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Background: Ischemia-reperfusion (I/R) injury involves oxidative stress, inflammation, and mitochondrial dysfunction.
Galectin-3 (Gal-3) plays a key regulatory role in these processes; however, its association with the Mitochondrial Transcrip-
tion Factor A/Peroxisome Proliferator-Activated Receptor Beta (TFAM/PPARβ) signaling pathway remains unclear. Therefore,
this study aims to investigate the role of Gal-3 in I/R injury, focusing on its impact on oxidative stress, inflammatory responses,
and the TFAM/PPARβ signaling pathway. Furthermore, it explores the role of TFAM in Gal-3-mediated I/R injury.
Methods: A mouse I/R model was established, and recombinant Gal-3 protein or anti-Gal-3 antibody was injected to modulate
Gal-3 expression. mRNA and protein levels of Gal-3 in mouse serum, as well as relevant oxidative stress and inflammation
markers, were evaluated using quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR), Western blotting,
and histological analysis. The human myocardial AC16 cell line was used to establish an in vitro I/R model, and Sh-Gal-3 or
Gal-3 overexpression plasmids were transfected to regulate Gal-3 expression, further assessing the effects of Gal-3 on oxidative
stress and inflammatory response. Additionally, Sh-Gal-3 and Sh-TFAM were co-transfected into the I/R in vitro cell model to
explore the role of TFAM in Gal-3-mediated effects.
Results: In the in vivo I/R model, compared to the Sham group, Gal-3 mRNA and protein levels were significantly increased in
the serum of I/R mice (p< 0.05). Recombinant Gal-3 protein treatment aggravated myocardial injury, as evidenced by increased
levels of Creatine Kinase-MB (CK-MB), Creatine Kinase (CK), Left Ventricular End-Diastolic Diameter (LVEDD), and Left
Ventricular End-Systolic Diameter (LVESD), with a substantial increase in cardiac pathological damage. In contrast, anti-Gal-3
antibody treatment significantly alleviated these adverse effects. Masson staining revealed a significant increase in myocardial
fibrosis in the I/R group, and Gal-3 further exacerbated fibrosis, which was counteracted by anti-Gal-3 treatment. Further-
more, the levels of pro-inflammatory cytokines and oxidative stress markers were significantly elevated in the I/R group, with
administration of Gal-3 recombinant protein further enhancing these changes, while anti-Gal-3 treatment reduced them. In the
in vitromodel, Gal-3 overexpression significantly increased the levels of inflammatory factors and reactive oxygen species (ROS),
whereas Gal-3 knockdown reduced these levels. After co-transfection of Sh-Gal-3 and Sh-TFAM, compared to the Sh-Gal-3
group, there was a significant increase in ROS fluorescence intensity, Malondialdehyde (MDA) levels, and 5,5′,6,6′-Tetrachloro-
1,1′,3,3′-tetraethyl-imidacarbocyanine iodide (JC-1) disaggregation levels, while Superoxide Dismutase (SOD) levels were sig-
nificantly reduced (p < 0.05). Additionally, the levels of Interleukin-6 (IL-6), Interferon-gamma (IFN-γ), and Tumor Necrosis
Factor-alpha (TNF-α) in the Sh-Gal-3+Sh-TFAM group were significantly higher than those in the Sh-Gal-3 group.
Conclusions: This study demonstrates that Gal-3 plays a crucial role in I/R injury, promoting oxidative stress, inflammation, and
myocardial damage, by modulating the TFAM/PPARβ signaling pathway. Furthermore, TFAM plays a critical regulatory role
in Gal-3-mediated oxidative stress and inflammation. These findings provide new insights into treating I/R injury, and targeting
Gal-3 and TFAM may offer a potential therapeutic strategy for I/R-induced injury.
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Introduction

Myocardial ischemia-reperfusion (I/R) injury is a
common and highly lethal pathological process in cardio-
vascular diseases, frequently observed in clinical scenarios
such as acute myocardial infarction (AMI), coronary artery
bypass grafting (CABG), and other cardiac surgeries [1–
3]. During I/R injury, myocardial cells first undergo dis-
turbances in energy metabolism caused by ischemia. Upon
reperfusion, the restoration of blood flow and oxygen sup-
ply induces a series of adverse responses, including oxida-
tive stress and inflammation, which further increase my-
ocardial damage [4,5]. These detrimental responses not
only disrupt cell membranes, proteins, and DNA but also
cause myocardial cell death, tissue necrosis, and a signif-
icant loss of cardiac function [6,7]. The cardiac remodel-
ing, including fibrosis, ventricular dilation, and heart fail-
ure, frequently leads to poor clinical outcomes and progno-
sis [8,9]. Therefore, exploring the molecular mechanisms
driving I/R injury and identifying new therapeutic targets
are crucial for improving treatment outcomes and patient
prognosis.

Oxidative stress and inflammation are recognized as
two key pathological drivers of I/R injury [10]. During is-
chemia, metabolic disturbances in myocardial cells under
anaerobic conditions lead to a rapid decline in ATP levels
and the accumulation of harmful metabolites [11]. Upon
reperfusion, the sudden influx of oxygen produces a signif-
icant amount of reactive oxygen species (ROS), which ac-
tivate multiple signaling pathways, exacerbating damage to
the cell membrane, mitochondria, and endoplasmic reticu-
lum, and ultimately triggering cell death [12]. Studies have
revealed that oxidative stress and inflammation reinforce
each other, promoting the occurrence and progression of I/R
injury [13,14]. Therefore, inhibiting the excessive activa-
tion of both responses is crucial for alleviating I/R-induced
myocardial injury.

Galectin-3 (Gal-3) is a multifunctional β-galactose-
binding glycoprotein highly expressed in various tissues,
such as the heart, liver, and immune cells [15]. Recent
evidence has shown that Gal-3 plays an important role in
cardiovascular diseases, especially in myocardial ischemia,
inflammation, fibrosis, and heart failure [16]. In cardiac
injury, Gal-3 promotes further myocardial damage by in-
creasing inflammation, exacerbating oxidative stress, and
modulating myocardial fibrosis [17]. Notably, evidence in-
dicates that Gal-3 can exacerbate myocardial injury during
I/R by affecting immune cell activity and inflammatory re-
sponses [18]. Despite this evidence, the specific role of
Gal-3 in I/R injury and the underlying molecular mecha-
nisms, particularly regarding the interaction between oxida-
tive stress and inflammation, remain unclear.

The central roles of oxidative stress and inflammation
in I/R injury have been well recognized [19]. ROS is the
key mediator of I/R injury, with excessive ROS causing

damage to cell membranes, activating inflammatory path-
ways, and disrupting mitochondrial activity [20]. However,
oxidative stress is not only driven by ROS production but
also closely related to the imbalance in intracellular antiox-
idant systems. Gal-3, as a crucial regulatory molecule, can
exacerbate oxidative stress by enhancing ROS generation
while reducing the activity of antioxidant enzyme [21]. For
example, Li et al. [22] reported that inhibition of Propro-
tein Convertase Subtilisin/Kexin Type 9 (PCSK9) alleviates
I/R-induced cardiac remodeling and dysfunction through
LIAS-mediated cuproptosis, highlighting the critical role
of immune signaling in modulating oxidative stress and in-
flammatory responses. Additionally, Gal-3 promotes the
release of pro-inflammatory cytokines and increases the in-
filtration of inflammatory cells, thereby enhancing myocar-
dial damage [23].

The role of mitochondria in I/R-induced myocardial
injury cannot be ignored. Mitochondria are not only the
core of cellular energy metabolism but also involved in
ROS production and the regulation of oxidative stress
[24]. Mitochondrial transcription factor A (TFAM) and
peroxisome proliferator-activated receptor β (PPARβ) are
crucial regulators of mitochondrial function and energy
metabolism [25]. TFAM maintains mitochondrial DNA
stability and ensures efficient mitochondrial energy produc-
tion, whereas PPARβ regulates fatty acid oxidation and an-
tioxidant stress. Research has shown that TFAM may ex-
ert its protective effects on mitochondria via modulating
the PPARβ signaling pathway [25]. Dysregulation of the
TFAM/PPARβ signaling axis has been closely associated
with oxidative stress and inflammatory responses in my-
ocardial I/R injury, making it a potential therapeutic target.
However, whether Gal-3 exacerbates myocardial injury by
regulating the TFAM and PPARβ signaling pathways re-
mains to be fully explored.

This study aims to investigate the complex regulatory
interplay between Gal-3 and the TFAM/PPARβ signaling
axis, which is yet to be fully elucidated, and examine how
this interaction influences mitochondrial homeostasis dur-
ing I/R injury. By exploring this mechanism, our study pro-
vides novel mechanistic insights that differentiate it from
earlier studies and enhance our understanding of the molec-
ular processes involved in myocardial I/R injury.

Materials and Methods
I/R Animal Model

Male C57BL/6 mice (n = 28), aged 6–8 weeks and
weighing 26 ± 2 g, were purchased from Vital River (Bei-
jing, China). Animals were housed under controlled con-
ditions with a temperature of 20–25 °C, relative humid-
ity of 50%–60%, and a 12-hour light-dark cycle. Mice
were fasted for 12 hours before experiments, with free ac-
cess to water. Anesthesia was induced through intraperi-
toneal injection of sodium pentobarbital (40mg/kg) (57-33-
0, Sigma-Aldrich, St. Louis, MO, USA).
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The mice were randomly divided into 4 groups using a
random number table method: a Sham group (n = 7), an I/R
group (n = 7), an I/R+Gal-3 group (n = 7), and an I/R+anti-
Gal-3 group (n = 7). A midline incision was made through
the skin and muscle to access the thoracic cavity. The ster-
num was carefully cut to expose the heart. Through mi-
crosurgery, the coronary artery was visualized, and the left
anterior descending artery (LAD) was selected for model
establishment. The coronary artery was occluded using a
catheter, interrupting blood flow, which led to localized pal-
lor in the ischemic myocardial area and significant cardiac
dysfunction. Occlusion was maintained for 30 minutes, af-
ter which the catheter was removed to restore blood flow
and begin reperfusion for 4 hours. Two hours after reperfu-
sion, mice were intraperitoneally injected with recombinant
human Gal-3 protein, Gal-3 antibody, or normal saline, de-
pending on the specific group. Group-specific treatments
were provided as follows:

I/R group: Mice in this experimental group underwent
standard myocardial ischemia-reperfusion procedures and
received an intraperitoneal injection of an equal volume of
normal saline.

Sham group: Mice in this group received similar sur-
gical procedures without coronary artery occlusion; the
heart was exposed, but no ischemic injury was induced.
Moreover, they received an intraperitoneal injection of an
equal volume of normal saline.

I/R+Gal-3 group: Mice were injected intraperi-
toneally with recombinant human Gal-3 protein (10 µg/3
days) (ab50236, Purity≥98%, Abcam, Cambridge, UK) for
4 weeks.

I/R+anti-Gal-3 group: Mice were injected intraperi-
toneally with human anti-Gal-3 antibody (5 µg/3 days)
(ab76245, Purity ≥98%, Abcam, Cambridge, UK) for 4
weeks.

After 4 weeks of treatment, the mice were euthanized
with an intraperitoneal injection of 3% sodium pentobarbi-
tal (110 mg/kg).

Heart tissue and venous blood were collected from
each group of mice. All subsequent assessments, includ-
ing biochemical analysis, histological evaluation, and data
interpretation, were performed by independent investiga-
tors who were blinded to the group assignments to ensure
objectivity. During surgery, mice were maintained on a
temperature-controlled heating pad to keep their body tem-
perature around 37 °C. After reperfusion, mice were closely
monitored and carefully managed. Postoperatively, they
were housed individually in cages with soft bedding and
provided with analgesics when necessary to alleviate dis-
comfort. Postoperative analgesia was administered through
subcutaneous injection of meloxicam at a dose of 3 mg/kg.

Throughout the study, one mouse in the I/R group died
on postoperative day 3, while no deaths occurred in the
Sham group. In the I/R+Gal-3 group, one mouse died on
day 1 and another on day 3 after surgery. However, no

deaths were observed in the I/R+anti-Gal-3 group. Mice
that died due to surgical complications were excluded from
the final analyses. The overall survival rate across all
groups was over 90%.

This study was approved by the Animal Ethics Com-
mittee of Binzhou Medical University (Approval No.:
2025-280), with experimental designs adhering to the in-
stitutional guidelines.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was extracted from cells or tissue samples
using TRIzol reagent (R1100, Solarbio, Beijing, China),
and RNA concentration and purity were determined. Com-
plementary DNA (cDNA) was synthesized from 1 µg of
total RNA using reverse transcriptase (K16325, Fermen-
tas, Burlington, Ontario) with either random primers or
oligo(dT) primers. The qPCR reaction was conducted us-
ing SYBR Green PCR Master Mix with specific primers in
a thermal cycler (CFX96, Bio-Rad, Hercules, CA, USA).
The reaction conditions included an initial denaturation at
95 °C for 2–3minutes, followed by 40 cycles of 95 °C for 15
seconds (denaturation), 60 °C for 20 seconds (annealing),
and 72 °C for 30 seconds (extension). A melt curve analy-
sis was performed at the end of the reaction to confirm the
specificity of the PCR product. Relative gene expression
levels were determined using the 2−∆∆Ct method, with the
Ct values normalized to the housekeeping gene GAPDH.
Primer sequences used in this study are listed in Table 1.

Table 1. Primer sequences used in qRT-PCR.
Primer name Primer sequences

Mus-Gal-3-F TAATCAGGTGAGCGGCACAG
Mus-Gal-3-R TAGGTGAGCATCGTTGACCG
Mus-IFN-γ-F CGGCACAGTCATTGAAAGCC
Mus-IFN-γ-R TGCATCCTTTTTCGCCTTGC
Mus-TNF-α-F ACCCTCACACTCACAAACCA
Mus-TNF-α-R ACCCTGAGCCATAATCCCCT
Human-Gal-3-F CCATTTGAAAGTGGGAAACCA
Human-Gal-3-R CATCATTCACTGCAACCTTGAAG
Human-IFN-γ-F TCGGTAACTGACTTGAATGTCCA
Human-IFN-γ-R TCGCTTCCCTGTTTTAGCTGC
Human-TNF-α-F GGGACCTCTCTCTAATCAGCCCT
Human-TNF-α-R GGCTTGTCACTCGGGGTTCG
Mus-GAPDH-F TGTCTCCTGCGACTTCAACA
Mus-GAPDH-R GGTGGTCCAGGGTTTCTTACT
Human-GAPDH-F TGCACCACCAACTGCTTA
Human-GAPDH-R GGATGCAGGGATGATGTTC
qRT-PCR, quantitative Reverse Transcription Polymerase
Chain Reaction; Gal-3, galectin-3; IFN-γ, Interferon-
gamma; TNF-α, Tumor Necrosis Factor-alpha; GAPDH,
Glyceraldehyde-3-Phosphate Dehydrogenase.
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Western Blotting
Total proteins were extracted from cells or tissue sam-

ples using RIPA buffer (R0010, Solarbio, Beijing, China),
and quantified using a BCA assay kit (PC0020, Solarbio,
Beijing, China) to ensure a consistent protein concentration
across samples. Extracted proteins were mixed with protein
loading buffer and denatured by heating. Proteins were then
resolved through SDS-PAGE (P1200, Solarbio, Beijing,
China) using a 12% polyacrylamide gel, and subsequently
transferred onto a PVDF membrane (YA1701, Solarbio,
Beijing, China) through electroblotting. Protein transfer ef-
ficiency was verified using Ponceau S staining. The mem-
brane was blocked with 5% BSA (SW3015, Solarbio, Bei-
jing, China) to prevent nonspecific binding. Membranes
then underwent 1-hour incubation at room temperature with
specific primary antibodies (Gal-3 (1:1000, ab76245, Ab-
cam, Cambridge, UK), PPARβ (1:1000, ab178866, Abcam,
Cambridge, UK), TFAM (1:1000, 23996-1-AP, Protein-
tech, Wuhan, China), GAPDH (1:1000, ab9485, Abcam,
Cambridge, UK)). After three TBST washes to remove
any unbound primary antibody, membranes were incu-
batedwith anHRP-conjugated secondary antibody (1:1000,
ab6721, Abcam, Cambridge, UK) for 1 hour. Finally, pro-
tein bands were developed using an ECL reagent (P0018S,
Beyotime, Beijing, China), and signals were captured with
a chemiluminescence imaging system (GelDoc EZ, Bio-
Rad, Hercules, CA, USA). The expression levels of the tar-
get protein were quantified using GAPDH as an internal
control, and protein band intensities were analyzed using
Image J software (version 1.5f, NIH, Bethesda, MD, USA).

Enzyme-Linked Immunosorbent Assay
Heart tissues from the experimental mice were col-

lected, rapidly frozen, and stored at –80 °C. Before anal-
ysis, the tissues were homogenized to extract total pro-
teins or other required components. Cell culture super-
natants were collected and centrifuged at 3000 rpm for
10 minutes to remove cell debris. Commercially avail-
able kits were employed to assess corresponding biochem-
ical markers: CK-MB (JL12422, JONLNBIO, Shanghai,
China), CK (JL18284, JONLNBIO, Shanghai, China),
Interleukin-1 beta (IL-1β) (JL18442, JONLNBIO, Shang-
hai, China), IL-6 (JL20268, JONLNBIO, Shanghai, China),
MDA (JL53632, JONLNBIO, Shanghai, China), Super-
oxide Dismutase (SOD) (JL12237, JONLNBIO, Shang-
hai, China), Glutathione (GSH) (JL-T0906, JONLNBIO,
Shanghai, China), Human IL-6 (JL14113, JONLNBIO,
Shanghai, China), Human IL-1β (JL13662, JONLNBIO,
Shanghai, China). Working solutions and standard curves
were prepared following the manufacturer’s instructions.
Finally, absorbance reading of each sample was determined
using a microplate reader (ELx800, BioTek, Winooski, VT,
USA) at the followingwavelengths: CK-MB and CK at 340
nm, IL-1β and IL-6 at 450 nm,MDA at 532 nm, SOD at 550
nm, and GSH at 412 nm.

Echocardiography
The mouse was positioned supine on a warm surface,

exposing the chest area. An appropriate amount of ultra-
sound coupling gel was applied to the skin of the chest to
ensure optimal acoustic contact. Imaging was performed
using a high-frequency small animal echocardiography sys-
tem (Vevo series, FUJIFILM VisualSonics Inc., Toronto,
Ontario), with a probe suitable for mice (typically a 25MHz
probe). Device settings were adjusted to capture clear 2D
images for accurate measurement of various cardiac param-
eters. LVEDD, LVESD, Left Ventricular Ejection Fraction
(LVEF), and Left Ventricular Fractional Shortening (LVFS)
were measured. Echocardiographic assessment was per-
formed 24 hours after I/R modeling to evaluate cardiac
function.

Hematoxylin and Eosin Staining
Heart tissues were fixed in 4% paraformaldehyde for

24 hours and then embedded in paraffin. Using a micro-
tome, the tissues were sectioned into 5-µm-thick slices.
The slices were immersed in xylene to remove the paraffin
and were gradually dehydrated through a series of graded
ethanol solutions. Hematoxylin and Eosin Staining (HE)
staining was performed using a commercial kit (G1120,
Solarbio, Beijing, China). The tissue sections were then
stained with a hematoxylin solution for additional 5 min-
utes, followed by eosin staining for 5 minutes. Follow-
ing staining, the slices were dehydrated through a graded
ethanol, cleaned with xylene, and mounted with a transpar-
ent medium under a coverslip. Finally, the sections were
observed under a microscope (CX23, Olympus, Tokyo,
Japan), and images were quantitatively analyzed using Im-
ageJ software (version 1.5f, NIH, Bethesda, MD, USA).

Masson Staining
Fixed tissue samples were sectioned into 5 µm thick

slices and mounted onto glass slides, then dried in an oven
at 60 °C. Paraffin was removed by immersing the slices in
xylene, followed by dehydration through a graded ethanol,
and finally slices were washed with distilled water. Mas-
son’s trichrome staining was conducted using a commer-
cially available kit (G1340, Solarbio, Beijing, China). Tis-
sue sections were initially stained with hematoxylin for 5
minutes and washed with running water to remove excess
dye. Sections were then immersed in Biebrich Scarlet so-
lution for 3 minutes, rinsed with running water, and sub-
sequently stained with Phosphotungstic Acid-Acid Orange
solution for 5 minutes, followed by another rinse. After
staining, the slices are dehydrated through a graded ethanol
series, cleared with xylene, and mounted with a transpar-
ent medium under a coverslip. Then, the stained tissue
sections were observed under a microscope (CX23, Olym-
pus, Tokyo, Japan), where collagen fibers appear blue or
green, cytoplasm appears red or pink, and muscle tissue
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appears red. Quantitative analysis of the stained images
was performed using ImageJ software (version 1.5f, NIH,
Bethesda, MD, USA).

Cell Culture
The AC16 human cardiac cell line (iCell-h323) was

obtained from Cellverse Co., Ltd. (Shanghai, China) and
cultured in DMEM medium (iCell-0001, Cellverse Co.,
Ltd., Shanghai, China) containing 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. Cell culture was
maintained at 37 °C in a 5% CO2 environment. Cell cul-
ture was authenticated by STR profiling and examined for
mycoplasma contamination.

Establishment of the I/R In Vitro Model
For the in vitro I/R model, AC16 human cardiomy-

ocyte cells in the logarithmic growth phase were washed
twice with PBS and incubated with serum- and glucose-free
DMEM to simulate ischemic conditions. The cells were in-
cubated under hypoxic conditions in a tri-gas incubator (1%
oxygen, 5% carbon dioxide and 94% nitrogen) at 37 °C for
4 hours. Following the ischemic period, cells were returned
to normoxic conditions (21% O2, 5% CO2, 74% N2) and
cultured in complete DMEM containing 10% FBS and 4.5
g/L glucose for 2 hours to simulate reperfusion.

Cell Transfection
The established I/R in vitro cell model was cultured

to reach the maximum confluence. Gal-3 overexpression
plasmids, ShRNA-NC (TTCTCCGAACGTGTCACGT),
ShRNA(Gal-3)-1 (GCAGTACAATCATCGGGTTAA),
ShRNA(Gal-3)-2 (CCCACGCTTCAATGAGAACAA),
ShRNA(Gal-3)-3 (GCAAACAGAATTGCTTTAGAT),
ShRNA(TFAM)-1 (GCAAGCTGAAGAGATGAGAT),
ShRNA(TFAM)-2 (GCACCTGATGTGGACCTATT),
ShRNA(TFAM)-3 (GCTGCTTTCTACCAAGGAAT)
were cloned into the pLKO.1-puro lentiviral vector. Gal-3
overexpression plasmid (ctggcgcatgggggaaccagcctgctgggg
cagggggctacccaggggcttcctatcctggggcctaccccgggcaggcaccc
ccaggggcttatcctggacaggcacctccaggcgcctaccctggagcacctgg
agcttatcccggagcacctgcacctggagtctacccagggccacccagcggcc
ctggggcctacccatcttctggacagccaagtgccaccggagcctaccctgcca
ctggcccctatggcgcccctgctgggccactgattgtgccttataacctgcctttg
cctggcgcatgggggaaccagcctgctggggcagggggctacccaggggctt
cctatcctggggcctaccccgggcaggcacccccaggggcttatcctggacag
gcacctccaggcgcctaccctggagcacctggagcttatcccggag), over-
expression control (NC), ShRNA(NC), ShRNA(TFAM),
or ShRNA(Gal-3) were mixed with Lipofectamine 6000
transfection reagent (C0526, Beyotime, Shanghai, China),
following the manufacturer’s instructions. The transfection
complex was added to the I/R cell model cultures. After
10 hours, the culture medium was refreshed with complete
medium, and transfection efficiency was assessed 48 hours
post-transfection.

Flow Cytometry
Mitochondrial integrity was evaluated us-

ing a 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-
imidacarbocyanine iodide (JC-1) mitochondrial membrane
potential detection kit (C2003S, Beyotime, Shanghai,
China). Logarithmically growing cells (~1 × 106 per
group) were collected, washed with pre-warmed PBS,
and resuspended in serum-free medium or the JC-1 assay
buffer provided in the kit. JC-1 working solution was
prepared according to the manufacturer’s instructions and
added to the cell suspension. The cells were incubated at
37 °C in the dark for 30 minutes, with gentle mixing every
10 minutes. After incubation, cells were washed once
with PBS, centrifuged for 5 minutes, and the supernatant
was discarded. The cell pellet was then resuspended
in detection buffer. Mitochondrial membrane potential
was assessed with flow cytometry (FACSCanto II, BD
Biosciences, Franklin Lakes, NJ, USA) using the FL1
channel for green fluorescence (JC-1 monomers) and
FL2 channel for red fluorescence (JC-1 aggregates). The
red/green fluorescence ratio was determined as an indicator
of changes in mitochondrial membrane potential. High
red/green ratio (PE/FITC) ↑ → indicates high mito-
chondrial membrane potential and healthy mitochondrial
function, whereas a low red/green ratio (PE/FITC) ↓ →
indicates a disrupted mitochondrial membrane potential,
indicative of mitochondrial damage or apoptosis.

Fluorescent Staining
The transfected I/R cells were seeded into culture

dishes and incubated until reaching about 70% confluence.
Cells were then incubated with the pre-prepared DCFH-
DA staining solution (D6470, Solarbio, Beijing, China) at
37 °C for 30 minutes with gentle mixing. After staining,
the cells were washed twice with PBS to remove excess
dye. For nuclear counterstaining, cells were subsequently
incubated with DAPI (4′,6-diamidino-2-phenylindole, 1
µg/mL) (C1006, Beyotime, Shanghai, China) for 5 minutes
at room temperature in the dark. And fresh culture medium
or PBS was added for fluorescence microscopy. Intracel-
lular ROS production was examined using a fluorescence
microscope (BX53, Olympus, Tokyo, Japan), and fluores-
cence intensity was quantitatively analyzed using ImageJ
software (version 1.5f, NIH, Bethesda, MD, USA).

Statistical Analysis
Data were analyzed using GraphPad Prism software

(version 9.0, GraphPad Software, Inc., San Diego, CA,
USA). Data are presented as mean ± standard error of
the mean (SEM). For comparisons among multiple groups,
one-way ANOVA was applied, followed by Tukey’s post-
hoc test, unless otherwise specified. The number of mice
included in the statistical analysis for each group was as
follows: I/R, n = 6; Sham, n = 7; I/R+Gal-3, n = 5; I/R+anti-
Gal-3, n = 7. However, comparisons between two groups
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Fig. 1. Expression levels of Gal-3 in the I/R model. (a) mRNA expression levels of Gal-3 in the Sham and I/R groups. (b,c) Protein
expression levels of Gal-3 in the Sham and I/R groups. Sample size: I/R = 6; Sham = 7. ***p < 0.001. I/R, ischemia-reperfusion.

were conducted using an unpaired two-tailed Student’s t-
test. A p-value of less than 0.05 was considered statistically
significant.

Results

Evaluation of Gal-3 Expression in I/R
Initially, we evaluated the mRNA and protein expres-

sion levels of Gal-3 in the serum of I/Rmice using qRT-PCR
and Western blotting analysis. As depicted in Fig. 1a–c,
compared to the Sham group, the I/R group demonstrated a
significant upregulation of Gal-3 expression (p < 0.05).

Gal-3 Promotes Oxidative Stress and Inflammatory
Response in I/R Mice

To elucidate the role of Gal-3 in the I/R model, human
Gal-3 recombinant protein or Gal-3 antibody was injected
into I/Rmice. As shown in Fig. 2a,b, CK-MB andCK levels
were substantially increased in the I/R group compared to
the Sham group (p< 0.05). Moreover, Gal-3 treatment sig-
nificantly elevated CK-MB and CK levels in the I/R+Gal-
3 group (p < 0.05), whereas anti-Gal-3 treatment substan-
tially reduced these levels in the I/R+anti-Gal-3 group (p<
0.05). These observations indicate that the Gal-3 recombi-
nant protein exacerbates myocardial injury.

Cardiac function analysis showed that the I/R groups
had considerably higher LVEDD and LVESD levels (p <

0.05) and lower LVEF and LVFS levels compared to the
Sham group (p < 0.05) (Fig. 2c–f). Administration of Gal-
3 further elevated LVEDD and LVESD levels (p < 0.05),
while further reducing LVEF and LVFS levels (p < 0.05).
In contrast, LVEDD and LVESD levels were significantly
reduced, and LVEF and LVFS levels were increased in the
I/R+anti-Gal-3 group (p< 0.05) compared to the I/R group.

HE staining showed that, compared to the Sham
group, the I/R group exhibited significant tissue edema, ex-
tensivemyocardial cell necrosis, increased infiltration of in-
flammatory cells, and greater vascular damage (Fig. 2g,h).

These pathological changes were more pronounced in the
I/R+Gal-3 group, whereas the I/R+anti-Gal-3 group dis-
played a significant reduction in these injuries.

Masson staining results indicated that, compared to
the Sham group, myocardial fibrosis in the injury area was
significantly increased in the I/R group (Fig. 3a,b). Fibrosis
was further exacerbated after Gal-3 treatment, while anti-
Gal-3 administration substantially decreased fibrotic depo-
sition.

Evaluation of inflammatory cytokines revealed that
the levels of IL-6, IFN-γ, and TNF-α were significantly
elevated in the I/R group compared to the Sham group (p
< 0.05) (Fig. 3c–e). Recombinant Gal-3 protein treatment
further increased these cytokine levels (p < 0.05), whereas
anti-Gal-3 treatment significantly reduced them (p< 0.05).

Analysis of oxidative stress markers showed that the
I/R group exhibited significantly increasedMDA levels and
decreased SOD and GSH levels compared to the Sham
group (Fig. 3f–h, p < 0.05). Recombinant Gal-3 protein
treatment further increasedMDA levels and decreased SOD
andGSH levels (p< 0.05). In contrast, anti-Gal-3 treatment
reversed these alterations, decreasing MDA levels and in-
creasing SOD and GSH levels (p < 0.05).

Gal-3 Promotes an Inflammatory Response in the I/R
Cell Model

We established an I/R model using human cardiomy-
ocytes (AC16) and transfected the model cells with a Sh-
Gal-3 or Gal-3 overexpression plasmid to modulate Gal-
3 expression. As illustrated in Fig. 4a, Sh-Gal-3 signifi-
cantly reduced Gal-3 mRNA expression levels in the I/R
cell model, whereas Gal-3 overexpression plasmid signifi-
cantly increased Gal-3 mRNA expression (p < 0.05). Ad-
ditionally, in the I/R in vitro model, Gal-3 knockdown sig-
nificantly reduced the levels of IL-1β, IL-6, TNF-α, and
INF-γ, while Gal-3 overexpression significantly increased
these inflammatory cytokines (p < 0.05) (Fig. 4b–e).
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Fig. 2. Gal-3 exacerbates myocardial injury in I/R mice. (a,b) CK-MB and CK levels in mouse serum. (c–f) Levels of LVEDD,
LVESD, LVEF, and LVFS in mice. (g,h) HE staining results of mouse cardiac tissue. Sample size: Sham = 7; I/R = 6; I/R+Gal-3 =
5; I/R+anti-Gal-3 = 7. *p < 0.05, **p < 0.01, ***p < 0.001. CK-MB, Creatine Kinase-MB; LVEDD, Left Ventricular End-Diastolic
Diameter; LVESD, Left Ventricular End-Systolic Diameter; LVEF, Left Ventricular Ejection Fraction; LVFS, Left Ventricular Fractional
Shortening; HE, Hematoxylin and Eosin.
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Fig. 3. Gal-3 regulates oxidative stress and inflammatory response in I/R mice. (a,b) Masson staining of mouse cardiac tissue. (c–e)
Levels of IL-6, IFN-γ, and TNF-α in mouse cardiac tissue. (f–h) Levels of MDA, SOD, and GSH in mouse cardiac tissue. Sample
size: Sham = 7; I/R = 6; I/R+Gal-3 = 5; I/R+anti-Gal-3 = 7. *p < 0.05, **p < 0.01, ***p < 0.001. IL-6, Interleukin-6; MDA,
Malondialdehyde; SOD, Superoxide Dismutase; GSH, Glutathione.
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Fig. 4. Gal-3 promotes an inflammatory response in the I/R cell model. (a) Transfection efficiency verification after Gal-3 knockdown
and overexpression in the I/R cell model. (b–e) Levels of IL-1β, IL-6, IFN-γ, and TNF-α in the I/R cell model. n = 6, *p < 0.05, **p
< 0.01, ***p < 0.001.

Regulatory Effect of Gal-3 on Oxidative Stress in the
I/R Cell Model

As shown in Fig. 5a–d, Gal-3 knockdown significantly
reduced MDA levels and JC-1 disaggregation while sub-
stantially increasing SOD levels (p < 0.05). In contrast,
Gal-3 overexpression significantly increased MDA levels
and JC-1 disaggregation, whereas it decreased SOD lev-
els (p < 0.05). Furthermore, Gal-3 knockdown signifi-
cantly reduced ROS levels in the I/R cell model, whereas
Gal-3 overexpression significantly increased ROS levels
(Fig. 5e,f, p < 0.05).

Gal-3 Exerts a Disruptive Effect on the
TFAM/PPARβ Signaling Axis

We assessed the protein expression levels of TFAM
and PPARβ in the cardiac tissue of mice after different
treatments. As depicted in Fig. 6a–c, compared to the
Sham group, PPARβ levels were significantly increased
and TFAM protein levels were significantly decreased in

the I/Rmodel group (p< 0.05). Compared to the I/R group,
the I/R+Gal-3 group demonstrated further upregulation of
PPARβ and downregulation of TFAM protein levels (p <

0.05), whereas in the I/R+anti-Gal-3 group, PPARβ protein
expressionwas significantly reduced (p< 0.05), and TFAM
expression was significantly increased (p < 0.05).

In the I/R in vitro cell model, Gal-3 knockdown sig-
nificantly decreased PPARβ protein levels and increased
TFAM levels. In contrast, Gal-3 overexpression signifi-
cantly increased PPARβ and decreased TFAM protein lev-
els (Fig. 6d–f, p < 0.05).

TFAM Mediates the Effect of Gal-3 in the I/R In Vitro
Cell Model

To assess the correlation between TFAM and Gal-3,
the I/R in vitro cell model was co-transfected with Sh-Gal-3
and Sh-TFAM (Fig. 7a–c). Compared to the Sh-NC group,
Sh-Gal-3 treatment significantly increased the expression
levels of TFAM protein and decreased the expression levels
of PPARβ (p< 0.05). Conversely, the Sh-Gal-3+Sh-TFAM
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Fig. 5. Regulatory effect of Gal-3 on oxidative stress in the I/R cell model. (a–d) Effects of Gal-3 knockdown and overexpres-
sion on MDA, SOD, and JC-1 disaggregation levels in the I/R cell model. (e,f) Effects of Gal-3 knockdown and overexpression on
ROS production levels in the I/R cell model. n = 6. *p < 0.05, **p < 0.01, ***p < 0.001. JC-1, 5,5′,6,6′-Tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbocyanine iodide; ROS, reactive oxygen species.

group substantially reduced TFAM protein expression and
increased PPARβ levels compared to the Sh-Gal-3 group (p
< 0.05).

Fig. 7d,e shows that Sh-Gal-3 treatment significantly
reduced the fluorescence intensity of ROS in the I/R in vitro

cell model (p < 0.05). In contrast, ROS fluorescence in-
tensity was significantly higher in the Sh-Gal-3+Sh-TFAM
group than in the Sh-Gal-3 group (p < 0.05).

Fig. 7f–h demonstrates that, compared to the Sh-Gal-
3 group, Sh-Gal-3+Sh-TFAM treatment significantly in-
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Fig. 6. Gal-3 exerts a disruptive effect on the TFAM/PPARβ signaling axis. (a–c) Expression levels of PPARβ and TFAM proteins
in cardiac tissues of I/R mice treated with recombinant Gal-3 protein or Gal-3 antibody. (d–f) Expression levels of PPARβ and TFAM
proteins in I/R in vitro cell models with Gal-3 knockdown or overexpression. Sample size: Sham = 7; I/R = 6; I/R+Gal-3 = 5; I/R+anti-
Gal-3 = 7. Cell model: n = 6. *p < 0.05, **p < 0.01, ***p < 0.001. TFAM, mitochondrial transcription factor A; PPARβ, peroxisome
proliferator-activated receptor β.

creased the levels of MDA and JC-1 disaggregation in the
I/R in vitro cell model, while considerably decreasing SOD
levels (p < 0.05). Furthermore, Sh-Gal-3+Sh-TFAM co-
treatment significantly increased the levels of IL-6, IFN-γ,
and TNF-α compared to the Sh-Gal-3 group (Fig. 7i–k).

Discussion

This study underscores the role of Gal-3 (galectin-3)
in cardiac injury caused by ischemia-reperfusion (I/R), with
a focus on its potential involvement in oxidative stress, in-
flammatory response, cell death, and cardiac remodeling.
Our findings suggest that Gal-3 plays a key pathogenic role
in I/R injury by enhancing oxidative stress, promoting in-
flammation, and exacerbatingmyocardial cell damage. Ad-
ditionally, we observe that Gal-3 modulates myocardial in-
jury by regulating the TFAM/PPARβ signaling pathway.

These findings provide new insights into the role of Gal-3
in cardiovascular diseases and identify potential therapeutic
targets aimed at reducing I/R-induced cardiac damage.

In this study, we observed a substantial upregulation
of Gal-3 in the I/R mouse model, further underscoring its
critical role in cardiovascular diseases. Gal-3 is known to be
upregulated in various pathological conditions, particularly
during inflammation, fibrosis, and cardiac lesions. Previ-
ous studies have shown that Gal-3 plays a critical role in
cardiac injury by regulating immune responses and fibrosis
through its interaction with glycosylated receptors [26,27].
Especially, in conditions such as acute myocardial injury
and chronic heart failure, high Gal-3 expression levels are
often associated with disease progression and poor progno-
sis [28]. Our study further demonstrates that Gal-3 expres-
sion increases during the early stages of I/R injury and is
closely associated with the severity of myocardial damage.
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Fig. 7. TFAM mediates the effect of Gal-3 in the I/R in vitro cell model. (a–c) Effects of Sh-Gal-3 and Sh-TFAM on the expression
of TFAM/PPARβ pathway proteins. (d,e) Effects of Sh-Gal-3 and Sh-TFAM on ROS production in I/R cells. (f–h) Effects of Sh-Gal-3
and Sh-TFAM on MDA, SOD, and JC-1 disaggregation levels in I/R cells. (i–k) Effects of Sh-Gal-3 and Sh-TFAM on IL-6, IFN-γ, and
TNF-α levels in I/R cells. n = 6. *p < 0.05, **p < 0.01, ***p < 0.001.
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These results suggest that Gal-3 may exacerbate cardiac in-
jury by regulating multiple cellular processes, including in-
flammation, oxidative stress, and cell death.

In the I/R mouse model, we observed that Gal-3 sig-
nificantly promoted oxidative stress and inflammatory re-
sponses, as evidenced by elevated MDA levels, reduced
SOD and GSH levels, and higher ROS levels, thereby ex-
acerbating myocardial cell damage. Previous studies have
shown that oxidative stress plays a crucial role in I/R in-
jury by promoting lipid peroxidation, disrupting cell mem-
brane integrity, impairing mitochondrial function, and ul-
timately leading to cell death and tissue damage [29,30].
Gal-3 appears to exacerbate these effects, likely through ac-
tivation of NADPH oxidase and enhanced ROS generation,
thereby increasing the oxidative stress response [31]. Fur-
thermore, anti-Gal-3 treatment significantly reduced MDA
levels while increasing the activity of antioxidant enzymes
such as SOD and GSH, suggesting that Gal-3 promotes ox-
idative stress by inhibiting endogenous antioxidant mecha-
nisms.

In parallel, the pro-inflammatory role of Gal-3 was ev-
ident from the upregulation of pro-inflammatory cytokines,
including IL-6, TNF-α, and IFN-γ. The inflammatory re-
sponse is one of the key pathogenic mechanisms in I/R in-
jury, contributing not only to the expansion of early my-
ocardial damage but also being associated with subsequent
cardiac remodeling, fibrosis, and functional loss [32]. In
our study, Gal-3 increased cardiac inflammation by promot-
ing immune cell activation and cytokine release, thereby
exacerbating I/R-induced injury. Compared with existing
evidence, this study reinforces the role of Gal-3 in the I/R
model as a critical pro-inflammatory mediator, further val-
idating its function as a key regulatory factor of cardiac in-
flammatory responses [33].

In this study, we further identified that Gal-3 influ-
ences I/R injury by modulating the TFAM/PPARβ signal-
ing pathway. TFAM is crucial for maintaining mitochon-
drial genome stability and function, whereas PPARβ plays
a vital role in regulating cellular metabolism, energy home-
ostasis, and redox balance [34]. Following I/R injury, Gal-
3 modulated mitochondrial function and cellular energy
metabolism by increasing PPARβ expression and decreas-
ing TFAM expression. Hence, disruption in mitochondrial
function and disturbances in cellular energy metabolism
may lead to exacerbated myocardial cell damage. TFAM
is a critical protective factor for mitochondrial DNA and
is involved in mitochondrial replication and transcription.
Therefore, its downregulation may impair mitochondrial
function, further intensifying myocardial cell death [35].

The activation of PPARβ is typically associated with
changes in fatty acid and energy metabolism and is recog-
nized as cardioprotective [36]. However, excessive acti-
vation of PPARβ may disrupt cardiac metabolism, thereby
further promoting I/R injury. Our study suggests that Gal-
3 may disrupt the metabolic balance of cardiomyocytes by

upregulating PPARβ, whereas anti-Gal-3 treatment signifi-
cantly alleviates cardiac injury by restoring TFAM expres-
sion and reducing PPARβ levels. Previous study has re-
ported that TFAM plays a protective role by maintaining
mitochondrial DNA transcription and counteracting oxida-
tive stress [11]. Meanwhile, PPARβ participates in energy
metabolism and regulates inflammatory responses under
cardiac stress [36]. Our results align with these findings and
further reveal that Gal-3 disrupts the balance between these
TFAM and PPARβ. Our findings uncover a new mecha-
nism by which Gal-3 contributes to I/R injury, indicating
its crucial role in cardiac injury and myocardial remodeling
by influencing mitochondrial function and cellular energy
metabolism.

By co-transfecting Sh-Gal-3 and Sh-TFAM into the
I/R in vitro model, we further demonstrated the regulatory
role of TFAM in Gal-3-mediated oxidative stress and in-
flammatory responses. Knockdown of Gal-3 led to up-
regulation of TFAM expression, which alleviated oxidative
stress and inflammation, whereas knockdown of TFAMsig-
nificantly enhanced the pro-oxidative stress effects of Gal-
3. These observations indicate that TFAM plays a cru-
cial regulatory role in mediating the effects of Gal-3 during
I/R injury, likely by protecting mitochondrial function and
maintaining cellular energy metabolism, thereby reducing
oxidative damage. Therefore, TFAM not only plays a key
role in cellular energymetabolism but may also regulate ox-
idative stress and cell death processes through its interaction
with Gal-3.

This study reveals the crucial role of Gal-3 in I/R in-
jury, particularly its potential involvement in promoting ox-
idative stress, driving inflammatory responses, and regu-
lating mitochondrial function. Gal-3 represents a potential
therapeutic target for cardiac diseases, especially acute my-
ocardial injury and heart failure. Therapeutic approaches
targeting Gal-3 may improve cardiac outcomes by alleviat-
ing inflammation, restoring antioxidant function, and main-
taining mitochondrial integrity. Preclinical studies have
already evaluated the application of Gal-3 inhibitors in
cardiovascular diseases; for example, Olaratumab, a Gal-
3 inhibitor, has demonstrated anti-inflammatory and anti-
fibrotic potential in cancer models [37]. Therefore, future
studies should explore the therapeutic efficacy of Gal-3 in-
hibitors in I/R injury and assess their potential synergy with
other cardiovascular protective drugs.

Despite several valuable findings, we acknowledge
some limitations in our study. First, the in vitro experi-
ments were performed using a single cardiomyocyte cell
line (AC16), which may not fully represent the complex-
ity of the I/R cellular environment. Second, protein-level
validation for TFAM and Gal-3 was limited due to techni-
cal challenges. Third, dosing of recombinant Gal-3 protein
and antibody was based on preliminary experiments with-
out published references, which may affect reproducibility.
Finally, the long-term effects and potential compensatory
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mechanisms following Gal-3 or TFAM modulation were
not assessed and require further investigation.

Conclusions

This study systematically elucidates the mechanisms
by which Gal-3 contributes to I/R-induced cardiac injury,
demonstrating that Gal-3 exacerbates myocardial damage
by promoting oxidative stress, stimulating inflammatory re-
sponses, and regulating the TFAM/PPARβ signaling path-
way. Our findings provide new experimental evidence
supporting the development of Gal-3-targeted therapeutic
strategies and offer novel perspectives for treating myocar-
dial I/R injury. Future research should further explore the
interactions of Gal-3 with other key molecules and path-
ways to comprehensively understand its role in cardiac
pathology and validate its potential as a therapeutic target.
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