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Abstract
Background  TNBC is an aggressive metastatic cancer that poses considerable treatment challenges because of 
its acquired drug resistance towards the existing targeted and hormonal therapies. The epigenetic modulation 
including HDACs triggers the EMT in TNBC which produces a more aggressive tumor phenotype. Chemotherapy and 
radiotherapy cause severe side effects which make treatment complex and challenging. To avoid these serious side 
effects and boost the effectiveness of current anti-cancer medications, plant flavonoids have been investigated.

Aim of the study  The present investigation is aimed to understand the role of dietary flavonoid Gal in the 
modulation of epigenetic regulators such as HDACs and HATs and their impact on the reversal of the EMT process in 
TNBCs.

Methodology  Here, we have examined the anti-TNBC potential of Gal alone and in combination with SAHA by 
performing series of in vitro cell culture assays such MTT, migration and invasion, cell cycle regulation, ROS generation 
& mitochondrial dysfunction, nuclear fragmentation & apoptosis induction etc. The expression profiles of epigenetic 
regulators, apoptosis regulating proteins, and EMT markers were analysed by performing transcriptomic and 
proteomic studies. The in vivo efficacy of Gal was studied using BALB/c mice xenograft model studies.

Results  At IC50 = 50 µM/mL, Gal significantly inhibited the cell proliferation, migration, and invasion, arrested cell 
cycle at sub G0/G1 phases, generated ROS, reduced MMP and induced apoptosis in MDA-MB-231. Transcriptomic, 
proteomic, and calorimetric analysis revealed that Gal has potential to downregulate the expression of HDAC1/
HDAC3 and elevate the expression levels of HAT. Gal also modulated the process of EMT by downregulating 
the mesenchymal markers and upregulating the epithelial marker. The synergistic mechanism of Gal and SAHA 
against the TNBCs was elucidated by understanding the expression levels of epigenetic regulators & EMT markers. 
Interestingly, Gal increased the expression of tumour suppressor protein pTEN and suppressed the expression of AKT, 
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Introduction
Breast cancer (BC) is the second greatest cause of mortal-
ity in women according to the American Cancer Society, 
with an increasing prevalence each year. Targeted thera-
pies for patients diagnosed with estrogen, progesterone 
and HER-2 receptors are improved but the major bar-
rier is for the patients lacking these receptors [1]. Triple 
negative breast cancer (TNBC) is an aggressive subtype 
which accounts for 15–20% of breast cancer population 
which is defined by the absence of estrogen, progester-
one, and human epidermal growth factor receptors. It 
has high recurrence rates, a low survival rate, and its het-
erogeneity makes it a challenging and is the unmet need 
of the hour to develop novel, effective and safe treatment 
modalities against TNBC [2]. The rate of distant metasta-
sis in TNBC patients is the highest as compared to other 
subtypes of breast cancer [1]. In the entire lifespan, it is 
predicted that one in 10 women will suffer with breast 
cancers and around 15% will develop TNBC [3]. A well-
defined treatment approaches are limited to chemother-
apy, radiotherapy, and surgery and still irrecoverable with 
current prescribed conventional therapies. The toxicity 
of these prescribed chemotherapy drugs is very harmful 
and do not free from side effects. Therefore, to develop 
novel therapeutic agents would be an inordinate clinical 
achievement in therapeutic management of TNBC [1].

Cancer was initially thought to be a hereditary ill-
ness, but it now includes both genetic and epigenetic 

aberrations [4]. Epigenetic modifications in cancer are 
known to contribute to tumour formation, but can be 
reversed in somatic cells, leading to tailored cancer treat-
ment options [5]. Many gene abnormalities in cancer 
are caused by epigenetic modifications that alter gene 
expression profiles, rather than change in sequences [6]. 
Epigenetic changes, such as DNA methylation and his-
tone modifications, have a significant role in regulating 
oncogene and tumor suppressor gene expression levels 
in breast cancer [7]. Histone acetyltransferases (HATs) 
and histone deacetylases (HDACs) play a crucial role in 
regulating gene expression by modifying the acetylation 
status of histone proteins. These modifications influ-
ence the chromatin structure, either maintaining it in 
a “relaxed” state that facilitates gene expression or in a 
more compact form that suppresses it [8]. Hence vari-
ous covalent modifications may interfere with or improve 
histone tail interactions with DNA and other proteins 
[4]. Understanding these modification’s deregulation 
of HDAC activity in malignancies supports the clinical 
use of HDAC inhibitors, these inhibitors have shown to 
inhibit cell cycle, differentiation, and induce apoptosis 
at concentrations that leave normal cells relatively unaf-
fected [4]. Recent research indicates that upregulation of 
individual HDACs is linked to poor clinical outcomes in 
individuals with colorectal, hepatocellular, prostate and 
lung cancer. Increased HDAC activity can lead to tumori-
genesis, including uncontrolled cell proliferation and 

PI3K, and mTOR proteins involved in the cancer proliferation pathway. Gal also demonstrated impressive antitumor 
effect under in vivo settings.

Conclusion  In-vitro and In vivo studies confirmed Gal’s potent anticancer efficacy and highlighted its potential as a 
promising therapeutic agent that possibly can be used with conventional chemotherapy against TNBC.
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apoptosis [7]. It was found that suppressing HDAC activ-
ity could lead to down-regulation of the Slug gene which 
is involved in epithelial to mesenchymal transition (EMT) 
reversal [9]. Tumor cells undergo EMT, which can lead 
to malignancy and metastatic spread to distant regions, 
reducing survival rates of patients with breast cancers. 
An increasing amount of evidence suggests that cancer 
cells can employ EMT to promote tumor growth and 
invasion. Tumor cells can metastasize, retain stemness, 
defend chemotherapy, and exhibit plasticity [10]. During 
tumor formation, cancer cells undergo highly dynamic 
changes in the expression profile of adhesion molecules, 
which cause the cells to detach from their native tissue 
and acquire an extremely motile and invasive character 
[11]. Epigenetic alterations, such as histone modifica-
tions also govern the process of EMT. HDAC inhibitors 
can influence the expression of EMT-related proteins, 
with their effects varying depending on the type of can-
cer [12]. As epigenetic and EMT changes are reversible, 
focusing on these tumor-suppressor genes offers a novel 
strategy to prevent the development and spread of cancer 
[7]. The malignant aspect of tumor arises from their met-
astatic dissemination, which is more challenging to tar-
get than the proliferation of cells [13]. The EMT process 
is mainly governed by PI3K/Akt pathway and regulates 
cell growth and malignant behaviour in cancer cells. The 
PI3K/Akt pathway-mediated EMT has raised concerns as 
a potential target for preventing and treating the meta-
static tumours [14].

Emerging research suggests that certain cancer cells 
depend on the PI3K/Akt/mTOR pathway for survival 
following DNA damage. Inhibiting this signaling path-
way can impede DNA repair processes and increase the 
effectiveness of radiotherapy and chemotherapy treat-
ments [15]. TNBC is often treated with systemic chemo-
therapy due to its lack of molecular targets. However, less 
than 20–30% of TNBC patients achieve a pathological 
full response to neoadjuvant treatment. Hence to effec-
tively manage TNBC, efforts should focus on preventa-
tive approaches and discovering adjuvant chemicals to 
improve therapy response without severe side effects 
[16]. Many patients face relapse or recurrence of cancer, 
and acquired drug resistance has become a major chal-
lenge that often leads to the failure of cancer therapies 
[15].

Natural compounds have emerged as promising can-
didates for cancer therapy because of their potential to 
simultaneously target multiple pathways [17]. More than 
60% of anticancer medications are derived from natu-
ral sources, and flavonoids are emerging as a promising 
treatment alternative due to their diverse mechanisms 
of action and potential to target multiple cancer-related 
pathways [18]. Galangin (3, 5, 7-trihydroxyflavone) (GAL) 
is a flavanol discovered in Helichrysum aureonitens plant 

shoots. Gal has been shown to have diverse anti-cancer 
effects on a variety of malignancies, including gastric, 
melanoma, ovarian, hepatocellular, and promyelocytic 
leukaemia [19]. Additionally, combining flavonoids for 
example, Silibinin with TSA or Aza significantly increases 
E-cadherin expression while inhibiting cell migration and 
invasion [5]. Although Gal and berberine have distinct 
anticancer mechanisms, their combined effect on tumor 
growth remains unknown [20]. Food and its components 
especially structurally diverse flavonoids can affect the 
genome through genetic or epigenetic differences. This 
knowledge will be especially crucial for the prevention of 
health problems and the treatment of diseases like can-
cer [4]. Gal has been demonstrated to inhibit cancer cell 
development by inducing apoptosis and suppressing pro-
liferation. However, the specific targets of Gal-induced 
cytotoxicity for human breast cancer cells remain unex-
plored [21]. This study aims to investigate the effects of 
Gal and its combination with the FDA-approved HDAC 
inhibitor Vorinostat on various anticancer targets and the 
modulation of epigenetic regulators involved in revers-
ing EMT. Additionally, in vivo studies were conducted to 
validate and complement the detailed in vitro findings.

Materials and methods
Chemicals, reagents, and antibodies
Dulbecco’s Modified Eagle Medium (DMEM) with high 
glucose and fetal bovine serum (FBS) was obtained 
from Gibco. Galangin and Suberoylanilide Hydroxamic 
Acid (SAHA) were sourced from Sigma-Aldrich. MTT 
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) was procured from Himedia, while 5-(and-
6)-chloromethyl-2′,7′-dichlorofluorescein diacetate 
acetyl ester (CM-H₂ DCFDA) was purchased from 
Sigma-Aldrich. The Annexin V-FITC apoptosis detection 
kit was obtained from BioLegend. The HDAC inhibition 
and HAT activity assay kits were purchased from Epi-
gentek. Apoptosis-specific antibodies, including PARP 
(CST-9542) and Cleaved Caspase-9 (CST-9580), as well 
as HDAC-1 (CST-34589) and HDAC-3 (CST-60538) iso-
form antibodies, were obtained from Cell Signaling Tech-
nology (CST). The Epithelial-Mesenchymal Transition 
(EMT) Antibody Sampler Kit (CST-9782), Phospho-Akt 
(CST-4060), and Actin (CST-4970) were also acquired 
from CST. mTOR (E-AB-62083) and PI3K (E-AB-16199) 
antibodies were sourced from Elab Sciences, while PTEN 
(BD Bioscience-559600) was obtained from BD Biosci-
ences. Tubulin (sc-5274) and HRP-conjugated second-
ary antibodies (mouse and rabbit) were purchased from 
Santa Cruz Biotechnology. Stock solutions of Galan-
gin and SAHA were prepared in DMSO (Himedia) and 
stored at -20 °C for further experiments.
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Cell culture and maintenance of MDA-MB-231 cell line
The MDA-MB-231 cell line was obtained from the 
National Centre for Cell Science (NCCS), Pune (Maha-
rashtra, India), a national repository for animal cell 
lines. Cells were cultured in DMEM (Cat No. 11965092, 
Thermo Fisher), supplemented with 10% FBS (Cat No. 
10270106, Thermo Fisher) and Antibiotic-Antimycotic 
(Cat No. 15240096, Thermo Fisher). The culture was 
maintained at 37  °C in a humidified incubator with 5% 
CO₂.

Assessment of anti-TNBC potential of Galangin and SAHA 
using MTT assay
To evaluate the anti-TNBC efficacy of Galangin, SAHA, 
and their combination, a cell viability assay was per-
formed using the MTT assay [22–24]. MDA-MB-231 
cells were seeded at a density of 1 × 10⁴ cells per well in a 
96-well culture plate and incubated overnight for adher-
ence. Cells were then treated with increasing concen-
trations of Gal (25–125 µM/mL) and SAHA (2–10 µM/
mL) and incubated for 48 h. After incubation, the culture 
medium was discarded and replaced with 100 µL of MTT 
reagent (Cat No. TC191, Himedia) (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide), followed by 
further incubation for 4 h at 37 °C. Subsequently, 100 µL 
of DMSO was added to dissolve the formazan crystals, 
and absorbance was measured at 570 nm using a Hidex 
Sense multimode plate reader. Data were expressed 
as drug concentration versus percentage of cell prolif-
eration. The IC₅₀ values for Galangin and SAHA were 
determined by testing a range of concentrations against 
MDA-MB-231 cells, and calculations were performed 
using GraphPad Prism 5.0. To further analyse the combi-
natorial effects, serial dilutions of Galangin and SAHA at 
their IC₅₀ concentrations were prepared, and the Combi-
nation Index (CI) was calculated using the Chou-Talalay 
equation [25].

Cell morphology assessment
The impact of Galangin, SAHA, and their combination 
on MDA-MB-231 cell morphology was examined using 
phase-contrast microscopy. Briefly, 1 × 10⁴ cells per well 
were seeded into a 96-well plate and incubated overnight 
in a CO₂ incubator. Further, the cells were treated with 
Galangin (50 µM/mL), SAHA (4 µM/mL), and a combi-
nation of Galangin (0.08 µM/mL) + SAHA (1 µM/mL). 
Cells were incubated for 48  h, after which morphologi-
cal changes indicative of cytotoxic effects were observed 
under a phase-contrast microscope [22–24].

Wound healing assay
The migratory potential of Galangin, SAHA, and their 
combination was assessed using a scratch assay. MDA-
MB-231 cells were seeded in 12-well plates and incubated 

until a monolayer formed. Cells were then treated with 
Galangin, SAHA, and a combination. Uniform scratches 
were introduced using sterile tips in both treated and 
control groups, followed by incubation for 48  h. Phase-
contrast microscopy (Zeiss) was used to capture images 
at 0, 24, and 48 h, and wound closure was analysed with 
Zen software. Migration data was plotted as wound 
healing distance over time for control and treated cells 
[22–24].

Cell invasion assay
The invasive potential of MDA-MB-231 cells was exam-
ined following treatment with Galangin, SAHA, and their 
combination. After incubation, cells were trypsinized, 
and counted using a haemocytometer, and 1 × 10⁵ cells 
were seeded into the upper compartment of a trans well 
insert. The lower chamber contained DMEM supple-
mented with 10% FBS. Inserts were incubated for 24  h, 
allowing cell migration. Non-migratory cells in the upper 
chamber were removed using sterile cotton swabs, while 
migrated cells were fixed with 4% paraformaldehyde and 
stained with 1% crystal violet. Phase-contrast micros-
copy was used for visualization, and ImageJ software was 
employed for analysis [22].

Reactive oxygen species (ROS) generation
Intracellular ROS generation following Galangin, SAHA, 
and combination treatment was evaluated using the 
DCFDA assay, as previously described [23, 24]. MDA-
MB-231 cells (1 × 10⁴) were seeded in 96-well plates and 
treated for 48  h. After incubation, cells were washed 
with PBS and incubated with DCFHDA (10 µM, Sigma-
Aldrich, Cat. No. D6883) for 20  min, followed by three 
PBS washes. ROS levels were quantified using a Hidex 
Sense multimode spectrophotometer, and DCF uptake 
was visualized using a live-cell imaging system (Zeiss Cell 
Discoverer 7.0) [23, 24]. The N-acetyl-L-cysteine (NAC), 
a known antioxidant agent, was used as a positive control 
during the DCFDA study.

Nuclear staining with DAPI in Galangin, SAHA, and 
combination-treated TNBC cells
TNBC cells (1 × 10⁴) were seeded in 96-well plates and 
treated with Galangin, SAHA, or their combination for 
48  h. Post-treatment, cells were washed with PBS and 
stained with DAPI (5 µg/mL, Invitrogen, Cat No. D1306) 
for 20  min. Excess stain was removed by PBS washing, 
and nuclear morphology was examined using a live-cell 
imaging system (Zeiss Cell Discoverer 7.0) [24].

Mitochondrial membrane potential assessment using JC-1 
in Galangin, SAHA, and combination-treated TNBC cells
Following 48  h of treatment with Galangin, SAHA, and 
their combination, TNBC cells (1 × 10⁴) were washed 
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with PBS and incubated with JC-1 (5  µg/mL, Thermo 
Fisher, Cat No. T3168) for 20 min. After a final PBS wash, 
mitochondrial membrane potential changes were visual-
ized using the live-cell imaging system (Zeiss Cell Dis-
coverer 7.0) [24].

FACS-based cell cycle analysis
To evaluate cell cycle phase distribution and its regula-
tion post-treatment, TNBC cells (1 × 10⁵) were seeded in 
6-well plates and exposed to Galangin, SAHA, or their 
combination for 48 h. Cells were then stained with prop-
idium iodide (50 µg/mL, Sigma Aldrich, Cat No. P4170) 
and analysed via flow cytometry. Phase distribution was 
assessed using BD FACSDiva™ software [23, 24].

Apoptosis assays
The apoptotic effect of Galangin, SAHA, and their com-
bination in MDA-MB-231 cells was assessed using the 
Annexin-V-FITC assay via flow cytometry [23, 24]. 
Cells (1 × 10⁵) were seeded in 6-well plates and treated 
with Galangin, SAHA, or their combination. Following 
treatment, cells were washed with PBS and stained with 
Annexin V-FITC (50 µg/mL, BioLegend, Cat No. 640906) 
and PI (50  µg/mL). Stained cells were analysed using a 
BD Bioscience flow cytometer, and apoptosis quantifica-
tion was performed using BD FACSDiva™ software [23, 
24].

HDAC Inhibition assay
HDAC inhibition by Galangin was evaluated using a 
fluorometric HDAC assay kit. After treatment, MDA-
MB-231 cells were harvested, and nuclear extracts were 
prepared using the EpiQuik™ Nuclear Extraction Kit (Cat 
No. OP-0002-1). HDAC activity was measured using the 
Epigentek HDAC Assay Kit (Base Catalog # P-4034) per 
manufacturer instructions. The activity was calculated 
using the formula: HDAC Activity (OD/min/mg) = (Sam-
ple OD – Blank OD) / (Protein Amount (µg) × min) [24].

HAT activity assay
The regulatory effect of Galangin on HAT activity was 
assessed using a HAT inhibition assay. MDA-MB-231 
cells were treated for 48 h, and nuclear extracts were pre-
pared using the EpiQuik™ Nuclear Extraction Kit (Cat 
No. OP-0002-1). HAT activity was measured using the 
EpiQuik™ HAT-Activity/Inhibition Assay Kit (Cat No. 
P-4003). The activity was calculated as:

HAT Activity (OD/h/mg protein) = (OD untreated 
sample – blank) × 1000 / (h × protein amount (µg)) [24].

Quantitative expression analysis of epigenetic regulators, 
EMT markers, and PI3K pathway proteins via qRT-PCR
The impact of Galangin, SAHA, and their combination 
on the expression of epigenetic regulators, EMT markers, 

and PI3K pathway components was assessed using qRT-
PCR, following our previous protocol [22–24]. Total RNA 
from treated and control samples was extracted using 
TRIZOL reagent (Ambion, Cat No. 15596018), diluted 
in nuclease-free water, and quantified using a Nanodrop 
spectrophotometer (Implen). Reverse transcription was 
performed using the iScript cDNA synthesis kit (Bio-
Rad, Cat No. 1708890) under the following conditions: 
25  °C for 5  min, 46  °C for 20  min, and 95  °C for 5  min 
using a MyCycler Thermal Cycler (Bio-Rad). Real-time 
PCR was conducted with SYBR Green (Bio-Rad, Cat No. 
171–5121) on a Bio-Rad CFX96 system. Target genes 
included HDAC isoforms, EMT markers (E-cadherin, 
N-cadherin, Snail, Slug, MMP-9, MMP-2, and Zeb), and 
PI3K pathway components (TGFβ, AKT, PI3K, mTOR, 
and PTEN), with GAPDH as the internal control (Table 
S1, Supplementary Information). Fold changes in gene 
expression were calculated using the 2−ΔΔCT method.

Immunoblotting analysis of epigenetic regulators, EMT 
markers, and PI3K pathway proteins
The protein expression levels of epigenetic regulators, 
EMT markers, and PI3K pathway components were eval-
uated via immunoblotting in treated and control MDA-
MB-231 cells, following established protocols [22–24]. 
Cells (2 × 10⁵) were seeded in 60 mm dishes and treated 
with Galangin, SAHA, or their combination for 48  h. 
Post-treatment, cells were washed with PBS, scraped, and 
lysed using RIPA buffer (Thermo Fisher, Cat No. 89900) 
supplemented with a protease inhibitor (HiMedia, Cat 
No. ML051). Protein concentrations were determined 
using the Bradford assay (HiMedia, Cat No. ML106). 
Equal amounts of total protein (50 µg) were separated by 
SDS-PAGE (7.5–12% gels, Bio-Rad, Cat No. 161–0377) 
and transferred onto PVDF membranes (Cytiva, Cat No. 
10600021). Membranes were blocked with skimmed milk 
for 1  h, washed with TBST, and incubated overnight at 
4  °C with primary monoclonal antibodies. After addi-
tional TBST washes, membranes were incubated with 
appropriate secondary antibodies for 1–2 h at room tem-
perature. Protein bands were visualized using an ECL 
detection reagent (Advansta, Cat No. K-12045-D20) and 
imaged with an Amersham Gel Imager 680.

Confocal microscopy for EMT protein expression
To visualize EMT-associated protein expression, confo-
cal microscopy was performed. MDA-MB-231 cells were 
cultured as a monolayer on glass coverslips in 12-well 
plates and treated with Galangin, SAHA, and their com-
bination for 48  h. Post-treatment, cells were washed 
with PBS, fixed with 4% paraformaldehyde for 15  min, 
and permeabilized with 0.1% Triton X-100 for 10  min. 
After three PBS washes, cells were incubated overnight 
with primary antibodies against E-cadherin and Slug. 
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Following a 24-hour incubation, cells were washed thrice 
and probed with the corresponding secondary antibody 
for 1  h at room temperature. Coverslips were mounted 
using Abcam’s mounting medium (Cat No. ab104139), 
and fluorescence images were acquired using a Leica SP8 
confocal microscope [26].

In vivo tumor model study
The in vivo effects of Galangin, SAHA, and their 
combination were evaluated in BALB/c mice, follow-
ing Institutional Animal Ethics Committee (IAEC) 
guidelines (Approval No. EAF/2023/B453, NCCS 
Pune, MS, India). Six-to-eight-week-old mice were 
injected subcutaneously with 4T1 cells (1 × 10⁵ in 0.1 
mL PBS, pH 7.2). Upon tumor palpation, mice were 
randomly assigned to four groups (n = 6): Group 1 
received vehicle control, Group 2 was intraperitoneally 
injected with Gal (25 mg/kg), Group 3 received SAHA 
(5 mg/kg), and Group 4 received a combination of Gal 
(25 mg/kg) and SAHA (5 mg/kg). Mice were monitored 
for 20 days, with tumor volume and body weight mea-
sured every four days. On day 21, final weights were 
recorded, and mice were sacrificed for tumor excision. 
Tumor volume (V) was calculated using the formula: 
V = L × W² × 0.52 (L = length, W = width). Excised 
tumours were processed for histopathological analysis 
via haematoxylin and eosin (H&E) staining [27].

Statistical analysis
All experiments were performed in triplicate. Data were 
analysed using one-way ANOVA in GraphPad Prism 
(version 5.01). Results are expressed as mean ± SD from 
three independent replicates. Statistical significance is 
denoted as p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

Results
Effect of Galangin, SAHA, and their combination on 
MDA-MB-231 cell viability
The anti-TNBC potential of Galangin, SAHA, and their 
combination on MDA-MB-231 cells was evaluated using 
the MTT assay. A dose-dependent decrease in cell viabil-
ity was observed after 48 h of treatment (Fig. 1A). At its 
IC50 concentration (50 µM/mL), Galangin induced 50% 
cell death in MDA-MB-231 cells, while viability fur-
ther declined to 10% at 125 µM/mL. In contrast, MDA-
MB-231 cells exhibited greater sensitivity to SAHA, 
showing 50% cell death at an IC50 of 4 µM/mL and a 
reduction in viability to 15% at 10 µM/mL (Fig.  1B). A 
synergistic cytotoxic effect was observed when Galan-
gin and SAHA were combined, significantly reducing 
MDA-MB-231 cell viability at IC50 concentrations of 0.08 
µM/mL for SAHA and 1 µM/mL for Galangin (Fig. 1C). 
Additionally, treatment with Galangin, SAHA, and their 
combination induced adverse morphological changes in 
TNBC cells. The cells were rounded, detached from the 
substratum, and floated in the culture medium, indicat-
ing a loss of adherence and viability (Fig. 1E and G).

Fig. 1  Impact of (A) Galangin, (B) SAHA, and (C) their combination on the viability of MDA-MB-231 cells. Morphological assessment of MDA-MB-231 cells: 
(D) Untreated control cells displaying normal morphology, (E) Galangin-induced morphological alterations, (F) SAHA-induced changes, and (G) Morpho-
logical effects resulting from the combined treatment with Galangin and SAHA
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Galangin, SAHA, and their combination inhibit migration 
and invasion of MDA-MB-231 cells
The anti-metastatic and anti-invasive effects of Galangin, 
SAHA, and their combination on MDA-MB-231 cells 
were evaluated using wound healing and trans well assays 
(Fig. 2).

Treatment with Galangin, SAHA, and their combi-
nation reduced TNBC cell migration by approximately 
50%, 80%, and 90%, respectively, compared to control 
cells after 24 h (Fig. 2A and C). Notably, the combination 

treatment exhibited the most significant inhibition of 
migration after 48  h. Furthermore, Galangin, SAHA, 
and their combination suppressed the invasive capacity 
of TNBC cells by 60%, 50%, and 80%, respectively, com-
pared to control cells after 48  h (Fig.  2B and D). Both 
Galangin alone and in combination with SAHA effec-
tively inhibited cell migration, invasion, and metastatic 
potential in MDA-MB-231 cells. These findings sug-
gest that Galangin exerts anti-metastatic effects similar 
to SAHA and may serve as a complementary anticancer 

Fig. 2  (A) Inhibition of MDA-MB-231 cell migration by Galangin, SAHA, and their combination following 24 and 48 h of treatment, (B) Suppression of 
MDA-MB-231 cell invasion upon treatment with Galangin, SAHA, and their combination, (C) Quantification of wound closure percentage post-treatment 
with Galangin, SAHA, and their combination, and (D) Measurement of cell invasion percentage after exposure to Galangin, SAHA, and their combination
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agent by reducing the invasiveness and metastatic poten-
tial of MDA-MB-231 cells.

Galangin, SAHA, and Their Combination Induce 
Reactive Oxygen Species (ROS) Generation and 
Reduce Mitochondrial Membrane Potential (ΔΨM) in 
MDA-MB-231 Cells.

The generation of intracellular reactive oxygen species 
(ROS) in MDA-MB-231 cells following treatment with 
Galangin, SAHA, and their combination was assessed 
using DCFDA staining. The uptake of DCFDA by con-
trol and treated cells was analysed through a colorimetric 
method and live-cell imaging (Fig. 3A). High fluorescence 
intensity in treated cells correlated with elevated ROS 
levels, leading to increased cell death (Fig.  3A and D). 
Greater DCFDA uptake was associated with enhanced 
cytotoxicity, likely due to the heightened sensitivity of 
MDA-MB-231 cells to Galangin and SAHA. ROS gen-
eration significantly increased after the treatment with 
Galangin, SAHA, and their combination. The synergis-
tic effect of both compounds further amplified cell death 
in TNBC cells. Elevated ROS levels are prone to induce 
oxidative stress, triggering apoptotic-mediated cell death. 
These findings were validated using NAC, a well-known 
antioxidant, as a positive control. NAC-pretreated cells 
exhibited reduced ROS generation and subsequently 
reduced cell death upon exposure to Galangin, SAHA, or 
their combination (Fig.  3E and digitised images in sup-
plementary file).

This confirms the role of Galangin, alone and in 
combination with SAHA in ROS-mediated cytotoxic-
ity in MDA-MB-231 cells. Likewise, DAPI uptake was 
observed in MDA-MB-231 cells following treatment with 
Galangin, SAHA, and their combination (Fig. 3B). DAPI 
intercalates into the DNA of dead cells, with increased 
DAPI-stained nuclei indicating higher levels of cell death. 
In this study, nuclear fragmentation, chromatin conden-
sation, and reduced cell division were evident in treated 
MDA-MB-231 cells compared to controls (Fig. 3B), con-
firming that Galangin and its combination with SAHA 
effectively induce apoptotic-mediated cell death in TNBC 
cells. Additionally, a significant reduction in mitochon-
drial membrane potential (ΔΨM) was observed in TNBC 
cells treated with Galangin, SAHA, and their combina-
tion (Fig.  3C). The fluorescent dye 5,5,6,6’-tetrachloro-
1,1’,3,3’-tetraethylbenzimidazoly-lcarbocyanine iodide 
(JC-1) was used to detect ΔΨM in both healthy and 
treated MDA-MB-231 cells. JC-1 is a lipophilic, cationic 
dye that accumulates in mitochondria, forming concen-
tration-dependent J-aggregates, which exhibit red fluo-
rescence (~ 590  nm). In healthy TNBC cells with intact 
ΔΨM, JC-1 accumulates in mitochondria, forming red 
fluorescent J-aggregates, as shown in Fig.  3C. However, 

in MDA-MB-231 cells treated with Galangin, SAHA, or 
their combination, increased membrane permeability 
led to a loss of mitochondrial electrochemical poten-
tial, preventing J-aggregate formation. As a result, JC-1 
retained its original green fluorescence (Fig.  3C and F). 
Elevated green fluorescence signifies apoptotic-mediated 
cell death in treated TNBC cells. These findings align 
with DCFDA and DAPI results, further supporting that 
Galangin and its combination with SAHA induce apop-
tosis in TNBC cells, comparable to the reference drug 
SAHA.

Galangin, SAHA, and their combination induce cell cycle 
arrest and Apoptotic-Mediated cell death in MDA-MB-231 
cells
Flow cytometry analysis using propidium iodide stain-
ing was conducted to investigate the effects of Galangin, 
SAHA, and their combination on cell cycle regulation 
in MDA-MB-231 cells (Fig. 4). In control cells, approxi-
mately 70% and 10% of the population were in the G1 and 
S phases, respectively, indicating normal cell cycle pro-
gression (Fig. 4A). In contrast, Galangin and SAHA treat-
ment led to 80–90% of cells being arrested in the SubG0/
G1 phase (Fig. 4B and C). A similar trend was observed in 
the combinatorial treatment, where approximately 85% 
of cells were arrested in the SubG0/G1 phase (Fig.  4D). 
These findings highlight the synergistic effect of Galan-
gin and SAHA in disrupting cell cycle progression in can-
cer, suggesting that Galangin exerts its effects through a 
mechanism similar to SAHA.

Further, Annexin V-FITC flow cytometry was per-
formed to assess apoptotic-mediated cell death following 
treatment with Galangin, SAHA, and their combina-
tion (Figs. 4F–J). In control cells, 64.4% remained viable, 
while only 9.4% exhibited apoptosis (Fig. 4F). In contrast, 
Galangin treatment reduced viability to 44.6%, with apop-
totic-mediated cell death increasing to 31.6% (Fig.  4G). 
SAHA-treated cells displayed even higher apoptosis, with 
52.7% of cells undergoing apoptotic-mediated cell death 
and only 5.6% remaining viable (Fig. 4H). The combina-
tion treatment resulted in 63.1% apoptotic-mediated cell 
death, leaving only 5% of cells viable (Fig.  4I). Notably, 
combinatorial treatment exhibited a higher apoptotic 
population and lower necrotic population compared 
to SAHA alone, underscoring the enhanced synergis-
tic role of Galangin and SAHA in inducing apoptosis 
in MDA-MB-231 cells. Apoptotic-mediated cell death 
in MDA-MB-231 cells following Galangin, SAHA, and 
combination treatment might be driven by ROS genera-
tion, nuclear fragmentation, chromatin condensation, 
mitochondrial membrane potential reduction, and cell 
cycle arrest at the Sub G0/G1 phase.
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Galangin inhibits HDAC activity and enhances HAT activity 
in MDA-MB-231 cells
The HDAC inhibitory potential of Galangin was evalu-
ated using an enzymatic assay kit. Results indicated 
a dose-dependent increase in HDAC inhibition in 

MDA-MB-231 cells treated with Galangin (Fig.  5A). At 
its IC50 concentration, Galangin inhibited HDAC activ-
ity by approximately 50%, while inhibition increased to 
82% at the IC75 concentration. Notably, HDAC inhibi-
tion at the IC75 concentration was nearly equivalent to 

Fig. 3  Impact of Galangin, SAHA, and their combination on (A) ROS production in MDA-MB-231 cells, (B) Apoptotic morphological changes, (C) Mito-
chondrial membrane potential, (D) Relative DCF fluorescence, and (E) Relative DCF fluorescence after NAC pretreatment, and (F) Statistical analysis of 
ΔΨm reduction
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that of the standard HDAC inhibitor provided in the 
assay kit (Fig. 5A). Conversely, a dose-dependent rise in 
HAT activity was observed following Galangin treatment 
(Fig. 5B). Compared to control cells, HAT activity nearly 
doubled at IC50 and IC75 concentrations of Galangin. 
The balance between HDAC and HAT activity is crucial 
for normal cellular regulation, whereas its disruption is 
a hallmark of cancer. The observed reduction in HDAC 
activity and concurrent increase in HAT activity at IC50 
and IC75 concentrations suggest that Galangin modulates 
epigenetic regulators, restoring normal cell function and 
inhibiting cancer cell proliferation.

Galangin, SAHA, and their combination modulate 
epigenetic regulators, EMT markers, and PI3K pathway 
markers in MDA-MB-231 cells: analysis using qRT-PCR
The effects of Galangin, SAHA, and their combination on 
the expression of epigenetic regulators (HDAC isoforms), 
EMT markers, and key proteins in the PI3K/AKT/mTOR 

pathway were analysed using qRT-PCR (Fig.  6). Treat-
ment with Galangin resulted in the downregulation of 
HDAC isoforms 1–10, while HDAC11 was upregulated 
(Fig.  6A). Notably, HDAC1–5 and HDAC10 showed 
significant downregulation. In contrast, SAHA-treated 
MDA-MB-231 cells exhibited downregulation of all 
HDAC isoforms except HDAC2 (Fig.  6B). Interestingly, 
combinatorial treatment with Galangin and SAHA led to 
the downregulation of all HDAC isoforms (Fig. 6C). This 
suggests that the combination treatment exerts a stronger 
synergistic effect compared to individual treatments with 
Galangin or SAHA alone. Galangin, SAHA, and their 
combination also influenced the expression of epithe-
lial and mesenchymal markers (Fig. 6D and F). Galangin 
treatment upregulated the epithelial marker E-cadherin 
while significantly downregulating mesenchymal mark-
ers, including N-cadherin, Snail, Slug, Zeb, MMP-2, and 
MMP-9 (Fig. 6D).

Fig. 5  (A) Dose-dependent inhibition of HDAC activity by Galangin, and (B) Dose-dependent increase in HAT activity by Galangin in MDA-MB-231 cells

 

Fig. 4  (A) Untreated MDA-MB-231 control cells, (B) Cells exposed to Galangin, (C) Cells treated with SAHA, and (D) Cells subjected to the combined 
treatment of Galangin and SAHA, (E) Percent distribution of cell populations across different cell cycle phases, (F) Control cells with a predominant live 
cell population. Apoptotic-mediated cell death induced by (G) Galangin, (H) SAHA, and (I) Galangin and SAHA combination, (J) Quantified apoptotic-
mediated cell death in MDA-MB-231 cells, categorized as Q1: Necrotic, Q2: Apoptotic, Q3: Live, and Q4: Early apoptotic cells
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SAHA exhibited a more pronounced effect, markedly 
reducing the expression of mesenchymal markers and 
increasing E-cadherin expression (Fig. 6E). The combina-
torial treatment also upregulating E-cadherin and down-
regulating mesenchymal markers at levels comparable to 
SAHA (Fig.  6F). These findings indicate that Galangin 
and SAHA, both individually and in combination, reverse 
the EMT process, restore epithelial characteristics, and 
suppress metastatic potential by modulating mesenchy-
mal and epithelial marker expression.

Given the established role of the PI3K/AKT/mTOR 
pathway in cancer initiation, proliferation, metastasis, 
and angiogenesis, we explored its correlation with epi-
genetic regulators and EMT markers in MDA-MB-231 

cells (Fig.  6G and I). Galangin, SAHA, and their com-
bination downregulated oncogenic proteins such as 
TGFβ, PI3K, AKT, and mTOR while upregulating the 
tumor suppressor protein PTEN. These findings align 
with the expression profiles of epigenetic regulators and 
EMT markers, suggesting a potential link between these 
molecular pathways. The downregulation of HDACs may 
contribute to the suppression of mesenchymal markers 
and oncogenic proteins, while the concurrent upregula-
tion of HAT, epithelial markers, and tumor suppressor 
proteins facilitates EMT reversal, thereby inhibiting inva-
sion and metastasis in MDA-MB-231 cells.

Fig. 6  Regulation of epigenetic modulators (HDAC isoforms) by (A) Galangin, (B) SAHA, and (C) Combination of Galangin and SAHA. Expression changes 
in epithelial and mesenchymal markers induced by (D) Galangin, (E) SAHA, and (F) A combination of Galangin and SAHA. Modulation of key proteins in 
the PI3K/AKT/mTOR pathway by (G) Galangin, (H) SAHA, and (I) Combination of Galangin and SAHA
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Galangin, SAHA, and their combination modulate 
epigenetic regulators, EMT markers, and PI3K pathway 
markers in MDA-MB-231 cells: validation using 
Immunoblotting analysis
The effects of Galangin, SAHA, and their combination 

on epigenetic regulators, EMT markers, pro-apoptotic 
markers, and the PI3K pathway were examined at the 
proteomic level using immunoblotting analysis (Fig.  7). 
Treatment with Galangin, SAHA, and their combina-
tion reduced the expression of HDAC1 and HDAC3 by 

Fig. 7  Immunoblot analysis illustrating the impact of Galangin, SAHA, and their combination on the expression of epigenetic regulators (HDAC1, HDAC3), 
pro-apoptotic proteins (PARP, Caspase-9), EMT markers (E-cadherin, N-cadherin, Snail, Slug), PI3K/AKT/mTOR pathway proteins, and the tumor suppressor 
PTEN in MDA-MB-231 cells
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0.7/0.5, 0.7/0.7, and 0.8/0.9-fold, respectively, compared 
to untreated MDA-MB-231 cells (Fig.  7). Galangin pri-
marily downregulated HDAC1, while SAHA exhibited a 
stronger effect on HDAC3. The combinatorial treatment 
significantly suppressed both HDAC1 and HDAC3, rein-
forcing the synergistic effect of Galangin and SAHA. In 
contrast, the cleaved pro-apoptotic markers PARP and 
Caspase-9 increased by 0.3/0.1, 1.0/0.6, and 0.9/0.9-fold 
following individual and combinatorial treatment with 
Galangin and SAHA. This suggests enhanced apoptosis 
in response to these treatments.

Further, Galangin, SAHA, and their combination 
upregulated E-cadherin expression by 0.6, 1.5, and 1.7-
fold, respectively, compared to control cells (Fig.  7). 
Conversely, mesenchymal markers such as N-cadherin, 
Slug, and Vimentin were sequentially downregulated in 
response to Galangin, SAHA, and their combination, fur-
ther supporting the role of these compounds in revers-
ing the EMT process. Treatment with Galangin, SAHA, 
and their combination led to a significant reduction in 
the expression of oncogenic proteins PI3K, AKT, and 
mTOR by 0.7/0.7/0.2, 0.7/0.6/0.4, and 0.8/0.9/0.7-fold, 
respectively, compared to control cells (Fig.  7). Mean-
while, tumor suppressor PTEN expression was increased 
by 0.6, 0.7, and 0.9-fold following treatment with Galan-
gin, SAHA, and their combination, further confirming 
their role in suppressing tumorigenic pathways in MDA-
MB-231 cells. These findings highlight the effectiveness 
of Galangin, both alone and in combination with SAHA, 
in modulating key regulatory proteins involved in epi-
genetics, apoptosis, EMT, and the PI3K/AKT/mTOR 

pathway, contributing to its potential as an anti-cancer 
agent.

Similarly, treatment with Galangin, SAHA, and their 
combination led to the downregulation of epigenetic reg-
ulators, mesenchymal markers, and oncogenic proteins, 
while upregulating epithelial markers, pro-apoptotic 
markers, and the tumor suppressor protein. The pro-
teomic findings align with transcriptomic data, further 
confirming that Galangin, SAHA, and their combination 
induce apoptotic-mediated cell death in MDA-MB-231 
cells.

Galangin, SAHA, and their combination reverse EMT 
by modulating E-Cadherin and slug expression in 
MDA-MB-231 cells: an Immunofluorescence study
To validate the qRT-PCR and immunoblotting findings, 
immunofluorescence analysis was performed using con-
focal microscopy to examine the expression of epithe-
lial and mesenchymal markers (Fig.  8). In control cells, 
the epithelial marker E-cadherin (green fluorescence) 
showed low expression (Fig. 8). Whereas treatment with 
Galangin, SAHA, and their combination significantly 
increased E-cadherin levels. Conversely, the mesenchy-
mal marker Slug was highly expressed in control cells but 
markedly reduced following Galangin, SAHA, and com-
bination treatments. These results suggest that Galangin 
and SAHA help maintain the epithelial phenotype of 
MDA-MB-231 cells by suppressing mesenchymal traits, 
as evidenced by E-cadherin upregulation and Slug down-
regulation in both individual and combinatorial treat-
ments. Furthermore, these findings reinforce the role of 

Fig. 8  Effect of Galangin, SAHA, and their combination on EMT regulator expression, specifically E-cadherin and Slug, in control and treated MDA-MB-231 
cells
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Galangin, SAHA, and their combination in EMT reversal 
in MDA-MB-231 cells.

In vivo validation of the Anti-TNBC potential of Galangin, 
SAHA, and their combination using a BALB/c mice model 
and histopathology analysis
The anti-TNBC efficacy of Galangin, SAHA, and their 
combination was validated through an in vivo study using 
a BALB/c mice model. Tumor size and body weight were 
measured on every four days by using Vernier callipers 
(Fig. 9A and D). On day 21, mice were sacrificed in CO₂ 
chambers, and tumours were excised for further analysis 
(Fig. 9B and D). Tumor size was significantly reduced fol-
lowing treatment with Galangin, SAHA, and their com-
bination compared to control tumours, with the greatest 
reduction observed in the combination group, indicating 
a synergistic effect. Additionally, tumor volume and body 
weight were markedly lower in treated mice compared 
to controls (Fig.  9C and D), supporting the anti-TNBC 
potential of Galangin and SAHA. Histopathological 
analysis was performed to assess intra tumoral treat-
ment efficacy using haematoxylin and eosin (H&E) stain-
ing (Fig. 9E and H). Tumours from the Galangin, SAHA, 
and combination-treated groups exhibited lower mitotic 
and necrotic scores compared to control tumours. Nota-
bly, treated tumours displayed distinct cell shrinkage 
and reduced tumor distribution, further supporting the 
anti-tumor effects of Galangin and SAHA. The BALB/c 
animal model and immunohistology studies reinforce 
the anti-tumor efficacy of Galangin, SAHA, and their 
combination, demonstrating their potential in TNBC 
treatment.

Discussion
Triple-negative breast cancer (TNBC) is aggressive, het-
erogeneous, and challenging to treat [1, 28]. Epigenetic 
dysregulation, driven by aberrant gene expression, plays 
a key role in cancer progression [6, 29, 30]. Epigenetic 
regulators like HDACs and HATs alter tumor suppres-
sors and oncogenes, complicating treatment [29, 30]. 
TNBC patients face poor prognoses and frequent drug 
resistance, underscoring the need for targeted thera-
pies [31]. With no effective personalized treatments, 
chemotherapy remains the primary option [1, 32, 33]. 
Researchers are exploring plant flavonoids, alone or with 
anticancer drugs, as alternative therapeutic approaches 
[34–39]. Environmental factors, such as diet, and life 
style also influence the epigenome, and modulate gene 
expression pattern [4, 4041]. The plant origin polyphe-
nols are known to target cancer pathways, for example 
the dietary flavonoids like genistein from soybean and 
apigenin from variety of fruits, vegetables, and herb have 
reported to regulate the epigenetic markers in TNBC 
[24, 42–46]. While Galangin has been studied in various 

cancer pathways, however its mechanistic role in epigen-
etic regulation, EMT, and PI3K/AKT/mTOR signalling in 
TNBC remains unclear [47, 48]. This study investigates 
the effects of Galangin on epigenetic regulators, EMT 
markers, and key signalling proteins in MDA-MB-231 
cells.

Galangin exhibits strong anti-breast cancer activ-
ity, inducing morphological changes in MDA-MB-231 
cells both alone and significantly in combination with 
SAHA. Treated TNBC cells appeared floating, irregular, 
and rounded, similar findings has been observed with 
Apigenin and SAHA [24]. Additionally, the flavanols 
like Fisetin and Kaempferol reduced TNBC cell growth 
[49, 50]. Cell migration, closely linked to metastasis, 
was impeded by Galangin, SAHA, and their combina-
tion, consistent with previous studies on Liquiritigenin, 
Cinobufagin, Quercetin, Galangin-TRAIL, and Luteo-
lin-Curcumin combinations [21, 24, 35, 51–53]. Like-
wise, Baicalin also inhibited migration and invasion in 
colorectal cancer [54]. Galangin and SAHA induced ROS 
in MDA-MB-231 cells, mirroring ROS generation by 
Galangin in gastric cancer, Eriocitrin in lung cancer, Api-
genin in TNBC, and Fisetin-Kaempferol in breast cancer 
[24, 37, 50, 55]. Whereas, the ROS generation was not 
observed in NAC-pre-treated MDA-MB-231 cells owing 
to antioxidant effect of NAC, these results are compara-
ble to the earlier studies of Sulforaphane on PaCa-2 and 
PANC-1 cells [56].

Nuclear fragmentation, chromatin condensation, and 
DNA damage was observed in TNBC cells following 
Galangin and SAHA exposure. In line with prior studies, 
Galangin and SAHA arrested cell growth at the sub G0/
G1 phase, while Galangin-berberine halted the cell cycle 
at G2/M in oesophageal carcinoma [20, 23, 24]. Further-
more, Galangin and SAHA triggered apoptosis in TNBC 
cells, comparable to Galangin in breast and oesophageal 
cancers, Apigenin-Icarin in TNBC, Baicalin-Sacubitrilat 
in colorectal cancer, and Prosopis juliflora phytochemi-
cals in melanoma and breast cancer [20–24, 27, 34, 54]. 
Additionally, a crude extract of Ruellia tuberosa L. flower 
generated ROS production, promoted DNA damage and 
induced apoptosis in TNBC cells [57].

Recent studies have highlighted the role of dietary 
flavonoids in cancer prevention and metastasis inhibi-
tion through genetic and epigenetic modifications [2, 
4–8, 24, 46, 48]. Similarly, Galangin and SAHA modu-
lated epigenetic regulators by inhibiting HDAC isomers 
in MDA-MB-231 cells. The plant-derived compound 
trans-resveratrol, found in peanuts, red wine, grapes, and 
blueberries, demonstrated potent anti-HDAC activity 
[8]. Curcumin reduced p300, HDAC1, and HDAC3 lev-
els in acute leukaemia, while Genistein increased HAT 
activity and induced apoptosis in prostate cancer cells 
[4, 6]. Likewise, Galangin and SAHA decreased HDAC 
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activity and increased HAT activity in a dose-depen-
dent manner at IC50 and IC75 concentrations. Addition-
ally, Galangin and SAHA modulated EMT markers and 
PI3K/AKT/mTOR pathway proteins in MDA-MB-231 

cells consistent with previous findings [37–39, 51, 54, 
58]. For example, Kaempferol and Cardamonin inhib-
ited migration, invasion, and EMT by upregulating 
E-cadherin and downregulating N-cadherin, MMP-2, 

Fig. 9  (A) Effects of Galangin, SAHA, and their combination on (A) Mice body weight, (B) Tumor size, (C) Tumor weight, and (D) Tumor volume. The 
*p-values significantly different from the control group (*p < 0.05). Histological analysis of tumours: (E) PBS-treated control group exhibits moderate pleo-
morphism with round to oval nuclei, pink cytoplasm, and severe anaplasia. Tumours treated with (F) Galangin, (G) SAHA, and (H) their combination (G + S) 
show mild pleomorphism with round to oval nuclei, pink cytoplasm, and mild anaplasia
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and MMP-9 in TNBC and colon cancer cells [37, 49]. 
EMT is also influenced by cytokines, extracellular matrix 
components, TGF-β, fibroblast growth factor, epidermal 
growth factor, Notch pathways, and mechanotransduc-
tion [14]. Liquiritigenin, a flavonoid from Glycyrrhiza 
species increased E-cadherin and decreased N-cadherin 
and Vimentin in breast and colorectal cancer [51]. Immu-
nofluorescence studies confirmed transcriptomic and 
proteomic results, showing reduced mesenchymal pro-
tein expression, and increased epithelial marker levels. 
Galangin and SAHA also downregulated PI3K, pAKT, 
and mTOR while increasing tumour suppressor PTEN 
protein expression. Transcriptomic and proteomic analy-
ses suggest that Galangin and SAHA inhibit proliferation, 
migration, and invasion by generating ROS, reducing 
membrane potential, arresting the cell cycle at subG0/
G1, and inducing apoptosis in MDA-MB-231 cells. These 
findings offer a promising strategy for developing effec-
tive anticancer therapies with reduced side effects.

Conclusion
The current study was intended to investigate an anti-
TNBC potential of Galangin against MDA-MB-231 
cells. To address the barriers presented by the rise in 
resistance to drugs and the off-target toxicities of tradi-
tional pharmaceuticals, active modulators must be used 
as a result, we have investigated how dietary flavonoid 
Galangin affects TNBC cells. By performing series of 
in vitro cell culture assays, we have demonstrated that 
Galangin is significantly effective in suppression of cell 
proliferation and reversal of EMT by blocking the PI3K/
AKT pathway. Galangin at an IC50 concentration of 50 
µM/mL and SAHA at 4µM/mL, exhibited strong anti-
TNBC action by inducing adverse morphological altera-
tions in MDA-MB-231 cells. ROS have been produced 
in large quantities by Galangin, which has also decreased 
mitochondrial membrane potential and halted the cell 
cycle at subG0/G1 stages. Galangin induced apoptosis-
mediated cell death in TNBC cells. It downregulates 
HDAC and increases HAT activity, which dramatically 
altered the expression profile of epigenetic regulators. 
By upregulating the pro-apoptotic markers like Cleaved 
Caspase-9 and PARP proteins in TNBC cells, Galangin 
has induced apoptotic-mediated cell deaths in MDA-
MB-231 cells. The expression of mesenchymal markers 
N-cadherin, Snail, Slug, Twist, Zeb, Vimentin, MMP-2, 
and MMP-9 was significantly downregulated by Galan-
gin, while the expression of the epithelial marker E-Cad-
herin was upregulated, restoring the reversal of EMT 
phenomena. Following treatment of Galangin, there 
was a notable decrease in the PI3K/AKT/mTOR prolif-
eration pathway and an increase in PTEN expression. 
Galangin and SAHA in combination synergistically sup-
pressed MDA-MB-231 cell growth and other aspects of 

TNBC progression. These outcomes are consistent with 
SAHA, a common HDAC inhibitor. Based on both in 
vitro experimental outcomes and in vivo results, it can be 
concluded that Galangin and SAHA might operate in a 
similar manner against TNBC cells. This research could 
contribute towards the development of a combinatorial 
alternative therapeutic modality for the effective manage-
ment of TNBC’s especially under severe and metastatic 
situations. Use of multiple cell lines of TNBC, detailed 
mechanistic studies utilizing loss-of-function and gain-
of-function approaches, assessment of tumor microen-
vironment related studies, dose dependency and toxicity 
analysis, and analysis of potential off-target side effects 
might enrich our understanding towards exploring the 
utility of Galangin in clinical settings.
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