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OPEN A natural coumarin, benjaminin,

suppresses proliferation and
migration and induces apoptosis in
MCF-7 breast cancer cells

Melissa Kilus?, Shaari Daud3?, Nurhuda Mohamad Ansor?, Julia Joseph*,
Gwendoline Cheng Lian Ee® & Nozlena Abdul Samad%?**

Breast cancer remains the leading cause of cancer-related mortality in women, highlighting the need
for selective and effective therapeutics. Conventional chemotherapies are often limited by off-target
toxicity, prompting interest in natural products, including coumarins from Calophyllum species.
Benjaminin, a novel coumarin, has demonstrated cytotoxicity in multiple cancer models, yet its effects
in breast cancer remain unexplored. Here, we evaluated benjaminin in MCF-7 (tumorigenic) and MCF-
10A (non-tumorigenic) breast cells. Benjaminin exhibited moderate but highly selective cytotoxicity
toward MCF-7 cells while sparing normal epithelial cells. Mechanistic analyses revealed pronounced
G1-phase arrest and apoptotic induction, confirmed by propidium iodide and Annexin V-FITC staining.
Protein array profiling indicated upregulation of DR6 and Bax, consistent with activation of a non-
classical extrinsic apoptotic pathway with mitochondrial priming. Functional assays demonstrated
impaired migration and spreading, associated with lamellipodia loss and cytoskeletal disorganization,
consistent with disruption of pathways involving cyclin D1-paxillin-Rac1-Arp2/3 signaling. These
findings indicate that benjaminin may exert coordinated, multi-level anticancer effects, potentially
connecting cyclin D1 downregulation with cell-cycle arrest, cytoskeletal dysregulation, apoptotic
activation, and reduced migratory behavior. This study provides the first integrated mechanistic
characterization of benjaminin in breast cancer cells and supports further investigation in additional
subtypes, in vivo models, and pathway-specific analyses.
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Breast cancer continues to pose a severe global health challenge, with Asia recording the highest incidence,
mortality, and prevalence worldwide. In 2022, Southeast Asia as a whole recorded 14.7 new cases per 100,000
population. In Malaysia, breast cancer is estimated at 8,371 new cases, making breast cancer the most commonly
diagnosed cancer in the country. Experts project that global new cases could exceed three million, with up
to one million potential deaths. These trends highlight the urgent need for effective prevention strategies and
therapeutic interventions"2 Studies indicate that recurrent tumors can be more aggressive than the primary
tumor, underscoring the need for therapeutic strategies that also inhibit migration, even in early-stage disease’.

At the cellular level, breast cancer progression is driven by dysregulated cell cycle control and apoptosis
evasion®. Cyclin D1 and p53 are key regulatory proteins, and elevated cyclin D1 expression is associated with
uncontrolled proliferation and enhanced cytoskeletal remodeling, which contributes to cell migration and
invasion®~’, highlighting its potential as a target for strategies that simultaneously inhibit proliferation and
migration.
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Chemotherapeutic agents such as doxorubicin are commonly used as first-line treatments for cancers,
including breast cancer. However, their clinical use is limited by off-target effects, which may lead to both
acute and long-term adverse outcomes®. These limitations have stimulated interest in natural product-based
therapeutics, which can offer selective anticancer activity while maintaining low toxicity, high efficacy, and better
biocompatibility®. In this context, Calophyllum species are a significant source of bioactive compounds, and
their traditional use in treating diseases suggests good bioavailability and safety'®. Many have yielded multiple
bioactive compounds exhibiting promising anticancer activity!"!2, with coumarins representing one of the
major compound classes. Notable examples with anticancer activity include GUT-70'* and mammea-type
coumarins'*, which have demonstrated cytotoxic effects against cancer cells. Structure-activity analyses indicate
that prenyl substitution at the C-6 position is frequently observed among coumarins with reported anticancer
activity!!. Consistent with this observation, the coumarin benjaminin, which retains this structural feature, has
shown broad cytotoxicity across several cancer cell lines!>!6. Yet, its effects on breast cancer cell proliferation,
apoptosis, and migration remain poorly understood.

Therefore, the present study aims to address this gap by evaluating the anticancer activity of benjaminin and
investigating its underlying mechanisms. By providing selectivity and mechanistic insights into its activity, this
work advances understanding of coumarin-based therapeutics and may inform the development of safer, more
effective interventions for patients with breast cancer. These findings have potential relevance for translational
research, offering a foundation for preclinical evaluation and eventual clinical applications.

Material and methods

Materials

The human breast adenocarcinoma cell line, Michigan Cancer Foundation-7 (MCF-7), and the immortalized
normal human mammary epithelial cell line, Michigan Cancer Foundation-10A (MCF-10A), were obtained from
the American Type Culture Collection (ATCC, Manassas, VA, USA). Dulbecco’s Modified Eagle Medium/Ham’s
F-12 Nutrient Mixture (DMEM/F-12), 0.25% trypsin/EDTA, and hydrocortisone were obtained from Nacalai
Tesque (Japan). Dulbecco’s Modified Eagle Medium (DMEM) and the Annexin V-FITC Apoptosis Detection
Kit were obtained from Elabscience (USA). Penicillin-streptomycin, dimethyl sulfoxide (DMSO), phosphate-
buffered saline (PBS) tablets, fetal bovine serum (FBS), Triton X-100, and thiazolyl blue tetrazolium bromide
(MTT), and Fluoroshield with 4',6-diamidino-2-phenylindole (DAPI) mounting solution were purchased from
Sigma-Aldrich (USA). Mitomycin C was obtained from Roche (Germany). RNase A, horse serum, epidermal
growth factor (EGF), insulin, and phalloidin Alexa Fluor 568 were purchased from Thermo Fisher Scientific
(USA). Paraformaldehyde (PFA) was obtained from GE Chemicals Supplies (Malaysia). Absolute ethanol was
obtained from System Chemicals (Malaysia). Bovine serum albumin (BSA) was purchased from TOCRIS (UK).
Primary antibody against a-tubulin (DM1A, mouse monoclonal antibody) was purchased from Cell Signaling
Technology (USA), and Alexa Fluor 488-conjugated secondary antibodies were purchased from Abcam (UK).
Fibronectin was purchased from R&D Systems (USA). RayBio® Human Apoptosis Array G1 kit was purchased
from Raybiotech (USA).

Plant compound

Benjaminin (C,;H,,O,), obtained as a yellowish 0il'®, was kindly provided by Dr. Shaari Daud from Universiti
Teknologi MARA (UiTM) Pahang, Malaysia. The compound’s purity had been verified by the provider using 'H
NMR spectroscopy (Supplementary Information 1). Benjaminin was dissolved in DMSO to prepare a 40 mg/
mL stock solution and stored at—4 °C until further use. Working concentrations were freshly prepared prior to
each experiment.

116

Cell culture

MCEF-7 cells were grown in DMEM supplemented with 10% FBS and 1% of 100x penicillin-streptomycin
solution. MCF-10A cells were grown in DMEM/F-12 supplemented with 5% horse serum, 0.02% of 100 ug/
ml EGEF, 0.25% of 10 pg/ml insulin, 0.05% of 1 mg/ml hydrocortisone, and 1% of 100x penicillin-streptomycin
solution. All cells were incubated at 37°C in a humidified incubator with 5% CO,. Cultures at approximately 80%
confluence were detached using trypsin and used for experiments.

Cell viability assay

MCF-7 and MCF-10A cells seeded in a 96-well plate at density of 1 x 10* cells/well were incubated overnight to
adhere. Then, media containing various concentrations of benjaminin up to 400 pug/ml were added and followed
with incubation for 24, 48, and 72 h for MCF-7, and 24 h for MCF10A. Equivalent volume of DMSO (1%
v/v) was used as vehicle control. Blank wells containing only media was used as background control. At the
end of each timepoint, media from each well was replaced with fresh media containing 10% of 5 mg/ml MTT
reagent. The plate was protected from light using aluminium foil wrap and re-incubated for 4 h. After that, MTT
medium was replaced with 100 ul of DMSO while protected from light to dissolve the formazan crystals. Finally,
the absorbance of each well was measured at 570 nm with 620 nm reference wavelength (ELx808 Absorbance
Reader, Biotek). The cell viability was calculated according to the formula below:

- absorbance of treated cell
Cell viability = absorbance of control x 100%

A concentration-response curve for cell viability was generated using Microsoft Excel 2016, and ICs, values were
derived from the plotted graph.
Selectivity of compound was assessed using the following formula:
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Normal cell IC50

Selectivity index(S.I) = Cancer cell IC50

Morphology assay

Approximately 3 x 10° MCF-7 cells were seeded in 6-well plate and incubated adhere. Then, media containing
benjaminin or equivalent volume of DMSO (0.1% v/v) were added to make a final concentration based on
the IC,, derived from MTT assay. After 24 h treatment, photomicrographs of cells were taken using inverted
microscope (Olympus IX51) at 400 x magnification.

Cell cycle assay

Approximately 5x 10° MCF-7 cells in T25 flask were starved in serum-free medium for 24 h to synchronise all
cells to G1. Then, the medium was replaced with a fresh one containing benjaminin at IC, final concentration.
Equivalent volume of DMSO (0.1% v/v) was used as control. After 24 h incubation, the cells were detached by
trypsinisation and washed in PBS. Cell pellet was then fixed in 5 ml cold 70% ethanol added dropwise with
vortexing and stored at -4 °C until further use. Fixed cells were washed in PBS, resuspended, and incubated
in 1 ml staining solution containing 0.1 pl Triton X and 0.5 pl RNase in PBS for 30 min at room temperature.
Then, 25 ul of 1 mg/ml propidium iodide solution was added and the solution incubated for 10 min at room
temperature in the dark. Cell cycle profile was determined using flow cytometer (BD FACSCalibur) and analysed
using ModFit software.

AnnexinV apoptosis assay

Approximately 5x 10° cells were seeded in T25 flask and incubated overnight to adhere. Then, the cells were
subjected to 24 h treatment with IC,; value of benjaminin or equivalent volume of DMSO (0.1% v/v). After
that, detection of apoptotic and/or necrotic cells was carried out using Annexin V-FITC Apoptosis Detection kit
according to the manufacturer’s protocol. Briefly, cells were detached by trypsinisation, washed in PBS, adjusted
to 1x10° cells, and resuspended in 500 pl of cold 1X binding buffer. Next, 5 pl annexin-V and 5 yl propidium
iodide were mixed in and incubated at room temperature in the dark for 30 min. The cells were kept on ice and
protected from light before the flow cytometry analysis (BD FACSCalibur).

Apoptosis protein array

Approximately 5 x 10° MCF-7 cells were seeded in T25 flasks and incubated overnight to adhere. Cells were then
treated for 24 h with the ICs, concentration of benjaminin or equivalent volume of DMSO (0.1% v/v). After
treatment, total protein was extracted using the lysis buffer provided in the RayBiotech Apoptosis Array Kit. For
each treatment condition, lysates from two independent flasks were pooled to ensure sufficient protein yield and
reduce variability. Pooled protein lysates were applied to the array according to the manufacturer’s instructions,
and slides were scanned using an Agilent G2505C microarray scanner (Genomax, Malaysia). Signal intensities
were analyzed using the manufacturer’s template (AAH-APO-G1) and fold changes were calculated in Microsoft
Excel 2016. Fold change values of 1 or—1 were considered indicative of no change, whereas values>1.5 were
interpreted as upregulation and values < — 1.5 as downregulation!”%,

Wound healing assay

MCE-7 cells were grown in 6-well plate until it forms a monolayer. Then, the growth media was replaced with
media containing 4 ug/ml mitomycin C for 2 h to inhibit proliferation. A wound gap was created by ‘scratching’
the monolayer using sterile yellow pipette tip held vertically and dragged across from the top to the bottom
of the well with moderate and consistent speed and pressure. Detached cells and debris were washed off with
PBS to ensure the gap is clear of cells. At this point, at least six consistent locations along the wound areas
were photographed using phase-contrast microscope at 40 x magnification to represent scratch area at 0-h.
Then, media containing benjaminin at IC.; concentration was added. Equivalent volume of DMSO (0.1% v/v)
was used as control. Photomicrographs were taken at subsequent 12 and 24 h. All images were analysed using
Fiji (Image]) and data was presented as square micrometer area of scratch. Percentage of wound closure was
calculated using the following formula:

t0h — t 12 24 h
% wound closure — area at 0 hour — area a or our 100%
area at 0 hour

Cell spreading assay

Cell spreading assay was carried out as previously described!?. Briefly, 5x 10* MCF-7 cells were seeded into 24-
well plates and incubated overnight to allow adherence. Cells were then treated with the ICs, concentration of
benjaminin or an equivalent volume of DMSO (0.1% v/v) as a control for 24 h. Following treatment, cells were
trypsinized and replated onto 13 mm coverslips coated with fibronectin (1:40 dilution in PBS). Replated cells
were allowed to spread for 30 min and 1 h. Cells were fixed with 4% paraformaldehyde in PBS and permeabilized
with 0.1% Triton X-100. After blocking with 1% BSA in PBS for 30 min, cells were incubated with primary
antibody a-tubulin (DM1A) mouse mAb (1:500) for 30 min at room temperature. Cells were then washed three
times with PBS and incubated with Alexa Fluor 488-conjugated secondary antibody (1:500) and phalloidin
Alexa Fluor 568 (1:200) for 30 min. All antibody and phalloidin dilutions were freshly prepared in deionized
water immediately prior to use and applied for a short duration to preserve antibody functionality while
minimizing potential buffer interference during incubation?*?!. Following three PBS washes and a final rinse in
deionized water, coverslips were mounted using Fluoroshield with DAPI. Fluorescent images of single cells were
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captured using an Olympus BX53 microscope equipped with an Olympus DP72 camera. Cell spreading area and
circularity were quantified using Fiji software (Image]).

Statistical analysis

Data are presented as mean + SD from three independent biological replicates, unless otherwise stated. Statistical
assumptions were assessed using the Shapiro-Wilk test for normality and Levene’s test for homogeneity of
variances. Comparisons between two groups were conducted using Student’s ¢-test. For comparisons among
multiple groups, one-way ANOVA followed by Dunnett’s post hoc test was applied to compare treatment groups
with the control. A p value <0.05 was considered statistically significant. All analyses were performed using SPSS
version 31 (IBM Corp., Armonk, NY, USA).

Results

Benjaminin exhibits selective cytotoxic effects on MCF-7 cells

As depicted in Fig. 1(a), MTT results revealed a time- and concentration-dependent cytotoxic activity against
MCF-7 cells, achieving IC, values of 45 pg/ml, 35 pg/ml, and 33 pg/ml for 24, 48, and 72 h treatment,
respectively. In contrast doxorubicin produced greater cytotoxic effects, with IC,, values of 0.78 ug/ml, 0.71 pg/
ml, and 0.63 pg/ml for the three timepoints, respectively (Fig. 1(b)). Analysis of selectivity depicted in Fig. 1(c)
indicated the viability of MCF-10A cells remained well above 90% for all concentrations of benjaminin. This
gives an IC,, of >400 pg/ml, which translated to an excellent S.I of at least 8.8.

Benjaminin induced G1 arrest and apoptotic death in MCF-7 cells

Assessment of cell morphology following treatment with IC,, of benjaminin provided indication of apoptotic
cell death. As annotated in Fig. 2, both benjaminin and doxorubicin treatments produced reduction in cell
density as well as increase in rounded and detached cells relative to DMSO control. However, the morphology
of surviving cells differed between the two treatments, where cell lamellipodia is only inhibited in benjaminin
samples.

The effects of treatments on MCF-7 cell cycle progression are shown in Fig. 3. Benjaminin treatment induced
pronounced G;-phase arrest compared to the DMSO control, with a significant increase in the G, population
(p<0.001), a reduction in S-phase cells (p=0.005), and a significant increase in G,/M-phase cells (p=0.014).
These effects were comparable to those observed with doxorubicin, which also caused a significant increase in
G -phase cells (p <0.001), a decrease in S-phase cells (p <0.001), and no significant change in G,/M-phase cells
(p=0.108).

The results from annexin V apoptosis assay are presented in Fig. 4(a), confirming apoptosis induction in
benjaminin-treated MCF-7 cells. Benjaminin treatment caused a significant increase in both early (p=0.045)
and late (p=0.002) apoptotic populations, with concurrent reduction in the live cell population (p <0.021).

Apoptotic protein array analysis revealed modulation of six apoptotic proteins (Fig. 4(b)). Among the 43
apoptotic proteins included in the kit (Supplementary Information 2), DR6 and caspase-8 were upregulated,
indicating activation of extrinsic apoptotic signalling, while caspase-3 upregulation confirmed execution of
apoptosis. Bax increased, but cytochrome c remained unchanged, suggesting partial intrinsic pathway activation.
No significant changes were observed in other death receptors or their ligands (Fas, FasL, TRAIL, TRAILR)
or inhibitory proteins (IGFBPs), indicating caspase-8 activation independent of surface receptor engagement.
Anti-apoptotic Bcl-w and HSP27 were elevated, reflecting compensatory survival and stress response, whereas
Livin was downregulated, shifting the balance toward apoptosis. p53 levels remained unchanged, suggesting a
p53-independent mechanism.

Benjaminin impaired migration and spreading of MCF-7 cells

Wound healing assays (Fig. 5 (a-c)) showed that both benjaminin and doxorubicin suppressed gap closure.
Benjaminin exhibited effects comparable to doxorubicin as early as 12 h, which persisted through 24 h. In
DMSO controls, denuded areas progressively closed with significant reductions between time points (p <0.001).
In contrast, both benjaminin and doxorubicin treatments showed no significant closure between consecutive
intervals (p>0.05). Consequently, the rate of gap closure was significantly reduced at 12 h for benjaminin
(p=0.004) and doxorubicin (p=0.021) relative to control, with effects maintained at 24 h (benjaminin p <0.001;
doxorubicin p =0.002).

In addition to inhibiting migration, benjaminin significantly reduced cell spreading, as indicated by smaller
cell areas at 30 min (p<0.001) and 60 min (p=0.011) compared with DMSO control (Fig. 6 (a-d)). Cell
circularity, however, was unaffected (30 min, p=0.288; 60 min, p=0.168). In contrast, doxorubicin had little
effect on cell area (30 min, p=0.854; 60 min, p=0.662) but markedly decreased circularity (30 min, p=0.021;
60 min, p<0.001).

Discussion

Recent advances in anticancer research increasingly prioritize tumour-selective mechanisms over indiscriminate
cytotoxicity. While agents such as doxorubicin remain clinically effective??, their lack of selectivity results in
damage to normal proliferative tissues, including the skin, gastrointestinal epithelium, and hair follicles?.
Long-term complications, particularly cardiotoxicity, further limit their therapeutic utility**. These challenges
underscore the need for alternative strategies that suppress tumour growth while minimizing off-target toxicity.
Natural metabolites from Calophyllum species have emerged as promising anticancer candidates, including the
novel coumarin benjaminin'?. However, its specific therapeutic potential in breast cancer remains insufficiently
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Fig. 1. Dose-response effects of benjaminin and doxorubicin on cell viability. Benjaminin exhibited a time-
and concentration-dependent reduction in MCF-7 cell viability, whereas doxorubicin showed a more potent
cytotoxic effect. No cytotoxicity was detected in MCF-10A cells, indicating selective activity of benjaminin
toward cancerous cells. (a) MCF-7 cells treated with benjaminin (12.5-400 pg/mL) for up to 72 h. (b) MCEF-
7 cells treated with doxorubicin (1.25-40 ug/mL) for up to 72 h. (¢) MCF-10A cells treated with benjaminin
(12.5-400 pg/mL) for 24 h. Data represent three biological replicates (n=3). Statistical significance was
determined using Student’s t-test for panels (a) and (b), and one-way ANOVA followed by Dunnett post-
hoc test for panel (c). *P <0.05 versus DMSO control; #P <0.05, MCF-7 versus MCF-10A at the same
concentration.
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Fig. 2. Representative micrographs of MCF-7 cells after 24-h treatment. DMSO-treated cells are normal and
attached with visible lamellipodia. Doxorubicin and benjaminin reduced cell density and increased rounded
cells, membrane blebbing, and apoptotic bodies; lamellipodia persist with doxorubicin but are absent in
benjaminin-treated cells. (a) 0.1% DMSO, (b) doxorubicin (ICs,), (¢) benjaminin (ICs,). Abbreviations: Vi:
viable cell; La: lamellipodium; MB: membrane blebbing; CR: cell rounding; AB: apoptotic body. Images are

taken at 400 x magnification using inverted microscope. Scale bar: 50 pm.
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Fig. 3. Effects on MCF-7 cell cycle following 24 h of treatment. Both doxorubicin and benjaminin induced
significant G;-phase arrest, accompanied by a corresponding decrease in S-phase cells. Bar charts show the
percentage of cells in different cell cycle phases after treatment with 0.1% DMSO (control), doxorubicin (ICso),
or benjaminin (ICso). Data are presented as mean + SD from three independent biological replicates (n=3).
Statistical significance was determined using Student’s t-test. *P <0.05, **P <0.001.

defined. To address this gap, the present study evaluated benjaminin in MCF-7 (tumorigenic) and MCF-10A
(non-tumorigenic) breast cell lines*>?%, using the 24-h ICs, concentration to evaluate early cellular responses.

The present in vitro findings position benjaminin as a compound exerting coordinated antiproliferative,
pro-apoptotic, and antimigratory effects in breast cancer cells. However, as the study was limited to a luminal
A, ER-positive model, broader subtype applicability remains to be determined. In MCE-7 cells, benjaminin
demonstrated moderate cytotoxic activity and was less potent than doxorubicin. According to established
classification criteria for pure compounds, ICs, values <4 pg/mL are considered potent, whereas values> 100 pg/
mL are classified as inactive?”. Importantly, benjaminin did not exhibit detectable toxicity in MCF-10A cells
under the conditions tested, suggesting a degree of cancer cell selectivity consistent with reports on other
coumarin derivatives®.

The comparable sensitivity observed in MCF-7 and previously studied SNU-1 cells may reflect shared
molecular characteristics, notably functional TP53 and cyclin D1 overexpression®!>2%%, These features may
contribute to responsiveness to benjaminin. Supporting this, benjaminin inhibited the G1-to-S phase transition
within 24 h of exposure, highlighting the G1 phase as a primary cellular target. While G1 arrest is often linked to
DNA damage-induced activation of the p53-dependent checkpoint pathway®'~**, no significant changes in p53,
P21, or p27 expression were observed, suggesting that classical p53-p21-mediated CDK inhibition was likely
not engaged®*. These findings are consistent with a possible modulation of cyclin D1-dependent pathways, in
line with the reliance of MCF-7 cells on the cyclin D1-Rb regulatory axis®**® and their lack of endogenous p16
expression’®. However, direct effects on cyclin D1 expression or activity were not measured in this study, and its
involvement remains inferential.

Beyond its role in cell-cycle progression, cyclin D1 has been implicated in cytoskeletal regulation through
the paxillin-Racl-Arp2/3 signalling axis, where cytoplasmic cyclin D1 facilitates Racl activation and promotes
Arp2/3-mediated actin nucleation and remodelling®’~*. Consistent with this reported biology, benjaminin-
treated cells exhibited impaired cytoskeletal organisation and migratory behaviour, characterized by reduced
spreading, increased circularity, and absence of lamellipodia’. These phenotypic changes resemble features
associated with disrupted Racl-Arp2/3-mediated actin dynamics. This may suggest a possible involvement
of cyclin D1-associated cytoskeletal signalling, although the pathway was not directly examined and causality
cannot be established from the present data.
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Fig. 4. Effects of benjaminin on apoptosis activation and apoptotic protein levels following 24 h of treatment
with 0.1% DMSO (control) or benjaminin (ICs,). Benjaminin increased the proportion of apoptotic cells

and modulated apoptotic protein expression. (a) Representative cytograms showing cell distribution across
apoptotic stages. (b) Fold changes in apoptotic protein signal intensity relative to DMSO; lysates were pooled
from two independent experiments. Data in (a) are mean + SD of three biological replicates (n=3). Statistical
significance was determined using Student’s t-test. *P <0.05, **P <0.001.

In addition, apoptotic activation occurred concurrently with G1 arrest. Flow cytometric analysis demonstrated
increased apoptotic populations, accompanied by elevated effector caspase activity. At 24 h, apoptosis appeared
to be initiated predominantly via the extrinsic pathway, as evidenced by increased caspase-8 expression®’.
However, no upregulation of Fas/FasL was observed, consistent with the low basal Fas expression in MCF-7
cells*!. Instead, DR6 was markedly upregulated in parallel with increased Bax expression. These findings suggest
activation of a non-classical extrinsic pathway, with potential crosstalk to the mitochondrial pathway via a DR6-
Bax axis*? . Despite incomplete intrinsic pathway activation at this early timepoint, the observed mitochondrial
priming indicates mitochondrial priming, which could facilitate subsequent intrinsic pathway engagement upon
prolonged exposure.

Collectively, these in vitro findings show that benjaminin is associated with Gl-phase accumulation,
apoptosis, and altered cytoskeletal organisation in MCF-7 cells. As all observations were derived from short-
term exposure at the 24-h ICs,, longer-term adaptive responses and clinical relevance remain to be established.
While the observed phenotypes may overlap with processes regulated by cyclin D1-associated signalling and
Racl-Arp2/3-mediated cytoskeletal dynamics, these pathways were not directly assessed and therefore remain
hypothetical. These proposed mechanisms require validation through targeted approaches, including Western
blotting and pathway-specific activity assays. Further studies in more aggressive breast cancer models, such as
MDA-MB-231, and in vivo systems will be essential to evaluate translational potential. Notably, the observed
effects in the absence of detectable p53 pathway activation may suggest relevance in tumours resistant to classical
apoptotic pathways.

Conclusion
In conclusion, these in vitro findings show that benjaminin inhibits proliferation and migration while inducing
apoptosis in MCF-7 breast cancer cells with minimal toxicity toward non-tumorigenic MCF-10A mammary
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Fig. 5. Effects of treatment on MCF-7 cell migration. Benjaminin inhibited wound closure to a degree
comparable to doxorubicin. Whereas DMSO-treated cells exhibited progressive closure over time, benjaminin-
and doxorubicin-treated cells showed no significant changes between consecutive time points, indicating
reduced migratory capacity. (a) Representative images of wounds at 0, 12, and 24 h (40 x magnification).

Red arrows indicate scratch width. Scale bars =500 um. (b) Denuded wound areas at each time point. (c)
Quantitative analysis of percentage wound closure relative to 0 h. Data are mean + SD from three independent
biological replicates (n=3). Statistical significance versus DMSO was determined by Student’s t-test. *P <0.05,
**P<0.001; n.s., not significant.
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Fig. 6. Effects of treatment on MCF-7 cell spreading. Benjaminin significantly reduced cell area at both

time points without affecting circularity, whereas doxorubicin decreased circularity without altering cell

area. Only doxorubicin-treated cells exhibited significant time-dependent changes in both parameters. (a-b)
Representative fluorescence images of cell morphology following treatment with 0.1% DMSO (control),
benjaminin (ICso), or doxorubicin (ICs,) for 30 and 60 min. (¢) Quantitative analysis of cell area. (d)
Quantitative analysis of cell circularity. Data are presented as mean + SD from three independent biological
replicates (n=3). Statistical significance was determined using one-way ANOVA with Dunnett’s post-hoc test.
*P<0.05,**P<0.001.

epithelial cells. These results indicate a degree of tumour selectivity and support the potential of benjaminin
as a multi target anticancer candidate. The observed effects on cell cycle progression, cytoskeletal organisation,
and apoptotic signalling suggest coordinated disruption of tumour associated processes. However, the
underlying mechanisms were not directly established in this study. As the work is limited to in vitro models,
further mechanistic validation, subtype specific evaluation, and in vivo studies are required to determine the
translational potential of benjaminin in breast cancer.
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Data availability
The datasets supporting the conclusions of this study are included within the article and its supplementary
materials.
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