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Purpose: Cancer therapy remains challenging because of recurrence, drug resistance, and severe side effects, driving the search for
novel complementary strategies. In this study, we explore, for the first time, the potential of Piper nigrum L. (P. nigrum L. black pepper),
a widely used spice known for its bioactive properties, in treating BT-474 luminal B and MCF-7 luminal A breast cancer cells.
Materials and Methods: BT-474 cells were treated with P. nigrum L. ethanolic extract (PNEE). Cytotoxicity, cell morphology, gene
and protein expression, cell death and cell cycle progression were evaluated using the MTT, microscopy, Reverse Transcriptase
Quantitative Polymerase Chain Reaction (RT-qPCR), Enzyme-Linked Immunosorbent Assay (ELISA), and flow cytometry, respec-
tively. MCF-7 cells were included as a comparative breast cancer model, whereas 3T3-L1 cells were used as a non-cancerous model.
Results: Our findings demonstrate PNEE’s multimodal activity in BT-474 cells, decreasing cell viability with an ICs, of 58 ppm, and
significantly suppressed colony formation. PNEE induced S-phase cell cycle arrest, and modulated several cancer-associated markers,
including EGFR, PI3K/AKT pathway components, cyclin A, MMP-9, HIF-1a, and BCL2. Furthermore, PNEE elicited a regulated cell
death phenotype with apoptotic features, distinct Annexin V/PI profiles in BT-474 luminal B and MCF-7 luminal A breast cancer cells.
In addition, PNEE showed lower cytotoxicity toward non-cancerous 3T3-L1 cells under experimental condition tested.
Conclusion: PNEE exerts multiple anticancer effects in BT-474 luminal B breast cancer cells and induces a regulated cell death
phenotype that does not fully conform to a canonical caspase-dependent apoptotic pattern. Distinct cell death responses observed
between BT-474 and MCF-7 cells further suggest that breast cancer subtype-specific factors may influence the cellular response to
PNEE. These findings support further investigation of PNEE, including mechanistic studies and evaluation of efficacy and safety in
appropriate in vivo models.
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Introduction

Breast cancer is currently the most commonly diagnosed malignancy in women, with approximately 2.30 million new cases
and 666,103 deaths worldwide." Among its molecular subtypes, Luminal B tumor has a poorer prognosis, with a higher
tendency to metastasize to distant organs, leading to significantly lower post-relapse survival rates than Luminal A.? Although
significant progress has been achieved in breast cancer management, current treatments still face considerable challenges,

including severe side effects such as fatigue, loss of appetite or diarrhea that often diminish patients’ quality of life.> Therefore,
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Graphical Abstract

Piper Nigrum Ethanolic Extract (PNEE)

A Potential Natural Strategy Against Breast Cancer
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Piper nigrum ethanolic extract (PNEE) exhibits anticancer activity against

breast cancer cells through multiple mechanisms while remaining non-toxic to normal cells,
supporting its potential as a promising lead candidate for breast cancer therapy.

PNEE: Piper nigrum ethanolic extract; BT-474: HER2+ breast cancer cells; MCF-7: ER+ breast cancer cells; 3T3-L1: Normal fibroblast cells.

there is continued interest in exploring new drug candidates to improve the therapeutic effect of existing cancer drugs,
improving patients’ quality of life, and preventing cancer.

Natural substances derived from medicinal plants have attracted increasing scientific attention due to their diverse
bioactive compounds and potential to modulate cancer-related pathways.*© Several studies have explored their roles as
complementary approaches in cancer treatment, including in aggressive breast cancer subtypes such as luminal B.’
Herbal medicine is widely used as a forms of Complementary and Alternative Medicine (CAM) among cancer patients,
including those with breast cancer, with reported roles in symptom management and supportive therapy.* ' Numerous
studies have demonstrated that herbal-derived compounds exhibit anticancer properties through multiple mechanisms,
including the inhibition of the cell proliferation and modulation of cell death pathways.”'>"'* Emerging evidence also
highlights potential synergistic interactions between herbal compounds and conventional chemotherapy agents.'> "’

This transition from palliative to therapeutic exploration has drawn attention to botanicals with potential biological
bioactivity. Among these, Piper nigrum L. (P. nigrum L., black pepper), which is one of the world’s most popular natural
spice products, has received considerable attention due to its reported pharmacological effects, including potential anticancer
activity.'®!” The pharmacological activities of P. nigrum L. are largely associated with its bioactive compounds, particularly
alkaloids. Among these compounds, piperine and piperidine derivatives have been extensively studied and are well-documented
to regulate cell proliferation, induce apoptosis, and inhibit metastasis processes.”?' In addition to these majors constituents,
several other alkaloids and alkaloid-like compounds, including piperamide, piperamine, sarmentine, trichostachine, and
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piperettine, have been reported to exhibit anticancer activity.”> 2® However, compared with piperine, these compounds remain
relatively underexplored, and their molecular mechanisms responsible for their biological activities are still not fully understood.

Although numerous ethnomedicinal plants remain unexplored, the selection of P. nigrum L. has attracted interest
because of its reported reproducible anticancer activity, a long history of human consumption, and a relatively well-
established safety profile. However, most previous studies have focused on isolated compounds such as piperine, whereas
the biological activity and underlying mechanisms of P. nigrum L. ethanolic extract (PNEE) remains poorly understood,
particularly in molecularly distinct breast cancer subtypes such as luminal B tumors.

Previous studies have demonstrated the anticancer potential of PNEE through multiple mechanisms, including induction
of cell death, reduction of cell proliferation, and generation of oxidative stress in various cancer cell models.”’ ' In breast
cancer, PNEE exhibits significant anticancer activity through reduce cell viability, induce cell death, and modulate cell cycle
progression in MCF-7 cells.?”*® In addition, chemopreventive effects have been reported in NMU-induced mammary tumor
rat models, where P. nigrum L. treatment was associated with reduced expression of MMP-2, MMP-9, and VEGF, suggesting
potential anti-metastatic and anti-angiogenic activities.””>’ However, its effects in luminal B breast cancer remain poorly
characterized. Given the heterogeneity of breast cancer subtypes, it is critical to assess whether the observed anticancer effects
of P. nigrum L. extracts are conserved across different molecular profiles. Furthermore, EGFR and PI3K/AKT signaling
pathways have emerged as important molecular targets for anticancer drug development. While previous studies have
demonstrated that P. nigrum L. extracts and their major alkaloid constituents exert antiproliferative and pro-apoptotic effects
in various cancer models, the involvement of EGFR and PI3K/AKT signaling in the anticancer activity of crude PNEE
remains largely unexplored.?® Therefore, these molecular markers were included in the present study to investigate potential
mechanisms underlying PNEE activity in luminal B breast cancer cells.

Despite these promising findings, the anticancer effects of PNEE on luminal B breast cancer cells, particularly BT-

474 cells, remain unexplored. Deng et al*’

reported potent activity of piperine-free P. nigrum fruit extract (PFPE) against
ZR-75-1 cells, another luminal B subtype, however, the effect of PNEE on BT-474 cells have not been characterized.
Given the established roles of EGFR/PI3K/AKT signaling, Cyclin A-mediated cell cycle progression, MMP-9-associated
metastasis, BCL2-regulated cell survival, and HIF-la-mediated stress responses in breast cancer progression, these
molecular markers were selected to further investigate the mechanisms underlying PNEE activity. Therefore, this study
aimed to address this gap by evaluating the potential of PNEE as a therapeutic agent against BT-474 breast cancer cells.
MCEF-7 cells, a luminal A subtype, were included for comparative cell death profiling, whereas non-cancerous 3T3-L1

fibroblasts were used to assess the selectivity of PNEE cytotoxicity.

Materials and Methods

Materials

The materials used in this research include the human breast cancer cell lines BT-474 (#HTB-20, ATCC, USA) and
MCF-7 (#HTB-22, ATCC, USA), as well as the non-cancerous mouse fibroblast cell line 3T3-L1 (CL—173TM, ATCC,
USA) cell lines, Roswell Park Memorial Institute (RPMI, Cat. No. SA R8758, Sigma Aldrich, Germany), fetal bovine
serum (FBS, Cat. No. SA F7524, Sigma Aldrich, Germany), penicillin-streptomycin (Cat. No. SA P4333, Sigma Aldrich,
Germany), dimethyl sulfoxide (DMSO) (Sigma Aldrich, Germany), trypsin (GIBCO, USA), Dulbecco’s phosphate
buffered saline (DPBS, Cat. No. D8662, Sigma Aldrich, Germany), ethanol 70% (LKPI, Indonesia), 3-[4,5-
dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide (Cat. No. M2003, MTT, Sigma-Aldrich, St. Louis, MO, USA),
RNase A II (Geneaid, Taiwan), propidium iodide (Cat. No. P4170, Sigma Aldrich, Germany), radioimmunoprecipitation
assay (RIPA) (Sigma Aldrich, Germany), Dulbecco’s Phosphate-Buffered Saline (DPBS) (Sigma Aldrich, Germany).
Protein expression analyses were performed using Human EGFR ELISA Kit (Cat. No. SEA757Hu, CCC, USA), Human
AIF (Apoptosis-Inducing Factor) ELISA Kit (Cat. No. EH2606, CCC, USA), and Human Caspase-3 ELISA Kit (Cat.
No. E-EL-H0017, Elabscience, USA). The Total RNA Mini Kit (RB100, Geneaid, Taiwan) and primers for gene
amplification (f-actin, cyclin A, PI3K, AKT, MMP-9, EGFR, and HIFlo) were obtained from Integrated DNA
Technologies (USA). Ethanol (96%), methanol (99.8%), sodium carbonate (Na,CO3), sodium nitrite (NaNO,), sodium
hydroxide (NaOH), ammonia solution (NHj3), chloroform (CHCI3), glacial acetic acid (CH;COOH), magnesium powder
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(Mg), and sulfuric acid (H,SO3) were obtained from Merck (Darmstadt, Germany). Phytochemical-specific reagents,
including iron (III) chloride (FeCly), 2.2-diphenyl-1-picrylhydrazyl (DPPH), Folin-Ciocalteu reagent, gallic acid
(CsHgOs), aluminum chloride (AICl3), quercetin (C1sH;00O7), and polyvinylpolypyrrolidone (PVPP), were obtained
from Sigma-Aldrich (St. Louis, USA). Alkaloid detection reagents (Wagner’s and Dragendorff’s) were freshly prepared
in-house using analytical-grade iodine (I,), potassium iodide (KI), bismuth subnitrate (BiONO5-H,0), and acetic acid
(Merck, Germany). Primers used in this study are listed in Table 1.

Ethical Approval

P, nigrum L. plants were collected from a plantation in West Bandung, West Java Province, Indonesia with permission from the
plantation owner. This permit is sufficient under Indonesian regulations on biodiversity use, as P. nigrum L. is a cultivated species
that is not listed as protected by Government Regulation No. 7 of 1999. All experimental procedures involving plant materials
complied with institutional approval from the Faculty of Medicine, Universitas Padjadjaran, as well as national legislation on
biodiversity and conservation of natural resources, including Law No. 32 of 2009 on Environmental Protection and Management
and Law No. 11 of 2013 (ratification of the Nagoya Protocol on Access and Benefit Sharing) and the international frameworks of
the Convention on Biological Diversity (CBD) and the Nagoya Protocol. A voucher specimen of P. nigrum L. (Voucher No. 581,
Plant Identification Form No. 464/LBM/IT/X1/2024) was deposited in the Herbarium Jatinangoriense (Biosystematics and
Molecular Laboratory, Biology Department, Faculty of Mathematics and Natural Sciences, Universitas Padjadjaran, Indonesia).
Taxonomic identification of the plant material was conducted by taxonomist Joko Kusmoro, following the methodologies
described in Anderson’s Flora Taxonomica™ and augmented with data from the Global Biodiversity Information Facility.*!
A representative specimen of Piper nigrum L. used in this study is shown in Figure 1.

P. Nigrum L. Ethanol Extract (PNEE) Preparation

To prepare the extract, 200 g of dried peppercorn from P nigrum L., was finely ground to enhance the solvent
penetration. Black pepper plants were macerated in 96% ethanol at room temperature for 48 hours. After maceration,
the solution was filtered sequentially through filter paper and 0.45 um syringe to remove particulates, and the filtrate was
then concentrated using a rotary evaporator (40—50°C under reduced pressure) in a fume hood until a viscous crude
extract (PNEE) were obtained. The final extract was transferred in vials at 4°C or —20°C for long-term stability. To
formulate the 100,000 ppm PNEE stock solution, 100 mg of the extract was homogenized in 1 mL dimethyl sulfoxide
(DMSO) using a vortex mixer. The stock solution was aliquoted into light-protected vials and refrigerated (4°C) until
further use. The stock solution was diluted in the RPMI-1640 complete medium to achieve the desired working
concentrations, prior to cellular treatment. The extract was evaluated as a crude preparation without quantitative
standardization of specific marker compounds, such as piperine. Consequently, the observed biological effects reflect
the combined activity of multiple constituents present in the extract.

Table | The Primers Used in This Study

Gene Forward Primer Reverse Primer

Cyclin A%* | 5'- GAA GAC GAG ACG GGT TGC A- 3’ 5’- AGG AGG AAC GGT GAC ATG CT- 3'

PI3K33 5'— ATG CCT GCT CTG TAG TGG TGG - 3' | 5 —CAT TGA GGG AGT CGT TGT GC - 3'

AKT3* 5' - TCTATG GCG CTG AGATTG TG - 3’ 5'— CTT AAT GTG CCC GTC CTT GT -3’

f-actin®® 5'- AGA AAATCT GGC ACC ACA CC- 3’ 5-GGG GTG TTG AAG GTC TCA AA- 3’

HIF-1-6*¢ | 5- GTA ATG CTC CCC TCA CCC AAC -3’ 5- GTG CAG GGT CAG CAC TACTTC -3’

Bcl-2% 5- TCG CCC TGT GGATGA CTG -3’ 5’- CAG AGA CAG CCA GGA GAA ATC A -3’

EGFR*® 5-CAC GTA CCA GAT GGATGT GAA C-3' 5-GCC GTG ATC TGT CAC CAC ATA-3'

MMP-9* | 5'. CAC CTT CAC TCG CGT GTA C-3' 5'- CAT CTG CGT TTC CAA ACC GAG-3'
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Figure | Piper nigrum L. plant used as the source of peppercorns for extract preparation in this study.

Phytochemical Screening

Phytochemical screening was conducted to identify the secondary metabolites in PNEE using qualitative colori-
metric assays. For each test, 2 g of the extract was dissolved in distilled water or ethanol, followed by reagent-
specific reactions: phenolics were detected via 5% FeCls (bluish-black coloration), tannins with 1% FeCl; (green,
red, purple, blue, or black hues), and flavonoids through sequential addition of magnesium powder, concentrated
HCIl, 2N H,SOy4, and 10% NaOH (orange, pink, or dark red coloration persisting >3 minutes). Alkaloids were
detected using Wagner’s reagent (chocolate-brown precipitate), whereas saponins were confirmed by the formation
of stable foam after shaking with 2N HCI. Color changes, precipitates, or foam stability were recorded immedi-
ately after reagent application, enabling preliminary characterization of bioactive compounds in the extract. This
approach provided a preliminary qualitative characterization of the major phytochemical classes present in PNEE.

Cancer Cell Culture and Treatment

The BT-474 luminal B breast cancer, MCF-7 luminal A breast cancer, and normal fibroblast 3T3-L1 cell lines were cultured
in RPMI medium supplemented with 10% FBS 100 IU/mL and 5% PS (100 pg/mL). Cells were maintained in a CO, (5%)
incubator at 37°C. For cytotoxicity studies, BT-474 and 3T3-L1 cells were treated with PNEE at the indicated concentrations.
DMSO at the corresponding final concentration served as the negative (vehicle) control. BT-474 cells were used as the
primary model for evaluating the cytotoxic and mechanistic effects of PNEE. Non-cancerous 3T3-L1 fibroblasts were
included to assess the selectivity of PNEE cytotoxicity. MCF-7 cells were used solely as a comparative breast cancer model
for cell death profiling by Annexin V/PI flow cytometry and were not included in cytotoxicity assays.
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MTT Assay

BT-474 or 3T3-L1 cells were seeded in 96 well plates at a density of 10,000 cells/well and treated with various doses of
PNEE. Extracts were obtained according to the methods described above. PNEE (50 mg) was dissolved in 500 pL
dimethyl sulfoxide (DMSO), and cells treated with the corresponding concentration of DMSO alone served as the vehicle
control (0 ppm PNEE). The experimental design consisted of one control group and 8 PNEE treatment groups (1, 5, 10,
25, 50, 75, 100, and 200 ppm). Tests were performed at the indicated doses for 24 h. Toxicity tests were conducted using
the MTT assay kit. The absorbance was measured using an ELISA reader (Multiscan EX, Thermo Scientific®, Singapore)
at a wavelength of 550 nm.

Microscopical Observation of Changes in Cell Morphology

The treated BT-474 cells were then observed under an inverted microscope to observe the morphological changes that
marked apoptosis, including the formation of apoptotic bodies, rounding of the cells, or membrane blebbing. In addition,
colony growth was monitored by serial microscopic imaging. Due to the tendency of BT-474 cells to grow as compact
three-dimensional colony-like aggregates, colony expansion was assessed by measuring colony area rather than by
conventional colony counting. The colony size was observed under an inverted microscope and the relative colony area
was quantified using ImageJ software (NIH, USA) and expressed as a percentage of the control group.*

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

After treatment, RNA was extracted using a Total RNA Mini Kit (Geneaid, Taiwan). mRNA expression of Cyclin A,
PI3K, AKT, EGFR, MMP9, BCL2, and HIF'lo was determined by RT-qPCR using the SensiFAST™ SYBR® No-ROX
One-Step Kit (Meridian Biosciences) and specific primers in the AriaMx Real-Time PCR System (Agilent Technologies,
USA). The PCR conditions were as follows: 45°C for 10 min for reverse transcription, 95°C for 2 min, and 40 cycles of
95°C for 5 s, and 60°C for 20s. Data were analyzed by the 2~**“T method, using the housekeeping gene f-actin as the
internal control. However, the use of a single housekeeping gene may represent a limitation for normalization.

Enzyme-Linked Immunosorbent Assay (ELISA)

BT-474 cells were seeded into 24-well plates at a density of 40,000 cells/well. After treatment, cellular proteins were
extracted by lysis in RIPA buffer to generate protein lysates. The expression levels of EGFR, Apoptosis-Inducing Factor
(AIF), and Caspase-3 proteins were quantified using commercially available ELISA kits specific to each target following
the manufacturer’s standardized protocol. Protein concentrations were normalized prior to ELISA analysis to ensure
comparability between samples.

Flow Cytometry
BT-474 and MCEF-7 cells were seeded in 24-well plates at a density of 30,000 cells per well and allowed to adhere
overnight. The cells were treated with PNEE at the specified concentrations for 24 h. Following treatment, the spent
medium was aspirated and pooled into a 15 mL falcon tube. Cells were washed with 1 mL PBS, and the wash solution
was transferred to the collected medium. Adherent cells were detached using 200 puL of 0.25% trypsin-EDTA solution (5-
minute incubation at 37°C), neutralized with complete medium, and transferred to the same falcon tube. The cell
suspension was centrifuged (1,500 rpm, 5 min), and the pellet was resuspended in 1 mL DPBS for subsequent analysis.
Cell death was evaluated via cytofluorometric assessment using fluorescein isothiocyanate (FITC)-labeled Annexin V to
detect phosphatidylserine externalization and Propidium Iodide (PI) to identify membrane-permeabilized cells. Initial
gating excluded debris based on the forward scatter (FSC) and side scatter (SSC) parameters. Apoptotic populations were
identified using dual-parameter plots: Annexin V-FITC (FL1 channel) versus PI (FL3 channel). Cells were classified as PI-/
Annexin V— (viable), PI-/Annexin V+ (early apoptotic), PI+/Annexin V+ (late apoptotic or secondary necrotic), and PI
+/Annexin V— (necrotic). Cell size alterations were additionally evaluated using PI versus forward scatter (FSC) plots,
where reduced FSC was interpreted as a decrease in cell size, a morphological feature commonly associated with apoptosis.
Selected Annexin V/PI and PI/FSC subpopulations were quantified for comparative analysis.
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For cell cycle analysis, ethanol-fixed cells were stained with PI to quantify the DNA content. Cell cycle distribution
was determined from DNA content histograms and quantified as the percentage of cells in GO/G1, S, and G2/M phases.
The samples were analyzed using a BD FACSLyric™ Flow Cytometry System (BD Biosciences) equipped with
FlowJo™ software (version 10.8; BD Biosciences).

Statistical Analysis

All data were obtained from three independent biological replicates, each of which contained triplicate technical
measurements. Results are presented as mean + standard error of the mean (SEM). Statistical analysis was performed
based on predefined comparisons between each group and its corresponding control using two-tailed Student’s #-test in
Microsoft Excel (Microsoft Office Home 2024, Version 2506). The threshold for statistical significance was set at p-value
of < 0.05.

Results
Phytochemical Constituents of PNEE

Qualitative phytochemical screening of PNEE indicated the presence of flavonoids and alkaloids, whereas phenolics,
tannins, and saponins were not detected (Table 2). Flavonoids were confirmed by the formation of a persistent orange-red
coloration following sequential treatment with magnesium powder, concentrated HCl, 2N H,SO;, and 10% NaOH.
Alkaloids were identified by the appearance of a distinct chocolate-brown precipitate following addition of Wagner’s
reagent. Tests for phenolic compounds, tannins, and saponins were negative: no bluish-black color was observed with 5%
FeCl;, no color changes indicating tannins with 1% FeCl;, and no stable foam was produced in the 2N HCI shake test.
The absence of these compounds indicates that flavonoids and alkaloids represent the major classes of secondary
metabolites detected in PNEE. These findings provide preliminary phytochemical basis for further investigation of the
biological activities of PNEE.

PNEE Inhibits Cell Proliferation and Induces S-Phase Cell Cycle Arrest

The cytotoxic effect of PNEE on BT-474 breast cancer cells was assessed using a MTT assay (Figure 2). Cell viability
decreased with increasing PNEE concentration, yielding an IC50 value of 58 ppm, indicating a concentration-dependent
response. At concentrations <10 ppm, cell viability remained near 100%, indicating minimal toxicity. The decrease in cell
viability began at 25 ppm (80.9%), dropping significantly to 58.4% at 50 ppm and 36.2% at 75 ppm. No further
substantial reduction in viability was observed at concentrations above 200 ppm, suggesting that the cytotoxic effect had
reached a plateau (Figure 2A). Based on these findings, subsequent experiments were performed to determine whether
this reduction in cell viability was associated with inhibition of cell proliferation, cell cycle perturbation, and/or induction
of cell death, with significant bioactivity thresholds identified between 25 and 100 ppm where the biological effects
became evident.

Table 2 Qualitative Phytochemical
Screening of PNEE

Phytochemical Class | Detection
Phenolics -
Tannins -
Flavonoids +
Saponins -
Alkaloids +

Notes: Results are expressed as qualitative detec-
tion (+) or non-detection (—) of phytochemical
classes based on colorimetric screening assays.
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To evaluate potential selective toxicity, we examined the effect of PNEE in non-cancerous 3T3-L1 fibroblast cells at two
relevant concentrations. Results showed that 50 ppm PNEE did not induce cytotoxicity (98.2% cell viability), whereas 75 ppm
PNEE induced 35% toxicity (Figure 2B). Considering that 50 ppm markedly reduced the viability of BT-474 cells while
exerting minimal effects on normal fibroblasts, we selected 50 ppm PNEE for all subsequent experiments.

To assess long-term survival, a colony formation analysis was performed, as illustrated in Figure 3. At 0 h, the initial colony
sizes were comparable between the control and treated groups. However, after 24 h, the control colonies showed substantial
expansion, whereas the PNEE-treated colonies remained compact and showed minimal growth. This divergence became more
pronounced at 72 h; control colonies occupied larger confluent areas, whereas PNEE-treated colonies remained sparse, small, and
fragmented (Figure 3A). ImageJ quantification demonstrated that the relative colony area of PPNE-treated cells was reduced
approximately 74% to 25% at 24h and from 100% to 30% at 72h compared with the corresponding control groups (Figure 3B).
These findings indicate that PNEE exerts a potent time-dependent inhibitory effect on BT-474 cell proliferation and impairs
clonogenic survival, thus strengthening its cytotoxic and antiproliferative potential against BT-474 breast cancer cells.
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Figure 2 Cytotoxic effects of PNEE on (A) HER2-positive BT-474 breast cancer cells and (B) 3T3-LI fibroblasts. Cells were treated with the indicated concentrations of
PNEE for 24 h, followed by MTT viability assay (absorbance measured at A=550 nm). The 0 ppm group represents the DMSO vehicle control. Values represent mean +SD of
three independent experiments.
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Figure 3 PNEE reduced the colony area of BT-474 cells. (A) Representative bright-field microscopy images captured using an inverted phase-contrast microscope (100%
magnification) showing the colony morphology of untreated (control) and PNEE-treated (50 ppm) BT-474 cells at 0, 24, and 72 h post-treatment. (B) Quantitative analysis of
relative colony area of PNEE treatment compared to control, using Image] software. Data are presented as mean * SEM from three independent experiments. Statistical
comparisons between control and PNEE-treated groups at each time point were performed using a two-tailed Student’s t-test (*p < 0.05).
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Flow cytometric analysis revealed that treatment with 50 ppm PNEE for 24 h increased the proportion of BT-474 cells
in the S-phase from 16.4% in control cells to 27.2% in PNEE-treated cells, indicating S-phase cell cycle arrest. This
increase was accompanied by a reduction in the GO/G1 population (58.5% to 51.2%) and the G2/M population (18.5% to
16.4%) (Figure 4A and B). Consistent with these findings, RT-qPCR analysis showed significant downregulation of the
cell cycle regulator cyclin A (0.02-fold), PI3K (0.18-fold), AKT (0.14-fold), and EGFR (0.04-fold) (Figure 4C). ELISA
analysis further demonstrated a reduction in EGFR protein level from approximately 19.5 ng/mL in control cells to 4.5
ng/mL in PNEE-treated cells, following PNEE treatment (Figure 4D), consistent with the decrease of EGFR mRNA
expression. RT-qPCR analysis further demonstrated an increase in HIF-la expression following PNEE treatment
(Figure 4C), suggesting activation of a cellular stress-response despite the simultaneous suppression of EGFR/PI3K/
AKT pathway components and Cyclin A. In addition, expression of the metastasis-related gene MMP9 was reduced to
0.82-fold relative to the control group (Figure 4C), indicating a potential inhibitory effect of PNEE on metastasis-related
signaling.
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Figure 4 PNEE induced cell cycle arrest and modulated growth-related molecular markers in BT-474 cells. BT-474 cells were treated with 50 ppm PNEE for 24 h. (A and B)
Cells were fixed with 70% ethanol, stained with propidium iodide (Pl), and analyzed by flow cytometry to determine cell cycle distribution. The x-axis indicates the cell cycle
phase, and the y-axis represents the relative cell population. (C) Gene expression levels of cyclin A, PI3K/AKT, EGFR, MMP9, BCL-2, and HIF | & were measured by RT-qPCR,
using f-actin as the housekeeping gene. Expression data were based on CT values from the control and treated groups. (D) EGFR protein levels were quantified by ELISA and
absorbance was measured at 450 nm. All results are presented as the mean * SD from three independent experiments. Statistical significance (triplicate experiments)
analyzed by two-tailed t-test is denoted as *p < 0.05 compared to the control.
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PNEE Promotes Apoptosis-Like Cell Death in BT-474 Cells and Early Apoptotic
Features in MCF-7 Cells

Flow cytometric analysis demonstrated that treatment with 50 ppm PNEE for 24 h induced distinct Annexin V/PI
staining profiles in both BT-474 luminal B and MCF-7 luminal A breast cancer cells (Figure 5A, B and Table S1).
Quantitative analysis of Annexin V/PI staining revealed significant alterations in cell population distribution following
PNEE treatment. In both cell lines, apoptosis represented the predominant mode of cell death, whereas the necrotic
population remained comparatively low (Table S1).

In BT-474 cells, PNEE markedly increased the PI'/Annexin V" population from 3.00+1.43% in the control group to
63.77+1.47% following treatment, whereas the PI /Annexin V" population remained low (2.21£0.26%) (Figure 5A and
Table S1). The predominance of PI'/Annexin V" cells, together with the increased PI'/FSC™ population, is consistent
with a late apoptotic phenotype characterized by lost membrane integrity, phosphatidylserine externalization, and reduced
cell size (Figure 5A and Table S1, S2). Quantitative analysis further demonstrated a marked increase in the late
apoptosis-like population from 3.00 + 0.43% in untreated cells to 63.77 = 1.47% following PNEE treatment, whereas
the necrotic population remained comparatively low (1.29 + 5.77%) (Table S1). Bright-field microscopy confirmed these
findings, with PNEE-treated BT-474 cells displaying classical apoptotic morphology, including cell round-up, membrane
blebbing, apoptotic body formation, which were absent in control groups (Figure 5B). However, ELISA demonstrated no
upregulation of caspase-3 (5.5 ng/mL in control cells to 1.8 ng/mL following PNEE treatment) or AIF protein levels (2.5
ng/mL in control cells versus 2.4 ng/mL following PNEE treatment) (Figures 5C and D), suggesting that the observed
apoptosis-like phenotype is not fully explained by canonical caspase-dependent or AIF-mediated cell death pathways.

In contrast, MCF-7 cells exhibited a distinct apoptotic response to PNEE treatment (Figure SA and Table S1, S2).
Although a PI'/Annexin V' population was observed (18.15+0.71%), this proportion was substantially lower than that
detected in BT-474 cells (63.77+1.47%) (Figure 5A and Table S1). In addition, the proportion of PI"/FSC™ cells was lower in
MCEF-7 cells (7.07+0.46%) than in BT-474 cells (25.90+0.08%), suggesting less progression toward advanced apoptotic
morphology (Figure SA and Table S2). Conversely, MCF-7 cells exhibited a higher proportion of PI /Annexin V"' cells
(56.50%) than BT-474 cells (2.21%), indicating a greater representation of early apoptotic cells (Figure 5A and Table S1). This
observation was further supported by a larger PI /FSC™ population in MCF-7 cells (19.37+£0.90%) compared with BT-474
cells (3.35+0.71%), consistent with increased cell shrinkage in the absence of membrane permeabilization (Table S2).
Together, these results suggest that PNEE induced a distinct apoptotic response in MCF-7 cells, characterized by a greater

representation of early apoptotic features and reduced progression to late stages than in BT-474 cells.

Discussion
This study demonstrates the anticancer potential of P. nigrum L. ethanolic extract (PNEE) against BT-474 luminal B breast
cancer cells for the first time. Our findings highlight that PNEE not only inhibits cell proliferation and colony formation but
also induces S-phase cell cycle arrest and features consistent with apoptosis-like cell death, with molecular changes suggestive
of stress-related pathways, HIF-1o upregulation. These findings expand the therapeutic potential of P. nigrum L. beyond that
of previously studied cancer models, especially in tackling luminal B breast cancer, which is known for its aggressive behavior
and treatment resistance.”>* P nigrum L. has long been utilized in traditional medicinal systems, including Ayurveda and
traditional Asian medicine, for the management of various ailments. It has also been traditionally used in several regions as
a complementary herbal remedy for tumor-related conditions, and its ethnomedicinal use has motivated further investigations
into its anticancer potential. The present findings further support these reports by demonstrating the antiproliferative effects, S-
phase cell cycle arrest, and apoptosis-like cell death induced by PNEE in BT-474 luminal B breast cancer cells.
Phytochemical screening of PNEE identified the presence of flavonoids and alkaloids, whereas phenolic compounds,
tannins, and saponins were notably absent. Previous studies have reported variability in the phytochemical composition of
P. nigrum L. extracts depending on the plant material, extraction solvent, and analytical methods employed. Nevertheless,
alkaloids and flavonoids are among the most consistently reported phytochemical classes in P. nigrum L., and have been
widely associated with its anticancer activity through several well-established pathways.® Alkaloids have been reported to
modulate key oncogenic signaling cascades, particularly the PI3K/AKT®' and EGFR* pathways, can suppress STAT3
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Figure 5 PNEE induced cell death in BT-474 luminal B and MCF-7 luminal A breast cancer cells. (A) Representative Annexin V/Pl and PI/FSC flow cytometry plots.
(B) Bright-field microscopy showing cell rounding (black arrows), membrane blebbing (red arrows), and apoptotic body formation (yellow arrows), in BT-474 cells treated
with 50 ppm PNEE for 24 h compared to solvent control. (C) Caspase 3 and (D) AlF protein levels were quantified using ELISA in BT-474 cells following protein extraction,
with absorbance measured at 450 nm. Statistical significance (triplicate experiments) analyzed by two-tailed t-test is denoted as *p < 0.05 compared to the control.
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activation,** and promote mitochondria-mediated apoptosis by disrupting the balance between pro-apoptotic Bax and
antiapoptotic Bcl-2 proteins triggering the apoptotic cascade.* Alkaloids reported to interfere cell cycle progression by
modulating cyclin-dependent kinases, resulting in cell cycle arrest at the S-phase,*® activated programmed cell death through
both intrinsic (mitochondrial) and extrinsic (death receptor) pathways by regulating Bcl-2 family proteins and caspase
activation,”** and demonstrated antimetastatic properties by inhibiting epithelial-mesenchymal transition and matrix metal-
loproteinase activity.*’ Caspase-independent apoptosis has also been reported by flavonoid or alkaloid induction in various
cancer cells.**%>! Therefore, the phytochemical profile observed in the present study provides a plausible biochemical basis
for the antiproliferative activity, S-phase cell cycle arrest, and apoptosis-like phenotype induced by PNEE in BT-474 cells.

The differential sensitivity observed between BT-474 and 3T3-L1 cells is consistent with previous reports showing that
cancer cells are generally more susceptible to phytochemicals because of their altered metabolism, dysregulated proliferative
signaling, and increased oxidative stress.*'** However, because 3T3-L1 fibroblasts are not normal mammary epithelial cells,
these findings should be interpreted as preliminary evidence of differential sensitivity rather than definitive tumor selectivity.

The antiproliferative activity of PNEE observed in the MTT and colony formation assays is consistent with previous
studies identifying alkaloids as a major bioactive constituents of P. nigrum L. with cytotoxic and growth-inhibitory
properties.”’**?® In the present study, PNEE significantly suppressed BT-474 cell proliferation in dose- and time-
dependent manners. These findings are consistent with previous reports describing the antiproliferative effects of PNEE in
various cancer models,”® confirming its broad-spectrum efficacy and establishing its potency against the more clinically
challenging luminal B subtype. Our results also agree with a recent work on Piperine-Free P. nigrum Fruit Extract (PFPE), an
ethanol-based fraction that exhibited antiproliferative effects in ZR-75-1 luminal B cells.?” Together, these findings suggest
that the anticancer activity of P. nigrum L., is not solely attributable to single bioactive compound but rather to the combined
effects of multiple constituents in the extract.

At the cellular level, PNEE-induced cell cycle arrest was specific to the S phase in BT-474 luminal B breast cancer cells,
accompanied by downregulation of cyclin A and key regulators of the PI3K/AKT pathway. As a receptor tyrosine kinase
(RTK), EGFR activation typically triggers the downstream PI3K/AKT and Ras/MAPK pathways, promoting cyclin-CDK
complex formation and cell cycle progression.? Therefore, suppression of these molecules provides a plausible molecular
basis for the antiproliferative effects observed in the present study. These findings are consistent with previous reports
demonstrating that PNEE induces cell cycle arrest in several cancer models, although the affected phase appears to be cell
type-dependent. Whereas G0/G1 arrest has been reported in MCF-7 (breast), PANC-1 (pancreatic), HeLa (cervix), and KKU-
100 (CCA) cancer cell lines,” >3 PNEE induced S-phase arrest in BT-474 cells, A similar S-to-G2/M cell cycle blockade has
also been reported in KKU-M452 cholangiocarcinoma (CCA) cells following PNEE treatment,>® supporting the notion that
the effects of PNEE on cell cycle progression are context-dependent. The observed suppression of EGFR is consistent with
our in silico predictions and other studies, wherein non-piperine P. nigrum derivatives, including piperamide and piperamine
derivates may interact with EGFR.>¢7

To our knowledge, this is the first study demonstrating coordinated suppression of EGFR and PI3K/AKT signaling
pathway by PNEE in BT-474 luminal B breast cancer cells. Although inhibition of this pathway has previously been reported
for isolated P. nigrum L. constituents, particularly piperine, in SNU-16 gastric cancer cells and in a xenograft tumor model,*®
evidence for the crude ethanolic extract has remained limited. Therefore, our findings expand the current understanding of the
molecular mechanisms underlying the antiproliferative activity of PNEE. Furthermore, the downregulation of MMP-9
expression is consistent with previous studies in MCF-7 luminal A breast cancer cells>> and NMU-treated mammary tumor
rats treated with piperine-free P nigrum fruit extract (PFPE),>’ suggesting that PNEE may also influence metastasis-related
pathways. Nevertheless, whether these molecular changes translate into functional inhibition of migration, invasion, or
metastasis remains to be determined.

Importantly, our study revealed that PNEE induced distinct apoptosis in BT 474 luminal B and MCF-7 luminal A breast
cancer cells. Although both cell types exhibited shrinkage and phosphatidylserine exposure, hallmarks of apoptosis, their
apoptotic profiles differed. BT-474 cells displayed rapid progression to late apoptosis, whereas MCF-7 cells showed early
apoptotic dominance, but minimal late apoptosis, suggesting a delayed or incomplete apoptotic program. This differential
response may reflect intrinsic variations in the apoptotic machinery between luminal A and B subtypes, which may influence
therapeutic outcomes. Notably, no upregulation of caspase-3 or AIF protein was observed in BT-474 cells. As caspase-3 and
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AIF are key mediators of canonical apoptosis and caspase-independent cell death, respectively,’® these findings suggest that
the observed cell death may not be fully explained by increased expression of these pathways alone. Our findings align with
previous reports that revealed that certain phytochemicals can trigger alternative cell death pathways, particularly in apoptosis-
resistant cancer cells.®

The upregulation of HIF-la and suppression of Bcl-2 further support activation of cellular stress responses and
mitochondrial destabilization, following PNEE treatment®'-®* Elevated HIF-Ia expression implies cellular adaptation to
metabolic stress and regulation of cell death under adverse conditions.®*®* Concurrently, suppression of Bel-2 supports
mitochondrial destabilization, tipping the balance toward cell death, a process that has been reported to occur even in the
absence of caspase activation.”'>*%5 In the present study, these molecular changes, together with reduced caspase-3
expression and unchanged AIF levels, suggest that PNEE induces a regulated cell death that does not fully conform to the
classical caspase-dependent pathway. The predominance of early apoptosis in MCF-7 cells may also be influenced by the
well-documented deficiency of functional caspase-3 in this cell line,°® whereas BT-474 cells progressed more rapidly to
late apoptosis. Nevertheless, the precise molecular mechanisms underlying these subtype-specific responses require
further investigation.

Collectively, our findings provide new evidence for the anticancer activity of PNEE by demonstrating its ability to
inhibit cell proliferation, disrupt oncogenic signaling, modulate metastasis-associated markers, and induce regulated
apoptosis-like cell death in BT-474 breast cancer cells. Comparation with MCF-7 luminal A cells further demonstrated
subtype-specific differences in apoptotic responses, emphasizing the influence of molecular context on the cellular effects
of PNEE. These actions, together with its favorable selectivity toward cancer cells over non-cancerous 3T3-L1 cells,
support the potential of PNEE as a promising candidate for further preclinical development. Nevertheless, the present
study evaluated acute cellular responses following 24-hour treatment and did not address long-term therapeutic effects.
Although a standard chemotherapeutic agent was not included, future studies should compare PNEE with established
anticancer drugs, such as cisplatin, paclitaxel, or doxorubicin. Further investigations should also focus on identifying and
quantitatively the bioactive compounds responsible for these activities, elucidating the molecular mechanisms underlying
the observed cell death responses, combining PNEE with standard anticancer agents, and evaluating the efficacy and
safety of PNEE in appropriate in vivo models.

Conclusion

This study provides the new insights into the anticancer potential of PNEE in BT-474 luminal B breast cancer cells.
PNEE exhibited selective cytotoxic and antiproliferative effects against BT-474 luminal B breast cancer cells while
showing minimal toxicity toward normal fibroblast cells under the experimental conditions tested. PNEE arrested cell
cycle progression at the S-phase and modulated several cancer-associated molecular markers, including EGFR, PI3K/
AKT pathway components, cyclin A, MMP-9, HIF-1o, and BCI-2. In addition, PNEE triggered a regulated apoptosis-like
cell death phenotype that did not conform to the canonical caspase-3-dependent mechanism. Comparative analysis with
MCF-7 luminal A cells further demonstrated subtype-specific differences in apoptotic responses, suggesting that the
cellular effects of PNEE may depend on the molecular characteristics of breast cancer subtypes. These findings support
the further investigation potential of PNEE as a source of bioactive compounds for breast cancer therapy. Future studies
should focus on elucidating the underlying cell death mechanism and evaluating the efficacy and safety of PNEE in
appropriate in vivo models, and determining its optimal dosage and potential interactions with existing therapies.

Abbreviation

AlCl3, aluminum chloride; AIF, Apoptosis-Inducing Factor; ATCC, American Type Culture Collection;BiONO3-H,0,
bismuth subnitrate; CAM, Complementary and Alternative Medicine; CBD, Convention on Biological Diversity; CE,
Catechin Equivalent; C;H¢Os, gallic acid; C;sH;907, quercetin; CHCl;, chloroform; CH3COOH, glacial acetic acid;
DMSO, dimethyl sulfoxide; DPPH, diphenyl-1-picrylhydrazyl;ELISA, Enzyme-Linked Immunosorbant Assay; EndoG,
endonuclease G;FBS, fetal bovine serum; FeCls, iron (II) chloride; FSC, forward scatter; GAE, Gallic Acid Equivalent;
GLOBOCAN, Global Cancer Observatory; H,SO 3, sulfuric acid; KI, potassium iodide; Mg, magnesium powder; MTT,
3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide; Na,CO;, sodium carbonate; NaNO,, sodium nitrite;
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NaOH, sodium hydroxide; NH3, ammonia solution; PBS, phosphate buffered saline; PI, Propidium Iodide; PI3K/AKT,
Phosphoinositide 3-kinase/Protein kinase B; PFPE, piperine-free P. nigrum fruit extract; PNEE, P. nigrum ethanolic
extract; PVPP, polyvinylpolypyrrolidone; QE, Quercetin Equivalent; RIPA, radioimmunoprecipitation assay; ROS,
Reactive Oxygen Species; RPMI, Roswell Park Memorial Institute; RT-qPCR, Reverse Transcriptase Quantitative
Polymerase Chain Reaction; RTK, receptor tyrosine kinase; SEM, standard error of the mean; SSC, side scatter; TAE,
Tannic Acid Equivalent.
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