations were sampled over 200 ns. The active
site water structure and thermodynamic stability were examined for the protein–ligand
complexes using SZMAP [35–37]. Positive (unfavorable) and negative (favorable) free
energy hydration sites of the protein–ligand complexes were identified by implementing
the semi-continuous solvation model of SZMAP to map the surface of the protein-binding
pocket.

3. Results and Discussion

3.1. Comparison of Acacetin and Acacetin 7-O-Methyl Ether with Known Flavonoids

The structural requirements of the flavonoid skeleton are provided in Figure 1 and a
simple comparison of the IC50 values of the related flavonoids (Table 1) gave more insight
into our computational approach.

Table 1. Comparison of the IC50 values of acacetin and acacetin 7-O-methyl ether with known flavonoids.

Flavonoids
MAO-A

(IC50, μM) *
MAO-B

(IC50, μM) *
Selectivity Index

MAO-A/B

Naringenin [38] 955 ± 129 288 ± 18 3.32
Chrysin [39] 0.25 ± 0.04 1.04 ± 0.17 0.24

Rhamnocitrin [40] 0.051 ± 0.001 2.97 ± 2.97 0.02
4′-O-Methyl kaempferol [38] 1.350 ± 0.198 >100 0.01

3,4′-Di-O-methyl kaempferol [41] 0.033 ± 0.042 9.667 ± 2.39 0.03
Quercetin [39] 1.52 ± 0.09 28.39 ± 5.41 0.05

Isorhamnetin [42] 6.42 ± 7.69 21.2 ± 4.99 0.30
Luteolin [43] 8.57 ± 0.47 >100 0.08
Vetulin [11] 18.79 ± 0.29 0.44 ± 0.01 42.70

Diosmetin [42] 5.74 ± 0.57 1.58 ± 0.88 3.63
Apigenin [44] 0.64 ± 0.11 1.12 ± 0.27 0.30

Genkwanin [40] 0.14 ± 0.01 0.35 ± 0.03 0.40
Acacetin [9] 0.121 ± 0.001 0.049 ± 0.0007 4.28

Acacetin 7-O-methyl ether [11] >100 0.198 ± 0.001 >505.05

* The IC50 values computed from the dose–response inhibition curves are mean ± S.D. of triplicate observations. Luteolin data were
obtained by chemiluminescent assays using a MAO-Glo kit. All other flavonoid IC50 data were obtained by spectrometric/fluorometric
techniques similar to those followed here using kynuramine as a substrate and human recombinant MAO A/B (see Section 2.4), except for
naringenin where a chromogenic solution was used and MAO A/B where a rat liver mitochondrial fraction was used.
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Figure 1. Comparison of acacetin and acacetin 7-O-methyl ether with known flavonoids.

The lack of a double bond between the C-2 and C-3 positions resulted in the depletion
of MAO inhibition as seen in the flavanone naringenin [38]. The absence of substituents on
ring B showed a slight preference for MAO-A in a manner similar to the flavone chrysin [39].
Monosubstitution on ring B of the flavonol scaffold decreased the SI of MAO-A versus
MAO-B, improving the activity towards MAO-A in a manner comparable to the flavonols
rhamnocitrin [40], 4′-O-methyl kaempferol, and 3, 4′-O-methyl kaempferol [41], while
disubstitution of ring B resulted in the loss of MAO-A activity as seen with the flavonols
quercetin [39] and isorhamnetin [42]. Dioxygenation at positions C-3′ and C-4′ on ring
B resulted in the loss of selectivity towards MAO-B in a manner similar to the flavone
luteolin [43], while methoxylation of the same positions gained MAO-B selectivity in a
manner similar to vetulin [11] and diosmetin [42], respectively. Monosubstitution of ring B
on the flavone scaffold at C-4′ resulted in no selectivity towards any MAO as seen with
apigenin [44], genkwanin [40], and acacetin [9]. Methylation of the C-7 position increased
selectivity towards MAO-B in a manner similar to acacetin-7-O-methyl ether [11]. Based
on this SAR analysis, oxygenation at the C-5 and C-7 positions of ring A is significant for
MAO inhibition. Oxygenation of the C-3 position resulted in MAO-A selectivity, while
substitution on C-4′ resulted in MAO-B selectivity.
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3.2. In Silico Optimization and Design
3.2.1. Molecular Dynamics (MD) Simulations of the Binding Modes of Acacetin and
Acacetin 7-O-Methyl Ether

Acacetin 7-O-methyl ether was recently discovered to be a selective MAO-B inhibitor
with 0.198 μM inhibition of MAO-B versus MAO-A (>100 μM) [11]. The binding character-
istics of acacetin 7-O-methyl ether were studied to understand the basis of target selectivity.
Molecular constraints were imposed on the system during docking simulations based
on our previous investigations [9]. The chemistry of the acacetin 7-O-methyl ether was
mapped with the binding site environment using molecular dynamics (MD) simulations
and thermodynamic calculations to better define the most abundant binding mode. The
same analysis was carried out for acacetin (Figures S1–S73, see Supplementary Materials).

Acacetin 7-O-methyl ether demonstrated a very strong binding interaction with MAO-
B and a very weak binding to MAO-A. Figure 2 shows the binding of acacetin 7-O-methyl
ether with and without constraints to MAO-A and -B. Acacetin 7-O-methyl ether was
docked preferentially with a docking score of −8.9 kcal/mol into MAO-B and a docking
score of −6.7 kcal/mol into MAO-A, without forcing the constraints. The benzopyranone
was located between the aromatic cages (Tyr residues) in both cases, and the terminal
phenyl group interacted with the aromatic gating amino acids (Phe208 for MAO-A, and
Tyr326 for MAO-B). Keeping the water molecules close to the gating amino acids clashed
with the phenyl group in the case of MAO-A, while it allowed two possible poses for
MAO-B.

 

Figure 2. The predicted binding modes of acacetin ether in MAO-A and MAO-B. The gating amino
acids (Ile335 and Phe208 of MAO-A, Ile199 and Tyr326 of MAO-B) and the aromatic cages (Tyr407
and Tyr444 of MAO-A, Tyr398 and Ty435 of MAO-B) are shown as sticks.

The two possible binding modes for acacetin 7-O-methyl ether in the case of MAO-B
were visualized and are shown in Figure 3. The first pose of acacetin 7-O-methyl ether
has benzopyranone facing the cofactor (referred to as pose 1, Figure 3A) and in the second
pose, the methoxyphenyl group is facing the cofactor (referred to as pose 2, Figure 3B).
Pose 1 has a better docking score compared with pose 2. The average root mean square
deviation (RMSD) of pose 1 was 3.2 Å with respect to 1.6 Å for the protein backbone over
the course of the MD simulations.
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Figure 3. The two binding modes of acacetin 7-O-methyl ether. (A) Pose 1 with benzopyranone facing the FAD. (B) Pose 2
with the methoxyphenyl group facing the FAD. The protein is shown as a cartoon (helices are colored wheat, strands are
colored red, and loops are colored green) and the ligands as sticks.

Pose 2 exhibited a RMSD value of ~1.6 Å, while the RMSD of the protein backbone
was ~2.3 Å. Large local changes were observed along the protein chains between amino
acids 99–102, particularly in the case of pose 2 (Figure S74). These local changes could be
attributed to ligand binding (Figures 4 and S75) leading to high fluctuations in the RMSD
values (Figure S74).

 

Figure 4. The 2D protein–ligand contacts for pose 1 (A) and pose 2 (B) for acacetin 7-O-methyl ether.

3.2.2. Active Site Hydration of MAO-B: MD Simulations, Thermodynamics, and Ligand
Designs

There are 10 crystallographic water molecules in the binding pocket of MAO-B, which
would have significant effects on ligand recognition and ligand design. The exact location
of active site water molecules was confirmed by thermodynamic calculations to assess
their contributions in ligand binding and target selectivity. Analysis of the MD simulations
revealed that an average of three water molecules were fluctuating near the cofactor. In
the case of pose 1, the ligand interacts with the hydrogen bond to Pro 102 through a water
molecule for ~5% of the MD simulation time. On the other hand, pose 2 showed hydrogen
bonds through water molecules to Phe 99 (less than 5%), Gly 101 (11%), and Pro 102 (~5%).
More hydrophobic contacts were observed for pose 1, while more hydrogen bonds and
water bridges were traced for pose 2 (Figure S75).

In conclusion, water molecules are more involved in the binding of pose 2 (Figures 4–6).
Several other important protein–ligand contacts for both poses were sampled over the
course of MD simulations, including hydrophobic contacts, π-π stacking, hydrogen bond-
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ing, and interactions through water bridges with Leu 171, Leu 316, Tyr 326, Tyr 398, and
Tyr 435 (Figure 4).

 

Figure 5. Water map of the MAO-B active site (A) and fitting of pose 1 (B) and pose 2 (C) with site hydration properties.
Favorable regions for water molecules and polar groups are shown as yellow surfaces; hydrophobic regions are shown in purple.

 

Figure 6. Designed acacetin 7-O-methyl ether analogs.

The active site water molecules (Figure 5A) were also investigated by water mapping
calculations to compute their free energy and predict their effect on target selectivity.
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The binding pocket of MAO-B has a hydration shell near the cofactor (which is similar
to what was found during the MD) that overlaps well with the hydroxyl group of the
benzopyranone of pose 1 (Figure 5B). Therefore, to design high-affinity ligands, we should
keep the hydroxyl group or modify the structure to have more polarity at the same position.
A hydrophobic region (a positive free energy region) was noticed at the opposite site of
FAD; and it covers the methoxyphenyl group of acacetin 7-O-methyl ether. To improve
ligand binding, the polarity should be decreased at this position. The ligand chemistry of
pose 2 did not fit well with the active site hydration map, while pose 1 showed a perfect
match (Figure 5C).

Based on the interaction profile of acacetin 7-O-methyl ether as well as the thermo-
dynamic properties of MAO-B’s active site, eight analogs were virtually designed to have
small ether and/or amine modifications at C-4′ of the acacetin 7-O-methyl ether scaffold
(Figure 6) and docked into the active sites of MAO-A and -B using Glide (Table S1).

The designed compounds were evaluated for their absorption, distribution, metabolism,
and excretion (ADME) properties. They did not show any violation of the rules of five
or three; they have a good balance of lipophilicity/hydrophilicity, and are expected to be
orally bioavailable (Table S2). The compounds mapped well with the hydrophobic regions
of the binding pocket while their polar chemistry fits with the small hydrophilic regions.
Consequently, syntheses of five small ether derivatives were planned: propyl-ether (1c),
isopropyl-ether (2c), isobutyl-ether (3c), propargylic-ether (4c), and methyl (cyclopropyl)-
ether (5c). The role of the bioisosteric change of nitrogen from oxygen was also scrutinized.
Thus, propyl amine (6d), isopropyl amine (7d), and methyl (cyclopropyl)-amine (8d) were
synthesized.

3.3. Chemistry

The synthetic routes to access the target compounds (1–5) c and (6–b) d were based
on reported synthetic procedures [45] (Schemes 1–3).

 

Scheme 1. Reagents and conditions: (a) NaOH 50%, EtOH, rt, 16–20 h; (b) I2, DMSO, 140 ◦C, 4–6 h; (c) 1N BBr3, CH2Cl2, rt,
1–3 h.
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Scheme 2. Reagents and conditions: (a) K2CO3, acetone, reflux; (b) NaOH 50%, EtOH, rt, 16–20 h; (c) I2, DMSO, 140 ◦C, 4–6 h.

 

Scheme 3. Reagents and conditions: (a) NaOH 50%, EtOH, rt, 16–20 h; (b) I2, DMSO, 140 ◦C, 4–6 h; (c) NaOtBu, Pd2(dba)3,
corresponding amines (propylamine, isopropylamine, and (aminomethyl)cyclopropane), BINAP, toluene, 80 ◦C, 48 h; (d)
1N BBr3, CH2Cl2, rt, 1–2 h.

3.3.1. Synthesis of Modified Flavonoids 1–5

Chalcones (1–4) a were afforded through Schmidt condensation by reacting 2′-hydroxy-
4′,6′-dimethoxyacetophenone I and the corresponding 4-benzaldehydes II with 50% sodium
hydroxide in ethanol. Treatment of the chalcones (1–4) with iodine crystals in a minimal
amount of DMSO underwent cyclization to yield the dimethoxylated flavonoids (1–4) b.
To obtain the target flavonoids (1–4) c, selective demethylation of position C-5 of (1–4) b

was accomplished using boron tribromide (BBr3) in CH2Cl2 (Scheme 1).
Compound 5 was prepared as seen in Scheme 2. 4—(cyclopropylmethoxy) benzaldehyde

IV was synthesized by reacting (bromomethyl) cyclopropane III with 4-hydroxybenzaldehyde
II in acetone and potassium carbonate. Chalcone 5a was prepared through Schmidt con-
densation by treatment of the cyclopropyl aldehyde IV with 2′-hydroxy-4′,6′-dimethoxyacet-
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ophenone I and 50% NaOH in ethanol. The intermediate flavonoid 5b was obtained from the
treatment of the chalcone with iodine crystals in a minimal amount of DMSO by undergoing
cyclization. Several attempts to demethylate position C-5 were unsuccessful, thereby prevent-
ing the demethylation at C-5 and releasing the alkyl group to form the hydroxyl group at
C-4′.

3.3.2. Synthesis of Modified Flavonoids 6–8

Compounds 6–8 were prepared as shown in Scheme 3 with an extra step involved in
the formation of the brominated flavonoid at C-4′. Thus, the brominated chalcone 6a was
produced by treating 2′-hydroxy-4′,6′-dimethoxyacetophenone I with 4-bromobenzaldeh-
yde V through Schmidt condensation with 50% sodium hydroxide in ethanol. The bromi-
nated flavonoid 6b was prepared from the treatment of the chalcone with iodine crystals
in a minimal amount of DMSO by cyclization. The flavonoids (6–8) c were prepared by
treating compound 6b with sodium tert-butoxide, tris(dibenzylideneacetone) dipalladium,
1,1′-binaphthalene-2,2′-diylbis(diphenylphosphine), and the corresponding amines such
as propylamine, isopropylamine, and (aminomethyl)cyclopropane in toluene. Finally, the
selective demethylated flavonoids at position 5 (6–8) d were prepared with boron tribro-
mide in dichloromethane (Scheme 3). With the exception of compound 5c, the evaluation
of MAO-A and -B inhibition was performed on the final and intermediate compounds.

3.4. Biological Assays
3.4.1. Determination of Inhibitory Effects of Modified Flavonoids and Intermediates on
MAO-A and -B

The synthesized acacetin 7-O-methyl ether analogs and their intermediates were
evaluated against MAO-A and -B inhibition assays. The IC50 values of acacetin 7-O-methyl
ether analogs were prominent against MAO-B compared with MAO-A. Flavonoid 3c

showed > 3000-fold selective inhibition for MAO-B over MAO-A (Table 2). The significant
selectivity obtained for the oxygenated analogs clearly validated our design. Bioisosteric
replacement of oxygen with nitrogen at position C-4′ diminished the selectivity of MAO-B
considerably (see Table 2). The presence of the hydroxyl group at C-5 showed increased
selectivity towards MAO-B. Thus, the activity and selectivity are increased for the series
as follows: hydroxyls at C-5 (1c–4c) > protected-methylated flavonoids at C-5 (1b–6b) >
chalcones (1a–6a) > amine flavonoids at C-4′ (6c,d–8c,d). Compounds (1–4) c exhibited
more than a thousand-fold SI (Table 2), equal to or more potent than safinamide (Table 2),
and were considered for further studies to understand their mechanisms of inhibition.
Figure S76 shows the inhibition dose–response for the potent analogs (1–4) c.

3.4.2. Evaluation of MAO-B Inhibition Kinetics and Analysis of Binding and
Time-Dependent Inhibition of Modified Flavonoids (1–4) c

Modified flavonoids (1–4) c were evaluated against MAO-B at varying concentrations
of kynuramine, a nonselective substrate, to investigate the nature of inhibition of the
enzymes. Based on dose–concentration inhibition, three to five concentrations (below and
above the concentration of IC50 values) were selected for the inhibition kinetics experiment.
Modified flavonoids (1–4) c inhibited the enzymatic activity of MAO-B with considerably
high affinity Ki at nanomolar units with a range from 43 to 68 nM (Table 3).

Binding of modified flavonoids (1–4) c with human MAO-B affected Km (i.e., the affinity
of the substrate for the enzyme) as well as Vmax (maximum enzyme activity) values, indicating
the type of MAO-B inhibition by the analogs: flavonoid 1c (mixed/partially reversible), 2c

(mixed/partially reversible), 3c (mixed/irreversible), and 4c (mixed/irreversible) (Table 3,
Figure 7).

298



Biomedicines 2021, 9, 1304

Table 2. Inhibition (IC50 values) of recombinant human monoamine oxidases A and B by acacetin
7-O-methyl ether analogs and intermediates.

Synthesized
Analogs

MAO-A (IC50, μM) * MAO-B (IC50, μM) *
Selectivity Index

MAO-A/B

1a 0.515 ± 0.024 0.40 ± 0.024 1.3
2a 0.117 ± 0.05 0.049 ± 0.0035 2.4
3a 0.42 ± 0.002 0.22 ± 0.0211 1.9
4a 9.42 ± 1.78 8.33 ± 0.7871 1.1
5a 1.30 ± 0.09 0.90 ± 0.035 1.4
1b >100 1.70 ± 0.076 >58.8
2b >100 2.64 ± 0.0880 >37.9
3b >100 7.23 ± 2.1438 >13.8
4b >100 >100 >1
4a 9.42 ± 1.78 8.33 ± 0.7871 1.1
4b >100 >100 >1
5b >100 22.82 ± 2.098 >4.4
1c 48.78 ± 2.01 0.033 ± 0.0042 1478.2
2c 30.74 ± 0.023 0.016 ± 0.0070 1921.3
3c >100 0.031 ± 0.0070 >3225.8
4c 62.70 ± 5.21 0.049 ± 0.0014 1279.6
6a 12.349 ± 0.249 >100 >0.1
6b 87.830 ± 5.449 28.407 ± 2.639 3.1
6c >100 22.097 ± 2.479 >4.5
7c 37.492 ± 0.476 9.447 ± 0.113 4.0
8c 39.095 ± 5.144 12.727 ± 0.290 3.1
6d 85.484 ± 1.585 1.554 ± 0.137 55.0
7d 40.500 ± 2.374 0.417 ± 0.012 97.1
8d 39.114 ± 0.555 2.185 ± 0.088 17.9

Acacetin 0.105 ± 0.0014 0.042 ± 0.0021 2.5
Acacetin 7-O-methyl

ether [11] >100 0.198 ± 0.001 >505.05

Clorgyline 0.0039 ± 0.0002 2.15 ± 0.212 0.002
Deprenyl 33.00 ± 1.411 0.046 ± 0.0014 717.4

Safinamide [46] 90.00 ± 2.470 0.060 ± 0.005 1500.0
Harmine 0.0031 ± 0.0003 39.000 ± 1.412 0.00008

* The IC50 values computed from the dose–response inhibition curves are the mean ± S.D. of triplicate observa-
tions.

Table 3. Inhibition/binding affinity constant (Ki) values for inhibition of recombinant human MAO-B by modified flavonoids
(1–4) c, acacetin, acacetin 7-O-methyl ether, and deprenyl.

Compound
Monoamine Oxidase A Monoamine Oxidase B

Ki (nM) * Type of Inhibition Ki (nM) * Type of Inhibition

1c - - 43 ± 3.8 mixed/partially reversible
2c - - 52 ± 3.1 mixed/reversible
3c - - 37 ± 9.5 mixed/irreversible
4c - - 68 ± 7.1 mixed/irreversible

Acacetin 30 ± 1.8 competitive/reversible 21 ± 1.8 competitive/reversible
Acacetin 7-O-methyl ether

[11] – 45 ± 3.0 competitive/partially reversible

Deprenyl - - 43 ± 4.0 mixed/irreversible

* Values are the mean ± S.D. of triplicate experiments.
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Figure 7. Kinetic characteristics of inhibition of recombinant human MAO-B with [A] deprenyl [B] acacetin, [C] 1c, [D] 2c,
[E] 3c, and [F] 4c; V = nmoles/min/mg protein and S = substrate kynuramine concentration (μM).

The binding characteristics of the modified flavonoids (1–4) c with MAO-B were
examined by equilibrium dialysis to measure the dissociation of the enzyme–inhibitor
complex (Figure 8). MAO-B enzyme was incubated with the highest concentration of the
analogs for 20 min at 37 ◦C to allow for binding of the inhibitor with the enzyme and
formation of the enzyme–inhibitor complex. Then, the mixtures of the enzyme–inhibitor
complex were dialyzed overnight at 4 ◦C using 25 mM KHPO4 (pH 7.4) buffer. The enzyme
activities were examined before and after dialysis. Incubation of MAO-B with 1.5 μM
of modified flavonoids (1–4) c caused more than 70% inhibition of activity and only the
enzyme activities of 1c (30%) and 2c (66%) were recovered after dialysis. Thus, the binding
of 1c was partially reversible, while 2c was reversible with MAO-B (Figure 8, Table 3).

To inspect the time-dependent binding inhibition of MAO-B, the enzyme was pre-
incubated with the analog for 0 to 15 min at concentrations that caused nearly 40–80%
inhibition depending on the analog (Figure S77). For compounds 1c, 3c, and 4c, 70–80%
inhibition was seen at the concentrations given in Figure S77. Meanwhile, compound 2c

showed 30–50% of MAO-B enzyme inhibition. The control enzyme without inhibitor was
also run concurrently. For validation, the MAO- B standards were run simultaneously for
the time-dependent assay.

3.5. Computational Analysis of Enzyme–Inhibitor Interactions for Modified Flavonoids (1–4) c

Based on the remarkable experimental selectivity of MAO-B towards the designed
compounds (1–4) c, further computational analysis was conducted. These analogs did
not show good docking poses in MAO-A due to the clashes between the R group and the
amino acids in the substrate binding site. The size and nature of the R group are essential
for selective targeting. In general, these four acacetin 7-O-methyl ether analogs exploited
the hydrophobic nature of the amino acids in the binding pocket of MAO-B, particularly
Tyr 398 and Tyr 435, near the FAD cofactor by forming π-π stacking with their aromatic
functionalities. The non-polar nature of the R group matches the hydrophobic nature of the
Leu and Ile amino acids on the other side of the binding site. Considerable hydrophobic
contacts were observed between the ligands and Leu 167, Leu 171, Ile 199, Tyr 236, and
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Phe 343. The ligands placed properly their polar chemistry to form strong hydrogen bonds
with the backbones of Leu 171, Ile 199, and the side chain of Gln 206 (Figure 9). There is
room in the binding pocket for water molecules to bridge the interactions between the
ligands and amino acids, principally near the FAD.

Figure 8. Analysis of the nature of binding of deprenyl (0.5 μM), acacetin (0.5 μM), 1c (1.5 μM), 2c

(1.5 μM), 3c (1.5 μM), and 4c (1.5 μM) with recombinant human MAO-B by recovery of catalytic
activity of the enzyme after equilibrium dialysis dissociation. Each bar shows the mean ± S.D. of
triplicate values.

 

Figure 9. Binding modes of acacetin 7-O-methyl ether derivatives and surrounding amino acids. The amino acids that
interact with the ligand are shown as lines (A), Compounds 1c (B), 2c (C), 3c (D), and 4c (E,F). There are two possible
orientations for 4c in the binding site.

4. Conclusions

Based on our understanding of the SAR of the flavonoid skeleton and the molecular
modeling studies, eight flavonoid analogs were designed. All the analogs did not demon-
strate acceptable docking poses in the active site of MAO-A but they had good binding
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scores in MAO-B (Table S1). They also fitted well with the thermodynamic properties of
the MAO-B active site. The flavonoid compounds with O-propyl, O-isopropyl, O-isobutyl,
and O-propargyl substituents showed excellent selectivity towards MAO-B, in the range of
a 1200- to 3200-fold difference from MAO-A.

Rasagiline and selegiline are FDA-approved irreversible MAO-B inhibitors that ex-
hibited a selectivity of 103- and 127-fold against MAO-A, while safinamide is a reversible
MAO-B inhibitor with a selectivity of 1000–1500-fold towards MAO-B [8,9,46]. The syn-
thesized flavonoids O-propyl and O-isopropyl are reversible MAO-B inhibitors with a
selectivity of 1478- and 1921-fold against MAO-A, respectively. O-isobutyl was the most
selective of all the synthesized compounds with 3225-fold selectivity towards MAO-B,
while O-propargyl exhibited 1279-fold selectivity. O-isobutyl and O-propargyl were both
irreversible MAO-B inhibitors. O-propyl, O-isopropyl, O-isobutyl, and O-propargyl sub-
stituents are potential candidates worth pursuing. Based on the results of these derivatives,
(1–4) c with O-alkyl (a short chain with three to four carbon atoms) substituents at position
C-4′ yield high selectivity toward MAO-B. The nitrogen amine series did not display any
significant selectivity towards MAO-B. This could be attributed to the high electroneg-
ativity of oxygen compared with nitrogen. The study of the longer alkyl chain on C-4′
should be explored. It is also worth pursuing the introduction of halogens at position
7, which might help improve the ADMET properties. Introduction of an electronegative
atom such as nitrogen at position 8 would be interesting to understand the SAR of ring
A in MAO activity. Another chemical modification that would help us to understand
the activity of MAO-B versus MAO-A in the flavonoid scaffold that is worth exploring is
the substitution of the B ring, introducing O-substituent groups at position C-3′ or C-4′
as on vetulin or diosmetin (see Table 1), which both show a slight preference towards
MAO-B. Flavonoids have limited clinical use due to their significant challenges related
to the pharmacokinetic and pharmacodynamic profiles. They have poor oral absorption
along with extensive hepatic metabolism and low solubility, thereby resulting in poor
bioavailability [12]. Modifying the chemical structure by substituting the flavonoid rings
can help overcome the solubility issue. For example, the C-7 position on the A ring can be
replaced with fluorine to improve its solubility and bioavailability.
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computational interactions of acacetin and acacetin 7-O-methyl ether and MAO-A and MAO-B, and
docking scores and ADME predictions for acacetin 7-O-methyl ether analogs (PDF).
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Abstract: The cyclin-dependent kinase 7 (CDK7) plays a crucial role in regulating the cell cycle
and RNA polymerase-based transcription. Overexpression of this kinase is linked with various
cancers in humans due to its dual involvement in cell development. Furthermore, emerging evidence
has revealed that inhibiting CDK7 has anti-cancer effects, driving the development of novel and
more cost-effective inhibitors with enhanced selectivity for CDK7 over other CDKs. In the present
investigation, a pharmacophore-based approach was utilized to identify potential hit compounds
against CDK7. The generated pharmacophore models were validated and used as 3D queries
to screen 55,578 natural drug-like compounds. The obtained compounds were then subjected to
molecular docking and molecular dynamics simulations to predict their binding mode with CDK7.
The molecular dynamics simulation trajectories were subsequently used to calculate binding affinity,
revealing four hits—ZINC20392430, SN00112175, SN00004718, and SN00262261—having a better
binding affinity towards CDK7 than the reference inhibitors (CT7001 and THZ1). The binding mode
analysis displayed hydrogen bond interactions with the hinge region residues Met94 and Glu95,
DFG motif residue Asp155, ATP-binding site residues Thr96, Asp97, and Gln141, and quintessential
residue outside the kinase domain, Cys312 of CDK7. The in silico selectivity of the hits was further
checked by docking with CDK2, the close homolog structure of CDK7. Additionally, the detailed
pharmacokinetic properties were predicted, revealing that our hits have better properties than
established CDK7 inhibitors CT7001 and THZ1. Hence, we argue that proposed hits may be crucial
against CDK7-related malignancies.

Keywords: CDK7; cancer; pharmacophore; molecular docking; MD simulation; MM-PBSA; pharma-
cokinetic properties

1. Introduction

Cancer is one of the leading causes of death in the 21st century and the most critical
obstruction for the upsurge of the global lifespan [1]. As a result, the pharmaceutical
industry and scientific communities have all focused on reducing the cancer-related death
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rate, with the expectation of rapid development of effective and safe cancer treatment.
Generally, the genetic alteration in signaling pathways that control cell-cycle progression,
apoptosis, and cell growth is the common hallmark of the disease progression [2]. Among
the reasons mentioned above, the abnormal cell cycle is one of the most protruding features
of tumor cells. Anomalous expression of cell-cycle-related proteins provides tumor cells
their invasive, metastatic, drug-resistant, and anti-apoptotic properties [3]. The cell cycle is
a highly regulated process managed by numerous checkpoints to safeguard the division
and proliferation in an ideal way. The central machines that drive the cell-cycle progression
are mediated by cyclin-dependent kinases (CDKs) and partner cyclins [4,5]. The CDKs
are a family of approximately 20 serine/threonine kinases that regulate the fundamental
processes [6]. CDKs are primarily divided into two main groups; the first ones are the
cell-cycle linked CDKs (CDK1, 4, and 6) that directly regulate the cell-cycle progression,
and the second ones are the transcription-linked CDKs (CDK7, 8, 9, 12, and 13) [7]. CDK7
is a unique member of the CDK family among transcription-associated kinases due to its
dual function in cell-division control and transcription [8]. CDK7 forms a dimeric complex
with MAT1, which is an element of various chromatin remodeling complexes. Furthermore,
the dimeric complex with additional involvement of cyclin H is known as CDK-activating
kinase (CAK), which phosphorylates the T-loop of corresponding CDK members (CDKs
1, 2, 4, and 6) to regulate the cell cycle [9,10]. The transcriptional regulation by CDK7
or CAK is performed by phosphorylating the carboxy-terminal domain (CTD) of RNA
polymerase II at serine 5 and 7, as well as other transcription factors [11–13]. Bartkova et al.,
have identified the expression of CDK7 in normal and tumor cells for the first time [14].
According to recent studies, CDK7 overexpression is reported in various malignancies
such as hepatocellular carcinoma, gastric cancer, oral squamous cell carcinoma, breast
cancer, ovarian cancer, high-grade glioma, cholangiocarcinoma, pancreatic cancer, and
colorectal cancer with aggressive clinicopathological features and poor prognosis [15–25].
As a result of CDK7’s direct involvement in numerous cancers, it has become an attractive
target in cancer therapy [26–28]. To date, only one ATP-bound human CDK7 crystal
structure is known [29]. The structure reveals that the ATP-binding site is located in the
cleft between the residues of the N-terminal and C-terminal lobes. Interestingly, CDK7
has a 44% sequence similarity with CDK2 with a reported root mean square deviation of
1.25 Å [29]. The available structural and functional information of CDK7 was exploited
previously by researchers to develop inhibitors that can bind to the ATP-binding site of
CDK7 [28,30–32]. The literature survey confirms that great progress has been made over the
past few years in discovering and developing CDK inhibitors during the last decade. Still,
unfortunately, very few inhibitors were reported effective against CDK7 due to adverse
effects and low efficacy [30,31]. The CDK7 inhibitors are classified either as reversible
or irreversible. The first selective, reversible small-molecule inhibitor identified against
CDK7 was BS-181, inhibiting CDK7 with a half-maximal inhibitory concentration (IC50)
of 21 nM [33]. Interestingly, BS-181 was derived using computer-aided drug designing
from roscovitine. Further studies based on BS-181 led to the identification of ICE0942
(CT7001) which inhibited CDK7 with an IC50 of 40 nM and is currently under Phase I
clinical trials [30,34,35]. The inhibitors mentioned above have demonstrated nanomolar
potency against CDK7 while inhibiting numerous other CDK family members, limiting
their usage as selective inhibitors [31]. Intriguingly, Nathanael’s group identified THZ1,
a phenylaminopyrimidine derivative, as the first irreversible ATP-competitive (covalent)
inhibitor, inhibiting CDK7 with an IC50 of 3.2 nM and showing less affinity towards
other CDK members [36]. To further improve the potency and selectivity of THZ1, Syros
Pharmaceuticals developed SY-1365 which inhibits CDK7 with an IC50 of 84 nM and is
currently under Phase I clinical trials [30]. Apart from small success in inhibiting CDK7,
there is a continuous need for research in the design of selective inhibitors due to the dual
role of CDK7 in cell-cycle regulation and transcription. A survey of literature reported
numerous studies for inhibiting CDK7 considering in vitro or in silico strategies. However,
a ligand- and structure-based pharmacophore study has not reported for CDK7 to date.
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Therefore, the present study was undertaken to explore the molecular mechanism of
the selective binding of inhibitors with CDK7 over CDK2. In the current study, ligand-
and structure-based pharmacophore models were generated to obtain the key features
responsible for CDK7 inhibition. The generated pharmacophore models were validated
and used as 3D queries to screen a drug-like database of natural compounds. The obtained
compounds were subsequently subjected to molecular docking for the identification of the
binding mode with CDK7. Furthermore, molecular dynamics simulations were performed
on individual complexes to study the stability and binding affinity of the potential inhibitors
with CDK7 under physiological conditions. The identified hit compounds were then
checked for their in silico selectivity towards CDK7 over CDK2, using molecular docking
studies. Finally, the detailed in silico pharmacokinetic properties were predicted for the
identified hits, which may be helpful for their optimization or synthesis for further studies.

2. Materials and Methods

2.1. Ligand-Based Pharmacophore Generation

The ligand-based pharmacophore can be built as either a qualitative (common feature
pharmacophore) or quantitative (3D-QSAR) model [37]. Owing to the lesser number of
inhibitors reported against CDK7 to date, a reliable 3D-QSAR model cannot be generated.
Therefore, in the present study, a ligand-based common feature pharmacophore approach
was selected. In the literature, two types of inhibitors were reported for CDK7 inhibition,
viz. selective or non-selective [28,30,31]. Rationally, a small set of well-known selective
inhibitors was selected as a training set for hypothesis generation [31]. The training set
compounds were downloaded from the PubChem database in SDF format and checked
manually in Discovery Studio (DS) v18 (www.accelrys.com (accessed on 25 March 2021))
Accelrys Inc. San Diego, CA, USA). The compounds were then energy minimized using
the Steepest Descent algorithm with CHARMM force field in DS. Before pharmacophore
generation, the Feature Mapping module of the DS was used to identify the most common
features of the training set compounds. The pharmacophore model generation was then
carried out with the Common Feature Pharmacophore Generation module of DS. This
module is based on the Hip-Hop algorithm, which identifies the three-dimensional (3D)
spatial arrangements of chemical features common to training set molecules. A maximum
of 255 hypothesis conformations were generated using the BEST algorithm with an en-
ergy threshold of 20 kcal/mol. Ten pharmacophore models were generated with various
parameters such as the rank of the hypothesis, features, direct hit, partial hit, and max
fit. During the hypothesis generation, special weightage was given to well-known CDK7
inhibitors—CT7001 and THZ1—by applying Principal and Max Omit feat values 2 and
0, respectively, to ensure that the inhibitor’s chemical features are considered in building
pharmacophore space [38]. At the same time, other training set compounds were regarded
as reasonably active, where all but one feature must map to the compound.

2.2. Structure-Based Pharmacophore Generation

To build a reliable structure-based pharmacophore model, a protein’s 3D structural
complex with a highly active ligand is a prerequisite. Lolli et al., reported the first X-ray
crystal structure in 2004 for CDK7 in complex with ATP [29]. Thenceforth, no other ligand-
bound X-ray crystal structure was reported with CDK7. Interestingly, electron microscopy
(EM)-derived CDK7 structure, bound with the highly selective covalent inhibitor, THZ1,
was deposited recently in Protein Data Bank (PDB) (PDB ID: 6XD3) [39]. The structure was
downloaded and prepared in DS using the Clean Protein module. The unwanted molecules
were removed, and the Receptor-Ligand Pharmacophore Generation module was used
to generate the pharmacophore model. This module develops selective pharmacophore
models based on protein–ligand interactions [40]. The BEST algorithm was opted for the
conformation generation with the flexible fitting method, which generates ten hypotheses
with different feature sets and selectivity scores. The best hypothesis was selected based on
validation parameters and key interacting features with active site residues.
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2.3. Validation of the Pharmacophore

Validation of the pharmacophore model is an essential step for its selection and
evaluation. In the present study, two commonly used validation approaches, mainly, the
receiver operating characteristic (ROC) curve and the Güner–Henry (GH) approach, were
used [41,42]. The ROC curve analysis was performed during hypothesis generation in both
ligand- and structure-based procedures. First, a small dataset was prepared with known
active and inactive compounds. The four compounds used for pharmacophore generation
were considered as known actives, and the other eight were taken as inactive. The top
three hypotheses from each approach were selected and further validated with a second
validation technique, the GH or decoy set method. A decoy set of 110 compounds was
generated with 6 already known active inhibitors of CDK7 (IC50 < 100 nm) [30,31] and
104 inactive compounds. The Ligand Pharmacophore Mapping module in DS was used
to screen the decoy dataset. The resulting mapping data were used for assessment of the
pharmacophore quality by evaluating the following equation:

GF =

(
Ha

4HtA

)
(3A + Ht)×

{
1 − Ht − Ha

D − A

}

The selected and validated hypotheses from the ligand- and structure-based phar-
macophore procedures were exploited as 3D queries to screen four natural compound
databases in DS.

2.4. Drug-like Database Generation and Virtual Screening

Four natural compound libraries (ZINC, SuperNatural2, ExiMed, and InterBioScreen)
were considered in the present study. To retrieve the drug-like small-molecule compounds
from these libraries, it is recommended to filter the huge number of compounds during
early steps to save time and unnecessary effort at a later stage in drug discovery [43,44].
Therefore, the libraries were filtered at first with Lipinski’s rule of five (Ro5) and then for
their ADMET (absorption, distribution, metabolism, excretion, and toxicity) properties in
DS [45,46]. The validated hypotheses from the ligand- and structure-based approaches
were then used to map the compounds using the Ligand Pharmacophore Mapping protocol
in DS, with the FAST algorithm for generating the conformations with the flexible fitting
method. The obtained compounds were then checked manually aligning with the generated
models, and the most appropriate ones were selected for the molecular docking study.

2.5. Molecular Docking

Molecular docking is a productive and cost-effective technique in computational drug
design to identify and assess molecular interactions between the ligands and receptors [47].
In the present work, the aforementioned drug-like database constructed from natural
sources was used for docking with the active site of CDK7 using the Genetic Optimization
for Ligand Docking (GOLD v5.2.2) program [48]. The only available inhibitor-bound struc-
ture of CDK7 (PDB ID: 6XD3) was used for the molecular docking study. The active site
for molecular docking was defined within a 13.10 Å radius around the THZ1, using DS’s
Define and Edit Binding Site module. The docking sphere’s X, Y, and Z coordinates were
116.84, 95.12, and 79.66, respectively. In general, ten docking runs/ligand were performed
for consensus generation. For the scoring of ligands, the commonly used scoring function-
GoldScore fitnesswas used. The GoldScore fitness function is a molecular mechanics-like
function optimized for predicting the ligand-binding site considering hydrogen bonding
energy, van der Waals energy, metal interactions, and torsion deformations [49]. Higher
GoldScore than reference (REF) inhibitors were used as a cut-off criterion for the selection
of potential CDK7 binders. The compounds were further filtered based on their binding
mode and vital residual interactions with active site residues reported as necessary for
inhibiting CDK7 in the cell.
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2.6. Molecular Dynamics Simulation

Molecular dynamics (MD) simulations were conducted using the Groningen Machine
for Chemical Simulations (GROMACS v5.1.5) to understand better the molecular interac-
tion mechanism of protein and potential hit chemicals under physiological settings in a
better way [50]. The simulation parameters and coordinates of CDK7 and potential hit
compounds were generated using CHARMM27 force field in GROMACS and SwissParam,
respectively [51,52]. The TIP3P water model was used for hydration during the simulation
run, and the prepared system was energy minimized with a force of 10 kJ/mol to avoid
steric hindrance. The equilibration step was performed under NVT and NPT ensembles
for 500 ps at 300 K, using a V-rescale thermostat and Parrinello–Rahman barostat, respec-
tively [53,54]. All the simulations were run under periodic boundary conditions for 50 ns.
The MD simulation trajectories were analyzed using DS and visual molecular dynamics
(VMD) [55].

2.7. Binding Free Energy Calculations

The docking studies used to calculate the binding affinity for the target protein ig-
nores the flexibility of the protein. Despite the advantage of screening large libraries of
ligands in a short time, the docking scoring functions often lead to inconsistent results [56].
Therefore, a more reliable method, molecular mechanics Poisson−Boltzmann surface area
(MM-PBSA), is generally used to rank the simulated complexes. The combined MD simu-
lations and MM-PBSA calculations can incorporate the conformational fluctuations and
entropic contributions to the binding energy [57]. The g_mmpbsa plugin tool in GROMACS
was used to calculate the binding free energy from MD simulation trajectories [58]. The
precise method used to calculate the binding free energy can be found elsewhere [59]. In
general terms, the binding free energy of the protein–ligand complex in the solvent can be
calculated as

ΔGbind = Gcomplex −
(

Gprotein + Gligand

)
where Gcomplex is the total free energy of the protein–ligand complex whereas Gprotein and
Gligand are the total free energies of the protein and ligand alone in the solvent, respectively.
The final ΔGbind value for the CDK7–ligand complex was computed as the average value
from the last 40 to 50 ns of the MD simulation trajectories.

2.8. In Silico Specificity over CDK2

Designing small-molecule inhibitors with selectivity profiles that will ultimately be
successful in the clinic is a huge concern in kinase drug research due to higher similarities
among the family members [60,61]. The literature survey reveals that CDK7 shares high
similarities with one of its family members, CDK2 [29]. Therefore, to select a specific in-
hibitor for CDK7, we performed molecular docking of the selected hits from MD simulation
analysis with CDK2. The crystal structure of CDK2 in complex with CT7001 was obtained
from PDB (PDB ID: 5JQ5) [62]. As mentioned earlier, the structure was prepared in DS, and
the GOLD program was used for molecular docking with similar docking parameters. The
results were analyzed based on docking scores and fundamental residual interactions.

2.9. In Silico Prediction of Pharmacokinetic Properties

Predicting the pharmacokinetic properties (PK) using in silico tools is a common step
in drug discovery to identify novel inhibitors [38,63,64]. The PK properties, including sub-
categories in absorption, distribution, metabolism, excretion, and toxicity of a particular
compound, were considered. The detailed in silico prediction of the PK properties might
be helpful for further optimization of the selected hit as a successful leader. Therefore, in
the present study, PK properties were predicted using an online webserver, pkCSM [65].
The selected hits were converted to their SMILES format in BIOVIA Draw and used as
input for assessing their properties (http://biosig.unimelb.edu.au/pkcsm/ (accessed on
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30 May 2021)). The output results were analyzed according to the threshold values and
compared with REF inhibitors CT7001 and THZ1 used in the study.

3. Results

The identification of prospective and specific inhibitors of CDK7 was conducted in
the present study using several computational methodologies. A general overview of the
study is depicted (Figure 1).

Figure 1. Schematic workflow for ligand and structure-based drug design used in the present study.

3.1. Ligand-Based Pharmacophore Generation

A qualitative common feature pharmacophore model was generated using a small
group of selective inhibitors known against CDK7 (Figure 2).

The Feature Mapping module in DS was used to select the most common features
present in the training set compounds, which revealed a higher number of hydrogen bond
donor (HBD), hydrogen bond acceptor (HBA), ring aromatic (RA), hydrophobic (HYP),
and positive ionizable (PI) features. The obtained information was then used as input for
the pharmacophore generation. A total of ten hypotheses (Hypo) were generated with a
narrow range of ranking scores (67.71 to 69.73), indicating that all ten models’ features
were spatially ordered. A deeper insight revealed that a minimum of 3–5 HBD features
was present in all the hypotheses. A detailed overview of the generated hypothesis is given
(Table 1).
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Figure 2. The two-dimensional structures of the compounds used as a training set for ligand-based
common feature pharmacophore generation.

Table 1. The chemical features of 10 hypotheses that were generated for CDK7 using the Hip-Hop algorithm.

Sr. No. Features a Rank b Direct Hit c Partial Hit d Max Fit e

Hypo1 HYA, HBD, HYP, HBD, HBD, HBD 69.73 1111 0000 6
Hypo2 HYA, HYA, HBD, HYP, HBD, HBD, HBD 69.51 1111 0000 7
Hypo3 HYA, HBD, HYP, HBD, HBD, HBD 68.80 1111 0000 6
Hypo4 RA, HYA, HYP, HBD, HBD, HBD 68.72 1111 0000 6
Hypo5 RA, HYA, HYP, HBD, HBD, HBD 68.39 1111 0000 6
Hypo6 RA, HYA, HYP, HBD, HBD 68.39 1111 0000 6
Hypo7 HYA, HBD, HBD, HBD, HBD, HBD 68.18 1111 0000 6
Hypo8 HYA, HBD, HYP, HBD, HBD, HBD 67.86 1111 0000 6
Hypo9 HYA, HBD, HYP, HBD, HBD, HBD 67.79 1111 0000 6
Hypo10 HYA, HBD, HYP, HBD, HBD, HBD 67.71 1111 0000 6
a Features: HBA—hydrogen bond acceptor, HBD—hydrogen bond donor, HYP—hydrophobic, RA—ring aromatic. b Rank: Higher the
ranking score, probability of chance correlation is less. c Direct hit: Indicates whether (1 or 0) a training set molecule mapped every feature
in hypothesis. d Partial hit: A training set molecule mapped every but one feature in hypothesis. e Max fit: Maximum number of features in
a hypothesis.

As mentioned in the Section 2, a validation step with ROC was performed simulta-
neously during the generation of the hypothesis. The ROC results revealed that Hypo1,
Hypo2, and Hypo7 showed the highest specificity score of 0.75, 0.87, and 0.87, respectively
(Table S1). The specificity score is the fraction of the genuinely inactive compounds being
correctly recognized, and its value ranges from zero to one [66]. Therefore, the hypotheses
mentioned above were selected for further analysis based on ROC analysis (Figure S1).

3.2. Structure-Based Pharmacophore Generation

The CDK7 structure consists of an N- and C-terminal, which includes the kinase
domain of the protein ranges from 12 to 295 amino acids (Figure 3A,B). The ATP-binding
region of the protein primarily contains residues 90 to 170 (Figure 3C,D).

The Receptor-Ligand Pharmacophore Generation protocol generated a total of ten hypothe-
ses with five to six features. A minimum of three to four features was hydrophobic in all
the hypotheses, and the selectivity score ranged from 8.79 to 10.31. A detailed summary of
the hypothesis, such as the number and types of features, and selectivity score, is given
(Table 2). The ROC analysis further revealed Hypo1, Hypo3, and Hypo4 displayed a speci-
ficity value of 0.75, 0.75, and 0.87 in terms of identifying inactive compounds; therefore,
these hypotheses were initially selected for further study (Table S2 and Figure S1).
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Figure 3. Generation of the structure-based pharmacophore. (A) CDK7 in complex with THZ1 was
used to generate pharmacophore hypothesis. The N- and C-terminal of CDK7 are shown in tan and
purple color, respectively. The region outside of the kinase domain is shown in pink. THZ1 is shown
as a black stick. (B) The 3D representation of the pharmacophore inside the ATP-binding pocket of
CDK7. (C,D) Mapping of pharmacophore hypothesis with the ATP-binding site residues and residue
located outside the kinase domain Cys312 of CDK7. The surrounding residues are shown as sticks,
and the hypothesis features are represented as hydrogen bond donor (HBD, magenta), hydrophobic
(HYP, cyan), and hydrogen bond acceptor (HBA, green).

Table 2. The chemical features of 10 hypotheses that were generated for CDK7, using structure-based pharmacophore
modeling.

Sr. No. Number of Features Features Set Selectivity Score

Hypo1 6 HBA, HBA, HBD, HYP, HYP, HYP 10.31
Hypo2 6 HBA, HBD, HYP, HYP, HYP, HYP 10.31
Hypo3 6 HBA, HBD, HYP, HYP, HYP, HYP 10.31
Hypo4 6 HBA, HBA, HBD, HYP, HYP, HYP 10.31
Hypo5 6 HBA, HBA, HBD, HYP, HYP, HYP 10.31
Hypo6 6 HBA, HBA, HBD, HYP, HYP, HYP 10.31
Hypo7 6 HBA, HBA, HYP, HYP, HYP, HYP 9.39
Hypo8 5 HBA, HBD, HYP, HYP, HYP 8.79
Hypo9 5 HBA, HBD, HYP, HYP, HYP 8.79

Hypo10 5 HBA, HBD, HYP, HYP, HYP 8.79

3.3. Pharmacophore Validation

Hypothesis validation is an essential step in pharmacophore modeling to check the
performance of the hypothesis generated. The two commonly used approaches, ROC and
GH, were used to validate the generated hypotheses [41,42]. Based on ROC, we initially
selected the top three hypotheses from both pharmacophore approaches as mentioned in
the above sections (Figure S1). Then, selected hypotheses were further subjected to valida-
tion by the GH approach. A test set of 106 inactive and 6 active (IC50 < 100) compounds
were compiled and named as decoy set [30,31]. The mapping analysis revealed that in the
ligand-based approach, Hypo7 was found to have the highest GH score of 0.75, followed by
Hypo2 and Hypo1. On the other hand, in the structure-based approach, Hypo4 displayed
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a GH score of 0.83, followed by Hypo3 and Hypo1. A detailed analysis of the GH method
for both approaches is shown (Table 3).

Table 3. Pharmacophore validation of ligand- and structure-based hypotheses by the Güner–Henry approach.

Sr. No. Parameters
Ligand-Based Structure-Based

Hypo1 Hypo2 Hypo7 Hypo1 Hypo3 Hypo4

1 Total number of compounds in the database (D) 110 110 110 110 110 110
2 Total number of active compounds in the database (A) 6 6 6 6 6 6

3 Total number of hits retrieved by pharmacophore model
from the database (Ht) 11 8 5 3 4 2

4 Total number of active compounds in the hit list (Ha) 5 5 4 2 3 2
5 % Yield of active ((Ha/Ht) × 100) 45.45 62.5 80 66.66 75 100
6 % Ratio of actives ((Ha/A) × 100) 83.33 83.33 66.66 33.33 50 33.33
7 False negatives (A-Ha) 1 1 1 4 3 4
8 False positives (Ht-Ha) 5 3 3 1 1 0
9 Goodness of fit score (GF) 0.51 0.65 0.75 0.57 0.68 0.83

Hypothesis Comparison

The validation results confirmed that Hypo7 (Pharm-A) and Hypo4 (Pharm-B) from
ligand- and structure-based approaches, respectively, have the potential to differentiate
between the active and inactive compounds of a given dataset. Therefore, these hypotheses
can be further utilized for the process of virtual screening. Furthermore, the detailed
inspection reveals that Pharm-A includes five HBD and one HYP feature (Figure 4A). On
the other hand, Pharm-B has one HBD, two HBA, and three HYP characteristics (Figure 4C).
Thus, it can be seen that the structure-based hypothesis includes more diverse features
than the ligand-based hypothesis.

Figure 4. The selected pharmacophore models from the (A) ligand-based and (C) structure-based ap-
proach with the (B,D) interfeature distance between individual features of both models, respectively.

Interestingly, the superimposition of the Pharm-B in the active site reveals that the HBA
feature situated outside of the cluster is responsible for interaction with Cys312, which is
reported to provide selectivity and a covalent nature for CDK7 inhibitors (Figure 3C,D). On
the contrary, this is mimicked by HBD in the case of Pharm-A. The interfeature distance was
also calculated for both hypotheses, displaying the distance between individual features in
Å (Figure 4B,D).

3.4. Drug-like Database and Virtual Screening

To reduce the cost and time of the screening process, we first filtered the compound
libraries based on their Lipinski’s Ro5 and ADMET properties (Figure 5 and Table S3), as
suggested in previous reports [43,44]. Ro5 states that compounds have drug-like characteristics
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when the AlogP value ≤ 5, while HBD and HBA numbers are ≤5 and 10, respectively. The
molecular weight of the compounds was extended beyond Ro5 ≤ 600 Da to obtain a greater
number of compounds for the screening process. In ADMET descriptors, the properties encom-
passing blood–brain barrier (BBB) permeability (BBBp), solubility, absorption, hepatotoxicity,
and CYP2D6 were considered. The compounds were evaluated as drug-like only if they had
an absorption level of 0, with solubility and BBBp level of 3. Furthermore, the compounds
which predicted false value in CYP2D6 and hepatotoxicity properties were considered. The
application of filters resulted in a database of 57,578 drug-like compounds (Figure 5).

 

Figure 5. Generation and virtual screening of the natural drug-like database. Four natural compound
libraries—InterBioScreen, SuperNatural2, ZINC, and ExiMed were used in the present study.

Selected pharmacophore models were then used to screen the database, and the
analysis revealed that Pharm-A and Pharm-B mapped a total of 219 and 48 compounds,
respectively (Figure 5). Additional manual inspection of the obtained 267 compounds
resulted in 195 compounds that mapped correctly on the hypothesis. The selected com-
pounds were then subjected to molecular docking with CDK7.

3.5. Molecular Docking

The THZ1-bound structure (PDB ID: 6XD3) revealed that it could target both the
ATP-binding site as well as the site outside the kinase domain (Figure S2). A deeper
inspection of the active site revealed hydrophobic interactions with residues Gly21, Lys41,
Phe91, Leu144, Ala154, and hydrogen bonding with residues Met94, Glu95, Asp155, and
Cys312 are essential for THZ1 interactions with CDK7. Before the docking experiment, the
validation of the docking program GOLD was performed by re-docking the bound inhibitor
THZ1. The results displayed a root mean square deviation < 2 Å between the docking pose
and co-crystallized THZ1 pose, confirming that GOLD is suitable for our docking study
(Figure S3). The REF inhibitor, CT7001, an ATP-competitive CDK7 inhibitor, displayed a
GoldScore of 56.48, and THZ1, the first covalent CDK7 inhibitor, displayed a GoldScore of
55.80 (Tables S4 and S5). During the docking experiment, the compounds with better scores
than both the REF inhibitors were selected initially. Finally, the compounds were filtered
based on fundamental molecular interactions with the active site residues mentioned above.
Our analysis revealed that the docked compounds obtained from Pharm-A followed a
non-competitive mode for binding similar to CT7001. In contrast, compounds obtained
from Pharm-B showed a competitive binding mode similar to THZ1. The GoldScores and
SMILES IDs of the selected compounds are shown (Tables S4 and S5).
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3.6. Molecular Dynamics Simulations

The docking results were further validated using MD simulations. A total of 24 CDK7
bound inhibitor complexes were simulated individually for 50 ns in the present study. For
comparative analysis, REF inhibitors (CT7001 and THZ1) were also simulated under similar
conditions. The stability of the simulated complexes during the MD run was scrutinized
by analyzing the root mean square deviation (RMSD) and root mean square fluctuation
(RMSF) plots. The binding affinity of the compounds towards CDK7 was calculated through
MM-PBSA. Compounds and inhibitors were ranked according to the binding free energy
(Tables S4 and S5). The compounds which failed to show stability during the simulation and
desirable binding free energy (ΔG) values were removed from the analysis. Lastly, based on
the stable binding mode, four molecules were selected and considered as hits against CDK7
(Table S6). It is noteworthy that Hit1 and Hit2 are obtained from the ligand-based approach,
while Hit3 and Hit4 are from the structure-based approach.

3.6.1. Root Mean Square Deviation and Fluctuations

The residual deviations and fluctuations were determined using backbone RMSD and
RMSF analyses [67]. The backbone RMSD for CT7001, Hit1, and Hit2 demonstrated that
simulated systems displayed steady-state stability after 10 ns of run time (Figure 6A). A
slight bump was observed for CT7001 near 20 ns. Hit1 showed an average RMSD value
of 0.27 nm, whereas a similar average value of 0.21 nm was observed for Hit2 and CT7001
(Table S6). Although the RMSD for Hit3, Hit4, and THZ1 showed stable RMSD after 5 ns,
only a tiny bump was observed in the case of Hit3 near 30 ns (Figure 6C). The average
RMSD value for Hit3 was 0.24 nm, whereas Hit4 and THZ1 displayed a similar value of 0.22
nm (Table S5). The RMSD values of all the simulated compounds declined after 40 ns and
remained constant until the endpoint (Figure 6A,C). The RMSF is another essential parameter
for the identification of the rigid and flexible region of the protein. It can be used to assess
the flexibility of the backbone elements of the protein structure. The backbone RMSF was
measured for all four hits and REF inhibitors (Figure 6B,D). The average RMSF value for
Hit1, Hit2, Hit3, and Hit4 was 0.11, 0.09, 0.10, and 0.09 nm, respectively (Table S6). The REF
inhibitors also showed similar average RMSF values of 0.09 and 0.11 for THZ1 and CT7001,
respectively (Table S6). Significant fluctuations were observed for Hit1 at residues 15 and
167, Hit2 at residue 303, and CT7001 at residue 312 (Figure 6B). The observed residues are
not part of the ATP-binding pocket; except these, no significant fluctuations were observed.
Broadly, all simulated systems displayed <0.3 nm of RMSD and RMSF values, indicating no
substantial deviations and changes, which can influence the structural stability of CDK7.

Figure 6. MD simulation analyses display the backbone RMSD and RMSF for (A,B) CT7001, Hit1,
and Hit2, respectively, and (C,D) THZ1, Hit3, and Hit4.
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3.6.2. Binding Free Energy Analysis

The MD simulation trajectories were used for the binding free energy (ΔG) calculations.
A total of 40 snapshots were taken from the last 10 ns of stable trajectories. The REF
inhibitors, CT7001 and THZ1, showed an average ΔG value of −90.58 and −91.48 kJ/mol,
respectively (Figure 7 and Table 4).

Figure 7. Binding free energy (ΔG) analysis for (A) CT7001, Hit1, and Hit2, and (B) THZ1, Hit3, and Hit4.

Table 4. The distribution of the total binding free energy scores for reference inhibitors and identified hits with CDK7
calculated through MM-PBSA methodology.

Inhibitors
van der Waals

(kJ/mol)
Electrostatic

(kJ/mol)
Polar Solvation

(kJ/mol)
SASA Energy

(kJ/mol)
Binding Energy
ΔGbind (kJ/mol)

Hit1 −191.19 +/− 14.45 −309.22 +/− 30.04 355.74 +/− 44.97 −25.34 +/− 1.40 −170.01 +/− 29.50
Hit2 −164.36 +/− 14.68 −47.28 +/− 20.40 128.50 +/− 26.24 −20.02 +/− 1.73 −103.17 +/− 17.65
Hit3 −167.45 +/− 10.86 −22.27 +/− 7.28 115.57 +/− 17.06 −20.50 +/− 1.07 −94.66 +/− 12.26
Hit4 −147.54 +/− 11.28 −17.71 +/− 9.15 91.10 +/− 13.54 −16.44 +/− 1.65 −90.59 +/− 12.80

THZ1 −151.40 +/− 11.25 −22.06 +/− 15.20 98.27 +/− 18.60 −16.29 +/− 1.06 −91.48 +/− 14.79
CT7001 −181.13 +/− 13.51 −44.09 +/− 16.30 154.73 +/− 31.72 −20.09 +/− 1.20 −90.58 +/− 17.08

The ΔG values of REF inhibitors can be considered as threshold values for the selection
and ranking of hits. Our results demonstrated that a total of four compounds showed
better ΔG than REF inhibitors (Table 4). The average ΔG for Hit1, Hit2, Hit3, and Hit4 was
−170.01, −103.17, −94.66, and −90.59 kJ/mol, respectively. Interestingly, Hit1 displayed a
significantly better binding affinity towards CDK7 than other hits and REF inhibitors. The
ΔG values were further decomposed into individual components (Table 4). The decomposi-
tion showed that van der Waals interaction contributed significantly to the binding of hits
with CDK7, followed by electrostatic and SASA energy. In addition, the polar solvation
contributed positively to the binding and therefore opposed the complex formation.

3.6.3. Binding Mode Analysis

The binding mode of the selected hits with CDK7 was evaluated using the average
structure calculated from the last 10 ns of MD simulation trajectories. All the CDK7/ligand
structures were superimposed in DS (Figure S4). Accordingly, the superimposition revealed
that Hit1 and Hit2 occupied the ATP-binding pocket of CDK7, similar to that of CT7001
(Figure 8). A deeper insight into the molecular interactions revealed that CT7001 forms
three hydrogen bonds with the ATP-binding site’s hinge region residues Met94 and Asp97,
and DFG (Asp-Phe-Gly) motif residue, Asp155 (Figure 8A). The binding of CT7001 in the
active site is also strengthened by van der Waals interactions with Leu18, Gly19, Glu20,
Gly21, Thr25, Ile40, Asp92, Phe93, Glu95, Thr96, Asn141, Asn142, and π-alkyl interactions
with Ala24, Val26, Ala39, Ile75, Phe91, Leu144, Ala154 (Figure 8D). Our Hit1 formed one
hydrogen bond with hinge region residue Met94 (Figure 8B), van der Waals interactions
with Leu18, Gly19, Glu20, Gly21, Thr25, Lys28, Phe93, Thr96, and Leu144, and π-alkyl

316



Biomedicines 2021, 9, 1197

interactions with Ala24, Val26, and Lys41 (Figure 8E). Hit2 forms a hydrogen bond with
hinge region residue Met94 and DFG motif residue Asp155 (Figure 8C). Additionally, the
van der Waals interactions with Gly19, Glu20, Gly21, Ala39, Lys41, Phe91, Glu95, Thr96,
Asp97, Lys139, Asn141, Asn142, and π-alkyl interactions with Leu18, Val26, Phe93, Leu144,
Cys312 were also observed (Figure 8F). Table S7 exhibits the detailed overview of H-bond
distances and atoms involved in interactions with CT7001, Hit1, and Hit2.

Figure 8. Binding mode and intermolecular interactions of CT7001 (A,D), Hit1 (B,E), and Hit2 (C,F) with CDK7. Upper and
lower panel represents the interactions in 3D and 2D, respectively. The protein in the background is shown with grey lines,
whereas interacting residues are shown as grey sticks. Dark green dashed lines indicate hydrogen bonds, light green: van
der Waals, while the π-π and π-alkyl interactions are shown in pink.

The superimposition of the hits inside the CDK7 active site revealed that Hit3 and Hit4
followed binding mode as seen for THZ1, indicating the hits’ covalent nature (Figure S4).
Detailed inspection of molecular interactions revealed that THZ1 forms hydrogen bonds
with hinge region residues Met94, Glu95, and Ala154, and DFG motif residue Asp155
(Figure 9A). Unfortunately, a hydrogen bond with Cys312 was not observed during MD
simulation, which was observed in the crystal structure of CDK7 with THZ1 (PDB ID:
6XD3). THZ1 also forms van der Waals interactions with active site residues, Glu20,
Gly21, Phe91, Phe93, Thr96, Arg309, Pro310, Asn311, Cys312, and alkyl interactions with
Leu18, Val26, Ala39, Lys41, Ile75, Leu144 (Figure 9D). Hit3 formed hydrogen bonds with
residues Glu95 and Asn141 (Figure 9B). The van der Waals interactions for Hit3 with
CDK7 were observed with Gly19, Lys41, Ile75, Phe91, Phe93, Met94, Asp97, Leu144,
Ala154, Asn311, whereas alkyl interactions were observed with Leu18, Val26, Ala39, Pro310,
Cys312 (Figure 9E). Hit4 formed hydrogen bonds with residues Glu95, Asp97, and Cys312
(Figure 9C). Additionally, the van der Waals interactions for Hit4 with CDK7 were observed
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with Gly19, Ala39, Lys41, Ile75, Phe91, Phe93, Met94, Thr96, Ala154, Pro310, and π-alkyl
interactions with Leu18, Val26, Val100, Leu144 (Figure 9F). The H-bond distances and
atoms involved in interactions with THZ1, Hit3, and Hit4 are also shown in Table S7.

Figure 9. Binding mode and intermolecular interaction of THZ1 (A,D), Hit3 (B,E), and Hit4 (C,F) with CDK7. Upper and
lower panel represents the interactions in 3D and 2D, respectively. The protein in the background is shown with grey lines,
whereas interacting residues are shown as grey sticks. The dark green dashed lines indicating hydrogen bonds, light green:
van der Waals, purple: π-sigma, while the π-π and π-alkyl interactions are shown in pink.

3.7. Specificity of Inhibitors and Hits with CDK7 over CDK2

CDK family members, CDK7 and CDK2, share highly homologous structures and
have sequence identity over 44% [29]. Thus, a deeper understanding of the molecular
mechanism of CDK7-specific inhibitors over CDK2 may provide essential knowledge in
the structure-based drug design of isoform-selective inhibitors. To date, only a tiny number
of CDK7 inhibitors have been identified with higher selectivity over CDK2 [30,31]. From
the computational end, molecular docking can predict the binding mode of the potential
hit compounds inside the active site of two or more isoforms. A recent study also used
molecular docking methodology to explore the possible mechanism of ligand specificity
in CDK family members [68]. To investigate isoform selectivity of hit compounds, we
employed a similar approach with CDK2. The crystal structure of CDK2 in complex with
CT7001 (PDB ID: 5JQ5) was downloaded from PDB and prepared for molecular docking,
utilizing similar parameters as that for CDK7 [62]. Docking results indicated that our
identified hits demonstrate lesser docking scores against CDK2 than CDK7 (Table S8).
Accordingly, the representative docking pose of hit molecules with CDK2 and CDK7
were also displayed (Figure S5). It was observed that Hit1 formed a hydrogen bond with
Thr14 and an unfavorable acceptor–acceptor bond with the most frequently occurring
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HBA feature of CDK2, Leu83 (Figure S5B). Moreover, Hit2 also exhibited unfavorable
bonds with Gln131 and Leu134 of CDK2 (Figure S5C). Furthermore, hit molecules from
a structure-based approach establish only hydrophobic and van der Waals interactions
with CDK2 residues, whereas no hydrogen bond was observed (Figure S5E,F). Hydrogen
bonds with essential CDK2 residues Ile10, Leu83, Asp86, Lys89, and Asp145 were not
observed for our identified hits with CDK2 [68,69]. On the other hand, our hits display
interactions with CDK7 hinge residue Met94 through hydrogen bonds as maintained
during MD simulation analysis (Figure 8). Additionally, our hits target crucial CDK7
residues, Pro310 and Cys312 (Figure 9), which are not observed in CDK2 (Figure S6).
These residues, along with additional CDK7 residues Val100 and Thr96 are selective for
CDK7 [68]. Our docking analysis indicated interactions with the residues mentioned
above via van der Waals and hydrophobic π-bonds (Table S7). While the co-crystallized
CDK2 inhibitor CT7001 established hydrogen bonds with residues Leu83 and Asp145, our
docking results suggested that identified hits could not follow a similar binding pattern
(Figure S5). Therefore, we argue that our identified hits may be selective for CDK7 over
CDK2.

3.8. In Silico Prediction of Pharmacokinetic Properties

In the present study, PK properties were analyzed using the pkCSM webserver
(Table 5). In absorption properties, the water solubility of the hits was predicted as being
more soluble than the REF inhibitors, CT7001 and THZ1. According to the literature, a
compound that exhibits a value >0.90 may have a high absorption rate in Caco-2 cell lines.
The results indicated that CT7001 has higher permeability, whereas THZ1 has a moderate
absorption rate. Interestingly, Hit2 and Hit3 also showed high absorption levels, whereas
Hit4 may have a reasonable absorption level. Unfortunately, Hit1 failed to cross the Caco-2
cell line. The hits and REF inhibitors displayed an intestinal absorption rate of >30%, which
indicated that all might have high intestinal absorption. The skin permeability for the com-
pounds was found below the threshold value >−2.5, which confirmed that all compounds
could easily cross the skin barriers. P-glycoprotein I, also known as multi-drug resistance
protein 1 (MDR1), functions as a biological barrier by extruding toxins and xenobiotics
outside of the cell. P-gp II or MDR2 functions as a phospholipid translocator. Results
indicated that all the hits and REF inhibitors are P-gp substrates. The accumulation of these
compounds can be reduced in specific tissues. P-gp I/II inhibition results showed that
Hit2, Hit3, and THZ1 are predicted to inhibit both the variants studied. Hit1 was not pre-
dicted to inhibit P-gp II, whereas CT7001 was not predicted to inhibit P-gp I. Hit4 was not
predicted to be a P-gp I/II inhibitor. In the distribution the following properties: volume of
distribution (VDss), blood–brain barrier permeability (BBBp), and central nervous system
(CNS) permeability (CNSp) were considered. VDss below 0.71 L/kg is considered low, and
above 2.81 L/kg is considered high. The higher the VDss, more the drug is distributed in
tissues. Here, CT7001 showed higher VDss, followed by Hit1, Hit3, and Hit2. Hit4 and
THZ1 showed the least values of VDss. If a compound showed a value of >0.3 for BBBp
and >−2 for CNSp, they can cross the BBB and CNS. Interestingly, all the hits and REF
inhibitors were not predicted to be permeable for both the parameters; hence, chances of
brain-related toxicities are negligible. Cytochrome P450 (CYP450) is a vital detoxification
enzyme found in the liver. It oxidizes the xenobiotics to facilitate their excretion. The two
main isoforms of cytochrome responsible for drug metabolism are 2D6 and 3A4, which
were studied. The results indicate that none of the hits and REF inhibitors were predicted
as substrates or inhibitors for the 2D6 isoform of CYP450. Unfortunately, Hit1, Hit3, and
both REF inhibitors were predicted as 3A4 substrates and inhibitors. Hit2 and Hit4 were
not predicted to be 3A4 inhibitors. Additionally, Hit4 was not predicted as a 3A4 substrate.
Clearance can be used to calculate the rate at which drugs must be added to the circulation
to maintain the steady-state plasma concentration. The clearance results showed that Hit1,
CT7001, and Hit4 might have a higher clearance rate than Hit2, Hit3, and THZ1, which
may have an increased half-life. The critical parameters of pharmacokinetic toxicity were
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also studied. None of the hits and the REF inhibitors were predicted to be mutagenic in
AMES toxicity prediction. The maximum tolerated dose and oral rat toxicity properties
were also predicted for hits and REF inhibitors, and are reported in our study (Table 5).
The inhibition of human ether-a-go-go-related gene (hERG), which encodes a potassium
ion (K) channel with two subtypes, hERG I and hERG II, was also predicted. The hERG I
inhibitors may lead to cardiotoxicity-related effects. Hit compounds were not predicted
to be hERG I inhibitors. hERG II is known to play a role in insulin secretion; all hits,
except Hit4, were predicted to be hERG II inhibitors, and therefore may affect the glucose
level. The pkCSM hepatotoxicity results showed that all hits and REF inhibitors might
have hepatotoxic effects, but the results predicted using DS showed that hits could not
be hepatotoxic. Nevertheless, these effects can be further cleared via in vitro studies. Our
results showed that none of the hits and REF inhibitors were involved in skin sensitization
allergic reactions.

Table 5. In silico prediction of ADMET properties for reference inhibitors and identified hits.

ADMET Properties Hit 1 Hit 2 Hit 3 Hit 4 CT7001 THZ1 Unit

Absorption

Water solubility −3.57 −4.40 −5.18 −3.70 −3.18 −3.26 log mol/L
Caco-2 permeability 0.01 1.00 1.09 0.45 1.26 0.86 log Papp in 10−6 cm/s

IA (human) 64.37 84.75 95.29 60.14 89.43 93.01 % Absorbed
Skin permeability −2.74 −2.73 −3.14 −2.79 −2.73 −2.73 log Kp

P-gp substrate Yes Yes Yes Yes Yes Yes Yes/No
P-gp I inhibitor Yes Yes Yes No No Yes Yes/No
P-gp II inhibitor No Yes Yes No Yes Yes Yes/No

Distribution
VDss (human) 1.49 0.04 0.50 −0.08 2.13 −0.64 log L/kg

BBBp −1.33 −0.67 −0.83 −1.40 −0.84 −1.26 logBB
CNSp −3.69 −2.12 −2.92 −3.50 −2.66 −2.2 log PS

Metabolism

CYP2D6 substrate No No No No No No Yes/No
CYP2D6 inhibitor No No No No No No Yes/No
CYP3A4 substrate Yes Yes Yes No Yes Yes Yes/No
CYP3A4 inhibitor Yes No Yes No Yes Yes Yes/No

Excretion TC 1.08 0.10 0.18 0.77 0.88 0.48 log mL/min/kg

Toxicity

AMES toxicity No No No No No No Yes/No
Max. tolerated dose

(human) 0.14 −1.47 −0.3 0.32 0.15 0.43 log mg/kg/day

hERG I inhibitor No No No No No No Yes/No
hERG II inhibitor Yes Yes Yes No Yes Yes Yes/No

Oral rat acute toxicity 2.70 3.72 2.60 3.46 2.82 2.84 LD50 mol/kg
Hepatotoxicity Yes Yes Yes Yes Yes Yes Yes/No

Skin sensitization No No No No No No Yes/No

Abbreviation: IA—intestinal absorption, P-gp—P-glycoprotein, VDss—volume of distribution, BBBp—blood–brain barrier permeability,
CNSp—central nervous system permeability, TC—total clearance, AMES—Salmonella typhimurium reverse mutation assay, hERG—human
ether-a-go-go-related gene.

4. Discussion

Cyclin-dependent kinase 7 (CDK7) regulates the cell cycle and transcription and,
therefore, plays a key role in cancer development and progression [70]. The role of CDK7
has been reported in multiple human cancers and, therefore, is considered a promising
therapeutic target [30]. Several investigations have found CDK7 inhibitors so far; however,
first-generation inhibitors have shown considerable adverse effects, limiting their usage in
clinical trials [71]. Another reason reported for the failure of first-generation inhibitors is
the higher level of structural similarity among CDK family members. In the case of CDK7, it
shares a 44% sequence identity with its family member, CDK2 [29]. Therefore, many of the
CDK7 inhibitors have been reported to target CDK2 [32]. However, only a few inhibitors
with high selectivity for CDK7 have been identified in recent years, and they are now in
the early stages of clinical studies [31]. Hence, the inhibitors which can selectively inhibit
CDK7 are of primary importance. Since CDK7 plays such a critical role in cell proliferation
and transcription, there is a constant need for research to find effective inhibitors that can
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control overexpression and combat emerging cancer resistance. Therefore, we employed a
ligand- and structure-based pharmacophore modeling approach complexed with a series
of other computational methods as a valuable strategy for targeting CDK7 inhibition
(Figure 1). The combination approach can retrieve more drug-like compounds from
databases as both works on different principles [72,73]. To our knowledge, this is the
first pharmacophore-based study to search for novel and selective CDK7 inhibitors. In
the ligand-based approach, due to the small number of inhibitors known to date against
CDK7 [31], a common feature approach was selected where a limited number of inhibitors
are required as the training set (Figure 2) [43]. The only available covalent inhibitor, THZ1-
bound structure (PDB ID: 6DX3), was used in the structure-based approach (Figure 3) [39].
Both approaches generated a total of ten hypotheses each (Tables 1 and 2). The hypotheses
were validated with two well-known methods- ROC and GH approach [41,42]. According
to our hypothesis validation outcomes Hypo7 and Hypo4 from the ligand- and structure-
based approach, respectively, can filter out known active and inactive compounds (Table 3,
Figure 4). As a result, both hypotheses were used for virtual drug-like database screening.
The mapping resulted in 267 drug-like compounds showing the potential to interact with
CDK7 (Figure 5). The binding potential of obtained compounds was then studied by
a molecular docking study [74,75]. Two well-known selective CDK7 inhibitors, CT7001
and THZ1, were used in the docking studies for comparative analysis. Recently, Wang
et al., reviewed the inhibitor design studies of CDK7 and concluded that one or more
hydrogen bonds with ATP-binding site residues, Gly21, Phe91, Met94, Asp155, Thr170, and
Cys312, located outside the kinase domain are responsible for the inhibition [30]. Therefore,
we selected only those compounds that displayed a similar binding mode as CT7001 and
THZ1, greater docking scores than both REF inhibitors, and key molecular interactions with
residues mentioned above. The representative pose of THZ1 and CT7001 in the docking
study displayed a GoldScore value of 55.8 and 56.48, respectively. The molecular docking
results further revealed that 13 compounds from the ligand-based approach and 11 from the
structure-based approach have a greater docking score than CT7001 and THZ1 (Tables S4
and S5). One of the major limitations of the docking study is that they do not consider real-
time dynamics of the protein–ligand interaction [47]. To study the real-time dynamics, we
employed MD simulation studies. The selected protein–ligand complexes were prepared
and subjected to MD simulations [43,44,59]. For comparative study, the known inhibitors
THZ1 and CT7001 were also simulated. The MD study revealed that all the simulated
systems showed stable RMSD and RMSF < 0.3 nm (Figure 6 and Table S6), which are the
criteria generally used in the stability assessment of simulated complexes [67,76]. We were
further interested in studying the binding affinity of the simulated compounds compared
to known inhibitors. For this purpose, a well-known method, MM-PBSA, was employed
using the g_mmpbsa tool [58]. The analysis revealed that CT7001 showed average binding
free energy of −90.58 kJ/mol, and THZ1 displayed −91.48 kJ/mol (Figure 7, Table 5). The
previous reports confirm that the lower the binding free energy values, the higher the
affinity of the molecules towards the protein [43,75,76]. A similar relationship was also
observed in some combined in silico and in vitro studies [77,78]. Our analysis found that
Hit1 displayed significantly better binding free energy, −170.01 kJ/mol compared to REF
inhibitors; this was followed by Hit2 −103.17, Hit3 94.66, and Hit4 −90.58. All the hits
displayed better binding free energies than CT7001, whereas THZ1 showed slightly better
binding affinity than Hit4. Although four other compounds demonstrated better binding
energies than THZ1 and CT7001 (Table S5), they were not considered for further analysis
because they displayed a slightly different binding mode than REF inhibitors with CDK7.
The binding mode of the compounds was assessed using the average structure extracted
from the last 10 ns MD simulation trajectories. CT7001 is known to inhibit CDK7 with an
IC50 of 40 nM and CDK2 with an IC50 of 620 nM via an in vitro kinase assay [35]. The study
by Hazel et al., demonstrated that MD simulation of CT7001/CDK7 could form hydrogen
bonds with hinge region residue Met94, and G-rich loop residues Gly21, Asp137, and
Asp155. Additionally, using the Asp155 mutant, it has been confirmed that interaction with
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Asp155 is key for the selectivity of the CT7001 towards CDK7 [62]. Our study observed
that Hit1 and Hit2 obtained a similar binding mode as CT7001 (Figure 8). Hit1 forms a
hydrogen bond with hinge region residue Met94; unfortunately, molecular interaction
with Asp155 was not observed. Hit2 was observed to form hydrogen bond interactions
with Met94 and Asp155, which enhances the selectivity towards CDK7. Interestingly, Hit2
also forms alkyl interactions outside the kinase domain with Cys312, which is reported
to provide a covalent nature to THZ1. The phenylaminopyrimidine derivative THZ1 is
reported as the first covalent inhibitor for CDK7 with an IC50 of 3.2 nM [36]. The docking
studies indicated that THZ1 targets the CDK7 kinase domain and outside the domain via
interacting with Cys312 through a hydrogen bond. The study also indicated that mutation
of Cys312 to Ser312 prevented the THZ1 binding with CDK7 in a covalent fashion. This
confirms the role of Cys312 interaction in covalent inhibition [36]. However, there is no
MD simulation study reported to date for THZ1 dynamics. Here, we obtained a similar
binding mode as reported, but instead of a hydrogen bond, a van der Waals interaction was
observed for THZ1 with Cys312 (Figure 9). This may happen due to the position of Cys312
as it is present at the last position or maybe due to a change in dynamics, as docking studies
do not consider the protein flexibility. Our analysis revealed that THZ1 forms a hydrogen
bond with hinge region residues Met94, Glu95, Ala154, and Asp155. Hit3 was observed
to form hydrogen bonds with Glu95 and Asn141. Unfortunately, a hydrogen bond with
Cys312 was not observed in the case of Hit3 but it formed a π-alkyl interaction with the
Cys312, suggesting the compound may act as a covalent inhibitor. Hit4 binding mode
revealed that it forms a hydrogen bond with Glu95, Asp97, and Cys312 located outside the
kinase domain, important for covalent inhibition (Figure 9). As mentioned earlier, CDK7
has similarities with CDK2; we next investigated for selectivity of the identified hits. For
this purpose, a molecular docking study was performed with the CDK2 crystal structure,
using similar parameters. The docking results confirmed that the docking scores were less
than the co-crystal ligand CT7001 of CDK2 (Table S8). The structural details reveal that
residues Lys33, Asp86, Gln131, and Asp145 are responsible for the polar interactions [68].
The hydrogen bond with Leu83 of CDK2 was reported in more than 90% of the CDK2
inhibitor interactions [68]. Our docking results followed the same interactions for the REF
inhibitors CT7001 and THZ1. Interestingly, hits were not found to interact with the polar
interaction site of CDK2 via hydrogen bond. Hit1 formed one hydrogen bond with Thr14,
and Hit2 formed a hydrogen bond with Asn132, and both the residues are not reported to
contribute much to inhibitor interactions. Additionally, our hits formed various interactions
with CDK7 residues, which are not similar in CDK2. The sequence alignment of CDK7
with CDK2 revealed that ATP-binding site residues (Leu18, Ala24, Thr25, Glu95, Thr96,
Val100, and Gln141) and residues outside the kinase domain (Arg309, Pro310, Asn311, and
Cys312) are aligned with different CDK2 residues (Figure S6). Interestingly, our hits were
found targeting these residues via various types of interactions (Table S7). This indicates
that identified hits might show selectivity for CDK7 (Figures 8 and 9). As part of the
final assessment strategy, the detailed PK properties were assessed for REF inhibitors and
hits, using the well-known tool pkCSM (Table 5). Results indicated that our hits showed
slightly better PK properties than REF inhibitors. Among all, Hit4 was observed to be the
best candidate in terms of absorption, distribution, metabolism, and toxicity parameters.
Lastly, we provided the scaffolds comprised of the hits, IUPAC names, and database
IDs (Table 6). Hit1 (ZINC20392430) and Hit4 (SN00262261) were observed to encompass
benzoate scaffolds, while Hit2 (SN00112175) and Hit3 (SN00004718) were perceived to be
pentamide and propanamide, respectively.
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Table 6. The database ID, IUPAC name, and 2D representation of the final identified hits.

Inhibitor Database ID IUPAC Name 2D Representation

Hit1 ZINC20392430 ethyl 4-[7-hydroxy-8-[[4-(2-hydroxyethyl)piperazin-1-ium-1-
yl]methyl]-2-methyl-4-oxo-chromen-3-yl]oxybenzoate

Hit2 SN00112175

(4R)-N-(3-acetamidophenyl)-4-
[(3R,5S,7R,8R,9S,10S,12S,13R,14S,17R)-3,7,12-trihydroxy-

10,13-dimethyl-2,3,4,5,6,7,8,9,11,12,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yl]pentanamide

Hit3 SN00004718

(2S)-2-[(4S,4aS,5S,6S,8aS)-5-hydroxy-4,8a-dimethyl-2-[2-(2-
pyridyl)ethylamino]-4a,5,6,7,8,9-hexahydro-4H-

benzo[f][1,3]benzothiazol-6-yl]-N-allyl-N-methyl-
propanamide

Hit4 SN00262261
[(6R,7R)-3-[(E)-3-acetoxyprop-1-enyl]-7-hydroxy-7-methyl-8-

oxo-5,6-dihydro-1H-isochromen-6-yl]
2,4-dihydroxy-6-methyl-benzoate

5. Conclusions

To identify new potential scaffolds against CDK7, two commonly used pharmacophore
modeling approaches, ligand and structure-based, were used to generate hypotheses. The
generated hypotheses were used for virtual screening of a drug-like database prepared
from four natural compound databases. The filtered compounds were then subjected to
molecular docking and subsequent molecular dynamics simulations for identification of
their binding mode with CDK7. Additional ΔG calculations confirmed that four hits display
a better binding affinity for CDK7 when compared with CT7001 and THZ1. Moreover,
the selectivity of the identified hits was checked using molecular docking against CDK2,
a close homolog of CDK7. Our results confirmed that the identified hits form polar and
non-polar interactions with the residues unique to CDK7 (Ala24, Glu95, Thr96, Val100,
Gln141, Pro310, Asn311, and Cys312), reported to enhance the selectivity. As a result, we
recommend that future drug design studies focus on these residues in order to develop
covalent inhibitors of CDK7, in line with earlier reports. Finally, the pharmacokinetic (PK)
properties were investigated, and analyses revealed that hits have better PK properties
when compared with CT7001 and THZ1. We argue that our identified hits will help to
design novel drugs for CDK7.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9091197/s1, Figure S1. The pharmacophore models from both the approaches
obtained after ROC validation. Figure S2. Molecular docking site used in the present study. The
bound ligand THZ1 was used to define the docking sphere. Figure S3. Validation of docking
parameters using co-crystallized ligand THZ1 (grey) and docked pose (black). Figure S4. Binding
patterns of the reference inhibitors and the hits in the active site of CDK7. Superimposition (left) of
THZ1, CT7001, Hit1, Hit2, Hit3, and Hit4 (left) and its enlarged view (right). The protein is shown as
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grey color ribbon representation, and the ligands are shown with stick representation. Only polar
hydrogen atoms are shown for clear visualization. Figure S5. The 2D molecular interactions of
the reference inhibitors and identified hits with CDK2 crystal structure bound with CT7001 (PDB
ID: 5JQ5). The dark green dashed lines indicating hydrogen bonds, light green: van der Waals,
purple: π-sigma, red: unfavorable acceptor–acceptor, orange: π-cation, while the π-π and π-alkyl
interactions are shown in pink. Figure S6. Sequence alignment of CDK7 (PDB ID: 6XD3) and CDK2
(PDB ID: 5JQ5) resulted in 44.4% identity and 67.1% similarity. The red boxes are used to show
the differences between the active site and outside the active site residues (309–312) of both the
proteins. The degree of identity ranges from dark cyan color (identical) to white color (non-identical).
Table S1. Ligand-based pharmacophore validation using receiver operating characteristic (ROC)
curve. Table S2. Structure-based pharmacophore validation using receiver operating characteristic
(ROC) curve. Table S3. Details of different properties used for generation of drug-like database.
Table S4. List of potential compounds obtained after molecular docking. A total of 13 compounds
show a better GoldScore than reference (REF) inhibitor. The binding free energies obtained after
MD simulation are also shown. Table S5. List of potential compounds obtained after molecular
docking. A total of 11 compounds show better GoldScore than REF inhibitor. The binding free
energies obtained after MD simulation are also shown. Table S6. Molecular docking and molecular
dynamics simulation analysis of hits and reference inhibitors against CDK7. Table S7. Molecular
interactions of reference inhibitors and hits with CDK7 active site residues acquired from stable
molecular dynamics simulation trajectories. Table S8. The molecular docking scores of hits and
reference inhibitors with CDK2 and CDK7.
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Abstract: Although the sea ecosystem offers a broad range of bioactivities including anticancer,
none of the FDA-approved antiproliferative protein kinase inhibitors are derived from a marine
source. In a step to develop new marine-inspired potent kinase inhibitors with antiproliferative
activities, a new series of hybrid small molecules (5a–5g) was designed and synthesized based on
chemical moieties derived from two marine natural products (Meridianin E and Leucettamine B).
Over a panel of 14 cancer-related kinases, a single dose of 10 μM of the parent hybrid 5a possessing
the benzo[d][1,3]dioxole moiety of Leucettamine B was able to inhibit the activity of FMS, LCK, LYN,
and DAPK1 kinases with 82.5 ± 0.6, 81.4 ± 0.6, 75.2 ± 0.0, and 55 ± 1.1%, respectively. Further
optimization revealed the most potent multiple kinase inhibitor of this new series (5g) with IC50

values of 110, 87.7, and 169 nM against FMS, LCK, and LYN kinases, respectively. Compared to
imatinib (FDA-approved multiple kinase inhibitor), compound 5g was found to be ~ 9- and 2-fold
more potent than imatinib over both FMS and LCK kinases, respectively. In silico docking simulation
models of the synthesized compounds within the active site of FMS, LCK, LYN, and DAPK1 kinases
offered reasonable explanations of the elicited biological activities. In an in vitro anticancer assay
using a library of 60 cancer cell lines that include blood, lung, colon, CNS, skin, ovarian, renal,
prostate, and breast cancers, it was found that compound 5g was able to suppress 60 and 70% of
tumor growth in leukemia SR and renal RXF 393 cell lines, respectively. Moreover, an ADME study
indicated a suitable profile of compound 5g concerning cell permeability and blood-brain barrier
(BBB) impermeability, avoiding possible CNS side effects. Accordingly, compound 5g is reported as
a potential lead towards novel antiproliferative marine-derived kinase modulators.

Keywords: meridianins; leucettine; marine-inspired kinase inhibitors; DAPK1; FMS; LCK; LYN;
molecular modeling; ADME studies

1. Introduction

The process of drug development from marine organisms is a prehistoric praxis.
To date, more than 20,000 marine natural products (MNPs) have been isolated from ocean
life-forms. The discovery of novel small molecules based on a natural heterocyclic scaffold
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has always attracted the attention of medicinal chemists worldwide. This fact was driven
by the broad range of bioactivities that the sea ecosystem offers such as anticancer, anti-
inflammatory, antibacterial, antiviral, antifungal, antifouling, antiprotozoal, anticoagulant,
immunosuppressive, and neuroprotective activities [1–4]. However, to date, only eight
anticancer drugs of marine origin were approved by the US Food and Drug Administration
(FDA), the European Medicines Evaluation Agency (EMEA), or the Australian Therapeutic
Goods Administration (TGA), as well as a few in phases I, II, and III clinical pipelines [5,6].

Over the past two decades, drug development has shifted from the random screening
of large compound libraries of synthetic origin using high-throughput cell-based cyto-
toxicity assays to screening against clinically validated molecular targets [7–9]. This new
target-based discovery aims to enhance the efficacy and selectivity of treatment by offering
new drug candidates that block disease mechanisms in a defined and specific way. This
new approach is widely driven by the rapidly expanding knowledge of disease biology
and pathology at the molecular level. This approach has been particularly successful in
oncology [10,11]. Among these targets, protein kinases are involved in various cellular
functions including metabolism, cell cycle regulation, survival, and differentiation.

Dysregulation of protein kinases is implicated in various processes of carcinogene-
sis [12]. Moreover, overexpression of various types of protein kinases is found in different
types of cancer, which encouraged medicinal chemists worldwide to develop numerous
receptor tyrosine kinases inhibitors (RTKIs). In addition, the advent of protein kinase
inhibitors in cancer research and therapy has led to a paradigm shift in how cancer is cur-
rently treated [13–29]. As a result, the FDA has approved many protein kinase inhibitors in
the last few decades. Surprisingly, none of them are derived from a marine source [1,30].

Searching the literature reveals interesting kinase inhibitory activities of two MNPs
(Meridianin E and Leucettamine B). Meridianins are indole alkaloids, isolated from tunicate
Aplidium meridianum, inhibit various protein kinases associated with neurodegenerative
and cancer diseases. These compounds also showed promising antiproliferative activity in
several cancer cell lines. Amongst natural meridianins, meridianin E (Figure 1) attracted
our attention since it exhibited significant cytotoxicity against murine tumor cell lines [31].
Moreover, it demonstrated potent and selective inhibition of CDK-1 and CDK-5 kinases.
Furthermore, several synthetic meridianin analogs showed potent and selective inhibitory
effects over glycogen synthase-3 (GSK-3) and dual-specificity tyrosine-phosphorylation
regulated kinase 1A (DYRK-1A), which are known to be implicated in the progression
of Alzheimer’s disease [2,32]. On the other hand, Leucettamine B (Figure 1) is a natural
product found in marine sponge Leucetta microraphis. Several analogs of its family such as
aplysinopsine and clathridine are medicinally active molecules that have applications in
many pharmaceuticals and healthcare products. A recent study also reported the potential
anticancer activity of a series of Leucettamine B synthesized derivatives [33]. However,
leucettamine B and its analog leucettine L41 have not been well studied for their kinase
inhibitory activity. Only a few reports in the literature indicated the ability of leucettamine
B to inhibit “dual-specificity” kinases DYRK-1A, DYRK-2, CLK-1, and CLK-3 with high
IC50 values of 2.8, 1.5, 0.40, and 6.4 μM, respectively [34–37]. Accordingly, with the great
potential of these two MNPs (Meridianin E and Leucettamine B) to afford new more
potent kinase inhibitors, further investigations in this field are highly needed. Thus, this
encouraged us to apply a structure-based drug design strategy towards the development
of a new marine-inspired potential kinase inhibitor (5a, Figure 1).

As shown in Figure 1, a structural hybridization approach was carried out by incor-
porating the pyrimidine scaffold of Meridianin E with the benzo[d][1,3]dioxole moiety of
Leucettamine B via a backbone amide linker. The pyrimidine nucleus was also substituted
at positions 2 and 4 with 4-morpholinophenylamino and 4-methoxyphenoxy moieties,
respectively. These two substituents, widely found as solvent exposure moieties in the
chemical structures of many kinase inhibitors, were introduced to enhance the binding
interaction of the synthesized hybrid inhibitor with the binding site of the potential kinase
target(s). The performed hybridization strategy led to the design and synthesis of the new
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hybrid small molecule 5a which was assessed for its biological activity over a panel of 14
cancer-related kinases in a step to identify a potential kinase inhibitory activity. Optimiza-
tion of the chemical structure of compound 5a afforded new derivatives 5b–5g which were
further biologically evaluated for their kinase inhibitory and antiproliferative activities.
Compounds that showed inhibition > 50% over any tested kinase were further assessed for
their IC50 on the corresponding kinase. Moreover, the target compounds were tested for
their in vitro cytotoxic activity against the NCI 60 cell lines panel. Molecular docking stud-
ies were also carried out for the designed compounds with the target kinases to study their
binding modes and their interactions with the key amino acids in the ATP-binding pocket.
Accordingly, we report our rational design, optimization, synthetic routes, in vitro and in
silico biological evaluation of the newly synthesized marine-derived compounds 5a–5g.

 
Figure 1. Rational design steps of the new set of Meridianin E and Leucettamine B hybrids (5a–5g).

2. Materials and Methods

2.1. Chemistry
General

All reagents and solvents were purchased from TCI, Sigma-Aldrich, and Alfa Aesar,
and were used without further purification. Biotage Initiator+ apparatus was used to
carry out microwave-assisted reactions (Biotage AB, Uppsala, Sweden). Sealed vessels
with magnetic stirrers were used to perform the reactions under controlled temperature
for a programmed duration. The chemical synthesis, column chromatography, NMR
identification, purity, and HRMS experiments were carried out following the previously
reported general methods [38,39] (for details, see Supplementary File).

Synthesis of 2-chloro-4-(4-methoxyphenoxy)-5-nitropyrimidine (2). A solution of 4-
methoxyphenol (10 mmol) dissolved in a mixture of 1N aqueous sodium bicarbonate
(10 mL) and water (40 mL) was added dropwise using an addition funnel to a 250 mL
rounded-bottom flask containing a prepared solution of 2,4-dichloro-5-nitro-pyrimidine
(10 mmol) dissolved in acetone (50 mL) and cooled to 0 ◦C. The flask was then allowed to
return to room temperature and kept under stirring for 3 h until TLC showed the reaction
completion. The reaction mixture was evaporated under vacuum, and the residue was
washed sequentially with EA, 1N NaOH (aq.), and brine. The organic layer was then dried
over anhydrous Na2SO4 and purified using flash chromatography (20% EA/Hex) to obtain
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compound 2. Yellowish white solid, yield: 87%, 1H NMR (400 MHz, DMSO-d6): δ 9.39
(s, 1H), 7.24 (d, J = 9.2 Hz, 2H), 7.05 (d, J = 9.2 Hz, 2H), 3.81 (s, 3H). Reported [18].

Synthesis of 4-(4-methoxyphenoxy)-N-(4-morpholinophenyl)-5-nitropyrimidin-2-
amine (3). A clean and efficient reported reaction condition was employed [22], where
4-morpholinoaniline (5 mmol) was added to a solution of 2-chloro-4-(4-methoxyphenoxy)-
5-nitropyrimidine (2, 5 mmol) dissolved in acetonitrile. The reaction was then stirred at
room temperature overnight. The mixture was then evaporated in vacuo, washed with
water, NaHCO3, and brine. The organic layer was dried over Na2SO4 and purified by
flash column chromatography (EA:Hex, 1:1) to yield compound 3 as an orange solid. Or-
ange solid, yield: 43%, 1H NMR (400 MHz, DMSO-d6): δ 10.61 (s, 1H), 9.13 (s, 1H), 7.22
(d, J = 9.0 Hz, 2H), 7.13 (d, J = 8.7 Hz, 2H), 7.08 (d, J = 8.9 Hz, 2H), 6.58 (d, J = 8.8 Hz, 2H),
3.85 (s, 3H), 3.72 (t, J = 4.9 Hz, 4H), 2.98 (t, J = 4.4 Hz, 4H). Reported [40].

Synthesis of 4-(4-methoxyphenoxy)-N2-(4-morpholinophenyl)pyrimidine-2,5-diamine
(4). A solution of 4-(4-methoxyphenoxy)-N-(4-morpholinophenyl)-5-nitropyrimidin-2-
amine (3, 1 mmol) was prepared using 50 mL of a 10% MC/MeOH mixture as a solvent,
followed by adding 0.1 mmol of Pd/C under nitrogen, and the mixture was then stirred
under hydrogen overnight. The metal was then filtered using celite, and the filtrate was
evaporated under reduced pressure to give compound 4. Grey solid, yield: 69%, 1H NMR
(400 MHz, DMSO-d6): δ 8.58 (s, 1H), 7.82 (s, 1H), 7.28 (d, J = 9.0 Hz, 2H), 7.14–7.17 (m, 2H),
7.02–7.05 (m, 2H), 6.64 (d, J = 9.0 Hz, 2H), 4.51 (s, 2H), 3.81 (s, 3H), 3.71 (t, J = 4.8 Hz, 4H),
2.93 (t, J = 4.7 Hz, 4H). Reported [40].

General procedure of final amide derivatives 5a–5d. A small flask containing 0.3 mmol
of the pre-final amine (4) and DIPEA (0.3 mmol) dissolved in dichloromethane (DCM,
5 mL) was cooled to 0 ◦C, and an equivalent amount of the appropriate benzoyl chloride
was added. The reaction mixture was allowed to warm to room temperature and stirred
overnight. The reaction mixture was then evaporated in vacuo and purified by flash column
chromatography (20–50% EA/Hex) to obtain the final amides 5a–5d.

N-(4-(4-Methoxyphenoxy)-2-((4-morpholinophenyl)amino)pyrimidin-5-yl)benzo[d][1,3]

dioxole-5-carboxamide (5a). Yellow solid, yield: 56%, mp: 205.9–206.9 ◦C, HPLC purity:
6.43 min, 95.12%, 1H NMR (400 MHz, CDCl3): δ 9.13 (s, 1H), 7.82 (s, 1H), 7.36 (dd, J = 8.1,
1.5 Hz, 1H), 7.32 (d, J = 1.4 Hz, 1H), 7.14 (d, J = 8.8 Hz, 2H), 7.03 (d, J = 8.9 Hz, 2H), 6.88 (d,
J = 8.9 Hz, 2H), 6.85 (s, 1H), 6.80 (d, J = 8.0 Hz, 1H), 6.64 (d, J = 8.8 Hz, 2H), 5.97 (s, 2H),
3.76–3.78 (m, 7H), 2.97 (t, J = 4.6 Hz, 4H). 13C NMR (100 MHz, CDCl3) δ 164.58, 160.39,
157.39, 155.41, 150.87, 150.65, 148.26, 146.73, 145.60, 132.56, 128.38, 123.07, 121.92, 119.94,
116.51, 114.59, 112.89, 108.23, 107.76, 101.90, 66.98, 55.71, 50.16. HRMS (ESI) m/z calculated
for C17H17N3O3 [M+H]+: 542.2040. Found: 542.2040.

3,4-Dimethoxy-N-(4-(4-methoxyphenoxy)-2-((4-morpholinophenyl)amino)pyrimidin-5-
yl)benzamide (5b). Yellow solid, yield: 73%, mp: 119.1–120.1 ◦C, HPLC purity: 6.24 min,
97.24%, 1H NMR (400 MHz, CDCl3) δ 9.26 (s, 1H), 8.01 (s, 1H), 7.57 (d, J = 1.7 Hz, 1H), 7.45
(dd, J = 8.3, 1.8 Hz, 1H), 7.25 (d, J = 8.8 Hz, 2H), 7.14 (d, J = 9.0 Hz, 2H), 6.99 (d, J = 9.0,
2H), 6.93 (d, J = 8.2 Hz, 2H), 6.75 (d, J = 8.8 Hz, 2H), 3.99 (s, 3H), 3.97 (s, 3H), 3.86–3.89 (m,
7H). 13C NMR (100 MHz, CDCl3) δ 164.94, 160.40, 157.38, 155.39, 152.29, 150.63, 149.31,
146.74, 145.63, 132.56, 126.83, 123.07, 119.97, 119.5, 116.51, 114.59, 112.98, 110.87, 110.40,
66.98, 56.14, 56.11, 50.16. HRMS (ESI) m/z calculated for C17H17N3O3 [M+H]+: 558.2353.
Found: 558.2352.

3,4,5-Trimethoxy-N-(4-(4-methoxyphenoxy)-2-((4-morpholinophenyl)amino)pyrimidin-
5-yl)benzamide (5c). Yellow solid, yield: 69%, mp: 179.5–180.5 ◦C, 1H NMR (400 MHz,
CDCl3) δ 9.21 (s, 1H), 7.94 (s, 1H), 7.25 (d, J = 8.8 Hz, 2H), 7.14–7.16 (m, 4H), 7.01–6.98 (m,
3H), 6.75 (d, J = 8.8 Hz, 2H), 3.96 (s, 6H), 3.93 (s, 3H), 3.86–3.89 (m, 7H). 13C NMR (100 MHz,
CDCl3) δ 165.23, 160.57, 157.41, 155.59, 153.42, 150.99, 146.81, 145.60, 141.56, 132.45, 129.68,
123.04, 120.04, 116.49, 114.60, 112.67, 104.74, 66.98, 60.99, 56.50, 55.71, 50.13. HRMS (ESI)
m/z calculated for C17H17N3O3 [M+H]+: 588.2458. Found: 588.2458.

3,5-Diethoxy-N-(4-(4-methoxyphenoxy)-2-((4-morpholinophenyl)amino)pyrimidin-5-
yl)benzamide (5d). Yellow solid, yield: 59%, mp: 113.1–114.1 ◦C, 1H NMR (400 MHz,
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CDCl3): δ 9.16 (s, 1H), 7.90 (s, 1H), 7.14 (d, J = 8.4 Hz, 2H), 7.02 (d, J = 8.5 Hz, 2H), 6.86–6.92
(m, 5H), 6.64 (d, J = 8.0 Hz, 2H), 6.54 (s, 1H), 3.97 (q, J = 6.7 Hz, 4H), 3.78 (s, 7H), 2.98 (s, 4H),
1.33 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 165.22, 160.38, 157.39, 155.45, 150.61,
146.74, 145.59, 136.30, 132.54, 123.10, 119.97, 116.50, 114.58, 112.84, 105.58, 104.72, 66.98,
63.91, 55.70, 50.15, 14.76. HRMS (ESI) m/z calculated for C17H17N3O3 [M+H]+: 586.2666.
Found: 586.2665.

General procedure of final amide derivatives 5e–5g. The appropriate carboxylic acid
(1.15 eq.) and HATU (1.15 eq.) were first dissolved in DMF and stirred for 10 min, DIPEA
(2.5 eq.) was then added, and the mixture stirred for another 5 min. The pre-final amine
was finally added, and the reaction mixture was microwaved at 120 ◦C for 1 h. The reaction
mixture was then washed several times using ethyl acetate and brine. The organic layer was
then dried over Na2SO4 and purified by flash column chromatography (20–50% EA/Hex)
to afford the final amides 5e–5g.

2-(3,5-Dimethoxyphenyl)-N-(4-(4-methoxyphenoxy)-2-((4-morpholinophenyl)amino)
pyrimidin-5-yl)acetamide (5e). Yellow solid, yield: 51%, mp: 152.7–153.7 ◦C, HPLC purity:
6.61 min, 98.92%, 1H NMR (400 MHz, CDCl3): δ 8.92 (s, 1H), 7.31 (s, 1H), 7.12 (d, J = 8.6 Hz,
2H), 6.95 (d, J = 8.8 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 6.81 (s, 1H), 6.63 (d, J = 8.3 Hz, 2H),
6.43 (s, 2H), 6.32 (s, 1H), 3.75–3.77 (m, 7H), 3.68 (s, 6H), 3.64 (s, 2H), 2.97 (s, 4H). 13C NMR
(100 MHz, CDCl3) δ 168.82, 161.42, 160.35, 157.23, 155.63, 150.88, 146.77, 145.54, 136.466,
132.49, 122.80, 120.02, 116.49, 114.44, 112.36, 107.43, 99.72, 66.97, 55.68, 55.39, 50.14, 44.71.
HRMS (ESI) m/z calculated for C17H17N3O3 [M+H]+: 572.2509. Found: 572.2509.

N-(4-(4-Methoxyphenoxy)-2-((4-morpholinophenyl)amino)pyrimidin-5-yl)-2-
nitroisonicotinamide (5f). Orange solid, yield: 62%, mp: 170–171 ◦C, 1H NMR (400 MHz,
CDCl3): δ 9.16 (s, 1H), 8.84 (d, J = 3.8 Hz, 1H), 8.71 (s, 1H), 8.25 (s, 1H), 8.18 (s, 1H), 7.24
(d, J = 7.4 Hz, 2H), 7.13 (d, J = 8.1 Hz, 2H), 6.99–7.04 (m, 3H), 6.75 (d, J = 7.8 Hz, 2H), 3.88
(s, 7H), 3.09 (s, 4H). 13C NMR (100 MHz, CDCl3) δ 161.02, 160.81, 157.56, 157.37, 156.31,
151.51, 150.12, 147.11, 145.69, 145.23, 131.90, 126.72, 122.97, 120.35, 116.36, 115.67, 114.67,
111.41, 66.94, 55.71, 49.97, 31.60, 22.66, 14.13. HRMS (ESI) m/z calculated for C17H17N3O3
[M+H]+: 544.1945. Found: 544.1945.

N-(4-(4-Methoxyphenoxy)-2-((4-morpholinophenyl)amino)pyrimidin-5-yl)-3-
(methylthio)benzamide (5g). Yellow solid, yield: 54%, mp: 106–107 ◦C, HPLC purity:
6.87 min, 99.29%, 1H NMR (400 MHz, CDCl3): δ 9.26 (s, 1H), 8.03 (s, 1H), 7.83 (s, 1H),
7.63 (d, J = 7.0 Hz, 1H), 7.40–7.46 (m, 2H), 7.25 (d, J = 8.8 Hz, 2H), 7.14 (d, J = 8.9 Hz, 2H),
6.99–7.01 (m, 3H), 6.75 (d, J = 8.9 Hz, 2H), 3.86–3.89 (m, 7H), 3.07 (t, J = 4.72 Hz, 4H), 2.57
(s, 3H). 13C NMR (100 MHz, CDCl3) δ 164.99, 160.48, 157.40, 155.58, 150.83, 146.79, 145.57,
140.19, 134.92, 132.48, 129.75, 129.09, 125.07, 123.15, 123.07, 120.02, 116.49, 114.59, 112.68,
66.98, 55.71, 50.14, 15.64. HRMS (ESI) m/z calculated for C17H17N3O3 [M+H]+: 544.2019.
Found: 544.2018.

2.2. Biological Evaluation
2.2.1. In Vitro Kinase Inhibition Assay

The in vitro kinase inhibition assay was carried out by Reaction Biology Corp. (Reac-
tion Biology Corp., Chester, PA, USA) Kinase HotSpotSM service (http://www.reactionbiol
ogy.com, accessed on 15 January 2021), following the previously reported methods [16,40].
(For details, see Supplementary Material).

2.2.2. In Vitro Antitumor Activity towards 60 Cancer Cell Lines

The antitumor assay was performed according to the protocol of the Drug Evaluation
Branch, NCI, Bethesda [41]. A 48 h drug exposure protocol was adopted, and sulforho-
damine B (SRB) assay was utilized to assess the cell growth and viability, as reported
earlier [42,43].
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2.2.3. Molecular Modeling Study

Crystal structure of LCK (PDB ID: 3KMM), DAPK1 (PDB code: 4TXC), FMS (PDB
ID: 6N33), and LYN (PDB ID: 2ZVA) were downloaded from the protein data bank
(www.pdb.org, accessed on 20 March 2021). LCK, FMS, and DAPK1 structures are all re-
spectively complexed with small molecule inhibitors. Protein structures were prepared
using the protein preparation wizard of the Schrodinger 2020 suite of the package at the
default setting and 7.4 pH value. All ligands were sketched using ChemDraw Professional
16.0, saved as structure data file format, and imported to Ligprep module. Ligprep module
of Schrodinger was used for preparing all ligands and geometry optimization. Re-docking
X-ray ligands confirmed the reproducibility of the docking program (data not shown).
All minimized conformations of ligands were docked into their own respective binding site
using Glide’s standard precision module and produced 10 poses for each ligand. The dock-
ing figures were produced using the Discovery Studio Client 2020 package. We selected
the docked poses with more negative docking scores and significant interactions.

3. Results and Discussion

3.1. Chemical Synthesis

The newly synthesized target compounds (5a–5g) were prepared as outlined in
Scheme 1. Starting from the commercially available 2,4-dichloro-5-nitropyrimidine (1).
A solution of 4-methoxyphenol in a mixture of aqueous sodium bicarbonate and wa-
ter was added to compound 1 in acetone to give compound 2 which was stirred with
4-morpholinoaniline in acetonitrile overnight to afford compound 3 as an orange solid.
Compound 3 was reduced by stirring in a mixture of DCM/methanol (1:9) under hy-
drogen gas in the presence of a catalytic amount of palladium on carbon. The reduced
pre-final amine (4) was then used to afford the final amide derivatives 5a–5g either by
stirring overnight with the corresponding benzoyl chloride in DCM solvent and DIPEA
base to yield derivatives 5a–5d, or by reacting it with the appropriate carboxylic acid
in dimethylformamide and in the presence of HATU and DIPEA to afford compounds
5e–5g. The structure elucidation and identification of the synthesized target hybrids were
done with the aid of NMR and HRMS spectroscopy. The synthesis of compound 2 was
confirmed through the presence of a signal corresponding to the methoxy group of the
4-methoxyphenoxy moiety at 3.81 ppm. 1H NMR chart of compounds 3 was characterized
by the appearance of eight hydrogens attributable the morpholine ring and three hydro-
gens of the methoxy group of the 4-methoxyphenoxy moiety. The subsequent reduction of
the nitro group to produce compound 4 was confirmed through the appearance of a new
signal attributable to two new exchangeable protons of the newly generated amino group.
The 1H NMR spectra of compounds 5a–5g were all characterized by the presence of two
peaks at 3.00–4.00 ppm attributable to the eight hydrogens of the morpholine ring and the
three hydrogens of the methoxy group. In addition, the amide group of compounds 5a–5g

always displayed signals resonating in the range of 8.8–9.3 ppm of the 1H NMR spectra.
Moreover, their 13C NMR spectra showed signals resonating in the range of 161–168 ppm
characteristic to C = O carbons.
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Scheme 1. Reagents and conditions: (a) 4-Methoxyphenol, aq. NaHCO3, acetone, 0 ◦C to rt, 3 h;
(b) 4-morpholinoaniline, MeCN, rt, overnight; (c) H2, 10% Pd/C, 10% DCM/methanol, rt, 12 h;
(d) (i) for derivatives 5a–5d: Appropriate acyl chloride, DIPEA, DCM, 0 ◦C to rt, overnight; (ii) for
derivatives 5e–5g: Appropriate carboxylic acid, DIPEA, HATU, DMF, MW, 120 ◦C, 1 h.

3.2. Biological Evaluation
3.2.1. Assessment of Kinase Inhibitory Activity of Compound 5a against a Panel of Kinases

As mentioned in the introduction, to get insights about the kinase inhibition profile of
the hybrid small molecule 5a, an in vitro screening over a panel of 14 cancer-related kinases
was carried out. Accordingly, 10 μM concentrations of compound 5a were used in a kinase
inhibition assay over various kinase groups and families in the presence of 10 M ATP using
HotSpotSM technology. To get a comprehensive picture of the inhibitory activities of the
tested compound (5a) against the kinase panel, data are illustrated in Table 1. Interestingly,
compound 5a displayed promising inhibitory activities of more than 50% inhibition against
four kinases: Colony-stimulating factor-1 receptor (FMS), lymphocyte-specific protein
tyrosine kinase (LCK), tyrosine-protein kinase LYN, and death-associated protein kinase
1 (DAPK1) with inhibition values of 82.5 ± 0.6, 81.4 ± 0.6, 75.2 ± 0.0, and 55 ± 1.1%,
respectively. Compound 5a was also able to suppress the kinase activity of the epidermal
growth factor receptor (EGFR), platelet-derived growth factor receptor-alpha (PDGFRα),
and cyclin-dependent kinase 2 (CDK2) with modest inhibition values of 26.99 ± 0.9,
24.0 ± 0.4, and 20.1 ± 0.1%, respectively. Other kinases showed very little to no inhibition.
Several studies have confirmed direct relationships between the most affected kinases
(FMS, LCK, LYN, and DAPK1) and different human disorders including cancer [40,44–49].
Accordingly, these four kinases were selected to be included in further biological assays for
the optimized hybrids 5b–5g in a step to identify more active kinase inhibitors and to get
structure-activity relationship (SAR) insights for this new marine-derived series.
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Table 1. In vitro inhibition screening results of compound 5a against a panel of 17 kinases at a single dose of 10 μM.

Type of Kinase Family Kinase Percent Inhibition

Receptor Tyrosine Kinases

TAM family c-MER 4.4 ± 0.1

EGF receptor family EGFR 26.99 ± 0.9

PVR family

FMS 82.5 ± 0.6

PDGFRα 24.0 ± 0.4

FLT1/VEGFR1 −2.4 ± 1.7

KDR/VEGFR2 7.9 ± 1.4

HGF receptor c-MET 12.0 ± 13.7

Non-Receptor Tyrosine Kinases
SRC-B family

LCK 81.4 ± 0.6

LYN 75.2 ± 0.0

JAK family JAK3 11.2 ± 1.2

Tyrosine Kinase-Like kinases RAF family BRAF 4.1 ± 10.5

Calcium/Calmodulin-dependent kinases
(CAMKs) DAPK family DAPK1 55 ± 1.1

CMGC serine/threonine kinases Cyclin-dependent kinase family CDK2/cyclin A 20.1 ± 0.1

P21-activated serine/threonine kinases PAK Family PAK1 −29.1 ± 3.4

3.2.2. Assessment of Kinase Inhibitory Activity of Compounds 5b–5g against FMS, LCK,
LYN, and DAPK1 Kinases

The four protein kinases inhibited by the hybrid small molecule 5a with more than
50% inhibition (FMS, LCK, LYN, and DAPK1) were selected to run an assessment for the
optimized derivatives 5b–5g at 10 μM concentration of each compound. Table 2 shows the
percent inhibition values of the optimized compounds 5b–5g over the four selected kinases
in comparison to the results obtained for compound 5a.

Table 2. Percent inhibition values of the synthesized compounds 5a–5g over the selected kinases at a single dose concentra-
tion of 10 μM.

Cpd Chemical Structure
Percent Inhibition a

DAPK1 FMS LCK LYN

5a

 

55 ± 1.1 82.5 ± 0.6 81.4 ± 0.6 75.2 ± 0.0

5b

 

65 ± 1.2 44.1 ± 0.2 62.3 ± 0.8 36.9 ± 4.5

5c

 

50 ± 0.1 69.9 ± 0.4 19.4 ± 0.9 −1.6 ± 0.3
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Table 2. Cont.

Cpd Chemical Structure
Percent Inhibition a

DAPK1 FMS LCK LYN

5d

 

51.6 ± 0.5 95.1 ± 0.3 38.3 ± 4.2 31.5 ± 5.8

5e

 

47.1 ± 0.7 75.5 ± 0.8 39.5 ± 0.4 7.9 ± 0.4

5f

 

65.5 ± 1.4 65.4 ± 0.1 72.6 ± 0.6 34.1 ± 2.2

5g

 

54.6 ± 0.8 90.6 ± 0.8 96.9 ± 0.3 96.4 ± 0.1

a Percent inhibition values of different kinases at a single dose of 10 μM of the prepared compound.

Replacement of the benzo[d][1,3]dioxole moiety in compound 5a with 3,4,5-
trimethoxyphenyl (5c) or 3,5-dimethoxyphenyl (5e) led to a noticeable decrease of the
kinase inhibition against all four kinases (DAPK1, FMS, LCK, and LYN) with percent
inhibition values of 50 ± 0.1, 69.9 ± 0.4, 19.4 ± 0.9, and −1.6 ± 0.3% for compound 5c and
47.1 ± 0.7, 75.5 ± 0.8, 39.5 ± 0.4, and 7.9 ± 0.4% for compound 5e, respectively. While
compounds possessing 3,4-dimethoxyphenyl (5b) and 2-nitropyridin-4-yl (5f) showed
a similar decrease pattern of the kinase inhibitory activity over FMS, LCK, and LYN kinases
with percent inhibition values ranging from 34.1 ± 2.2 to 72.6 ± 0.6%, surprisingly, both
compounds were able to elicit higher inhibitory activities against DAPK1 kinase compared
to the parent hybrid compound 5a with 65 ± 1.2 and 65.5 ± 1.4% inhibition, respectively.
Interestingly, compound 5d possessing 3,5-diethoxyphenyl moiety displayed the highest
inhibitory activity over FMS kinase (95.1 ± 0.3% inhibition), while it demonstrated moder-
ate inhibitory activities against DAPK1, LCK, and LYN kinases with 51.6 ± 0.5, 38.3 ± 4.2,
and 31.5 ± 5.8%, respectively. As illustrated in Figure 2, the most broad-spectrum active
compound in this series was compound 5g possessing 3-methylthiophenyl moiety. While
5g displayed a modest inhibitory activity against DAPK1 kinase with percent inhibition
value of 54.6 ± 0.8%, it showed more than 90% inhibition against the other three tested
kinases (90.6 ± 0.8, 96.9 ± 0.3, and 96.4 ± 0.1% over FMS, LCK, and LYN kinases, respec-
tively). Based on these results, compounds 5d and 5g were subjected to further evaluation.
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Figure 2. Schematic chart for percent enzyme inhibition (relative to DMSO controls) of all synthesized analogs at a
concentration of 10 μM over DAPK1, FMS, LCK, and LYN kinases.

3.2.3. Dose-Dependent Assay of the Most Active Analogs 5d and 5g over FMS, LCK, and
LYN Kinases

Since only compounds 5d and 5g were able to inhibit FMS, LCK, and/or LYN kinases
with percent inhibition of more than 90%, both compounds were selected for a further
dose-dependent assay to determine their IC50 values over the corresponding kinases(s)
in a 10-dose IC50 duplicate mode with a 3-fold serial dilution starting at 100 μM. The
results were compared with the FDA-approved multiple kinase inhibitor imatinib [50].
As summarized in Table 3, compound 5d was only assessed over FMS kinase where it
demonstrated an IC50 value of 213 ± 1 nM, which is almost 5-fold more potent than
imatinib. Compound 5g was also able to show potent IC50 values of 110 ± 8, 87.7 ± 8.3,
and 169 ± 31 nM against FMS, LCK, and LYN kinases, respectively. Compared to imatinib,
compound 5g was found to be ~ 9- and 2-fold more potent than imatinib over FMS and
LCK kinases, respectively.

Table 3. IC50 of most active compounds 5d and 5g.

Compound FMS IC50 (nM) LCK IC50 (nM) LYN IC50 (nM)

5d 213 ± 1 NT NT

5g 110 ± 8 87.7 ± 8.3 169 ± 31

Imatinib 1000 160 190

3.2.4. Efficacy and Spectrum against Diverse Cancer Cells in Growth Inhibition (GI) Assays

The inhibition results of tumor cell growth by the newly synthesized compounds
(5a–5g) are described in Table 4. The reported measurements have been performed at the
NIH National Cancer Institute, USA by a standardized assay including a panel of 60 dif-
ferent tumor cell lines (Supplementary Data) [51]. The following cancer cell types were
included in these assays: Leukemia, non-small cell lung cancer, colon cancer, CNS cancer,
melanoma, ovarian cancer, renal cancer, prostate, and breast cancer. The data provided in
Table 4, as well as the graphical representation of the inhibitory activity of the synthesized
compounds on the different cell lines (Figure 3), revealed that the dimethoxy substitution
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of the phenyl ring reduced the anti-cancer activity, as in the 3,5-dimethoxy substituted
compound (5e) which totally lost the inhibitory activity. Additionally, the 3,4-dimethoxy
substituted compound (5b) also suffered poor activity against the cancer cell lines. Re-
placing the dimethoxy substitutions with a 3,5-diethoxy substitution (5d) significantly
increased the inhibitory activity, while the incorporation of an ortho-substituted nitro
group on the phenyl ring did not cause a significant improvement of the activity. While
the parent marine-derived compound 5a was only able to inhibit the RXF 393 cell line of
renal cancer with 50.5% growth inhibition, both derivatives 5c and 5g showed a significant
antiproliferative activity against the SR cell line of leukemia (64.4 and 60.5% growth inhi-
bition, respectively) as well as the RXF 393 cell line of renal cancer with 50.6 and 70.1%
growth inhibition, respectively. The other synthesized analogs 5b, 5d, 5e, and 5f exhibited
moderate to poor inhibitory effects on the different cancer cell lines.

Figure 3. Schematic chart of percent inhibition of all synthesized compounds 5a–5g against a panel
of cancer cell lines.

Table 4. The growth inhibition percentages of the synthesized compounds over the most sensitive cell lines at a single dose
concentration of 10 μM.

Cancer Type Cell Line
Percent Growth Inhibition (GI)

5a 5b 5c 5d 5e 5f 5g

Leukemia

CCRF-CEM 14.46 5.37 30.5 26.1 −4.73 16.66 12.96

HL-60(TB) 16.16 16.41 31.0 22.8 −6.34 −3.19 13.94

K-562 23.4 8.76 20.4 30.7 2.31 10.89 29.1

MOLT-4 31.1 19.9 31.6 38.2 −0.81 −5.98 43.1

RPMI-8226 21.8 11.12 18.76 25.6 11.31 16.32 20.5

SR 37.1 18.75 64.4 33.2 13.21 27.4 60.5

Non-Small Cell
Lung Cancer

HOP-92 6.16 −1.19 15.76 3.34 4.46 1.12 20.2

NCI-H522 22.7 −3.5 2.25 29.8 8.4 9.77 26.4

Colon Cancer

COLO 205 1.75 −2.21 21.6 −2.11 −22.42 −14.56 4.7

HCT-116 14.57 6.01 23.9 6.73 0.34 −0.19 23.7

HCT-15 26.0 12.32 34.4 13.24 1.13 32.8 31.7

HT29 28.3 −2.93 47.4 9.54 −8.47 −8.86 24.3

KM12 12.72 −4.34 3.99 14 1.32 −1.85 20.2

CNS Cancer
SF-539 4.73 −3.17 7.64 8.01 2.09 7.72 21.1

SNB-75 −3.98 −4.29 3.59 19.2 −3.1 −4.975 21.5
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Table 4. Cont.

Cancer Type Cell Line
Percent Growth Inhibition (GI)

5a 5b 5c 5d 5e 5f 5g

Melanoma UACC-62 7.38 0.1 −0.63 11.99 1.34 21.4 14.69

Ovarian Cancer IGROV1 5.92 3.6 11.87 0.72 −9.02 1.91 33.9

Renal Cancer

786-0 25.3 17.64 44.2 7.41 0.75 5.78 25.0

A498 22.4 −5.56 38.3 17.86 −6.85 6.39 18.93

ACHN 8.91 −7.28 4.83 20.4 −0.26 1.61 21.4

CAKI-1 33.9 20.6 28.1 20.6 −2.58 13.69 29.4

RXF 393 50.5 20.4 50.6 27.5 −8.16 −0.36 70.1

UO-31 36.7 33.6 42.3 29.9 19.36 29 43.7

Prostate Cancer PC-3 11.71 0.75 11.58 27.3 8.05 13.85 24.9

Breast Cancer

MCF7 8.51 4.24 7.94 14.43 18.87 12.54 21.5

HS 578T 6.26 5.09 3.23 7.96 1.64 6.7 22.7

T-47D 6.78 2.41 0.52 18.4 10.16 5.93 28.2

3.2.5. Molecular Docking Studies

A molecular docking study was performed on the active binding regions of LCK, FMS,
DAPK1, and LYN proteins. This study was conducted to provide a deeper view of how the
changes of the functional groups may affect the activity of the compounds. The docking
models over each enzyme are discussed separately in the following subsections.

Molecular Docking Models within the LCK Binding Site

As shown in Table 5, the docked poses of all synthesized compounds showed a direct
correlation between the predicted binding affinity of the tested compounds to the active
site and their respective LCK inhibition. Compounds with the highest docking scores
5a (−9.75), 5f (−9.62), and 5g (−9.32) correspondingly demonstrated the highest LCK
inhibition (81.4, 72.6, and 96.9%, respectively). On the contrary, compounds with lower
docking scores 5c (−7.39) and 5d (−6.844) exhibited only 19.4 and 38.3% inhibition of LCK,
respectively. The inhibitory activity of compounds 5a, 5b, 5f, and 5g against LCK could
be explained due to their ability to establish a minimum of two hydrogen bonds with
Met319. Compound 5c, on the other hand, was able to establish only one hydrogen bond
with Met319 in addition to a weak π–π stacking with the pyridine ring, which explains
the reason for its weak binding affinity to the binding site of the LCK receptor leading to
a weak inhibitory activity. The binding mode of compound 5g that possesses the highest
LCK effect is compared to that of the least active compound 5c in Figure 4.

Table 5. Computational analysis of all synthesized compounds against LCK.

Compound Docking Score Ligand Atoms Receptor Atoms Interaction Type Percent Inhibition

5a −9.75
N3
N7
O38

Met319
Met319
Asp382

HBA
HBD
HBA

81.4 ± 0.6

5b −8.15 N3
N7

Met319
Met319

HBA
HBD 62.3 ± 0.8

5c −7.39 N7
Pyridine ring

Met319
Lys273

HBD
π-π stacking 19.4 ± 1.0

5d −6.84 O31
O27

Ser329
Asp382

HBA
HBA 38.3 ± 4.2
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Table 5. Cont.

Compound Docking Score Ligand Atoms Receptor Atoms Interaction Type Percent Inhibition

5e −8.96 O31
O27

Met319
SER323

HBA
HBA 37.5 ± 0.3

5f −9.62

N3
N7

Pyridine ring
N38
O39
O40

Met319
Met319
Lys273
Glu288
Phe383
Asp382

HBA
HBD

π-π stacking
Salt bridge

HBA
HBA

72.6 ± 0.6

5g −9.32
N3
N7

Pyridine ring

Met319
Met319
Lys273

HBA
HBD

π-π stacking
96.9 ± 0.3

Figure 4. Docked complexes of compounds 5g and 5c with LCK. (a,c) 3D docking models of compounds 5g and 5c into
LCK binding pocket, respectively. (b,d) 2D interaction diagrams of compounds 5g and 5c with LCK, respectively.
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Molecular Docking Models within the FMS Binding Site

Compounds 5a, 5b, 5f, and 5g had the highest docking scores of −7.57, −6.81, −6.38,
and −6.23, respectively, while compounds 5c, 5d, and 5e demonstrated comparatively
weaker docking scores of −3.26, −4.47, and −5.63, respectively. Despite the relative
difference of these docking scores, several characteristics were elucidated through the
docking study. One such feature is the amide group responsible for establishing a hydrogen
bond between the amide group of the ligand and GLU633. Thus, the amide group was
found to be essential for FMS inhibitory activity. To understand the difference in binding
activity and identify the important binding groups, an energy-optimized pharmacophore
(e-pharmacophore) hypothesis using “Develop a Pharmacophore from Receptor Cavity”
option in the phase module was developed. Six pharmacophore sites were predicted,
and the final hypothesis consisted of four aromatic rings (R13, 14, 15, and R16) and two
H-bond acceptors (A8 and A4) as shown in Figure 5. The SAR diagram of the synthesized
compounds, the top score docking model of compound 5a, and its e-pharmacophore
hypothesis are illustrated in Figure 5.

Figure 5. (a) General SAR of the synthesized compounds against FMS kinase. (b) 3D docking model of compound 5a into
the FMS pocket. (c) 2D interaction diagram of compound 5a with FMS. (d) predicted hypothesis of the essential binding
interactions using compound 5a as a reference. (e) compound 5a overlaid on the generated e-pharmacophore hypothesis.
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Molecular Docking Models within the DAPK1 Binding Site

All synthesized compounds displayed almost similar inhibitory activity over DAPK1,
with a range of percent inhibition varying from 65.5% (5f) to 47.1% (5e). This difference
in activity could be explained due to the difference of their binding modes to the active
site residue. Compound 5f formed one salt bridge and four hydrogen bonds, two of these
hydrogen bonds were formed via the oxygen of the morpholine ring with Asp161 and
Phe162, while the other two hydrogen bonds were established via the nitro group which
acted as a hydrogen bond acceptor for Glu100 and Asp103. On the other hand, the least
active compound 5e was only able to form one hydrogen bond through the NH of the
morpholino moiety with GLU143. The 2D predicted interaction diagram comparing both
compounds 5f and 5e is demonstrated in Figure 6.

Figure 6. Docked complexes of compounds 5f and 5e with DAPK1. (a,c) 3D docking models of compounds 5f and 5e into
DAPK1 binding pocket, respectively. (b,d) 2D interaction diagrams of compounds 5f and 5e with DAPK1, respectively.
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Molecular Docking Models within the LYN Binding Site

Among the synthesized compounds, only compound 5g showed high activity against
the LYN kinase with 96.4% inhibition at a single dose concentration of 10 μM, while the
other synthesized compounds exhibited moderate to weak activity with compound 5c

being inactive (−1.6% inhibition). Through molecular docking, compound 5g which has
a strong binding affinity to the active site residue of the LYN protein (docking score of
−9.979) was able to form two hydrogen bonds and one π–π interaction with the receptor
active site, all within a distance of less than 3.5 Å. Conversely, compound 5c exhibited
a much weaker docking score of −5.94. The other synthesized compounds displayed
moderate binding scores ranging from −6.4 to −7.9, which explains their relatively weak
activity as LYN inhibitors. The predicted interaction of the most active compound 5g with
the LYN kinase is illustrated in Figure 7.

( ) ( ) 

Figure 7. Docked complex of compound 5g with LYN. (a) 3D docking model of compound 5g into LYN binding pocket.
(b) 2D interaction diagram of compound 5g with LYN.

3.2.6. In Silico Pharmacokinetic Study

Pharmacokinetic properties such as absorption, metabolism, excretion, and toxicity
(ADMET) play a vital role in developing active therapeutic agents. A good antagonistic
interaction of inhibitors with a receptor protein or enzyme does not warrant the capability
of an inhibitor as a drug. One of the foremost causes of drug candidates to fail in their
clinical experiments is the possession of poor ADME characteristics and unfavorable
toxicology [52]. Subsequently, ADME analysis is crucial in drug development [53]. Hence,
the pharmacokinetic properties of the final targeted compounds were predicted using the
freely accessible web server of SwissADME (a machine learning platform used to predict
small-molecule pharmacokinetic properties relying on distance/pharmacophore patterns
encoded as graph-based signatures) [54] (see Supplementary File for more details). ADME
is based on Lipinski’s rule of five and assists in the approval of inhibitors for biological
systems. Apart from efficacy and toxicity, various drug development failures are due
to poor pharmacokinetics and bioavailability [55]. Gastrointestinal absorption and brain
access are two pharmacokinetic behaviors crucial to be estimated at various stages of the
drug discovery processes [56]. All the synthesized compounds were subjected to an in
silico pharmacokinetic study (Table 6).
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Table 6. Predicted pharmacokinetic properties of compounds 5a–5g.

Compound TPSA Solubility in Water BBB Permeability Intestinal Absorption

5a 116.3 Moderately soluble no high

5b 116.3 Moderately soluble no high

5c 125.5 Moderately soluble no low

5d 116.3 Poorly soluble no low

5e 116.3 Moderately soluble no high

5f 156.5 Moderately soluble no low

5g 123.1 Poorly soluble no low

The polar surface area (PSA) or topological polar surface area (TPSA) is characterized
as the surface sum over every polar atom or molecule, predominantly oxygen and nitrogen,
comprising their attached hydrogen atoms. PSA is frequently used as a medicinal chemistry
metric for enhancing the drug’s capability to permeate cells. Molecules with a polar surface
area of higher than 140 Å2 are likely to be inadequate at permeating cell membranes.
For a molecule to possess the ability to infiltrate BBB (and thereby be able to exert its effects
on the receptors of the central nervous system), a PSA less than 90 angstroms squared
is usually considered necessary [57]. Accordingly, among the synthesized compounds,
only compound 5f (TPSA of 156.2 Å2) is predicted to be unable to penetrate the cellular
membrane easily.

On the other hand, compounds 5a–5e and 5g were found to possess appropriate TPSA
values (higher than 90 and below 140 Å2) predicting their ability to penetrate the cells and
exert their effects without any possible CNS side effects. Nevertheless, all the synthesized
compounds were predicted to suffer from poor to moderate solubility. This, coupled with
the fact that compounds 5c, 5d, 5f, and 5g were predicted to have low intestinal absorption.
This means that further future modifications of the structures should be carried out to
improve the oral bioavailability for this series and maximize their effectiveness.

4. Conclusions

A new series of hybrid small molecules (5a–5g) was developed based on chemical
moieties originating from two marine natural products (Meridianin E and Leucettamine B).
A single dosage of 10 μM of the parent hybrid 5a, which contains the benzo[d][1,3]dioxole
moiety of Leucettamine B, inhibited the activity of FMS, LCK, LYN, and DAPK1 kinases
by 82.5 ± 0.6, 81.4 ± 0.6, 75.2 ± 0.0, and 55 ± 1.1%, respectively. Further optimizations
led to compound 5g (the most potent multi-kinase inhibitor of this new series) with IC50
values of 110, 87.7, and 169 nM against FMS, LCK, and LYN kinases, respectively, which
is 9- and 2-fold more potent than the multi-kinase inhibitor imatinib over both FMS and
LCK kinases, respectively. Compound 5g also showed promising antitumor activities
against leukemia SR and renal RXF 393 cell lines with 60 and 70% inhibition. Supported
by the computational studies including docking and ADME simulations, compound 5g is
reported as a promising marine-derived multi-kinase potent inhibitor worthy of further
investigation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/1
0.3390/biomedicines9091131/s1. General methods and instruments of Chemistry; charts of NMR,
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Abstract: Anthracycline antitumor antibiotics are one of the promising classes of chemotherapeutic
agents for cancer treatment. The main deterrent to their use is high toxicity to a healthy environment,
including cumulative cardiotoxicity. In our work, bipharmacophore molecules containing in their
structure a fragment of the known anthracycline antibiotics daunorubicin and doxorubicin and
natural sesquiterpene lactones were obtained for the first time. When studying the biological activity
of the synthesized compounds, it was found that with equal and, in some cases, higher cytotoxicity
and glycolysis inhibition by anthracycline antibiotics conjugates with sesquiterpene lactones in
comparison with doxo- and daunorubicin, a reduced damaging effect on the functioning of rat
heart mitochondria was observed. The results obtained allow us to confirm the assumption that the
chemical modification of the anthracycline antibiotics molecules doxo- and daunorubicin by natural
sesquiterpene lactones can be a promising strategy for creating potential antitumor chemotherapeutic
drugs with a pronounced cytotoxic effect on tumor cells and a reduced damaging effect on healthy
cells of the human organism.

Keywords: doxorubicin; daunorubicin; sesquiterpene lactones; conjugates; cancer; cardiotoxicity;
glycolysis; rat heart mitochondria

1. Introduction

Anthracycline antibiotics have pronounced antitumor properties. The clinical use of
representatives of this class as antineoplastic agents dates to the 60s of the last century.
Notable examples are doxorubicin, which is an important component of therapy aimed at
the treatment of various solid tumors, soft tissue sarcomas, and aggressive lymphomas, and
daunorubicin, which is active against acute lymphoblastic and myeloblastic leukemias [1].
Despite the fact that anthracyclines undoubtedly play one of the key roles in the treatment
of malignant neoplasms, their use is limited due to their low selectivity of action and high
toxicity in relation to healthy tissues, mainly of the cardiovascular system. Thus, chronic
administration of substances of this class leads to the development of cardiomyopathy
and treatment-resistant congestive heart failure, which is caused by damage to the cell
myocardium membranes [2]. In this regard, for more than 40 years, scientists have been
making numerous attempts to identify new anthracycline antitumor antibiotics that could
surpass doxo- and daunorubicin in terms of activity and/or tolerance to the development
of cardiovascular pathologies. To date, more than two thousand analogs of anthracycline
antibiotics are known, which were created by various chemical modifications, substitutions,
and/or conjugations, both in the tetracyclic nucleus and in the side chain or amino sugar [1],
but only a few of them have become commercially successful and remain in use. Epirubicin,
a semisynthetic derivative of doxorubicin obtained as a result of the hydroxyl group
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epimerization at the 4-position of daunosamine, and idarubicin, one of the first synthetic
derivatives of daunorubicin, formed by the removal of the methoxy group in aglycone,
are very popular chemotherapeutic agents, which show improvements in efficacy and
cardiotoxicity [3–5]. This confirms the promise of the search for antitumor agents in analogs
of this class of compounds.

It is known that the cytotoxicity of anthracycline antibiotics is caused by DNA damage,
mediated mainly by the inhibition of topoisomerase II [6], as well as the excessive formation
of reactive oxygen species [7] (Figure 1). Thus, one of the main causes of oxidative stress
caused by this class of compounds is a violation of mitochondrial function, affecting
the electron transport chain complexes of organelles, leading to their deactivation and
overproduction of ROS [8,9]. Ca2+ homeostasis disruption triggered by anthracycline
antibiotics causes the opening of the mitochondrial membrane permeability transition
pore (mPTP) and a decrease in the transmembrane potential along with an increase in the
permeability of the outer mitochondrial membrane for the release of apoptotic factors [10].
In addition, it has been shown that doxo- and daunorubicin are capable of inhibiting the
glycolytic pathway of energy production [11], disrupting the work of the endogenous
antioxidant system of cell defense [12], and also directly interacting with iron ions, forming
reactive anthracycline-iron complexes, which leads to cyclic transition of Fe3+ and Fe2+,
energy collapse, and additionally stimulates the ROS formation [13].

Figure 1. Mechanisms of antitumor action of anthracycline antibiotics associated with hyperproduc-
tion of reactive oxygen species (ROS) and inhibition of glycolysis.

The development of anthracycline analogues is still actively continuing to reduce the
risk of cardiotoxicity and improve the therapeutic index. An interesting object used for
their modification can be natural origin products—sesquiterpene lactones, which contain
activated double bonds in their structure and exhibit a wide range of biological activity. The
antitumor potential of this class of compounds is confirmed by their ability to modulate a
number of mechanisms involved in the development of oncological diseases, in particular,
the processes associated with oxidative stress [14–16], the mitochondria functioning [17],
and the glycolytic profile of transformed cells [18,19].

In this work, a number of anthracycline antibiotics conjugates with natural sesquiter-
pene lactones of Inula helenium L. (Asteraceae) were first obtained and studied. The anthra-
cycline antibiotics doxorubicin (a) and daunorubicin (b) were modified with sesquiter-
pene lactones—isoalantholactone (1), alantolactone (2), alloalantholactone (3), epoxy-
isoalantholactone (4), epoxyalantholactolactone (5), epoxyalloalantholactone (6), 6-hydro-
xyxanthanodiene (7), alanthodiene (8). Conjugates 1-6a-b were obtained in our previous
works [20–22]; compounds 7a, b and 8a, b were first obtained and studied. Their cytotoxic
and antiproliferative properties in relation to tumor cell lines were evaluated and their
influence on key aspects of formation of cytotoxicity—mitochondrial functional character-
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istics (mitochondrial swelling, membrane potential, and mitochondrial respiratory chain
complexes) as well as the glycolytic function parameters of HeLa tumor cells— was studied.

2. Materials and Methods

2.1. Chemistry
1H and 13C NMR spectra were recorded on Bruker AVANCE III instruments (operating

frequency 500.13 and 125.78 MHz) and Bruker DPX-200 (200.13 and 50.32 MHz). In CDCl3,
the internal standard is the residual solvent signal; subscripts “alpha” and “beta” denote
nonequivalent protons at one carbon atom. To refine the multiplicity in the proton spectra
analysis, we used the multiplication by the TRAF function. For some weakly intense
13C spectra, the convolution difference was used to increase the signal-to-noise ratio.
High-resolution mass spectra were recorded using a Sciex QStar quadrupole time-of-
flight mass spectrometer with orthogonal ion input and a Thermo Fisher Exactive mass
spectrometer with an electrospray ionization source and Orbitrap mass analyzer. For
ionization, solutions of the starting substances in acetonitrile with a concentration of
~10−5 M were taken. When calculating the molecular masses, the following atomic masses
were used: H—1.007825, O—15.994915, C—12.000000, N—14.003074. The compounds were
purified by silica gel column chromatography. If necessary, the individual components
were purified by semi-preparative HPLC (Turbo LC 200 chromatograph, Perkin Elmer,
Germany), diode matrix detector, UV 254 nm; analytical column 4 × 100 mm with Kromasil
C18, 5 μm; preparative column 10 × 250 mm with Kromasil C18, 5 μm); gradient elution:
eluent A was 0.1% trifluoroacetic acid in distilled water (pH 2.0), eluent B was acetonitrile,
and the elution rates were 1 and 4 mL·min−1 for the analytical and preparative columns,
respectively. The melting points were measured by a Kruss M3000 apparatus. TLC was
performed by Alugram Xtra Sil G/UV254 plates; compounds were detected without
additional treatment, as well as after treatment with an anisaldehyde reagent. The reaction
of the obtained compounds was monitored using TLC on Alugram Xtra SIL D/UV254
plates in the CHCl3:MeOH = 10:1 system, the conversion degree of the initial lactone was
controlled by 1H NMR (the disappearance of proton signals of the exomethylene group in
the 4–5 ppm).

In chemical experiments, we used reagents from Acros Organics, Catrosa, Panreac, and
Sigma–Aldrich; doxo- and daunorubicin were obtained from OSEIB (OSEIB, Kirov, Russia).

The natural sesquiterpene lactones (1) and (2) were isolated from the roots of elecam-
pane Inula helenium L. according to the method we developed earlier [23]. Alloalantho-
lactone (3) was obtained by isomerization of isoalantholactone (1) under the action of a
5-fold excess of trifluoroacetic acid (in chloroform) [22]. Epoxylactones (4), (5), (6) were
obtained from them by the action of peracetic acid according to the procedures from [23].
6-Hydroxyxanthanodiene (7) and alanthodiene (8) were obtained as we described earlier
under the conditions of acid isomerization of epoxyalantolactone. The spectral characteris-
tics were consistent with the literature data [23] (Figure 2).

2.2. Preparation of Daunorubicin and Doxorubicin Conjugates

Anthracycline antibiotics conjugates (1a), (2a), (4a), (5a), (6a), (1b), (3b), (4b), (5b),
(6b) were obtained as described earlier; the spectral characteristics corresponded to the
literature data [20–22].

2.3. General Procedure for the Preparation of Doxorubicin Conjugates

In a mixture of 2 mL of methanol and 2 mL of chloroform, 0.431 mmol of the respective
lactone (1)–(8) was dissolved, then 250 mg of doxorubicin hydrochloride and 120 μL (2 eq.)
of triethylamine were added and left at room temperature for seven days. The reaction was
monitored by TLC in the CHCl3:MeOH = 10:1 system. The reaction mixture was evaporated
under reduced pressure on a rotary evaporator, purified by column chromatography on
silica gel, washed first with CHCl3, then CHCl3:AcOEt = 10:2 and CHCl3:MeOH = 10:1,
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and the product was eluted from the column with a narrow zone. If necessary, additional
HPLC purification was carried out.

Figure 2. Scheme for obtaining of sesquiterpene lactones used to modify anthracycline antibiotics.

2.4. Preparation of Daunorubicin as a Base

In a separatory funnel, 1 g of daunorubicin hydrochloride was dissolved in 200 mL
of water; 100 mL of chloroform and 1–5 mL of methanol were added, and NaHCO3 was
added until the main part of the colored anthracycline was transferred to the organic layer.
The lower layer was poured off and evaporated, and the remaining daunorubicin was
extracted from the aqueous phase three times with 50 mL of chloroform. The sum of the
chloroform extracts was evaporated to yield daunorubicin base powder.

2.5. General Procedure for the Preparation of Daunorubicin Conjugates

In a mixture of 2 mL of methanol and 2 mL of chloroform, 0.43 mmol of the corre-
sponding lactone (1)–(8) was dissolved, and hen 250 mg of daunorubicin was added in
the form of a free amine and left at room temperature for seven days. The progress of the
reaction was monitored by TLC in the CHCl3:MeOH = 10:1 system. The reaction mixture
was evaporated under reduced pressure on a rotary evaporator, purified by column chro-
matography on silica gel, washed first with CHCl3 (until a low-polarity colored aglycone
daunorubicin emerged), then with CHCl3:AcOEt = 10:2 and CHCl3:MeOH = 10:1, and the
colored product was eluted from the column in a narrow zone (unreacted daunorubicin
remained at the start). Fractions with the target product were evaporated from the solvent,
and the product was evaporated once again together with ether. If necessary, additional
HPLC purification was carried out.

Characterization of compounds 7a, 7b, 8a, 8b (see Supplementary Materials).
(8S,10S)-6,8,11-Trihydroxy-10-(((2R,4S,5S,6S)-5-hydroxy-4-((((3S,3aS,4S,4aR,5S,9aR)-4-
hydroxy-4a,5-dimethyl-2-oxo-2,3,3a,4,4a,5,6,7,9,9a-decahydronaphtho[2,3-b]furan-3-yl)methyl)
amino)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-8-(2-hydroxyacetyl)-1-methoxy-7,8,9,10-tetra-
hydrotetracene-5,12-dione (7a). A red solid (127 mg, 37.2%): m.p. = 170–175 ◦C; TLC Rf = 0.39
(CHCl3:MeOH = 10:1); HRMS (ESI): m/z = 792.3252 (M+H+). C42H49NO14. Calculated,
m/z = [M+H]+ = 792.3226. 1H-NMR (500 MHz, CDCl3, δ, ppm) 0.86 (3H, d, J = 6.8 Hz,
H-42), 0.99 (3H, s, H-41), 1.29–1.40 (2H, m, H-36a, H-36b), 1.36 (3H, d, J = 6.6 Hz, H-27),
1.69–1.87 (2H, m, H-23a, H-23b), 1.93 (1H, m, H-37), 1.93–2.00 (2H, m, H-35a, H-35b),
2.14–2.19 (m, H-12a), 2.16 (dd, J = 15.6, 4.2 Hz, H-32a), 2.22–2.33 (1H, m, H-32b), 2.37 (1H,
br.d, J = 14.6 Hz, H-12b), 2.55 (1H, m, H-29), 2.62 (1H, d, J = 7.0 Hz, H-28a), 2.81–2.96 (3H,
m, H-28b, H-24, H-30), 3.03 (1H, dd, J = 18.6, 3.1 Hz, H-10a), 3.26 (1H, d, J = 18.8 Hz, H-10b),
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3.65 (1H, br.s, H-25), 3.84 (1H, d, J = 5.0 Hz, H-39), 4.00–4.12 (1H, m, H-26), 4.08 (3H, s,
H-21), 4.60 (1H, dt, J = 11.0, 7.5 Hz, H-31), 4.76 (2H, s, H-20), 5.32 (1H, br.s, H-13), 5.52
(1H, d, J = 3.1 Hz, H-22), 5.62 (1H, br.s, H-34), 7.39 (1H, d, J = 8.2 Hz, H-2), 7.78 (1H, dd,
J = 7.5, 8.2 Hz, H-3), 8.02 (1H, d, J = 7.5 Hz, H-4), 13.24 (1H, br.s, hydroquinone OH), 13.95
(1H, br.s, hydroquinone OH); 13C-NMR (126 MHz, CDCl3, δ, ppm) 16.4 (C-42), 17.3 (C-27),
19.4 (C-41), 25.7 (C-35), 26.9 (C-36), 30.3 (C-23), 32.7 (C-37), 34.1 (C-10), 35.3 (C-12), 35.6
(C-32), 42.0 (C-38), 42.9 (C-30), 45.8 (C-28), 52.8 (C-24), 56.8 (C-21), 65.6 (C-20), 66.0 (C-11),
67.2 (C-25, C-26), 69.6 (C-13), 74.4 (H-39), 77.4 (C-31), 101.0 (C-22), 111.6 (C-7), 111.8 (C-16),
118.6 (C-2), 120.0 (C-4), 121.0 (C-18), 128.1 (C-34), 135.0 (C-33), 135.6 (C-5), 135.9 (C-3), 155.8
(C-8), 156.3 (C-15), 161.2 (C-1), 178.0 (C-40), 186.9 (C-6), 187.2 (C-17), 213.8 (C-19).
(8S,10S)-10-(((2R,4S,5S,6S)-4-((((3S,3aR,8aR,9aR)-5,8a-Dimethyl-2-oxo-2,3,3a,7,8,8a,9,9a-oc-
tahydronaphtho[2,3-b]furan-3-yl)methyl)amino)-5-hydroxy-6-methyltetrahydro-2H-pyran-2-yl)
oxy)-6,8,11-trihydroxy-8-(2-hydroxyacetyl)-1-methoxy-7,8,9,10-tetrahydrotetracene-5,12-dione (8a).
A red solid (77 mg, 23.1%): m.p. = 166–170 ◦C; TLC Rf = 0.54 (CHCl3:MeOH = 10:1); HRMS
(ESI): m/z = 774.3148 (M+H+). C42H47NO13. Calculated, m/z = [M+H]+ = 774.3120.
1H-NMR (500 MHz, CDCl3, δ, ppm) 1.03 (3H, s, H-41),1.32 (1H, m, H-34a), 1.37 (3H, d,
J = 6.6 Hz, H-27), 1.50 (1H, dd, J = 9.1, 2.4, Hz, H-32a), 1.51 (1H, d, J = 18.4 Hz, H-34b), 1.71
(3H, br.s, H-42), 1.76 (2H, m, H-23a, H-23b), 2.01 (1H, dt, J = 18.8, 5.6 Hz, H-35a), 2.16 (1H,
dd, J = 13.1, 3.8 Hz, H-12a), 2.18 (1H, dd, J = 14.8, 3.2 Hz, H-32b), 2.25 (1H, br.d, J = 15.7 Hz,
H-35b), 2.37 (1H, dt, J = 14.4, 2.2 Hz, H12b), 2.82 (1H, dd, J = 11.0, 5.9 Hz, H-28a), 2.87
(1H, ddd, J = 11.7, 5.7, 2.6 Hz, H-24), 2.95 (1H, m, H-29), 2.98 (1H, m, H-28b), 3.00 (1H,
d, J = 18.9 Hz, H-10a), 3.24 (1H, m, H-30), 3.25 (1H, dd, J = 18.6, 1.8 Hz, H-10b), 3.65 (1H,
br.s, H-25), 4.0–4.09 (1H, m, H-26), 4.07 (3H, s, H-21), 4.75 (2H, s, H-20), 4.77 (1H, m, H-31),
5.21 (1H, d, J = 3.5 Hz, H-39), 5.31 (1H, dd, J = 3.7, 2.2 Hz, H-13), 5.52 (1H, br.d, J = 2.6 Hz,
H-22), 5.58 (1H, br.d, J = 3.4 Hz, H-36), 7.39 (1H, dd, J = 8.6, 1.1 Hz, H-2), 7.77 (1H, dd,
J = 7.8, 8.4 Hz, H-3), 8.01 (1H, dd, J = 7.8, 1.0 Hz, H-4), 13.22 (1H, br.s, hydroquinone OH),
13.24 (1H, br.s, hydroquinone OH); 13C-NMR (126 MHz, CDCl3, δ, ppm) 17.3 (C-27), 20.3
(C-42), 22.3 (C-35), 24.8 (C-41), 30.6 (C-33), 30.9 (C-23), 34.1 (C-10), 35.6 (C-12), 37.3 (C-34),
38.3 (C-30), 39.6 (C-32), 42.6 (C-28), 45.8 (C-29), 52.4 (C-24), 56.8 (C-21), 65.6 (C-20), 67.2
(C-26), 67.4 (C-25), 69.7 (C-13), 76.8 (C-11), 77.4 (C-31), 101.2 (C-22), 111.6 (C-7), 111.7 (C-16),
113.0 (C-39), 118.6 (C-2), 120.0 (C-4), 121.0 (C-18), 126.9 (C-36), 130.4 (C-37), 133.6 (C-9),
134.0 (C-14), 135.6 (C-5), 135.9 (C-3), 145.0 (C-38), 155.8 (C-8), 156.3 (C-15), 161.2 (C-1), 177.8
(C-40), 186.9 (C-6), 187.2 (C-17), 213.8 (C-19).
(8S,10S)-8-Acetyl-6,8,11-trihydroxy-10-(((2R,4S,5S,6S)-5-hydroxy-4-((((3S,3aS,4S,4aR,5S,9aR)
-4-hydroxy-4a,5-dimethyl-2-oxo-2,3,3a,4,4a,5,6,7,9,9a-decahydronaphtho[2,3-b]furan-3-yl)methyl)
amino)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-1-methoxy-7,8,9,10-tetrahydrotetracene-5,12-
dione (7b). A red solid (183 mg, 54.7%): m.p. = 155–162 ◦C; TLC Rf = 0.78 (CHCl3:MeOH
= 10:1); HRMS (ESI): m/z = 776.3291 (M+H+). C42H49NO13. Calculated, m/z = [M+H]+

= 776.3277. 1H-NMR (500 MHz, CDCl3, δ, ppm) 0.86 (3H, d, J = 6.8 Hz, H-42), 0.98 (3H,
s, H-41), 1.36 (3H, d, J = 6.6 Hz, H-27), 1.29–1.42 (2H, m, H-36a, H-36b), 1.69–1.77 (2H,
m, H-23a, H-23b), 1.90–1.99 (2H, m, H-35a, H-35b), 1.93 (1H, m, H-37), 2.06–2.12 (1H, m,
H-12a), 2.10 (1H, dd, J = 14.8, 4.1 Hz, H-32a), 2.23–2.32 (1H, m, H-32b), 2.35 (1H, br.d,
J = 15.0 Hz, H-12b), 2.42 (3H, s, 3H, H-20), 2.53 (1H, m, H-29), 2.66 (1H, m, H-28a), 2.86
(1H, m, H-30), 2.91 (1H, m, H-28b), 2.96 (1H, d, J = 18.6 Hz, H-10a), 3.22 (1H, dt, J = 18.7,
2.4 Hz, H-10b), 3.65 (1H, br.d, J = 6.8 Hz, H-25), 3.83 (1H, d, J = 6.8 Hz, H-39), 4.03–4.10
(1H, m, H-26), 4.08 (3H, s, H-21), 4.60 (1H, dt, J = 10.8, 7.3 Hz, H-31), 5.29 (1H, dd, J = 3.9,
2.1 Hz, H-13), 5.50 (1H, br.d, J = 3.5 Hz, H-22), 5.62 (1H, dt, J = 3.9, 1.8 Hz, H-34), 7.38
(1H, dd, J = 8.6, 0.9 Hz, H-2), 7.78 (1H, dd, J = 7.8, 8.4 H-3), 8.02 (1H, dd, J = 7.7, 1.1 Hz,
H-4), 13.27 (1H, br.s, hydroquinone OH), 13.96 (1H, br.s, hydroquinone OH); 13C-NMR
(126 MHz, CDCl3, δ, ppm) 16.4 (C-42), 17.2 (C-27), 19.4 (C-41), 24.9 (C-20), 25.6 (C-35), 26.9
(C-36), 30.4 (C-23), 32.7 (C-32), 33.5 (C-10), 35.0 (C-37), 35.3 (C-12), 42.0 (C-30), 42.9 (C-38),
45.7 (C-28), 45.8 (C-29), 52.8 (C-24), 56.8 (C-21), 67.1 (C-26), 67.3 (C-25), 69.8 (C-13), 74.4
(C-39), 77.0 (C-31), 77.1 (C-11), 100.9 (C-22), 111.4 (C-7), 111.6 (C-16), 118.5 (C-2), 119.9 (C-4),
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121.1 (C-18), 128.0 (C-34), 134.4 (C-9), 134.5 (C-14), 135.0 (C-33), 135.7 (C-5), 135.9 (C-3),
156.0 (C-8), 156.5 (C-15), 161.2 (C-1), 178.0 (C-40), 186.9 (C-6), 187.2 (C-17), 211.9 (C-19).
(8S,10S)-8-Acetyl-10-(((2R,4S,5S,6S)-4-((((3S,3aR,8aR,9aR)-5,8a-dimethyl-2-oxo-2,3,3a,7,8,
8a,9,9a-octahydronaphtho[2,3-b]furan-3-yl)methyl)amino)-5-hydroxy-6-methyltetrahydro-2H-
pyran-2-yl)oxy)-6,8,11-trihydroxy-1-methoxy-7,8,9,10-tetrahydrotetracene-5,12-dione (8b). A
red solid (191 mg, 57.2%): m.p. = 152–158 ◦C; TLC Rf = 0.81 (CHCl3:MeOH = 10:1); HRMS
(ESI): m/z = 758.3197 (M+H+). C42H47NO12. Calculated, m/z = [M+H]+ = 758.3171. 1H-
NMR (500 MHz, CDCl3, δ, ppm) 1.03 (3H, s, H-41), 1.36 (3H, d, J = 6.6 Hz, H-27), 1.32 (1H,
m, H-34a), 1.50 (2H, d, J = 18.3 Hz, H-34b + br.d, J = 11.8 Hz, H-32a), 1.71 (3H, br.s, H-42),
1.75 (2H, m, H-23a, H-23b), 2.00 (1H, dt, J = 18.7, 5.2 Hz, H-35a), 2.10 (1H, dd, J = 14.8,
4.1 Hz, H-12a), 2.18 (1H, dd, J = 14.6, 3.1 Hz, H-32b), 2.25 (1H, br.d, J = 15.7 Hz, H-35b),
2.35 (1H, dt, J = 14.9, 2.7 Hz, H12b), 2.41 (3H, s, H-20), 2.82 (1H, m, H-28a), 2.89 (1H, m,
H-24), 2.94 (1H, m, H-29), 2.93(1H, d, J = 19.0 Hz, H-10a), 2.97 (1H, m, H-28b), 3.20 (1H, dd,
J = 18.8, 2.0 Hz, H-10b), 3.24 (1H, m, H-30), 3.64 (1H, d, J = 1.5 Hz, H-25), 4.05–4.10 (1H, m)
H-26, 4.07 (3H, br.s, H-21), 4.75 (1H, dt, J = 5.6, 2.7 Hz, H-31), 5.20 (1H, d, J = 3.2 Hz, H-39),
5.28 (1H, dd, J = 3.8, 2.0 Hz, H-13), 5.52 (1H, t, J = 2.5 Hz, H-22), 5.57 (1H, d, J = 4.0 Hz,
H-36), 7.38 (1H, dd, J = 8.5, 0.8 Hz, H-2), 7.77 (1H, dd, J = 8.4, 7.8 Hz, H-3), 8.01 (1H, dd,
J = 7.7, 0.8 Hz, H-4), 13.26 (1H, br.s, hydroquinone OH), 13.94 (1H, br.s, hydroquinone OH);
13C-NMR (126 MHz, CDCl3, δ, ppm) 17.2 (C-27), 20.3 (C-42), 22.3 (C-35), 24.8 (C-41), 24.9
(C-20), 30.5 (C-33), 30.9 (C-23), 33.5 (C-10), 35.0 (C-12), 37.3 (C-34), 38.4 (C-30), 39.6 (C-32),
42.5 (C-28), 45.9 (C-29), 52.4 (C-24), 56.8 (C-21), 67.0 (C-26), 67.5 (C-25), 70.0 (C-13), 77.0
(C-11), 77.3 (C-31), 101.2 (C-22), 111.4 (C-7), 111.6 (C-16), 113.0 (C-39), 118.5 (C-2), 119.9
(C-4), 121.1 (C-18), 126.8 (C-36), 130.5 (C-37), 134.4 (C-9), 134.5 (C-14), 135.6 (C-5), 135.8
(C-3), 144.9 (C-38), 156.0 (C-8), 156.5 (C-15), 161.2 (C-1), 177.8 (C-40), 186.8 (C-6), 187.1
(C-17), 211.9 (C-19).

2.6. Cell Lines and Cultivation

Human cell cultures of tumor origin (A549 (lung carcinoma), HCT116 (colon adeno-
carcinoma), MCF7 (breast cancer), RD (embryonic rhabdomyosarcoma)), and the line of
non-transformed cells HEK293 (embryonic kidney) provided by the Laboratory of Tumor
Cell Genetics at the N.N. Blokhin Russian Cancer Research Institute, as well as by the
Institute of Cytology of the Russian Academy of Sciences, were grown in DMEM (Gibco,
Scotland, UK) and MEM (Gibco, Scotland, UK) containing fetal calf serum (10% by volume)
(ThermoFisher Scientific, Paisley, UK), L-glutamine (2 mM) (Gibco, Scotland, UK), and
penicillin-streptomycin (1% by volume) (PanEco, Moscow, Russia). The cultivation was
carried out at 37 ◦C in a humidified CO2 atmosphere (5%).

2.7. Determination of Cell Viability

Cellular viability was determined by the MTT test [24]. The cells were seeded in a 96-
well plate in the amount of 1 × 104 cells/200 μL of complete culture medium and cultured
at 37 ◦C in a CO2 atmosphere (5%). After 24 h of incubation, various concentrations of the
test compounds dissolved in DMSO (≤1%) were added to the cell cultures, the solvent
was added to the control wells in an equal volume, and then the cells were cultured under
the same conditions for 72 h. After the incubation time, MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, 5 mg/mL) was added to each well, and the plates
were further incubated for 2 h (until a characteristic color appeared). Then, the formazan
granules were dissolved in DMSO.

Using a plate analyzer (Cytation3, BioTech Instruments Inc., USA), the optical density
was determined at λ = 530 nm. The concentration value causing 50% inhibition of cell
population growth (IC50) was determined from dose-response curves using GraphPad
Prism 9.0 software.

353



Biomedicines 2021, 9, 547

2.8. Animals

The experiments used male nonlinear outbred rats weighing 200–220 g. The animals
were kept in a standard vivarium with a 12-hour light regime and free access to water and
food. All manipulations with animals were carried out in accordance with the decisions of
the IPAC RAS Bioethics Commission.

2.9. Rat Brain Homogenate and Heart Mitochondria

To obtain a brain homogenate, decapitation of rats anesthetized in advance with CO2
was performed using a guillotine. The brain was homogenized in a buffer containing KCl
(120 mM) and HEPES (20 mM) (Gibco, Scotland, UK), pH = 7.4, at 4 ◦C and centrifuged at
1500 rpm to obtain a supernatant.

Rat heart mitochondria were isolated by differential centrifugation using ice-cold
buffer containing KCl (120 mM) and HEPES (20 mM), pH = 7.4, and a trypsin inhibitor.
The mitochondrial yield ranged from 5 to 10 mg/mL of protein in the heart sediment.
Mitochondria were stored in plastic containers at 4 ◦C.

The quantitative determination of protein was carried out according to the standard
technique using the microbiuret method [25].

2.10. Lipid Peroxidation

To study the effect of compounds on the process of lipid peroxidation (LPO) of rat
brain homogenate, we used a modified version of the TBA test [26], which is based on
the reaction of 2-thiobarbituric acid with the final LPO product—malonic dialdehyde
(MDA). According to the experimental scheme, the well of the plate contained the studied
compounds (100 μM), rat brain homogenate (2 mg/mL), as well as 500 μM ferrous iron
ions (FeSO4 × 10H2O). After 30 min of incubation at 37 ◦C, TBA reagent was added to all
samples, incubated for 90 min at 90 ◦C, and centrifuged at 6000 rpm for 15 min. The optical
density of the selected supernatant was measured on a Victor 3 plate analyzer (Perkin
Elmer, Germany city, abbreviated state (for USA/Canada), country) at λ = 540 nm.

2.11. Mitochondrial Swelling

Mitochondrial swelling was recorded by the light transmission of the rat heart mito-
chondrial suspension at λ = 540 nm using a Victor 3 plate analyzer (Perkin Elmer, Germany).
The swelling rate was estimated as �A540/min and was calculated as the tangent of the
angle of the steepest dependence curve part �A540 versus time.

2.12. Mitochondrial Membrane Potential

The transmembrane potential of rat heart mitochondria was measured by a Victor 3
plate analyzer (Perkin Elmer, Germany) using a potential-dependent indicator Safranin
A [27]. The mitochondrial preparation was diluted in a buffer containing mannitol (225 mM)
(Dia-M, Moscow, Russia), sucrose (75 mM) (Sigma Aldrich, Saint Louis, USA), HEPES
(10 mM) (Gibco, Scotland, UK), EGTA (20 μM) (Dia-M, Moscow, Russia), KH2PO4 (1 mM),
pH = 7.4, at the rate of 0.5 mg of protein in 1 mL of medium. Safranin A (5 μM) was added
to the suspension immediately before the start of the measurement. The organelles were
energized with a solution of potassium succinate and rotenone, against which the studied
compounds were added at a concentration of 100 μM. The mitochondrial pore was induced
by the addition of CaCl2 (25 μM).

2.13. The Work of Mitochondrial Respiratory Chain Complexes

The effect of the compounds on the functioning of the electron transport chain com-
plexes was carried out using an Agilent Seahorse XF96e Analyzer (Seahorse Bioscience,
Billerica, MA, USA) according to their ability to change the rate of oxygen uptake by iso-
lated rat heart mitochondria (10 μg/well). The following modulators were used: activators
of complex I of the electron transport chain, NADH dehydrogenase,—glutamate/malate;
rotenone (2 μM) (Sigma Aldrich, Saint Louis, USA)—a tissue respiration blocker that stops
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the transfer of electrons from the reduced form of NADH to cytochrome b, was used as
complex I inhibitor; potassium succinate (2 μM) (Dia-M, Moscow, Russia), which is a sub-
strate of complex II of the electron transport chain, made it possible to assess mitochondrial
respiration mediated by succinate dehydrogenase; complex III (ubiquinol-cytochrome
c-oxidoreductase) inhibitor—a blocker of cellular respiration antimycin A (Sigma Aldrich,
Saint Louis, USA), as well as ascorbate/TMPD (0.5 μM) (Sigma Aldrich, Saint Louis, USA),
allowed us to evaluate the cytochrome-c-oxidase mediated respiration of organelles.

2.14. Parameters of the Glycolytic Function of the Tumor Cells HeLa

The ability of the studied compounds to modulate anaerobic glycolysis was inves-
tigated using the Agilent Seahorse XF96e Analyzer (Seahorse Bioscience, Billerica, MA,
USA) according to the level of hydrogen proton production in the samples on the HeLa
cervical tumor cell line by the glycolysis stress test [28].

HeLa cells in the exponential growth phase were plated into a 96-well cell culture
microplate Seahorse (the density of the cell culture was 3 × 104/well). After 24 h, the rate of
medium extracellular acidification by cells treated with the test compounds was recorded in
real time during the sequential injection of modulators: glucose (10 mM) (Dia-M, Moscow,
Russia), oligomycin (1 μM) (Sigma Aldrich, Saint Louis, USA), 2-fluoro-2-deoxy-D-glucose
(25 mM) (Sigma Aldrich, Saint Louis, USA). This allowed us to estimate the glycolysis
intensity in cells by three main parameters of glycolytic function: glycolysis by adding
saturating amounts of glucose to the system, glycolytic capacity by the introduction of
oligomycin, and glycolytic reserve by using the inhibitor of this glycolysis 2-fluoro-2-deoxy-
D-glucose.

3. Results & Discussion

3.1. Chemical Synthesis

All used lactones contain an exocyclic electron-deficient double bond in the lactone cy-
cle and can enter into the aza-Michael reaction with amines. Anthracycline antibiotics con-
taining an amino group in the carbohydrate fragment, doxorubicin (a), and daunorubicin
(b) were used as such amines. Before carrying out the aza-Michael reaction, daunorubicin
hydrochloride was converted to a base. The resulting amine is more reactive and is easily
isolated in pure form by extraction with chloroform from an aqueous solution. Doxorubicin
is more hydrophilic, and its base is not extracted from the aqueous solution by chloroform.
In this case, to carry out the aza-Michael reaction with sesquiterpene lactones, doxorubicin
was used in the form of hydrochloride, and the process was carried out in the presence of a
base (triethylamine), under the action of which, in the reaction medium, doxorubicin was
released in situ as a free amine and directly reacted with the lactone (Figure 3).

Sesquiterpene lactones (1)–(8) react both with daunorubicin and doxorubicin under
mild conditions, but at a low rate. As a result, a number of previously undescribed
conjugates containing two pharmacophore fragments, natural sesquiterpene lactone and
anthracycline antibiotics daunorubicin or doxorubicin, were obtained. The degree of
conversion of the starting lactones was monitored by TLC and 1H NMR (disappearance of
signals from the protons of the exomethylene group—doublets at 5.4 and 6.16 ppm). The
structure of the synthesized compounds was established using a set of physicochemical
methods: NMR spectroscopy (including two-dimensional COZY and NOESY experiments)
and high-resolution mass spectrometry. The 1H NMR spectra contains signals of protons
appearing in the products at the C-29 atom in the range of 2.5–2.8 ppm in the form of
a quartet with a spin-spin coupling (SSC) constant of 6.6–6.9 Hz. The signals and their
multiplicity of the remaining protons of both the initial lactone and daunorubicin or
doxorubicin are retained, which corresponds to the proposed structures, as well as the
configuration of all asymmetric centers of the initial molecules. In addition, a new chiral
center with a certain configuration is formed in the conjugates [20]. The stereoconfiguration
of the new asymmetric center (atom C-29) was established based on two-dimensional
experiments H—H COZY and NOESY (Figure 4).
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Figure 3. Scheme for the preparation of conjugates of daunorubicin and doxorubicin with sesquiterpene lactones.

Figure 4. Main correlations H-H-COZY and numbering of carbons, for example, compound 8a.

3.2. The Study of Biological Activity

Antitumor drugs that are planned to be used as chemotherapy for the treatment of
neoplasms should have a number of specific properties, one of which is the cytotoxicity
presence towards tumor cells. Therefore, at the first stage of the biological activity study
of the doxorubicin and daunorubicin synthesized conjugates with sesquiterpene lactones,
the cytotoxic profile was analyzed in cell cultures, including cell lines of tumor origin and
the line of non-transformed cells in order to assess the compound selectivity in relation to
malignant cells.

According to the obtained data, presented in Table 1, in relation to all lines of tumor
cells, pronounced cytotoxic properties were found, comparable to the action of doxo- and
daunorubicin, without increasing the toxic effect on normal cells for most of the conjugates.
Moreover, for a number of tested compounds, an increased viability of normal human
renal epithelium cells was recorded. Thus, the IC50 for HEK293 for doxorubicin (a) was
6.78 ± 0.76 μM, in turn, for its derivatives containing isoalantholactone (1a), alantolactone
(2a), and alanthodiene (8a), values of IC50 more than double that of the initial cytostatic
agent were shown: 19.82 ± 0.42 μM, 29.83 ± 0.18 μM, and 16.42 ± 1.07 μM, respectively. A
similar situation was found for the daunorubicin conjugate with epoxyalantolactone (5b).
The IC50 (b) value of 12.31 ± 1.17 μM, (5b) shows a value exceeding 18 μM.

It is also important to note that lactones themselves do not have a pronounced cyto-
toxic effect on tumor cells, while for modified doxorubicin derivatives, for example, (6a),
the IC50 value of cytotoxicity was 0.25 ± 0.04 μM, and for daunorubicin conjugates (4b)
the IC50 value was 0.02 ± 0.001 μM. This is an order of magnitude higher than the activity
of the original pharmacophores. Thus, the combination of an anthracycline antibiotic
with sesquiterpene lactone in one molecule makes it possible to obtain a cytotoxic effect
comparable to the initial anthracyclines in relation to tumor origin cells and a reduced
damaging effect on a healthy cell culture (HEK293). To understand this effect, we studied
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the influence of the synthesized compounds on oxidative stress (accumulation of free radi-
cals), mitochondrial function, and glycolysis as the main metabolic pathway for obtaining
energy by transformed tumor cells.

Table 1. In vitro cytotoxicity daunorubicin and doxorubicin conjugates with sesquiterpene lactones.

Compound
IC50, μM

A549 HCT116 MCF7 RD HEK293

1 32.04 ± 3.24 11.31 ± 0.27 17.51 ± 0.60 10.37 ± 0.79 74.03 ± 0.51

2 36.73 ± 1.43 10.57 ± 0.04 13.15 ± 0.93 5.48 ± 0.20 36.47 ± 0.07

3 23.12 ± 1.18 34.52 ± 3.51 17.92 ± 0.68 8.82 ± 0.14 35.87 ± 0.48

4 83.51 ± 0.26 21.40 ± 0.32 31.87 ± 0.14 18.60 ± 0.21 105.68 ± 4.13

5 21.49 ± 0.75 5.12 ± 0.05 11.41 ± 0.32 4.81 ± 0.12 38.10 ± 1.08

6 50.28 ± 1.11 9.75 ± 0.57 24.03 ± 0.80 8.77 ± 0.01 18.47 ± 0.20

6 61.71 ± 2.40 10.80 ± 0.18 38.55 ± 0.86 16.78 ± 0.28 29.77 ± 0.05

8 59.86 ± 2.26 4.99 ± 0.06 4.31 ± 0.02 4.94 ± 0.09 9.07 ± 0.25

a 0.38 ± 0.02 0.14 ± 0.01 0.46 ± 0.03 0.29 ± 0.02 6.78 ± 0.76

1a 2.21 ± 0.06 2.81 ± 0.05 11.11 ± 0.17 2.41 ± 0.03 19.82 ± 0.42

2a 3.29 ± 0.11 4.55 ± 0.03 26.76 ± 0.65 2.67 ± 0.11 29.83 ± 0.18

4a 1.86 ± 0.12 1.07 ± 0.01 5.65 ± 0.22 2.76 ± 0.02 11.73 ± 0.10

5a 4.52 ± 0.57 2.52 ± 0.02 3.03 ± 0.07 2.47 ± 0.07 4.50 ± 0.32

6a 0.88 ± 0.11 0.25 ± 0.04 2.94 ± 0.02 1.18 ± 0.01 0.98 ± 0.23

7a 5.43 ± 0.16 0.92 ± 0.00 6.03 ± 0.11 4.22 ± 0.10 10.49 ± 0.88

8a 1.87 ± 0.07 0.43 ± 0.02 2.34 ± 0.01 1.03 ± 0.02 16.42 ± 1.07

b 0.33 ± 0.01 0.12 ± 0.00 0.84 ± 0.17 0.63 ± 0.03 12.31 ± 1.17

1b 0.93 ± 0.06 0.28 ± 0.00 3.95 ± 0.03 0.96 ± 0.02 3.43 ± 0.04

3b 1.42 ± 0.05 1.01 ± 0.01 1.24 ± 0.23 0.59 ± 0.05 6.37 ± 0.24

4b 0.27 ± 0.01 0.02 ± 0.00 1.99 ± 0.27 0.63 ± 0.02 11.41 ± 0.53

5b 1.19 ± 0.02 1.30 ± 0.02 1.84 ± 0.06 0.80 ± 0.00 18.19 ± 0.18

6b 0.56 ± 0.01 0.26 ± 0.01 1.47 ± 0.04 0.41 ± 0.02 3.68 ± 0.16

7b 2.01 ± 0.09 0.20 ± 0.01 1.90 ± 0.07 1.95 ± 0.01 6.42 ± 0.21
Values were obtained by averaging three repeated measurements for each concentration.

Oxidative stress and, in particular, the process of lipid peroxidation are among the
main causes for cellular defect accumulation as a result of the overproduction of free radi-
cals [29]. This can lead to tumor cell transformation and uncontrolled proliferation [30,31].
The study of the effect of the synthesized compounds on the lipid peroxidation process of
the rat brain homogenate used as a model system was carried out by the TBA test. Ions of
bivalent iron were used as an initiator to accelerate the reaction time for the formation of
MDA. They are able to trigger the Fenton reaction with hydroxyl radical formation. A high
prooxidant effect was observed for anthracycline antibiotics—doxo- and daunorubicin (the
percentage of MDA was 236.68 ± 13.06 and 226.05 ± 6.60, respectively). In turn, an increase
in the MDA level was not observed or did not exceed 139.08 ± 0.64% for the synthesized
derivatives (Figure 5).
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Figure 5. Effect of doxorubicin (a) and daunorubicin (b) conjugates with sesquiterpene lactones on
the lipid peroxidation process of rat brain homogenate (2 mg/mL) initiated by ferrous iron ions
(500 μM). The test compound concentration was 100 μM. Data are presented as % of MDA relative to
control (DMSO ≤ 1%): as mean ± SEM (three repeated measurements for each compound). Asterisks
(*, ***, ****) indicate a statistically significant (p < 0.05, p < 0.001, p < 0.0001) difference between the
control and the studied compounds (one-way ANOVA, Dunnett’s test).

Mitochondria are the main free radical sources in the cell. Defects in the functioning of
these organelles are manifested in electron transport chain disruption, the induction of the
permeability transition pore opening, and depolarization of the mitochondrial membrane.
For example, a pathological change in the activity of even one of the mitochondria electron-
transport chain complexes can lead to overproduction of superoxide radicals and other
reactive oxygen species. In turn, this contributes to the development of oxidative stress and
permanent damage to cell components [32]. Heart mitochondria were chosen as the study
object since cumulative cardiotoxicity is the main side effect of anthracycline antibiotics.

The study of the effect of synthesized compounds on the mitochondria functional
characteristics was carried out by analyzing three parameters: the measurement of mito-
chondrial swelling, which characterizes the process of permeability transition pore opening,
the transmembrane potential, and the work of the respiratory chain complexes. The results
obtained are presented in the form of summarized quantitative data in Table 2 for a com-
parative analysis of “structure–activity”. Figure 6 shows the kinetic curves of the studied
processes for high-quality visualization.

As described earlier [10], doxo- and daunorubicin provoke the permeability transition
pore opening and mitochondrial membrane depolarization. These data were confirmed
by us in experiments on isolated rat heart mitochondria. When the initial anthracyclines
were added to the isolated organelles, swelling was induced, which was comparable to
the mitochondrial permeability pore formation under the action of a standard trigger of
this process—calcium ions at a concentration of 25 μM (Figure 6A). Such a concentration
allowed us to observe the maximum swelling rate in isolated rat heart mitochondria under
our experimental conditions. However, no effect on mitochondrial swelling was observed
for most conjugates (Table 2). The situation is similar to the effect on the mitochondria
transmembrane potential. Doxo- and daunorubicin have a pronounced depolarizing
effect, exceeding the action of conjugates in this process by more than three times (Table 2,
Figures 6B and 7B).
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Table 2. Effect of daunorubicin and doxorubicin conjugates with sesquiterpene lactones on the functional characteristics of
rat heart mitochondria.

Compound

Work of Respiratory Chain Complexes, %
Decrease in OCR of Control Mitochondrial Swelling, % of

Ca2+ -Induced Swelling
Mitochondrial Membrane

Depolarization, % of Control
II IV

a 70.54 ± 0.64 37.73 ± 0.34 116.20 ± 10.98 61.55 ± 4.49

1a 27.61 ± 5.71 24.52 ± 7.61 — —

2a 39.11 ± 4.05 20.45 ± 5.85 31.51 ± 8.35 —

4a 38.58 ± 1.05 27.69 ± 2.93 — 14.04 ± 1.48

5a — 23.99 ± 4.41 — —

6a 53.34 ± 6.31 40.50 ± 4.05 54.22 ± 5.49 15.39 ± 0.42

7a 33.21 ± 3.84 38.16 ± 0.84 — 17.72 ± 0.69

8a 27.58 ± 4.30 25.95 ± 4.43 47.84 ± 4.99 13.34 ± 1.72

b 72.12 ± 0.96 — 40.98 ± 3.86 56.81 ± 3.19

1b — — — 15.77 ± 0.20

3b 57.77 ± 1.75 — 26.45 ± 7.14 17.99 ± 0.57

4b 46.22 ± 9.50 — 27.75 ± 4.25 24.82 ± 2.52

5b — 21.56 ± 3.66 — 21.55 ± 1.04

6b 26.74 ± 4.56 41.69 ± 2.13 — 27.55 ± 1.54

7b 21.04 ± 4.22 46.08 ± 3.42 — 36.76 ± 2.90

Data in the table are presented as mean ± SEM (three repeated measurements for each compound in any experiment). “—” indicates
activity absence for compounds (≤10%) in a particular test.

The functioning of the respiratory chain complexes of isolated rat heart mitochondria
was studied using a cellular metabolism analyzer Agilent Seahorse XF96e Analyzer (Sea-
horse Bioscience, USA) in real time. The investigation of the oxygen consumption rate
(OCR) was carried out under the influence of tissue respiration modulators.

It was found that both doxorubicin and daunorubicin had a pronounced inhibitory effect
on complex II of the electron transport chain, which was expressed as a decrease in OCR by
organelles by more than 70% (Table 2, Figure 6C andFigure 7C). A similar effect was recorded
for doxorubicin with respect to the cytochrome-c-oxidase complex of the mitochondrial
respiratory chain: OCR was reduced by 37.73 ± 0.34%. In turn, either no effect on the
respiratory complex functioning or a decrease in OCR by mitochondria by no more than 40%
was found for most of the synthesized conjugates. Only two compounds exhibited inhibitory
activity, exceeding 50% (6a and 3b) against respiratory chain complexes II and IV.

Thus, the results of studying the effect of the synthesized conjugates on the functional
characteristics of rat heart mitochondria suggest that doxo- and daunorubicin modification
with natural sesquiterpene lactones carried out by us may be a prerequisite for reducing
the toxic effect on healthy cells, in particular, cardiomyocytes, against the background of
similar cytotoxicity with the original anthracyclines.

As is known, cancerogenesis occurs in a hypoxic microenvironment, while a distinctive
feature of neoplastic cells already at the earliest stages of the disease development is a
high anaerobic glycolysis rate, characterized by intense glucose absorption followed by
conversion to lactic acid in the absence of oxygen [33]. Thus, tumor cells receive the main
part of the energy from this metabolic pathway, while no more than 10% of ATP is formed
during glycolysis in physiologically healthy cells. This reprogrammed metabolism of
neoplastic cells plays an important role in the development of malignant neoplasms, due to
which this cell type has unlimited division ability, metastasis, and reduction of their death
by avoiding apoptosis [34].
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Figure 6. Effect of doxorubicin conjugates with sesquiterpene lactones on the functional characteristics of rat heart
mitochondria. Kinetic curves of (a)—mitochondrial swelling and (b)—changes in the transmembrane potential of organelles
(0.5 mg/mL) under the influence of the test compounds at 100 μM; the concentration of Ca2+ ions was 25 μM; (c)—changes
in the OCR by organelles (10 μg/well) treated with the test compounds at 30 μM with the addition of modulators: rotenone
(2 μM), potassium succinate (2 μM), antimycin A (4 μM), and ascorbate/TMPD (0.5 μM). Data for any experiment were
obtained by averaging three repeated measurements for each compound.

In our work, information about the glycolytic activity of the tumor cell culture HeLa
under the action of the studied compounds was obtained by measuring the extracellular
acidification rate during the sequential injection of metabolic modulators by the glycolysis
stress test.

It was found that all studied substances inhibited the process of anaerobic glycolysis
(Figure 8), which is expressed in their suppression of glycolytic function parameters
such as glycolysis, glycolytic capacity, and glycolytic reserve. At the same time, the
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doxorubicin derivative with epoxy-alantolactone (5a) and the daunorubicin conjugate with
alantolactone (3b) had the most pronounced ability to reduce the acidification rate of the
medium by cells.

Figure 7. Effect of daunorubicin conjugates with sesquiterpene lactones on the functional characteristics of rat heart
mitochondria. Kinetic curves of (a)—mitochondrial swelling and (b)—changes in the transmembrane potential of organelles
(0.5 mg/mL) under the influence of the test compounds at 100 μM; the concentration of Ca2+ ions was 25 μM; (c)—changes
in the OCR by organelles (10 μg/well) treated with the test compounds at 30 μM with the addition of modulators: rotenone
(2 μM), potassium succinate (2 μM), antimycin A (4 μM), and ascorbate/TMPD (0.5 μM). Data for any experiment were
obtained by averaging three repeated measurements for each compound.
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Figure 8. Effect of doxorubicin (a) and daunorubicin (b) conjugates with sesquiterpene lactones on the glycolytic profile
of HeLa cells (density was 3 * 106 cells/well). The concentration of the test substances was 30 μM, glucose—10 mM,
oligomycin—1 μM, 2-fluoro-2-deoxy-D-glucose—25 mM. Data are presented as the extracellular acidification rate of the
medium: as the mean ± SEM (three repeated measurements for each compound). Asterisks (*, **, ****) indicate a statistically
significant (p < 0.05, p < 0.01, p < 0.0001) difference between the control and the studied compounds (one-way ANOVA,
Dunnett’s test).

Thus, we were the first to obtain bipharmacophore molecules containing in their struc-
ture a fragment of the known anthracycline antibiotics—daunorubicin and doxorubicin—
with natural sesquiterpene lactones. When studying the biological activity of the synthe-
sized compounds, a reduced damaging effect on the rat heart mitochondria functioning
was observed with equal and, in some cases, higher cytotoxicity and glycolysis inhibi-
tion by anthracycline antibiotic conjugates with sesquiterpene lactones in comparison
with doxo- and daunorubicin. These results allow us to confirm the assumption that the
chemical modification of the anthracycline antibiotic doxo- and daunorubicin molecules
by sesquiterpene lactones can be a promising strategy for creating potential antitumor
chemotherapeutic drugs with a pronounced cytotoxic effect on tumor cells and a reduced
damaging effect on healthy cells of the human organism.
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