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trated cytotoxicity in SKBR3 cells (ICso = 19.5 £ 1.7 pM) and MCE-7 cells (ICsq
= 36.2 + 2.4 uM), while sparing non-tumorigenic MCF-10A cells (>90% viabi-
lity; ICso = 327.5 £ 18.2 pM). Tangeretin markedly reduced clonogenic survi-
val (51.4 £ 3.1 colonies in SKBR3; 78.1 + 3.7 in MCF-7) and induced pronoun-
ced apoptosis, as evidenced by late apoptotic staining (50.6 *+ 2.3%), DNA
laddering, and strong activation of caspase-3/7 (3.4 £ 0.1-fold) and caspase-9
(2.9 £ 0.1-fold). Flow cytometry revealed significant G,/M phase arrest in
SKBR3 cells (38.9 £ 2.0%). Mechanistically, tangeretin suppressed AKT kinase
activity (0.4 + 0.04-fold), comparable to MK-2206 (0.3 + 0.0-fold), and reduced
the expression of phosphorylated HER2 (p-HER2), p-PI3K, p-AKT, p-mTOR,
p-p70S6K, and cyclin D1. These findings establish tangeretin as a selective
HER2-targeted anti-cancer candidate that acts through dual inhibition of the
PI3K/AKT/mTOR pathway and induction of mitochondrial apoptosis.

Introduction

mab, pertuzumab, lapatinib, and T-DM1 have signifi-
cantly improved patient outcomes, intrinsic and acquir-

Breast cancer is the most frequently diagnosed malig-
nancy and a leading cause of cancer-related mortality
among women, accounting for over 2.3 million new
cases and nearly 685,000 deaths worldwide (Sung et al.,
2021). Human epidermal growth factor receptor 2-
positive (HER2+) breast cancer represents approximate-
ly 15-20% of cases and is driven by the amplification or
overexpression of the ERBB2 oncogene (Slamon et al.,
2001; Loibl and Gianni, 2017). This subtype is clinically
aggressive, characterized by rapid disease progression,
high metastatic potential, and poorer survival outcomes
(Moja et al., 2012).

Although HER2-targeted therapies such as trastuzu-

ed resistance remains a major clinical challenge (Rima-
wi et al., 2015; Vu and Claret, 2012).

The phosphoinositide 3-kinase (PI3K)/AKT/mamma-
lian target of rapamycin (mTOR) signaling pathway is a
critical downstream effector of HER2 signaling. Its
hyperactivation promotes uncontrolled proliferation,
survival, metabolic reprogramming, angiogenesis, and
drug resistance (Miller et al., 2011; Mayer and Arteaga,
2016). Aberrations in this pathway —including PIK3CA
mutations, PTEN loss, and elevated AKT/mTOR acti-
vity are strongly associated with aggressive tumor
biology and poor responses to HER2-targeted therapies
(Loibl et al., 2016). Therefore, compounds capable of
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simultaneously suppressing multiple nodes within the
PI3K/AKT/mTOR axis are being actively investigated
as promising therapeutic strategies for cancer treat-
ment.

Plant-derived flavonoids have garnered significant
attention due to their pleiotropic anti-cancer effects and
low toxicity toward normal tissues (Panche et al., 2016).
Tangeretin, a polymethoxylated flavone predominantly
found in Citrus reticulata and C. sinensis, exhibits a wide
range of pharmacological properties, including anti-
inflammatory, antioxidant, cardioprotective, neuropro-
tective, and anti-cancer effects (Li et al., 2022; Guo et al.,
2014). It has demonstrated broad-spectrum anti-cancer
activity against breast, colon, liver, lung, prostate, and
glioma malignancies (Miyata et al., 2018; Chen et al.,
2020). Mechanistically, tangeretin modulates key cancer
-associated pathways such as PI3K/AKT, MAPK,
STAT3, NF-«kB, and Wnt/p-catenin, resulting in apop-
tosis, cell cycle arrest, and reduced metastatic potential
(Fang et al.,, 2016; Lai et al., 2011). In breast cancer
models, it downregulates cyclin D1, inhibits Bcl-2, acti-
vates caspases, and enhances sensitivity to chemothera-
peutic agents such as doxorubicin and paclitaxel (Braga
et al.,, 2021; Lai et al., 2007). Additionally, tangeretin has
shown potential in overcoming drug resistance by
modulating multidrug resistance proteins and suppre-
ssing cancer stem cell characteristics (Zhang et al,,
2020). However, its precise mechanistic effects on HER2
-positive breast cancer remain unclear. Given the
central role of PI3K/AKT/mTOR signaling in HER2-
driven oncogenesis and therapeutic resistance, evalua-
ting the inhibitory potential of tangeretin on this axis
represents a rational therapeutic approach.

This study investigates the antiproliferative and pro-
apoptotic effects of tangeretin on HER2-positive breast
cancer cells, emphasizing the suppression of the PI3K/

AKT/mTOR pathway and the induction of caspase-
dependent apoptosis. These mechanistic insights high-
light tangeretin's potential as a phytotherapeutic agent
or adjuvant treatment for HER2-driven breast cancer.

Materials and Methods
Cell culture

HER2-positive SKBR3, ER-positive MCF-7, and non-
tumorigenic MCF-10A human mammary epithelial cells
(ATCC origin; procured from CCMB, Hyderabad) were
used in this study. SKBR3 cells were maintained in
McCoy’s 5A medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin.
MCE-7 cells were cultured in high-glucose DMEM
containing 10% FBS and 1% penicillin-streptomycin.
MCEF-10A cells were grown in DMEM/F12 (1:1) supple-
mented with 5% horse serum, EGF (20 ng/mL), hydro-
cortisone (0.5 pg/mL), cholera toxin (100 ng/mL),
insulin (10 pg/mL), and 1% penicillin-streptomycin.
All cultures were maintained in T-75 flasks at 37°C in a
humidified 5% CO, incubator. Media were refreshed
every 48-72 hours, and cells were subcultured at 70-
80% confluence using 0.25% trypsin-EDTA. Experi-
ments were performed using cells between passages 5
and 20 to ensure phenotypic stability.

Morphological analysis

Morphological changes associated with cytotoxicity and
apoptosis were examined following treatment with
tangeretin at ICs, concentrations. Cells (2 x 10°/well)
were seeded into 6-well plates, allowed to adhere for 24
hours, and then exposed to tangeretin for an additional
24 hours. Doxorubicin (1 uM) and untreated cells
served as positive and negative controls, respectively.
Cellular morphology was observed using an inverted

Box 1: MTT assay
Principle

The cytotoxicity of the test samples was evaluated using the
MTT assay, a standard colorimetric method for quantifying
viable, metabolically active cells.

Requirements

96-Well plate, Antibiotic antimycotic cocktail, Dulbecco’s
Modified Eagles Medium (DMEM)-high glucose, ER-positive
MCE-7, Formazan, HER2-positive SKBR3, Isopropanol, Micro-
plate reader (Tecan Infinite F500, Switzerland), PBS, MTT,
Tangeretin, Trypsin

Procedure

Step 1: Cells were seeded into 96-well plates at a density of 5 x
10° cells/well in 100 pL of DMEM and allowed to adhere
overnight

Step 2: After cell adherence, the respective treatment
concentrations of tangeretin (1-50 pM; <0.1% DMSO) were

added, and the cells were incubated for 24 hours

Step 3: Following the treatment period, the culture medium
was gently aspirated, and the wells were washed with 200 pL
phosphate-buffered saline (PBS) to remove any residual
compounds

Step 4: Subsequently, 50 uL of MTIT solution (5 mg/mL
prepared in PBS) was added to each well, and the plate was
incubated for 3 hours to allow metabolically active cells to
form insoluble formazan crystals

Step 5: After incubation, the MTT solution was carefully
removed, and 200 pL. of DMSO was added to each well to
dissolve the formed formazan crystals

Step 6: The plate was incubated for 2 hours to ensure complete
solubilization. The absorbance of each well was measured at
570 nm using a microplate reader. Cell viability (%) was
calculated relative to that of the untreated control cells

Reference

Riss et al., 2016
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phase-contrast microscope (Olympus, Japan) at 20x
magnification. Representative images were captured to
assess hallmark apoptotic features, including cell
rounding, detachment, membrane blebbing, cytoplas-
mic shrinkage, and nuclear condensation. Pronounced
apoptotic changes were observed in SKBR3 and MCF-7
cells, whereas MCF-10A cells exhibited minimal altera-
tions.

Colony formation assay

The long-term anti-proliferative effect of tangeretin was
evaluated using a clonogenic assay, which measures the
ability of single cells to form macroscopic colonies (Brix
et al., 2020). SKBR3 and MCEF-7 cells were seeded in 6-
well plates at a density of 500 cells/well in 2 mL of
complete medium and allowed to adhere overnight.
The cells were then treated with tangeretin at their ICso
concentrations in serum-free medium (<0.1% DMSO).
Doxorubicin (10 pM) served as a positive control. After
24 hours, the treatment medium was replaced with
fresh complete medium, and the cultures were main-
tained for 14 days at 37°C in 5% CO,, with medium
renewal every 3-4 days. Colonies were fixed with 4%
paraformaldehyde for 15 minutes, stained with 0.5%
crystal violet for 30 min, washed, and air-dried. Colo-
nies containing =50 cells were counted manually, and
plating efficiency and relative clonogenic survival were
calculated relative to untreated controls.

Evaluation of apoptosis

Apoptosis induction by tangeretin was evaluated using
complementary morphological, biochemical, and mole-
cular assays after 24 hours of treatment of SKBR3 and
MCE-7 cells with their respective ICso concentrations.
Doxorubicin (10 pM) and untreated cultures served as
positive and negative controls, respectively.

EB/AO dual fluorescence staining

Apoptotic nuclear morphology was assessed using
ethidium bromide/acridine orange (EB/AO) staining, a
widely used and cost-effective fluorescence-based me-
thod for distinguishing viable, apoptotic, and necrotic
cells (Liu and Liu, 2015). Cells (2 x 10° cells/well) were
seeded in 6-well plates and incubated overnight before
treatment with tangeretin for 24 hours. Harvested cells
were washed twice with PBS, resuspended in 25 pL of
PBS, and mixed with an equal volume of EB/AO
solution (100 pg/mL). The stained cells were immedi-
ately examined under a fluorescence microscope
(Olympus). Live cells exhibited uniform green fluores-
cence; early apoptotic cells showed bright green nuclei
with chromatin condensation, while late apoptotic or
necrotic cells displayed orange-red fluorescence with
nuclear fragmentation.

DNA fragmentation assay

Internucleosomal DNA fragmentation was assessed

using the classical method described by Wyllie, which
detects apoptotic DNA laddering as a hallmark of
programmed cell death (Zhao et al., 2019). SKBR3 cells
were treated with tangeretin at its IC5o concentration
for 24 hours, with doxorubicin (10 pM) serving as a
refer-ence control. Cells were lysed on ice for 30 min in
lysis buffer (10 mM Tris-HCl, pH 7.4; 10 mM EDTA;
0.5% triton X-100) and centrifuged at 12,000 x g for 15
min at 4°C. The supernatants were treated with RNase
A (50 pg/mL, 37°C, 30 min) and Proteinase K (100 pg/
mL, 55°C, 1 hour). DNA was precipitated with
isopropanol and 3 M sodium acetate, washed, air-dried,
and resus-pended in TE buffer. Samples were separated
on 1.5% agarose gels stained with ethidium bromide,
and apop-totic ladder patterns were visualized under
UV illumi-nation.

Caspase-3/7 activity assay

Executioner caspase activation was quantified using the
luminescent Caspase-Glo® 3/7 assay (Promega, USA),
a sensitive and homogeneous method for monitoring
caspase activity in 96-well plates (Niles et al., 2016).
SKBR3 cells were seeded in white 96-well plates at a
density of 1 x 10* cells/well and incubated overnight.
Cells were then treated with tangeretin at ICs, concen-
trations for 24 hours, with doxorubicin (10 uM) serving
as a positive control. After treatment, 100 LL of Caspase
-Glo® reagent was added to each well, mixed gently,
and incubated for 30 min at room temperature in the
dark. Luminescence was measured using a BioTek
luminometer, based on a chemiluminescent reaction
with a peak emission at approximately 560 nm. Caspase
-3/7 activity was expressed as relative luminescence
intensity compared to untreated controls.

Caspase-9 activity assay

Mitochondria-mediated apoptosis was evaluated using
a fluorometric caspase-9 activity assay kit (Abcam, UK),
which detects the cleavage of an LEHD-conjugated
fluorescent substrate as an indicator of initiator caspase
activation (Riss et al., 2016). SKBR3 cells were treated
with tangeretin at their ICso concentrations for 24
hours, with doxorubicin (10 pM) serving as the positive
con-trol. Cells were harvested, lysed on ice, and
centrifuged at 12,000 x g for 10 min at 4°C. The
supernatants were then incubated with 50 pL. LEHD-
AFC substrate at 37°C for 1 hour. Fluorescence was
measured at excitation/emission wavelengths of
400/505 nm. Caspase-9 activi-ty was expressed as the
fold change relative to untrea-ted controls.

Cell cycle analysis by flow cytometry

Cell cycle distribution was analyzed following propi-
dium iodide staining and DNA content assessment by
flow cytometry, according to established protocols for
cell cycle analysis (Pozarowski and Darzynkiewicz,
2004). SKBR3 cells were seeded in 6-well plates (2 x 10°
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cells/well) and incubated overnight, then treated with
tangeretin at ICso concentrations for 24 hours. Doxo-
rubicin (10 pM) and untreated cultures served as
positive and negative controls, respectively. After treat-
ment, both floating and adherent cells were collected,
washed with cold PBS, and fixed in 70% ethanol at —20 °
C for at least 12 hours. The fixed cells were washed,
treated with RNase A (100 pg/mL, 37°C, 30 min), and
stained with PI (50 pg/mL) for 30 min in the dark. A
minimum of 10,000 events per sample were acquired
using a BD FACSCalibur (488 nm laser). Data were
analyzed using FlowJo (v5.2) and the Watson Pragmatic
model to determine the distributions of G,/Gj, S, and
Gz2/M phases. The phase percentages of treated and
control groups were compared to evaluate tangeretin-
induced cell cycle arrest.

AKT kinase activity assay

AKT kinase activity was quantified in SKBR3 cells
using a non-radioactive ELISA-based AKT kinase assay
kit (Abcam, UK), which is conceptually similar to estab-
lished immunoprecipitation kinase assays employing
GSK-3 fusion protein substrates (Maadi et al., 2014).
Cells were seeded in 6-well plates and grown to 70-80%
confluence before treatment with tangeretin at its ICso
concentration for 24 hours. MK-2206 (5 pM) and un-
treated cells served as positive and negative controls,
respectively. Following treatment, cells were washed
with cold PBS and lysed in kinase extraction buffer
supplemented with protease and phosphatase inhibi-
tors. Total AKT was immunoprecipitated using AKT
antibody-conjugated beads and incubated with the
GSK-3a/f fusion protein substrate in the presence of
ATP at 30°C. Phosphorylation of GSK-3a/p (Ser21/9)
was detected using a phospho-specific primary anti-
body, followed by an HRP-conjugated secondary anti-
body and TMB substrate. Absorbance was measured at
450 nm using a BioTek reader. Reduced absorbance
indicates decreased AKT kinase activity. Assays were
performed in triplicate and normalized to untreated
controls.

Western blot analysis of PI3K/AKT/mTOR pathway
proteins

Western blotting was performed to evaluate the modu-
lation of HER2-driven PI3K/AKT/mTOR signaling.
SKBR3 cells were seeded in 6-well plates (5 x 10° cells/
well), allowed to adhere overnight, and treated with
tangeretin at its ICso concentration for 24 hours. DMSO-
treated cultures served as negative controls, while MK-
2206 (2 pM) was used as a pathway-specific positive
control. After treatment, the cells were washed with ice-
cold PBS and lysed in RIPA buffer (pH 7.4) supplemen-
ted with protease and phosphatase inhibitors. The
lysates were incubated on ice for 30 min and centri-
fuged at 14,000 x g for 15 min at 4°C. Protein concentra-
tion was determined using a BCA assay. Equal amounts
of protein (30-40 ug) were resolved on 10% SDS-PAGE

gels and transferred onto PVDF membranes. Mem-
branes were blocked with 5% BSA in TBS-T for 1 hour
and incubated overnight at 4°C with primary anti-
bodies (1:1000; Cell Signaling Technology) against p-
HER2 (Tyr1248), p-PI3K (Tyr458), p-AKT (Serd73), p-
mTOR (Ser2448), p-p70S6K (Thr389), and cyclin D1.
After washing, membranes were incubated with HRP-
conjugated secondary antibodies (1:3000) for 1 hour at
room temperature. Protein bands were detected using
an ECL substrate (Bio-Rad) and imaged with a Chemi-
Doc™ MP system. P-Actin served as the loading
control. Band intensities were quantified using Image],
a validated platform for densitometric analysis of scien-
tific images (Schneider et al., 2012), and normalized to 3
-actin.

Statistical analysis

All experiments were performed in triplicate, and the
data are presented as the mean * standard deviation
(SD). Statistical analyses were conducted using
GraphPad Prism 6.0. Group comparisons were perfor-
med using one-way ANOVA followed by Tukey’s post-
hoc test. For pairwise comparisons, an unpaired two-
tailed Student’s t-test was used. Differences were
considered statistically significant at p<0.05.

Results
Cytotoxic effect

The cytotoxicity of tangeretin was evaluated in SKBR3,
MCEF-7, and MCF-10A cells using the MTT assay. Tang-
eretin reduced the viability of SKBR3 and MCEF-7 cells
in a concentration-dependent manner, while exerting
minimal effects on MCF-10A cell viability (Figure 1).

MCF-10A

-
D [e ] o
o o o
1 1 <
H
4
"l
q

% Viability

N
o
1

Concentration (uM)

Figure 1: Effect of tangeretin on the viability of SKBR3, MCEF-7,
and MCF-10A cells. Cells were exposed to tangeretin (1-50
uM) for 48 hours, and cell viability was quantified using the
MTT assay. Data are presented as mean + SD (n = 3)

SKBR3 cells exhibited the highest sensitivity to tange-
retin, with an ICso of 19.5 £ 1.6 uM, and viability decrea
-sed to 10.8 £ 2.6% at 50 pM (Table I). Doxorubicin (10
uM) reduced SKBR3 viability to 28.7 + 3.0% (ICso: 12.8 +
1.2 uM). In MCF-7 cells, tangeretin showed moderate



Bangladesh ] Pharmacol 2026; 21: 1-10 5

cytotoxicity (ICso: 36.2 + 2.4 uM), resulting in 41.6 *

Table I 2.4% viability at 50 pM, whereas doxorubicin exhibited

grea-ter potency (ICso: 15.6 = 1.7 uM). Conversely,

Effect of tangeretin on cell viability tangeretin displayed minimal cytotoxicity in MCF-10A

Cell line TG e ICs of doxorubicin cells, main-taining over 90% viability across all tested

(M) (M) concentra-tions, with an ICs, of 3275 + 182 uM.

SKBR3 195216 D8+12 Doxorubicin reduced MCF-10A viability to 60.4 + 2.3%

MCEF-7 36.2+2.4 15617 at10 uM (ICso: 2954 £15.8 uM).

MCE-10A 3275+18.2 2954+15.8 Morphological analysis of tangeretin-treated cells

Values are mean + SD; n=3

Morphological changes induced by tangeretin were
examined in SKBR3, MCF-7, and MCF-
Tangeretin (ICso) Doxorubicin (ICso) 10A cells at their respective IC5o concen

e B 3 % |l-trations. Untreated SKBR3 and MCEF-7
cells exhibited epithelial-like morpho-
logies, whereas MCF-10A cells formed
uniform cobblestone-like monolayers
(Figure 2A). Upon tangeretin exposure,
SKBR3 cells showed marked cyto-
plasmic shrinkage, membrane blebbing,
and detachment from the substrate
¥l surface. SKBR3 cells treated with doxo-
rubicin also displayed apoptotic
changes, although the extent of these
alterations differed. Tangeretin-treated
MCEF-7 cells demonstrated reduced cell
B4l density, loss of intercellular contacts,
and formation of apoptotic bodies. In
Bl contrast, MCF-10A cells maintained
normal morphological features with
minimal structural alterations following
tangeretin treatment.

A Control

AT 9

MCF-10A MCF-7 SKBR-3

SKBR-3

Effect on clonogenic potential of breast
cancer cells

The effect of tangeretin on long-term
proliferative capacity was evaluated
using a colony formation assay in
SKBR3 (HER2-positive) and MCF-7 (ER-
positive) cells. As shown in Figure 2B-
C, untreated SKBR3 and MCEF-7 cells
formed abundant colonies, with mean
colony numbers of 92.5 +4.2 and 100.2 +
5.1, respectively. Treatment with
tangeretin at ICso concentrations
significantly reduced the clonogenic
survival rates of both cell lines. In
SKBR3 cells, the colony number
decreased to 514 + 3.1 (p<0.01 vs.
control), whereas in MCF-7 cells, it
decreased to 78.1 + 3.7 (p < 0.05 vs.
control). Doxorubicin (10 pM) further

MCF-7

No. of colonies

Figure 2: Morphological changes were observed in SKBR3, MCF-7, and MCF-10A cells after 24-hours of treatment with tangeretin
at their respective ICso concentrations: 19.5 uM for SKBR3, 36.2 uM for MCF-7, and 327.5 pM for MCF-10A. Images were captured
using phase-contrast microscopy at a magnification of 20x (A). Effect of tangeretin and doxorubicin on the clonogenic survival of
SKBR3 and MCEF-7 cells; Representative images of crystal violet-stained colonies in SKBR3 and MCF-7 cells treated with vehicle
(control), tangeretin at their respective ICso concentrations: 19.5 uM for SKBR3 and 36.2 uM for MCF-7, or doxorubicin for 14 days
(B); Quantitative colony counts expressed as mean = SD (n = 3) (C)
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e

Figure 3: Representative fluorescence micrographs showing EB/ AO-stained SKBR3 and MCE-7 cells after tangeretin and doxoru-
bicin treatment. Arrows indicate viable (blue), early apoptotic (pink), late apoptotic (white), and necrotic (light blue) cells (A);
Quantitative bar graph representing the percentage distribution of normal, early apoptotic, late apoptotic, and necrotic cells in
each treatment group (B). Data are expressed as mean +SD (n = 3); Representative image of DNA fragmentation analysis of SKBR3
cells. Cells treated with tangeretin (ICso) and doxorubicin (10 uM) were subjected to agarose gel electrophoresis (C). DNA: DNA

ladder; Tan: Tangeretin; Doxo: doxorubicin

suppressed colony formation, yielding 47.8 + 2.6
colonies in SKBR3 and 52.4 + 2.9 colonies in MCE-7
cells, respectively.

Evaluation of apoptosis by EB/AO dual fluorescence
staining

Apoptotic induction by tangeretin was evaluated in
SKBR3 and MCEF-7 cells using EB/AO dual-fluores-
cence staining after 24 hours of exposure to ICso concen
-trations. As shown in Figure 3A-B, tangeretin
treatment increased the proportion of late apoptotic
cells in both cell lines, with SKBR3 exhibiting 50.6 +
2.3% and MCF-7 exhibiting 23.1 + 2.7% late apoptosis,
respectively. Correspondingly, the percentage of viable
cells decrea-sed to 18.5 £ 1.4% in SKBR3 cells and 48.2 +
1.9% in MCEF-7 cells. The necrotic population remained
low in both cell lines, with 9.2 £ 0.9% in SKBR3 cells and
13.4 +1.4% in MCF-7 cells. In comparison, doxorubicin
treat-ment resulted in 52.7 £ 3.9% late apoptotic cells in
SKBR3 and 48.7 + 2.9% in MCF-7, accompanied by
reductions in viable cell numbers. The necrosis percen-
tages were slightly higher in the doxorubicin-treated
groups than in the tangeretin-treated groups.

DNA fragmentation assay

Internucleosomal DNA fragmentation was evaluated in
SKBR3 cells treated with tangeretin at its IC5o concentra

-tion for 24 hours. As shown in Figure 3C, tangeretin-
treated cells exhibited a distinct laddering pattern con-
sisting of discrete oligonucleosomal fragments approxi-
mately 180-200 bp. A similar laddering profile was
observed in the doxorubicin-treated control. Untreated
control cells (data not shown) displayed intact genomic
DNA without fragmentation. The fragmentation
patterns in both tangeretin- and doxorubicin-treated
samples were comparable in terms of band clarity and
distribution.

Evaluation of caspase-3/7 and caspase-9 activities

Caspase activation following tangeretin treatment was
quantified in SKBR3 and MCEF-7 breast cancer cells.
Tangeretin increased both caspase-3/7 and caspase-9
activities in a cell line-dependent manner (Figure 4A).
In SKBR3 cells, tangeretin induced a 3.4 + 0.18-fold
increase in caspase-3/7 activity and a 2.9 * 0.16-fold
increase in caspase-9 activity relative to the untreated
control. Doxorubicin produced comparable increases of
3.8 £ 0.22-fold and 3.1 + 0.20-fold, respectively. In MCE-
7 cells, tangeretin resulted in a 2.3 + 0.15-fold increase in
caspase-3/7 activity and a 1.8 £ 0.1-fold increase in
caspase-9 activity. Doxorubicin elicited stronger
activation in MCEF-7 cells, yielding 2.9 + 0.19-fold and
2.3 £ 0.17-fold increases in caspase-3/7 and caspase-9
activities, respectively.
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A SKBR-3 MFC-7 B Caspase 3/7 activity
[0 Caspase 9 activity

Caspase activity
(Fold change over control)
N

Control  Tangeretin Doxorubicin  Control Tangeretin  Doxorubicin
B C 1

60.- SKBR-3 @ G0/G1 Phase
. S Phase

MK-2206
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0.6
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AKT kinase activity
(Fold change over control)

. - 0.0
Control Tangeretin Doxorubicin Control Tangeretin MK-2206

Figure 4: Quantitative analysis of caspase-3/7 and caspase-9 activities in SKBR3 and MCF-7 breast cancer cells after 24-hours treat-
ment with tangeretin at their respective ICso concentrations: 19.5 pM for SKBR3 and 36.2 uM for MCF-7 and doxorubicin (10 pM).
Untreated cells were used as controls (control). Caspase-3/7 and caspase-9 activities were measured using luminescent and fluo-
rometric assay kits, respectively, and expressed as fold-change over the control (A); Effects of tangeretin and doxorubicin on cell
cycle distribution in SKBR-3 breast cancer cells. The cells were treated with tangeretin at its ICso concentration of 19.5 uM or doxo-
rubicin (10 pM) for 24 hours and stained with propidium iodide for flow cytometry. The percentage distribution of cells in the Go/
Gy, S, and Gz/M phases was determined using Flow]Jo software (B). Effect of tangeretin and MK-2206 on AKT kinase activity in
SKBR-3 breast cancer cells. The cells were treated with tangeretin at its ICsp concentration of 19.5 pM or MK-2206 (5 uM) for 24
hours. AKT activity was measured using a cell-based ELISA to quantify GSK-3a/p phosphorylation at Ser21/9; The results are
expressed as fold changes relative to those of the untreated control (C). Data are the mean + SD of three independent experiments

Cell cycle analysis by flow cytometry the ICso concentration. As shown in Figure 4B,
tangeretin-treated cells exhibited an increased
proportion of cells in the G,/M phase (38.9 £ 2.0%)
compared to untreated controls (18.0 % 1.5%).

The effect of tangeretin on cell cycle progression was
evaluated in SKBR3 cells after 24 hours of treatment at

A SKBR-3

w

‘Control Tangeretin ] 8
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Figure 5: Representative western blot images showing the expression of phosphorylated HER2 (p-HER2), PI3K (p-PI3K), AKT (p-
AKT), mTOR (p-mTOR), p70S6K (p-p70S6K), and cyclin D1 in SKBR3 cells treated with vehicle control (DMSO), tangeretin at its
ICsp concentration of 19.5 uM or MK-2206 (2 uM) for 24 hours. B-actin was used as the internal loading control (A); Densitometric
quantification of the protein bands in the panel, expressed as fold change relative to control and normalized to p-actin (B). The
data represent the mean +SD of three independent experiments (n=3). p<0.05, vs. control; statistical analysis was performed us-
ing one-way ANOVA followed by Tukey’s post-hoc test
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Correspondingly, there was a decrease in the Go/G;
phase population (385 = 1.9% vs. 542 + 21% in
controls) and in the S phase (22.6 + 1.1% vs. 27.8 +
1.3%). Doxorubicin-treated cells exhibited a greater
accumulation in the G;/M phase (454 *= 24%),
accompanied by further reductions in the Go/G; (354 +
1.7%) and S-phase (19.2 +1.2%) fractions.

Evaluation of AKT kinase activity

AKT kinase activity was quantified in SKBR3 cells after
24 hours of treatment with tangeretin at its IC50
concentration of 19.5 pM. As shown in Figure 4C,
untreated control cells exhibited normalized AKT
activity (1.0 * 0.06-fold). Tangeretin-treated cells
showed a significant reduction in AKT kinase activity,
decreasing to 0.4 *+ 0.04-fold. The positive control, MK-
2206, further reduced activity to 0.3 + 0.03-fold. These
data indicate that tangeretin reduced the
phosphorylation of the AKT substrate GSK-3a/p under
the tested conditions.

Western blot analysis of the PI3K/AKT/mTOR
signaling pathway

The effect of tangeretin on the PI3K/AKT/mTOR
signaling pathway was evaluated in SKBR3 cells using
western blotting. As shown in Figure 5A-B, tangeretin
treatment for 24 hours reduced the phosphorylation of
several key signaling proteins. Compared to the
untreated control, p-HER2 decreased to 0.4 * 0.0-fold, p
-PI3K to 0.5 = 0.0-fold, and p-AKT to 0.4 + 0.1-fold.
Additionally, p-p70S6K and cyclin D1 levels were
reduced to 0.5 + 0.1 and 0.4 + 0.0-fold, respectively.
Cells treated with the AKT inhibitor MK-2206 (2 uM)
showed further reductions in these phosphoproteins,
with fold changes ranging from 0.2 to 0.4, depending on
the target.

Discussion

Tangeretin exhibited a robust and selective anti-cancer
profile against HER2-overexpressing SKBR3 cells, with
comparatively moderate effects on ER-positive MCE-7
cells and negligible toxicity on non-tumorigenic MCF-
10A cells. This selectivity is consistent with the unique
dependence of HER2-driven tumors on hyperactivated
PI3BK/AKT/mTOR signaling, a pathway extensively
reported to be vulnerable to flavonoid-mediated modu-
lation (Huang et al., 2018; Lee and Kim, 2020; Singh et
al., 2021). The preferential cytotoxicity observed in
SKBR3 cells indicates that tangeretin disrupts HER2-
linked survival mechanisms more effectively than in
luminal ER-restricted phenotypes, which rely on
distinct endocrine-regulated signaling pathways and
often exhibit flavonoid resistance (Wang et al., 2017).
Morphological analyses supported the cytotoxicity find-
ings, revealing classical apoptotic hallmarks —including
cytoplasmic shrinkage, membrane blebbing, detach-

ment, and apoptotic body formation—in tangeretin-
treated SKBR3 and MCEF-7 cells. These morphological
changes were more pronounced in SKBR3 cells, under-
scoring their heightened susceptibility to tangeretin-
induced apoptosis. In contrast, MCF-10A cells largely
retained their normal epithelial morphology, reinfor-
cing the compound'’s selective action toward malignant
phenotypes. This observation aligns with earlier studies
showing that polymethoxylated flavones selectively
perturb oncogenic kinases in malignant cells without
compromising normal cell integrity (Chen et al., 2019).
Tangeretin also significantly impaired long-term proli-
ferative capacity, as evidenced by reduced clonogenic
survival in SKBR3 and MCF-7 cells. The stronger
suppression in SKBR3 cells further confirmed HER2-
dependent vulnerability. Although doxorubicin exhibi-
ted greater potency, tangeretin demonstrated compara-
ble inhibition of colony formation with a potentially
improved safety margin, highlighting its potential as a
natural, pathway-directed antiproliferative agent.

Apoptosis-specific assays provided convergent mecha-
nistic evidence supporting this conclusion. EB/AO
fluorescence staining revealed a substantially higher
proportion of late apoptotic cells in SKBR3 cells com-
pared to MCF-7 cells, confirming differential apoptotic
signaling intensity. DNA fragmentation studies further
validated the activation of caspase-dependent
nucleases, with SKBR3 cells exhibiting pronounced
internucleosomal laddering comparable to that induced
by doxorubicin, indicating that tangeretin triggers
classical programmed cell death. The low necrotic frac-
tion across treatments suggests that tangeretin induces
controlled apoptosis rather than nonspecific necrosis, a
clinically favorable attribute. Caspase profiling suppor-
ted activation of the intrinsic mitochondrial apoptotic
pathway. Tangeretin markedly stimulated both caspase
-9 and caspase-3/7, with significantly stronger activa-
tion observed in SKBR3 cells. Given that HER2-positive
cancers maintain survival through AKT-mediated
stabilization of mitochondrial membranes, the enhan-
ced caspase-9 response likely reflects disruption of
upstream PI3K/AKT signaling. This response parallels
earlier findings linking flavones to mitochondrial outer
membrane permeabilization and cytochrome c release
(Zhao et al., 2020). Robust executioner caspase activa-
tion reinforces efficient propagation of apoptotic signals
to the terminal death machinery. Flow cytometric
analysis revealed that tangeretin induced a distinct G,/
M phase arrest in SKBR3 cells, consistent with its inter-
ference in mitotic progression.

Previous study has shown that flavonoids can activate
Chk1/Chk2 kinases or inhibit cyclin B1/cdc2 function,
leading to delayed mitotic entry (Park et al., 2016). The
observed G,/M arrest likely contributes to the initiation
of apoptosis, acting as a pre-apoptotic checkpoint
consistent with caspase activation and DNA fragmen-
tation. Mechanistically, the most compelling evidence
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comes from the AKT kinase assay and western blot
analysis, which demonstrate that tangeretin exerts
multi-level suppression of the PI3K/AKT/mTOR path-
way, a key survival signaling axis in HER2-positive
breast cancers. Tangeretin inhibited AKT activity to a
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Figure 6: Proposed mechanistic pathway of tangeretin in HER2
-positive breast cancer cells: Tangeretin inhibits HER2-
mediated activation of the PI3K/AKT/mTOR axis, leading to
the suppression of downstream effectors, including Cyclin D1
and p70S6K. AKT inhibition promotes mitochondrial dysfunc-
tion, caspase-9 and caspase-3/7 activation, DNA fragmenta-
tion, and apoptosis. Concurrently, the downregulation of
mTOR and cyclin D1 contributes to G,/M arrest and antipro-
liferative effects. Overall, tangeretin induced selective apoptot-
ic and cytostatic responses in HER2-overexpressing breast
cancer cells

similar extent as MK-2206, a clinically validated AKT
inhibitor, indicating that it functions as a potent natural
kinase modulator. Western blotting confirmed the
significant downregulation of phosphorylated HER2 (p-
HER?), PI3K (p-PI3K), AKT (p-AKT), mTOR (p-mTOR),
and p70S6K (p-p70S6K), and D1. These alterations are
mechanistically consistent with a reduced proliferative
drive, induction of G, /M arrest, and activation of mito-
chondrial apoptosis pathways. Notably, suppression of
cyclin D1 was directly associated with the cell cycle
perturbations observed in SKBR3 cells, reinforcing the
coherence of the mechanistic findings.

These integrated mechanistic insights are summarized
in Figure 6, which illustrates the proposed pharma-
cological mechanism: tangeretin suppresses HER2-
mediated activation of the PI3K/AKT/mTOR signaling
pathway, induces G;/M cell cycle arrest, activates
intrinsic caspase pathways, promotes DNA fragmenta-
tion, and ultimately triggers selective apoptosis in

HER2-overexpressing breast cancer cells. Collectively,
these findings position tangeretin as a promising natu-
ral therapeutic candidate capable of targeting HER2-
driven breast cancer through coordinated inhibition of
survival signaling networks alongside activation of
intrinsic cell death pathways. Its selectivity toward
malignant cells, combined with a mechanistically vali-
dated mode of action, indicates strong potential for
development as a standalone or adjuvant therapeutic
agent, particularly in HER2-positive tumors where
resistance to existing therapies remains a significant
clinical challenge.

This study is limited to in vitro models; the in vivo
efficacy, pharmacokinetics, bioavailability, and long-
term safety of tangeretin remain unaddressed. Addi-
tionally, its direct molecular interactions with HER2 or
AKT require further mechanistic validation.

Conclusion

This study identifies tangeretin as a selective and potent
anti-cancer agent against HER2-positive breast cancer,
demonstrating strong cytotoxicity toward SKBR3 cells
while sparing non-tumorigenic MCF-10A cells. Its
efficacy is mediated through coordinated inhibition of
the HER2-PI3K/AKT/mTOR survival pathway and
activation of intrinsic mitochondrial apoptosis.
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