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Kaempferol protects against doxorubicin-induced myocardial damage by
inhibiting mitochondrial ROS-dependent ferroptosis
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ABSTRACT

Background: Doxorubicin (DOX), a widely used chemotherapeutic agent, is limited in clinical
application due to its dose-dependent cardiotoxicity. Therefore, it is crucial to explore alternative
therapeutic molecules or drugs for mitigating DOX-induced cardiomyopathy (DIC). In this study
aimed to explore underlying mechanisms of the cardioprotective effects of Kaempferol (KP)
against DIC.

Methods: H9c2 cell-based DIC model were established to explore the pharmacological mechanism.
The levels of mitochondrial membrane potential, mitochondrial ROS, mitochondrial Fe** and lipid
peroxidation were detected using JC-1, TMRE, Mito-SOX, Mito-Ferro Green and C11-BODIPY 581/
591 probes. Furthermore, Western blot analysis measured the expression of key regulatory
proteins, and NRF2-targeting siRNA was transfected into H9c2 cells. The nuclear translocation of
NRF2 was assessed by immunofluorescence.

Results: Data revealed that KP mitigated DOX-induced mitochondrial damage and ferroptosis via
reducing membrane potential, mitochondrial ROS/Fe’*, and regulating lipid metabolism.
Mechanistically, Western blot analysis revealed that KP inhibited DOX-induced ferroptosis by
activating NRF2/SLC7A11/GPX4 axis. Moreover, KP promoted the accumulation and nuclear
translocation of NRF2 protein.

Conclusion: These findings demonstrated that KP protected against DOX-induced myocardial
damage by inhibiting mitochondrial ROS-dependent ferroptosis. This provides novel insights into
KP as a promising drug candidate for cardioprotection.
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1. Introduction promotes mitochondrial iron overload by the formation of
DOX-Fe** complexes, which disrupts iron homeostasis and
triggers lipid peroxidation on mitochondrial membranes.
Fang et al further identified hemosiderosis as a central
driver of DIC [11]. Nuclear factor erythroid 2-related factor 2
(NRF2), a master regulator of antioxidant defense, plays a
pivotal role in counteracting ferroptosis. DOX suppresses
NRF2 activity, leading to glutathione peroxidase 4 (GPX4)
downregulation and impaired lipid peroxidation repair [10].
Mitochondria are the primary site of DOX-induced ferroptosis.
Excess free iron accumulated in mitochondria and causes
lipid peroxidation on their membranes [12]. Moreover, mito-
chondria-targeted antioxidant mitoTEMPO significantly
rescued DOX cardiomyopathy, supporting oxidative
damage of mitochondria as a major mechanism in ferropto-
sis-induced heart damage [13, 14]. Therefore, targeting fer-
roptosis could serve as a strategy for preventing
cardiomyopathy.

Kaempferol (KP), a natural flavonoid compound widely dis-

DOX is a powerful chemotherapeutic agent widely used in
treating various malignancies, including leukemia, lym-
phoma, breast cancer, lung cancer, and sarcoma [1]. Despite
its impressive anti-tumor efficacy, DOX administration is sig-
nificantly limited by its dose-dependent cardiotoxicity,
which manifests as vascular injury and cardiac fibrosis [2, 3].
The primary determinants of the development of heart
failure are the cumulative dose of DOX, with a sharp increase
in the incidence of heart failure occurring at a cumulative
dose of 550 mg/m” [4, 5]. Dexrazoxane is the only drug
approved by the FDA for prophylaxis against DOX-induced
cardiotoxicity, but it has been found to pose a potential risk
of secondary tumors in cancer patients. Therefore, exploring
new alternative therapeutic drugs to alleviate the cardiotoxi-
city and preserve the anticancer activity of DOX has been a
recent trend.

The concept of ferroptosis, first identified in 2012 [6], rep-

resents a distinct form of regulated cell death characterized
by iron-dependent activation of lipoxygenases, leading to
cell death through excessive lipid peroxidation [7-9]. Emer-
ging evidence has established ferroptosis as a key mechanism

tributed in plants [15], has garnered significant attention due
to its remarkable antioxidant, immunomodulatory and anti-
apoptotic properties. A diet containing KP may be beneficial
for those who are at risk of myocardial injury. Previous

underlying DOX-induced cardiotoxicity [10]. Specifically, DOX research indicated that KP can protect the vascular
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endothelium against DOX-induced damage by inhibiting oxi-
dative stress and improving mitochondrial function [16]. It
effectively protects cardiomyocytes against A/R injury
through a mitochondrial pathway mediated by SIRT1 [17].
Moreover, KP inhibits cisplatin-induced cardiotoxicity [13].
KP provides protection from OGD/R-induced ferroptosis
partly by activating NRF2/SLC7A11/GPX4 signaling pathway
[18]. Therefore, it is preliminarily speculated that the role of
KP may be related to the mitochondrial-mediated ferroptosis
effect. The current study explored the possible mechanisms
of KP on DIC through induction of cardiotoxicity.

In the study, we established Erastin-induced ferroptosis
model in H9¢2 cells, and demonstrated that KP can inhibit fer-
roptosis. Further, by employing DOX to establish a myocardial
injury model, we confirmed that KP can inhibit DOX-induced
ferroptosis by reducing mitochondrial ROS and lipid peroxi-
dation. KP may inhibit DOX-induced mitochondrial reactive
oxygen species (ROS)-dependent ferroptosis via the NRF2/
SLC7A11/GPX4 pathway. These findings provided novel
insights into the cardioprotective effects of KP against DOX-
induced cardiotoxicity.

2. Material and methods
2.1. Cell culture and processing

H9c2 cells (embryonic rat cardiomyocyte cell line) and AC16
cells (adult human cardiomyocyte cell line) were purchased
from Cell Bank of the Chinese Academy of Sciences, Shanghai,
China, and the cells were cultured in high-sugar DMEM
medium (Thermo Fisher Scientific, Waltham, Mass. Waltham,
MA,8123565) supplemented with 10% (v/v) fetal bovine
serum (TianHang Biotechnology, 200704, Zhejiang, China)
and 1% (v/v) antibiotics (10,000 U/ml penicillin and 10 mg/
ml streptomycin, 20221231, solarbio, Beijing, China). H9c2
cells were incubated at 37°C in a mixture of 95% atmospheric
air and 5% CO,, and the culture medium was replaced every
two days. Cells were treated with 2 pM DOX alone or in com-
bination with 1 uM Ferrostatin-1 (Fer-1), 32 uM Erastin, 8 uM
mitoTEMPO, 2.5 uM TBHQ, 100 U/mL PEG-SOD or KP (40, 80,
160 uM). Subsequently, H9c2 cell survival was detected using
MTT colorimetric assay, and changes in SOD (A001-3-1,
Nanjing Jiancheng), LDH (A020-2-1, Nanjing lJiancheng),
GSH (A006-2-1, Nanjing Jiancheng), and GSH-px (A005-1-2,
Nanjing Jiancheng) content in H9c2 cell supernatants or
cells were determined to assess the extent of cardiomyocyte
injury.

2.2, Reactive oxygen detection

Cellular ROS levels were measured according to the manufac-
turer’s instructions (S0033S, Biyun Tian, China). Cells at
specific interventions were incubated with DCFH-DA for
20 min. Cells were washed in PBS prior to analysis using a
flow cytometer (BD Biosciences). Mean fluorescence intensity
was analyzed using FlowJo (version 10.6.2; FlowJo LLC).

2.3. JC-1 detect mitochondrial membrane potential

Membrane potential of cells for specific interventions was
determined using the Mitochondrial Membrane Potential
Assay Kit (M8650, Solarbio, Beijing). H9c2 cells were inocu-
lated in six-well plates and stained with JC-1 in working

solution for 20 min prior to flow cytometry analysis (BD Bio-
sciences), following the instructions.

2.4. TMRE detect mitochondrial membrane potential

H9c2 cells were cultured in six-well plates, cells were incu-
bated with 1 mM Hoechst 33258 (C0021, Solarbio, Beijing)
and 100nM TMRE co-staining for 30 min at 37°C washed
three times with PBS to remove the fluorescent probe and
were then analyzed using a fluorescence microscope (Ts2-
FL, Nikon, China)

2.5. Detection of mitochondrial ROS

H9c2 cells were cultured in six-well plates, the cells were incu-
bated with 150 nM MitoTracker green (GC26229, GLPBIO) for
30 min with PBS for three times and then stained with 1 ug/
mL Hoechst for 25 min at 37°C. And cells were incubated with
5 uM MitoSOX Red (GC68230, GLPBIO) in the dark for 10 min
at 37°C. Afterward, cells were washed three times with PBS to
remove the dye. Confocal fluorescence microscope (Ts2-FL,
Nikon, China) was used for observation and photo analysis.

2.6. Detection of lipid peroxidation

The H9c2 cells were incubated with C11-BODIPY (S0043S,
Biyun Tian, China) at 37°C for 30 min. After incubation, cells
were washed with PBS for three times. Fluorescence was
measured using a fluorescence microscope (Ts2-FL, Nikon,
China), which also was utilized for visualization.

2.7. Cellular mitochondrial Fe** assay

The H9c2 cells were incubated with 0.1 mol/L Mito-Ferro
Green (M489, Dojindo, Kumamoto, Japan) and MitoBright
LT Deep Red (MT11, Dojindo, Kumamoto, Japan) at 37°C for
30 min. The cells were then washed twice with PBS and
then stained with 1 pg/mL Hoechst 33,258 for 25 min at
37°C. Afterward, cells were washed with PBS for three times
to remove the dye. Fluorescence was measured using a fluor-
escence microscope (Ts2-FL, Nikon, China), which also was
utilized for visualization.

2.8. Transmission electron microscope assay

Cells were fixed for electron microscopy. Wash twice with PBS
and ethanol, then dehydrate with 100% acetone for about
10 min. Mix the acetone with the embedding medium at a
1:1 (v/v) ratio and immerse at room temperature for 2 h.
Embed using epoxy resin overnight at 35°C. Cure in an
oven at 45°C for 24 h. Then, section and stain with uranyl
acetate and lead citrate, incubating at 66°C overnight, and
mitochondrial morphology was observed using transmission
electron microscopy.

2.9. siRNA transfection

H9c2 cells were transfected with small interfering RNA (siRNA)
designed to target NRF2, as well as control siRNAs (Gene-
Pharma), utilizing the siRNA-mate plus transfection reagent
(GenePharma), in accordance with the manufacturer’s guide-
lines. Following a period of 72 h post-transfection, the cells
were collected and subjected to western blot analysis to



ascertain the efficacy of NRF2 knockdown. Cells were divided
into: (i) Ctrl; (ii) DOX; (iii) DOX + siRNA; (iv) DOX + KP; (v) DOX
+ KP + NRF2 siRNA. Subsequent to these treatment regimens,
the cells were harvested for subsequent analyses.

2.10. Immunofluorescence

H9c2 cells were grown on a laser confocal dish, and then fixed
with 4% paraformaldehyde for 15 min, followed by permeabi-
lization for 20 min and blocked with normal goat serum for
1 h. Later, cells were incubated with NRF2 antibody overnight
at 4°C, followed by incubation with secondary antibody for
1 h. After being washed three times with PBS, cells were coun-
terstained with Hoechst 33,258 (1 pg/ml) for 5 min. Images
were then taken with a confocal microscopy.

2.11. Western blotting

H9c2 cells of specific interventions were collected, lysed by
adding RIPA lysate, total protein was extracted, SDS-PAGE
electrophoresis was performed, the membrane was flowed
for 90 min at 200 mA constant flow, blocked with 5% (w/v)
skimmed milk for 2 h, and washed with TBST for 30 min. All
antibodies were diluted according to the manufacturer’s
instructions. Subsequently, the membrane was incubated
with the corresponding primary and secondary antibodies.
Protein signals were detected using enhanced chemilumines-
cence (ECL) reagents and quantified using ImageJ software.

2.12. Reagents and antibodies

KP (CFN92386, purity > 98%) was procured from ChemFaces
Biochemical Co., Ltd. (China). DOX (1015P023) was obtained
from Solarbio. Erastin (HY-15763), Fer-1 (HY-100579) and
TBHQ (HY-100489) were purchased from MedChemexpress
Ltd (New Jersey, USA). mitoTEMPO (A20224, Adoop, USA).
PEG-SOD (S9549, Merck). Primary antibodies included
Primary antibodies included SLC7A11 (#D2M7A, Thermo
Fisher Scientific) GPX4 (#YN3047, Immunoway), NRF2
(#YT3189, Immunoway), ACSL4(#abs106075, Absin), FTL
(#TD6604s, Abmart), FTH1 (#D1D4, Cell signaling), and
GAPDH (#abs830030ss, Absin).

2.13. Statistical analyses

All experimental data obtained were expressed as mean +
SEM. Statistical analyses between groups were compared
were performed using Graphpad Prism software version 8.0.
Multiple groups of samples were compared using one-way
ANOVA, if they obeyed normal distribution and homogeneity
of variance. A t-test was used to compare differences
between groups. Further, p < 0.05 or p < 0.01 were considered
statistically significant.

3. Results
3.1. KP alleviated DOX-induced myocardial damage

To investigate the effect of KP on cardiac function in cases of
DOX-induced myocardial damage, experiments were per-
formed using MTT assay to explore the effect of different
concentrations of KP on DOX-induced cardiotoxicity in H9c2
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cells. Results showed that KP at 40, 80 and 160 uM were
the more effective concentrations for attenuating the
decrease in viability of DOX-treated H9c2 cells (Figure 1(A,
B)). Subsequent experiments were conducted using these
concentrations. Myocardial injury and oxidative stress were
further assessed by measuring lactate dehydrogenase
(LDH), superoxide dismutase (SOD), glutathione (GSH), and
glutathione peroxidase (GSH-Px) activities. Compared with
the control group, the DOX model group exhibited signifi-
cantly elevated LDH activity and reduced SOD, GSH, and
GSH-Px activities. KP treatment decreased LDH release and
restored SOD, GSH, and GSH-Px activities to near-normal
levels (Figure 1(C-F)). These results demonstrated that KP
mitigated DOX-induced cardiomyocyte damage by counter-
acting oxidative stress.

3.2. KP protected DOX-induced myocardial damage
by counteracting ferroptosis

To elucidate whether ferroptosis contributes to DOX cardio-
toxicity, we treated H9c2 cells with the ferroptosis inhibitor
Fer-1 before DOX treatment. Then, we measured the levels
of Fe?*, measured ROS levels using DCFH-DA, and detected
the levels of SLC7A11, GPX4, and ACSL4 after treatment of
DOX in combination with Fer-1. Fer-1 significantly sup-
pressed DOX-induced intracellular Fe** accumulation and
ROS overproduction (Figure 2(A-D)). Western blot analysis
revealed that DOX markedly upregulated the lipid peroxi-
dation marker ACSL4 while downregulating SLC7A11 and
GPX4 expression, Fer-1 reversed DOX-induced reduction of
GPX4 and SLC7A11 protein and increase ACSL4 in cardio-
myocytes (Figure 2(E-H)). Notably, KP (160 uM) mirrored
the effects of Fer-1. These results proved that DOX-
induced myocardial damage via ferroptosis, and KP
exerted cardioprotection by targeting key ferroptosis
pathways.

3.3. KP rescued disruption of iron homeostasis and
lipid peroxidation induced by erastin

To validate KP anti-ferroptotic effects, we employed Erastin, a
canonical ferroptosis inducer that binds to the cystine/gluta-
mate antiporter SLC7A11, blocking cystine uptake and
depleting glutathione (GSH) biosynthesis, thereby downregu-
lating GPX4 and amplifying lipid peroxidation (Figure 3(D-F)).
Flow cytometry revealed that KP significantly reduced
Erastin-induced intracellular ROS levels (Figure 3(A)).
MitoSOX staining further demonstrated that KP suppressed
red fluorescence intensity triggered by Erastin-induced
mitochondrial ROS burst (Figure 3(B)). Lipid peroxidation, a
hallmark of ferroptosis, was assessed using the C11-BODIPY
581/591 probe. Erastin treatment markedly increased green
fluorescence, while Fer-1 and KP treatments suggested
that KP significantly inhibited Erastin-induced mitochondrial
lipid peroxidation, thereby suppressing ferroptosis
(Figure 3(C)). Furthermore, KP restored GSH and GSH-Px
activities (Figure 3(D-F)), demonstrating strong antioxidant
capacity. These results showed that KP exerted similar anti-
ferroptotic effects by targeting lipid peroxidation and iron
metabolism.
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Figure 1. KP alleviated DOX-induced myocardial damage (A) Cell viability assay of H9c2 cardiomyocytes when treated with 0, 10, 20, 40, 80, 160, 320 pM of KP for
24-h, n = 3. (B) H9¢2 cells were cultured with 2 uM DOX in combination with KP at various concentrations (0, 10, 20, 40, 80, 160, 320 uM) for 24-h. Cell viability was
measured by MTT method, n = 3. (C-F) Effect of KP administration on DOX-induced myocardial injury and oxidative stress damage markers LDH, SOD, GSH, and
GSH-px activity in H9c2 cardiomyocytes, n = 3. Data were expressed as mean + SEM of three independent replicates; *P < 0.05, P < 0.01, **P <0.001 vs. control
group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. DOX group.

3.4. KP attenuated mitochondrial damage in

erastin-induced ferroptosis

We further evaluated the protective effect of KP on Erastin-
induced mitochondrial damage in H9c2 cardiomyocytes.
H9c2 cells were detected with the fluorescent probe JC-1

and fluorochrome TMRE to observe changes in the mitochon-
drial membrane potential of H9c2 cells (Figure 4(A,B)). We
observed that Erastin caused a decrease in cellular mitochon-
drial membrane potential in H9¢2 myocardial damage, and
KP attenuated the Erastin-induced decrease in mitochondrial
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Figure 2. KP protected DOX-induced myocardial damage by counteracting ferroptosis. (A,B) The level of Fe** in H9¢2 cardiomyocytes after 24-h treatment of DOX
(2uM) in combination with Fer-1 (1uM) or KP after 24-h treatment of DOX in combination with Fer-1, n = 3. (C,D) H9¢2 cells were analyzed by flow cytometry with
DCFH-DA after 24-h treatment of DOX (2uM) in combination with Fer-1, n = 2. (E-H) Representative protein blotting bands of GPX4, SLC7A11 and ACSL4 in H9c2
cells with GAPDH as internal reference after 24-h treatment of DOX in combination with Fer-1, n = 3. Data were expressed as mean * SEM; #p < 0.05, #*P <0.001 vs.

control group; *P < 0.05, ***P < 0.001 vs. DOX group.

membrane potential. Moreover, it was noted that treatments
with KP inhibited Erastin-induced over-accumulation in the
levels of mitochondrial Fe?* (Figure 4(C)). In conclusion,
these findings indicated that KP played a vital role in mito-
chondrial regulation of the anti-ferroptosis activity.

3.5. KP mitigated DOX-induced cardiomyocyte
ferroptosis via suppressing mitochondrial ROS-
dependent lipid peroxidation

Our findings also demonstrated that DOX-induced mitochon-
drial damage and excessive ROS production led to cardio-
myocyte ferroptosis. Staining with DCFH-DA (a general ROS
probe) revealed that DOX significantly increased ROS levels
in H9c2 cells, while KP suppressed DOX-induced ROS

(Figure 5(A,B)). MitoSOX was used to detect mitochondrial
ROS generation induced by DOX. (Figure 5(C)), The C11-
BODIPY 581/591 fluorescence staining showed KP reduced
green fluorescence intensity triggered by DOX (Figure 5(D)).
Consistent with the above results, both Fer-1 and KP inhibited
the lipid peroxidation induced by DOX. These results showed
that KP lowered DOX-induced lipid peroxidation and thereby
mitigating ferroptosis.

3.6. KP reversed DOX-induced mitochondrial damage
and ferroptosis through Fe** homeostasis regulation.

Previous studies have reported that DOX induces mitochon-
drial Fe** leading to mitochondrial lipid peroxidation and
thus promoting ferroptosis [19]. In a highly consistent
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escence. Scale bar=50 pm, n=3. (C) Images of C11-BODIPY 581/591 stained H9c2 cells. Histogram presented fluorescence intensity of oxidized BODIPY (Oxi-
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Erastin-induced oxidative stress damage markers GSH, GSH-px activity and the level of Fe?*, n=3. Data were expressed as mean + SEM; ###p <0.001 vs.

control group; **P < 0.01, ***P < 0.001 vs. DOX group.

manner, our study’s results converged on the same con-
clusion, further validating the established mechanism. As
shown in Figure 6(A), DOX caused distinct mitochondrial
morphological changes in H9¢2 cells, where the cristae of
mitochondria were disordered and disappear, mitochondria
smaller, and inner membrane folding was disrupted. In JC-1
assays, which were employed to evaluate mitochondrial
membrane potential (MMP), treatment with carbonyl
cyanide m-chlorophenylhydrazone (CCCP) functioned as a
potent positive control. This treatment successfully trig-
gered MMP dissipation, thereby confirming both the func-
tionality of the probe and the reliability of the

experimental design. Furthermore, JC-1 and TMRE staining
demonstrated that in DOX-treated H9c2 cells, MMP levels
increased (Figure 6(B,C)), and Mito-Ferro Green indicated
an increase in mitochondrial Fe?* levels (Figure 6(D)). In
this study, accompanied by a decrease in mitochondrial
membrane potential. KP treatment partially rescued mito-
chondrial defects and reversed the damage to mitochon-
dria in DOX-induced H9c2 cells, subsequently reducing
mitochondrial membrane potential and mitochondrial
Fe* levels. These results suggested that KP attenuated
DOX-induced mitochondrial damage to cardiomyocytes
by inducing ferroptosis.
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3.7. KP restored mitochondrial function and
attenuated DOX-induced ferroptosis via ROS
scavenging and Fe** homeostasis regulation

To validate the role of mitochondrial ROS in DOX-induced fer-
roptosis, we treated cells with mitoTEMPO (a mitochondria-
targeted superoxide scavenger with dual roles as a SOD
mimetic and radical scavenger) and PEG-SOD (a systemic anti-
oxidant selectively neutralizing extracellular superoxide rad-
icals). To evaluate mitochondrial dysfunction, ROS levels,
and lipid peroxidation in DOX-treated H9c2 cells, we
measured TMRE fluorescence, MitoSOX signal, and C11-
BODIPY oxidation. In cellular ROS assays, the positive
control Rosup significantly increased ROS levels, validating
detection sensitivity. Both mitoTEMPO and KP significantly
alleviated DOX-induced mitochondrial dysfunction (Figure
7(A)), suppressed mitochondrial ROS (Figure 7(B)), and atte-
nuated lipid peroxidation (Figure 7(C)). While mitoTEMPO pri-
marily targeted mitochondrial ROS, PEG-SOD reduced
extracellular oxidative stress. KP mirrored mitochondrial pro-
tection, attenuating DOX-induced ferroptosis by reducing
mitochondrial Fe** (Figure 6(D)) and ROS accumulation
(Figure 7(Q)). Importantly, the application of mitoTEMPO
and PEG-SOD further suppressed total ROS levels (Figure
7(D)) and restored SOD activity (Figure 7(E)). However, KP
efficacy in targeting mitochondrial ROS (similar to

mitoTEMPO) highlights its potential as a mitochondria-
specific ferroptosis inhibitor. These data collectively demon-
strated that DOX triggers ferroptosis via mitochondrial ROS
overproduction, and both KP and mitoTEMPO counteracted
this pathway through localized antioxidant mechanisms. In
cellular ROS assays, the positive control Rosup significantly
increased ROS levels, validating detection sensitivity.

3.8. KP attenuated DOX cardiotoxicity by activating
NRF2/SLC7A11/GPX4 pathway to suppress
mitochondrial ROS-driven ferroptosis

This study demonstrated that DOX and Erastin significantly
downregulated the expression of NRF2, SLC7A11, GPX4,
FTL, and FTH1 while upregulating the lipid peroxidation pro-
moter ACSL4 in H9c2 cardiomyocytes. KP dose-dependently
restored NRF2 expression and activated its downstream
targets SLC7A11 and GPX4, concurrently enhancing iron
storage through FTL/FTH1 and suppressing lipid peroxidation
via ACSL4 reduction (Figure 8(A,B)). Complementary exper-
iments validated NRF2 transcriptional role: The NRF2 activator
TBHQ mimicked KP effects by upregulating SLC7A11/GPX4
(Figure 9(A)) and rescuing mitochondrial membrane potential
(Figure 9(1)), whereas NRF2 siRNA knockdown abolished KP
protection (Figure 9(B)). Immunofluorescence confirmed KP-
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induced NRF2 nuclear translocation in DOX-treated cells
(Figure 9(J)), indicative of transcriptional activation. Mito-
chondrial uncoupler CCCP exacerbated DOX-induced mito-
chondrial membrane potential loss, while KP and TBHQ
restored mitochondrial membrane potential (Figure 9(1)). Col-
lectively, KP alleviates DOX cardiotoxicity by activating NRF2
nuclear translocation, which transcriptionally upregulates
SLC7A11 and GPX4 to suppress mitochondrial ROS-driven fer-
roptosis, highlighting the NRF2/SLC7A11/GPX4 axis as a
pivotal mechanism for oxidative stress and iron homeostasis
regulation.

3.9. KP protected human AC16 cardiomyocytes from
DOX-induced ferroptosis via the NRF2/SLC7A11/GPX4
pathway

To validate KP protective effects against DOX-induced ferrop-
tosis and enhance clinical relevance, we conducted comp-
lementary experiments in the human ventricular
cardiomyocyte line AC16. MTT assays demonstrated that 40,

80, and 160 UM KP significantly restored viability in DOX-
treated AC16 cells (Figure 10(A,B)). Western blot analysis

revealed that DOX markedly downregulated NRF2,
SLC7A11, and GPX4 expression in AC16 cells. Notably,
KP intervention restored NRF2 and its downstream

targets SLC7A11/GPX4 to near-control levels (Figure 10(C)),
confirming the conservation of KP anti-ferroptosis mechan-
ism via the NRF2/SLC7A11/GPX4 axis in human
cardiomyocytes.

4. Discussion

DOX is a highly effective anti-tumor chemotherapeutic agent
used in clinical practice for the treatment of a variety of
cancers and solid tumors. A large body of evidence
confirms that DOX induces cardiomyopathy [20]. Most cardi-
otoxicity after anthracycline-containing therapy occurs within
the first year and is associated with anthracycline dose and
LVEF at the end of treatment. Early detection and prompt
therapy of cardiotoxicity appear crucial for substantial
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recovery of cardiac function [21]. The search for phytochem-
icals for the treatment of DIC has received increasing atten-
tion. In the current study, we demonstrated that KP exerts
cardioprotective effects against DIC in H9¢2 cells by targeting
mitochondrial ROS-dependent ferroptosis. Specifically, KP
significantly restored mitochondrial membrane potential,
suppressed mitochondrial Fe** accumulation, and attenuated
lipid peroxidation.

Recent studies have implicated ferroptosis in the patho-
genesis of various cardiovascular diseases (CVDs), including
DOX-induced cardiotoxicity [22, 23]. Our findings align with
this paradigm: DOX treatment reduced mitochondrial

membrane potential, increased ROS levels, and elevated
lipid peroxidation markers, all hallmarks of ferroptosis.
Fer-1, a canonical ferroptosis inhibitor, reversed these
effects, confirming ferroptosis as a central mechanism in
DOX cardiotoxicity [24-26]. Therefore, targeting ferroptosis
is an effective cardioprotective strategy for cardiomyopathy
prevention. CAO et al. [27] found that GSH is a sensitive indi-
cator of ferroptosis. GPX4 acts as a guardian against lipid
peroxidation and is regarded as an inhibitor of ferroptosis
[12, 28]. The cystine/glutamate antiporter SLC7A11 (also
known as xCT) functions to import cystine for glutathione
biosynthesis and antioxidant defense [29]. The antioxidant
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regulator NRF2 is involved in the defense against oxidative
stress, which has been shown to regulate the expression
of SLC7A11/GPX4 to inhibit ferroptosis [30]. Our experimen-
tal results showed KP’s protective effects by restoring GSH
levels and GPX4 activity, while downregulating the lipid per-
oxidation promoter ACSL4. The NRF2/SLC7A11/GPX4
pathway emerged as the linchpin of KP cardioprotection.
KP promoted NRF2 nuclear translocation, transcriptionally
activating SLC7A11 and GPX4 to enhance cystine uptake

and GSH biosynthesis. This mechanistic cascade was vali-
dated by two complementary approaches: (1) The NRF2 acti-
vator TBHQ fully recapitulated KP effects on SLC7A11/GPX4
expression and mitochondrial function; (2) NRF2 siRNA abol-
ished KP protective effects, confirming NRF2 indispensable
role. These findings extend prior reports of NRF2 involve-
ment in ferroptosis regulation [30] by delineating its mito-
chondrial-specific actions in cardiomyocytes. These results
underscore KP ability to concurrently modulate iron
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homeostasis and antioxidant defense through the NRF2/
SLC7A11/GPX4 axis.

The cardiotoxic effects of DOX are driven by mitochondrial
iron accumulation and subsequent ROS-dependent ferropto-
sis, as evidenced by DOX-induced mitochondrial Fe®*
accumulation and cristae disorganization. Mitochondria, as
the primary site of DOX-induced lipid peroxidation [12], gen-
erate excessive ROS [31] that exacerbate oxidative stress and
amplify ferroptosis [32]. To dissect the spatial regulation of

ROS in ferroptosis, we employed two distinct superoxide sca-
vengers: mitoTEMPO and PEG-SOD. Results showed that
mitoTEMPO effectively suppressed mitochondrial ROS and
lipid peroxidation, PEG-SOD reduced extracellular ROS, indi-
cating that mitochondrial ROS are central to DOX cardiotoxi-
city. Notably, KP exhibited effects comparable to mitoTEMPO
in restoring mitochondrial membrane potential and scaven-
ging mitochondrial ROS. This suggests mechanism for KP:
mitochondrial ROS clearance akin to mitoTEMPO. Compared



A 150 ok

Sk pem gk

100

50—

Cell-viability(%)
o
1
iz
B
H =
%

C

Nrf2

SLCTALL| W e S i D
GPX4 | ™ T e -
GAPDH

ctl DOX 40 80 160
DOX (uM) +KP(uM)
o
—
<
S
S 1.5
wn
e,s o ok kR
S 1.0- L
=
= H#H#
2
w2
2 0.5 ‘ \
e
(=9
e
=5
)
Z 0.0- T T
= S & S S S
— S
3 OIS
RO SN

& FE

oF OF &

ST S P

100kDa

55kDa

22kDa

35kDa

REDOX REPORT (&) 13

B 150

Q
&
> 100
N
E - sk gk sk
"g ns ns
= i
I 50-
2
Q
0- T T T T
S F DI

2
7 2.0-
-
(=]
E 15_ skskk
ks
g
,2 10_ i skskok
-5
1 =
£ 0.5- 4
5]
[<5]
2
< 0.0-
S S F O & &
R o 00 Q§\ Q§\ Q§
NP
& &S
SR
o O S
DR RN
1.5
kKK
EET]
1.0 T

0.5

## I
0.0- T T

Relative expression level of GPX4

Figure 10. KP protected human AC16 cardiomyocytes from DOX-Induced ferroptosis via the NRF2/SLC7A11/GPX4 pathway (A) Cell viability assay of AC16 car-
diomyocytes when treated with 0, 10, 20, 40, 80, 160, 320 puM of KP for 24-h, n=3. (B) AC16 cells were cultured with 2 uM DOX in combination with KP at
various concentrations (0, 10, 20, 40, 80, 160, 320 uM) for 24-h. Cell viability was measured by MTT method, n=3. (C) The expression levels of NRF2, SLC7A11
and GPX 4 in H9c2 cells with GAPDH as internal reference, n=3. Data were expressed as mean + SEM of three independent replicates; *P < 0.01, ##p <

0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. DOX group.

to multi-target agents like WGX50 [33] (mitochondrial ROS
inhibition) and epigallocatechin-3-gallate [34] (AMPK/autop-
hagy activation), KP ability to suppress ferroptosis in the inte-
gration of mitochondrial specificity and systemic antioxidant
effects. While WGX50 focuses solely on mitochondrial ROS, KP
additionally reversed DOX-induced SLC7A11/GPX4 downre-
gulation and promoted NRF2 nuclear translocation, mechan-
isms critical for long-term antioxidant defense. Nevertheless,
the exact contribution of extracellular SOD activation to KP
effects remains unclear. Although KP reduced total ROS
levels similarly to PEG-SOD, it is unknown whether this
involves direct SOD enzymatic enhancement or indirect

transcriptional regulation. Future studies should employ
SOD activity assays and genetic knockdown models to delin-
eate KP role in SOD modulation.

KP, a naturally occurring flavonoid abundant in various
plants [13], exhibits diverse therapeutic properties, including
antioxidant, anticancer, antiaging, and anti-inflammatory
effects [15, 35-37]. Consuming of KP-rich vegetables and
fruits may decrease the risk of certain cancers, including
skin, liver, and colon [35]. To bridge translational gaps, we
validated KP efficacy in human AC16 ventricular cardiomyo-
cytes. KP rescued DOX-induced cell death and restored
NRF2/SLC7A11/GPX4 pathway activity, demonstrating cross-
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species conservation of its mechanism. This study first reveals
KP inhibition of mitochondrial ROS-dependent ferroptosis
against DOX-induced myocardial damage, though in vivo
validation is essential; prior studies demonstrate KP efficacy
in reversing pathological markers [37], mitigating mitochon-
drial damage, and restoring cardiac function in SD rat and
chronic heart failure models [38], with cross-model consist-
ency. In vivo metabolism studies reveal that KP is primarily
converted into glucuronides, sulfates, and gut microbiota-
derived phenolic acids [39, 40]. However, clinical translation
of KP is hindered by low oral bioavailability and extensive
first-pass metabolism. Metabolites like protocatechuic acid
exert anti-inflammatory effects via localized deconjugation
or NRF2 activation, whereas others such as 4-hydroxypheny-
lacetic acid remain functionally unclear due to insufficient
systemic exposure [41-43]. To address these limitations, inte-
grated strategies (including nanoparticle delivery systems,
metabolomic profiling, and evaluation of bioactive deriva-
tives) show promise in overcoming translational barriers.
These innovations, combined with KP’s robust in vitro
efficacy and multi-target mechanisms, position it as a poten-
tial candidate for precision therapies, though further vali-
dation in advanced animal models remains critical.

5. Conclusion

This study demonstrates that KP alleviates DOX-induced myo-
cardial injury by suppressing mitochondrial ROS-dependent
ferroptosis. KP mitigates oxidative damage and ferroptosis
through reducing mitochondrial iron overload, restoring
mitochondrial membrane potential, and inhibiting ROS over-
production and lipid peroxidation. Mechanistically, KP acti-
vates the NRF2/SLC7A11/GPX4 axis, promoting NRF2
nuclear translocation and upregulating downstream antioxi-
dant proteins to regulate iron homeostasis and lipid metab-
olism. While this study elucidates KP’s mitochondrial-
specific mechanisms, its efficacy in animal models and clinical
translation requires further investigation. Future studies
should explore KP’s interactions with other cell death path-
ways and its potential in combination therapies for che-
motherapy-induced cardiotoxicity.
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