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ABSTRACT: Triterpenoids are ubiquitously distributed secondary metabolites, 2 AT

primarily scrutinized as a source of medication and preventive measures for various & 5’ ks | @00
chronic diseases. The ease of isolation and excellent pharmacological properties of '“T'r : o
triterpenoids are notable reasons behind the exponential rise of extensive research on ’ \

the bioactive triterpenoids over the past few decades. Herein, we attempted to explore
the anticancer potential of the fruit extract of the ethnomedicinal plant Dillenia indica
against oral squamous cell carcinoma (OSCC) and have exclusively attributed the
efficacy of the extracts to the presence of two triterpenoids, namely, betulinic acid
(BA) and koetjapic acid (KA). Preliminary in vitro screening of both BA and KA
unveiled that the entities could impart cytotoxicity and induce apoptosis in OSCC cell
lines, which were further well-supported by virtual screening based on ligand binding
affinity and molecular dynamic simulations. Additionally, the aforementioned
metabolites could significantly modulate the critical players such as Akt/mTOR,
NF-«B, and JAK/STATS3 signaling pathways involved in the regulation of important
hallmarks of cancer like cell survival, proliferation, invasion, angiogenesis, and metastasis. The present findings provide insight and
immense scientific support and integrity to a piece of indigenous knowledge. However, in vivo validation is a requisite for moving to
clinical trials and developing it as a commercial drug.
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C ancer is one of the leading causes of death worldwide, numerous limitations such as adverse side effects, high
and according to GLOBOCAN 2018, it accounted for treatment cost, toxicity to healthy cells, chemoresistance,
approximately 18.1 million new cases and around 9.6 million radio resistance, recurrence of the tumor, and so on.>>>'*!”
deaths globally in the year 2018. Oral cancer, or its Thus, there has been a growing interest in developing nontoxic
predominant form, oral squamous cell carcinoma (OSCC), is and cost-effective treatments for oral cancer, which comprise
a major cause of morbidity and mortality in India. It is one of complementary and alternative therapies. Exploring natural
the most aggressive malignancies occurring globally, affecting products and their active components, which exhibit significant

approximately 354 864 people every year and causing 177384
deaths per year.' " Due to its extremely high recurrence rate,
the survival rate percentage of oral cancer patients is one of the
lowest among all cancer types. Lifestyle factors like chewing
tobacco, areca nut, consumption of alcohol, smoking, high
intake of red meat, and fermented food are major risk factors of

chemopreventive and chemotherapeutic potential, has been an
area of great attraction for researchers all over the world for the
last few decades.'®™*°

Dillenia indica (DI), commonly known as elephant apple,
belonging to the family Dilleneaceae, is typically found in the

oral cancer and are the prime reason for its high o
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prevalence.”"*~'® Despite the significant advancement in the
diagnosis and treatment of disease, the incidence of oral cancer
is rising quickly due to the lack of sensitive diagnostic methods
and effective drugs. The conventional treatment modalities of
oral cancer, ie., surgery, radiation therapy (external beam
radiotherapy and/or brachytherapy), and chemotherapy, face
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Scheme 1. Triterpenoids from DI Promotes Apoptosis and Inhibits Metastasis
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moist forests of the sub-Himalayan region in northeastern
India.”® Fruits of the plant are widely used as a traditional
medicine among the tribal population of Mizoram for the
treatment of mouth ulcer, diarrhea, and ]';1undice.26’27 In
addition to this, it is a common culinary ingredient in Assam
and is used for preparing jams, pickles, and curries. Besides, the
extracts of leaves, fruits, and bark are found to possess
medicinal properties and thus are given orally to treat diabetes,
cancer, and stomach disorders in the tribal areas of
northeastern India.”**” The leaves and bark extracts possess
antioxidant potential and are also used as a laxative and an
astringent agent.”" " A thorough investigation of the plant
chemistry revealed that it was enriched with triterpenoids,
especially the pentacyclic triterpenoids belonging to the lupane
group.”>™*” Betulinic acid (BA), a naturally abundant
triterpenoid isolated from DI, is reputed as a cytotoxic agent
against various malignant tumors.”®*~** Because of its
incredible antitumor potential and nontoxic nature towards
normal cells, it was established as an excellent cytotoxic agent
in a number of cancer cell lines and entered in preclinical trial
1 phase.

Herein, we documented a scientific validation of indigenous
knowledge of DI, and identified novel, safe, cost-effective, and
multi-targeted anticancer agents from its fruit extract against
OSCC. In addition to this, we also identified the bioactive
molecules in the species conferring to the corresponding
activity via preliminary cytotoxicity assays and in silico
screening methods. Two of the identified candidates, viz., BA
and KA, belong to the class of pentacyclic triterpenoids
(Scheme 1). Even though BA is explored as an anticancer
agent against numerous malignant tumors, limited reports are
available on its potential against OSCC.*>** To the best of our
knowledge, this is the first report on the anticancer potential of
KA against OSCC. The anticancer activity of the identified
entities was evaluated using various in vitro assays such as 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT)
assay, clonogenic assay, wound healing assay, fluorescent
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assisted cell sorting (FACS) analysis, and live and dead assay.
Further, Western blot analysis revealed that treatment with DI
extracts and compounds significantly modulated multiple
signaling pathways such as Akt/mTOR, NF-kB, and JAK/
STATS3, thereby exerting anticancer potential.

B RESULT AND DISCUSSION

Extraction Strategy and lIsolation Procedure of BA
and KA. Initially, the sequential extraction of the fruits of
Dillenia indica Linn. (900 g) were carried out with methanol
(2.5 L) as well as water (500 mL) for 3 days; 45 g of methanol
extract (DI-ME Ext) and 11 g of aqueous extract (DI-H,O
Ext) were obtained. As a part of our attempt to validate the
integrity of the known medicinal properties popularized among
the tribal communities, such as the potential of the fruit of DI
to cure mouth ulcers and sores, we first analyzed the
antiproliferative potential of the fruit extracts through MTT
assay against an oral cancer cell line, SAS. The MTT cell
proliferation assay is known to assess the metabolic activity of
the cells. The amount of insoluble violet-blue formazan
produced via the reduction of MTT tetrazolium salt by
mitochondrial dehydrogenases determines the percentage of
live cells. In this assay, SAS cells treated with an increasing
concentration of DI showed reduced growth and proliferation
rates of tumor cells, with ICg, values of 14 and 12 pg/mL for
DI-H,O Ext and DI-ME Ext respectively (Figure S1).

Because of our keen interest in divulging the phytochemicals
in the species which has conferred to the corresponding
pharmacological activity, isolation of molecules from DI-ME
Ext was performed. For this purpose, DI-ME Ext was preferred
over DI-H,O Ext owing to its lower ICy, value. The isolation
procedure involved different chromatographic separation
techniques, including thin-layer chromatography (TLC),
column chromatography (CC) over silica gel (100—200 and
230—400 mesh), sephadex LH 20, and precipitation methods
(Figure S2). Surprisingly, two among the ten isolated
molecules showed immense cytotoxicity against SAS cell line
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(Figure S3). Both these molecules belong to the category of
triterpenoids: BA, [(3/)-3-hydroxy-lup-20(29)-en-28-oic
acid], a pentacyclic triterpenoid is reputed as a cytotoxic
agent in various malignant tumor cells and KA is a seco-A-ring
oleanane group triterpenoid, hitherto uninvestigated from the
species, however, reported from the same genus.”> Character-
ization was done with sophisticated NMR techniques ('H and
3C) (Tables S1—S10), and structures of the identified
bioactive molecules are represented in Figure 1.

A ®)

Figure 1. Chemical structures of bioactive molecules (A) BA and (B)
KA isolated from DI-ME Ext.

The selection strategy of the entities made by preliminary
antiproliferative assay, wherein BA and KA inhibited
proliferation at ICy, values of 6 and 20 uM respectively after
72 h of treatment (Figure S4).

Computational Screening of BA and KA. Next, the
screening strategy was further extended to computational
simulation tools, where we employed the molecular docking
approach to predict the affinity of the previously screened
molecules to bind with the selected protein domains involved
in regulating the different hallmarks of cancer (Table S11).
Moreover, the flexibility and suitability of the molecules inside
the binding pocket of the selected receptors were screened by
molecular dynamics protocol.

Molecular Docking. BA was docked against the selected
proteins: Akt (Protein Data Bank (PDB) ID: 106L), p-Akt,
mTOR (PDB ID: 4JSP), p-mTOR, MMP-2 (PDB ID: 3AYU),
and VEGF-A (PDB ID: 1FLT) (Table S1). It was found that
BA showed a better binding affinity with Akt (D/G-score, —7.5
kcal/mol) and mTOR (D/G-score, —8.4 kcal/mol) (Table 1).
In the case of 106L, the carboxylate group from the ligand
forms H-bonds with polar Thr162 (1.8 and 2.1 A), while with
4JSP, the carboxylate ion forms a salt bridge with positively
charged Lys1452. The salt bridge formation is comparatively
stronger and in this case, the ligand is deeply buried inside the
binding pocket, thus resulting in maximum binding affinity
with 4JSP (Figure 2). Subsequently, KA was docked against
NF-«B (1SVC), p-NF-xB, mTOR (4JSP), p-mTOR, STAT3
(6N]JS), p-STAT3, CXCR4 (30DU), COX-2 (SIKQ), survivin
(1E31), MMP-2 (1HOV), and VEGE-A (1ELT) (Table 1).
Among these, KA showed a better binding affinity with NF-xB

(D/G-score, —7.4 kcal/mol), mTOR (D/G-score, —8.1 kcal/
mol), and STAT3 (D/G-score, —6.9 kcal/mol) (Table 1). In
the binding pocket of 1SVC, one of the carboxylate ions forms
H-bonds with positively charged Lys149 (1.9 and 2.2 A). With
6N]JS, one of the carboxylates forms two salt bridges with
positively charged Lys573, Lys574, and one H-bond with
LysS74 (2.1 A), and the other carboxylate ion forms H-bond
with Asn567 (2.2 A). Even though two salt bridges are formed
with 6NJS, the positioning of the conformer within the binding
pocket is not as deep as in the other two cases, which leads to
the comparatively lower score with 6NJS. One of the
carboxylate ions from KA forms an H-bond with polar
Asnl1421 (1.8 A), while the second carboxylate group forms
a salt bridge with positively charged Arg2217, eventually
contributing to the maximum affinity with 4JSP (Figure 2).
The interaction analysis figured out the stability of the ligands
inside the binding pocket of the receptor, which is somewhat
more in BA as it is well inside the site.

Molecular Dynamics. To visualize the suitability and
stability of the ligands inside the binding pocket of the
receptor, molecular dynamics simulations were carried out for
the complexes 4JSP—BA and 4JSP—KA for 10000 ps under
the OPLS-2005 force field. The RMSD plots (Figure 3) clearly
depicts the stability of the complex. Even though the protein
shows an initial fluctuation, it is almost stable under 4 A during
the interaction with the BA and KA, whereas the ligands are
stabilized inside the protein throughout the trajectory. 4JSP—
BA is comparatively more stable with less root-mean-square
fluctuations. The P—L histograms (Figure 4) show that the H-
bonded interactions are the major force of attraction that holds
the ligands inside the protein. The simulation event analysis
pointed out the H-bond formation of carboxylate ion of BA
with positively charged Lys1452, which lasts for 45% of the
simulation time, while that with polar Ser1584 lasts for 49% of
the simulation time. However, carboxylate ions of KA form H-
bond with positive charged Arg2217 (81 and 96%), hydro-
phobic Tyr1587 (35%), and polar Ser1584 (52%). Some of the
KA residues also form water bridges with both of them. All
these factors together subsidize the higher binding affinity of
the ligands with mTOR. After evaluating the primary screening
based on cancer cell-specific cytotoxicity, followed by
molecular docking analysis, the selected candidates were
subjected to the next-level studies.

DI Inhibited the Clonogenic Ability of OSCC Cells. We
further confirmed the effect of DI on the ability of the
individual SAS cells to form colonies by clonogenic assay.
Compared with the control, the administration of DI extracts
at two different concentrations (10 and 15 pug/mL) caused a
significant reduction in the number of colonies. Besides, the
treatment of SAS cells with 10 and 15 yM concentrations of
both BA and KA was able to reduce the number of colonies in

Table 1. D-Score Values and Residues of BA and KA Interacting with Selected Proteins

mTOR (4JSP)

Akt (106L)
D-score (kcal/mol) interacting residues
BA =7.5 Thr162
NE-kB (1SVC)

mTOR (4]SP)

D-score (kcal/mol)
—8.4

interacting residues

Lysl452
STAT3 (6NJS)

D-score (kcal/mol) interacting residues

KA -7.4 Lysl49 -8.1

D-score (kcal/mol)

836

interacting residues D-score (kcal/mol) interacting residues

Arg2217 Lys573
—6. LysS74

Asnl421 ? ySS
AsnS67
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a dose-dependent manner (Figure S). In accordance with the
clonogenic assay result, it was inferred that KA was superior to
BA for inhibiting the colony-forming ability of SAS cells.

DI Induced Cell Death in OSCC Cells. In order to
confirm the role of DI in inducing cell death, propidium iodide
(PI)-FACS staining was conducted following the treatment of
SAS cells with 10 and 20 pug/mL concentrations of both the
extracts. Flow cytometric results revealed that the percentage
of cell death increased from 14 to 19% in SAS cells treated with
DI-H,O Ext and from 8 to 10% in SAS cells treated with DI-
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ME Ext after 72 h compared with the untreated control. A
similar strategy was followed for elucidating the death inducing
potential of BA and KA. Our results showed that BA increased
the percentage of cell death from 25% at 10 uM to 36% at 25
UM, whereas KA increased the percentage of cell death from
20% at 25 uM to 33% at SO uM, respectively (Figure 6(1)).
Similarly, in the live and dead assay, treatment with DI led to a
dose-dependent toxic effect on OSCC cells. Therefore, the
results stated that treatment with the extracts, BA and KA
resulted in cell death in SAS cells in a dose-dependent manner.

https://dx.doi.org/10.1021/acsptsci.1c00011
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Figure 5. Inhibition of clonogenic potential of SAS cells by (A) DI-
H,O Ext (B) DI-ME Ext (C) BA (D) KA. Untreated cells were kept
as the control. Quantification of the number of colonies was done
with the help of Image]J software. Results presented are mean + SD of
three independent experiments; *, p < 0.05 vs control.

Effect of DI in Inducing Apoptosis in SAS Cells. Next,
we evaluated the potential of DI in inducing apoptosis in SAS
cells using Annexin V assay. SAS cells were treated with 10 and
25 ug/mL of DI-H,0 Ext and 25 and 50 ug/mL of DI-ME Ext
for 72 h individually. As shown in Figure 7, the percentage of
apoptotic cells increased from 1.7% in control to 19.8% under
DI-H,0O Ext treatment and from 1% in control to 9% under
DI-ME Ext treatment. The percentage of apoptotic cells
increased from 3.2% in control to 14.3% in 50 M BA-treated
SAS cells and from 3.2% in control to 12.6% in 50 uM KA-
treated SAS cells respectively (Figure 7). These results indicate
that BA treatment causes a statistically evident increase in the
number of apoptotic cells thus leading to significant growth
inhibition in SAS cells.

DI Induced Cell Cycle Arrest in OSCC Cells. To further
examine the mechanism of action of DI on SAS cells, the cell
cycle distribution was investigated by flow cytometry analysis.

We found that the cells upon treatment with different
concentrations of DI-H,0O Ext, DI-ME Ext, BA, and KA
showed cell cycle arrest at different phases in comparison to
the untreated cells. The SAS cells treated with DI-H,O Ext and
DI-ME Ext exhibited G1 and G2 phase arrest, respectively,
while BA and KA treated SAS cells demonstrated S phase
arrest. This result indicates that the decrease in cell
proliferation and viability of the DI-treated SAS cells may be
due to the induction of cell cycle arrest at various phases of the
cell cycle (Figure 8).

DI Inhibited the Migration of OSCC Cells. The wound
healing analysis of SAS cells showed inhibition in the migration
of these cells with an increase in the concentration of DI. The
images taken at 12 hr in case of DI-H,O Ext and DI-ME Ext,
or 24 hr in case of BA and KA showed that the wound area was
completely healed while the treated cells exhibited changes in
cell morphology and a significant reduction in the migration of
SAS cells compared to the untreated cells. These results
indicate that DI controls the migration of SAS cells (Figure 9).

DI Modulated the Expression of Various Proteins
Responsible for Survival, Inflammation, Cell Cycle,
Angiogenesis, Migration, and Apoptosis of OSCC Cells
and the Involvement of Multiple Signaling Pathways in
the Mode of Action. Studies have evidenced that the
upregulation of various proteins like MMP-2, COX-2, VEGEF,
Akt, NF-kB, CXCR-4, Bcl-2, Survivin, mTOR, and STAT-3 are
responsible for enhanced proliferation, survival, angiogenesis,
invasion and migration in cancer cells. However, the effect of
DI on these gene products in human OSCC cells has not yet
been elucidated. COX-2 catalyzes the first step in the synthesis
of prostanoids and is often linked with carcinogenesis and
inflammatory diseases. It promotes angiogenesis, migration,
invasion of tumors, and deregulates apoptosis. As compared to
healthy subjects, a significant upsurge in the expression of
COX-2 was seen in cancer patients and patients with
premalignant lesions.*~*’ Furthermore, survivin is known to
play a critical role in cell survival by regulating cell division and
apoptosis. It has been noted that the upregulation of survivin is
frequently observed in OSCC samples. This protein is essential
for in the development of OSCC and, and it is mostly
associated with the more aggressive form.”*>* VEGF-A is a 46
kDa heparin-binding homodimeric glycoprotein. It respectively
binds to its receptor to promote endothelial cell differentiation
and proliferation. Many studies have demonstrated the
increase in the expression of VEGFs in different types of
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Figure 6. (1) Induction of cell death in SAS cells by (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA. Cells were treated with the indicated
concentrations for 72 h, followed by PI staining and FACS analysis for the cell death profile. (2) Live and dead assay was performed to evaluate the
cytotoxic effect of the indicated concentrations of (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA on SAS cells.
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Figure 7. Induction of apoptosis in SAS cells upon treatment with (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA. Cells were treated with
the indicated concentrations for 72 h, followed by Annexin V staining and FACS analysis.
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Figure 8. Induction of cell cycle arrest in SAS cells by (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA. Percentages of each cell cycle phase
were obtained using FCS Express software.

carcinoma. Macrophages, neutrophils, and fibroblasts, upon cancer cell proliferation. Furthermore, MMPs cleave the FAS
stimulation by the TGEF-$ and IL-8, secrete MMPs, and receptors, and modulate the function of natural killer cells and
maintain the bioavailability of growth factors, thus promoting the apoptosis mechanism. They are also known to promote
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Figure 9. Inhibition of the migration of SAS cells upon treatment with
(A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA. Cells were
scratch-wounded and then treated with the indicated concentrations,
followed by the recording of wound areas at different timepoints.

angiogenesis and metastasis. Various studies have shown that
MMP-2 and MMP-9 are potential diagnostic markers for oral
cancer detection.’>™° In addition, CXCR4 overexpression in
cancer cells contributes to tumor growth, proliferation,
invasion, angiogenesis, metastasis, relapse, and chemoresist-
ance. CXCR4 antagonism disrupts tumor-stromal interactions,

reduces tumor growth and metastatic burden, and sensitizes
cancer cells to cytotoxic drugs. CXCR4 is the target for not
only therapeutic interference but it is also an important
candidate for noninvasive checking of disease progression.””
Also, Bcl-2 family proteins that regulate the intrinsic
mitochondrial apoptosis pathway are activated in response to
several stress stimuli, including growth-factor deprivation,
cytokine-withdrawal, Ca**-flux, or DNA-damage, caused by
UV or gamma-irradiation, but they can also contribute to cell
death triggered by members of the tumor necrosis factor family
member such as FAS, TNF, or TRAIL. Deregulation of Bcl-2
protein is a frequent feature of human malignant diseases and
causal for therapy resistance.”>” NF-kB plays an essential role
in inflammatory and immune responses and controls the
expression of multiple genes associated with different hallmarks
of cancer. The effect of DI on NF-kB as well as the diverse
gene products regulated by NF-«B in human OSCC cells has
not been elucidated yet. Therefore, in our study, we tried to
explicate the effect of DI extracts, BA and KA on the
expression of these proteins (Figure 10). Our findings revealed
that the SAS cells treated with DI-H,0O Ext exhibited
downregulation of VEGF-A, survivin and Bcl-2 via inhibition
of the STAT3 pathway. However, similar trend was not
observed in case of CXCR4. In addition, SAS cells treated with
DI-ME Ext demonstrated downregulation of p-mTOR
(S2448), and p-STAT-3 (S727), the crucial constituents of
the Akt/mTOR and JAK/STAT signaling cascade. Besides,
this extract was also found to inhibit the expression of CXCR4.
Further, Western blot analysis showed that the DI constituents,
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Figure 10. Expression of various proteins in SAS cells upon treatment with (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA as examined by

Western blot analysis. GADPH was used as housekeeping control.
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Figure 11. Pathway deciphering the proposed mechanistic mode of action with (A) DI-H,O Ext, (B) DI-ME Ext, (C) BA, and (D) KA treatment

in SAS cells.

BA caused dose-dependent downregulation of the expression
of VEGF-A and MMP-2 via inhibition of the Akt/mTOR
pathway. Similarly, KA was found to reduce the levels of COX-
2, survivin, MMP-2 and VEGF-A through modulation of the
NF-kB, mTOR and STAT3 pathways. A decrease of Bcl-2
expression was observed in DI-H,O Ext treated SAS cells,
indicating that the activation of the mitochondria-dependent
apoptotic pathway, at least in part, plays a role in DI-induced
apoptosis. Akt1 is a crucial signaling protein involved in cellular
survival pathways. It regulates survival by inhibiting apoptosis.
The transcription factor NF-kB is constitutively expressed in
head and neck squamous cell carcinoma (HNSCC), and the
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persistent expression of this protein is one of the root causes of
the cancer cell proliferation, survival, invasion, metastasis, and
poor survival of patients. Our results showed that the
phosphorylated forms of Aktl and NF-kB were significantly
downregulated upon treatment with BA and KA respectively. It
is possible that both the p-Akt1(S473) and p-NF-«xB (S536)
proteins are intracellular targets of DI that mediates its
cytotoxic effects on SAS cells. Taken together, our results
showed that the DI extracts and their active constituents, BA
and KA modulated the expression of several critical proteins
involved in the development and progression of OSCC (Figure
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11). These results provide an insight into the precise
mechanism of action of DI and its constituents (Figure 11).

In summary, we have interpreted indigenous knowledge with
scientific criteria and identified new cytotoxic agents against
OSCC. The fruit extracts of the ethnomedicinal plant DI might
vanquish the adverse side effects of conventional modalities of
treatment. In order to recognize the bioactive scaffolds in the
plant extract, we performed detailed phytochemical profiling.
Ten compounds were isolated and characterized, out of which,
five compounds, namely, koetjapic acid, palmarumycin JCI,
ferulic acid, 3-oxykojic acid, and 2-(1’,2'dihydroxy)-kojic acid,
were reported for the first time from this species. All the
isolated molecules were screened through preliminary
antiproliferative assay and the leads, BA and KA were
identified. They were again subjected to virtual screening
based on ligand binding affinity and molecular dynamic
simulations for providing theoretical support to the scientific
validation. Both of the selected candidates displayed significant
anticancer potential in vitro by imparting antiproliferative,
cytotoxic, anti-clonogenic, anti-metastatic, and apoptotic
effects. Our findings were further supported by the reduced
expression of various proteins involved in the development and
progression of OSCC. However, further in vivo studies are
required to validate our findings and also elucidate the precise
mechanism of action, which may provide a basis for developing
chemopreventive and chemotherapeutic strategies for the
better management of OSCC.

B EXPERIMENTAL SECTION

Plant Material. Fruits of DI were collected from Guwahati,
Assam, and were identified by the taxonomists of Jawaharlal
Nehru Botanical Garden of India, Palode, Thiruvananthapur-
am, Kerala. A voucher specimen number JNTBGRI 93635 was
deposited at the herbarium of JNTBGRI, Kerala.

Cell Line. The OSCC cell line, SAS, was obtained from
National Center for Cell Sciences (NCCS, Pune, India). The
cells were maintained in DMEM supplemented with 10% heat-
inactivated FBS and 1% Penstrep. The cells were grown in an
incubator under optimum conditions of 5% CO, and
temperature at 37 °C.

Reagents. Penstrep, Trypsin EDTA, DMEM medium, and
FBS were obtained from Gibco, USA. MTT and PI were
obtained from Invitrogen and Sigma-Aldrich respectively, while
DMSO used was procured from Merck Life Science Pvt. Ltd.
The live and dead assay kit was obtained from Invitrogen,
USA. Crystal violet was procured from SRL Pvt. Ltd., India.
The Optiblot ECL Detection Kit was procured from Abcam,
Cambridge, USA.

Extraction of DI Fruits. Fruits and leaves of DI were
collected in March 2018. These were thoroughly cleaned, dried
(in an oven maintained at a temperature of S0 °C for 3 days)
and powdered. A 1 kg sample of the powdered fruits was
extracted with methanol (2.5 L X 48 h) at room temperature
thrice and was filtered. The completion of extraction was
checked with TLC. The filtrate was concentrated under
reduced pressure using a Heidolph rotary evaporator at a
temperature of 50 °C yielded 45 g of crude extract. The
residue thus obtained was further extracted with water,
lyophilized, and yielded 11 g of aqueous extract.

Isolation of Phytochemicals from Methanol Extract.
TLC of the methanol extract in various combinations of n-
hexane—ethyl acetate was studied. The residue was subjected
to silica gel (100—200 mesh, Merck) column chromatography
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(CC) at different compositions of hexane, ethyl acetate, and
methanol to afford 50 fractions (fractions 1—50). Each of these
pooled fractions was concentrated by removing the solvent
under reduced pressure using a Heidolph rotary evaporator.

Compound 1 (f-sitosterol, 10 mg) was obtained from
fractions 1—3 via CC using 5% ethyl acetate—hexane, which
recrystallized as white needle-shaped crystals with the same
polarity.

Compound 2 (n-hentriacontanol, 7 mg) showed an intense
spot in a cerium sulfate/phosphoric acid charring solution and
was obtained as a white solid in 10% ethyl acetate—hexane.

Compound 3 (lupeol, 20 mg) was isolated from fraction 9 in
20% ethyl acetate—hexane and was further subjected to
crystallization.

Compound 4 (betulinic acid, 4g) was obtained from 30%
ethyl acetate in hexane as white solid, which was identified as
the marker compound of the species.

Compound § (koetjapic acid, 17 mg) was isolated from a
pool of fractions 30—34 by Sephadex LH 20 column with
methanol as the eluent.

TLC of fractions 35—38 eluted from the column in 50—60%
ethyl acetate in hexane showed an intense UV active spot,
which was further purified by repeated CC by using sephadex
LH 20 in methanol, yielding compound 6 (ferulic acid, 15 mg).

Compound 7 (palmarumycins JC1, 40 mg) eluted in 70%
ethyl acetate in hexane, which was further purified by using
sephadex LH 20 and recrystallized in methanol.

Compound 8 (3-oxykojic acid, 45 mg) and compound 9
((2-(1",2’-dihydroxy)-kojic acid, 30 mg) were obtained as a
mixture of both from fractions 42—44, which were further
purified by using Sephadex LH 20.

Compound 10 (f-sitosterol-f-p-glucopyranoside, 30 mg)
was obtained from fractions 45—50 as an amorphous solid and
was further purified by precipitation using acetone. All
molecules were identified by 'H and "*C NMR spectra and
HR-ESIMS (Tables S1—S10).

Characterization of Phytochemicals. NMR spectra were
recorded on Bruker Avance AMX 500 MHz NMR
spectrometer. Chemical shift was reported in parts per million
using TMS as an internal standard with solvent residual peaks
(CDCly: 8 —7.26 ppm, 5. —77.3 ppm), (DMSO-dq: 8 —2.50
ppm, 8¢ —39.5 ppm), and (acetone-dg: Sy —2.0S ppm, 5
—29.8 ppm). Multiplicities were given as s (singlet); d
(doublet); t (triplet); q (quartet); dd (double doublet); and
m (multiplet). Coupling constant, ], was expressed in Hz.
Optical rotation was recorded on Jasco P-1020 polarimeter,
and absorbance was recorded on a UV 1800 Shimadzu UV
Spectrophotometer. Mass spectra were recorded under ESI-
HRMS at 60 000 resolution on a Thermo Scientific Exactive
Column, and IR spectra were recorded on Bruker Alpha FT-IR
spectrometer. All solvents used for UV, IR, MS, and
chromatography were purchased from Sigma-Aldrich and
Merck (HPLC-grade). For CC, silica gel with different mesh
sizes (100—200 and 230—400) and Sephadex-LH 20 were
used.

Computational Screening and Molecular Dynamics
Simulation. The optimization and minimization of the
proteins, binding site analysis, receptor grid generation, ligand
conformation generation, ADME/T screening, molecular
docking, and dynamics were done with Schrodinger suite
2020—1.°° For this, protein preparation wizard, Sitemap,
LigPrep, QikProp, Glide XP docking, and Desmond tools were
used in Maestro 11.2 interface in OPLS-2005 force field.”' The
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crystal structures of the proteins were retrieved from the RCSB
Protein Data Bank: protein kinase B, Akt (PDB ID: 106L);
mammalian target of rapamycin, mTOR (PDB ID: 4JSP);
matrix metalloproteinase-2, MMP-2 (PDB ID: 3AYU);
vascular endothelial growth factor-A, VEGF-A (PDB ID:
1FLT); nuclear factor kappa-light-chain-enhancer of activated
B cells, NF-«xB (PDB ID: 1SVC); signal transducer and
activator of transcription 3, STAT-3 (PDB ID: 6NJS); C-X-C
chemokine receptor type 4, CXCR-4 (PDB ID: 30DU),
cyclooxygenase-2, COX-2 (PDB ID: SIKQ); and survivin
(PDB ID: 1E31).”> All these proteins were refined by adding
hydrogens/missing side chains, optimized, and minimized. The
phosphorylated forms of the Akt, mTOR, NF-kB, and STAT-3
were generated successively by adding a phosphate group to
the corresponding serine residues using build structure
protocol. Site map analysis was carried out to identify the
suitable binding pockets in the case of these receptors, and the
grids were generated around site 1 which were used for further
docking. The different conformers of the BA and KA were
generated using LigPrep module and screened their ADME/T
(Absorption, Distribution, Metabolism, and Excretion/Tox-
icity) properties by QikProp analysis. The docking simulations
were done by Glide docking, and the binding affinities were
ranked using docking score (D-score) and glide score (G-
score). Molecular dynamics simulations further analyzed the
best ones for 10000 ps using the Desmond module of
Schrédinger suite under OPLS-2005 force field.

Cell Proliferation Assay. A total of 2 X 10 SAS cells per
100 yL media were seeded into each well of two 96-well plates
and incubated for 24 h. The cells were then treated with
different concentrations of the DI-H,O Ext, DI-ME Ext, BA,
and KA individually, and the MTT assay was performed at 0
and 72 h. A 10 uL aliquot of MTT at a concentration of 5 mg/
mL in PBS was added to each well and incubated for 2 h. Next,
the cell culture medium was discarded, and 100 yL of DMSO
was added to each well and incubated for 1 h in the dark. Color
conversion of the MTT reaction was measured with a
microplate reader at a wavelength of 570 nm. Control cells
were defined as 100% proliferation, and the percentage
proliferation was calculated to the following formula:
(Absorption of treated cells X 100)/(Absorption of control
cells (untreated)).

Colony-Forming Assay. A total of 1 X 10* cells per 2 mL
were seeded in a 6-well plate and incubated for 24 h. The cells
were then treated with DI-H,O Ext, DI-ME Ext, BA, and KA
separately and incubated for another 24 h. The next day, the
media of the wells were replaced with fresh media, and the cells
were allowed to form colonies for 9 days. On 9th day, colonies
were fixed with ethanol, stained with 0.3% crystal violet (SRL
Pvt. Ltd,, India) solution for 20 min and washed. Images were
captured for each well and the number of colonies was
quantified using ImageJ software.

Cell Death Analysis. A total of 2 X 10* SAS cells per 2 mL
of media were seeded in a 6-well plate and incubated for 24 h,
followed by treatment with different concentrations of DI-H,0
Ext, DI-ME Ext, BA, and KA individually. After 72 h of drug
treatment, the media from the wells were collected in labeled 5
X 77 mm? polystyrene test tubes. Adhered cells were washed
with PBS, trypsinized, and collected in their respective tubes.
The cell suspension was then centrifuged at 4000 rpm for 10
min at 4 °C. After centrifugation, the supernatant was
discarded, and the pellet was washed with 1 mL of PBS and
centrifuged at 4000 rpm for 10 min, and the step was repeated
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twice. Finally, the pellet was suspended in 495 uL of PBS, and
S uL of PI (Sigma-Aldrich) dye was added. The cells were then
analyzed in BD FACS Diva software. PI dye is impermeable to
the live cells as they have an intact cell membrane and thus
emit less fluorescence; however, PI can easily penetrate the
dead cells because of the damaged plasma membrane, thereby
emitting a high red fluorescence.

Live and Dead Assay. DI-mediated cell death in SAS cells
was studied using the Live—Dead assay kit (Invitrogen, USA).
The kit contains two fluorescent dyes, calcein-AM and PI. In
principle, calcein-AM can enter any cells but labels only live
cells. It is converted by cellular cytoplasmic esterases to a
highly green-fluorescent calcein. PI is excluded by live cells
with an intact membrane but enters dead cells with a broken
membrane to stain their nuclei red. Therefore, live cells
fluoresce green, whereas dead cells fluoresce red. SAS cells
were seeded at 2000 cells per 100 xL of media in 96-well tissue
culture plates. After 24 h, the cells were treated with DI-H,O
Ext, DI-ME Ext, BA, and KA individually. Cells were then
stained with the live/dead reagent and incubated at 37 °C in
the dark for 20 min. Cells were then analyzed under an
inverted fluorescence microscope (Olympus, Japan).

Apoptosis Assay. Apoptosis is marked by the trans-
location and accumulation of the membrane phospholipid
phosphatidylserine from the cytoplasmic edge of the
membrane to the extracellular surface. The membrane
perturbation can be detected by using Annexin V which
binds to the phosphatidylserine of the apoptotic cells. A total
of 5X 10* SAS cells per 2 mL of media were seeded in a 6-well
plate and incubated for 24 h, followed by treatment with
different concentrations of DI-H,O Ext, DI-ME Ext, BA, and
KA individually. After 72 h of drug treatment, the media from
the wells were collected in labeled 5 X 77 mm? polystyrene test
tubes. Adhered cells were washed with PBS, trypsinized, and
collected in their respective tubes. The cell suspension was
then centrifuged at 4000 rpm for 10 min at 4 °C. After
centrifugation, the supernatant was discarded, and the pellet
was washed with 1 mL of PBS and centrifuged at 4000 rpm for
10 min. The PBS was discarded, and 20 uL of binding buffer
was added to the tubes and the tubes were centrifuged again.
Then the untreated control was divided into unstained (does
not contain either PI or Annexin V) and double-stained
(contain both the dyes) tubes, and the positive control was
divided into PI-positive and Annexin V-positive tubes. A 2.5
uL aliquot of Annexin V added to all the tubes except the
unstained and PI-positive ones and incubated in the dark for
20 min containing different concentrations of DI The tubes
were incubated in dark for 20 min. Centrifugation was done
again, and the supernatant is discarded. A 20 uL aliquot of
binding buffer is added, and 2.5 uL of PI (Sigma-Aldrich) dye
was added. The cells were then analyzed in BD FACS Cell
Quest software.

Cell Cycle Analysis. A total of 2 X 10° SAS cells per 2 mL
of media were seeded in a 6-well plate and incubated overnight
for cell adhesion. The cells were then treated with different
concentrations of DI, and the untreated sample was used as a
control. Following 24 h of individual treatment of DI-H,O Ext,
DI-ME Ext, BA, and KA , the media was collected in
polystyrene tubes, and the adhered cells were washed with PBS
twice. Then, 300 uL of trypsin was added to detach the cells.
The detached cells were harvested in their respective tubes and
centrifuged at 4000 rpm for 10 min at 4 °C. The supernatant
was discarded, and the pellet was washed with 1 mL of PBS
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and centrifuged at 4000 rpm for 10 min at 4 °C. Then the
supernatant was discarded, and S mL of 70% ethanol was
dropwise added to the pellet under constant vortexing and kept
for overnight incubation at 4 °C for fixation. The next day, the
suspension was centrifuged at 4000 rpm for 10 min at 4 °C,
and the supernatant was discarded. Following the removal of
ethanol by centrifugation, the cells were washed twice with
PBS and stained with PI/RNase solution for 30 min in the
dark. Cell cycle distribution was detected using FACS Celesta
(Becton-Dickinson, Franklin Lakes, NJ), and the data were
analyzed using FCS Express (BD Biosciences). The
fluorescence intensity of the stained cells correlates with the
amount of DNA they contain.

Cell Migration Assay. A total of 5 X 10° SAS cells per 2
mL of media were seeded in a 6-well plate and incubated for
12 h to form the monolayer. After the monolayer was formed,
the media was replaced with serum-free media and incubated
for 8 h. Thereafter, the media was removed, and a vertical
scratch or wound was made with the help of a 200 uL tip at the
center of the well. The wells were then washed with PBS twice
to remove the debris. Cells were then treated with different
concentrations of DI-H,O Ext, DI-ME Ext, BA, and KA
individually. The untreated cells were used as control. The
directional migration of SAS cells was observed under an
inverted microscope (Nikon T1-SM, Tokyo, Japan), and
images were taken at 0 and 12 or 24 h depending upon the
healing timepoint of the wound. Images were compared to
quantify the migration of SAS cells after treatment.

Western Blot Analysis. A total of 6 X 10° cells per 3 mL
of media were seeded in 60 mm culture plates and were
allowed to grow for 24 h. The cells were then treated with
different concentrations of DI-H,O Ext, DI-ME Ext, BA, and
KA individually and incubated for the next 24 h. Protein was
isolated from respective treatment plates using lysis buffer (20
mM HEPES, 2 mM EDTA, 250 mM NaCl, and 0.1% NP40) in
the presence of protease inhibitors (2 wpg/mL leupeptin
hemisulfate, 2 pg/mL aprotinin, 1 mM PMSF, and 1 mM
DTT) and quantified using Bradford’s reagent. Equal amount
of protein (30 pug) was mixed with SX Laemmli Buffer (250
mM Tris-HCI, 10% SDS, 30% glycerol, 5% fp-mercaptoethanol,
and 0.02% bromophenol blue) and separated by 12% SDS-
PAGE and transferred to nitrocellulose membrane (Biorad) by
using a Trans-blot Turbo (Biorad), the membrane was blocked
with 5% nonfat skim milk in tris-buffered saline containing 1%
tween 20 (TBST). For the phospho-antibodies, the mem-
branes were treated with 5% BSA in tris-buffered saline
containing 1% tween 20 to block the nonspecific binding sites.
The membranes were then incubated with primary antibodies
for MMP-2, COX-2, VEGE-A, Aktl, p-Akt, NF-kB, p-NF-xB,
CXCR-4, cyclin D1, Bcl-2, survivin, mTOR, p-mTOR, STAT-
3, p-STAT-3, and GAPDH overnight at 4 °C. Afterwards, the
blots were washed with 1X TBST buffer and then incubated
with horseradish peroxidase conjugated secondary antibody for
2 h at room temperature. The bands representing different
proteins were visualized with the help of Clarity Western ECL
Substrate (Biorad) in a ChemiDoc XRS System (Biorad).
GAPDH was used as the housekeeping control.

Statistical Analysis. Statistical analysis was performed
using Student’s ¢ test. All the data are represented as mean =+
standard error (SE). p < 0.05 was defined as statistically
significant.
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Bcl-2, B-cell lymphoma 2; BSA, Bovine serum albumin; Ca™,
Calcium ion; CC, Column chromatography; COX-2, cyclo-
oxygenase 2; CXCR4, C-X-C chemokine receptor type 4; DI,
Dillenia indica; DMEM, Dulbecco’s modified eagle’s medium;
DMSO, Dimethyl sulfoxide; DTT, Dithiothreitol; EDTA,
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factor receptor; ESI, Electrospray ionization; FACS, Fluo-
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ase; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; HPLC, High-performance liquid chromatography;
HRMS, High-resolution electrospray ionization mass spec-
trometry; IL-8, Interleukin-8; IR, Infrared; JAK2, Janus kinase
2; MMPs, Matrix metalloproteinases; MS, Mass spectrometry;
mTOR, Mammalian target of rapamycin; MTT, 3-(4,S-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide; NF-
kB, Nuclear factor kappa B; NMR, Nuclear magnetic
resonance; OSCC, Oral squamous cell carcinoma; p38
MAPK, p38 mitogen-activated protein kinase; PBS, Phos-
phate-buffered saline; PI, Propidium iodide; PMSF, Phenyl-
methylsulfonyl fluoride; SDS-PAGE, Sodium dodecyl sulfate
polyacrylamide gel electrophoresis; STAT, Signal transducer
and activator of transcription; TBST, Tris-buffered saline
(TBS) and Polysorbate 20 (Tween 20); TLC, Thin-layer
chromatography; TNF, Tumor necrosis factor; TRAIL, TNE-
related apoptosis-inducing ligand; UV, Ultraviolet; VEGEF,
Vascular endothelial growth factor
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