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Evaluation of anticancer activity and phytochemical
characterisation of Musanga cecropioides R. Br. ex Tedlie
(Urticaceae) leaf extract

Olubusola Omobolanle Olaleye, Dong-Hyun Kim, Keith A Spriggs

ABSTRACT

Background: Cancer remains a leading global health challenge, accounting for approximately 10
million deaths annually. While conventional treatments such as surgery, chemotherapy, and radiotherapy
are widely used, medicinal plants offer promising alternatives due to their bioactive constituents.
Musanga cecropioides R. Br. ex Tedlie (Urticaceae), a plant native to West Africa, has been traditionally
used for various ailments but remains underexplored for its anticancer potential. Objective: This study
aimed to evaluate the anticancer activity of Musanga cecropioides leaf (MCL) extract against breast
cancer cell lines MCF-7 and MDA-MB-231, elucidate its mechanisms of action, and identify bioactive
compounds responsible for its cytotoxic effects. Materials and Methods: Ethanol extract of MCL was
prepared and tested on MCF-7, MDA-MB-231, and non-cancer MRC-5 cells using the MTT assay to
determine cell viability and selectivity. Flow cytometry was employed to assess cell cycle progression,
apoptosis (Annexin V-FITC/PI), and DNA damage (y-H2AX assay). Caspase-3/7 activation and reactive
oxygen species (ROS) generation were measured using chemiluminescence assays. Bioassay-guided
fractionation was performed using solvent partitioning and chromatographic techniques. Structural
elucidation of the isolated compounds was conducted using ultraviolet-visible light spectroscopy (UV),
infrared spectroscopy (IR), nuclear magnetic resonance (NMR), and liquid chromatography coupled with
mass spectrometry (LC-MS). Results: MCL extract inhibited proliferation of MCF-7 and MDA-MB-231
cells with Glso values of 3.42+1.80 pg/mL and 24.59+3.33 ng/mL, respectively, showing selectivity over
non-cancer lung fibroblasts, MRC-5 cells. Flow cytometry revealed G1 phase arrest in MCF-7 cells and
possible G2/M arrest in MDA-MB-231 cells. Apoptosis was induced in both cell lines, with caspase-3/7
activation observed in MDA-MB-231 but not in MCF-7 cells. ROS generation and DNA double-strand
breaks were significantly elevated in treated cells. Bioassay-guided fractionation yielded 28 compounds,
with docosanoic acid and a-tocopherol identified as major bioactive constituents. Conclusion: Musanga
cecropioides leaf extract exhibits potent and selective anticancer activity against breast cancer cells
through mechanisms involving cell cycle arrest, apoptosis induction, ROS generation, and DNA damage.
The identification of docosanoic acid and a-tocopherol supports its potential as a source of
chemotherapeutic agents, warranting further preclinical investigation.

Keywords: Breast cancer, Anticancer activity, Apoptosis induction, Bioassay-guided fractionation.

INTRODUCTION

Cancer is the second leading cause of mortality worldwide with the number of cancer-related fatalities
increasing daily . Surgery, chemotherapy and irradiation are the commonest treatment choices [?I.
Natural products have been a major source of innovative anticancer therapies due to their inherent
biological activity, which has allowed the development of chemical entities demonstrating both safety
and efficacy Pl. Exploring medicinal plants for bioactive constituents may provide fresh perspectives for
innovative drug discovery and development 4. Nigeria has a rich biodiversity of indigenous plants
utilised in herbal medicine to treat ailments and injuries, many of which have not yet been fully explored
for their therapeutic potential [*],

People have been using plants as medicine for many years, and some contemporary medications have
been extracted from them based on their traditional use, phytochemical analyses, and pharmacological
assessments (9. Extracts obtained from these plants contain a combination of natural products which
requires a series of purification steps for the isolation of the bioactive components "], Bioassay-guided
fractionation is an efficient method for separating chemical constituents with good biological activity [31,
Utilising various separation techniques such as thin layer chromatography (TLC), column
chromatography, gas chromatography, and high-performance liquid chromatography (HPLC), bioactive
natural compounds have been purified and identified [°l. Amongst all these techniques, column
chromatography and thin-layer chromatography (TLC) are widely used owing to their affordability,
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ease of use, and availability in a variety of stationary phases such as
silica gel and alumina [1° Data from a variety of spectroscopic
methods, including ultraviolet-visible light (UV), infrared (IR),
nuclear magnetic resonance (NMR), and mass spectrometry, are used
to determine the structure of natural products '],

Musanga cecropioides R. Br. ex Tedlie, Urticaceae, is an evergreen
plant that grows up to 30 m tall forming an umbrella-like cover 2], In
some African countries, including Angola, Cameroon, Ghana, and
Nigeria, different parts of the plant are employed in ethnomedicine to
treat inflammation, abscess, dysmenorrhea, hypertension, oedema,
gonorrhea, and wounds [3]. Our previous study demonstrated the
antiproliferative activity of the leaf and stem extracts of the plant
amongst others against a panel of human cancer cell lines, including
ovarian (HeLa), liver (HUH-7) and breast (MCF-7 and MDA-MB-
231) 4. This study was therefore aimed at investigating the
anticancer activity of Musanga cecropioides leaf (MCL) extract in a
bid to identify the mechanisms by which MCL extract exerts growth-
inhibitory effects in breast cancer cell lines, including MCF-7 and
MDA-MB-231 cells and to characterise some of the bioactive
components in the extract.

MATERIALS AND METHODS
Chemicals and solvents

Dimethyl sulfoxide (DMSO), trypsin 10X, phosphate-buffered saline
(PBS), heat-inactivated foetal bovine serum (FBS), and standard
compounds (quercetin, docosanoic acid, and o-tocopherol) were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
Chromatographic-grade  methanol,  butanol, ethyl acetate,
dichloromethane, and n-hexane were sourced from Thermo Fisher
Scientific, UK. All chemicals and reagents used were of analytical,
biological, or molecular biology grade.

Plant collection and authentication

Fresh leaves of M. cecropioides were collected in February 2021 from
Oru Jjebu, Ogun State (Latitude: 6.9526° N, Longitude: 3.9434° E)
with permission from the Forestry Research Institute of Nigeria
(FRIN). The plant was identified and authenticated by Chukwuma
Emmanuel of the same institute, and an herbarium specimen was
deposited at the Forestry Herbarium Ibadan (FHI) with an assigned
accession number.

Preparation of ethanol extract from M. cecropioides leaves

Fresh leaves were dried at room temperature under shade for 2 weeks,
then pulverized using a Christy and Morris 8** Lab Mill. The 3.9 kg
crushed sample was extracted with 96% ethanol for 72 hours, filtered
through Whatman No. 1 paper, and concentrated using a Buchi Rota-
vapor R205 (Brinkman, Switzerland) rotary evaporator at 40 °C.

Cell culture

MCF-7 and MDA-MB-231 human breast cancer cells were obtained
from ATCC (Manassas, USA), while MRC-5 non-cancer lung
fibroblasts were provided by Dr Tracey Bradshaw (University of
Nottingham). Breast cancer cells were cultured in DMEM with 2 mM
L-glutamine and 10% FBS, and MRC-5 cells in MEM supplemented
with 10% FBS, L-glutamine, non-essential amino acids, and 1 mM
HEPES, at 37 °C in 5% CO.. Cell lines were sub-cultured twice
weekly to maintain logarithmic growth. They were also tested to
ensure they were free of mycoplasma contamination.

Preparation of ethanol extract from M. cecropioides leaves

MCL extract (100 mg) was dissolved in 1 mL DMSO to make a 100
mg/mL stock solution, filtered through a 0.20 um sterile filter. A 1000
pg/mL working solution was prepared in DMEM or MEM and

serially diluted two-fold to achieve test concentrations of 1.95-250
pg/mL, with DMSO content kept below 1% in all cases.

Cell viability assay (MTT assay) and selectivity index study

Cell viability was assessed using the [3-(4,5-dimethylthiazol-2-yl)-
2,5- diphenyl tetrazolium bromide (MTT) assay to measure
mitochondrial succinate dehydrogenase activity. Our previously
reported protocol for MTT assay as well as selectivity index study
was adopted [14],

Cell cycle analysis

Cell cycle analysis was performed via flow cytometry using
propidium iodide (PI) staining (Sigma-Aldrich, USA). MCF-7 and
MDA-MB-231 cells (5%10* /well) were plated in 6-well plates and
allowed to adhere for 24 h. Cells were treated with MCL extract at
0.5%Glso, 1xGlso, and 2xGlso concentrations, with 0.1% DMSO as a
negative control and 2 uM etoposide as a positive control, followed
by 72 h incubation. Floating and attached cells were collected, washed
with PBS, fixed in 70% ethanol overnight at 4°C, and stained with a
fluorochrome solution containing PI, RNAse, Triton X-100, and
sodium citrate at 37°C for 15 min ['3], Data were acquired using a
Beckman Coulter flow cytometer (Brea, CA, USA), and analysis was
performed in triplicates using Kaluza software version
2.1.00002.20011.

FITC Annexin V/PI apoptosis detection

Apoptotic cells were detected using the Annexin V-FITC apoptosis
detection kit (Invitrogen, USA) per the manufacturer’s protocol.
MCF-7 and MDA-MB-231 cells (5%10* /well) were seeded in 6-well
plates, allowed to adhere for 24 h, and treated with MCL extract at
0.5%Glso, 1xGlso, and 2xGlso for 72 h. Controls included 0.1% DMSO
(negative) and 2 pM etoposide (positive). Adherent and floating cells
were collected, washed with PBS, centrifuged, and stained with 5 puL
Annexin V-FITC and 150 pL binding buffer. After incubation in the
dark for 15 min, 10 pL propidium iodide (50 pg/mL) and 400 pL
binding buffer were added. Flow cytometry analysis (Beckman
Coulter, Brea, CA, USA) was performed within 1 h, acquiring 20,000
events per sample. Data were analysed using Kaluza software,
generating annexin V-FITC vs. PI fluorescence dot plots [1¢],

Assessment of DNA damage (y-H2AX assay)

Cells (1x10°) were seeded in 10 cm? dishes and incubated at 37°C
with 5% CO: for 24 h to adhere. They were then treated with test
agents at 0.5xGlso, 1xGlso, and 2xGlso for 24 h, with 0.1% DMSO as
a negative control and 2 uM etoposide as a positive control. Floating
and adherent cells were collected, fixed in 4% formaldehyde for 5
min, and permeabilized with 0.4% Triton X-100 in PBS. After
washing, cells were incubated with 200 pL of H2AX antibody
(1:3333) for 1.5 h, followed by 200 pL of goat anti-mouse Alexa
Fluor™ antibody (1:1750) for 1 h in the dark. Finally, cells were
stained with PI/RNAse solution and analysed using a Beckman
Coulter flow cytometer and Kaluza software ['7].

Caspase-3/7 activation assay

Caspase-3/7 activation was assessed using the Caspase-Glo® 3/7
assay kit (Promega, USA). Cells (5x10%/well) were seeded in white
96-well plates and incubated for 24 h at 37°C with 5% CO.. They
were treated with MCL extract at 1xGlso for 24 h. Caspase-Glo 3/7
reagent was then added in a 1:1 ratio with the culture medium, mixed
for 30 sec, and incubated for 1 h at room temperature in the dark.
Luminescence was measured using the GloMax-Multi Detection
System (Promega, USA) [18],

Detection of reactive oxygen species
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Cells (5%10%/well) were seeded in white 96-well plates with 100 uL of
culture medium and incubated for 24 h at 37°C with 5% CO..
Afterward, the medium was replaced with 80 pL of MCL extract at
1xGlso for 24 h. Six hours before the end of incubation, 20 pL of 125
uM chilled H20: substrate buffer was added. Following incubation,
100 pL of ROS-Glo™ detection solution was added, including 10 uL
each of d-Cysteine and Signal Enhancer Solution per 1 mL of
luciferin reagent. After 20 min at room temperature, luminescence
was measured using the GloMax-Multi Detection System (Promega,
USA).

Fractionation of MCL extract and bioactivity of fractions

A 300 g crude extract was dissolved in 400 mL distilled water and
partitioned with n-hexane, dichloromethane (DCM), ethyl acetate
(EA), and n-butanol in increasing polarity (500 mL x 5 for each,
except BuOH: 500 mL x 3). Fractions (Hex, DCM, EA, BuOH, and
AQ) were concentrated using a rotary evaporator (Buchi, Switzerland)
and stored at 4°C. Growth inhibitory activities were evaluated on
MCF-7 cells using the MTT assay and fractions with the lowest Glso
values were identified as active.

Purification of fractions and column chromatography

The DCM and ethyl acetate fractions were subjected to normal-phase
column chromatography (CC) using a silica gel 60 column (2.5 cm x
20 cm) (230-400 mesh, Merck, Germany). Samples were eluted with
solvent gradients of hexane:ethyl acetate (100:0 to 0:100), ethyl
acetate:methanol (100:0 to 0:100), and 100% methanol to produce
sub-fractions. Eluents (20 mL each) were monitored via TLC, and
fractions with similar Rf values were combined. Preparative TLC was
used for purification by loading samples onto glass plates, developing
them in appropriate mobile phases, and viewing under UV light.
Isolated compounds were extracted with DCM and methanol,
evaporated under reduced pressure at 40°C, and analysed under UV
light and with detection reagents (vanillin-sulphuric acid, iodine, and
potassium permanganate) to confirm purity.

Nuclear magnetic resonance (NMR) spectroscopy

Tetramethylsilane (TMS) was used as an internal standard, and
deuterated chloroform (CDCls) was used to dissolve samples (5-15
mg) for NMR analysis on a Bruker NMR (500 MHz). Samples were
vacuum-dried to remove water, dissolved in 650 pL CDCls, filtered,
and placed in a pp535 NMR tube. 1D NMR, 'H (proton NMR) and
BC (carbon NMR) along with 2D NMR, Heteronuclear Single
Quantum Coherence (HSQC) and Distortion less Enhancement by
Polarisation Transfer (DEPT 135) data were collected and analysed
using MestReNOVA x64-12.0.4-22023 software.

Fourier Transform Infrared (FT-IR) spectroscopic analysis

The functional groups of spots were identified using FTIR
spectroscopy. ATR with a dial path accessory (Agilent Cary 630
FTIR) was used to collect spectra in the 4000-650 cm™ range at room
temperature. Samples in CDCls were scanned by applying steady
pressure to a drop placed on the germanium component, with
background absorption and CDCls spectra also recorded. Data were
analysed using MicroLab Expert FTIR software.

Liquid chromatography-Mass Spectrometry (LC-MS)

LC-MS analysis of isolated spots was performed using a Dionex
UltiMate 3000 RS system coupled with a Q-Exactive Plus mass
spectrometer (Thermo Fisher Scientific) following the protocol of
(19). The MS was operated in ESI+ and ESI— modes with tandem MS
at 30 eV (or higher where necessary). Calibration was done with
positive (m/z +195) and negative (m/z -265) standards. A reversed-
phase ACE Excel 2 SuperC18 column (50 x 2.1 mm, 2 um) was used
for separation with a 10 pL injection at 300 pL/min for 15 min, with
mobile phase gradients from 30% B to 100% B. Ion source parameters

were set for positive and negative ionisation modes. Full MS scans
(m/z 70-1050) were recorded with 50,000 resolutions. Data analysis
was conducted using X-Calibur software version 4.0 (Thermo Fisher
Scientific, Hemel Hempstead, UK). Putative identification of
compounds was performed using Compound Discoverer software
version 3.3 SP1.

Statistical analyses

Data were analysed using GraphPad Prism 9.5.1 and presented as
mean + SD. Significant differences were determined by one-way
ANOVA with Dunnet’s test or two-way ANOVA with Tukey's test, as
appropriate. Significance was defined as p < 0.05, p <0.01, p <0.001,
and p < 0.0001. All tests were performed in triplicate (n = 3), unless
otherwise stated.

RESULTS

To gain mechanistic insights into MCL-induced growth inhibition in
MCF-7 cells earlier reported (GIso concentration = 3.42+1.80 pg/mL)
4 the growth-inhibitory activity of the extract on MDA-MB-231
along with normal (MRC-5) cells was evaluated by MTT assay.
According to the International Agency for Research on Cancer
(IARC), lung, breast, and prostate cancers have the highest
occurrences worldwide 2%, Triple-negative breast cancer accounts for
10-15% of all breast cancers, having high reoccurrence rates.
Furthermore, considering the biological variability of triple-negative
breast cancer (TNBC), developing new medicines to tackle them is
quite challenging. To this end, there is an urgent need to identify
innovative potential treatments that are not only effective but also
possess fewer undesirable side effects. From the results, the extract
inhibited the growth of MDA-MB-231 cells with GIso concentration
of 24.59+3.33 pg/mL. The assay also revealed that MCL extract
showed two-fold selectivity towards MDA-MB-231 cells compared
with the non-cancer MRC-5 cells.

To investigate the involvement of cell cycle arrest as a potential
mechanism by which MCL extract causes cell growth inhibition in
MCF-7 and MDA-MB-231, cell cycle was assessed using flow
cytometry. In MCF-7 cells, MCL extract caused a significant increase
(p<0.0001) in the Gl phase cell population accompanied by a
decrease in S and G2/M phases compared with control. The
percentage of cell populations at G1 phase were 65.61 + 0.91%, 71.70
+0.65% and 77.55 £2.05% at 0.5 x GlIso (1.71 pg/mL), 1 x Gls0(3.42
ug/ mL), and 2 x Glso (6.84 ng/ mL), compared with control (58.41 +
1.58%) (Figure 1). On the Other hand, with MDA-MB-231 cells, there
was a significant drop in the G1 phase cell population which was
accompanied by an increase in G2/M phase population in extract-
treated cells at 0.5 x GIso (12.30 pg/mL), 1 x Glso (24.59 ng/mL) and
2 x Glso (49.18 pg/mL) corresponding to 43.91+1.08, 40.80+0.57, and
40.35+0.28% respectively compared with control (36.46+1.81%)
which was however not significant. This result suggests that MCL
extract caused G1 phase cell cycle arrest in MCF-7 cells and possibly
G2/M phase arrest in MD MB 231 cells (Figure 2). Supplementary
file Figures S1 and S2 also show representative histograms of the dot
plot of the cell cycle distribution in the two cell lines after treatment
with MCL extract.

Using Annexin V-FITC/PI double labelling, it was further
investigated if the antiproliferative effects of MCL extract on MCF-7
and MDA-MB-231 cells were connected to apoptosis induction. As
illustrated in Figure 3, MCF-7 cells underwent apoptosis after 72 h
wherein the extract exposure significantly increased (p<0.0001) late
apoptotic cell population in a dose-dependent manner at
concentrations of 0.5 x Glso (1.71 pg/mL), 1 x GIso (3.42 pg/mL), and
2 x Glso (6.84 pg/mL) corresponding to 21.37+2.04%, 25.22+1.94%
and 40.72+3.22%, respectively, compared with control 1.17+0.41%.
Similarly, MDA-MB-231-treated cells exhibited a significant dose-
dependent increase (p<0.0001) in the late apoptotic cell population at
concentrations of (0.5 x GIso (12.30 pg/mL), 1 x Glso (24.59 pg/mL),
and 2 x Glso (49.18 pg/mL), corresponding to (5.33+0.11%,
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6.56+0.33% and 8.54+2.12%, respectively), compared with control
(0.06+0.03%) (Figure 4). The result from this study suggests that the
cytotoxic activities displayed by MCL extract could be attributed to
apoptotic and necrotic forms of cell death. Supplementary data
Figures S3 and S4 also show representative dot plot of the apoptotic
cell cycle distribution in the two cell lines after treatment with MCL
extract.

To investigate the role of caspases in MCL-induced apoptosis in
MCF-7 and MDA-MB-231 cells, the in vitro caspase activity assay

100
80+
60

40

Cell population (%)

20+

Treatments

was performed. The cells were treated with MCL extract at 1 x Glso
for 24 h and analysed by chemiluminescent assay to detect the activity
of caspase 3/7. In MCF-7 cells, MCL extract did not significantly
increase caspase activity (107.12+5.13% vs control) suggesting that
caspase activation is not important in the MCL apoptosis-inducing
ability in MCF-7 cells (Figure 5A). In MDA-MB-231 cells, MCL
extract significantly elevated the activity of caspase 3/7 by
134.64+1.34% (p<0.01) (Figure 5B). This result implies that caspases
play a role in the induction of apoptosis by MCL extract in MDA-
MB-231 cells.

* ok ok ok

Bl Gl phase
S phase
Bl G2/M Phase

Figure 1: MCL causes GI phase arrest in MCF-7 cells after 72 h at all tested concentrations.

Results are presented as mean + SD. Asterisks indicate significant p values **** p < 0.0001, *** p < 0.001, ** p < 0.01 vs. control Tukey's post hoc multiple comparison tests after a

two-way ANOVA obtained from three separate studies (n=3).
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Figure 2: MCL shows possible G2/M phase cell cycle arrest in MDA-MB-231 after 72 h.

Results are presented as mean + SD. Asterisks indicate significant p values * p < 0.05, *** p <0.001, **** p <0.0001 vs. control. Tukey's post hoc multiple comparison tests after a two-
way ANOVA were obtained from three separate studies (n=3).
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Figure 3: MCL extract induces apoptosis in MCF cells after 72 h
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Results are presented as mean + SD. Asterisks indicate significant p values ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 versus control. Tukey's post hoc multiple comparison

tests after a two-way ANOVA were obtained from three separate studies (n=3).
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Figure 4: MCL extract induces apoptosis in MDA-MB-231 cells after 72 h
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Results are presented as mean + SD. Asterisks indicate significant p values ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 versus control. Tukey's post hoc multiple comparison

tests after a two-way ANOVA obtained from three separate studies (n=3).
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Figure 5: Effect of MCL extract on caspase 3/7 activity in MCF-7 (A) and MDA-MB-231 cells (B) Cells were treated with test agents at 1 x Glso and analysed

after 24 h exposure

Results are presented as mean + SD. Asterisks indicate significant p values ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05 versus control. Tukey's post hoc multiple comparison

tests after a two-way ANOVA obtained from three separate studies (n=3).

192



The Journal of Phytopharmacology

mm Control (0.1% DMSO) mm MCL extract Em [toposide 2 uM

A MCF-7 Cells B MDA-MB-231 Cells
200 200
S e o 4 ok g oty
S 150 g < 150 *
=
2 3
a S
8 100 : 100 =
o
= o
2 50 = 50—
S =S
0~ 0-
S O S D N
SR S SN
S D 2N~ e A \}% S
\°\° A% 0‘9\ olo 505 r'.,\b
N Q2 e Q\ P &
N & P N WL
& &L S S
S &F N <
& & (3 I -
@ ,@C\’
Treaments Treaments

Figure 6: MCL extract induces ROS production in MCF-7 (A) and MDA-MB-231 cells (B) at 1 x Gls after 24 h treatment.

Results are presented as mean + SD. Asterisks indicate significant p values *p<0.05, ***p<0.001 and ****p<0.0001 versus control. Dunnet's post hoc multiple comparison tests after a
one-way ANOVA obtained from three separate studies (n=3).
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Figure 7a: MCL extract y-H2AX in MCF-7 cells after 24 h exposure period.

Results are presented as mean + SD. Asterisks indicate significant p values *p<0.05, **p<0.01, and ****p<0.0001 versus control using Dunnet's post hoc multiple comparison tests after
a one-way ANOVA obtained from three separate studies (n=3).
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Figure 7b: MCL extract induces DSBs in MDA-MB-231 cells after 24 h treatment period.

Results are presented as mean + SD. Asterisks indicate significant p values *p<0.05 and ****p<0.0001 versus control using Dunnet's post hoc multiple comparison tests after a one-way
ANOVA obtained from three separate studies (n=3).
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Figure 8a: 'H NMR (A), HSQC (B) spectra and chemical structure of spot 6 (docosanoic acid, C2,Hss0,) (C) isolated from M. cecropioides leaf extract
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Figure 8b: Full scan and MS/MS of spot 6 (A-B) and authentic standard, docosanoic acid (C-D) showing molecular ion peak and characteristic fragments
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Figure 9a: 'H NMR (A), 3C NMR (B) spectra and chemical structure of compound 13 (a-tocopherol, C29HsoO,) (C) isolated from M. cecropioides leaf extract.
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Figure 9b: Full scan and MS/MS of compound 13 (A-B) and authentic standard, a-tocopherol (C-D) showing molecular ion peak and characteristic fragments
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There is growing evidence indicating both beneficial and detrimental
effects of reactive oxygen species (ROS) on cancer cells. At low to
moderate levels, ROS operate as regulators of important signalling
pathways activating cancer cell proliferation, and migration and
contributing to cell survival. In contrast, high levels of ROS are
detrimental to cancer cells as they damage DNA, proteins, and lipids
and eventually leading to cell death 221, ROS plays crucial role in
apoptotic cell death through the activation of several protease
families, the most prominent being caspases (>, Given the apoptosis
and caspase results, to further investigate the possibility that ROS
acted as initiators in MCL extract-induced apoptosis in breast cancer
cells, the effect of MCL extract on levels of H202> was measured in
MCF-7 and MDA-MB-231 cells following 24 h treatment at a
concentration of 1 x Glso. In MCF-7 cells, MCL extract treatment led
to a significant increase (p<<0.001) in H202 levels to 141.29+3.03% of
control comparable with etoposide (p<0.0001) (151.89+9.65%)
(Figure 6 A). Furthermore, in MDA-MB-231 cells the extract also
exhibited a significant increase (p<0.05) in H202 levels to
115.20+6.25% of control (Figure 6 B).

Phosphorylation of the H2AX protein (y-H2AX) is an early stage in
the double-strand break (DSB) repair process and is often employed
as a marker of DNA DSBs [ | To further understand the mechanism
behind the cytotoxicity displayed by MCL extract, the percentage of
phosphorylated histone H2AX which resulted in double-strand breaks
to form y-H2AX positive cells was assessed. The assessment of DNA
damage following treatment with MCL extract was conducted by
quantifying the percentage of cells expressing y-H2AX through flow
cytometric techniques. As demonstrated in Figure 7a, MCL extract
significantly (p<0.05, p<0.01 and p<0.0001) increased the formation
of y-H2AX in MCF-7 cells by ~2.9, ~4.5 and ~6.6-fold relative to
control after 24 h exposure period at 0.5 x Glso, 1 x Glso and 2 x Glso,
respectively. In MDA-MB-231 cells, the extract also caused a
significant dose-dependent elevation of y-H2AX (p<0.001 and
p<0.0001) after 24 h treatment at 0.5 x Glso, 1 x Glso and 2 x Glso0 by
~2.5, ~8.2 and ~11.9-fold respectively, relative to control (Figure 7b).
Supplementary file Figures S5 and S6 also show representative dot
plot of y-H2AX -expressing cells in both cell lines treated with MCL
extract.

Based on the results from the cytotoxicity studies, the crude ethanol
extract of MCL was subjected to fractionation using solvents of
increasing polarity including n-hexane, dichloromethane (DCM),
ethyl acetate (EA), butanol (BuOH) through liquid-liquid
chromatographic separation. Supplementary file Figure S7 shows the
schematic diagram of the fractionation of MCL crude extract.
Fractions obtained were hexane (32.18 g), DCM (35.85 g), ethyl
acetate (22.39 g), butanol (35.13 g) and aqueous (51.14 g). The
growth-inhibitory activity of the fractions was determined by MTT
assay. The fractions were tested against MCF-7 cells because the
crude extract showed higher selectivity towards the cancer cell line.
From the results, the DCM fraction exhibited the highest growth-
inhibitory effect against MCF-7 cells with a Glso concentration of
2.02 pg/mL. Similarly, ethyl acetate also exhibited significant growth-
inhibitory effect (Glso concentration = 2.68 pg/mL). The extent of
antiproliferative activity was in the order: dichloromethane>ethyl
acetate> hexane>butanol> aqueous. Table 1 summarises the results.

The DCM and ethyl acetate fractions of MCL extract which showed
profound growth-inhibitory activities were further purified using
column chromatography, thin-layer chromatography, and preparative
thin-layer chromatography (prep TLC). The DCM fraction (34 g) was
separated using silica gel on column chromatography and eluted with
solvent gradients of hexane: ethyl acetate (100:0 and 0:100) and ethyl
acetate: methanol (100:0 and 0:100) to give subfractions. Six fractions
(fractions D1-D6) were obtained from this separation after pooling
fractions with similar chromatographic profiles and retention time
together. Sub-fractions D1, D2, D3, D4 and D6 were subjected to
further purification steps using hexane: ethyl acetate gradients and

thin-layer chromatography was used to monitor the separation after
which fractions with similar profiles were combined. After repeated
chromatographic separations, sub-fractions D1.1, D2.1. D2.2, D3.2,
D4.1, D4.2, D6.1 and D6.2 were re-chromatographed using prep TLC
at different ratios of hexane: ethyl acetate to give spots 1 to 17
(supplementary file Figure S8). The ethyl acetate fraction (19 g) was
separated using silica gel on column chromatography and eluted with
solvent gradients of hexane: ethyl acetate (100:0 and 0:100) and ethyl
acetate: methanol (100:0 and 0:100) to give 5 subfractions obtained
after combining fractions based on thin-layer chromatography
profiles. Sub-fractions E1, E2 and E3, were subjected to further
purification steps using hexane: ethyl acetate gradients and monitoring
with thin-layer chromatography. After a series of chromatographic
separations sub-fractions E1.1, E1.2 E2.1, E2.2, and E3.1 were re-
chromatographed using preparative thin-layer chromatography at
ratios of hexane: ethyl acetate to give spots 18 to 28 (supplementary
file Figure S10).

Spot 6 (12.1 mg): C22H4402, yellowish oil, Rf = 0.75. IR (CDCI3,
ATR, cm-1) = 1800 (C=0), 2920 (CH2), 2840 (-CH3) (supplementary
file Figure S9). IH-NMR (500 MHz, CDCI3): 6H 2.35 (2H, t, H-2),
1.60 (2H, m, H-3), 1.25 (36H, m, H-4 to H-21), 0.89 (3H, t, H-22)
(Figure 8a (A)). HSQC (500 MHz, CDCI13): 0.90, 14.16 (C-22), 1.31,
33.49 (C-21); 1.28, 32.19 (C-4 to C-19); 2.37, 34.23 (C-2); 1.28,
29.67 (C-20) and 1.65, 24.95 (C-3) (Figure 8a (B)). HRESI-MS m/z =
339.3267 [M-H]- (Calculated for C22H4402-, [M-H]-, m/z =
339.3269), mass error < 5 ppm. Spot 6 was identified as docosanoic
acid, IUPAC name: Docosanoic acid (Figure 8a (C)) after comparing
with the spectral data of authentic reference standard and literatures
(Figure 8b (A-D) and supplementary file Figure S11 - S12).

Spot 13 (14.1 mg): C29Hs002, colourless oil, Rf = 0.31. IR (CDCls,
ATR, ecm™) = 3200 (-OH), 2920 (CH2), 2840 (-CH3) and 1450 (phenyl
skeletal bending) (supplementary file Figure S13). 'H-NMR (500
MHz, CDCl3,): du 4.28 (1H, s, 6-OH), 2.66 (2H, t, H-4), 2.21 (3H, s,
H-1"), 2.17 (3H, s, H-2"), 2.16 (3H, s, H-3"), 1.90-1.86 (2H, q, H-3),
1.68-1.52 (3H, m, H-11, H-12, H-14), 1.51- 1.41 (4H, m, H-13, H-15,
H-22), 1.38-1.27 (11H, m, H-18, H-16, H-21, H-20), 1.23-1.13 (6H,
m, H-19, H-17, H-4"), 0.94-091 (12H, m, H-5', H-6", H-7', H-23)
(Figure 19a (A)). 3C-NMR (500 MHz, CDCl3,): 8¢ 145.6 (C-9),
144.6 (C-6), 122.7 (C-8), 121.2 (C-7), 121.2 (C-7), 118.6 (C-5), 117.4
(C-10), 74.6 (C-2), 40.0 (C-11), 39.5 (C-21), 37.7 (C-13), 37.6 (C-15),
37.5 (C-17), 32.9 (C-19), 32.9 (C-14), 31.6 (C-18), 31.6 (C-3), 29.8
(C-21), 28.06 (C-16), 24.9 (C-20), 23.9 (C- 4'), 22.8 (C-7"), 22.7 (C-
23), 21.1 (C-12), 20.8 (C-4), 19.8 (C-5"), 19.8 (C- 6"), 12.3 (C- 2),
119 (C- 3%, 11.3 (C- 1') (Figure 9a (B)). HRESI-MS m/z =
431.3515 [M+H]" (calculated for C20Hs002", [M+H]*, 431.3889),
mass error < Sppm. Spot 13 was identified as a-tocopherol (Figure 9a
(C)) after comparing with the spectral data of authentic reference
standard and literatures (Figure 9b (A-D) and supplementary file
Figure S14 - S15).

DISCUSSION

In this study, the mechanism by which Musanga cecropioides leaf
extract (MCL) exerts growth-inhibitory effects on MCF-7 and MDA-
MB-231 cells was explored. In addition, the bioactive components in
MCL were analysed by IR spectroscopy, NMR, and LC-HRESI/MS
to determine the relationship between the anticancer potential and
chemical composition. The cell viability assay revealed that the
extract inhibited the proliferation of MCF-7 and MDA-MB-231 cells
in a concentration-dependent manner with the extract showing greater
selectivity towards the cancer cells compared with the non-cancer
cells, (MRC-5). Malignancies develop as a result of mutations that
enable cells to advance through the cell cycle while evading certain
checkpoints ?°1 Findings from this study suggest that inhibition of cell
proliferation by MCL extract may be linked to G1 phase arrest in
MCEF-7 cells and possibly G2/M phase arrest in MDA-MB-231 cells.
The possibility of G2/M phase arrest in MDA-MB-231 by MCL
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extract correlates with previous reports of other researchers where
Bryonia dioica extract induced G2/M phase in MDA-MB-231 cells
[26] The G1 phase cell arrest of MCF-7 cells by MCL extract is
consistent with the report of other researchers where the extract of
Vernonia amygdalina induced G1 phase arrest in MCF-7 cells but not
in MDA-MB-231 cells 7], Cell arrest of MCF-7 cells by MCL extract
during the G1 phase suggests that the extract disrupts cell progression
from G1 to S-phase and suggests that the inhibition of MDA-MB-231
cell growth could be associated with G2/M phase cell cycle arrest. In
the two breast cancer cell lines, compared with control, a significant
G2/M phase accumulation in a time-dependent manner was produced
by etoposide (positive control). This also suggests that the mechanism
of action of MCL extract in MCF-7 cells could be different from that
of etoposide but could be the same in MDA-MB-231 cells.
Elucidating the mechanism of action of MCL extract revealed that it
caused perturbation in cell cycle progression evident by the G1 phase
arrest in MCF-7 and possibly G2/M phase arrest in MDA-MB-231
cells. Taken together, cell cycle arrest is thought to be one of the
mechanisms by which MCL extract exerts its anticancer activity in
these two cell lines.

Apoptosis, or programmed cell death, is tightly regulated at the gene
level, resulting in the orderly and effective clearance of damaged cells
such as those that occur after DNA damage or during development
(281 Deregulation of this death mechanism has been linked to
unregulated cell proliferation, cancer growth and progression, and
resistance to therapeutic therapy . It is well known that inducing
apoptosis is a potentially effective cancer treatment method [0,
Investigating the apoptosis-inducing potential of the extract in both
MCF-7 and MDA-MB-231 cells revealed that in MCF-7 cells, the
extract exhibited a significant increase in early and late apoptotic cell
populations particularly at lower concentrations and at short duration
of treatment. However, at longer treatment periods, late apoptotic cell
populations increased, gearing towards necrosis. Similarly, in MDA-
MB-231 cells, the extract displayed a late apoptotic effect at all
treatment periods and concentrations which was also accompanied by
significant increase in necrotic cell populations. The result from this
investigation indicates that the cytotoxic activities displayed by MCL
extract could be attributed to apoptotic and necrotic forms of cell
death which is in line with the findings of B! who showed that
Juniperus phoenicea mediated inhibition of MCF-7 cells through
apoptosis as well as necrosis induction. Moreover, it is becoming
more widely recognized that conventional chemotherapeutic agents
also cause various forms of cell death including necrosis, autophagy,
mitotic catastrophe, and senescence in addition to apoptosis 1321,

Concerning the effect of the extract on caspase 3/7 activity on the two
breast cancer cells, A profound increase in caspase 3/7 activity was
observed in MDA-MB-231 cells which suggested the involvement of
caspases in apoptosis induction in MDA-MB-231 cells. This effect
was however not significant in MCF-7 cells, possibly due to lack of
functioning caspase-3 in MCF-7 cells due to a 47-base loss within
exon 3 of the CASP-3 gene B3l thus indicating the unlikely
involvement of caspases in the apoptosis-inducing potential of the
extract in MCF-7 cells. This results also implies that caspases play an
important role in the induction of apoptosis by MCL extract in MDA-
MB-231 cells.

Excessive ROS production or failure of oxidant scavenging
mechanisms can disrupt cellular function by inducing the oxidation of
lipids, proteins, and DNA B4, The level of H202 produced following
treatment with the extract was significantly higher than the control in
both breast cancer cells. Taken together, the ability of MCL extract to
elevate ROS production in MCF-7 cells and MDA-MB-231 could be
one of the mechanisms through which the extract exerts its anticancer
potential. This result aligns with other studies where the cytotoxicity
exhibited by the extract of Galenia africana in breast cancer cells
(MCF-7 and MDA-MB-231) is thought to be via ROS-mediated cell
death B3],

Evidence of double-strand DNA breaks (DSBs) in MCF-7 and MDA-
MB-231-treated cells was investigated by measuring phosphorylated
v-H2AX levels. In the two cells, the extract caused significant dose-
dependent increase in cells expressing y-H2AX which is indicative of
DNA DSBs. This result suggests that the induction of DNA DSBs in
MCF-7 and MDA-MB-231 cells could be a possible mechanism by
which the extract exhibits its cytotoxicity. These results are consistent
with other studies where Ginkgo biloba leaf extract induced DNA
damage in HepG2 cells by demonstrating a concentration- and time-
dependent increase in y-H2AX positive cells 3¢, Furthermore, in
relation to the ROS results, it is likely that DNA damage in the two
breast cancer cell lines is a direct consequence of ROS produced in
the extract-treated cells as other studies have also reported ROS-
induced DNA damage in cells following treatment with some natural
products such as curcumin B71, Therefore, the possibility of MCL
extract inducing DNA damage by mechanisms dependent of ROS
cannot be ruled out. Overall, the mechanistic assessments suggests
that the induction of apoptosis in the two breast cancer cell lines by
MCL extract could be related to the generation of ROS as well
induction of DNA DSBs.

Fractionation of crude MCL extract afforded five fractions of hexane,
dichloromethane (DCM), ethyl acetate (EA), butanol and water (AQ).
Growth-inhibitory activity of the fractions determined via MTT assay
revealed that the bioactive components with cytotoxic potential were
concentrated in the DCM (Glso concentration = 2.02 pg/mL) and ethyl
acetate (Glso concentration = 2.68 pg/mL) fractions. Further series of
purification of these two most active fractions afforded 28 spots.

A combination of all generated spectroscopic data facilitated the
identification of spot 6 as docosanoic acid. This identity is also in
agreement with those in spectral libraries and published articles 383,
Docosanoic acid is a long-chain saturated fatty acid also known as
behenic acid consisting of at least 22 carbon atoms with a molecular
formula of C22Hs40o. It is a naturally occurring compound that has
also been isolated from other medicinal plants including the aerial part
of Lantana camara 9, flowers of Cercis chinensis [*1), and also from
the root of Millettia speciosa . This is the first report of its isolation
from the leaves of Musanga ceropioides extract.

While minor differences were observed in the absorption spectra
between Spot 13 and the a-tocopherol standard, particularly in the
3600-2800 cm™ and 3200-2400 cm™ regions, these could be
attributed to sample concentration differences and corresponded to
asymmetric and symmetric CH./CHs stretching vibrations. These
findings align with prior infrared spectroscopic studies on a-
tocopherol 4344 1TH NMR and *C NMR analysis of spot 13 identified
50 protons and 29 carbons, respectively, supported by DEPT-135
spectra. The data indicated six aromatic quaternary carbons, two
oxygenated carbons (6 = 144.6 and 145.6 ppm), three methylated
carbons (& = 118.5, 121.2, 122.6 ppm), and a combination of methine,
methylene, and methyl carbons consistent with the o-tocopherol
structure ). HRESI-MS further confirmed the compound with a
molecular ion peak at m/z 431.3515 [M+H]" and a fragment at m/z
165.0907, analytically similar to the authentic sample (m/z 431.3517).
Taken together, the IR, NMR, and MS data confirmed the identity of
Spot 13 as a-tocopherol, supported by comparisons with an authentic
standard under the same analytical conditions, spectral libraries, and
previous studies.

The 'H NMR data obtained for compound 13 revealed the saturated
phytyl chain and HRESI-MS and MS/MS data facilitated the
identification to be a-tocopherol as different from the rest of the
tocopherols or tocotrienols. o-tocopherol has been isolated from the
bulb of garlic, Allium sativum “®1, wheat germ oil *7], fruit peels of
Fortunella japonicum 3, and Jatropha tanjorensis leaves [“® but this
is the first report of its isolation from Musanga cecropioides leaf
extract.

Some compounds have been isolated from the different parts of
Musanga cecropioides plant, they include tormentic acid, 2-acetyl
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tormentic acid, 3-acetyl tormentic acid, euscaphic acid, three seco-
triacidic triterpenes, cecropic acid methyl ester, cecropiacic acid,
musangic acids A and B, musangicic acid from the rootwood 4521,
Also, kalaic acid, protocatechuic acid and protocatechualdehyde have
been isolated from the stembark (53,54). This study has revealed the
isolation of two known compounds including docosanoic acid (spot 6)
and a-tocopherol (spot 13) from the leaves of this plant for the first
time.

CONCLUSION

The result from this study reveals that Musanga cecropioides leaf
extract exhibits significant anticancer activity against MCF-7 and
MDA-MB 231 cancer cell lines through mechanisms including cell
cycle arrest, apoptosis induction, ROS generation and DNA DSBs
induction.
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