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ARTICLE INFO ABSTRACT

Handling Editor: V Kuete Ethnopharmacological relevance: Ceiba pentandra (L.) Gaertn. (Malvaceae) has been used in Africa traditionally to
manage a variety of illnesses, including cancer. The hydroethanolic extract of the leaves of C. pentandra has been

Keywords: shown to possess antiproliferative activity. However, the fractionation of antiproliferative bioactive constituents

Antiproliferative activity
cell cycle arrest
mechanism of action
PARP1 cleavage

from the leaves of C. pentandra and the determination of the mechanisms of action of such bioactive constituents
remain unexplored.
Aim of the study: This work sought to fractionate the extract of C. pentandra leaves, establish the antiproliferative

cdk2 activity of the fractionated constituents, and determine the active constituents’ possible mechanisms of action.
G1/S checkpoint Material and methods: Chromatographic techniques were used to fractionate bioactive constituents from
apoptosis C. pentandra leaves. The fractionated constituents were evaluated for their antiproliferative activity against four
Ceiba pentandra cancer cell lines (viz hepatocellular carcinoma, colorectal adenocarcinoma, cervical carcinoma, and mammary

adenocarcinoma) using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)-based assay. The possible
mechanisms of action of the active constituent, Fraction A (IsoA), were also determined via western blot analysis.
Results: Six constituents were fractionated from the leaves of C. pentandra. Among the six constituents, IsoA stood
out for its remarkable antiproliferative activity across the four cancer cell lines, with hepatocellular carcinoma
(HepG2) cells being the most affected. With half-maximal inhibitory concentration (ICso) values ranging from 6.4
+1.2 pg/mL to 19.2+3.4 pg/mL, IsoA demonstrated great potential in inhibiting cancer cell proliferation.
Notably, IsoA’s mechanisms of action involve critical molecular targets associated with cell cycle regulation and
apoptosis. It significantly increased the levels of phosphorylated cyclin-dependent kinase 2 (Cdk2 pTyr15), a key
regulator of cell cycle arrest, and cleaved poly [ADP-ribose] polymerase 1 (PARP1), a hallmark of apoptosis
initiation. These findings underscore the therapeutic potential of IsoA in cancer treatment.

Conclusions: IsoA demonstrated highly promising in vitro antiproliferative activity by effectively arresting the cell
cycle at the G1/S checkpoint, halting cancer cell proliferation. Additionally, IsoA induced programmed cell death
(apoptosis) through mechanisms such as PARP1 cleavage, highlighting its potential as a candidate for cancer
therapy.
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1. Introduction

Ceiba pentandra (L.) Gaertner, known as kapok or white cotton tree
(plant name has been checked with https://www.worldfloraonline.
org/), is a large tree of the Malvaceae family (Tareau et al., 2021).
This plant is widely recognised among traditional African healers for
managing various medical conditions (Aloke et al., 2010; Osuntokun
et al., 2017; Sarfo et al., 2022).

This plant has also been used to manage cancer-related conditions
such as tumours and sores. For example, the Tupuri people of Mindif in
Cameroon use crushed fresh leaves for wound dressing and bandaging
tumours or abscesses (Nkouam et al., 2017). However, there is a dearth
of scientific data to corroborate their folkloric use for the management of
cancer-like conditions. Our laboratory, therefore, recently validated the
use of the leaves of C. pentandra in traditional medicine for the man-
agement of tumours (Addy et al., 2024), thereby heightening the interest
in exploring further the antiproliferative value of the leaves of
C. pentandra. Current studies on C. pentandra leaves lack comprehensive
data on its fractionation, the evaluation of the antiproliferative prop-
erties of the fractions and the underlying mechanisms of action of the
potential bioactive fractions. This study, therefore, addresses these gaps
by employing bioassay-guided fractionation to identify bioactive frac-
tions, investigating the antiproliferative activities of the fractions and
mechanisms of action using cell viability assay and western blot,
respectively.

Bioassay-guided fractionation is essential in drug discovery and
development because it allows for the rational separation and identifi-
cation of bioactive constituents from complex mixtures (Mani et al.,
2022). This technique is crucial when dealing with natural products,
which are often made up of many chemical constituents (Atanasov et al.,
2021). The bioactive agents of interest can be obtained and concentrated
by systematically fractionating these mixtures, making the determina-
tion of their specific biological activities easier.

Additionally, understanding the precise mechanisms by which these
antiproliferative bioactive agents exhibit their activities provides valu-
able insights into cancer biology and could potentially lead to the
development of targeted therapies (Kumar et al., 2023). Assessment of
intracellular pathways offers a good way to determine the mechanism of
action because intracellular signalling pathways are essential regulators
of internal cellular activities, such as cell proliferation, maintenance,
and cell death (Valdespino-Gomez et al., 2015). Therefore, under-
standing these pathways is essential for gaining insight into the mech-
anisms of action of antiproliferative agents, which are usually designed
to promote cell death and or inhibit cell growth and division. In this
regard, cell cycle arrest (Doan et al., 2019; Gao et al., 2024a; Lin et al.,
2018) and initiation of apoptosis (Marti et al., 2020; Mashimo et al.,
2021) are two mechanisms that have piqued the curiosity of researchers
looking for new strategies to combat cancer.

Uncontrolled cell cycle progression is a crucial event in cancer
development and progression. The induction of cell cycle arrest at the
G1/S phase in various cancer cell lines has been demonstrated by several
researchers to be a valuable process by which anti-cancer drugs function
(Chang et al., 2015; Doan et al., 2019; Duronio & Xiong, 2013; Matthews
et al., 2022). This is because the arrest of the cell cycle at the G1/S
checkpoint leads to the suppression of cell proliferation and the pre-
vention of tumour growth (Lee et al., 2019; Matthews et al., 2022),
making it a promising therapeutic strategy for cancer treatment.

Furthermore, apoptosis, a form of programmed cell death is funda-
mental to tissue homeostasis and the elimination of damaged cells
(Berridge, 2014; Park et al., 2023). Dysregulation of apoptosis plays a
significant role in cancer development (Id & Chaudhry, 2019; Zhong Xu
et al., 2016). Therefore, initiating apoptosis is an essential approach to
destroying cancer cells. The cleaving or inhibition of poly [ADP-ribose]
polymerase 1 (PARP1) is a critical marker of apoptosis (Chaitanya et al.,
2010; Mashimo et al., 2021). Poly (ADP-ribose) polymerase 1 is an
enzyme that plays a key role in DNA repair. Inhibition or cleavage of
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PARP1 has emerged as a promising strategy in cancer therapy, specif-
ically in DNA damage repair deficiency (Jain & Patel, 2019). Activation
of PARP1 cleavage triggers a cascade of events leading to cell death,
presenting an attractive avenue for targeted cancer therapy.

Although the ethanolic extract of C. pentandra leaves and its ethyl
acetate fraction have been shown to inhibit cell proliferation, the spe-
cific constituents responsible for these antiproliferative activities and
the mechanisms of action remain unexplored. Therefore, this research
aims to further fractionate the leaves of C. pentandra, evaluate the
constituents’ antiproliferative potential, and elucidate the mechanisms
of action of the most active constituent.

2. Materials and methods
2.1. Materials and reagents

Cell cycle and apoptosis western blot cocktail (cat # ab139417) was
purchased from Abcam, UK. Products obtained from ThermoFisher
Scientific, Massachusetts, USA include Radioimmunoprecipitation assay
(RIPA) buffer (cat # 89900), Protease and phosphatase inhibitor cock-
tail (cat # 78440), ethylenediaminetetraacetic acid (cat # 17892) and
Pierce ECL western blotting substrate with cat # 32109. Also utilised
were 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) with
cat # M5655-1G and 2-B-mercaptoethanol (cat # 1610710) obtained
from Bio-Rad, California, USA and Sigma Aldrich, St. Louis, USA,
respectively. Penicillin (cat # 15140122), streptomycin (cat #
15140122) and Dulbecco’s modified eagle medium (DMEM) (cat #
11885084) were purchased from Gibco Life Technologies Ltd., Paisley,
UK. Nonessential amino acids (NEAA) (cat # 0823) and dimethylsulf-
oxide (DMSO) (GK2245-500ML) were obtained from ScienCell, Carls-
bad, USA and Gletham Life Sciences, UK, respectively while foetal
bovine serum (# 30-2020) was obtained from ATCC, USA. The manu-
facturers’ guidelines were followed for preparing all chemicals and
reagents.

2.2. Plant collection and extraction

The collection and extraction of the leaves of C. pentandra have been
described in our previous study (Addy et al., 2024). Briefly, the plant
material was collected from Kwahu Bepong in the Eastern Region of
Ghana, authenticated, and a specimen with voucher number
(KNUST/HMI/2020/L015) was deposited. The plant material was rinsed
with tap water and air-dried at room temperature for three weeks. The
dried plant material was then extracted with 80 % ethanol. The filtrate
was then concentrated using a rotary evaporator (R-114, Buchi,
Switzerland). Drawell freeze drier (DW-10 N) was used to concentrate
the sample further by removing the water. The extract was then frac-
tionated using the modified Kupchan method. Firstly, the extract was
suspended in water and then extracted with petroleum ether. The
resultant water fraction was further extracted sequentially with ethyl
acetate (EtOAc) and n-butanol (n-BuOH). The EtOAc fraction previously
established to possess the highest antiproliferative activity was further
fractionated using column chromatography.

2.3. Fractionation using column chromatography

A chromatographic glass column (2 x 50 cm) preloaded with a slurry
of Si-60 silica gel (40-63 pm, Merck) and petroleum ether as the sta-
tionary phase was loaded with the EtOAc fraction (260 g) and gradient
eluted with pet ether, EtOAc and MeOH in increasing order of polarity.
Beginning with 100% pet ether, a solvent ratio of pet ether to EtOAc was
varied (9:1, 8:2, 7:3, 6:4-1:9, v/v) as the columns were progressively run
until 100% EtOAc and then a mixture of EtOAc and MeOH (99:1-90:10)
was used for the final elution. For each solvent ratio, the column was run
until the eluate was clear. Volumes of 50mL eluates were collected in
test tubes. Based on the thin layer chromatography profile of the
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fractions, they were bulked together to obtain six fractions labelled
fractions A (0.98 mg), B (1.6 mg), C (0.83 mg), D (1.1 mg), E (1.7 mg),
and F (1.3 mg). The fractions were concentrated to dryness using rotary
evaporation under vacuum. The resulting residues were dried and stored
at —4 °C until use.

2.4. Cell culture

All cell lines used, including human mammary adenocarcinoma
(MCF-7), hepatocellular carcinoma (HepG2), colorectal adenocarci-
noma (RKO), human cervical carcinoma (HeLa) cells, were kindly
donated by Prof. Mohamed Mutocheluh of the Virus Research and Mo-
lecular Biology Laboratory of the Clinical Microbiology Department of
the School of Medical Sciences, Kwame Nkrumah University of Science
and Technology (KNUST), Ghana. A working cell culture medium was
prepared by supplementing DMEM with 10% heat-inactivated foetal
bovine serum (FBS), 1% NEAA, and 1% Penicillin-Streptomycin. The
cells were grown in the DMEM working medium in a humidified incu-
bator with 5% carbon dioxide (CO,) set at 37 °C.

2.5. Antiproliferative study

For each cell line, cells were seeded in 96-well plates at 4 x 10* cells
per well and incubated at 37 °C and 5% CO under humid conditions for
24 h to allow for attachment. Stock test solutions (1 mg/mL) of the
fractionated constituents and the positive control, 5-fluorouracil (5FU),
were prepared in 1% DMSO. A 20 pug/mL concentration of the test so-
lution was subsequently prepared by diluting the stock solution with the
working medium. The serial dilution method was used to prepare the
other concentrations (from 10 pg/mL to 1.25 pg/mL) using the working
medium. The positive control, 5-fluorouracil (5FU) solution, was pre-
pared using a similar approach. The negative control was prepared by
adding 2 pl of DMSO to 1998 ul of DMEM to make a 0.1% DMSO solu-
tion, which has been established to produce no effect on the growth of
cells (Moskot et al., 2019). After removing the old media, the cells were
treated by incubation in freshly prepared test substances (Fractions A, B,
C, D, E, and F) and the positive control at triplicate concentrations.
Following a 72-hour incubation period, each well received 20 pl of MTT
reagent and then incubated for another 3 h. The supernatant was then
aspirated from each well, and 120 pl of absolute isopropanol was added,
with three of the wells serving as blanks. The plate was then incubated
for 30 min for the formazan crystals to dissolve. The absorbance was
read on a Bio-Rad iMark Microplate Reader with the measurement filter
set at 595 nm. The procedure was repeated two more times. Percentage
cell viability values of test substances and 5FU were computed from the
absorbance values using the following formula:

Absorbance of treated cells

P e 1
ercentage cell viability Absorbance of untreated cells x 100

The % cell viability values were then used to determine the half-
maximal inhibitory concentration (ICsg) values of test substances and
5FU. Fractions with ICsg values < 10 pg/mL were considered for further
probing.

2.6. Western blot analysis

To understand the possible mechanisms of action of IsoA, the west-
ern blotting technique was used to assess the concentrations of cleaved-
PARP1 and Cdk2 pTyrl5 proteins. Firstly, HeLa cells were cultured,
prepared, and treated as previously described with slight modification.
Briefly, a 6-well plate was used for seeding cells at 5 x 10° cells per well
and incubated for 24 h to allow for attachment. The negative control,
different concentrations (5.2, 10.4 and 15.6 pg/mL) of IsoA, and the
positive control were prepared using reconstituted DMEM media. The
old medium on the cells was discarded, and 2 mL of each treatment was
added to the appropriate well in triplicate. After treating the cells for 24
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h, proteins were extracted as instructed by the manufacturer. Total
protein was extracted with an ice-cold RIPA buffer containing ethyl-
enediaminetetraacetic acid (EDTA), phosphatase, and protease inhibitor
cocktail. The sample buffer containing 2-beta mercaptoethanol was used
to denature the extracted proteins. The denatured proteins were
resolved using a 4 - 20% gradient polyacrylamide gel and then trans-
ferred to a polyvinylidene difluoride (PVDF) membrane. Non-fat milk
(5%) in 1 x Tris-buffered saline with Tween-20 (TBST) was used to block
the PVDF membrane. A cocktail of specific primary antibodies prepared
(1:250) in 3% non-fat dry milk in 1X TBST was used to investigate the
target proteins (beta-actin, phosphorylated Cdk2, phosphorylated his-
tone, and cleaved-PARP1). The primary antibodies were allowed to bind
to the PVDF membrane for eighteen hours at 4 °C. Afterward, the PVDF
membrane was probed by incubating at room temperature for 60 min
using a secondary antibody cocktail of HRP conjugated antibodies (anti-
mouse and anti-rabbit) (1:2500). Using Pierce ECL western blotting
substrate, enhanced chemiluminescence was employed to illuminate the
bands. A blot scanner (C-DIGIT) by Li-COR Bioscience, USA, was used to
acquire the images. ImageJ software (National Institute of Health) was
then employed to analyse the data.

2.7. Statistical analysis

The data were analysed using GraphPad Prism (version 8.0.2). Cell
viability was determined by the ratio of cells cultured in the presence of
fractions to cells cultured in the absence of fractions (cells were mock-
treated with a working culture medium). Analysis of variance
(ANOVA) was employed to analyse the data where applicable. Tukey’s
multiple comparison test was used to perform a post hoc test where there
was a difference. Differences in the results were deemed statistically
significant when p < 0.05.

3. Results
3.1. Fractionation of bioactive constituents

Previous results from the evaluation of medicinal plants as anti-
proliferative agents in vitro led us to establish the antiproliferative ac-
tivity of the ethanolic extract and ethyl acetate fraction of C. pentandra
leaves, necessitating further fractionation and determination of the
antiproliferative activity of the fractionated constituents. The fraction-
ation process produced six constituents labelled as Fractions A — F,
which were evaluated for their antiproliferative activities.

3.2. Antiproliferative activity

The study investigated the antiproliferative effects of six fractionated
constituents from C. pentandra leaves. The inhibition of cell growth by
the six fractions is shown in Figure 1 below as representative graphs.
Fraction A (IsoA) demonstrated the highest efficacy among the tested
fractions, showing potent antiproliferative activity across four distinct
cell lines, with cell viability reduced to below 10%. Conversely, Frac-
tions B, D, E, and F exhibited limited growth inhibition, with cell
viability levels remaining above 70% even at the highest treatment
concentration of 20 pg/mL, indicating weak inhibitory effects. Fraction
C showed moderate antiproliferative effects at the same concentration,
reducing cell viability to below 50%. These results suggest that IsoA
possesses significant antiproliferative capabilities, outperforming the
other fractions and effectively inhibiting cell proliferation. In contrast,
Fractions B, D, E, and F show minimal efficacy, with Fraction C
providing only moderate inhibitory effects, underscoring the potential
of IsoA as a good candidate for further antiproliferative research.

The calculated ICsg values are presented in Table 1 below. Four
constituents (fractions B, D, E and F) demonstrated varied low activities.
Their half-maximal inhibitory concentration (ICso) values ranged be-
tween 32.1+1.0 and 94.6+8.8. In contrast, Fraction C reduced the
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Figure 1. Inhibitory effects of C. pentandra fractions on HepG2 (A) and HeLa (B) cells. The cells were treated with fractions (1.25 — 20 pg/mL), and the cell
viability was assessed at 72 h using an MTT-based assay. Data are presented as the means, with the standard deviations as error bars, from three experiments
conducted in triplicate. *p < 0.05, ®p < 0.01, °p < 0.001, and p < 0.0001 correspond to significant differences between the untreated and treated cells as calculated
by one-way ANOVA and Tukey’s test, n: difference not significant. The comparisons within the treatments are indicated in the supplementary data S2. 5FU: 5-
Fluorourail.

3.3. Mechanisms of action
Table 1

ICs0 values of chromatographic fractions of C. pentandra leaves on a panel of

. The protein concentrations of cleaved-PARP1, Cdk2 pTyr15, and H3
cancer cell lines

pSerl0 in HelLa cells were determined, with beta-actin (ACTB) as the

Treatment [Cso values (ug/ml. + SD)" loading control. As indicated in Figure 2A, IsoA and the positive control
HepG2 Hela RKO MCE-7 caused an observable increase in the concentration of cleaved-PARP1,

Fraction A 6.841.2 10.440.6 13.440.3 19.243.4 while no band was observed for the negative control. Similarly, as

Fraction B 32.1£1.0 56.8+1.2 76.8+7.7 66.7+7.4 depicted in Figure 2B, there were elevated levels of Cdk2 pTyrl5 in the

Fraction C 16.4+3.1 19.2+0.7 24.5+1.2 21.3+£2.9 cells that received 5.2 pg/mL, 10.4 pg/mL and 15.6 pug/mL of IsoA

Fraction D 53.742.6 76.0£5.6 78.1+4.2 92.5+10.4 compared to the untreated cells. However, no band was observed for

Fraction E 41.4+7.2 89.747.5 46.9+3.2 94.6+8.8 .

Fraction F 37.445.3 56.7418.7 87.318.1 49.946.2 Histone H3 pSer10 for any of the samples (treated and untreated).

5FU 5.1+0.4 9.8+0.5 11.5+1.3 3.4+0.2 Figure 3 illustrates the proposed mechanism of action of IsoA.

# ICs values are presented as means and standard deviations of three inde-
pendent experiments, with each experiment conducted in triplicate.

proliferation (ICsp = 16.4+3.1, 19.2+0.7, 24.54+1.2 and 21.34+2.9) for
HepG2, Hela, RKO and MCF-7, respectively. The highest bioactivity was
displayed by IsoA in all four cell lines with IC5g = 6.84+1.2, 10.4+0.6,
13.4+0.3 and 19.2+3.4 for HepG2, Hela, RKO and MCF-7 respectively.
Due to its remarkable antiproliferative activity, IsoA has subsequently
been partially characterised using NMR data showing that IsoA has a
tetraterpenoid nucleus (Supplementary Data S1). Characterising the
structure was essential because the structural features of natural
bioactive agents are closely linked to their biological activities
(Barba-Ostria et al., 2022; Gao et al., 2024b).

The elevated levels of phosphorylated Cdk2 (Cdk2 pTyr15) and cleaved
PARP1 led to the arrest of the cell cycle and the initiation of apoptosis,
respectively. IsoA produced an inhibitory effect on PARP1 by frag-
menting it, resulting in irreversible commitment of cells to undergo
apoptosis. Additionally, the elevation of Cdk2 pTyrl5 caused the
dissociation of cyclin E from Cdk2, rendering Cdk2 inactive. The inac-
tivation of Cdk2 leaves retinoblastoma (Rb) unphosphorylated and,
hence, free to bind E2F. This prevents E2F from migrating into the nu-
cleus to transcribe protein factors required for the cell cycle progression.
The absence of these factors causes the arrest of the cell cycle.

4. Discussion

As medicinal plants continue to emerge as good sources of bioactive
agents against many ailments, including cancer, the fractionation of



B.S. Addy et al.

Cleaved-PARP1 —— —
B-Actin | . S . S S
IsoA (ug/mL) - 5.2 104  15.6 ;
SFU (ug/mL) - - - - 9.6

CAk2 pTyr15 | s S
B-Actin | "l SR e SN S

IsoA (pg/imL) - 5.2 104 156 .

5FU (ng/mL) . . . . 9.6

Figure 2. Cleaved-PARP1 and Cdk2 pTyr15 levels in the presence of IsoA in
HelLa cells. The cells were cultured in the presence of IsoA and 5-fluorouracil
(5FU) as an experimental control. The proteins were assessed after 24 h by
Western blot using the Cell Cycle and Apoptosis Western Blot Cocktail (Abcam).
The blotted PVDF membrane was developed using the chemiluminescence
western blotting reagents. The protein bands were acquired using the C-DIGIT
blot scanner.

bioactive candidates, determination of the activities of the fractionated
constituents and the possible mechanisms of action are needed.

The current study reports findings on the antiproliferative activity of
constituents fractionated from C. pentandra leaves. The six fractions
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demonstrated varied activities against the panel of cancer cells used. The
most significant activity was demonstrated by IsoA against the panel of
cancer cell lines, highlighting its potential as a therapeutic agent. The
ICsg values of IsoA, which ranged from 6.4+1.2 pg/mL to 19.2+3.4 pug/
mL, points to its bioactivity, particularly against HepG2 and HeLa cancer
cells. The ICsy values demonstrated by IsoA suggest a potent anti-
proliferative effect across various cancer cell lines. Particularly, the
lowest ICsq value of 6.4+1.2 pg/mL and 10.4 pg/mL against HepG2 and
HeLa cells, respectively, signifies a high sensitivity, therefore posi-
tioning IsoA as a promising candidate for further investigation in he-
patocellular carcinoma and cervical cancer therapy.

IsoA demonstrates lower ICso values than many terpenoids with
antiproliferative activity (Ramteke et al., 2021). For example, terpe-
noids such as linalool and limonene have been shown to produce ICsg
values in the range of 20-50 pg/mL against different cancer cell lines
(Alipanah et al., 2021). Similarly, terpenoids such Actein (ICsy = 27
pg/mL), Astragaloside IV (ICso = 150-200 pg/mL), Escin (ICso = 10-60
pg/mL), and Betulinic acid (IC5p < 50 pg/mL), etc. have been shown to
demonstrate higher ICsq values (Einbond et al., 2009; Miao et al., 2008;
Qi et al., 2010; Rabi & Bishayee, 2009; Zhou et al., 2009) compared to
IsoA. This comparative advantage of IsoA highlights its potential as an
effective antiproliferative agent within the terpenoid class. Further-
more, since the structural diversity of terpenoids can influence their
bioactivity (Ghosh, 2020; Li & Tao, 2024), the unique structure of IsoA
may contribute to its enhanced antiproliferative properties. Unlike
monoterpenoids (e.g., linalool, limonene) and triterpenoids (e.g.,
Actein, Astragaloside IV, Escin, Betulinic acid), IsoA’s classification as a
tetraterpenoid suggests a unique molecular configuration, including
extended conjugated functional groups that may enhance interactions
with cancer-specific targets. These structural features likely contribute
to IsoA’s ability to efficiently disrupt cancer cell proliferation through
different mechanisms (Camara et al., 2024; Koklesova et al., 2020),
making it a promising candidate for anticancer therapy. The mechanistic
pathways through which IsoA exerts its effects could, therefore, also
differ from other terpenoids, offering potential synergistic effects when
combined with other chemotherapeutic agents since studies have shown
that combining different terpenoids can lead to enhanced anti-cancer
effects through complementary mechanisms of action (Castaneda
et al., 2022; Kios & Chlubek, 2022). This could consequently serve as a
launchpad for developing novel and more effective cancer treatment
strategies.

Figure 2A shows no band for cleaved-PARP1 in the untreated cells
that received neither IsoA nor 5FU, indicating the absence of cleaved-
PARP1 in the untreated cells. In contrast, cleaved-PARP1 was present
in the cells exposed to the various concentrations of IsoA and 9.6 pg/mL

o\

=® A &
T, v 7
o (@R i e
Nucleus cycle prog

Figure 3. Proposed mechanisms of action of IsoA from WB results. IsoA induces the breaking of PARP1, which leads to irreversible commitment to apoptosis. The
phosphorylation of Rb by cyclin-bound Cdk2 causes the release of E2F, which migrates to the nucleus to induce transcription factors for cell cycle progression. The
phosphorylation of Cdk2 by IsoA prevents the binding of cyclins, thereby inhibiting the action of Cdk2. This prevents the release of E2F, leading to the arrest of the

cell cycle.
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of 5FU. Poly [ADP-ribose] polymerase 1 inhibition has been considered
a potential cancer treatment strategy (Mergui-roelvink et al., 2009). This
stems from the fact that a functioning PARP1 helps to drive tumour
progression (Marti et al., 2020; Schiewer et al., 2012). The results of the
WB analysis in the present study indicate that IsoA causes cell death
through the induction of apoptosis via caspase-activated cleavage of
PARP1. Cleavage of PARP1 upon caspase activation during apoptosis is
an established process, and the generation of an 89 kDa fragment during
catalytic cleavage is a characteristic of apoptotic cell death (Kaufmann,
1989; Kaufmann et al., 1993). Upon cleavage, the 89 kDa fragments
translocate from the nucleus to the cytoplasm, activating the
apoptosis-inducing factor (AIF) (Mashimo et al., 2021). In contrast, the
necrotic cleavage of PARP1 results in the generation of a 50 kD fragment
rather than an 89 kD fragment (Gobeil et al., 2001). The results from the
present study are similar to findings from other studies showing that
PARP inhibition or cleavage plays a crucial role in the anti-cancer effect
of active agents through their involvement in the induction of apoptosis.
Olaparib, a breast and ovarian cancer medication (Jones, 2010), for
example, was shown to inhibit PARP1 by 90% compared to the baseline
value in ovarian cancer patients (Mergui-roelvink et al., 2009), while
cucurbitacin B (CuB) and its loaded nanoparticle (CuB-NP), both of
which possess strong anti-cancer benefits (Chen et al., 2012), were
found to cause the induction of apoptosis through PARP cleavage in
breast adenocarcinoma (HTB-26) cells (Bakar-Ates et al., 2020). Inoto-
diol, a triterpenoid that has incredible activity, was also reported to
induce apoptosis through a p53-dependent pathway, leading to the
activation of caspase-3 and the subsequent PARP1 fragmentation in
cervical cancer (HeLa) cells (Zhang et al., 2019).

Concerning H3 pSer10, no band was present or observed for phos-
phorylated histone 3 in any of the treatments. This implies that IsoA and
5FU do not induce cell cycle arrest at M-phase because phosphorylation
of serine residues (Ser10) in histone H3 points to highly condensed
chromosomes during mitosis with the cell cycle is unable to continue
(Ramos-Alonso et al., 2017).

Excessive proliferative signalling caused by the dysregulation of the
cell cycle machinery, especially at the G1/S transition phase, has long
been acknowledged as one of the six hallmarks of cancer cells (Fouad &
Aanei, 2017). Therefore, there is an ignited interest in exploring the
susceptibility of Cdk2 to bioactive agents that are potential antitumour
agents because of their essential role in regulating the cell cycle (Tadesse
etal., 2020). The present study revealed the elevation of Cdk2 pTyr15 by
IsoA at various concentrations. This indicates that IsoA halts cell cycle
progression at the G1/S phase. This is because the increase in Cdk2
pTyrl5 is a hallmark of cell cycle arrest at the G1/S phase. Phosphor-
ylation of Cdk2 at Tyr1l5 and/or Thr14 inhibits the activity of Cdk2 and
causes a halt in cell cycle progression at the G1/S phase. This finding is
consistent with other works that established the targeting of Cdk2 as the
means of anti-cancer effects of bioactive agents. Tyagi and his col-
leagues, for example, demonstrated that the anti-cancer agent silibinin
exerts its antiproliferative effect by inhibiting Cdk2, among others,
which causes the hypophosphorylation of Rb/p107 and Rb/p130 in
DU145 (human prostate cancer) cells (Tyagi et al., 2002).

Finally, while the present study offers valuable insight into the
antiproliferative potential of IsoA and its mechanisms of action, it is
important to recognize some notable limitations. The first limitation is
the limited structural characterization of IsoA. Comprehensive identi-
fication and quantification of IsoA using techniques such as MS, GC-MS,
FTIR, etc., could not be undertaken due to time and funding constraints,
limiting the detailed understanding of IsoA’s composition and bioac-
tivity. Another limitation is the restricted mechanistic insights.
Advanced techniques such as flow cytometry and Western blot analysis
of a larger panel of protein markers (e.g., caspases, Bcl-2 family proteins,
cyclins, and CDKs) were not employed due to resource limitations,
restricting the depth of exploration into IsoA’s apoptotic pathways and
cell cycle modulation. Further research addressing these limitations will
enhance our understanding and provide a more comprehensive
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overview of IsoA’s effects as a good anti-cancer candidate.
5. Conclusion

This study highlights the novel antiproliferative potential of IsoA, a
bioactive fraction derived from the leaves of Ceiba pentandra, particu-
larly against HepG2 and HeLa cancer cell lines. IsoA’s dual mechanisms
of action underscore its therapeutic promise, halting the cell cycle at the
G1/S checkpoint through upregulation of Cdk2 pTyrl5 and inducing
apoptosis via PARP1 cleavage. These findings provide strong evidence of
IsoA’s capability to disrupt cancer cell proliferation through simulta-
neous cell cycle regulation and apoptosis initiation. This dual mecha-
nism not only distinguishes IsoA as a unique antiproliferative agent but
also emphasizes its potential for advancing cancer treatment strategies.
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Glossary
ACTB Beta actin
AIF Apoptosis-inducing factor

ANOVA Analysis of variance

Cdk2 pTyrl5 Phosphorylated Cdk2 (phosphotyrosine 15)
Cdk2 Cyclin-dependent kinase 2

CO, Carbon dioxide

DMEM  Dulbecco’s Modified Eagle Medium
DMSO  Dimethyl sulfoxide
ECL Enhanced Chemiluminescence
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EDTA Ethylenediaminetetraacetic acid
EtOAc  Ethyl acetate

FBS Foetal bovine serum

ICso Half-maximal inhibitory concentration
MeOH  Methanol

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
n-BuOH n-Butanol

NEAA  Nonessential amino acids

NMR Nuclear Magnetic Resonance

PARP1  Poly [ADP-ribose] polymerase 1
PVDF Polyvinylidene difluoride

Rb Retinoblastoma

RIPA Radio immunoprecipitation assay
SD Standard deviation

TBST Tris-buffered saline with Tween-20
WB Western blot

5FU 5-fluorouracil
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