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Abstract

Background: Combining antioxidants with chemotherapy is an emerging strategy for reducing chemotoxicity
innormal cells. Triphala (TPL), a polyphenol-rich Thai herbal formulation, has exhibited potential in enhancing
chemotherapy efficacy; however, its interaction with paclitaxel in breast cancer treatment remains underexplored.
Objective: This study aimed to evaluate the effects of aqueous (TPL-w) and ethanolic (TPL-a) TPL extracts
in combination with low-dose paclitaxel on breast cancer and non-tumorigenic mammary epithelial cells.
Methods: The bioactive components of TPL-w and TPL-a were identified using high-performance liquid
chromatography. Thiazolyl blue tetrazolium bromide (MTT) and chloromethyl 22’ ,72° -
dichlorodihydrofluorescein diacetate (CM-H,DCFDA) assays were employed to assess cell viability and
reactive oxygen species (ROS) levels, respectively, in breast cancer (MDA-MB-231, MCF-7) and epithelial
(MCF-10A) cells. Combination index values were calculated using CompuSyn, whereas quantitative polymerase
chain reaction was used to analyze apoptosis- and antioxidant-related gene expressions.

Results: Gallic acid was the predominant compound identified in both extracts, with higher levels detected in
TPL-a. Paclitaxel and TPL-a cotreatment exhibited greater cytotoxicity in breast cancer cells, particularly in
MDA-MB-231, compared with that of TPL-w cotreatment, primarily through enhanced ROS accumulation
and an elevated BAX/BCL?2 ratio, which led to apoptosis. TPL-a significantly downregulated superoxide
dismutase (SOD!) and glutathione peroxidase (GPX1) expression in cancer cells, thereby enhancing oxidative
stress. Conversely, TPL-w exhibited moderate cytotoxicity but effectively protected MCF-10A cells by
upregulating the expression of SODI and GPXI, reducing ROS levels, and lowering the BAX/BCL?2 ratio,
thus enhancing cell survival.

Conclusion: TPL-a exhibited superior anticancer activity when combined with paclitaxel, whereas TPL-w
provided stronger cytoprotection in normal cells. These findings highlight TPL-a’s potential as a complementary
chemotherapeutic agent and TPL-w’s protective role, thereby warranting further investigation into their
clinical applications.

Keywords: Antioxidant therapy, breast cancer, chemotherapy, gallic acid, paclitaxel, reactive oxygen species,
synergistic effect, triphala.

Breast cancer is the most frequently diagnosed cancer
and the second leading cause of cancer-related death
among women. ) It is classified according to its
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molecular markers, including estrogen receptor (ER),
progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2). Among its subtypes,
triple-negative breast cancer (TNBC), characterized
by the absence of these three markers, is particularly
aggressive and associated with a poor prognosis
because of its high metastatic potential and
limited options for targeted treatment. ® Despite
advancements in breast cancer therapy, TNBC
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remains a major clinical challenge, necessitating
the identification of novel therapeutic strategies.

A crucial aspect of cancer cell survival and
proliferation is the regulation of redox homeostasis. )
While normal cells maintain low levels of reactive
oxygen species (ROS) for physiological functions,
cancer cells generate elevated ROS levels, which are
driven by heightened metabolic and mitochondrial
activity. This oxidative stress can promote cancer
progression by activating oncogenic pathways,
although excessive ROS accumulation may also lead
to oxidative damage and induce cell death. * 9
Recent studies have shown that ROS levels
are consistently higher in cancer cells than in normal
cells. @ For instance, a recent study on breast cancer
demonstrated that TNBC cells exhibited the highest
basal levels of ROS, followed by ER-positive breast
cancer cells, while non-tumorigenic cells exhibited the
lowest ROS levels. This highlights a gradient that
correlates with tumor aggressiveness and metabolic
demand. @

This redox imbalance has been therapeutically
exploited by chemotherapeutic agents such as
paclitaxel (PX), a taxane-based drug that disrupts
microtubule dynamics and halts mitosis. ® In addition
to its cytostatic action, PX increases the generation
of intracellular ROS, forcing cancer cells beyond
their oxidative stress threshold and promoting
apoptosis. ©-19 However, elevated ROS generation
during treatment can also damage normal tissues,
thereby contributing to dose-limiting toxicities. ("
Therefore, there is a growing interest in strategies
that selectively modulate oxidative stress in cancer
cells while preserving normal cell viability.

Recent attention has focused on the potential of
antioxidant cotreatment in cancer therapy. Triphala
(TPL), a traditional herbal formulation composed of
Terminalia chebula (T. chebula), Terminalia
bellerica (T. bellerica), and Phyllanthus emblica
(P. emblica), is commonly prepared via aqueous (TPL-
w) or ethanolic (TPL-a) extraction, resulting in distinct
phytochemical profiles. TPL-w is rich in water-soluble
compounds, such as gallic acid, ellagic acid, and vitamin
C, and exhibits strong antioxidant properties, while
TPL-a contains higher levels of polyphenols,
flavonoids, and tannins and demonstrates potent pro-
apoptotic and cytotoxic effects against cancer cells. - 12
Previous studies have shown that TPL-w and TPL-a
inhibit proliferation, induce apoptosis, and suppress
tumor growth in breast cancer cell lines, including ER-
positive (MCF-7), PR-positive (T47D), and TNBC
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(MDA-MB-231), without exhibiting cytotoxic effects
on normal breast epithelial cells or peripheral blood
mononuclear cells. 315 In addition, TPL-w has
demonstrated protective effects against oxidative
damage in animal models. ¥ Although both TPL
extracts have demonstrated anticancer activity,
comparative studies on their ability to selectively
protect normal cells from chemotherapy-induced
oxidative stress while enhancing anticancer efficacy
remain limited. Furthermore, it is unclear whether
differences in bioactive compound levels between
TPL-w and TPL-a affect the modulation of redox
balance in cancer against normal cells.

This study aimed to evaluate the protective effects
of TPL-w and TPL-an on human breast epithelial cells
(MCF-10A) against PX-induced cytotoxicity. In
addition, this study investigated whether the
combination of TPL extracts with PX enhanced the
anticancer activity in MDA-MB-231 and MCF-7 cell
lines by modulating the antioxidant responses and
maintaining the redox balance. The findings of this
study may contribute to the development of
combination therapies that improve chemotherapy
outcomes while minimizing damage to healthy cells.

Materials and methods

The study protocol was reviewed and approved by
the Institute Ethics Committee of the Faculty of
Medicine, Chulalongkorn University, Bangkok,
Thailand (IRB no. 511/64).

TPL extraction

Dried powders of T. chebula, T. bellerica, and
P emblica were obtained from Vejpong Pharmacy
Co., Ltd. (Bangkok, Thailand). TPL-a was prepared
as previously described. " TPL-w was prepared using
the modified protocol described by Naik GH, et al. 7
In brief, 75 g of TPL powder was dissolved in 250 mL
of distilled water, heated at 90°C for 30 min, cooled to
room temperature, and centrifuged to remove the
debris. The supernatant was filtered through 11-um
Whatman filter paper and lyophilized. The lyophilized
TPL-w was stored at 20°C under light-protected
conditions. For experiments, a stock solution of 10
mg/mL was prepared by dissolving the dried extract
in 5.0% dimethyl sulfoxide (DMSO) (D2660, Sigma-
Aldrich, MO, USA). Working solutions were prepared
by diluting the stock solution in the cell culture medium
and filtered using a 0.2-pum syringe filter (Johnson Test
Papers Ltd., Oldbury, UK) before use.
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PX preparation

PX (Sigma-Aldrich) was dissolved in DMSO to a final
concentration of 10 mM and stored at —20°C under
light-protected conditions. Before use, PX was diluted
in the cell culture medium, ensuring that the final
DMSO concentration remained below 0.1% to prevent
DMSO-induced cytotoxicity. All working dilutions
were freshly prepared immediately before use.

Free radical scavenging activity
The antioxidant activity of the TPL extracts was
evaluated using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging assay, as previously
described. ¥ In brief, 100 pL of 0.2 mM DPPH
solution (MilliporeSigma, USA) in methanol was mixed
with 100 uL of TPL extract at varying concentrations
(10-500 pg/mL). The mixture was vortexed and
incubated in the dark at 37°C for 30 min. In methanol,
DPPH appears violet and fades to yellow upon
reduction by antioxidants. Absorbance was measured
at 515 nm using a microplate reader (Biotek Synergy
HT, USA). Gallic acid served as the positive control,
whereas the control sample contained no extract. The
DPPH radical scavenging activity percentage was
calculated using the following formula:

DPPH scavenging activity (%o) = (A, —A,) /A, * 100

where A represents the absorbance of the control
and A represents the absorbance of the sample.

High-performance liquid chromatography (HPLC)
quantification

The TPL extracts were characterized using HPLC
with an Agilent 1260 series system equipped with a
photodiode array detector and autosampler. The
separation conditions were modified based on previous
studies. " Chromatographic separation was
performed using a Poroshell 120 EC-C18 column (2.7
um, 4.6 x 150 mm) maintained at 26°C. The mobile
phase consisted of 0.1% acetic acid (solvent A) and
acetonitrile (solvent B) delivered at a flow rate of 1
mL/min. The injection volume was 20 puL, and
detection was performed at 270 nm. Gallic acid was
used as the standard control. Identification of gallic
acid content in the TPL extract was determined by
comparing the retention times and absorption spectra
of the corresponding peaks with those of the gallic
acid standard. TPL samples (50 pg/mL) and gallic
acid standards (25-100 pg/mL) were analyzed in
triplicate. Data were processed using Agilent
ChemsStation software (Agilent, USA).
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Determination of phenolic and flavonoid contents
The total phenolic content in the TPL extracts was
determined using the Folin—Ciocalteu colorimetric
method, as previously described. @? Briefly, 1 mg/mL
of the TPL extracts were mixed with 0.2 M Folin—
Ciocalteu reagent and incubated for 5 min.
Subsequently, 8.0% sodium carbonate solution was
added, and the mixture was incubated for 60 min in
the dark. The resulting dark blue color, indicative of
phenol oxidation, was measured at 756 nm using a
microplate reader. All experiments were performed
in triplicate. Phenolic content was calculated from a
gallic acid standard curve and expressed as mg of
gallic acid equivalents per g of sample (mg GAE/g).

Total flavonoid content was measured using a
previously described colorimetric assay method with
slight modifications. @Y In a 1.5 mL test tube, 50 uL.
of TPL extract (1 mg/mL) was mixed with 320 pL of
distilled water, followed by the addition of 15 puL of
5.0% sodium nitrite and 15 pL of 10.0% aluminum
chloride. After incubation, 0.1 mL of 1 M sodium
hydroxide was added. Absorbance was measured at
510 nm against a blank reagent using a microplate
reader. Catechin served as the standard for the
calibration curve, and flavonoid content was expressed
as mg of catechin equivalents per g of sample dry
weight (mg CE/g).

Cell culture

The human breast cancer cell lines MDA-MB-231
(ATCC no. HTB-26) and MCF-7 (ATCC no. HTB-
22) were obtained from the American Type Culture
Collection (ATCC, USA). Both cell types were
cultured in Dulbecco’s Modified Eagle Medium
(DMEM; HyClone, USA) supplemented with 5.0%
heat-inactivated fetal bovine serum; Gibco, MA,
USA), 100 U/mL penicillin/streptomycin, and 100 U/
mL HEPES (Gibco).

Human normal mammary epithelial cells (MCF-
10A, ATCC no. CRL-10317) were cultured in DMEM/
F12 (HyClone) supplemented with 20 ng/mL epidermal
growth factor (PeproTech, NJ, USA), 100 ng/mL
cholera toxin, 10 pg/mL insulin, 500 ng/mL
hydrocortisone (all from Sigma-Aldrich), and 5.0%
horse serum (Gibco).

All cell lines were maintained at 37°C under 5.0%
COa2, conditions in a 95.0% humidified incubator
(BINDER, Tuttlingen, Germany). We passaged cells
twice weekly using 0.25% trypsin with 0.02% EDTA.
Cells between passages 5 and 20 were used in the
experiments. All procedures were performed under
aseptic conditions following standard cell culture
protocols.
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Cytotoxicity and combination index determination
To determine the optimal concentrations of TPL and
PX, cells were seeded in 96-well plates (Corning, NY,
USA) at a density of 4x10* cells/well and incubated
for 24 h. Cells were treated with varying concentrations
of TPL (25-2000 pg/mL) and PX (0.1-2 uM) for 48
h to calculate the IC,, values. Cell viability was
assessed using the thiazolyl blue tetrazolium bromide
(MTT) assay (M5655, Sigma-Aldrich). After
treatment, cells were incubated with 2 mg/mL MTT
for 4 h at 37°C. The resulting formazan crystals were
dissolved in DMSO, and the optical density was
measured at 570 nm. Cell viability was calculated using
the following formula:

Cell viability (%) =(OD,__ . /OD_ )x 100

For combination studies, non-toxic concentrations
of TPL (50-200 pg/mL) were combined with PX (0.5
puM), and the combination index (CI) was calculated
using the Chou-Talalay method via the CompuSyn
software.

CI = [(D),(Dx) ] + [(D),/(Dx),]

Where (D), and (D), represent the concentrations
of TPL and PX used together to achieve 50.0% of
the drug effect, and (DX, and (Dx), are the
concentrations of TPL and PX, respectively, when
used individually to achieve the same effect. The CI
values were interpreted as follows: CI < 1 indicated
synergism, CI = 1 indicated an additive effect, and CI
> 1 indicated antagonism. ??

Measurement of intracellular ROS

Intracellular ROS levels were quantified using
chloromethyl 22 ,72 -dichlorodihydrofluorescein
diacetate (CM-H,DCFDA) (Invitrogen, MA, USA).
Cells were seeded in black, clear-bottom 96-well
plates (Corning) at a density of 4x10* cells/well,
treated as indicated, and incubated with Hanks’
Balanced Salt Solution (HBSS) (Gibco) containing 10
uM CM-H,DCFDA for 30 min at 37°C. Following
incubation, the solution was removed, and cells were
washed and incubated in HBSS under dark conditions
for an additional 6 h at 37°C. The fluorescence
intensity was measured using a microplate reader at
an excitation wavelength of 495 nm and an emission
wavelength of 525 nm. The ROS levels were
normalized to cell viability and expressed relative to
the untreated controls.
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Reverse transcriptase-quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was extracted using Trizol reagent (Thermo
Fisher Scientific, MA, USA), and ¢cDNA was
synthesized using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific), according
to the manufacturer’s instructions. Gene expression
was quantified using SYBR Green-based qPCR with
previously described primers. @ Each qPCR reaction
contained 5 pL of 2X Maxima SYBR Green Master
Mix, 2 pL of nuclease-free water, 2 uM each of
forward and reverse primers, and cDNA template,
for a final volume of 10 pL. Amplification was
performed using a thermocycler (Thermo Fisher
Scientific) under the following conditions: initial
denaturation at 95°C for 15 min, followed by 40 cycles
of 95°C for 15 sec, primer-specific annealing
temperatures for 30 sec, and 72°C for 30 sec. Gene
expression levels were normalized to that of B-actin
as an internal control and analyzed using the 2744
method.

Statistical analysis

Data was analyzed using SPSS version 29.0 (IBM
Corp., NY, USA). All experiments were performed
in triplicate (n = 3), and results are presented as the
mean + standard error of the mean (SEM). Statistical
significance was determined using one-way analysis
of variance, followed by Tukey’s post hoc test for
multiple comparisons. P < 0.05 was considered
statistically significant.

Results

Free radical scavenging activity

The antioxidant properties of the TPL extract were
evaluated using the DPPH assay, and the TPL-w and
TPL-a extracts were compared with gallic acid as
the standard (Figure 1A). The free radical
scavenging activity increased in a concentration-
dependent manner for both the extracts and gallic acid.
The highest tested concentrations were 300 pg/mL for
TPL-w, 200 pg/mL for TPL-a, and 75 pg/mL for gallic
acid. At these concentrations, the maximum DPPH
radical scavenging activities were 91.9 + 0.8% for
TPL-w, 92.7 + 0.3% for TPL-a, and 94.3 + 1.1% for
gallic acid.
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Figure 1. DPPH free radical scavenging activity of TPL extract compared to gallic acid (A); HPLC chromatograms of
TPL-w (B); and TPL-a (C). Data are presented as mean+ SEM from at least three independent experiments, each performed

in triplicate.

Total phenolic and flavonoid contents

The antioxidant properties of the TPL extract were
further evaluated by quantifying its total phenolic and
flavonoid content. The total phenolic content was
expressed as mg GAE/g, whereas the total flavonoid
content was expressed as mg CE/g. All measurements
were performed in triplicate. As shown in Table 1,
the phenolic contents of TPL-w and TPL-a were
376.0 + 6.5 mg GAE/g and 583.0 + 3.2 mg GAE/g,
respectively. Similarly, the total flavonoid content was
100.6 + 1.3 mg CE/g for TPL-w and 129.5 + 0.7 mg
CE/g for TPL-a.

HPLC quantification of the TPL extracts

The bioactive compounds in the TPL extract were
analyzed using HPLC. The chromatograms are
presented in Figure 1B and 1C, and the
corresponding results are summarized in Table 2.
TPL-w (Figure 1B) and TPL-a (Figure 1C)
exhibited prominent peaks that corresponded to gallic
acid, with retention times of 2.794 and 2.795 min,
respectively. The gallic acid concentration was 83.7
+ 1.4 pg/mL in TPL-w and 129.1 + 0.6pug/mL in TPL-
a, thus highlighting gallic acid as the predominant
phenolic compound in the TPL extracts.
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Table 1. Total phenolic and flavonoid contents of TPL.
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Extract

Total phenolic (mg GAE/g)

Total flavonoids (mg CE/g)

TPL-w 376.0+6.5 100.6 1.3
TPL-a 583.0+3.2 129.5+2.7
Table 2. HPLC analysis of TPL identifying gallic acid as the primary compound.
Compound Extract Retention time Area Area Amount
(min) (mAU*s) (%) (ng/ml)
Gallic acid TPL-w 2.797 1,934.1+£22.5 352+0.7 83.7+1.4
TPL-a 2.795 3,062.6+10.8 333+0.3 129.1+0.6

Cytotoxicity of TPL and PX in breast cancer and
epithelial cell lines

To determine the optimal concentration for the
subsequent combination experiments, MDA-MB-231,
MCEF-7, and MCF-10A cells were treated with various
concentrations of PX, TPL-w, and TPL-a extracts
for 48 h. All compounds reduced the cell viability in
a concentration-dependent manner (Figure 2).
Table 3 summarizes the IC values (IC ~IC, ) of PX,
TPL-w, and TPL-a in the breast cancer cells and
epithelial cell lines, thereby providing a basis for
selecting the appropriate concentrations. Based on
these results, TPL-w and TPL-a extracts at nontoxic
concentrations (IC,~IC, ) were selected for use in
the combination experiments with 0.5 uM PX or its
corresponding IC, —IC, range.

Combination effect of TPL and PX on breast
cancer cells and epithelial cell lines

Low-dose PX significantly reduced cell viability in
MDA-MB-231, MCF-7, and MCF-10A cells by
75.3%, 70.4%, and 44.1%, respectively (P < 0.001)
(Figure 3A, C, E; Figure 4A, C, E). The
combination of PX with either TPL-w (Figure 3B,
D; Table 4) or TLP-a (Figure 4B, D; Table 4)
further enhanced the cytotoxicity, thus demonstrating
a synergistic effect. In MDA-MB-231 cells, the
combination reduced cell viability by 36.6—45.3%
(P<0.001) with TPL-w and 30.1-45.6% (P <0.001)
with TPL-a. In MCF-7 cells, viability decreased by
32.3-44.5% (P =0.005, P <0.001) with TPL-w and
by 29.1-45.7% (P = 0.022, P < 0.001) with TPL-a.
Importantly, TPL alone did not affect the MCF-10A
cell viability (Figure 3E, 4E). Moreover, the
combination of TPL and PX increased MCF-10A cell
viability, which suggests a potential protective effect
on normal cells (Figure 3F, Figure 4F).

Combination effect of TPL and PX on ROS
production in breast cancer cells and epithelial cell
lines
The impact of the combination treatment of PX with
either TPL-w or TPL-a on the intracellular ROS levels
was evaluated considering the elevated basal ROS
levels in cancer cells. The ROS levels were normalized
to cell viability. Low-dose PX significantly increased
ROS levels in MDA-MB-231 (1.6-fold, P < 0.001),
MCEF-7 (1.5-fold, P<0.001), and MCF-10A cells (1.7-
fold, P <0.001) compared with those of the controls
(Figure 5). Combining TPL-w or TPL-a with PX
further elevated the ROS levels in a concentration-
dependent manner in the breast cancer cells (Figure
5A-D). In MDA-MB-231 cells, the ROS levels
increased 1.3—1.4-fold with 100 and 200 pg/mL TPL-
w (P =0.028 and P = 0.005) (Figure 5A) and 1.3—
1.5-fold with TPL-a (P=0.011 and P=0.002) (Figure
5B). Similarly, in MCF-7 cells, the ROS levels
increased 1.2—1.3-fold with TPL-w (P=0.011 and P
= 0.006) (Figure 5C) and 1.4-1.5-fold with TPL-a
(P = 0.007 and P = 0.005) (Figure 5D), thus
demonstrating the synergistic effect of TPL and PX
in enhancing ROS production in breast cancer cells.
In contrast, TPL did not increase the ROS levels
in non-tumorigenic MCF-10A cells (Figure SE-F).
Instead, TPL significantly attenuated PX-induced ROS
levels at 100 and 200 pg/mL, reducing them by 1.3—
1.5-fold (P = 0.005 and P < 0.001) with TPL-w and
1.4-1.5-fold (P =0.003 and P < 0.001) with TPL-a.
This suggests that TPL has a protective effect against
PX-induced oxidative stress in normal mammary
epithelial cells. These findings highlight the dual role
of TPL in enhancing ROS-mediated cytotoxicity in
breast cancer cells and protecting normal cells from
oxidative damage.
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Figure 2. Effect of TPL-w (A, C, E) and TPL-a (B, D, F); as well as PX (G, H) on cell viability in MDA-MB-231 (A, B, G); MCF-
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Table 3. IC values of PX, TPL-w, and TPL-a extracts in MDA-MB-231, MCF-7, and MCF-10A cell lines.

Compound ICvalue MDA-MB-231 MCEF-7 MCF-10A
TPL-w (ng/ml) IC10 113 102 295
IC20 212 298 488
IC30 454 470 736
IC40 655 676 1184
IC50 896 842 1434
TPL-a (ng/ml) IC10 97 95 321
IC20 202 189 605
IC30 310 293 863
IC40 545 506 1398
IC50 723 702 1804
PX(uM) IC10 0.1 0.1 NA
IC20 0.2 0.1 NA
IC30 0.5 03 NA
IC40 0.7 0.5 NA
IC50 0.8 0.6 NA
NA, not applicable.
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Figure 4. Combination effects of TPL-a and PX on cell viability in MDA-MB-231 (A); MCF-7 (C), and MCF-10A (E) cells;
with corresponding CI plots (B, D, F). Data are presented as mean = SEM from three independent experiments. “P < 0.05, **P
<0.001 compared to untreated cells; *P < 0.05, #¥P <0.01, **P <0.001 compared to PX-treated cells.

Table 4. CI values of low-dose PX and TPL-w/TPL-a in MDA-MB-231, MCF-7, and MCF-10A cells. The interpretation of CI
values was as follows: CI < 1 represented synergy, CI =1 represented an additive effect, and CI > 1 represented antagonism.

0.5 1M PX CI Value CI Value CI Value
+TPL (ng/ml) (MDA-MB-231) (MCF-7) (MCF-10A)
TPL-w 50 0.97 1.40 1.19
75 0.67 0.96 1.29
100 0.61 0.70 1.43
200 0.53 0.47 1.58
TPL-a 50 0.88 0.97 1.13
75 0.60 0.73 1.16
100 0.50 0.45 1.40
200 0.39 0.40 1.64
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Figure 5. Effects of TPL-w (A, C, E) and TPL-a (B, D, F) combined with low-dose PX on intracellular ROS levels in MDA-
MB-231 (A, B); MCF-7 (C, D), and MCF-10A (E, F). Data are represented as mean + SEM from three independent experiments

performed in triplicate. Statistical significance was defined as "P <0.05; “P <0.01;
#P<0.05;"P<0.01;**P<0.001 compared to PX-treated cells.

Combination effect of TPL and PX on apoptosis-
related gene expression in breast cancer cells and
epithelial cell lines

The BAX/BCL?2 expression ratio was used to evaluate
the induction of apoptosis. Low-dose PX significantly
increased the BAX/BCL?2 ratio in MDA-MB-231 (5.9-
fold, P < 0.001), MCF-7 (5.2-fold, P = 0.002), and
MCF-10A (6.8-fold, P <0.001) compared with those
of untreated controls (Figure 6). In breast cancer
cells, the combination of PX with 100 or 200 pg/mL
of TPL extracts further elevated the BAX/BCL?2 ratio

E

P <0.001 compared to untreated cells;

compared with that of PX alone, thus indicating
enhanced apoptosis. In MDA-MB-231 cells, 200 ng/
mL of TPL-w increased the ratio by 1.7-fold (P =
0.009), whereas 100 and 200 pg/mL of TPL-a caused
a 2.2-2.4-fold increase (P = 0.009 and P < 0.001)
(Figure 6A, B). Similarly, in MCF-7 cells, the ratio
increased by 1.9-fold with 200 pug/mL of TPL-w (P <
0.001) and 2.2-2.4-fold with 100 and 200 pg/mL of
TPL-a (P = 0.002 and P < 0.001) (Figure 6C, D),
thereby demonstrating a synergistic apoptosis effect.
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cells.

In contrast, the combination treatment reduced
the BAX/BCL2 ratio in non-tumorigenic MCF-10A cells
in a concentration-dependent manner. TPL at 100 and
200 pg/mL significantly lowered the ratio compared
with that of PX alone, with a 1.9-2.4-fold decrease
for TPL-w (P=0.011 and P <0.001) and a 2.3-3.0-
fold reduction for TPL-a (both P < 0.001) (Figure
6E, F). These findings suggest that TPL enhances
apoptosis in breast cancer cells and protects normal
epithelial cells against PX-induced apoptosis.

Combination effect of TPL and PX on antioxidant-
related gene expression in breast cancer cells and
epithelial cell lines

To assess the impact of PX and TPL on the redox
balance regulation in breast cancer cells, the mRNA
expression of key antioxidant enzymes, such as
superoxide dismutase (SODI), glutathione peroxidase
(GPX1), and catalase (CAT), was analyzed. PX
treatment alone significantly downregulated SODI
expression in the MDA-MB-231 (2.0-fold, P=0.045),
MCF-7 (2.1-fold, P=10.042), and MCF-10A (4.5-fold,
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Figure 7. Effects of TPL-w combined with low-dose PX on SOD1 (A-C), GPX1 (D-F), and CAT (G-I) mRNA expression in
MDA-MB-231 (A, D, G), MCF-7 (B, E, H), and MCF-10A (C, F, I) cells. Expression levels were normalized to $-actin. Data are
presented as mean + SEM from three independent experiments performed in triplicate. Statistical significance was defined
as"P<0.05;"P<0.01;"P<0.001 compared to untreated cells, and “P < 0.05, #P<0.01, #P<0.001 compared to PX-treated

cells.

P =0.007) cells (Figure 7A-C, 8A-C). The
combination of PX with 200 pg/mL of TPL-w further
suppressed SODI expression in the MDA-MB-231
(2.7-fold, P=0.042) and MCF-7 (2.6-fold, P=0.020)
cells (Figure 7A-B). A similar trend was observed
for 100 and 200 pg/mL of TPL-a, resulting in a 3.6—
3.9-fold reduction in the MDA-MB-231 cells
(P=0.035and P=0.020) and a 2.0-3.4-fold decrease
in the MCF-7 cells (P=10.045 and P=0.022) (Figure
8A-B). Interestingly, in the MCF-10A cells, treatment
with 100 and 200 pg/mL of TPL significantly increased

SOD] expression compared with that of PX alone,
with a 3.6—4.1-fold increase (P=0.028 and P<0.001)
in the TPL-w group (Figure 7C) and a 4.5—4.9-fold
increase (P=0.008 and P<0.001) in the TPL-a group
(Figure 8C).

PX treatment also downregulated GPXI
expression in the MDA-MB-231 (2.2-fold, P=0.018),
MCF-7 (2.1-fold, P=0.034), and MCF-10A (3.1-fold,
P =0.011) cells. The combination treatment further
reduced GPXI expression in the MDA-MB-231 cells
when cotreated with TPL-w (1.9-fold, P = 0.038)
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Figure 8. Effects of TPL-a combined with low-dose PX on SODI (A—C), GPXI (D-F), and CAT (G-I) mRNA expression in
MDA-MB-231 (A, D, G), MCF-7 (B, E, H), and MCF-10A (C, F, I) cells. Expression levels were normalized to -actin. Data are
presented as mean + SEM from three independent experiments performed in triplicate. Statistical significance was defined
as"P<0.05;"P<0.01;"P<0.001 compared to untreated cells, and *P < 0.05, #P<0.01,; #P<0.001 compared to PX-treated

cells.

(Figure 7D) and with 100 and 200 pg/mL of TPL-a
(3.0-3.3-fold, P=0.015 and P=0.011) (Figure 8D).
Similarly, in the MCF-7 cells, 100 and 200 pg/mL of
TPL-a decreased GPX! expression by 3.3—4.2-fold
(P=10.025 and P =0.019) (Figure 8E). In contrast,
GPXI expression in the MCF-10A cells increased
3.0-3.5-fold following treatment with 100 and 200 pg/
mL of TPL-w (P=0.028 and P=0.012) (Figure 7F)
and 2.7-3.7-fold following treatment with 100 and 200
pg/mL of TPL-a (P =0.042 and P = 0.008) (Figure
8F).

PX treatment alone significantly reduced CAT
expression in the MDA-MB-231 (2.2-fold, P=0.046),
MCF-7 (2.0-fold, P=10.043), and MCF-10A (2.5-fold,
P =0.031) cells. However, the combination of PX
and TPL extracts did not induce any significant
changes in CAT expression across all cell lines (Figure
7G-1, 8G-I).
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Discussion

Numerous studies have highlighted TPL’s potent
antioxidant properties, primarily attributed to its
polyphenol content. '» These compounds act as
natural antioxidants by neutralizing free radicals and
preventing cellular damage. ¥ Consistent with
previous research, our study evaluated the antioxidant
activity of TPL-w and TPL-a, with the latter
demonstrating superior free radical scavenging ability.
HPLC analysis identified gallic acid as the primary
compound, which aligns with the findings of previous
studies. ®» Moreover, we observed a higher total
phenolic content than flavonoid content in both
extracts. The superior antioxidant activity and phenolic
content in the ethanolic extract likely resulted from
ethanol’s greater efficiency in extracting phenolic
compounds. @® Previous studies identified 18
compounds in TPL, with gallic acid comprising
approximately 30% of the extract, in addition to other
polyphenols. @Y However, variations in phytochemical
composition due to plant origin and geography should
be considered. These findings further support the use
of ethanol as a superior solvent for extracting bioactive
TPL compounds.

Redox homeostasis is critical for cell survival.
Although normal cells maintain low levels of ROS,
cancer cells exhibit elevated levels of ROS due to
their heightened metabolic activity, promoting
tumor progression while triggering antioxidant
defenses. ?%27 Our previous findings confirmed that
TNBC cells, particularly MDA-MB-231, exhibit higher
basal levels of ROS than normal breast cells. 7 As
TNBC cells rely on ROS for survival, antioxidant
treatment reduces proliferation and induces cell death,
thus highlighting ROS as a therapeutic target. ©

Natural antioxidants, such as gallic acid and TPL,
are gaining attention in cancer therapy for their ability
to induce apoptosis and cell cycle arrest while sparing
normal cells. @® Consistent with previous studies, our
findings demonstrated the anticancer activity of TPL
extracts in MDA-MB-231 and MCF-7 cells, with
higher IC,  values in normal cells, thereby emphasizing
TPL’s safety profile. *

Chemotherapy is effective, but its use is limited
by toxicity to normal tissues. We found that even low-
dose PX treatment reduced MCF-10A cell survival.
Notably, TPL extract enhanced PX-induced
cytotoxicity in breast cancer cells while protecting
normal cells. CI values < 1 confirmed synergy in

Chula Med J

cancer cells, while an antagonistic effect (CI > 1)
was observed in MCF-10A cells, which suggests that
TPL enhances chemotherapy efficacy while mitigating
its toxicity against normal cells. Although the role of
polyphenols in chemotherapy-induced antagonism
remains understudied ¢, our findings suggest that
TPL’s antioxidant properties contribute to reducing
the ROS-mediated toxicity in normal cells.

Apoptosis plays an essential role in cancer therapy.
We assessed the expression of BAX (pro-apoptotic)
and BCL2 (anti-apoptotic) to evaluate TPL’s apoptotic
effects. Low-dose PX treatment increased the BAX/
BCL2 ratio, whereas PX and TPL cotreatment further
elevated this ratio in breast cancer cells, thereby
indicating enhanced apoptosis. Conversely, TPL
reduced the BAX/BCL2 ratio in MCF-10A cells,
thus highlighting its protective role. Previously,
lauryl gallate, a gallic acid derivative, enhanced
chemotherapy efficacy while minimizing side
effects @V, which aligns with our findings.

Chemotherapy-induced oxidative stress plays a
substantial role in its cytotoxic effects, with PX
increasing the ROS levels and causing mitochondrial
dysfunction. ¢» Our study confirmed that low-dose
PX elevated the ROS levels in cancer and normal
cells. However, TPL, which is known for its prooxidant
activity in breast cancer cells !9, further increased
the ROS levels in breast cancer cells ¢ while
reducing the ROS levels in normal cells. Similar
protective effects were previously observed in normal
murine spleen and liver cells, where TPL mitigated
chemotherapy-induced ROS production. *” Notably,
combination treatment with low-dose PX with TPL
significantly decreased intracellular ROS in MCF-10A
cells, while high-dose TPL further reduced the ROS
to near-baseline levels.

These findings highlight the dual role of TPL in
promoting oxidative stress in cancer cells while
protecting normal tissues. This suggests that
polyphenols exploit cancer cells’ redox imbalance,
enhancing their vulnerability while safeguarding
healthy cells. However, the precise mechanism by
which polyphenols specifically induce ROS
accumulation in breast cancer cells remains unclear
and warrants further investigation.

Cellular antioxidant enzymes, including SOD, CAT,
and GPX, maintain the redox balance by neutralizing
excess ROS. SOD converts superoxide radicals into
hydrogen peroxide, which is further broken down by
CAT and GPX to prevent cellular damage. ©9



Vol. 69 No. 4
July - August 2025

Chemotherapy disrupts this balance by increasing
ROS accumulation and reducing antioxidant enzyme
levels. Consistent with previous studies, our results
showed decreased expression of SODI, CAT, and
GPX1I following low-dose PX treatment. Moreover,
PX and TPL cotreatment further decreased the
expression of SODI and GPX] in breast cancer cells
while upregulating these enzymes in normal cells,
thereby mitigating oxidative stress. High-dose TPL
combined with PX significantly restored SOD1I and
GPX1 expression, rescued redox homeostasis in
MCF-10A cells, reduced ROS levels, and minimized
cell death. These findings highlight TPL’s potential in
mitigating chemotoxicity through the upregulation of
antioxidant genes.

Although CAT is a primary antioxidant enzyme,
our study found no significant changes in its expression
following TPL treatment. This result aligns with that
of previous reports, which showed that low CAT levels
in breast cancer cells are due to reduced peroxisome
activity. ®>37 The higher affinity of GPX for hydrogen
peroxide may also have contributed to this
observation. Further research is required to clarify
the regulation of CAT in breast cancer cells.

Overall, our findings indicate that TPL enhances
PX-induced cytotoxicity in breast cancer cells while
protecting normal breast epithelial cells. This dual
effect likely stems from differential ROS levels and
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oxidative stress responses. TPL promotes cancer cell
apoptosis by increasing ROS accumulation,
downregulating the expression of SODI and GPXI,
and elevating the BAX/BCL?2 ratio. In contrast, it
preserves the redox balance in normal cells by
upregulating antioxidant enzymes and reducing
apoptosis. These results align with previous studies
demonstrating selective chemotherapy toxicity in
cancer versus normal cells. ¢® In addition, combining
chemotherapeutic agents with redox-modulating
compounds, such as TPL, has been proposed to
enhance the treatment efficacy, reduce the required
drug doses, and minimize the adverse effects
(Figure 9). ¢

Although our study provides important insights into
TPL’s dual actions, it is limited by the lack of
mechanistic investigations into the apoptosis pathways.
We assessed only the expression of key apoptotic and
antioxidant genes without examining upstream
regulators such as ROS-mediated signaling, Akt,
endoplasmic reticulum stress, or mitochondrial
dysfunction. These aspects merit further investigation
to better understand the pathways through which TPL
modulates cell survival and death. Moreover, future
in vivo studies are required to confirm the therapeutic
potential of TPL. Nevertheless, our results support
the potential of TPL as a promising adjuvant to enhance
chemotherapy efficacy while minimizing toxicity to
normal tissues.
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TPL maintains redox balance in normal cells but disrupts it in cancer cells, reducing their survival. TPL-w protected normal cells, while TPL-a enhanced anticancer effects with PX.

Figure9. Dual role of TPL extractsin breast cancer therapy.
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Conclusion

This study demonstrates that TPL extracts enhance
chemotherapy-induced cytotoxicity in breast cancer
cells while protecting normal cells. The ethanolic
extract, rich in gallic acid, exhibits superior antioxidant
and prooxidant activities and promotes ROS
accumulation and apoptosis in cancer cells while
preserving the redox balance in normal cells. These
findings highlight TPL’s potential as a safe and
effective adjunct to chemotherapy, and further in vivo
studies are warranted to elucidate its precise molecular
mechanisms and therapeutic applications.
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