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Abstract

Background
Breast cancer remains a leading cause of cancer-related death, and marine natural products are a
promising source of anticancer compounds. This study evaluated the cytotoxic effects of methanol,
ethyl acetate and hexane extracts of the marine sponge Neophrissospongia endoumensis on breast
cancer cells and explored their mechanisms of action.

Methods and Results
Cytotoxicity was assessed by MTT assay over 48 h and IC50 values were determined. Apoptosis was
evaluated by fluorescence microscopy, and Bax, Bcl-2, VEGF, MMP2 and MMP9 expression by qRT-PCR.
Cell migration (wound healing), oxidative stress (ROS) and cell-cycle distribution were also measured. All
three extracts showed dose-dependent cytotoxicity; the ethyl acetate extract was the most active crude
extract (IC50 = 238 µg/mL) and its hexane fraction was the most potent overall (IC50 = 200 µg/mL). The
hexane fraction induced the strongest apoptosis, increased Bax and decreased Bcl-2, and reduced VEGF,
MMP2 and MMP9, indicating anti-angiogenic and anti-metastatic activity. It also inhibited migration,
elevated ROS and caused G2/M cell-cycle arrest. Together, these effects are consistent with suppression
of breast cancer cell proliferation.

Conclusions
N. endoumensis extracts, particularly the hexane fraction, exert anti-tumor effects on breast cancer cells
through apoptosis induction, gene-expression modulation, migration inhibition and cell-cycle arrest,
supporting marine-derived compounds as candidate anticancer agents.

Introduction
Breast cancer remains a significant global health concern accounting for a large share of cancer deaths
worldwide with high incidence rates among women [1]. Despite advances in conventional treatment
strategies such as surgery, radiotherapy and cytotoxic chemotherapy, significant challenges persist:
tumours acquire drug resistance, healthy tissues are damaged, and numerous side effects burden many
patients [1–4]. These limitations have spurred researchers to explore new leads, and the marine habitat
has proved a rewarding place to look. Sponges, algae and marine bacteria synthesize vast amounts of
secondary metabolites, a great many of which have no structural counterpart on land [5–8]. These
natural synthesized molecules demonstrate significant effects against tumour cells by slowing
proliferation, inducing apoptosis of cancer cells or simply proving cytotoxic at modest concentrations [9].
The pro-apoptotic effects tend to operate through several multiple mechanisms such as the
mitochondrial pathway dysregulation, caspase activation, and death receptor signalling [9]. Because
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their scaffolds are so often chemically novel, marine metabolites make appealing starting points for
drug discovery [5], and several show antioxidants, anti-inflammatory or neuroprotective activity that
could prove useful well beyond oncology [7]. For all that promise, the pharmacology of most of these
compounds remains only partly mapped, and much of their therapeutic potential is still untested [6].

Among marine invertebrates, sponges stand out as a rich source of bioactive compounds with
significant potential in cancer treatment. Their metabolites tend to exhibit diverse mechanisms of action,
targeting multiple hallmarks of cancer such as uncontrolled cell proliferation, apoptosis evasion,
angiogenesis, and metastasis [10–12]. Recent research has identified numerous sponge-derived
metabolites with confirmed apoptosis-inducing properties, making them promising leads for targeted
cancer therapies [11]. These compounds have shown efficacy against various tumour types, including
breast cancer, lymphoma, and lung cancer [10, 13]. Mechanistically the effects are usually attributed to a
combination of cell-cycle interference, apoptosis induction and anti-inflammatory action [5]. Indeed,
marine sponges have been feeding the drug pipeline with bioactive compounds since the 1950s, already
delivering approved agents against cancer as well as viral, parasitic and inflammatory diseases [14]. The
principal bottleneck is translating these bioactive compounds to clinical use and that gap is where most
of the remaining work lies [13, 14].

The present study examines Neophrissospongia endoumensis, a sponge that has attracted little attention
so far, as a candidate source of anti-breast cancer compounds. Rather than lean on a single readout, we
profiled the extracts across a panel of cellular and molecular endpoints: apoptosis, expression of the
paired regulators Bax and Bcl-2, the angiogenic factor VEGF, the matrix metalloproteinases MMP2 and
MMP9, cell migration, intracellular oxidative stress and cell-cycle distribution. These endpoints together
give a fuller account of how the extracts work than any one assay could on its own. Of particular
significance is our identification of the hexane fraction as a potent anticancer agent, capable of inducing
multiple antitumor effects through distinct molecular pathways. Beyond adding N. endoumensis to the
list of sponges worth studying, we hope these data offers a practical foundation for isolating the specific
molecules responsible and, in time, for evaluating them as breast-cancer therapeutics.

Materials and Methods
1. Preparation of Extracts

Specimens of N. endoumensis were rinsed thoroughly after collection to remove debris and surface
contaminants, air-dried at room temperature and milled to a fine powder. The material was extracted
sequentially with three solvents: methanol, ethyl acetate and hexane. For each solvent, roughly 100 g of
powder was left to steep for 72 h at room temperature under constant agitation to improve recovery.
Each extract was clarified through Whatman No. 1 filter paper and taken to dryness on a rotary
evaporator (Büchi R-210, Flawil, Switzerland) at 40 °C under reduced pressure. The concentrated extracts
were kept at −20 °C until analysis [15].

2. Cell Culture
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The breast cancer cell line 4T1, obtained from the Pasteur Institute of Iran, was grown in DMEM
supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin, and maintained at 37 °C
under 5% CO2 in a humidified incubator. Medium was renewed every two to three days, and once the
cultures reached 80–90% confluence they were detached with 0.25% trypsin–EDTA and passaged. Only
cells passage 3 were used in the experiments [16].

3. Cytotoxicity Assay

The cytotoxic effects of methanol, ethyl acetate, and hexane extracts were evaluated using the MTT
assay. Each of the 96-well plate received 5 × 10³ cells, which were left overnight to attach. Following this,
cells were treated with varying concentrations of the extracts (step 1:0 to 2000 µg/mL, step 2: 0 to 5000
µg/mL) for 48 hours. Briefly, four hours after adding 20 µL of MTT (5 mg/mL) per well and incubating at
37°C, the resulting formazan was solubilised in 100 µL DMSO and read at 540 nm on a microplate reader
(BioTek Instruments, Winooski, VT, USA). Of the three crude extracts, the ethyl acetate preparation
returned the lowest IC50 and was therefore the most cytotoxic.

4. Partitioning of ethyl acetate Extract

Following the initial cytotoxicity assessment, the ethyl acetate extract was carried forward for
fractionation. It was redissolved in a small volume of methanol and partitioned between hexane and
ethyl acetate by liquid–liquid extraction; the mixture was shaken vigorously and left to resolve into
distinct phases. The hexane, ethyl acetate and methanol fractions were collected separately, dried under
reduced pressure and stored at −20 °C for the biological assays that followed.

5. Apoptosis Assay

To assess apoptosis, cells were treated with the IC50 concentrations of the ethyl acetate extract and its
fractions (methanol, hexane, and ethyl acetate) for 48 hours. Following treatment, cells were stained with
acridine orange (AO, 10 µg/mL) and propidium iodide (PI, 10 µg/mL) for 15 minutes at 37°C in darkness
[17]. The stained cells were observed under a fluorescence microscope (Olympus IX73, Tokyo, Japan).
We examined 5 microscopic fields and calculated their average. Viable cells fluoresced green; early
apoptotic cells appeared red, late apoptotic cells intense red, and necrotic cells swollen and uniformly
red. 

6. Gene Expression Analysis

Transcript levels of the pro-apoptotic gene Bax, the anti-apoptotic gene Bcl-2, the angiogenic gene VEGF
and the metastasis-associated genes MMP2 and MMP9 were measured by quantitative real-time PCR
(qRT-PCR). TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to isolate total RNA following the
supplier's protocol. cDNA was synthesized using a reverse transcription kit (Thermo Fisher Scientific,
Waltham, MA, USA). Gene-specific primers were designed (Table 1) and used for amplification, and gene
expression levels were normalized to the housekeeping gene GAPDH. Relative gene expression was
calculated using the 2^(-ΔΔCt) method.
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Table 1. Gene-specific primers for real-time PCR assay.

Gene Primer sequence

GAPDH Fwd-5’-GTGAACCACGAGAAATATGACAAC-3’

Rev-5’-AGTGATGGCATGGACTGTG-3’

Bax Fwd-5’- TGGAGAAGTGTGAAGGAGGTG -3’

Rev-5’- CTTCTGCTGTGAGGCGTGAT-3’

Bcl-2 Fwd-5’- GAGTACCTGAACCGGCATCT -3’

Rev-5’-TTGTTTGGGGCAGGTTTGTC -3'

MMP-2 Fwd-5’-GGACAAGAACCAGATCACATAC-3’

Rev-5’-CGTCGCTCCATACTTTTAAGG-3'

MMP-9 Fwd-5’-GTGTCTGGAGATTCGACTTG-3'

Rev-5’-CCTTGTTCACCTCATTTTGG-3’

VEGF Fwd-5’-GGATCAAACCTCACCAAAGC-3'

Rev-5’-GCAGGAACATTTACACGTCTG-3'

7. Wound Healing Assay

Migration was assessed with a scratch-wound assay. Cells were grown to a confluent monolayer in six-
well plates, and a single scratch was drawn across each well with a sterile pipette tip. The wells were
then treated with the IC50 concentrations of the extracts and fractions, and the wound was photographed
at 0h, 24h and 48h on an inverted microscope (Leica DMi8, Wetzlar, Germany). Cells were treated with
mitomycin C at a concentration of 10 µg/mL for 2 hours to inhibit proliferation for feeder cell
inactivation. Following treatment, migration inhibition was assessed by examining 5 microscopic fields
per sample and calculating the mean value. Gap width was measured and closure quantified in ImageJ
(NIH, Bethesda, MD, USA).

8. Measurement of Oxidative Stress

Intracellular reactive oxygen species (ROS) were quantified with the DCFH-DA probe [17]. Following IC₅₀
treatment (48 h), cells were loaded with 10 µM DCFH-DA for 30 min at 37°C and the amount of ROS was
measured by flow cytometer (BD FACSCanto II, USA). The data were analyzed using Flowjo version 7.6.1

9. Cell Cycle Analysis

DNA content was profiled by flow cytometry. Treated cells (48 h at the IC50 dose) were harvested and
fixed in 70% ethanol overnight at −20 °C, then resuspended in propidium iodide (50 µg/mL) along with
RNase A (100 µg/mL) and left in the dark for 30 min. Samples were acquired on a BD FACSCanto II (San
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Jose, CA, USA), and the proportion of cells in the G1, S and G2/M phases was determined in Flowjo
version 7.6.1

10. Statistical Analysis

All experiments were performed in independent triplicate, and the data were expressed as mean ±
standard error of the mean (SEM). Statistical analysis was conducted using one-way ANOVA followed by
Tukey's post-hoc test to determine significant differences between groups. A p-value of <0.05 was
considered statistically significant. All statistical analyses were performed using GraphPad Prism
software (GraphPad Software, San Diego, CA, USA).

Results
Cytotoxic Evaluation 

Initial cytotoxicity screening was performed using the MTT assay to evaluate the antiproliferative effects
of methanol, ethyl acetate, and hexane extracts on breast cancer cells. Cells were exposed to varying
concentrations (0-2000 µg/ml and 0-5000 µg/ml) of each extract for 48 hours. The results demonstrated
a dose-dependent increase in cell death across all extracts tested. In the first phase of screening, the
IC50 values were determined to be >2000 µg/ml, 238 µg/ml, and 314 µg/ml for methanol, ethyl acetate,
and hexane extracts, respectively (Figure 1). In Figure 1, the ethyl acetate extract exhibited superior
cytotoxicity, as evidenced by its lowest IC50 value.

Based on the initial screening results, the ethyl acetate extract was selected for further fractionation
using liquid-liquid partitioning with methanol, ethyl acetate, and hexane. Secondary screening of these
fractions confirmed their cytotoxic effects, with refined IC50 values of 2000 µg/mL, 320 µg/mL, and 200
µg/mL for the methanol, ethyl acetate, and hexane fractions, respectively (Figure 2). These
concentrations were established as reference points for subsequent biological evaluations.

The progression from initial extraction to bioactivity-guided fractionation revealed significant cytotoxic
potency in the fractions. While the original ethyl acetate extract showed promising activity (IC50: 238
µg/mL), subsequent fractionation led to enhanced activity in the hexane fraction (IC50: 200 µg/mL),

suggesting successful concentration of bioactive compounds through the partitioning process.

Effects of Apoptosis Induced by fractions Obtained by Methanol, Ethyl Acetate, and Hexane on Breast
Cancer Cells

In Figure 3A, the morphology and level of apoptosis in cancer cells exposed to fractions obtained by
methanol, ethyl acetate, and hexane are shown using a fluorescence microscope. The representation of
apoptosis in this figure indicates that cells undergoing early apoptosis exhibit a red coloration due to the
uptake of acridine orange, which stains the apoptotic cell membranes red. Late apoptotic cells take up
propidium iodide (PI) through their DNA, resulting in a bright red coloration, while necrotic cells appear
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enlarged and swollen, taking on a full red color as they undergo collapse. Healthy cells, on the other
hand, appear green and do not absorb any dye. As shown in Figure 3B, treatment of cancer cells with
fractions obtained by methanol, ethyl acetate, and hexane significantly increased apoptosis compared to
the control group; however, the hexane fraction demonstrated greater apoptotic effects than the others.

Effects of Fractions Obtained by Methanol, Ethyl Acetate, and Hexane on Pro-Apoptotic and Anti-
Apoptotic Genes in Breast Cancer Cells

As shown in Figure 4, the pro-apoptotic gene Bax is illustrated in Figure 4A, while the anti-apoptotic gene
Bcl-2 is shown in Figure 4B. The results from treating cancer cells with fractions obtained by methanol,
ethyl acetate, and hexane indicated that all three fractions significantly increased the expression of pro-
apoptotic genes (Bax) in these cancer cells compared to the untreated group. Among the fractions, the
hexane fraction exhibited a notably higher pro-apoptotic effect on gene expression than the others.
Additionally, these fractions led to a reduction in the expression of anti-apoptotic genes (Bcl-2). This
demonstrates that the fractions obtained by methanol, ethyl acetate, and hexane promote apoptosis in
breast cancer cells by affecting apoptotic-related genes.

Effects of the Fractions Obtained by Methanol, Ethyl Acetate, and Hexane on Angiogenesis and
Metastasis-Related Genes in Breast Cancer Cells

Figure 5 illustrates the effects of the fractions obtained by methanol, ethyl acetate, and hexane on the
expression of angiogenesis-related gene (VEGF) and metastasis-related genes (MMP2 and MMP9). All
three fractions significantly reduced the expression of VEGF compared to the control group, indicating
their anti-angiogenic effects in this type of cancer (Fig 5A). Additionally, it was observed that all three
fractions also significantly decreased the expression of MMP2 and MMP9 compared to the control
group, suggesting their anti-metastatic effects in this cancer (Fig 5B & C). Similar to the apoptotic gene
expression results, the hexane fraction exhibited greater anti-angiogenic and anti-metastatic effects than
the other fractions, indicating its stronger anti-cancer properties compared to the others.

Effects of the Fractions Obtained by Methanol, Ethyl Acetate, and Hexane on Migration and Metastatic
Potential in Breast Cancer Cells

To evaluate the invasive capacity and migration of cancer cells, we employed a wound healing assay.
After treating the cancer cells with all three fractions obtained by methanol, ethyl acetate, and hexane, it
was observed that the migration rate in cancer cells significantly decreased compared to the control
group, resulting in a delayed closure of the wound gap (Fig 6, Wound healing). Among the fractions,
hexane exhibited more pronounced and significant effects. Consequently, it was determined that all
three fractions showed considerable anti-tumor effects in breast cancer; however, hexane demonstrated
greater potency.

Effects of the Fractions Obtained by Methanol, Ethyl Acetate, and Hexane on Oxidative Stress Levels in
Breast Cancer Cells
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As shown in Figure 7, cells treated with all three fractions resulted in an increase in oxidative stress and
reactive oxygen species (ROS) within the cancer cells, which significantly increased compared to the
control group. Furthermore, among the fractions, hexane demonstrated a higher level of ROS in the
cancer cells.

Effects of the Fractions Obtained by Methanol, Ethyl Acetate, and Hexane on the Cell Cycle in Breast
Cancer Cells

As shown in Figure 8, treatment with all three fractions in cancer cells resulted in cell cycle arrest at
various stages. Specifically, all three fractions led to a reduction in the G1 phase and S phase, while
increasing the G2/M phase compared to the control group. Among the fractions, the results indicated
that the hexane fraction caused a more significant cell cycle arrest in this cancer cell line compared to
the others. Consequently, the anti-tumor effects of the hexane fraction were comparatively greater than
the other fractions.

Discussion
This study investigated the anticancer effects of Neophrissospongia endoumensis extracts on breast
cancer cells, revealing that all three solvent fractions (methanol, ethyl acetate, and hexane) induced
dose-dependent cytotoxicity, with hexane demonstrating the most potent antiproliferative and pro-
apoptotic activity. These results support the initial hypothesis that marine sponge-derived bioactive
compounds can exert significant cytotoxic and anti-metastatic effects on breast cancer cells. The
observed biological effects include induction of apoptosis, suppression of angiogenesis and metastasis-
related gene expression, inhibition of cell migration, increase in oxidative stress, and cell cycle arrest.

The cytotoxic profile, with IC₅₀ values of 238 µg/mL (ethyl acetate extract) and 200 µg/mL (hexane
fraction), is consistent with earlier reports of marine sponge extracts exhibiting selective anticancer
activity [18, 19]. For instance, Xestospongia testudinaria showed an IC₅₀ of 39.8 µg/mL and induced G₀/G₁
arrest and apoptosis in MCF-7 cells, alongside inhibition of migration [20]. Though less potent, the N.
endoumensis extracts demonstrated comparable functional outcomes across similar assays.

Apoptosis was confirmed through fluorescence microscopy and gene expression analysis. All extracts
increased the expression of the pro-apoptotic gene Bax and reduced the anti-apoptotic gene Bcl-2, with
the hexane fraction exerting the strongest effect [21]. These findings are in line with studies on
Dactylospongia elegans, where the metabolites pelorol and 5-epi-ilimaquinone promoted apoptosis in
melanoma cells by upregulating Bax and downregulating Bcl-2 and related anti-apoptotic factors [22].
Additionally, smenospongine, derived from Spongia pertusa, was shown to induce intrinsic apoptosis in
breast cancer stem-like cells through the p38/AMPKα pathway [23].

Furthermore, angiogenesis and metastasis suppression were observed, with all fractions reducing VEGF,
MMP2, and MMP9 expression. The hexane fraction showed the most pronounced effect [24]. These
results mirror the effects of 4-chloro fascaplysin, a marine sponge alkaloid that inhibited tumor growth
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and angiogenesis by disrupting the PI3K/Akt/mTOR pathway in breast cancer cells [25]. Similarly, Aaptos
suberitoides ethanol extract demonstrated anti-migration and anti-proliferation effects in HER2 + breast
cancer models [26].

The wound-healing assay further validated the anti-metastatic capacity of the extracts, highlighting the
suppression of cell migration. These effects align with the marine staurosporine analogue described by
Chen which inhibited both regular and drug-resistant triple-negative breast cancer cell migration and
induced apoptosis [27].

Oxidative stress, as evidenced by elevated intracellular ROS levels, likely contributes to the induction of
apoptosis and cell cycle arrest. However, caution is warranted, as ROS elevation could reflect generalized
cytotoxic stress rather than targeted therapeutic effect. This consideration is consistent with
observations from Monascus sp. NMK7 metabolites, which induced ROS-mediated apoptosis while
affecting mitochondrial membrane integrity and migration inhibition in breast cancer cells [28, 29].

In terms of cell cycle effects, all extracts decreased the proportion of cells in G₁ and S phases and
increased accumulation in the G₂/M phase. This suggests interference with cell cycle checkpoints,
possibly through DNA damage or mitotic stress. Similar mechanisms were reported with Xestospongia-
derived jorunnamycin A, which induced apoptosis and inhibited key KRAS-mediated survival pathways
including AKT and ERK in pancreatic cancer cells [30], and with emodin derivatives, which induced G₀/G₁
arrest and caspase-mediated apoptosis in MCF-7 cells [31].

Nevertheless, there are several limitations. The relatively high IC₅₀ values (> 200 µg/mL) suggest low
potency compared to benchmark compounds. Furthermore, the lack of data on normal cell selectivity
prevents conclusions about therapeutic index or safety. The use of crude extracts complicates
mechanistic interpretation due to the presence of multiple bioactive and possibly antagonistic
components. Additionally, the in vitro monolayer culture model may not fully recapitulate tumor
microenvironment complexity, limiting extrapolation to in vivo scenarios.

The results warrant further exploration, particularly via bioassay-guided isolation to identify and
structurally characterize the active compounds responsible for the observed effects [32]. Follow-up
studies should include caspase inhibition assays, ROS scavenger controls, and evaluations of selectivity
using non-cancerous breast epithelial cells. Ultimately, in vivo validation in xenograft or orthotopic
models will be essential to assess pharmacokinetics, efficacy, and toxicity under physiological
conditions. Comparable bioactivity-guided studies of natural-product extracts against cancer cell lines
[33] and selectively cytotoxic, migration-inhibiting anticancer nanoformulations [34] offer useful models
for these next steps.

Conclusion
This study provides compelling evidence for the anticancer potential of extracts from the marine sponge
Neophrissospongia endoumensis, with the hexane fraction demonstrating superior activity against breast
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cancer cells through multiple mechanisms. These findings not only align with and expand upon the
existing literature on sponge-derived compounds but also highlight the untapped potential of this
relatively understudied species in breast cancer therapy. By demonstrating effects on apoptosis,
migration, angiogenesis, oxidative stress, and cell cycle progression, this work contributes to the growing
body of evidence supporting the role of marine natural products in cancer treatment. However,
limitations such as the lack of in vivo data and uncharacterized chemical composition must be
addressed in future research to fully realize the therapeutic potential of N. endoumensis-derived
compounds. In light of recent advancements, such as the discovery of synergistic effects between
sponge-derived compounds and existing chemotherapeutics, this study lays a strong foundation for
further exploration of N. endoumensis as a source of novel anticancer agents. Collectively, these findings
support the continued development of marine-derived agents for targeted cancer therapy.
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Figures

Figure 1

Cytotoxicity of methanol, ethyl acetate and hexane extracts on breast cancer cells. (A) Methanol, (B)
ethyl acetate, and (C) hexane extracts were evaluated over a 48-hour period, showing a dose-dependent
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increase in cell death. Data are presented as mean ± SEM for triplicate measurements (significance
indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to untreated control).

Figure 2

Cytotoxicity of ethyl acetate fractions on breast cancer cells. (A) Methanol, (B) ethyl acetate, and (C)
hexane fractions were evaluated over a 48-hour period, showing a dose-dependent increase in cell death.
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Data are presented as mean ± SEM for triplicate measurements (significance indicated as *p < 0.05, **p
< 0.01, ***p < 0.001, and ****p < 0.0001 compared to untreated control)

Figure 3

Induction of apoptosis in breast cancer cells treated with Neophrissospongia endoumensis fractionated
extracts. (A) Fluorescence microscopy images depicting the apoptotic stages of cancer cells treated
with methanol, ethyl acetate, and hexane fractions. Early apoptotic cells are marked in red, late apoptotic
cells are bright red, and necrotic cells appear enlarged and fully red. (B) Quantification of apoptosis
reveals that the hexane fraction induced the strongest apoptotic effect compared to the other fractions.
Data are presented as mean ± SEM for triplicate measurements (significance denoted as *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001 relative to untreated control)
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Figure 4

Effects of methanol, ethyl acetate, and hexane fractions on pro-apoptotic and anti-apoptotic gene
expression in breast cancer cells. (A) Expression of the pro-apoptotic gene Bax, and (B) expression of
the anti-apoptotic gene Bcl-2 in breast cancer cells treated with methanol, ethyl acetate, and hexane
fractions. All fractions significantly increased the expression of Bax (pro-apoptotic) compared to the
untreated control, with the hexane fraction showing the strongest effect. Additionally, treatment with
these fractions led to a decrease in Bcl-2 (anti-apoptotic) expression. Data are presented as mean ± SEM
for triplicate measurements (significance indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001 compared to untreated control)
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Figure 5

Effects of methanol, ethyl acetate, and hexane fractions on angiogenesis and metastasis-related gene
expression in breast cancer cells. (A) Expression of the angiogenesis-related gene VEGF, (B) expression
of the metastasis-related gene MMP2, and (C) expression of MMP9 in breast cancer cells treated with
methanol, ethyl acetate, and hexane fractions. All three fractions significantly reduced the expression of
VEGF, indicating their anti-angiogenic effects, and decreased the expression of MMP2 and MMP9,
suggesting their anti-metastatic effects compared to the untreated control. Among the fractions, the
hexane fraction demonstrated the strongest anti-angiogenic and anti-metastatic effects. Data are
presented as mean ± SEM for triplicate measurements (significance indicated as *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 compared to untreated control)
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Figure 6

Effects of methanol, ethyl acetate, and hexane fractions on migration and metastatic potential in breast
cancer cells. Wound healing assays showed that all three fractions significantly reduced cancer cell
migration, delaying wound gap closure compared to the control group. The hexane fraction had the most
pronounced effect, demonstrating stronger anti-migratory and anti-metastatic potential. Data are
presented as mean ± SEM for triplicate measurements (significance indicated as *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 compared to untreated control)
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Figure 7

Effects of methanol, ethyl acetate, and hexane fractions on oxidative stress levels in breast cancer cells.
Treatment with all three fractions increased oxidative stress and reactive oxygen species (ROS) in cancer
cells, with levels significantly higher than the control group. The hexane fraction induced the highest ROS
levels among the fractions. Data are presented as mean ± SEM for triplicate measurements (significance
indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to untreated control)
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Figure 8

Effects of methanol, ethyl acetate, and hexane fractions on the cell cycle in breast cancer cells.
Treatment with all three fractions induced cell cycle arrest, with a reduction in the G1 and S phases and
an increase in the G2/M phase compared to the control group. The hexane fraction caused the most
significant cell cycle arrest, demonstrating stronger anti-tumor effects than the other fractions. Data are
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presented as mean ± SEM for triplicate measurements (significance indicated as *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 compared to untreated control)
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