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Purpose: Diabetic cardiomyopathy (DCM), which is diabetes mellitus-induced
cardiomyopathy, signi�cantly elevates the risk of heart failure and sudden cardiac
death. No speci�c treatments for DCM are currently available. Gallic acid (GA) is a
polyhydroxyphenolic compound that has been shown to inhibit ferroptosis and
maintain mitochondrial homeostasis, with potential therapeutic effects in various
cardiac diseases. However, its speci�c role and underlying mechanisms in DCM
remain unexplored.
Methods: An in vitro model was established using H9C2 cells pretreated with high
glucose plus palmitate, and an in vivo type 2 diabetes mellitus model generated by
treating rats with streptozotocin-induced and feeding a high-fat diet. The
protective effects of GA and its mechanism of action were evaluated using
various methods, including �ow cytometry, Western blotting (WB), and
transmission electron microscopy. Bioinformatics analysis identi�ed potential
target genes for GA’s cardioprotection, which were subsequently validated
using pAD/TSPO (for overexpression) and pAD/FTMT-shRNA (for silencing)
constructs.
Results: GA treatment decreased PTGS2, lactate dehydrogenase,
malondialdehyde, ferrous iron, ROS, and oxidized glutathione disul�de (GSSG)
levels and increased cell viability, glutathione (GSH) levels, the GSH/GSSG ratio,
and GPX4 protein levels in the injury models. GA markedly attenuated
mitochondrial ultrastructural damage and promoted mitochondrial
homeostasis. These protective effects were abrogated by TSPO
overexpression and FTMT silencing.
Conclusion: GA was shown to attenuate diabetic cardiomyopathy by inhibiting
ferroptosis and protecting mitochondria via the TSPO/FTMT signaling pathway.
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1 Introduction

The global prevalence of diabetes mellitus is rapidly increasing,
with projections indicating that it will affect 10.9% of the world’s
population by 2045 (Saeedi et al., 2019). Furthermore, over one-
third of patients with diabetes are estimated to develop diabetic
cardiomyopathy (DCM) (Tong et al., 2019). DCM is de�ned as a
structural and functional impairment of the myocardium caused by
diabetes, independent of coronary artery disease, hypertension, and
other structural heart diseases (Tan et al., 2020). The characteristic
features of DCM include cardiac hypertrophy, myocardial �brosis,
and impaired cellular signaling (Yuan et al., 2023). DCM can
signi�cantly increase the risk of heart failure and sudden cardiac
death in patients with diabetes (Lala et al., 2024). However, the
precise pathogenesis of DCM remains incompletely understood, and
speci�c therapeutic interventions for this prevalent cardiac
complication are lacking.

Gallic acid (GA) is a naturally occurring polyhydroxyphenolic
compound widely found in edible plants (Xiang et al., 2024). Studies
have demonstrated that GA exerts effects such as anti-in�ammatory
(Bai J. et al., 2021) and antioxidant (Yang et al., 2023) effects and also
inhibits ferroptosis (Hu et al., 2022) and maintains mitochondrial
homeostasis (Kosuru et al., 2018), indicating its therapeutic potential
for a range of heart diseases (Xiang et al., 2024; Yan et al., 2019; Das
et al., 2024). Previous experiments in rats showed that GA could
ameliorate endothelial dysfunction and hypotension in diabetes
mellitus by upregulating plasma miR-24 and miR-126 levels
(Ramezani Ali Akbari et al., 2019). Additionally, GA has been
reported to attenuate cardiac hypertrophy and left ventricular
dysfunction following cardiac ischemia-reperfusion injury in
diabetic rats (Ramezani-Aliakbari et al., 2017). Despite these
promising �ndings, research speci�cally investigating GA for
treating DCM is limited, and its therapeutic potential in this
context requires further investigation.

Ferroptosis is an iron-dependent form of cell death (Jiang et al.,
2021), which is mainly characterized by the excessive accumulation
of iron and lipid peroxides. It has been implicated in the
pathogenesis of numerous cardiac diseases (Fang et al., 2023).
Accumulating evidence indicates that ferroptosis contributes
signi�cantly to the development of DCM (Ke et al., 2023; Yan
et al., 2023) and is closely associated with mitochondrial dysfunction
(Glover et al., 2024). Distinct from other programmed cell deaths,
mitochondria exhibit unique ultrastructural changes in ferroptosis,
including mitochondrial atrophy, increased membrane density, and
reduced cristae (Li et al., 2023). As the primary organelles
responsible for cellular energy production through oxidative
phosphorylation, mitochondria are critical for sustaining
contractile function and viability in energy-demanding
cardiomyocytes (Da Dalt et al., 2023). Notably, DCM is
frequently characterized by impaired mitochondrial structure and
function within cardiomyocytes. Thus, inhibiting ferroptosis and
preserving mitochondrial homeostasis represent promising
therapeutic targets for DCM.

Given the central role of ferroptosis and mitochondrial
dysfunction in DCM, identifying key molecular targets that
regulate these processes is crucial for developing effective
therapies. In this context, two mitochondrial proteins have
emerged as potential regulators: the translocator protein (TSPO)

and mitochondrial ferritin (FTMT). Translocator protein (TSPO) is
a membrane protein located in the mitochondrial membrane,
consisting of 169 amino acids and �ve transmembrane �-helical
structural domains (Baglini et al., 2024). In most tissues, it is
predominantly expressed in mitochondria, more speci�cally at
the contact site between the outer and inner mitochondrial
membranes (Baglini et al., 2024). TSPO is involved in the
regulation of a variety of cellular functions, such as apoptosis
(Shoshan-Barmatz et al., 2019), ferroptosis (Zhang D. et al.,
2023), cellular respiration and oxidative processes (Baglini et al.,
2024), protein import, and ion transport (Baglini et al., 2024).
Studies have shown that TSPO has diverse cardiac effects and is
involved in a variety of cardiac diseases (Baglini et al., 2024; Bai X.
et al., 2021; Bréhat et al., 2024). Mitochondrial ferritin (FTMT) is an
important mitochondrial iron storage protein that is mainly
expressed in highly metabolically active tissues such as the heart
and brain (Yanatori et al., 2023). FTMT catalyzes the oxidation of
ferrous iron to trivalent iron and stores iron in a soluble, non-toxic
form (Yanatori et al., 2023). It has been reported to inhibit
ferroptosis and maintain mitochondrial homeostasis (Yanatori
et al., 2023; Zhang et al., 2022).

2 Materials and methods

2.1 Reagents and materials

Gallic acid (GA) was purchased from MedChemExpress.
Ferroptosis inhibitor (Fer-1, GC10380) and ferroptosis inducer
(erastin, GC16630) were purchased from Glpbio. Z-VAD-FMK
(apoptosis inhibitor, HY-16658B) were obtained from MCE.
Adenovirus pAD/FTMT-shRNA was purchased from Shanghai
Genechem, and adenovirus pAD/TSPO was purchased from WZ
Biosciences. Antibodies against GPX4 (R381958), FTL (R30039),
and FTH (R23306) were purchased from Zen-Bioscience,
antibodies against FTMT (MBS2002952) were purchased from
MyBioSource, antibodies against TSPO (SA90-03) were
purchased from HUABIO, and antibodies against PTGS2
(12375-1-AP) and �-actin (81115-1-RR) were bought from
Proteintech Group. Goat anti-mouse (A0216) and goat anti-
rabbit (A0208) secondary antibodies were purchased from
Beyotime Biotechnology.

2.2 Animals and cells

Sprague-Dawley male rats were obtained from the animal center
of Nanchang University (Nanchang, Jiangxi, China). The animal
study procedures adhered to the guidelines set by the United States
National Institutes of Health and were approved by the Animal
Experimentation Ethics Committee of the First Af�liated Hospital of
Nanchang University (CDYFY-IACUC-202502GR069). The rats
were housed under controlled conditions, with a 12-h light-
darkness cycle and were provided ample food and water.

H9C2 cells, derived from embryonic BDIX rat heart tissue, were
obtained from the cell bank/stem cell bank in Beijing, China. The
cells were cultured in Dulbecco’s modi�ed Eagle medium (DMEM)
containing 5.5 mM glucose, 10% fetal bovine serum (FBS; Gibco,

Frontiers in Pharmacology frontiersin.org02

Zou et al. 10.3389/fphar.2025.1661144

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1661144


Thermo Fisher Scienti�c) at 37 °C and 5% CO2, 21% O2, and
95% humidity.

2.3 In vivo experiments

2.3.1 Experimental design
The rats were randomly assigned to �ve experimental groups: 1)

control, 2) DCM, 3) DCM +25 mg/kg GA, 4) DCM +50 mg/kg GA,
and 5) DCM +100 mg/kg GA. Type 2 diabetes mellitus (T2DM) was
induced according to established methods (Wu et al., 2022).
Following a 1-week acclimatization period, the rats received a
high-fat/high-glucose diet for 4 weeks, followed by
intraperitoneal injections of streptozotocin (STZ, 35 mg/kg/day
in citrate buffer, pH 4.5). T2DM was con�rmed when fasting
blood glucose levels exceeded 16.7 mM for 3 consecutive days.
Eight weeks post-T2DM con�rmation, based on preliminary studies
(Chen et al., 2009; Bouzghaya et al., 2020), the treatment groups
received daily oral gavage doses of low (25 mg/kg), medium
(50 mg/kg), or high (100 mg/kg) GA for 4 weeks.

2.3.2 Echocardiography
Cardiac function was assessed under 1.5% iso�urane anesthesia

using transthoracic echocardiography (Vevo2100 Imaging System,
Visual Sonics, Inc.). Two-dimensional parasternal short-axis views
were obtained to calculate the left ventricular ejection fraction
(LVEF) and fractional shortening (LVFS).

2.3.3 Biochemical measurements
Terminal blood samples were collected via cardiac puncture

from anesthetized rats in each experimental group. Serum was
isolated by centrifugation (3,000 × g, 15 min, 4 °C). Serum levels
of lactate dehydrogenase (LDH), ferrous iron (Fe2+), creatine kinase-
MB (CK-MB), and malondialdehyde (MDA) were measured using
the D-lactate dehydrogenase assay kit (Beyotime, P0392S), ferric and
ferrous ion assay kit (Beyotime, S1066S), ElaBoXTMRat CK-MB1
ELISA Kit (Solarbio, SEKR-0059), and the lipid peroxidation MDA
assay kit (Beyotime, S0131S) according to the manufacturers’
instructions.

2.3.4 Hematoxylin and eosin, masson, and
dihydroethidium assays

Following euthanasia via CO2 inhalation, hearts were excised to
calculate the heart-to-body weight ratio. Tissues underwent �xation
in 4% paraformaldehyde, paraf�n-embedding, and sectioning.
Consecutive sections were stained with hematoxylin and eosin
(H&E), Masson stain and dihydroethidium (DHE). The stained
sections were imaged under light microscopy (Olympus).

2.4 In vitro experiments

2.4.1 Experimental design
H9C2 cells were randomly divided into nine experimental

groups: 1) control: H9C2 cells cultured in a standard conditions,
2) high glucose plus palmitate (HG + PA): H9C2 cells exposed to
30 mM glucose and 300 �M palmitate for 24 h, The concentrations
were determined based on previous studies (Zhang N. et al., 2023;

Hsu et al., 2023; Zhang L. et al., 2023) and our preliminary
experimental results (Supplementary Figure S1), 3) GA:
H9C2 cells cultured with 1, 5, 10, 20, 40, or 80 �M GA for 24 h,
4) HG + PA + GA: H9C2 cells cultured with 1, 5, 10, 20, 40, or
80 �M GA and high glucose plus palmitate for 24 h, 5) HG + PA +
Fer-1: H9C2 cells cultured with 1 �M Fer-1 and high glucose plus
palmitate for 24 h, 6) erastin: H9C2 cells treated with 10 �M erastin
for 24 h, 7) erastin + GA: H9C2 cells treated with 10 �M GA and
10 �M erastin for 24 h, 8) HG + PA + GA + pAD/TSPO: H9C2 cells
transfected with pAD/TSPO before treating with 10 �M GA and
high glucose plus palmitate for 24 h, and 9) HG + PA + GA + pAD/
FTMT-shRNA: H9C2 cells transfected with pAD/FTMT-shRNA
before treating with 10 �M GA and high glucose plus palmitate
for 24 h.

2.4.2 Cell viability and cytotoxicity
Cell viability was assayed using the Cell Counting Kit-8 (GlpBio,

GK10001), and cytotoxicity was assayed using the LDH assay kit
(Beyotime, C0016) according to the manufacturer’s instructions (Hu
et al., 2023).

2.4.3 Measurement of MDA and reduced
glutathione/oxidized glutathione disul�de levels

MDA and reduced glutathione (GSH)/oxidized glutathione
disul�de (GSSG) content in H9C2 cells was measured using a
lipid peroxidation MDA assay kit (Beyotime, S0131S) and a GSH
and GSSG assay kit (Beyotime, S0053), respectively, according to the
manufacturer’s instructions.

2.4.4 Measurement of ferrous iron levels
Ferrous iron levels were measured using a cell ferrous iron

colorimetric assay kit (DojinDo Laboratories, VB544 and VB610)
according to the manufacturer’s instructions, and the results were
examined under a microscope (Olympus Corporation) after
FerroOrange (Dojindo, F374) and Hoechst (Beyotime,
C1028) staining.

2.4.5 Intracellular reactive oxygen species
measurement

Reactive oxygen species (ROS) levels were determined using
H2DCFDA (Beyotime, S0033S) and Hoechst (Beyotime, C1028)
staining according to the manufacturer’s instructions and
subsequent examination under a microscope (Olympus
Corporation).

2.4.6 Evaluation of MMP and mPTP
MMP and mPTP were evaluated using JC-1 (BestBio, BB-

4105) and BBcellProbe M61 (BestBio, BB-48122), respectively,
according to the kits’ instructions. The relative �uorescence
intensity of mPTP (Ex = 488 nm; Em = 558 nm) and MMP
(530/580 and 485/530 nm) were measured using a Cytomics FC
500 �ow cytometer (Agilent).

2.4.7 Mitochondrial ultrastructure assessment
Following treatment, the cells were collected, �xed, washed,

dehydrated, embedded, sectioned, stained, and observed using
transmission electron microscopy to evaluate mitochondrial
ultrastructure.
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2.4.8 Western blotting
The concentration of proteins extracted from cells using RIPA

lysis buffer (Beyotime, P0013B) was determined using a
bicinchoninic acid (BCA) protein assay kit (Beyotime, P0012).
Protein expression analysis was performed by WB as described
previously (Hu et al., 2023). The target proteins were PTGS2, GPX4,
FTMT, and TSPO, and the internal control was �-actin. The
quanti�cation and analysis of protein bands were performed
using ImageJ 1.5.4 software.

2.5 Viruses and plasmids

Adenoviral pAD/FTMT-shRNA (target sense sequence: 5�-
GCAAGTGAAGTC TATCAAAGA-3�; antisense sequence: 5�-
TCTTTGATAGACTTCACTTGC-3�; MOI:100), adenoviral pAD/
FTMT (NCBI reference sequence NC_086036.1; MOI:10) and
adenoviral pAD/TSPO (NCBI reference sequence NM_012515.2;
MOI:50) were transfected into H9c2 cells cultured in DMEM
containing 10% FBS at 37 °C, 5% CO2, 21% O2, and 95%
humidity for 24 h, with 85% transfection ef�ciency
(Supplementary Figure S2).

2.6 Quantitative real-time PCR

Total RNA was extracted from H9C2 cells using the Rapid RNA
Extraction Kit (ES-Science, RN001). The total RNA was reverse-
transcribed into cDNA using a reverse transcription reagent (ES-
Science, 11141ES60). cDNA (500 ng) was used in each quantitative
real-time PCR (qRT-PCR) reaction and ampli�ed using RT
�uorescence quantitative PCR ampli�cation premix. After reaction
completion, the mRNA expression levels of the eight genes were
determined using the StepOne Plus™ Real-Time PCR System
(Thermo Fisher Scienti�c). The primers are shown in Table 1.

2.7 Bioinformatics

A total of 616 GA-related target genes were obtained from
SwissTargetPrediction, the similarity ensemble approach (SEA),

SuperPred, CODD-Pred, and GeneCards. 486 Mitochondria-
associated genes and 1,517 ferroptosis-associated genes were
derived from Gene Set Enrichment Analysis (GSEA).
5,000 Diabetes-related genes and 5,000 heart-related genes were
obtained from GeneCards (Supplementary Figure S1). The two-
dimensional (2D) structure and three-dimensional (3D) conformer
data of GA were obtained from the PubChem database, and the 3D
structural data of TSPO was obtained from the AlphaFold database.
The simulated docking of molecules and docking scores were
accomplished through https://cadd.labshare.cn/.

2.8 Statistical analysis

Data are expressed as the mean ± standard deviation and were
analyzed using one-way analysis of variance and Tukey’s post hoc test
using GraphPad Prism (8.4.2). For the few cases where the parametric
test assumptions were violated, the Kruskal-Wallis test with Dunn’s
post-hoc test was employed for veri�cation (Supplementary Table S1).
A P-value of <0.05 denoted statistical signi�cance.

3 Results

3.1 GA attenuates cardiac injury and
improves cardiac function in T2D rats

The hearts of type 2 diabetic rats were signi�cantly enlarged, and
serum levels of CK-MB were markedly elevated (Figures 1A,B). The
signi�cant reductions in LVEFs and LVFS rates demonstrated impaired
cardiac function (Figures 1C–E). Histopathological examination of
H&E and Masson-stained tissue further revealed the characteristic
tissue damage of diabetic cardiomyopathy, including marked
myocardial �brosis and structural destruction of cardiomyocytes
(Figure 1F). Gavage with low, medium, and high GA concentrations
signi�cantly ameliorated these pathological manifestations and
effectively attenuated the enzymatic changes, dysfunction, and
histopathological damage associated with diabetic cardiomyopathy.
Notably, 50 mg/kg GA treatment was the most effective.

LDH, MDA, ferrous iron, and ROS levels were measured in rat
myocardial tissue and sera. The results showed that gavage with low,

TABLE 1 Primers used in quantitative real-time PCR.

Species Gene Forward primer Reverse primer

RAT HK2 ATGGAGTGGGGAGCATTTGG GCCGCTGATCATCTTCTCGA

RAT FTMT TAAGTCCCCTACTGGCCTCC AAGCCATGGACAGGTACACG

RAT DLD TCTTGGTTTGCATCGGTCGA GACCAGCAACCACATCTCCA

RAT GPD2 GTGGCGTACGATACCTCCAG CACGTTCATGAAGGGCCTCT

RAT YME1L1 GTTAAAGGGGTGGAGGAGGC ACATCAGCTTCTCCTGCCAC

RAT HIF1-A GCTTTAACTTTGCTGGCCCC TTTTCGTTGGGTGAGGGGAG

RAT NFS1 TGTCCTCAGAGCCATCGGTA TCAATGCCATCCTGCACCAT

RAT ATP5F1B GCTCTGACTGGTCTGACTGTTGC CCTGGGTGAAGCGGAAGATGTTG

RAT TSPO CCGCCTCGCTGGACACTC ACCATAGCCTCCTCTGTGAAACC
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FIGURE 1
Gallic acid attenuates cardiac injury and improves cardiac function. Type 2 diabetic Rats were treated with low (25 mg/kg), medium (50 mg/kg), or
high (100 mg/kg) doses of Gallic acid for 4 weeks. Key parameters of cardiac injury and function were assessed. (A) Heart weight to body weight ratio (HW/

(Continued )
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medium, and high GA concentrations signi�cantly ameliorated
pathological elevations in ferrous iron (Figure 1G), MDA
(Figure 1H), LDH (Figure 1I), and ROS concentrations
(Figure 1L) in rats. The middle GA concentration showed the
best effect. Transmission electron microscopy showed that the
mitochondrial ultrastructure was protected by low, medium, and
high concentrations of GA (Figures 1J,K).

3.2 GA attenuates high glucose plus
palmitate-induced H9C2 cell damage

Figure 2A shows the 2D chemical structure of GA. We used the
CCK-8 assay to assess the cell viability of normal and HG + PA-
injured H9C2 cells pretreated with different concentrations of GA to
evaluate its protective effects on the myocardium. No signi�cant
decrease in the viability of H9C2 cells treated with �40 �M GA was
seen, suggesting that �40 �M of GA was not signi�cantly cytotoxic
(Figure 2B). However, at concentrations of 10–40 �M, GA
signi�cantly increased the survival of H9C2 cells subjected to HG
+ PA damage, indicating that 10–40 �M GA had a protective effect
(Figure 2C). Furthermore, at concentrations ranging from 10 to
80 �M, GA signi�cantly inhibited the TSPO upregulation and
FTMT downregulation induced by HG + PA damage
(Supplementary Figure S3A,B). In subsequent experiments, cells
were pretreated with 10 �M GA.

3.3 TSPO is a potential target for myocardial
protection by GA

Ten genes were identi�ed at the intersection of predicted GA
target genes with ferroptosis-related genes, mitochondria-related
genes, heart-related genes, and diabetes-related genes
(Figure 3A). The genes are shown in Figure 3B. After reading
the relevant literature (Selvaraj and Stocco, 2015; Rupprecht
et al., 2022; Flynn and Melov, 2013; Ruvolo et al., 2001;
Wischhof et al., 2022; Zhang Y. et al., 2023; Jelinek et al.,
2021; Yoshida and Goedert, 2012), TSPO was selected for the
next step of the study. The chemical structure model of GA is
shown in Figure 3C, and the chemical structure model of TSPO is
shown in Figure 3D.

Molecular docking showed that GA could bind to the PRO15,
GLY18, CYS19, PHE20, VAL21, GLY22, SER23, VAL26, TYR34,
HIS43, PRO44, PRO45, HIS46, LEU49, TRP53, TYR57, ASN92,
TRP93, TRP95, PRO96, PHE99, PHE100, TRP143, THR147,
LEU150, and ASN151 residues of TSPO (Figures 3E,F).

3.4 GA attenuates high glucose plus
palmitate-induced ferroptosis in H9C2 cells

The study results showed that HG + PA decreased cell viability,
which was attenuated by treatment with Fer-1 (a ferroptosis

FIGURE 1 (Continued)

BW). (B) Serum levels of creatine kinase-MB (CK-MB). (C) Left ventricular ejection fraction (LVEF). (D) Left ventricular fractional shortening (LVFS). (E)
Representative echocardiographic images. (F) Representative images of myocardial tissue sections stained with Hematoxylin and Eosin (H&E) and
Masson’s trichrome. (G) Myocardial ferrous iron levels. (H) Myocardial malondialdehyde (MDA) levels. (I) Serum lactate dehydrogenase (LDH) activities.
(J,K) Representative transmission electron microscopy images and relative Flameng scores of the rat myocardium. (L) Representative images of
dihydroethidium (DHE) stained myocardium of rat (magni�cation, ×200). Data are expressed as the mean ± SD (n = 3 or 6). NS, no signiffcance. *P < 0.05,
***P < 0.001, compared with the indicated groups.

FIGURE 2
Gallic acid attenuates high glucose plus palmitate-induced H9C2 cell damage. (A) The chemical structure of Gallic acid. (B) Histogram of CCK-8
detected the cell viability of H9C2 cells pretreated with different concentrations of Gallic acid. (C) Histogram of CCK-8 detected the cell viability of normal
and HG + PA-injured H9C2 cells pretreated with different concentrations of Gallic acid. Data are expressed as the mean ± SD (n = 3 or 6). *P < 0.05, ***P <
0.001, compared with the indicated groups.
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inhibitor) and GA (Figure 4A). Studies have shown that ferroptosis
is involved in DCM (Zhao et al., 2023; Chen et al., 2024), which is
consistent with the present study results. In the HG + PA group,
the critical indicators of ferroptosis-associated damage (MDA,
ferrous iron, GSSG, LDH, and ROS) and the expression of the

related protein PTGS2 were signi�cantly increased, whereas the
critical indicators of ferroptosis-associated inhibition (GSH and
GSH/GSSG) and the expression of the related protein GPX4 were
signi�cantly decreased (Figures 4B–K). Of note, GA and Fer-1
similarly inhibited these changes (Figures 4B–K), suggesting that

FIGURE 3
TSPO is a potential target for myocardial protection by gallic acid. (A) Gallic acid predicted target genes, ferroptosis related genes, mitochondria
related genes with heart related genes, diabetes related genes were taken intersection to obtain 10 genes. (B) Intersection gene. (C) Chemical structure
model of gallic acid. (D) Chemical structure model of TSPO. (E) Molecular Modeling of gallic acid and TSPO Docking. (F) Binding site for gallic acid.
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FIGURE 4
Gallic acid attenuates high glucose plus palmitate-induced ferroptosis in H9C2 cells. Evaluate changes in H9C2 cells exposed to HG + PA following
treatment with Fer-1 or gallic acid. (A) Cell viability levels. (B) Intracellular glutathione (GSH) levels. (C) Intracellular oxidized glutathione (GSSG) levels. (D)
The GSH/GSSG ratio. (E) Representative �uorescent images and quantitative analysis of intracellular ferrous iron levels detected by FerroOrange probe.
(F) Lactate dehydrogenase (LDH) release in the culture medium. (G) Malondialdehyde (MDA) levels. (H) Representative Western blot bands of

(Continued )
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GA prevents high glucose plus palmitate damage in H9C2 cells
by inhibiting ferroptosis. In addition, the WB results
showed a signi�cant increase in TSPO expression levels in
the HG + PA group compared with the control group, while

GA and Fer-1 attenuated this change (Figure 4J). Furthermore,
unlike Z-VAD (apoptosis inhibitor), GA did not exhibit
signi�cant inhibition of HG + PA-induced apoptosis
(Supplementary Figure S5).

FIGURE 5
Gallic acid attenuates erastin-induced ferroptosis in H9C2 cells (A) Histogram of CCK-8 detected the cell viability of normal and erastin-injured
H9C2 cells pretreated with erastin and Gallic acid. (B–D) The level of intracellular glutathione (GSH), intracellular oxidized glutathione (GSSG) and the
GSH/GSSG ratio. (E) Histogram of malondialdehyde level. (F) Detection of ROS via DCFH-DA stained (magni�cation, ×200). (G) Histogram of relative LDH
level. (H) Detection of MMP. (I) Detection of mPTP openness by �ow cytometry. Data are expressed as the mean ± SD (n = 3 or 6). ***P < 0.001,
compared with the indicated groups.

FIGURE 4 (Continued)

prostaglandin-endoperoxide synthase 2 (PTGS2), glutathione peroxidase 4 (GPX4), and translocator protein (TSPO). (I–K) Quantitative
densitometric analysis of PTGS2, GPX4, and TSPO protein expression levels normalized to �-actin. Data are expressed as the mean ± SD (n = 3 or 6). *P <
0.05, ***P < 0.001, compared with the indicated groups.
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3.5 GA attenuates erastin-induced
ferroptosis in H9C2 cells

The inhibitory effect of GA against ferroptosis was investigated
by establishing an erastin-induced ferroptosis H9C2 cell model. As
shown in Figures 5A–G, cell viability, GSH levels, and the GSH/
GSSG ratio were signi�cantly decreased, and MDA, GSSG, LDH,
and ROS levels were signi�cantly increased in erastin-treated cells.
GA signi�cantly inhibited these changes. These �ndings suggest that
ferroptosis occurs in H9C2 cells under erastin induction and that
GA can inhibit erastin-induced ferroptosis. The evaluation of MMP
and mPTP showed that GA attenuated erastin-induced
mitochondrial damage in H9C2 cells (Figures 5H,I).

3.6 FTMT mRNA levels are decreased in high
glucose plus palmitate-injured and TSPO-
overexpressing H9C2 cells

The intersection of ferroptosis-related genes and mitochondria-
related genes yielded 84 genes (Figures 6A,B). After reading the relevant
literature, eight genes were selected and veri�ed by qPCR. mRNA levels
of FTMT were signi�cantly decreased in the TSPO-overexpression
group compared to the control group, and GPD2 mRNA levels were
signi�cantly increased (Figure 6C). The mRNA levels of FTMT and
DLD were signi�cantly decreased in the HB + PA group compared to
the control group, and the mRNA levels of ATP5F1B were signi�cantly
increased (Figure 6D). FTMT mRNA levels were signi�cantly decreased

FIGURE 6
FTMT mRNA levels were decreased in high glucose plus palmitate-injured and TSPO overexpressing H9C2 cells. (A,B) Ferroptosis related genes and
mitochondria related genes were taken to intersect to obtain 84 genes. (C) mRNA expression level of 8 selected genes by qPCR in TSPO overexpression
H9c2 cells. (D) mRNA expression level 8 selected genes by qPCR in HG + PA treated H9c2 cells. Data are expressed as the mean ± SD (n = 3 or 6). *P <
0.05, ***P < 0.001, compared with the indicated groups. FTMT, mitochondrial ferritin.
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in high glucose plus palmitate-injured and TSPO-overexpressing
H9C2 cells compared to controls.

3.7 GA attenuates high glucose plus
palmitate-induced H9C2 cell damage
through TSPO and FTMT

pAD/TSPO and pAD/FTMT-shRNA were used to verify
whether TSPO and FTMT are involved in the attenuation of HG

+ PA injury-induced ferroptosis by GA. TSPO expression was
signi�cantly increased, and FTMT expression was signi�cantly
decreased after the addition of pAD/TSPO (Figures 7A,B,D),
indicating that the effect of pAD/TSPO was effective and could
regulate the protein expression of FTMT. After adding pAD/FTMT-
shRNA, the expression of FTMT decreased signi�cantly, indicating
that pAD/FTMT-shRNA was effective. Several reports have
indicated that mitochondrial dysfunction is involved in DCM
(Peng et al., 2023; Cai et al., 2024) and that TSPO (Musman
et al., 2017; Fu et al., 2020) and FTMT (Wang P. et al., 2022) are

FIGURE 7
(Continued).
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essential for maintaining myocardial mitochondrial homeostasis. In
this study, mPTP �ow cytometry, MMP �ow cytometry, and
mitochondrial submicroscopic structural observations were
performed. GA prevented high glucose plus palmitate-induced
mPTP openings, MMP level increases, and cellular mitochondrial
crumpling, twisting, and ridge reductions in H9C2 cells (Figures

7F–K). Meanwhile, pAD/TSPO and pAD/FTMT-shRNA inhibited
these changes.

Several studies have indicated a strong association of TSPO
(Zhang D. et al., 2023; Bi et al., 2025) and FTMT (Fuhrmann et al.,
2020; Wang et al., 2021) with ferroptosis, which is consistent with
the results of this study. GA pretreatment signi�cantly prevented

FIGURE 7
(Continued). Gallic acid attenuates high glucose plus palmitate-induced H9C2 cell damage through TSPO and FTMT. H9c2 cells were transfected
with pAD/TSPO (to overexpress TSPO) or pAD/FTMT-shRNA (to knock down FTMT) prior to HG + PA injury and Gallic acid treatment. (A) Representative
Western blot bands of PTGS2, TSPO, FTMT, and GPX4. (B–E) Quantitative densitometric analysis of FTMT, PTGS2, TSPO, and GPX4 protein expression
levels normalized to �-actin. (F,G) Representative transmission electron microscopy images and relative �ameng scores of H9C2 cells. (H,I)
Detection of mPTP openness by �ow cytometry. (J,K) MMP levels were visualized using �ow cytometry and expressed as the �uorescence ratio in the
upper and lower right quadrants. (L) Histogram of CCK-8 detected the cell viability. (M) Histogram of relative LDH level. (N) Histogram of relative MDA
level (O) detection of ROS via DCFH--DA stained (magni�cation, ×200). (P–R) Histogram of the level of GSH, GSSG and the GSH/GSSG ratio. (S)
Intracellular Fe2+ which were revealed by FerroOrange in H9c2 cells. (magni�cation, ×200). Data are expressed as the mean ± SD (n = 3 or 6). *P < 0.05,
***P < 0.001, compared with the indicated groups.
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increases in PTGS2, LDH, MDA, ferrous iron, ROS, and GSSG levels
and decreases in GPX4 levels, cell viability, GSH levels, and the GSH/
GSSG ratio induced by HG + PA, whereas pAD/TSPO and pAD/
FTMT-shRNA inhibited these changes (Figures 7C,E,L–S).
Treatment with pAD/FTMT signi�cantly attenuated the HG +
PA-induced increase in PTGS2 protein levels, as well as the
decrease in GPX4 protein levels and cell viability. It also
markedly reduced mPTP opening in H9C2 cells (Supplementary
Figures S4A-G). Furthermore, GA did not exhibit a signi�cant effect
on FTL and FTH (Supplementary Figures S6A-G).

4 Discussion

Cardiovascular disease is the leading cause of mortality in
patients with T2DM, and the development of DCM plays an
important role in driving this (Lala et al., 2024; Wong and Sattar,
2023). With the rising prevalence of obesity and an aging
population, the prevalence of T2DM is increasing, and the
incidence and mortality of DCM are rising rapidly (Zhong et al.,
2025). However, the pathogenesis of DCM has not been fully
clari�ed, and there is no treatment for DCM (Tan et al., 2020;
Heather et al., 2024). GA is a phenolic acid found in a wide variety of
foods and herbs with a wide range of pharmacological activities
(Locatelli et al., 2013; Lin et al., 2020). Previous studies have
indicated that GA ameliorates endothelial dysfunction and
hypotension in diabetic rats, as well as myocardial hypertrophy
and left ventricular dysfunction following cardiac ischemia-
reperfusion injury (Ramezani Ali Akbari et al., 2019; Ramezani-
Aliakbari et al., 2017). Commensurate with these observations, our
results indicate that GA effectively attenuated myocardial damage in
diabetic cardiomyopathy.

Ferroptosis is a type of regulated cell death. that, unlike
autophagy, necrosis, and apoptosis, is primarily characterized by
the excessive accumulation of ferrous iron and lipid hydroperoxides
(Jiang et al., 2021). Increasing attention has been paid to the
involvement of ferroptosis in the pathology of DCM (Zhao et al.,
2023), and some natural plant products have been shown to inhibit
ferroptosis and alleviate myocardial damage in DCM (Wang X.
et al., 2022; Wu et al., 2024). Ferroptosis is closely interrelated with
mitochondria (Glover et al., 2024; Dixon and Olzmann, 2024).
Mitochondria are key organelles for the survival and normal
function of cardiomyocytes, which are energy-intensive cells.
However, the structure and function of mitochondria are
impaired under hyperglycemic conditions, leading to disturbances
in energy metabolism, ROS accumulation, increased oxidative stress,
and the dysregulation of calcium homeostasis, which ultimately
triggers cardiomyocyte hypertrophy, �brosis, and microvascular
pathology, contributing to the development and progression of
DCM (Cai et al., 2022). Numerous studies have demonstrated
that mitochondria may be a therapeutic target for DCM (Cai
et al., 2022; Bhagani et al., 2020). In this study, GA was shown
to signi�cantly reduce ferrous ion accumulation and
PTGS2 expression, increase GPX4 expression, inhibit excessive
ROS production, and attenuate lipid metabolism disorders. The
mitochondrial ultrastructural changes and altered mPTP and MMP
levels demonstrated the protective effect of GA on mitochondrial
homeostasis. It is worth noting that, unlike the apoptosis inhibitor

Z-VAD, GA did not signi�cantly suppress HG + PA-induced
apoptosis, as evidenced by the lack of a marked change in
Caspase-3 activity. This preliminary �nding suggests that the
protective effect of GA may be dissociated from the apoptotic
pathway and appears to be mediated primarily through the
inhibition of ferroptosis.

Multiple gene sets were intersected to explore the possible
targets through which GA attenuates ferroptosis and maintains
mitochondrial homeostasis in diabetic cardiomyopathy. BCL2,
SOD2, SHC1, MAPT, MAPK8, AIFM1, TP53, HIF1A, and TSPO
were identi�ed. BCL2 is a classical mitochondrial outer
membrane protein that regulates cell death and inhibits
apoptosis in a variety of cells by modulating mitochondrial
membrane permeability (Ruvolo et al., 2001; Eguchi et al.,
1992). Some studies also reported that it inhibited autophagy
(Strappazzon et al., 2011; Chen et al., 2010). SOD2 is a
mitochondrial protein that generates superoxide anion radicals
in cells (Flynn and Melov, 2013). SHC1 has three main isoforms
that differ in activity and subcellular location. The longest
isoform (p66Shc) may be involved in regulating lifespan and
ROS, the p46Shc isoform targets the mitochondrial matrix, and
all three isoforms are junction proteins in signal transduction
pathways (Jelinek et al., 2021). MAPT is a microtubule-associated
protein that promotes microtubule assembly and stability and
may be involved in the establishment and maintenance of
neuronal polarity (Yoshida and Goedert, 2012). MAPK8 is a
member of the MAP kinase family. MAP kinases act as
integration points for a wide range of biochemical signals and
are involved in cellular processes such as proliferation,
differentiation, transcriptional regulation, and development
(Zhang Y. et al., 2023). AIFM1 functions as a NADH
oxidoreductase and apoptosis regulator, frequently found in
the mitochondrial membrane space (Wischhof et al., 2022).
TP53 responds to different cellular stresses to regulate the
expression of target genes to induce cell cycle arrest,
apoptosis, senescence, DNA repair or metabolic changes.
Mutations in this gene have been associated with a number of
human cancers (Wischhof et al., 2022). HIF1A is a master
transcriptional regulator of the adaptive response to hypoxia
and activates the transcription of many genes, including genes
involved in energy metabolism, angiogenesis, and apoptosis
(Prabhakar and Semenza, 2012). TSPO is a mitochondrial
membrane protein involved in the regulation of cellular
functions such as ferroptosis (Zhang D. et al., 2023), cellular
respiration and oxidative processes (Baglini et al., 2024), protein
import, and ion transport (Baglini et al., 2024). TSPO plays a role
in regulating cardiac physiological processes, and several studies
have shown that TSPO ligands have different cardiac-modulating
effects. TSPO ligands Ro 5-4864 and PK 11195 reduce calcium
currents, thereby decreasing sarcoplasmic reticulum calcium
(Bolger et al., 1990). PK 11195 (a TSPO ligand) has also been
shown to antagonize calcium channel blockers in guinea pig
myocardium (Mestre et al., 1985). A TSPO ligand was also shown
to play a protective role in heart disease by reducing ROS
generation and preventing mitochondrial dysfunction and
stress-dependent cardiomyocyte loss (Baglini et al., 2024).
TSPO was also reported to inhibit oxidative stress and
maintain mitochondrial homeostasis by directly down-
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regulating TSPO expression to alleviate myocardial hypoxia-
enriched oxygen injury (Meng et al., 2020). TSPO also affects
the activity of other mitochondrial components, such as mPTP,
VDAC, and IMAC, which play a critical role in acute and chronic
cardiac diseases (Baglini et al., 2024). The WB results showed that
GA signi�cantly reduced the expression of TSPO, and the
inhibition of ferroptosis and the maintenance of
mitochondrial homeostasis by GA were prevented after the
overexpression of TSPO using pAD/TSPO, suggesting that the
protective effect of GA was achieved by regulating TSPO.

The qRT-PCR results indicated that the mRNA levels of FTMT
were signi�cantly decreased in H9C2 cells in both HG + PA and
TSPO overexpression settings. The WB results further showed that
the protein level of FTMT decreased signi�cantly. FTMT is an iron
storage protein located in mitochondria and highly expressed in the
heart. It catalyzes the oxidation of ferrous iron to trivalent iron and
stores iron in a soluble, non-toxic form (Yanatori et al., 2023).
Previous studies reported that FTMT de�ciency enhanced
ferroptosis and exacerbated ventricular tachyarrhythmias after
myocardial infarction in mice (Chang et al., 2025). Mice lacking
FTMT were also reported to be more sensitive to adriamycin-
mediated cardiotoxicity and have aggravated myocardial
mitochondrial damage (Maccarinelli et al., 2014). Meanwhile, the
overexpression of FTMT signi�cantly attenuated cerebral ischemia-
reperfusion injury-induced ferroptosis and subsequent brain
damage in mice (Wang et al., 2021). In addition, FTMT
overexpression rescued oxygen and glucose deprivation and
reperfusion-induced mitochondrial iron overload and
mitochondrial dysfunction in neuronal cells (Wang P. et al.,
2022). Consistent with the above studies, the present study
showed that the effect of GA in inhibiting ferroptosis and
maintaining mitochondrial homeostasis was prevented after
silencing FTMT with pAD/FTMT-shRNA. To further investigate
iron partitioning, we assessed ferritin in the cytoplasm. Our �ndings
revealed that GA does not affect FTL and FTH levels but effectively
regulates FTMT and ferrous iron content in mitochondria. This
discovery further con�rms that its protective mechanism primarily
targets mitochondrial iron dysregulation.

While our results demonstrate a clear regulatory relationship
between TSPO overexpression and the downregulation of FTMT, we
acknowledge that the precise molecular mechanism remains unclear
and requires further elucidation. Based on existing literature and the
roles of both proteins in mitochondrial iron and redox homeostasis,
we propose several plausible mechanisms that might underlie this
regulation. TSPO, as a mitochondrial outer membrane protein
involved in cholesterol transport, ROS modulation, and apoptosis
regulation, may in�uence FTMT expression through indirect
transcriptional pathways. For instance, TSPO has been shown to
modulate reactive oxygen species (ROS) generation and
mitochondrial membrane permeability, which could subsequently
affect transcription factors such as NRF2 or NF-�B (Zhang D. et al.,
2023; Li et al., 2024), known regulators of iron metabolism and
ferroptosis-related genes including FTMT (Song et al., 2024; Yang
et al., 2015). Alternatively, TSPO might participate in
protein–protein interactions with transporters or chaperones
involved in iron traf�cking, thereby altering iron availability in
the mitochondrial matrix and indirectly suppressing FTMT
expression. Another possibility involves the alteration of

mitochondrial iron handling pathways—TSPO overexpression
may enhance iron export or compartmentalization, reducing the
regulatory demand for FTMT-mediated iron storage. Despite these
hypotheses, the precise regulatory mechanism—whether TSPO
directly controls FTMT expression or acts through intermediate
signaling pathways—remains unclear and warrants future targeted
studies. Furthermore, the use of H9C2 cells, while common, may not
fully recapitulate adult cardiomyocyte biology. Moreover, the
absence of human samples or clinical data restricts the
translational relevance of our �ndings.

5 Conclusion

In conclusion, GA pretreatment attenuated diabetic
cardiomyopathy by downregulating TSPO expression, which
subsequently promoted FTMT upregulation. This TSPO/FTMT
pathway axis reduced myocardial ferroptosis, attenuated
intracellular ROS accumulation, inhibited lipid metabolism
dysregulation, and preserved mitochondrial homeostasis.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The animal study was approved by Animal Experimentation
Ethics Committee of the First Af�liated Hospital of Nanchang
University (CDYFY-IACUC-202502GR069). The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

CZ: Software, Writing – original draft. HX: Methodology,
Writing – original draft. FH: Writing – original draft, Data
curation. YY: Validation, Writing – original draft. LL: Project
administration, Writing – original draft. XW: Writing – original
draft, Formal Analysis, Data curation. ZZ: Writing – original draft,
Visualization. HZ: Supervision, Funding acquisition,
Writing – original draft. JL: Conceptualization, Writing – review
and editing, Funding acquisition. SL: Supervision, Funding
acquisition, Writing – review and editing, Conceptualization.
HH: Writing – review and editing, Project administration,
Resources, Funding acquisition.

Funding

The authors declare that �nancial support was received for the
research and/or publication of this article. This study was supported by
National Natural Science Foundation of China (No. 82560074,

Frontiers in Pharmacology frontiersin.org14

Zou et al. 10.3389/fphar.2025.1661144

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1661144


82360057, 82070303) and Jiangxi Provincial Natural Science
Foundation (No. 20242BAB26115, 20242BAB20343, 20242BAB20347).

Con�ict of interest

The authors declare that the research was conducted in the
absence of any commercial or �nancial relationships that could be
construed as a potential con�ict of interest.

Generative AI statement

The authors declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside �gures in this
article has been generated by Frontiers with the support of arti�cial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their af�liated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1661144/
full#supplementary-material

SUPPLEMENTARY FIGURE S1
Histogram of CCK-8 detected the cell viability of H9C2 cells pretreated with
different concentrations of palmitate. Data are expressed as the mean ± SD
(n = 6). NS, no signiffcance. *P < 0.05, ***P < 0.001, compared with the
indicated groups.

SUPPLEMENTARY FIGURE S2
Preliminary Experiment on Adenovirus Infection Ef�ciency. (A) Detection of
FTMT mRNA levels in H9C2 cells infected with pAD/FTMT adenovirus at
different MOIs by qPCR. (B) Detection of FTMT mRNA levels in H9C2 cells
infected with pAD/FTMT-shRNA adenovirus at different MOIs by qPCR. (C)
Detection of TSPO mRNA levels in H9C2 cells infected with pAD/TSPO
adenovirus at different MOIs by qPCR. Data are expressed as the mean ± SD
(n = 6). NS, no signiffcance. **P < 0.01, ***P < 0.001, compared with the
indicated groups.

SUPPLEMENTARY FIGURE S3
Effects of different concentrations of gallic acid on TSPO and FTMT
mRNA levels in H9C2 cells. (A) Detection of FTMT mRNA levels in
H9C2 cells pretreated with different concentrations of Gallic acid. (B)
Detection of TSPO mRNA levels in H9C2 cells pretreated with different
concentrations of Gallic acid. Data are expressed as the mean ± SD (n =
5). NS, no signiffcance. **P < 0.01, ***P < 0.001, compared with the
indicated groups.

SUPPLEMENTARY FIGURE S4
FTMT overexpression alleviates HG + PA-induced damage. (A)
Representative Western blot bands of PTGS2, TSPO, FTMT, and GPX4. (B-E)
Quantitative densitometric analysis of FTMT, PTGS2, TSPO, and
GPX4 protein expression levels normalized to �-actin. (F) Histogram of CCK-
8 detected the cell viability of H9C2 cells pretreated with HG + PA and pAD/
ftmt. (G) MMP levels were visualized using �uorescence microscope. Data
are expressed as the mean ± SD (n = 3 or 6). NS, no signiffcance. **P < 0.01,
***P < 0.001, compared with the indicated groups.

SUPPLEMENTARY FIGURE S5
Capase-3 activity were assayed in H9c2 cells exposed to HG + PA after
pretreatment with 10 � M alpinetin or 40 � M Z-VAD. Data are expressed as
the mean ± SD (n = 4). NS, no signiffcance. ***P < 0.001, compared with the
indicated groups.

SUPPLEMENTARY FIGURE S6
GA did not exhibit a signi�cant effect on FTL and FTH. (A) Representative
Western blot bands of FTH and FTL. (B-E) Quantitative densitometric
analysis of FTH and FTL protein expression levels normalized to �-actin.
Data are expressed as the mean ± SD (n = 3). NS, no signiffcance. ***P <
0.001, compared with the indicated groups.
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