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Background: Doxorubicin (DOX), although widely employed in cancer therapy, induces significant cardiotoxicity primarily
via oxidative stress and DNA damage. Pachymic acid (PA), a natural triterpenoid with established antioxidative and anti-
inflammatory properties, has not yet been fully investigated for its protective actions against DOX-induced injury. This study
aimed to explore the cardioprotective role of PA in mitigating DOX-induced cardiotoxicity, focusing on oxidative stress, inflam-
matory responses, DNA damage, and apoptosis.

Methods: H9¢2 cardiomyocytes were treated with various concentrations of DOX and PA, either individually or in combination.
The experimental groups consisted of control, DOX alone, PA alone, and PA plus DOX. A range of assays (CCK-8, TUNEL,
ELISA, comet assay, Western blot) were performed to evaluate cell viability, apoptosis, inflammatory cytokine production,
oxidative stress, and DNA damage. In vivo, the cardioprotective potential of PA was further evaluated in a rat model using
histopathological analysis and serum biomarker evaluation.

Results: In vitro, PA pretreatment significantly improved cell viability and inhibited apoptosis in DOX-exposed H9¢c2 cells (p <
0.01), as demonstrated by modulation of Bcl-2, cleaved-PARP, Bax, and cleaved-caspase-3 expression (p < 0.01). PA suppressed
oxidative stress by reducing reactive oxygen species (ROS) and Malondialdehyde (MDA) levels while enhancing Superoxide
dismutase (SOD) and Glutathione (GSH) activities (p < 0.01). Additionally, PA mitigated DNA damage and downregulated DNA
damage response proteins (p-ATR, YH2AX, P53, and P21) (p < 0.01). Proinflammatory cytokines tumor necrosis factor oo (TNF-
«), interleukin (IL)-6, and TL-15 were significantly decreased following PA treatment (p < 0.01). In vivo, serum concentrations
of lactate dehydrogenase (LDH), cardiac troponin I (cTnl), brain natriuretic peptide (BNP), and creatine kinase-MB (CK-MB)
were markedly reduced, and myocardial histopathology revealed alleviated structural damage (p < 0.01). These protective effects
were accompanied by decreased oxidative damage, inflammatory responses, and cardiomyocyte loss in cardiac tissue (p < 0.01).
Conclusion: PA attenuated DOX-induced cardiotoxicity through the inhibition of oxidative stress, inflammatory responses, DNA
damage, and apoptosis, highlighting its potential as a novel cardioprotective agent.
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Introduction dysfunction, and activation of cell death-associated path-

Doxorubicin (DOX), a widely used anthracycline
chemotherapeutic, exhibits potent antitumor activity across
diverse malignancies and remains a cornerstone of cancer
therapy [1-3]. However, its dose-dependent cardiotoxic-
ity poses a major limitation to clinical application, with
incidence rates reported to reach up to 48% in high-
dose regimens [4,5]. The hallmark of DOX-induced car-
diotoxicity includes cardiomyocyte apoptosis, necrosis, and
eventual progression to heart failure [6,7]. Mechanisti-
cally, oxidative stress is considered a primary mediator,
as DOX metabolism generates excessive reactive oxygen
species (ROS), leading to lipid peroxidation, mitochondrial

ways [8,9]. Moreover, DOX exacerbates cardiac injury
through DNA damage and activation of the DNA dam-
age response [10], involving key signaling pathways such
as Nrf2/Keapl, SIRT1/p66Shc, and inflammatory media-
tors such as nuclear factor-kappa B (NF-xB) and the NOD-
like receptor family pyrin domain containing 3 (NLRP3)
inflammasome [11].

Given the pivotal roles of oxidative stress, apoptosis,
and inflammation in DOX-induced cardiotoxicity, identi-
fying effective cardioprotective agents remains an urgent
clinical need. Pachymic acid (PA), a lanostane-type triter-
penoid derived from Poria cocos, has attracted consider-
able interest due to its antioxidant, anti-inflammatory, and
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antitumor activities [12—16]. Previous investigations have
demonstrated that PA exerts tissue-protective properties by
regulating the NF-xB pathway and mitigating myocardial
ischemia/reperfusion injury through AMP-activated protein
kinase (AMPK) activation [17,18]. Despite these promis-
ing pharmacological properties, the role of PA in counter-
acting DOX-induced myocardial toxicity has not yet been
elucidated. Current strategies for DOX cardiotoxicity re-
main limited to dexrazoxane and lifestyle modifications
[19], which provide only partial protection and fail to ad-
dress multiple pathological pathways simultaneously. Con-
versely, the multitarget potential of PA to concurrently mit-
igate oxidative stress, inflammation, apoptosis, and DNA
damage suggests a paradigm shift beyond existing single-
mechanism approaches.

In this study, we systematically examined the cardio-
protective effects of PA against DOX-induced myocardial
injury, employing both cultured H9¢2 cardiomyocytes (in
vitro) and rat models (in vivo). These findings offer novel
insights into the therapeutic potential of PA as a natural
cardioprotective agent, with implications for improving the
safety of DOX-based chemotherapy.

Materials and Methods

Reagents and Chemicals

Pachymic acid (PA, purity >98%; Fig. 1A) was ob-
tained from Sigma-Aldrich (#PHL80512, St. Louis, MO,
USA) and dissolved in DMSO (purity >99.9%, Sigma-
Aldrich, St. Louis, MO, USA) to prepare stock so-
lutions. DOX was purchased from MedChemExpress
(#HY-15142A, USA). CCK-8 kit (#C0038) and TUNEL
kit (#C1086) were sourced from Beyotime Biotechnology
(Shanghai, China). A PCR-based mycoplasma detection kit
(Myco-P-20, MycoAlert™, Lonza, Switzerland) was used
to confirm cell culture quality. All reagents employed were
of analytical grade.

Cell Maintenance and Drug Treatment

HO9c2 rat cardiomyoblasts (ATCC® CRL-1446™)
were obtained from the American Type Culture Collec-
tion and maintained in high-glucose DMEM (11965092,
Gibco, Grand Island, NY, USA) supplemented with 10%
FBS (A5670201, Gibco, Gibco, Grand Island, NY, USA)
and 1% penicillin-streptomycin (Gibco) at 37 °C under 5%
CO:2. Mycoplasma contamination was confirmed prior to
experimentation using a PCR-based detection kit following
the manufacturer’s instructions, and all results were nega-
tive. The identity of H9c2 cells was verified based on their
characteristic expression profile reported in the literature,
including positive staining for desmin and «-sarcomeric
actin and absence of endothelial (CD31) and hematopoietic
(CD45) markers [20,21]. H9c2 cardiomyoblasts were se-
lected as an established in vitro model for DOX cardiotox-
icity due to their conserved cardiac-specific markers and

reproducible sensitivity to oxidative stress, despite lacking
full adult cardiomyocyte maturity, consistent with previous
mechanistic study [22].

Dose-response assays were initially conducted to de-
termine the effective concentration ranges of DOX (0-5
uM) and PA (0-60 pg/mL) [18,23]. The maximum non-
toxic concentration of PA that did not alter H9¢2 viabil-
ity and the DOX concentration that produced the greatest
reduction in viability were selected for subsequent assays.
Based on these findings, cells were assigned to the follow-
ing groups: (1) Control group: untreated H9¢2 cardiomy-
ocytes; (2) DOX group: cells treated with 5 uM DOX for
24 hours; (3) PA group: cells treated with 40 pg/mL PA for
12 hours; (4) DOX + PA group: cells sequentially treated
with PA (40 pg/mL, 12 hours) followed by DOX (5 uM, 24
hours).

Animal Model and Treatment

All animal procedures were approved by the Ex-
perimental Animal Ethics Committee of the Guangdong
Medical Experimental Animal Center (approval number:
D202507-22), affiliated with the Guangdong Health Com-
mission. Male Sprague-Dawley (SD) rats (6—8 weeks old,
200-220 g) were used to investigate the cardioprotective
role of PA against DOX-induced cardiotoxicity. Animals
were housed under standard laboratory conditions (12-hour
light/dark cycle, 22 £ 2 °C, 50-60% humidity) with food
and water available ad libitum. For all procedures, anes-
thesia was induced with 2% isoflurane (R510-22, RWD
Life Science, China) in oxygen (1 L/min). Following deep
anesthesia, blood was collected by cardiac puncture and
centrifuged (3000 xg, 10 minutes, 4 °C) to obtain serum,
which was stored at —80 °C. Heart tissues were rapidly ex-
cised, rinsed in PBS (10010023, Gibco, Grand Island, NY,
USA), and divided into aliquots for histology (fixed in 4%
paraformaldehyde) or molecular analysis (snap-frozen in
liquid nitrogen). Euthanasia was performed by cervical dis-
location under deep anesthesia, confirmed by the absence of
pedal reflex.

Rats were randomly allocated into four groups (n =9
each): (1) Control group: intraperitoneal (i.p.) injections
of saline twice weekly for 4 weeks, followed by daily oral
gavage of saline for an additional 4 weeks; (2) DOX group:
1.p. injections of DOX (2 mg/kg) twice weekly for 4 weeks,
yielding a cumulative dose of 16 mg/kg, followed by daily
oral saline gavage for 4 weeks [24]; (3) PA group: i.p. in-
jections of saline twice weekly for 4 weeks, followed by
daily oral gavage of PA (10 mg/kg) for 4 weeks [25]; (4)
PA + DOX group: i.p. injections of DOX (2 mg/kg) twice
weekly for 4 weeks (cumulative dose 16 mg/kg), followed
by daily oral PA gavage (10 mg/kg) beginning the day after
the final DOX injection and continued for 4 weeks.

The acute DOX model was chosen to investigate early
mechanisms of cardiotoxicity, such as oxidative stress and
apoptosis. While the model induces robust acute injury, it
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does not fully mimic chronic human cardiotoxicity. To ad-
dress this limit, we complemented it with histopathology
and serum biomarkers, consistent with previously validated
approaches [26].

Randomization was performed using a computer-
generated sequence, with cage numbers assigned by an in-
dependent investigator. All histological assessments and
data analyses were performed by investigators blinded to
treatment allocation.

The post-treatment PA administration strategy was
designed to: (1) simulate clinical scenarios in which
cardioprotective interventions are typically initiated af-
ter chemotherapy, (2) specifically evaluate the therapeutic
rather than prophylactic potential of PA, and (3) minimize
potential pharmacokinetic interference during the peak tox-
icity phase of DOX.

CCK-8 Assay

Cell viability was assessed using the CCK-8 assay.
Following treatment, cells were seeded into 96-well plates
(1 x 10* cells/well), and 10 pL of CCK-8 reagent was
added to each well, followed by incubation for 4 hours at
37 °C. Absorbance was measured at 405 nm using a mi-
croplate reader (iMark™, Bio-Rad, USA), and cell viability
was expressed relative to control values. All experiments
were performed in triplicate.

TUNEL Assay

Apoptosis in cultured cells and myocardial tissue was
assessed using the TUNEL Apoptosis Detection Kit follow-
ing the manufacturer’s instructions. Briefly, treated H9c2
cells or paraffin-embedded cardiac sections were fixed with
4% paraformaldehyde (30 minutes, room temperature), per-
meabilized with 0.1% Triton X-100 in PBS (10 minutes),
and incubated with TUNEL reagent for 1 hour at 37 °C ina
humidified dark chamber. Cell nuclei were counterstained
with DAPI for 5 minutes. TUNEL-positive cells were visu-
alized using fluorescence microscopy (iMark™, Olympus,
Japan) and quantified with ImagelJ software (Version 1.54f,
National Institutes of Health, Bethesda, MD, USA). Three
independent experiments were performed, and at least three
random fields per sample were analyzed.

ELISA Assay

Cell culture supernatants and serum aliquots were
collected and stored at —80 °C until analysis. Levels of
inflammatory cytokines, including tumor necrosis factor
a (TNF-«) (#CSB-E11987r), interleukin (IL)-15 (#CSB-
E080551-1IS), and IL-6 (#CSB-E04640r), were determined
using commercial ELISA kits (Huamei Bio, China). Sam-
ples were incubated in antibody-coated plates according to
the manufacturer’s instructions. Absorbance was measured
at 450 nm with a microplate reader (iMark™, Bio-Rad,
USA). Cytokine concentrations were calculated using stan-
dard curves. Each sample was tested in duplicate, and as-
says were repeated independently three times.
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Detection of Oxidative Stress and Cardiac Injury
Markers

Oxidative stress was evaluated by measuring in-
tracellular ROS, Malondialdehyde (MDA) (#A003-1,
Jiancheng Bioengineering Institute, China), Superox-
ide dismutase (SOD, #A001-3, Jiancheng Bioengineer-
ing Institute, China), and Glutathione (GSH) (#A006-2,
Jiancheng Bioengineering Institute, China). ROS was de-
tected using the fluorescent probe DCFH-DA (#S0033S,
Beyotime Biotechnology, Shanghai, China). After incuba-
tion with DCFH-DA (10 pM, 30 minutes, 37 °C), the fluo-
rescence intensity of treated cells and tissues was measured
using a spectrofluorometer (Fluoroskan FL, Thermo Fisher
Scientific, USA) at 485/530 nm (excitation/emission).
SOD activity (A001-3), MDA levels (A003-1), and GSH
concentrations (A006-2) were quantified with colorimetric
assay kits (Xavier Corporation, China) following the man-
ufacturer’s instructions.

Cardiac injury markers, including lactate dehydroge-
nase (LDH, CSB-E11324r), cardiac troponin I (cTnl, CSB-
E08594r), brain natriuretic peptide (BNP, CSB-E07972r),
and creatine kinase-MB (CK-MB, CSB-E14403r), were
quantified using commercial kits (Huamei Bio, China)
following the manufacturer’s instructions. Measurements
were derived from standard curves generated in parallel.
All assays were conducted in triplicate and validated in
three independent experiments.

Comet Assay

DNA damage was analyzed using a Comet Assay
Kit (C2041M, Beyotime, China) following the manufac-
turer’s protocol. Treated cells were suspended in low-
melting-point agarose and layered onto pre-coated micro-
scope slides. After solidification, slides were immersed in
lysis buffer at 4 °C for 1 hour to lyse cells and release DNA.
Electrophoresis was performed under alkalized conditions
(25V, 300 mA, 20-30 minutes), enabling migration of frag-
mented DNA. Slides were then neutralized, stained with
SYBR Green, and examined using a fluorescence micro-
scope (BX53, Olympus, Japan). DNA damage was quan-
tified by calculating tail DNA percentage and tail moment
using Comet Assay Software Project (Version 1.2.3, CASP,
Poland) and ImageJ software (Version 1.54f, National Insti-
tutes of Health, USA).

Western Blot

Whole-cell proteins were extracted from cells or my-
ocardial tissues using RIPA buffer (P0O013B, Beyotime
Biotechnology, Shanghai, China) supplemented with pro-
tease and phosphatase inhibitors. Protein concentrations
were determined by the BCA assay (23227, Thermo Fisher
Scientific, Waltham, MA, USA), and equal amounts (30
ng) were separated on 10% SDS-PAGE gels before trans-
fer to PVDF membranes (IPVHO07850, Millipore, Billerica,
MA, USA). After blocking with 5% non-fat milk for 2 hours
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Fig. 1. Pachymic acid (PA) attenuates doxorubicin (DOX)-induced cytotoxicity and enhances H9c2 cell viability. (A) Chemical
structure of PA. (B) H9c2 cell viability following exposure to varying concentrations of DOX (0—-5 uM) assessed by CCK-8 assay. (C)
Effects of PA (0-60 pg/mL) on H9¢2 cell viability. (D) PA pretreatment alleviated DOX-induced decline in cell viability. (E) Lactate
dehydrogenase (LDH) release was significantly increased by DOX and reduced by PA pretreatment. Data are presented as mean + SD

(n = 3 independent experiments for in vitro assays; n = 9 animals per group for in vivo studies). **p < 0.01 vs. control; p < 0.01 vs.

DOX.

at room temperature, membranes were incubated overnight
at 4 °C with primary antibodies: anti-Bcl-2 (ab182858),
anti-cleaved-PARP (ab32064), anti-Bax (ab32503), anti-
cleaved-caspase 3 (ab2302), anti-ATR (ab2905), anti-p-
ATR (ab223258), anti-yH2AX (ab81299), anti-P53 (ab26),
anti-P21 (ab109520), and anti-S-actin (ab8226) (all from
Abcam). Antibody dilutions were as follows: anti-Bcl-2
(1:1000), anti-cleaved-PARP (1:2000), anti-Bax (1:1000),
anti-cleaved-caspase 3 (1:1000), anti-ATR (1:800), anti-
p-ATR (1:1000), anti-yH2AX (1:1000), anti-P53 (1:800),
anti-P21 (1:1000), and anti-3-actin (1:2000). After wash-
ing, membranes were incubated with HRP-conjugated
secondary antibodies (1:5000 dilution; goat anti-rabbit:
ab205718; goat anti-mouse: ab205719) for 1 hour at room
temperature. Protein bands were visualized using an ECL
detection system (ChemiDoc™ MP, Bio-Rad, Hercules,
CA, USA) and quantified with ImageJ software (Version
1.54f, National Institutes of Health, USA). Target protein
expression was normalized to -actin.

Histopathological Analysis

Heart tissues were fixed in 4% paraformaldehyde
(P0099; Beyotime, China) for 24 hours, dehydrated in
graded ethanol and embedded in paraffin. Sections (5 pm)
were prepared, deparaffinized with xylene, and rehydrated

in descending ethanol concentrations. Hematoxylin stain-
ing was performed for 5 minutes, followed by cosin stain-
ing for 2 minutes. Histopathological changes in myocar-
dial architecture, including cellular arrangement, fibrosis,
and inflammatory infiltration, were examined under light
microscopy (CX43, Olympus, Japan).

Statistical Analysis

Data were analyzed using SPSS 23.0 (IBM, USA) and
expressed as mean + SD. In vitro experiments were inde-
pendently repeated three times (n = 3). For in vivo stud-
ies, each group consisted of nine rats (n = 9). Group com-
parisons were performed by one-way ANOVA followed by
Tukey’s post hoc test. A p-value < 0.05 was considered
statistically significant.

Results

PA Attenuates DOX-Induced Cytotoxicity and
Improves H9c2 Cell Viability

To evaluate DOX-induced cytotoxicity and the pro-
tective potential of PA, a dose-response analysis was con-
ducted using the CCK-8 assay in H9c2 cardiomyocytes.
Cell viability progressively decreased with increasing DOX
concentrations, reaching a minimum of approximately 40%
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Fig. 2. PA reduces DOX-induced apoptosis in H9¢2 cells. (A) TUNEL assay showing TUNEL-positive cells (green) and 4', 6-
diamidino-2-phenylindole (DAPI)-stained nuclei (blue). (B) Western blot analysis of Bax, Bcl-2, cleaved-PARP, and cleaved-caspase 3.
Data are presented as mean + SD (n = 3 independent experiments for in vitro assays; n = 9 animals per group for in vivo studies). **p <

0.01 vs. control; #p < 0.01 vs. DOX.

at 5 uM (Fig. 1B). The cytotoxicity profile of PA was sub-
sequently assessed. PA treatment at concentrations be-
tween 0—40 pg/mL had no significant effect on cell via-
bility, whereas 60 pg/mL markedly reduced viability (p <
0.01), establishing 40 pg/mL as the maximal non-cytotoxic
concentration for subsequent experiments (Fig. 1C).

To examine the protective effect of PA, H9¢c2 cells
were pretreated with PA (40 pg/mL) prior to DOX expo-
sure. As anticipated, PA pretreatment significantly amelio-
rated DOX-induced cytotoxicity, as evidenced by enhanced
cell viability and reduced LDH release compared to DOX
treatment alone (p < 0.01; Fig. 1D,E).

These results indicate that PA mitigates DOX-induced
cytotoxic injury and preserves cardiomyocyte viability
through its cytoprotective properties.

PA Inhibits DOX-Mediated Apoptosis in H9c2
Cardiomyocytes

The anti-apoptotic effect of PA was evaluated using
TUNEL staining and Western blot analysis. As shown in
Fig. 2A, DOX treatment markedly increased the propor-
tion of TUNEL-positive cells relative to the control group

(p < 0.01), confirming significant induction of apoptosis.
PA alone exerted no significant effect on apoptosis, with
TUNEL-positive cell numbers comparable to control. No-
tably, PA pretreatment markedly reduced the number of
apoptotic cells in the DOX + PA group compared to DOX
treatment alone (p < 0.01).

Western blot analysis further revealed that PA pre-
treatment attenuated DOX-induced alterations in apoptosis-
related proteins, downregulating pro-apoptotic markers
while restoring anti-apoptotic protein expression (p < 0.01;
Fig. 2B). TUNEL assay results were consistent, confirm-
ing significantly reduced apoptosis in PA-treated cells (p <
0.01; Fig. 2A).

Collectively, these findings indicate that PA alleviates
DOX-induced apoptosis in H9¢2 cardiomyocytes.

PA Inhibits DOX-Induced Inflammatory Response in
H9c2-Derived Cardiomyoblasts

The anti-inflammatory activity of PA was examined
by quantifying TNF-a, IL-6, and IL-13 levels in H9c2
culture supernatants using ELISA. DOX treatment sig-
nificantly elevated the release of inflammatory cytokines
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(TNF-q, IL-6, IL-13; Fig. 3A—C), whereas PA co-treatment
significantly reduced their levels (p < 0.01 vs. DOX).
These findings demonstrate that PA effectively suppresses
DOX-induced inflammatory responses in cardiomyocytes.

PA Mitigates DOX-Induced Oxidative Stress in H9c2
Cells

To investigate the oxidative stress-modulating prop-
erties of PA, oxidative burden markers were quantified in
HOc¢2 cells following DOX treatment. PA treatment signifi-
cantly attenuated DOX-induced oxidative stress by decreas-
ing ROS and MDA levels while restoring SOD and GSH
activities (p < 0.01; Fig. 4A-D). These findings suggest
that PA effectively reduces DOX-induced oxidative stress.

PA Attenuates DOX-Mediated Genotoxic Stress in
HY9c2 Cardiomyocytes

DNA damage is a key mechanism of DOX-induced
cardiotoxicity. Comet assay analysis (Fig. 5A) revealed
that DOX significantly elevated genotoxicity in H9¢c2 cells,
as indicated by elevated tail DNA % and tail moment com-
pared to the control (p < 0.01). Co-treatment with PA
markedly reduced DNA damage relative to DOX alone (p
< 0.01).

To further validate these findings, DNA damage re-
sponse proteins were examined by Western blot. PA pre-
treatment attenuated DOX-induced DNA damage, as evi-
denced by decreased expression of p-ATR, YH2AX, P53,
and P21 (p < 0.01; Fig. 5B).

These findings demonstrate that PA significantly sup-
presses DOX-induced DNA damage and inhibits activation
of the DNA damage response pathway.

PA Improves DOX-Induced Myocardial Dysfunction
in Vivo

To evaluate the cardioprotective role of PA in vivo,
functional indicators and serum cardiac injury markers were
assessed in DOX-treated rats. PA treatment significantly
alleviated DOX-induced cardiac dysfunction, as evidenced

by preserved heart rate, reduced left ventricular diame-
ters (left ventricular end-diastolic dimension (LVEDD) and
left ventricular end-systolic dimension (LVESD)), and en-
hanced systolic function (increased ejection fraction (EF)
and fractional shortening (FS)) compared to DOX-treated
rats (p < 0.01; Fig. 6A-E). These echocardiographic find-
ings confirm the protective effects of PA on both struc-
tural and functional cardiac parameters in DOX-induced
cardiotoxicity. Serum biomarkers of cardiac injury (LDH,
cTnl, BNP, CK-MB) were also markedly elevated by DOX
but significantly reduced following PA treatment (p < 0.01;
Fig. 6F-I). Collectively, these results suggest that PA mit-
igates DOX-induced myocardial dysfunction and tissue in-

jury.

PA Mitigates DOX-Mediated Apoptosis and
Myocardial Injury in Animal Models

The protective effects of PA on DOX-induced my-
ocardial apoptosis were evaluated histologically and at the
molecular level. Histopathological analysis demonstrated
that PA alleviated DOX-induced myocardial damage, re-
ducing fiber disruption, necrosis, and apoptotic cell death (p
< 0.01; Fig. 7A,B). Western blot analysis (Fig. 7C) showed
that DOX treatment upregulated Bax, cleaved-PARP, and
cleaved-caspase 3, while downregulating the expression of
Bcel-2 (p < 0.01). PA intervention significantly counter-
acted these changes, significantly decreasing Bax, cleaved-
PARP, and cleaved-caspase 3 while restoring Bcl-2 expres-
sion (p < 0.01).

Collectively, these findings demonstrate that PA re-
duces myocardial apoptosis and damage by modulating
apoptosis-related protein expression in DOX-treated rats.

PA Reduces Inflammation and Redox Imbalance
Induced by DOX in Rats

To further explore the mechanisms underlying the car-
dioprotective role of PA, systemic inflammatory cytokines
and oxidative indicators were measured in DOX-treated
rats. PA treatment significantly suppressed proinflamma-
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tory cytokines (TNF-c, IL-6, IL-153) and restored redox
balance by decreasing MDA and increasing GSH and SOD
levels (p < 0.01; Fig. 8A-F).

These findings highlight that PA confers cardioprotec-
tion against DOX-induced injury by simultaneously sup-
pressing inflammation and oxidative stress.

Discussion

The present study provides compelling evidence that
PA effectively attenuates DOX-induced cardiac injury by
simultaneously alleviating apoptosis, oxidative imbalance,
inflammatory response, and DNA damage in cardiomy-
ocytes. As DOX-induced cardiotoxicity remains a signifi-
cant clinical challenge limiting its therapeutic application in
cancer treatment, our findings hold substantial translational
relevance by highlighting PA as a promising cardioprotec-
tive agent.

A previous study has established oxidative imbal-
ance and programmed cell death as key mechanisms un-
derlying DOX-mediated cardiomyocyte damage [8]. Con-
sistent with this findings, we observed significant in-
creases in oxidative stress markers (ROS, MDA) and
apoptosis-related proteins (cleaved-caspase-3, Bax/Bcl-2
ratio, cleaved-PARP) following DOX treatment. Notably,
PA pretreatment significantly reversed these pathological
alterations by suppressing ROS production, enhancing an-
tioxidant enzyme activity (SOD, GSH), and modulating
apoptotic protein expression. Mechanistically, PA appears
to inhibit mitochondrial-dependent apoptosis by preventing
cytochrome c release, thus blocking subsequent caspase ac-
tivation and apoptosome formation, consistent with previ-
ous reports of mitochondrial protection in oxidative stress-
induced apoptosis [27,28].

Our findings further highlight the novel role of PA
in mitigating DOX-induced genotoxicity. PA signifi-
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cantly reduced DOX-induced DNA damage by suppress-
ing YH2AX and p-ATR activation, thereby inhibiting down-
stream p53/p21 signaling. This regulatory effect may limit
excessive cell cycle arrest and secondary apoptotic signal-
ing, reinforcing the role of PA in genomic stability under ox-
idative stress [29-31]. Such multi-targeted molecular inter-
ventions underscore the advantages of PA compared to pre-
viously reported single-pathway agents such as quercetin
and resveratrol [32-34].

Notably, the cardioprotective effects of PA gain
broader significance when contextualized with its estab-
lished anticancer properties. Recent studies demonstrated
that PA exerts tumor-suppressive effects through diverse

mechanisms: reversing P-glycoprotein-mediated multidrug
resistance [35], inducing ROS-dependent apoptosis via c-
Jun N-terminal kinase/Endoplasmic Reticulum (JNK/ER)
stress activation in lung cancer [36], regulating Bcl-2/IAP
family proteins in bladder cancer [37], and inhibiting NF-
kB-driven metastasis in breast cancer [38]. This pleiotropic
activity profile suggests PA may synergize with dox-
orubicin chemotherapy by simultaneously protecting car-
diomyocytes (this study) and enhancing tumor sensitivity
[35]. The cardioprotective dose identified in the present
study (10 mg/kg in vivo) is consistent with antitumor-
effective doses reported in xenograft models [36], support-
ing its therapeutic potential. Future studies should explore
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this combinatorial strategy while addressing translational
considerations such as formulation development, pharma-
cokinetics, and long-term safety profiling.

Moreover, PA demonstrated substantial
inflammatory effects, as evidenced by reductions in
proinflammatory mediators including TNF-«, IL-6, and
IL-15. This observation complements previous evidence
highlighting the anti-inflammatory and antioxidant prop-
erties of PA across diverse pathological contexts [39—42].
Notably, our study expands the pharmacological relevance
of PA by elucidating its role in mitigating chemotherapy-
associated cardiotoxicity through a unique multi-pathway
mechanism, simultaneously targeting oxidative stress,
DNA damage, inflammation, and apoptosis. These inte-
grative effects distinguish PA from single-pathway agents
and underscore its potential as a combinatorial therapeutic
strategy.

anti-

Consistent with our cellular results, in vivo rat exper-
iments further demonstrated that PA reduced serum car-
diac injury biomarkers (LDH, c¢Tnl, BNP, CK-MB). The
sequential treatment design intentionally mirrors real-world
clinical practice, where cardio-protective agents are typ-
ically initiated after detection of cardiac injury markers
rather than prophylactically. The significant reduction in
cardiac injury biomarkers (LDH, cTnl) and histopatholog-
ical damage despite post-DOX PA administration under-
scores its therapeutic, not solely preventive, potential. His-
tological analyses provided further support, revealing my-

ocardial fiber disruption, cellular necrosis, and inflamma-
tory infiltration in DOX-treated rats, consistent with pre-
vious animal studies on anthracycline-induced cardiotoxi-
city [43,44]. Notably, these pathological alterations were
markedly attenuated following PA administration, suggest-
ing strong anti-necrotic and anti-inflammatory effects at the
tissue level, paralleling protective actions reported for other
phytochemicals in animal models [24,45]. Furthermore, PA
effectively reduced cardiomyocyte apoptosis, suppressed
inflammatory cytokines, decreased oxidative stress mark-
ers, and restored antioxidant enzyme activities, consistent
with our in vitro findings. Collectively, these findings un-
derscore the promise of PA as a viable cardioprotective can-
didate, warranting further investigation in preclinical and
clinical settings.

A key innovation of this study lies in elucidating
the comprehensive protective mechanisms of PA against
DOX-induced cardiotoxicity. Whereas previous investi-
gations primarily emphasized single mechanisms, our re-
sults demonstrate a multi-targeted approach, simultaneous
inhibition of apoptosis, oxidative stress, inflammation, and
DNA damage. These findings support further exploration
of PA as a foundation for developing integrative cardiopro-
tective therapies, potentially in synergy with existing phar-
macological or lifestyle interventions.

Despite these significant findings, several limitations
warrant further consideration. First, the study primarily em-
ployed an acute cardiotoxicity model induced by short-term
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DOX exposure in rats. Future investigations should evalu-
ate the efficacy of PA in chronic cardiotoxicity models that
better reflect long-term chemotherapy regimens and clini-
cal scenarios. Second, while multiple pathways were exam-
ined, additional studies using pathway-specific inhibitors,
agonists, or genetic manipulation are required to precisely
define the molecular targets of PA. Moreover, investigat-
ing potential synergistic effects between PA and established
cardioprotective agents, particularly through pathways such
as Nrf2/ARE or P53 signaling [46], could further enhance
therapeutic efficacy. Third, while H9¢2 cells represent a
valuable screening tool, their embryonic origin may not
fully mimic adult cardiomyocyte physiology, emphasizing
the need for validation in primary cardiomyocytes or human
induced pluripotent stem cell (iPSC)-derived cardiomy-
ocytes. Furthermore, although the selected PA dosage
demonstrated efficacy without observable toxicity, compre-
hensive safety assessments, including hepatic and kidney
function assessments and long-term toxicity profiling, re-
main essential for clinical translation. Collectively, these
considerations highlight important directions for future re-
search to advance PA toward therapeutic application. Ul-
timately, integrating PA into personalized therapeutic regi-
mens with routine cardiac function monitoring may signif-
icantly improve clinical outcomes and patient well-being
during chemotherapy.

In conclusion, this study provides the first evidence
that PA significantly mitigates DOX-induced cardiac dys-
function through comprehensive modulation of apoptosis,
oxidative imbalance, inflammatory responses, and DNA
damage. These multi-targeted protective effects establish
PA as a promising cardioprotective compound, paving the
way for clinical translation and providing a foundation
for the development of innovative strategies to mitigate
chemotherapy-associated cardiotoxicity.

Conclusion

This study revealed that PA significantly alleviated
DOX-associated cardiac injury by simultaneously inhibit-
ing oxidative imbalance, inflammatory responses, apopto-
sis, and DNA damage in cellular and animal models. These
findings underscore its potential as a promising therapeu-
tic strategy to prevent chemotherapy-related cardiac injury.
However, further mechanistic research and clinical evalu-
ation are warranted to facilitate its translation into clinical
practice.
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