RSC ™ L OYAL SOCIETY
Medicinal Chemistry ap OF CHEMISTRY

RESEARCH ARTICLE

W) Check for updates A comprehensive apoptotic assessment of

e ie: s mes. crom 200015, NILOTICIN N cervical cancer cells: a tirucallane-type

3444 triterpenoid from Aphanamixis polystachya (Wall.)
Parkert

Anuja Gracy Joseph,?® Mohanan Biji,?® Vishnu Priya Murali,? Daisy R. Sherin,©
Alisha Valsan, @2° Vimalkumar P. Sukumaran,®
Kokkuvayil Vasu Radhakrishnan @ *? and Kaustabh Kumar Maiti @ *2

Pharmacologically active small organic molecules derived from natural resources are prominent drug
candidates due to their inherent structural diversity. Herein, we explored one such bioactive molecule,
niloticin, which is a tirucallane-type triterpenoid isolated from the stem barks of Aphanamixis polystachya
(Wall) Parker. After initial screening with other isolated compounds from the same plant, niloticin
demonstrated selective cytotoxicity against cervical cancer cells (Hela) with an ICsq value of 11.64 uM.
Whereas the compound exhibited minimal cytotoxicity in normal epithelial cell line MCF-10A, with an ICsq
value of 83.31 uM. Subsequently, in silico molecular docking studies of niloticin based on key apoptotic
proteins such as p53, Fas, FasL, and TNF B revealed striking binding affinity, reflecting docking scores of
7.2, -7.1, -6.8, and —-7.2. Thus, the binding stability was evaluated through molecular dynamic simulation.
In a downstream process, the apoptotic capability of niloticin was effectively validated through in vitro
fluorimetric assays, encompassing nuclear fragmentation. Additionally, an insightful approach involving
surface-enhanced Raman spectroscopy (SERS) re-establishes the occurrence of DNA cleavage during
cellular apoptosis. Furthermore, niloticin was observed to induce apoptosis through both intrinsic and
extrinsic pathways. This was evidenced by the upregulation of upstream regulatory molecules such as
CD40 and TNF, which facilitate the activation of caspase 8. Concurrently, niloticin-induced p53 activation
augmented the expression of proapoptotic proteins Bax and Bcl-2 and downregulation of IAPs, leading to
Received 4th May 2024, the release of cytochrome C and subsequent activation of caspase 9. Therefore, the reflection of
Accepted 1st August 2024 mitochondrial-mediated apoptosis is in good agreement with molecular docking studies. Furthermore, the
anti-metastatic potential was evidenced by wound area closure and Ki67 expression patterns. This pivotal
in vitro assessment confirms the possibility of niloticin being a potent anti-cancer drug candidate, and to
rsc.li/medchem the best of our knowledge, this is the first comprehensive anticancer assessment of niloticin in Hela cells.
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Introduction bioactive compounds. Nature is often esteemed as the

quintessential healer, with its components playing a critical
Throughout history, humans have leveraged the therapeutic  role in managing numerous chronic diseases. Medicinal
potential of nature, which provides a vast repository of  plants have been integral to healthcare from ancient
traditional medicine to contemporary medical systems owing
to their remarkable efficacy, safety, and cost-effectiveness.
The extracts and isolated compounds from medicinal plants
are preferred treatments for a variety of ailments. The
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death worldwide. Intensive research aims to discover a cure
for this lethal affliction as existing treatments such as
chemotherapy, radiation, and surgery pose risks to healthy
cells and tissues. The escalating cancer incidence highlights
the pressing need for an effective and affordable treatment
with minimal side effects. In addition to the challenges
associated with the disease itself, the development of
chemoresistance has emerged as a major concern.>” Within
the spectrum of malignancies, cervical cancer holds the
fourth position in terms of incidence, emerging as the
predominant cause of mortality among women.’ In this
preview, natural products exert their actions by regulating
multiple signaling pathways involved in cell growth and
apoptosis, consequently impeding cancer cell progression and
possessing immune activation, which results in tumor cell
death.”® Currently, there is a growing interest in the search
for naturally occurring molecules with high
immunomodulation for cancer treatment.”*’

Aphanamixis polystachya (Wall.) Parker, also known as
Amoora rohituka, a member of the Meliaceae family, is
distinguished for its extensive medicinal properties."" Owing
to its therapeutic potential, this plant has traditionally been
used to address various health issues, including spleen and
liver diseases, abdominal problems, tumors, eye disorders,
rheumatoid arthritis, ulcers, and jaundice.>™® It exhibits
pharmacological properties, such as antibacterial, antifungal,
and insecticidal activities."* Furthermore, it possesses CNS
depressant, analgesic, and clot lysis properties.’> The ethyl
acetate fraction of A. polystachya has demonstrated its ability
to safeguard bone marrow cells against chromosomal
abnormalities induced by gamma radiation in Swiss albino
This finding suggests potential applications in
radiation therapy for cancer treatment.'® Niloticin, a
tirucallane-type triterpenoid isolated from A. polystachya, has
demonstrated significant biological activities. One of the
promising reported activities of niloticin is its ability to
inhibit osteoclastogenesis by suppression of the RANKL-
induced activation of the AKT, MAPK and NF-kB signaling
pathways.”” Niloticin functions as an antagonist of myeloid
differentiation factor-2 (MD-2) and possesses anti-
inflammatory activity.'® The literature also hints at the
insecticidal properties of niloticin, which is considered a
prominent feature of this compound. Additionally, anti-
plasmodial and anti-respiratory syncytial virus (RSV) activities
have been reported for niloticin.">*® The cytotoxicity of
niloticin is identified in several cancer cell lines, including
gastric (BGC-823, KE-97), liver (Huh-7), breast (MDA), prostate
(PC3, LNCaP), fibrosarcoma (HT-1080), and hepatoma
(Hep3B).>'>* However, comprehensive anti-cancer studies
specifically targeting cervical cancer cell proliferation have
not been reported, which constitutes a primary focus of the
current investigation.

Considering these facets, our objective is to meticulously
investigate the anticancer properties of the phytomolecule
niloticin against cervical cancer, which is prevalent in the
female reproductive system. In this process, the extraction

active

mice.
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and isolation of the desired phytomolecules have been
carried out from the stem bark of Aphanamixis polystachya.
The antiproliferative effect of the acetone extract was
evaluated in cervical cancer (HeLa) cells, which demonstrates
significant activity. Hence, we extended our studies with the
isolation of key phytomolecules from acetone extract. The
isolation yielded five distinct phytomolecules, falling into the
category of tirucallane-type triterpenoids, which are
characteristic of plants within the meliaceae family. The
anticancer potential of the isolated compounds was then
scrutinized in HeLa cells, resulting in niloticin being the
most potent among them. This eventually led us to focus on
the triterpenoid compound, niloticin, for an in-depth
anticancer profiling investigation. In silico screening of
niloticin with major protein targets of the apoptotic pathway
show reasonably good binding affinity with key proteins
involved in the signaling cascade, including p53, Fas
receptor, Fas L, Bax, CDK2, BCL2 and TNF f. Therefore, to
complement the in silico results, an in vitro downstream
assessment was carried out to elucidate the apoptotic
mechanisms by which niloticin operates, employing a variety
of cell-based assays and analyzed DNA fragmentation by
agarose gel electrophoresis, which was fully complemented
by surface-enhanced Raman scattering (SERS) as an
ultrasensitive spectroscopic modality. Furthermore, niloticin
exerts its anti-proliferative potential by sub-GO cell cycle
arrest, confirmed by cell cycle assay and expression analysis
of cell cycle regulatory proteins. To evaluate the apoptotic
pathway, the expression of caspases was analyzed by
fluorometric assays. Interestingly, it was observed that the
niloticin followed both extrinsic and intrinsic modes of
apoptosis, which is well supported by the molecular docking
and protein expression studies of the involved key factors.
Additionally, wound healing properties and the ability of
clonogenic inhibition were evaluated, aiming to establish the
anti-metastatic potential of niloticin backed by the expression
analysis of Ki67 by immunofluorescence study. Finally, the
pathway of the molecule's action was well confirmed by
examining the expression of signaling proteins, thus
solidifying niloticin's potential for further studies as a
promising hit compound against cervical cancer. To date,
this is the first detailed investigation of the anticancer
potential of niloticin in cervical cancer using the HeLa cell
line (Scheme 1).

Results and discussion

Extraction, isolation, and characterization of phyto entities
from Aphanamixis polystachya

The acetone extract of the bark of Aphanamixis polystachya
(Wall.) Parker was prepared by percolation, and its
antiproliferative potential was primarily checked in HeLa
(cervical cancer) cells using the MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assay (Fig. S1,
Table S17), with ICs, values of 39.96 and 17.18 pg mL ™" at 24
and 48 hours of incubation, respectively. This led to the
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Scheme 1 Cell death induced by niloticin through intrinsic and extrinsic modes of apoptosis.

isolation and purification of phytomolecules from the
acetone extract. The acetone extract, subjected to repeated
column chromatographic separation, yielded five distinct
molecules: niloticin (15 mg), bourjotinolone B (32 mg),
piscidinol A (10 mg), 24-epi-piscidinol A (21 mg), and hispidol
B (18 mg) (Fig. 1a-e). All molecules belong to tirucallane
type-triterpenoid, and were characterized by 1D NMR, 2D
NMR and HRMS, which were in accordance with the reported
data (Fig. $3-S340%).2°72%

Preliminary cytotoxic screening of isolated phytomolecules

A preliminary cytotoxic analysis of tirucallane type-
triterpenoid against cervical cancer cells was conducted using
the MTT assay in HeLa cells at concentrations ranging from
5 to 100 pM, and the ICs, values are shown in Fig. 1g. Among
the phytomolecules, niloticin was found to be the most
potent with an ICs, value of 11.64 uM at an incubation
period of 24 hours. To check its anticancer potential in other
cancer cells, we specifically conducted the MTT assay of
niloticin on A549 (lung), PANC-1 (pancreatic), and MDA-MB-
231 (breast) cancer cell lines by keeping the same
concentrations of niloticin as in HeLa cells. The minimal
inhibitory concentration (ICs,) was determined, which turned
out to be 30.6 uM (A549), 16.5 uM (PANC-1) and 23.9 uM
(MDA-MB-231), respectively, at 24 hours of incubation. This
infers that niloticin is most active against cervical cancer
(HeLa cell line) (Fig. 1i). As a better cytotoxicity was observed
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in HeLa cells, we also evaluated the activity of niloticin in
SiHa (squamous cell carcinoma) with an ICs, value of 16.23
uM, which further proved the anti-proliferative potential of
niloticin in cervical cancer cells. Since niloticin exhibited a
pronounced inhibitory potential against the cervical cancer
cell line, we evaluated its potential in MCF 10A, a non-
tumorigenic epithelial cell line, and the observed ICs, was
approximately 83.31 puM. This finding of the selective anti-
cancer potential of niloticin urges us to conduct an in-depth
apoptotic assessment on HeLa cells.

Computational screening of niloticin

In the pursuit of understanding the pharmacokinetic
properties of niloticin, our initial evaluations revealed
promising characteristics. Niloticin exhibited high human
intestinal ~absorption, accompanied by a favorable
lipophilicity with an iLOGP value of 4.58. Furthermore, the
absence of PAINS (pan assay interference compounds) was
confirmed (Fig. S42}). To elucidate the intricate interactions
between niloticin and key signaling proteins within the
apoptotic pathway of cervical cancer, we conducted
comprehensive molecular docking simulations. Seven pivotal
proteins in the pathway were selected for this study: p53
(PDB ID: 1TUP), Fas receptor (PDB ID: 3EZQ), Fas L (PDB ID:
5L19), Bax (PDB ID: 6EB6), CDK2 (PDB ID: 2UZE), BCL2 (PDB
ID: 600K), and TNF f (PDB ID: 1TNR). Notably, docking
scores below -6.5 were observed, indicating robust

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Structure of a) niloticin, b) bourjotinolone, c) piscidinol A, d) 24-epi-piscidinol, and e) hispidol A. f) Graph showing the percentage toxicity
of isolated molecules in Hela cells, g) and their corresponding ICsq values. h) Comparative study of the percentage inhibition of niloticin in

different cancer cell lines, i) and their ICsq values using the MTT assay.

interactions between niloticin and these proteins (Table S27)
(Fig. 2a-g).

Our analysis revealed the strong binding of niloticin with
each protein, as evidenced by docking scores ranging from
-6.8 to —-9.0 kcal mol™. For instance, with the tumor
suppressor protein p53 (PDB ID: 1TUP), niloticin formed
hydrogen bonds and hydrophobic interactions with residues
such as ASN 263, GLY 262, and GLU 258, resulting in a
docking score of 7.2 kcal mol™. Similarly, interactions with
the Fas receptor (PDB ID: 3EZQ) and Fas L (PDB ID: 5L19)
yielded scores of -7.1 and -6.8 kcal mol™, respectively,
involving crucial residues such as GLY 247, PHE 248, and
ARG 144. Moreover, niloticin demonstrated high affinity for
proteins like Bax (PDB ID: 6EB6), CDK2 (PDB ID: 2UZE),
BCL2 (PDB ID: 600K), and TNF B (PDB ID: 1TNR),>** with
docking scores of -7.7, -7.2, 9.0, and -7.2 kcal mol™,
respectively. These findings underscore the efficacy of
niloticin as a promising therapeutic agent in cervical cancer

This journal is © The Royal Society of Chemistry 2024

treatment, warranting further investigation into its

mechanistic pathways and clinical applications.

Molecular dynamics simulation of protein-niloticin complex

Subsequently, the exploration of niloticin's interactions with
the selected proteins delved even deeper through extensive
molecular  dynamics simulations. These simulations,
conducted using the OPLS-2005 force field, extended over a
meticulous time frame of 100 nanoseconds. The root mean
square deviation (RMSD) plot emerged as a crucial analytical
tool in this phase. This plot not only provided insights into the
structural dynamics, but also served as a robust indicator of
the stability exhibited by both the individual proteins and their
respective complexes with niloticin. Remarkably, the RMSD
analysis revealed that, throughout the simulation period, the
proteins and their complexes maintained structural integrity,
demonstrating a maximum RMSD value of 3.5 A (Fig. 2h).

RSC Med. Chem., 2024, 15, 3444-3459 | 3447
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Fig. 2 3-D interaction of niloticin with a) TNF B, b) P53, c) Bax, d) Fas receptor, e) FasL, f) CDK2, and g) BCL2. h) RMSD plot of niloticin with

different proteins.

This meticulous assessment of structural fluctuations
underscores the resilience of the protein-niloticin complexes,
affirming the sustained stability of the binding interactions.
The limited deviation observed in the RMSD values
accentuates the consistency and endurance of the strong
molecular bonds between niloticin and the crucial proteins
in the apoptotic pathway. This substantiates the premise that
niloticin'’s impact extends beyond mere binding affinity,
indicating a profound and enduring influence on the
structural stability of the targeted proteins, further fortifying
its potential as a key player in inducing apoptosis in human
cervical cancer cells.

Apoptotic evaluation of niloticin

Various apoptotic assays were employed to assess the cell
death mechanisms triggered by niloticin in HeLa cells.
Firstly, we used acridine orange (AO) and ethidium bromide
(EB) DNA-binding dyes as a dual staining method, which

3448 | RSC Med. Chem., 2024, 15, 3444-3459

differentially labeled viable and dead cells, and observed
the signals through fluorescence microscopy with a FITC
filter. Considering the ICs, of niloticin, the apoptotic
induction was conducted at two different concentrations (7
puM and 11 pM). The control cells, without niloticin
treatment, were stained green as AO can penetrate the
intact cell membrane of the viable cells, while the
membrane-impermeant dye EB cannot. In contrast,
niloticin-treated cells were stained reddish-orange because
EB only enters cells with compromised membranes, binds
to DNA, and exhibits a red fluorescence, indicating an early
or late apoptotic stage of the cell, as shown in Fig. 3a.
Furthermore, to confirm the changes in the cellular
membrane due to apoptosis induction, we employed a non-
fluorescent imaging method using the APOPercentage assay.
In this assay, the dye enters cells with impaired
membranes, staining them pink, while non-apoptotic cells
remain unstained.®® The current data align with the
findings of the apoptotic potential of niloticin on HeLa

This journal is © The Royal Society of Chemistry 2024
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Fig. 3

Induction of apoptosis in HelLa cells by niloticin analysed in different concentrations of 7 and 11 uM by a) Acidine orange ethidium bromide

dual staining method, b) APOP assay, c) annexin V apoptosis assay by FACS, and c) caspase expression analysis by fluorometric method. Major
caspases, such as d) caspase-3, e) caspase-9 and f) caspase-8, involved in apoptotic pathways were checked and it was observed that all 3
caspases show a fold increase in its fluorescence intensity with respect to control. Results are represented as mean + SD, *p < 0.05, **p < 0.01,

***p < 0.001 compared to the control.

cells, ie., niloticin-treated cells were stained pink, with the
intensity of the color increasing at higher concentrations.
Meanwhile, control cells remained unstained, as observed
under the microscope (Fig. 3b). The exposure of
phosphatidylserine enhances the identification of apoptotic
cells, and annexin V exhibits specific binding to this
phospholipid, distinguishing apoptotic cells within a
cellular population. This property is leveraged to confirm
the apoptotic potential of niloticin in HeLa cells using the
annexin V apoptosis assay. The quantification of cells
labeled with annexin V-FITC and PI found in various
quadrants (Q1, Q2, Q3, Q4) in the data obtained serves as a
comprehensive indicator of cells at various phases. FITC

This journal is © The Royal Society of Chemistry 2024

and PI negative live cells are found in Q3, with a decrease
from 77.7% in control to 38.3% and 29.6% in 7 and 11 uM
niloticin treatment, respectively. The lowest cell population
in Q1 of the treated cells (0.7% and 4.5%) indicates that
the cells have undergone necrotic cell death. In Q4, 50.9%
of annexin V-labelled cells were found in the 7 uM
treatment group, indicating an early apoptotic stage and a
noteworthy increase in the percentage of annexin V-FITC
and PI-positive cells in Q3, rising from 14.5% in the control
group to 49.2% in the niloticin-treated cells, effectively
indicates that the cells are in the late apoptotic stage. This
shift is evident in the flow cytometry data, highlighting the
impact of niloticin on apoptosis, as shown in Fig. 3c.

RSC Med. Chem., 2024, 15, 3444-3459 | 3449
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Investigation of caspase-mediated apoptosis

Programmed cell death is largely orchestrated by the
involvement of caspases, a distinct family of cysteine
proteases. These caspases typically inactive
zymogens, undergoing a cascade of catalytic activation during
apoptosis.’® To assess the activation profile of caspases, a
fluorescence-based assay was employed, where the intensity
of fluorescence indicates the expression of different caspases.
The apoptotic pathway may follow the extrinsic or intrinsic
pathway, and can be differentiated by examining the
expression of various initiator caspases. In this study, we
investigated the activation of caspase 3, an executioner
caspase crucial for both the extrinsic and intrinsic modes of
the apoptotic pathway. The cells were thus treated with
niloticin (7 and 11 uM). Compared to the control, we
observed a threefold increase in the expression of caspase 3,
confirming the induction of apoptosis (Fig. 3d). We also
examined the activation of the caspases associated with the
initiation of apoptosis induced by niloticin. For that, we
looked at the expression of caspase 8 and caspase 9, which
are significant factors of the extrinsic and intrinsic pathways.
Interestingly, the expression of both caspase 8 and caspase 9
was found to be increased, confirming that niloticin acts
through both extrinsic and intrinsic pathways of apoptosis
(Fig. 3e and f). From reviewing the literature, it is observed
that certain natural compounds falling within the terpenoids

exist as

(C)
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category (nimbolide in MCF-7 breast cancer cells, hyperforin
in glioblastoma, and carnosic acid in PC-3 prostate
carcinoma cells) exhibit similar patterns of execution for both
apoptotic pathways.*”~°

Evaluation of apoptosis by nuclear condensation and DNA
fragmentation using fluorometric and SERS analysis

A hallmark of apoptotic events is DNA condensation,
whereas the nuclei of unaffected cells retain a spherical
shape with evenly distributed DNA. This feature can be
utilized to illustrate the apoptotic potential of a compound
using DNA-binding dyes. In this context, Hoechst 33342
staining is employed, which permeates both live and
apoptotic cells, and selectively binds to adenine-thymine-
rich regions of DNA in the minor groove.** Fluorescence
can be observed in both normal and condensed DNA, but
with a higher intensity in the condensed DNA.
Fragmentation can also be effectively detected. In our
experiment, niloticin-treated (7 uM and 11 uM) HeLa cells
were stained with Hoescht 33342, and analyzed using
fluorescent light microscopy. The images revealed a higher
number of cells with condensed nucleic acids at varying
concentrations, confirming apoptosis, while the DNA in
healthy cells retains its spherical shape (Fig. 4a). During the
apoptotic process, the cytogenic damage is characterized by
DNA fragmentation. Endonucleases cleave the DNA into
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Fig. 4 Nucleic acid condensation in HelLa cells upon treatment with niloticin is proved by a) Hoescht staining method, where the condensed DNA
will give an intense coloration compared to the untreated DNA, b) analysing the DNA laddering pattern in both control and treated cells, in which
exonucleases act on niloticin-treated cells, giving a laddering pattern analysed by agarose gel electrophoresis, and c) SERS analysis of the DNA

laddering.
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internucleosomal fragments, which are indeed considered
specific markers of apoptosis.*" This fragmentation pattern
can be visualized through DNA laddering using agarose gel
electrophoresis. Niloticin in 7 and 11 pM doses were used
to treat HeLa cells. DNA isolation was performed for both
control and treated cells, which was further subjected to
agarose gel electrophoresis (0.8%). The fragmented DNA
was visualized as stained nucleic acids using ethidium
bromide (Fig. 4b). The results exhibit a distinct laddering
pattern in higher concentrations of niloticin-treated cells
compared to control cells, demonstrating the strong
apoptotic  potential of the molecule. For further
confirmation of the DNA fragmentation induced by niloticin
treatment, surface-enhanced Raman spectroscopic (SERS)
analysis of the DNA samples from the control cells and
treated cells was conducted using the 633 nm laser of a
confocal Raman  microscope and colloidal gold
nanoparticles (AuNPs: 40-45 nm) as the SERS substrate. The
enhanced Raman spectra derived from these samples
showed significant differences in the pattern, especially the
diminished peaks of the phosphodiester linkage and O-P-O
stretching vibrations (785 cm™ and 1093 cm™). Moreover,
the decreased intensity for the peaks of cytosine and
guanine and the DNA ring breathing mode (1178 c¢cm™,
1316 cm™, respectively) was also evident. As compared to
the control, an enhanced peak at 1420 to 1440 cm™*
showing CH-deformation and a less intense peak for the

—_—
Q
-
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deoxyribose vibration (1460-65 cm™') was also noticed in
the DNA isolated from the treated cells (Fig. 4c).*?

Apoptotic assessment based on cell cycle regulation

Genomic level mutations associated with cancer interfere with
normal cell cycle mechanisms, compromising cell division
control and resulting in the uncontrolled progression of cells.*’
The effect of the drug should reestablish the cell cycle
checkpoint regulation that was mutated or direct it toward
apoptosis by halting the cell division. To unveil the mechanistic
action of niloticin in HeLa cells, the retardation in the
progression of the cell cycle is confirmed via cell cycle assay by
flow cytometric analysis. The assay uses propidium iodide, a
fluorescent nucleic acid dye that can enter the apoptotic cells
or those in the last stages of apoptosis. This stains the DNA
and gives the exact number of cell populations at different
phases of the cell cycle. In the experiment, most of the cells
were found in the S and G2 phases in the control. Conversely,
upon treatment, the maximum cell population was restricted
to the sub-GO phase. Initially, the sub-G0 population of cells
without treatment were 7.6%, which in fact increased to 25.6%
at 7 uM and further to 39.5% at 11 uM concentrations of
niloticin (Fig. 5a). The data confirm the cell cycle arrest at the
sub-GO phase during the advancement of the cell cycle as the
percentage of cells decreased in the G0/G1, S, and G2/M phases
by the effect of niloticin. Cdk-2 is a key cell cycle regulator,
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Fig. 5 Cell cycle pattern change analysis and study of the expression change in cell cycle regulatory proteins upon induction by niloticin in HelLa
cells by a) Western blot of Cdk-2, cyclin A2, cyclin B1, and cdc-25, some of the major proteins in cell cycle regulation. b) Graph representing the
fold change in the expression of Cdk-2, c) cyclin A2, d) cyclin B1, and e) Cdc25 in comparison with B-actin. f) Cell cycle assay using Pl staining
done by FACS, which confirms the sub-GO phase arrest with a higher cell population. Results are represented as mean + SD, **p < 0.01, ***p <

0.001 compared to the control.
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which has an important role in G1/S and G2/M transitions.**
Cyclin A2, essential in the activation of kinases, interacts with
Cdk-2 in the G1/S checkpoint. Cyclin B1 aids cells in entering a
mitotic phase, where cyclin Bl-cdk2 phosphorylates many
proteins for cell cycle progression.*>*® Cdc-25 promotes
dephosphorylation in cdks, which is important in the
progression of the cell cycle. Western blot analysis of the
mentioned cell cycle proteins shows a downregulation in their
expression on treatment with the compound, further affirming
the cell cycle arrest by niloticin (Fig. 5b-f).

Apoptotic induction through mitochondrial membrane
potential

Maintenance of a stable mitochondrial membrane potential
is imperative for normal cell functioning. Sustained
perturbation in the transmembrane potential eventually
causes severe effects on the viability of cells. The dysfunction
of the mitochondrial membrane appears to induce apoptosis,
where activated caspases specifically target permeabilized
mitochondria. This leads to the disturbance of electron
transport and the subsequent loss of the mitochondrial
transmembrane potential. JC-1 dye is a cationic dye that is
lipophilic in nature and can enter mitochondria. It forms
J-aggregates that are reversible complexes, exhibiting red
fluorescence in cells with a normal transmembrane potential.
On the other hand, due to less negativity in apoptotic cells,
the JC-1 dye enters at a lower concentration, where
aggregates cannot be formed. Thus, the JC-1 dye retains its
green fluorescence. Here, to disclose the effect of niloticin in
mitochondrial functioning, the cells are induced by the
compound for 24 hours. Afterwards, the JC-1 dye is added,
which forms aggregates in untreated ones. In contrast, it
remains as a monomer in cells where mitochondrial
depolarization occurred upon treatment with niloticin
(Fig. 6a). Therefore, the data clearly express the increase in

green fluorescence resulting from the action of the
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7 UM
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compound as mitochondrial dysfunction occurs, which
substantiates the involvement of the intrinsic (mitochondrial-
mediated) mode of apoptosis.

Inhibition of metastatic potential by niloticin

Firstly, the inhibition of clonogenic potential by niloticin in
HelLa cells was assessed. The study investigates the capacity of
an individual cell to develop into a colony, employing the cell
survival assay to assess the reproductive potential of cells for
unrestricted division and colony formation.*” The conventional
colony formation assay was conducted to evaluate the
suppressive effect of niloticin on the ability to form colonies.
Niloticin was introduced to HeLa cells at concentrations of 3
and 6 puM, and the quantification of colonies formed was
carried out using Image] software. The data demonstrated a
noticeable decline in the colony-forming capability of Hela cells
in a dose-dependent fashion from a total count of 639 in the
control cells to 424 in 3 uM and 397 at 6 uM niloticin induction
(Fig. 7a). The ability of the cancer cells to migrate and establish
themselves in distant organs, a pivotal step in the process of
metastasis, serves as the foundation for this phenomenon. This
is typically assessed by examining cell movement by scratch
wound assay. The assay operates on the principle that when a
wound is intentionally created in a layer of cells, these cells
naturally migrate to restore cell-to-cell contact. In the
experiment, niloticin was treated at the concentrations of 3 and
6 uM, and then examined for 0, 24, and 48 hours of incubation.
The percentage of wound closure is calculated using Image]J
software. The data clearly indicate that the percentage of
wound closure is significantly high in the control compared to
that in the niloticin-treated cells (Fig. 7c and d).

Immunofluorescence assay of Ki67

The expression of Ki67, a proliferation marker, may be
utilized in cancer diagnostics.”®> Here, we determined the
anti-metastatic potential of niloticin by evaluating the

Ci

JC-1 aggregate/monomer ratio
N
1
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Fig. 6 a) Analysis of the change in the mitochondrial membrane potential is done by JC-1 assay in Hela cells after induction with Niloticin. b)
Graph showing the decrease in the JC-1 aggregate-to-monomer ratio with respect to the control. Results are represented as mean * SD, ***p <
0.001 is considered to be significant as compared to the control. Scale bar corresponds to 50 um.
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Fig. 7 a) Inhibition of the clonogenic potential of HelLa cells by niloticin treatment at 3 uM and 6 uM. b) Graph showing the decrease in the
number of colonies with niloticin treatment compared to the control. c) Inhibition of the migratory potential of HelLa cells by niloticin treatment.
d) Graph representing the wound area percentage at different time points. €) Analysis of Ki67 expression in HelLa cells at 3 uM and 6 puM niloticin
treatment. f) Graph showing the fluorescence intensity of Ki67 expression of niloticin-treated cells compared to the control. Results are

represented as mean * SD, **p < 0.01 as compared to the control.

expression of Ki67 in HeLa cells via immunofluorescence
assay. Niloticin was treated at two different concentrations,
and the DAPI staining was analyzed using a fluorescence
microscope. The images clearly showed the downregulated
expression of Ki67 in treated cells upon increasing
concentration. Meanwhile, a higher expression was observed
in the control cells.

Modulation of various protein expressions involved in
apoptosis

Elucidation of the underlying mechanism of action of
phytomolecule emphasizes the recognition of molecular

This journal is © The Royal Society of Chemistry 2024

targets that could be exploited for designing efficient
therapeutic entities. The mechanistic route of action of
niloticin may follow any of the cell death signaling pathways,
which is unraveled by identifying the upregulation and
downregulation of key proteins involved in apoptosis. Herein,
the expression of a broad range of proteins were analyzed
using a human apoptotic array membrane, which
encompasses 43 major target proteins (Fig. 8a-c). HSP60
accumulates in the cytosol to induce various signals,
conferring its action to either cell death or cell survival
mechanisms. In the case of apoptosis, it leads to the
maturation and activation of caspase 3.* The nuclear
transcription factor, p53 is proapoptotic in function. In
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Fig. 8 Apoptotic protein expression study in Hela cells a) with and b) without treatment were analyzed using an antibody array kit. c) Comparison
of the expression change in major proteins in niloticin-treated cells with respect to the control.

response to various stresses, it is induced to exert its
proapoptotic properties.’® CD40 is a TNFR family member.
Upon some signals, CD40 can exert a wide range of cellular
responses. Here, the induction of niloticin results in the
binding of CD40 to its ligand CD40L, which eventually results
in the enzymatic maturation of caspase 8 and caspase 3.
TNF, a pro-inflammatory cytokine, simultaneously activates
cell survival and cell death mechanisms, and is the most
potent inducer of apoptosis. By the action of niloticin, TNF is
activated by CD40/CD40L, which is the upstream regulatory
molecule.”® The binding of TNF to its TNFR induces
apoptosis. Specifically, the extrinsic mode of apoptosis is
executed by the death receptor TRAILR and the continued
signaling to the activation of caspases for the execution of
apoptosis. p53 activation enhances cell cycle arrest, either by
facilitating DNA repair or routing it to apoptosis. In the
present study, the induction of niloticin effectively increases
the expression of p53, which could be considered as the root
of a further signaling pathway, as they directly regulate a
broad range of target genes. Fas induces apoptosis by the
cross-linking of its own receptor, FasL. It is already known
that the upregulation of the Fas receptor in stimuli to any cell
death signal is p53-dependent. So, the p53 upregulation by
niloticin directly induces the binding of Fas to FasL,which
could be observed from the intensity of expression. Increased
expression of Fas/FasL enables catalytic activation of the
initiator caspase-8, which is the key factor in the extrinsic
mode of apoptosis. Likewise, activation of p53 also results in
Bad/Bax pro-apoptotic protein expression. This further
activates Bid, which is a Bcl-2 family member protein that
aids in apoptosis in its truncated form, tBid. This activates
Smac, a mitochondrial protein released during -cellular
apoptosis, counteracts inhibitory factors (IAPs), and promotes
apoptosis progression. It is already reported that the export
of smac to cytosol occurs in response to the induction of
cytotoxic drugs. Along with SMAC activation, HTRA (a
mitochondrial factor) gets released upon an apoptotic trigger
from mitochondria into the cytosol. HTRA then interacts with
IAPs, which enables the caspase to be free from its
inhibition.”> Cytochrome ¢ is usually located in the inter-
cristae spaces in mitochondria, which gets exported to
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cytosol when apoptotic signals permeabilize the
mitochondrial membrane. In the cytosol, cyt c¢ tends to
activate Apaf-1, a requisite for the proteolytic activation of
caspase-9, which is the critical initiator of caspase involved in
the intrinsic mode of apoptosis. This is well supported by the
expression analysis of cytochrome c and caspase 9. The direct
p53 activation of caspase-8 and mitochondrial-mediated
caspase 9 activation substantiates the concluded mode of
extrinsic and intrinsic pathways of niloticin action in HeLa
cells. This proteolytic maturation of caspase 8 and 9 finally
results in the activation of caspase-3, the executional caspase
that finally takes the cell to its demolition phase. p53 also
activates p21, a key protein involved in cell cycle regulation
that interacts with cyclin-cdk complexes and induces cell
cycle arrest in niloticin-treated cells. The expression analysis
of apoptotic proteins establishes a signaling pathway of
action, and provides strong evidence for niloticin to be
developed as a potent anticancer agent (Fig. 9).
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Fig. 9 Proposed mechanism of action of niloticin.
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Conclusion

In summary, we have evaluated a detailed anticancer
profiling of the tirucallane-type triterpenoid, niloticin, which
exhibited the highest anticancer properties among the other
four isolated triterpenoids from the stem barks of
Aphanamixis polystachya against cervical cancer cells. The
primary cytotoxicity assessment of niloticin was carried out
in various cancer cell lines. The cervical cancer HeLa cells
turned out to have an impressive ICs, value of 11 uM after 24
hours of treatment, which was adequate for apoptotic
induction in HeLa cells. Molecular docking studies with
major protein targets (such as TNF, Fas, p53, and caspases)
exhibit reasonably high binding affinity with niloticin, as
evidenced by docking scores ranging from -6.8 to —9.0 kcal
mol ™. The binding stability was further evaluated through
molecular dynamic simulation. To complement the in silico
studies, downstream in vitro cell-based assays were employed
including annexin V assay by flow cytometric analysis for
validating the apoptotic potential of niloticin. In a
subsequent apoptotic evaluation, DNA condensation was
evident by Hoechst staining and DNA laddering supported
the apoptotic potential of niloticin in HeLa cells. The SERS
fingerprint analysis in the treated cells enabled the tracking
of cellular DNA breakage as a complementary assessment,
which was fully complemented by the DNA laddering
experiment. The cell cycle analysis indicated the arrest at the
sub-GO phase. The halt in cell cycle progression was
determined by the analysis of the proteins involved, which
finally takes the cell into apoptosis. Another interesting fact
is the involvement of both extrinsic and intrinsic modes of
apoptosis induced by niloticin, analyzed by the substantial
expression of caspase 3, 9, and 8. The expression of major
regulatory proteins involved in the apoptosis cascade is
evident in the protein dot-blot assay. Finally, the modulation
in the signaling pathways involved in the cancer was studied
by analyzing the different proteins involved. The activation of
p53 by the induction of niloticin was the key step. p53
induced the binding of FasL to the Fas receptor, resulting in
the activation of the initiator caspase 8, a prominent factor of
the extrinsic pathway of apoptosis. The activation of p53 also
upregulates the expression of proapoptotic proteins Bad/Bax,
and further activates Bid, SMAC and HTRA, which results in
the export of cytochrome c from the nucleus to cytosol.
Cytochrome c then activates Apaf-1, which is a requisite for
the activation of caspase 9, the key factor in the intrinsic
pathway of apoptosis. Both the extrinsic and intrinsic modes
finally conclude in the catalytic activation of caspase-3, taking
the cell to its demolition phase. Further evaluation of
niloticin in its ability to inhibit colony formation and wound
healing property reflected its anti-metastatic potential.
Niloticin exerting its effect in the downregulation of the
proliferative marker Ki67 by immunofluorescence assay
further proves its capability as an anti-metastatic potential
agent. We envisaged that the naturally occurring niloticin
would become a successful blueprint to generate a potential

This journal is © The Royal Society of Chemistry 2024

Research Article

anticancer hit compound for pre-clinical studies against the
efficacious management of cervical cancer.

Materials and methods
General experimental procedures and chemicals

All of the solvents were used without further purification,
and were of the highest available grade. Column
chromatography was performed with silica gel (100-200
mesh; Merck, Darmstadt, Germany). TLC was carried out on
Merck 60 F,s5, silica gel plates, detecting phytomolecules
under UV light or by heating after spraying samples with a
p-anisaldehyde-sulfuric acid mixture. NMR spectra were
obtained from a Bruker Avance 500 MHz instrument with
CDCIl; and CD3;0OD as the solvent, and chemical shifts were
expressed in J (ppm) relative to the TMS. The HR-ESI-MS
spectrum was recorded at 60 000 revolutions using a Thermo
Scientific Exactive mass spectrometer, and the purity of the
tirucallane-type triterpenoids was analyzed by a Waters Arc
analytical HPLC instrument.

Plant material collection. The stem barks of A. polystachya
were collected from Parassala, Kerala (8.34780° N and
77.1410° E), Kerala, India in April 2017. The plant material
was deposited at the Department of Botany, University of
Kerala, Thiruvananthapuram (voucher number 2018-06-05).

Isolation and characterization of compounds from A.
polystachya. About 1.0 kg of the dried stem bark was
powdered mechanically and subjected to extraction with
acetone at room temperature (3 L x 3 days). Following
filtration, the extract was concentrated under reduced
pressure using a rotary evaporator, resulting in an
approximate yield of 20 g for the acetone extract. The acetone
extract was subjected to silica gel column chromatographic
separation and eluted with a mixture of petroleum ether/ethyl
acetate from 100:0 v/v to 0:100 v/v. Twenty-two fractions (1-
22) were obtained. Fractions 5-7 were applied to a silica gel
column and eluted with a mixture of petroleum ether/ethyl
acetate from 9:1 v/v to 4:1 v/v, affording compounds 1 (15
mg) and 2 (32 mg). Compounds 3 (10 mg), and 4 (21 mg)
were isolated from fractions 8-15 through a silica gel column
with petroleum ether/ethyl acetate from 4:1 v/v to 7:3 v/v.
The purification of fractions 16-19 yielded compounds 5 (18
mg) via silica gel column with petroleum ether/ethyl acetate
from 7:3 v/v to 3:2 v/v. The structures of the phytochemicals
were analysed through 1D and 2D NMR, HR-ESI-MS analysis,
and comparison with the literature report. The purity of the
compounds was checked by a Waters Arc analytical HPLC
instrument, and the chromatograms are shown in the ESIf
(Fig. S9, S18 and S40).

Cell culture methods. HeLa (human cervical cancer) cell
line and the triple-negative human breast cancer cell line
MDA-MB-231 were purchased from American Type Culture
Collection (ATCC, USA). The A549 (human non-small cell
lung) cancer cell line and the human pancreatic cell line
PANC-1 were procured from National Centre for Cell Science
(NCCS, Pune). The MCF-10A, (normal breast epithelial) cell
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line was obtained from Elabscience, USA. The HeLa, A549,
PANC-1, and MDA-MB-231 cells were maintained in
Dulbecco's modified Eagle medium (DMEM, sigma) with a
supplement of 10% fetal bovine serum (FBS, himedia), 1%
antibiotic antimycotic solution (Himedia). MCF-10A cells
were grown in mammary epithelial cell growth medium
(MEGM, Lonza) with 5% horse serum, and all the cells were
maintained in 5% CO, at 37 °C culture conditions.

Cell proliferation assay. A seeding density of 8 x 10° cells
per 100 uL of DMEM media was added to 96-well plates for
24 and 48 hour proliferation studies. Niloticin at different
concentrations (5 pM, 10 pM, 20 uM, 50 uM, 100 uM) were
added to the plates after 24 hours of incubation. After 24 and
48 hours of incubation with the compound, 100 puL of MTT
(3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide)
at a concentration of 0.5 mg mL ™" in Hanks balanced salt
solution (HBSS) was added to each well after removing the
spent medium and washing with PBS, and then incubated at
37 °C for 2-4 hours under dark conditions. Then, the MTT
solution was removed, and the sample was again washed
with PBS. Finally, 100 uL of DMSO was added to each well for
dissolving the formazan crystals. The conversion of the
yellow-coloured MTT to a violet color was observed, and the
absorbance was measured using a multimode plate reader
(Synergy H1, Biotek) at 570 nm.

Molecular simulations. Initial pharmacokinetic
parameters of niloticin were assessed using the SwissADME
online tool.”* This tool provides valuable insights into the
drug-likeness, human intestinal absorption, and lipophilicity.
Molecular docking studies were conducted to elucidate the
binding interactions between niloticin and key proteins
involved in the apoptotic pathway. AutoDock Vina was
employed for the docking simulations, utilizing the crystal
structures of selected proteins from RCSB PDB - p53 (1TUP),
Fas receptor (3EZQ), FasL (5L19), Bax (6EB6), CDK2 (2UZE),
BCL2 (600K), and TNF B (1TNR). The docking score was used
to screen the interactions.>® Docking simulations were
visualized and analyzed using UCSF Chimera version 1.16.
This molecular visualization software facilitated a
comprehensive examination of the binding orientations and
interactions between niloticin and the target proteins. The
stability and dynamic behavior of the seven protein-niloticin
complexes were further investigated through molecular
dynamics simulations. Desmond, a component of the
Schrodinger suite, was employed for these simulations,
extending over 100 nanoseconds.”® The root mean square
deviation (RMSD) analysis was carried out to assess the
structural stability of the complexes.

Apoptotic assays. The apoptotic potential of the
compound was checked by live dead assay using the
ethidium bromide-acridine orange dual staining method and
APO percentage assay, which distinguishes live cells from
those that have undergone apoptosis. The imaging was
performed by the Nikon-TS100 inverted microscope. An
annexin V apoptosis assay was performed by using the FITC
annexin V apoptosis detection kit (BD Pharmingen),
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following the assay protocol mentioned. Here, the cells were
stained with annexin V and propidium iodide, and the
number of apoptotic cells can be determined via flow
cytometric analysis.

Caspase fluorometric assay. The activation of caspases,
being a major feature of apoptosis, is studied using the
caspase fluorometric assay for caspase 3, 9 and 8. A cell
density of 3 x 10°® was seeded on 6-well plates, and apoptosis
induction was done by treatment of HeLa cells with niloticin
at different concentrations. The assay was carried out
following the exact protocol given in the fluorometric assay
kit (Abcam). The fluorescence intensity was measured using a
multimode plate reader (Synergy H1, Biotek) at an excitation
wavelength of 400 nm and emission at 505 nm. This was
followed for all three caspases.

Nucleic acid degradation and DNA fragmentation studies.
DNA condensation was analysed using Hoescht staining. A
cell density of 7 x 10° was seeded on 96-well plate. After 24
hours of treatment with the compound, Hoescht stain (1 pg
mL™) in PBS was added and imaging was performed under a
DAPI filter of the Nikon-TS100 inverted microscope. Cells
that had undergone apoptosis followed a laddering pattern
while running in agarose gel. DNA isolation was done in
HeLa cells after treatment with the compound for different
concentrations using the Geneaid genomic DNA mini kit
(Geneaid, cat. no. GB100), following the given protocol. The
concentration of isolated DNA was analysed using the
nanodrop method, and it was further normalised. The DNA
was run in 0.8% agarose at 80 V and imaging was done using
Chemidoc (Biorad). The DNA fragmentation pattern was then
confirmed by Raman analysis. Gold nanoparticles of size 40—
45 nm were used as SERS substrate that was mixed with the
DNA sample in a 8:2 ratio. After 10 minutes of incubation,
the SERS spectrum was analysed using the WITec Raman
microscope (WITec, Inc., Germany) with 600 g mm™" grating
and Peltier CCD detector unit. Nanoparticle-mixed samples
were excited with a 633 nm laser having 5 mW power.
Spectral analysis was performed with a resolution of 3 cm™
and 3 spectral accumulations with 5 s integration time.

Cell cycle analysis. The cell cycle arrest by the niloticin
induction effect was studied using a cell cycle assay via flow
cytometric analysis with the BD cycle test plus DNA kit (BD
Pharmingen, cat. no. 340242). It uses propidium iodide
staining, which can enter apoptotic cells and stain DNA,
giving the cell population at different cell cycle phases via
flow cytometric analysis. The expression of proteins involved
in cell cycle regulation was studied using western blotting
with the standard procedure. The protein isolation from
HeLa cells in both treated and non-treated cells was done,
and protein quantification was performed using the BCA
assay kit (Pierce BCA Assay Kit cat no. 23225). The
normalised SDS-PAGE was performed for the separation of
proteins in the sample, followed by the transfer to the PVDF
membrane. Blocking with 5% skim milk was performed, and
membranes were incubated with respective primary
antibodies (Cell Signaling Technology, USA) for 18 hours at 4
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°C. After the secondary antibody (HRP conjugated)
incubation, chemiluminescence was detected with (Takara
Western BloT Hyper HRP Substrate) for Cdk-2, cyclin A2,
cyclin B1 and Cdc-25, along with beta actin as the loading
control using the Chemidoc imaging system (Biorad).

Mitochondrial membrane potential analysis. The
alteration in the mitochondrial membrane potential was
analysed by JC-1 assay using JC-1 (5,5,6,6"-tetrachloro-1,1,3,3"-
tetraethylbenzimi-dazoylcarbocyanine iodide) dye (Sigma
Aldrich), which is a cationic dye normally exhibiting green
fluorescence. In cells that have undergone apoptosis, this dye
will aggregate and gives a red fluorescence, which can be
observed via imaging using Nikon-TS100 inverted microscope
with an FITC filter.

Anti-metastatic studies. The antimetastatic potential of
niloticin was checked using the clonogenic assay, where a
cell density of 1 x 10> cells was seeded into 6-well plate. Once
the cells attained morphology, the niloticin was treated in 3
uM and 6 uM concentrations and incubated for another 9
days at 37 °C, allowing the cells to grow into colonies. After
that, the cells were fixed with 70% methanol, followed by
0.3% crystal violet staining for visualization. Subsequently,
the cells were washed with PBS. Imaging was done using the
Nikon-TS100 inverted microscope and further processing was
done using Image] software. For the scratch wound assay,
cells were seeded into 96-well plates. After 24 hours, when a
monolayer of cells was formed, a vertical scratch was made
using a 200 pL tip and washed with PBS. The compound was
added in two different concentrations, and non-treated cells
were taken as control. Cells were then monitored for its
movement to heal the wound, and images were taken after a
period of 0, 24 and 48 hours incubation using the Nikon-
TS100 inverted microscope. The area of wound closure was
analysed using Image] software.

Immunofluorescence assay of Ki67. The anti-metastatic
potential of niloticin was further studied by analysis of the
expression of Ki67 via immunofluorescence assay. A cell
density of 7 x 10° was seeded to a 96-well plate, and niloticin
was treated at two different concentrations. After 24 hours of
incubation, cells were washed with PBS and fixed by 4%
paraformaldehyde for 15-30 min at 37 °C. After that, the cells
were treated with 0.1% Triton-X for 10 min. Cells were again
washed with PBS and blocking was performed using 5% BSA
in PBST for 1 hour. Again, washing with PBST was performed
3 times with 5 minutes interval. Then, the primary antibody
for Ki67 was added and incubated overnight. After that, the
secondary antibody was added, followed by DAPI staining,
and images were visualized and captured using the Nikon-
TS100 inverted fluorescent microscope.

Apoptotic protein expression. The expression of proteins
that play a central role in apoptosis was determined by
the human apoptotic antibody array membrane (Abcam).
The experiment was conducted, strictly following the
manufacturer's protocol. HeLa cells were seeded and
treated with niloticin, followed by protein isolation, as
outlined in the given protocol. A final volume of 1.2 ml
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of sample was used for analysis, as per the instruction.
Imaging was done with the help of chemidoc (Biorad).
Further analysis and densitometric data were obtained
with the help of Image] software.

Abbreviations

TNF Tumor necrosis factor

SERS Surface-enhanced Raman spectroscopy
CD40 Cluster of differentiation 40

IAPs Inhibitor of apoptosis proteins

Bax Bcl-2-associated X protein

Cdk2 Cyclin-dependent kinase 2

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide)

FITC Fluorescein isothiocyanate

FACS Fluorescence-activated cell sorting

Cdc25 Cell division cycle 25

JC-1 5,5,6,6"-Tetrachloro-1,1',3,3"-tetraethylbenzimi-
dazoylcarbocyanine iodide

HSP60 Heat shock protein 60

TRAILR  TNF-related apoptosis-inducing ligand receptor

Bcl-2 B cell lymphoma-2

Bax Bcl-2-associated X protein

Bid Bcl-2 interacting domain

Smac Second mitochondria-derived activator of caspase

Apaf-1 Apoptotic protease activating factor-1

FBS Fetal bovine serum

NMR Nuclear magnetic resonance

HRMS High-resolution electrospray ionization mass
spectrometry

PBS Phosphate buffer saline

DMSO Dimethyl sulfoxide

PI Propidium iodide
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