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Background: Intestinal ischemia-reperfusion injury (IRI) is a severe complication of major surgeries and shock, leading to in-
testinal barrier dysfunction and systemic inflammation. Treatment options remain limited due to poorly defined mechanisms.
Galectin-3, a β-galactoside-binding lectin that regulates inflammatory processes, has emerged as a potential modulator of tissue
injury. This study aimed to investigate the role of Galectin-3 in IRI, focusing on janus kinase 2/signal transducer and activator
of transcription 3 (JAK2/STAT3) regulation to identify potential therapeutic targets.
Methods: After establishing a murine intestinal IRI model, mice were treated with varying doses of G3-C12, a Galectin-3 in-
hibitor. Intestinal injury, inflammation, tight junction protein (TJP) expression, apoptosis, and JAK2/STAT3 pathway acti-
vation were assessed using hematoxylin-eosin (H&E) staining, quantitative real-time polymerase chain reaction (qRT-PCR),
Western blotting, terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay, and caspase activity assays.
Additionally, the Caco-2 oxygen-glucose deprivation/reoxygenation (OGD/R) model was employed to validate the mechanism of
Galectin-3, with pathway dependency evaluated using the JAK2 agonist C-A1.
Results: IRI induced significant intestinal structural disruption, increased pro-inflammatory cytokines (interleukin-6 [IL-6], tu-
mor necrosis factor-α [TNF-α], p< 0.001), reduced anti-inflammatory interleukin-10 (IL-10) (p< 0.001), downregulated TJPs (p
< 0.001), and elevated apoptosis (p< 0.001) in mice. These alterations coincided with upregulation of Galectin-3, phosphorylated
JAK2 (p-JAK2), and phosphorylated STAT3 (p-STAT3) (p < 0.001). G3-C12 treatment markedly alleviated histopathological
injury, reduced inflammation and apoptosis, dose-dependently restored TJP expression, and suppressed JAK2/STAT3 pathway
activation (p < 0.01 or p < 0.001). In vitro OGD/R assays further demonstrated that G3-C12 improved cell viability, reduced
lactate dehydrogenase (LDH) release, attenuated inflammation and apoptosis, and restored TJP levels, effects that were partially
reversed by JAK2 activation with C-A1.
Conclusion: Galectin-3 is upregulated during IRI and promotes JAK2/STAT3 pathway activation, exacerbating inflammation
and intestinal barrier dysfunction. Inhibition of Galectin-3 suppresses this aberrant signaling, mitigates intestinal injury, reduces
apoptosis and inflammation, and restores TJPs expression and mucosal barrier integrity. These findings suggest Galectin-3 as a
promising therapeutic target for IRI.
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Introduction

Intestinal ischemia-reperfusion injury (IRI) is a com-
mon and severe pathological condition characterized by
complex mechanisms involving dysregulation and exces-
sive activation of multiple signaling pathways [1]. During
IRI, diverse pathological mechanisms, including inflam-
mation, oxidative stress, impaired autophagy, and aberrant
macrophage polarization, contribute to the structural in-
tegrity and normal function of the intestinal mucosal barrier
[2,3]. Damage to this barrier increases intestinal perme-
ability, allowing the translocation of bacteria, endotoxins,

and inflammatory mediators into the bloodstream, poten-
tially initiating systemic inflammatory response syndrome
(SIRS) and multiple organ dysfunction syndrome (MODS)
[4,5]. Therefore, identifying effective strategies to preserve
mucosal barrier integrity is critical for the prevention and
management of IRI.

The intestinal mucosal barrier serves as an essential bi-
ological defense system that prevents luminal bacteria and
endotoxins from entering the host, and is composed of three
principal components: mechanical, biological, and immune
barriers [6,7]. Among these, the immune barrier is espe-
cially vital for host protection against infections and for reg-
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ulating inflammatory homeostasis [8]. However, IRI fre-
quently causes barrier breakdown, enabling luminal con-
tents to translocate into the bloodstream and initiating a vi-
cious inflammatory cycle that exacerbates systemic injury.

Galectin-3, a β-galactoside-binding lectin encoded
by the galectin gene family, is widely expressed in
macrophages, epithelial cells, cardiovascular tissues, and
immune cells [9]. Recent evidence demonstrates that
Galectin-3 plays a critical role in diverse ischemia-
reperfusion (IR) injury models by modulating inflamma-
tion, oxidative stress, programmed cell death, autophagy,
and fibrotic remodeling via multiple signaling cascades and
cellular mechanisms [10–12]. Within inflammatory re-
sponses, Galectin-3 modulates immune cell activity and al-
ters cytokine secretion profiles, which include both pro- and
anti-inflammatory mediators, thereby influencing the ini-
tiation, progression, and resolution of inflammation [13].
However, the precise mechanisms by which Galectin-3 reg-
ulates the structural stability of the intestinal mucosal bar-
rier during IRI remain unclear.

The janus kinase (JAK)/signal transducer and activa-
tor of transcription (STAT) signaling pathway is a key reg-
ulator of cellular processes, including proliferation, differ-
entiation, apoptosis, and immune regulation [14,15]. In
particular, the JAK2/STAT3 axis plays a pivotal role in
mediating inflammatory responses and tissue repair fol-
lowing ischemia-reperfusion injury [16,17]. Activation
of this pathway governs the production of major effector
molecules, including interleukin-6 (IL-6), tumor necrosis
factor-α (TNF-α), and interleukin-10 (IL-10), which act as
both pro- and anti-inflammatory mediators, thereby exert-
ing dual roles in the pathophysiology of IR injury [18]. The
JAK2/STAT3 pathway is also essential in intestinal home-
ostasis and inflammatory bowel diseases by modulating T
cell survival, proliferation, and differentiation, as well as
antiviral responses and B cell activity, thereby influencing
barrier function and immune regulation [19]. However, it
remains uncertain whether Galectin-3 exerts its protective
effect on the intestinal barrier through JAK2/STAT3 signal-
ing during IRI.

In this study, we established a murine model of intesti-
nal IRI together with an in vitro oxygen-glucose depriva-
tion/reoxygenation (OGD/R) model to investigate the role
of Galectin-3 in regulating the intestinal mucosal barrier un-
der IRI conditions. Furthermore, we examined the involve-
ment of the JAK2/STAT3 signaling pathway in this process.
Our objective was to elucidate the protective mechanisms
mediated by Galectin-3, expand current knowledge of IRI
pathophysiology, and propose new theoretical insights and
potential therapeutic targets for the clinical management of
IRI.

Materials and Methods

Experimental Animals
Forty male C57BL/6 specific pathogen-free (SPF)

mice, aged 8–10weeks andweighing 25.0± 3.0 g, were ob-
tained from SPF Biotechnology Co., Ltd. (Beijing, China)
under license SCXK (Jing) 2019-0010. The animals were
housed under standard conditions with ad libitum access to
food and water. Following a 7-day acclimatization period,
experimental procedures were initiated. All animals con-
formed to the health standards for conventional laboratory
animals in China.

Establishment of Mouse IRI Model
After acclimation for seven days, mice were randomly

allocated into the following groups: sham-operated control
(Sham), ischemia-reperfusion injury (IRI), and Galectin-
3 inhibitor (G3-C12) intervention groups at low, medium,
and high doses (1.0, 2.5, and 5.0 mg/kg) [20], with 8 ani-
mals per group. For three consecutive days before IRI in-
duction, mice in the intervention groups received daily tail
vein injections of G3-C12 (HY-P1592, MedChem Express,
Monmouth Junction, NJ, USA) at the designated doses,
dissolved in normal saline (ST341, Beyotime, Shanghai,
China). Control animals received equivalent volumes of
saline. Prior to surgery, mice were fasted for 12 hours with
unlimited access to water. Anesthesia was induced with
2–3% isoflurane in a specialized chamber and maintained
at 1.5–2% isoflurane via a nasal cone throughout the sur-
gical intervention. Following the protocol described pre-
viously [21], IRI was induced by occluding the superior
mesenteric artery (SMA) with a vascular clamp for 45 min-
utes, followed by 120 minutes of reperfusion after clamp
removal. In the Sham group, the SMA was exposed but not
clamped. Vital signs were continuouslymonitored through-
out the procedure. Upon completion of the 120-minute
reperfusion, mice were deeply anesthetized with intraperi-
toneal pentobarbital sodium (100mg/kg; P3761, Think-Far,
Beijing, China) and euthanized. Blood and intestinal tissues
were immediately collected for subsequent analyses.

Cell Culture and Treatment
The Caco-2 cell line (human colorectal adenocarci-

noma, JNO-H0110) was purchased from Geneo BioTech
Co., Ltd. (Guangzhou, China). Cells were cul-
tured in RPMI-1640 culture medium (G4531, Service-
bio, Wuhan, China) supplemented with 10% fetal bovine
serum (SNS-001, SUNNCELL, Wuhan, China) and 50
mg/L penicillin/streptomycin (GNM15140-1, GENOM-
BIO, Hangzhou, China), under standard conditions (37 °C,
5% CO2, and 95% air). Short tandem repeat analysis was
used for authentication, and all cultures were confirmed to
be mycoplasma-free.

An OGD/R model was established in Caco-2 cells as
previously described [21]. Briefly, Caco-2 cells were cul-
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tured in glucose-free medium (G4538, Servicebio, Wuhan,
China) and exposed to hypoxic conditions (94% N2, 4%
CO2, and 1% O2) for 12 hours. Cells were then reoxy-
genated under normoxic conditions (95% air, 5% CO2) for
4 hours. Experimental groups included: Control, OGD/R,
JAK2 agonist (coumermycin A1, C-A1), Galectin-3 in-
hibitor (G3-C12), and combined Galectin-3 inhibitor plus
JAK2 agonist (G3-C12 + C-A1). One hour prior to OGD/R
exposure, cells in the G3-C12 group were pretreated with
G3-C12 (50 µM), while the G3-C12 + C-A1 group received
a combination of G3-C12 (50 µM) and JAK2 agonist C-A1
(10 µM, HY-N7452, MedChem Express, NJ, USA). Except
for the Control group, all groups received equivalent vol-
umes of vehicle at corresponding time points as controls.
Following the 4-hour reoxygenation phase, cell pellets and
culture supernatants were harvested for downstream exper-
imental analyses.

Histopathological Examination of Intestinal Tissue
Intestinal tissues were collected and fixed in 4%

paraformaldehyde solution (P0099, Beyotime, Shanghai,
China) for 24 hours. After dehydration, clearing, paraf-
fin embedding, and sectioning, tissue slices were prepared.
The sections were stained with hematoxylin-eosin (H&E,
G1076, Servicebio, Wuhan, China), and morphological
changes of the intestinal mucosa were examined using a
light microscope (Leica DM2000, Leica, Wetzlar, Ger-
many).

Detection of Inflammatory Cytokines and Intestinal
Injury Markers

Following model induction, mice were anesthetized
for blood collection. After a 10-minute incubation at
room temperature, samples were centrifuged (3000 rpm, 10
min, 4 °C) to isolate serum. The terminal ileum was ex-
cised, weighed, and homogenized in ice-cold phosphate-
buffered saline (PBS) (C0221A, Beyotime) at a tissue-to-
volume ratio of 1:9 (mg:µL) to yield 10% homogenates.
The homogenates were centrifuged (3000 rpm, 10 min, 4
°C), and supernatants were collected for testing. Enzyme-
linked immunosorbent assay (ELISA) kits were used to
measure IL-6, TNF-α, and IL-10 levels in intestinal tis-
sues (SEKM-0007, SEKM-0034, SEKM-0010; Solarbio,
Beijing, China); D-lactate and intestinal fatty acid-binding
protein (I-FABP) in serum (ML-sa-7434, S0204S, ELISA-
00801; MeiLianShengWu, Shanghai, China); and the en-
dothelial injury marker Syndecan-1 (JLC2769, Gelatins,
Shanghai, China), following manufacturers’ protocols.

Cell Viability Assay
Caco-2 cells (1 × 105/well) were seeded in 96-well

plates and then subjected to the indicated treatments. Con-
sequently, 10 µL of Cell Counting Kit-8 (CCK-8, C0037,
Beyotime, Shanghai, China) reagent was added to eachwell
and incubated at 37 °C for 1–2 hours. Absorbance at 450 nm

was recorded using a microplate reader (CMaxPlus, Molec-
ular Devices, San Jose, CA, USA).

Cell Death Assay
Cell death was quantified by measuring lactate de-

hydrogenase (LDH) release from Caco-2 cells cultured in
96-well plates and then subjected to the indicated treat-
ments. LDH activity was assessed using a commercial kit
(CB11219, COIBO BIO, Shanghai, China) following the
manufacturer’s instructions.

Measurement of Inflammatory Cytokines in Cells
Levels of IL-6, TNF-α, and IL-10 in Caco-2 super-

natants were quantified using ELISA kits (SEKH-0013,
SEKH-0047, SEKH-0018; Solarbio, Beijing, China) ac-
cording to the manufacturer’s instructions.

Caspase Activity Assay
To assess apoptosis-related activity, caspase-3 and

caspase-9 enzyme functions were determined using ded-
icated assay kits (BC3830, BC3890; Solarbio, Beijing,
China). Intestinal homogenates were prepared as previ-
ously described, while Caco-2 cells were lysed in kit buffer
and centrifuged. Substrates were added to the supernatants
and incubated at 37 °C, after which absorbance was mea-
sured at 405 nm using a microplate reader (CMaxPlus,
Molecular Devices, San Jose, CA, USA).

TUNEL Assay for Apoptosis Detection
Apoptosis in intestinal tissues and Caco-2 cells was

detected using a terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) assay kit (MA0224,
Meilunbio, Dalian, China). Paraffin-embedded intestinal
tissue sections were deparaffinized, rehydrated, and di-
gested with proteinase K (37 °C, 15 min). Cells were fixed
with 4% paraformaldehyde for 30 minutes, washed with
PBS. For nuclear staining, 4′,6-diamidino-2-phenylindole
(DAPI C1006, Beyotime, Shanghai, China) was applied ac-
cording to the manufacturer’s instructions. TUNEL stain-
ing was performed following the kit protocol. Images
were captured with an Olympus CX41 fluorescence mi-
croscope (CX41-32RFL, Olympus, Tokyo, Japan), and
TUNEL-positive cells were quantified using ImageJ soft-
ware (v1.46; National Institutes of Health, Bethesda, MD,
USA).

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

Total RNA was extracted from intestinal tissues and
Caco-2 cells using TRIzol (abs60154, Absin, Shang-
hai, China). Complementary DNA (cDNA) was syn-
thesized with the microRNA (miRNA) 1st Strand cDNA
Kit (MR201-01, Vazyme, Nanjing, China). qRT-PCR
was conducted on QuantStudio 5 (Applied Biosystems,
Foster City, CA, USA) using the HiScript II One Step
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qRT-PCR SYBR Green Kit (Q221-01, Vazyme, Nan-
jing, China). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as the internal control, and relative ex-
pression was calculated by the 2−∆∆CT method. Primer se-
quences are listed in Table 1.

Western Blotting (WB)
Proteins were extracted from intestinal tissues and

Caco-2 cells using radio-immunoprecipitation assay buffer
(20101ES60, YEASEN, Shanghai, China). Following pro-
tein quantification, samples were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred onto polyvinylidene difluoride membranes. Mem-
branes were blocked with 5% non-fat milk for 1 hour
and incubated overnight at 4 °C with primary antibod-
ies against Galectin-3, zonula occludens-1 (ZO-1), oc-
cludin, claudin-1, and hypoxia-inducible factor 1 alpha
(HIF-1α) (14979-1-AP, 21773-1-AP, 27260-1-AP, 28674-
1-AP, 20960-1-AP; Proteintech, Wuhan, China); phospho-
rylated JAK2 (p-JAK2), JAK2, phosphorylated STAT3 (p-
STAT3), and STAT3 (3771, 3230, 9145, 30835; Cell Signal-
ing Technology, MA, USA); and GAPDH (GB11002-100,
Servicebio, Wuhan, China) served as the internal control.
Membranes were then incubated with HRP-conjugated goat
anti-rabbit secondary antibodies (A0208, Beyotime, Shang-
hai, China) for 60 minutes. Protein expression was nor-
malized to GAPDH, and bands were visualized by chemi-
luminescence (Bio-Rad Laboratories, Hercules, CA, USA)
and quantified using ImageJ software (v1.46; National In-
stitutes of Health, Bethesda, MD, USA).

Statistical Analysis
Statistical analyses were performed using GraphPad

Prism 9.5 (GraphPad Software, San Diego, CA, USA).
Comparisons between two groupswere conductedwith Stu-
dent’s t-test, while multiple groups were analyzed using
one-way ANOVA followed by Tukey’s post hoc test after
confirming normality, variance homogeneity, and indepen-
dence. Corrections for multiple testing were applied where
appropriate. Data are presented as mean ± standard devia-
tion (SD), and p < 0.05 was considered statistically signif-
icant.

Results

Galectin-3 Inhibition Attenuates IRI-Induced
Intestinal Inflammation and Improves Mucosal
Barrier Function

Serum intestinal injury biomarkers revealed that lev-
els of D-lactate, I-FABP, and Syndecan-1 were significantly
elevated in the IRI group compared to Sham controls (p <

0.001), indicating that IRI induces marked injury to the in-
testinal mucosa and vascular endothelium. Following treat-
ment with increasing doses of G3-C12, these biomarkers
declined in a dose-dependent manner, with the greatest re-

duction observed in the high dose group (G3-C12-H, 5.0
mg/kg) (p < 0.001) (Fig. 1A). These findings suggest that
Galectin-3 inhibition effectively alleviates IRI-induced in-
testinal injury and improves barrier function.

Inflammatory cytokine expression of IL-6, TNF-α,
and IL-10 in intestinal tissues was evaluated by ELISA and
qRT-PCR. The IRI group demonstrated markedly elevated
IL-6 and TNF-α expression and significantly reduced IL-
10 compared to the Sham group (p < 0.001) (Fig. 1B,C).
Administration of G3-C12 significantly attenuated inflam-
mation, as shown by reduced IL-6 and TNF-α levels (p <

0.01 or p < 0.001) and increased IL-10 expression (p <

0.01 or p < 0.001). The most pronounced effect was ob-
served in the high-dose group. Collectively, these findings
indicate that Galectin-3 inhibition mitigates mucosal injury
and inflammatory responses, thereby improving intestinal
permeability and reducing tissue damage.

Inhibition of Galectin-3 Ameliorates Intestinal
Mucosal Architecture and Tight Junction Proteins
(TJPs) Expression in IRI Mice

H&E staining revealed that intestinal tissue from
the Sham group exhibited intact architecture, with well-
organized villi and no visible injury. Conversely, the IRI
group exhibited substantial histological abnormalities, in-
cluding villus detachment, epithelial cell necrosis, lamina
propria edema, and inflammatory cell infiltration. Treat-
ment with various doses of the Galectin-3 inhibitor G3-
C12 markedly alleviated these pathological changes, char-
acterized by more intact villus architecture and reduced in-
flammatory infiltration. The extent of improvement cor-
related with the administered dose, with maximal efficacy
observed in the high-dose group (Fig. 2A).

WB analysis demonstrated a significant decline in TJP
expression in the IRI-treated samples compared to the Sham
controls (p < 0.001). G3-C12 treatment restored protein
levels in a dose-dependent manner, with significant in-
creases at medium and high doses (p < 0.05, p < 0.01
or p < 0.001) (Fig. 2B,C). Similarly, qRT-PCR analysis
demonstrated that mRNA levels of TJPs were significantly
downregulated in the IRI group versus the Sham group
(p < 0.001), whereas G3-C12 administration significantly
upregulated their expression, particularly in the high-dose
group (p < 0.001) (Fig. 2D). Collectively, the results indi-
cate that Galectin-3 inhibition significantly mitigates IRI-
induced histopathological damage and promotes the recov-
ery of intestinal mucosal barrier integrity by upregulating
the expression of TJP.

Galectin-3 Inhibition Attenuates Intestinal Epithelial
Cell Apoptosis in IRI Mice

TUNEL staining revealed a notable increase in apop-
totic cells within the intestinal tissues of the IRI group
compared to the Sham group (p < 0.001), evidenced by
a significantly higher number of TUNEL-positive cells.
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Table 1. Primer sequences used for qRT-PCR analysis.
Gene name Species Primer sequence (5′-3′)

IL-6 Human F: AGACAGCCACTCACCTCTTCAG
R: TTCTGCCAGTGCCTCTTTGCTG

IL-6 Mouse F: TACCACTTCACAAGTCGGAGGC
R: CTGCAAGTGCATCATCGTTGTTC

TNF-α Human F: AGGGTCTGGGCCATAGAACT
R: CCACCACGCTCTTCTGTCTAC

TNF-α Mouse F: AAGCCTGTAGCCCACGTCGTA
R: GGCACCACTAGTTGGTTGTCTTTG

IL-10 Human F: TCTCCGAGATGCCTTCAGCAGA
R: TCAGACAAGGCTTGGCAACCCA

IL-10 Mouse F: CGGGAAGACAATAACTGCACCC
R: CGGTTAGCAGTATGTTGTCCAGC

ZO-1 Human F: GTCCAGAATCTCGGAAAAGTGCC
R: CTTTCAGCGCACCATACCAACC

ZO-1 Mouse F: GTTGGTACGGTGCCCTGAAAGA
R: GCTGACAGGTAGGACAGACGAT

Occludin Human F: ATGGCAAAGTGAATGACAAGCGG
R: CTGTAACGAGGCTGCCTGAAGT

Occludin Mouse F: TGGCAAGCGATCATACCCAGAG
R: CTGCCTGAAGTCATCCACACTC

Claudin-1 Human F: GGATCCATGGCCAACGCGGGGCT
R: AAGCTTTCACACGTAGTCTTTCCCG

Claudin-1 Mouse F: GCTGGGTTTCATCCTGGCTTCT
R: CCTGAGCGGTCACGATGTTGTC

JAK2 Human F: CCAGATGGAAACTGTTCGCTCAG
R: GAGGTTGGTACATCAGAAACACC

JAK2 Mouse F: GCTACCAGATGGAAACTGTGCG
R: GCCTCTGTAATGTTGGTGAGATC

STAT3 Human F: CTTTGAGACCGAGGTGTATCACC
R: GGTCAGCATGTTGTACCACAGG

STAT3 Mouse F: AGGAGTCTAACAACGGCAGCCT
R: GTGGTACACCTCAGTCTCGAAG

Galectin-3 Human F: GCTGGGCCACTGATTGTGC
R: CTGTTTGCATTGGGCTTCAC

Galectin-3 Mouse F: ACGCCATGATCTAAGCCAGA
R: GCGATGGGTATCTCTCAGCC

HIF-1α Human F: TGGCTGCATCTCGAGACTTT
R: GAAGACATCGCGGGGAC

GAPDH Human F: ATGGGGAAGGTGAAGGTCG
R: GGGGTCATTGATGGCAACAATA

GAPDH Mouse F: TGCACCACCAACTGCTTAG
R: GGATGCAGGGATGATGTTC

qRT-PCR, quantitative real-time polymerase chain reaction; IL, interleukin;
TNF-α, tumor necrosis factor-α; ZO-1, zonula occludens-1; JAK2, janus
kinase 2; STAT3, signal transducer and activator of transcription 3; HIF-1α,
hypoxia-inducible factor 1 alpha; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

Conversely, administration of G3-C12 produced a dose-
dependent reduction in apoptotic cells, with the G3-C12-H
group showing the most pronounced decrease in apoptosis
(p < 0.01 or p < 0.001) (Fig. 3A,B). To further evaluate

apoptosis, the activity levels of Caspase-3 and Caspase-9 in
intestinal tissue homogenates was assessed. Comparedwith
the Sham group, the IRI group exhibited a marked elevation
in Caspase-3 and Caspase-9 activity (p< 0.001). Treatment
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Fig. 1. Inhibition of Galectin-3 attenuates intestinal injury and inflammation in IRI mice. (A) Serum levels of D-Lactate, I-FABP,
and Syndecan-1 were measured. (B) ELISA quantified IL-6, TNF-α, and IL-10 in intestinal homogenates. (C) qRT-PCR evaluated
IL-6, TNF-α, and IL-10 mRNA expression in intestinal tissue. n = 5; **p < 0.01, ***p < 0.001 vs. IRI group. Sham, sham-operated
control; G3-C12-L/M/H, low/medium/high doses of Galectin-3 inhibitor G3-C12; IRI, ischemia-reperfusion injury; I-FABP, intestinal
fatty acid-binding protein; IL, interleukin; TNF-α, tumor necrosis factor-α; ELISA, enzyme-linked immunosorbent assay; qRT-PCR,
quantitative real-time polymerase chain reaction.

with G3-C12 markedly reduced the activities of these cas-
pases relative to the IRI group (p< 0.01 or p< 0.001), again
displaying a dose-dependent trend (Fig. 3C). Collectively,
these results demonstrate that Galectin-3 inhibition effec-
tively attenuates IRI-induced intestinal epithelial apoptosis

and suppresses the activation of apoptosis-related enzymes,
thereby exerting a protective role against mucosal apoptotic
injury.
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Fig. 2. Effects of Galectin-3 inhibitor on intestinal mucosal architecture and TJP expression in IRI mice. (A) H&E staining of
intestinal tissue (magnification, 100×; scale bar = 100 µm). (B) WB analysis of ZO-1, occludin, and claudin-1 in intestinal tissue. (C)
Densitometric quantification of protein levels. (D) qRT-PCR assessment of ZO-1, occludin, and claudin-1mRNA expression in intestinal
tissue. n = 5; *p < 0.05, **p < 0.01, ***p < 0.001 vs. IRI group. TJP, tight junction protein; H&E, hematoxylin-eosin; WB, western
blotting; ZO-1, zonula occludens-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 3. Effects of Galectin-3 inhibition on intestinal epithelial cell apoptosis in IRI mice. (A) TUNEL staining in intestinal tissue
(magnification, 100×; scale bar = 100 µm). (B) Quantification of TUNEL-positive cells. (C) Caspase-3 and Caspase-9 activities mea-
sured in intestinal tissue homogenates. n = 5; **p < 0.01, ***p < 0.001 vs. IRI group. Note: The white arrow in (A) indicates typical
apoptotic cells. TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; DAPI, 4′6-diamidino-2-phenylindole.
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Galectin-3 Inhibitor Attenuates IRI in Mice by
Modulating the JAK2/STAT3 Signaling Pathway

To further investigate the mechanism by which
Galectin-3 regulates the JAK2/STAT3 signaling pathway
during IRI, we evaluated the expression of Galectin-3,
JAK2, and STAT3 in intestinal tissues. Western blot anal-
ysis demonstrated that, relative to the Sham group, the IRI
group had significantly elevated protein levels of Galectin-
3, p-JAK2, and p-STAT3 (p< 0.001), indicating activation
of the JAK2/STAT3 signaling pathway and upregulation of
Galectin-3 following IRI. Treatment with the Galectin-3 in-
hibitor G3-C12 resulted in a dose-dependent decrease in
Galectin-3, p-JAK2, and p-STAT3, withmaximal inhibition
in the G3-C12-H group (p< 0.01 or p< 0.001) (Fig. 4A,B).
In contrast, total JAK2 and STAT3 expression remained un-
changed across all groups. qRT-PCR analysis further con-
firmed these findings, showing consistent changes at the
mRNA level (p < 0.01 or p < 0.001, Fig. 4C). Overall,
these findings suggest that Galectin-3 acts as a key regula-
tor in IRI, enhancing JAK2 phosphorylation via upstream
signaling pathways, which contributes to intestinal inflam-
mation and barrier dysfunction.

Galectin-3 Inhibitor Alleviates OGD/R-Induced
Injury in Caco-2 Cells and Modulates Inflammatory
Cytokine Expression

To determine the optimal intervention concentration
of the Galectin-3 inhibitor G3-C12, a CCK-8 assay was per-
formed to evaluate its effect on Caco-2 cell viability. Re-
sults showed that G3-C12 exhibited no significant cytotox-
icity within the range of 0–50 µM, with all concentrations
below 50 µM considered safe. However, at 75 µM, cell
viability was significantly reduced (p < 0.001) (Fig. 5A).
Under OGD/R conditions, G3-C12 at 10, 25, and 50 µM
significantly improved cell viability, with 50 µM showing
the strongest effect (p< 0.05 or p< 0.001) (Fig. 5B). There-
fore, 50 µM was selected for subsequent experiments.

To validate the regulatory effect of the JAK2 ago-
nist C-A1 on JAK2 expression, WB and qRT-PCR analy-
ses were performed across treatment groups. Both JAK2
protein and mRNA levels were significantly upregulated in
the C-A1-treated group compared to controls (p < 0.001)
(Fig. 5C,D). These findings confirm that C-A1 effectively
activates the JAK2 pathway, thereby providing a founda-
tion for further investigation into Galectin-3 regulation of
the JAK2/STAT3 axis. To confirm the successful estab-
lishment of the OGD/R model in Caco-2 cells, HIF-1α
expression, a key hypoxia-responsive transcription factor,
was assessed. WB results demonstrated a marked elevation
of HIF-1α protein in the OGD/R group compared to con-
trols, with quantitative analysis confirming statistical sig-
nificance (p< 0.001) (Fig. 5E). Additionally, qRT-PCR re-
sults (Fig. 5F) were consistent with the Western blot find-
ings, further supporting successful OGD/Rmodel establish-
ment in Caco-2 cells.

CCK-8 and LDH assays revealed that OGD/R treat-
ment significantly reduced Caco-2 cell viability and en-
hanced LDH release relative to controls (p < 0.001), in-
dicating enhanced cellular injury. Treatment with G3-C12
significantly improved cell viability and reduced LDH re-
lease (p < 0.001), while co-treatment with C-A1 partially
reversed these protective effects (p < 0.01) (Fig. 5G,H).
Cytokine analysis further revealed that OGD/R markedly
enhanced the secretion of IL-6 and TNF-α into the su-
pernatant while reducing IL-10 expression (p < 0.001)
(Fig. 5I,J). G3-C12 intervention effectively suppressed IL-
6 and TNF-α while enhancing IL-10 expression (p < 0.01
or p < 0.001). Co-treatment with C-A1, however, ele-
vated IL-6 and TNF-α levels while decreasing IL-10 ex-
pression (p < 0.01 or p < 0.001) (Fig. 5I,J). Since C-
A1 activates the JAK2/STAT3 pathway, these findings
suggest that Galectin-3 inhibition-mediated suppression of
JAK2/STAT3 contributes to IL-10 upregulation, whereas
C-A1 counteracts the anti-inflammatory effect associated
with G3-C12 by restoring pathway activity. Consistent
results from qRT-PCR and ELISA analyses confirm that
Galectin-3 inhibition alleviates OGD/R-induced cellular in-
jury and contributes to anti-inflammatory activity.

Galectin-3 Inhibitor Attenuates OGD/R-Induced
Apoptosis in Caco-2 Cells

TUNEL staining revealed a notable increase in apop-
totic cells in the OGD/R group relative to controls (p <

0.001), suggesting that OGD/R strongly induces apopto-
sis. Treatment with G3-C12 significantly reduced apop-
totic cell numbers (p < 0.001), while co-treatment with C-
A1 significantly increased apoptosis relative to the G3-C12
group (p < 0.001), suggesting that C-A1 partially coun-
teracted the anti-apoptotic effect of G3-C12 (Fig. 6A,B).
Consistently, caspase activity assays showed that OGD/R
treatment significantly enhanced Caspase-3 and Caspase-9
activity compared to controls (p < 0.001), while G3-C12
treatment markedly suppressed their activity (p < 0.001).
Co-administration of C-A1, however, led to increased cas-
pase activity relative to the G3-C12 group (p < 0.01)
(Fig. 6C). Collectively, these findings demonstrate that G3-
C12, a Galectin-3 inhibitor, effectively reduces OGD/R-
induced apoptosis in Caco-2 cells.

Galectin-3 Inhibitor Enhances the Expression of
TJPs and Restores Epithelial Barrier Function in
OGD/R-Induced Injury

To evaluate the influence of Galectin-3 inhibitor on
barrier function in Caco-2 cells subjected to OGD/R, the
expression of TJP was analyzed by WB and qRT-PCR. WB
analysis revealed a significant decrease in the protein ex-
pression of ZO-1, occludin, and claudin-1 in the OGD/R
group compared to the Control group (p < 0.001), sug-
gesting disruption of intercellular tight junction integrity.
Treatment with G3-C12 markedly restored the expression
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Fig. 4. Effects of Galectin-3 inhibition on Galectin-3 expression and JAK2/STAT3 signaling pathway in intestinal tissues of IRI
mice. (A) WB analysis of Galectin-3 and JAK2/STAT3 pathway-related proteins in intestinal tissue. (B) Densitometric quantification of
protein expression levels. (C) qRT-PCR analysis of Galectin-3, JAK2, and STAT3 mRNA levels. n = 5; **p < 0.01, ***p < 0.001 vs.
IRI group. JAK2, janus kinase 2; STAT3, signal transducer and activator of transcription 3; p-JAK2, phosphorylated JAK2; p-STAT3,
phosphorylated STAT3.
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Fig. 5. Effects of Galectin-3 inhibition on OGD/R-induced cellular injury and inflammatory cytokine expression in Caco-2 cells.
(A) Determination of the optimal G3-C12 concentration. (B) Cell viability under different treatment conditions. (C) WB analysis of
JAK2 protein expression. (D) qRT-PCR analysis of JAK2 mRNA expression. (E) WB analysis of HIF-1α protein expression. (F) qRT-
PCR analysis of HIF-1α mRNA expression. (G) Cell viability assay. (H) LDH release assay. (I) ELISA measurement of IL-6, TNF-α,
and IL-10 levels. (J) qRT-PCR analysis of IL-6, TNF-α, and IL-10 mRNA expression. n = 3; ns: not significant, *p< 0.05, **p< 0.01,
***p < 0.001 vs. OGD/R group; **p < 0.01, ***p < 0.001 vs. G3-C12 group. HIF-1α, hypoxia-inducible factor 1 alpha; OGD/R,
oxygen-glucose deprivation/reoxygenation; LDH, lactate dehydrogenase; C-A1, JAK2 agonist coumermycin A1; G3-C12, Galectin-3
inhibitor G3-C12; G3-C12 + C-A1, Galectin-3 inhibitor G3-C12 combined with JAK2 agonist C-A1.
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Fig. 6. Galectin-3 inhibition attenuates OGD/R-induced apoptosis in Caco-2 cells. (A) TUNEL staining of apoptotic cells (mag-
nification, 200×; scale bar = 50 µm). (B) Quantification of TUNEL-positive apoptotic cells. (C) Caspase-3 and Caspase-9 enzymatic
activities across groups. n = 3; ***p < 0.001 vs. OGD/R group; **p < 0.01, ***p < 0.001 vs. G3-C12 group.

of these TJPs (p < 0.01 or p < 0.001). However, co-
administration of C-A1 markedly decreased their expres-
sion, partially offsetting the protective effects of G3-C12
(p< 0.01) (Fig. 7A,B). Consistently, qRT-PCR analysis re-
vealed similar trends at the mRNA level (Fig. 7C). Collec-
tively, these findings indicate that the Galectin-3 inhibitor

G3-C12 effectively restores the expression of TJPs and im-
proves barrier function in OGD/R-induced Caco-2 cells,
whereas activation of the JAK2 pathway by C-A1 partially
attenuates this protective effect.
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Fig. 7. Effects of Galectin-3 inhibition on TJPs in OGD/R-treated Caco-2 cells. (A) WB analysis of ZO-1, occludin, and claudin-1
expression. (B) Densitometric quantification of protein levels. (C) qRT-PCR analysis of TJPs mRNA levels. n = 3; ***p < 0.001 vs.
OGD/R group; **p < 0.01, ***p < 0.001 vs. G3-C12 group.

Galectin-3 Inhibitor Mitigates OGD/R-Induced
Cellular Injury by Modulating the JAK2/STAT3
Signaling Pathway

To further investigate the regulatory role of Galectin-
3 on the JAK2/STAT3 signaling pathway, the expression
of Galectin-3 and key signaling components was assessed

by WB and qRT-PCR across treatment groups. WB anal-
ysis revealed that, compared to the Control group, OGD/R
stimulationmarkedly elevated Galectin-3 expression, along
with significant upregulation of p-JAK2 and p-STAT3 (p
< 0.001), indicating that OGD/R activates both Galectin-
3 and the JAK2/STAT3 signaling pathway. Administra-
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Fig. 8. Effects of Galectin-3 inhibition on JAK2/STAT3 signaling in OGD/R-treated Caco-2 cells. (A) WB analysis of Galectin-3,
JAK2, and STAT3 proteins. (B) Densitometric quantification of protein expression. (C) qRT-PCR analysis of Galectin-3, JAK2, and
STAT3 mRNA expression. n = 3; ***p < 0.001 vs. OGD/R group; **p < 0.01, ***p < 0.001 vs. G3-C12 group.

https://www.discovmed.com/


1910

tion of the G3-C12 significantly suppressed the OGD/R-
induced increase in Galectin-3 and reduced phosphoryla-
tion of JAK2 and STAT3 (p < 0.01 or p < 0.001), sug-
gesting that G3-C12 effectively blocks the activation of
the JAK2/STAT3 pathway downstream of Galectin-3 sig-
naling. However, co-treatment with C-A1 restored p-
JAK2 and p-STAT3 expression, partially reversing the in-
hibitory effects of G3-C12 (p < 0.01) (Fig. 8A,B). qRT-
PCR findings aligned with the observed protein expres-
sion profiles (Fig. 8C). The findings indicate that Galectin-
3 may indirectly promote activation of the JAK2/STAT3
signaling pathway via upstream regulators, thus mediat-
ing protective effects in intestinal epithelial cells under hy-
poxia/reoxygenation stress.

Discussion

IRI is a common and severe clinical condition fre-
quently observed in abdominal and thoracic vascular surg-
eries as well as small bowel transplantation [1]. It involves
alternating interruptions and restorations of intestinal blood
flow, leading to mucosal structural damage, barrier dys-
function, and the activation of inflammatory cascades, ox-
idative stress, and apoptosis, which may progress to SIRS
and MODS [22–24]. This study investigated the cytopro-
tective role of Galectin-3 in regulating the JAK2/STAT3
signaling pathway amid intestinal epithelial barrier disrup-
tion in a mouse IRI model. Galectin-3 has been implicated
in multiple organ IRI models, influencing cellular adhesion,
migration, apoptosis, and inflammation. Previous studies
reported elevated Galectin-3 levels in cardiac and renal IR
injury models, where it contributed to tissue damage via
downstream signaling pathways [25,26].

Inflammation and apoptosis are central mechanisms
underlying intestinal injury during IRI. In the early phase of
reperfusion, rapid activation of innate immunity leads to ex-
cessive release of pro-inflammatory cytokines (e.g., TNF-
α, IL-6), while accumulation of reactive oxygen species
(ROS) induces intracellular damage and signaling dys-
regulation [27]. These inflammatory responses aggravate
local mucosal injury and promote bacterial translocation
and endotoxemia, thereby initiating inflammation in dis-
tant organs [28,29]. Apoptosis, primarily mediated through
caspase-dependent pathways, causes loss of intestinal ep-
ithelial cells, further impairing mucosal integrity and am-
plifying inflammation, creating a vicious cycle [30]. Ad-
ministration of a Galectin-3 inhibitor markedly reduced cy-
tokine production and apoptosis, demonstrating dual anti-
inflammatory and anti-apoptotic properties in IRI. These
findings are consistent with previous reports that Galectin-
3 inhibition alleviates tissue damage by suppressing both
inflammation and apoptosis [20,25].

Earlier studies have demonstrated that the
JAK2/STAT3 signaling axis is a crucial intracellular
transduction pathway regulating inflammation, apoptosis,

and tissue repair [31,32]. It is activated in several organ
IR injury models. For example, myocardial IR injury
involves JAK2/STAT3 activation, which upregulates IL-6
and TNF-α expression and aggravates tissue damage [33],
while inhibition of this pathway reduces inflammation and
cell death in hepatic and renal IR injury, thereby preserving
organ function [34,35]. Pro-inflammatory stimuli induce
JAK2 phosphorylation, leading to STAT3 activation.
Phosphorylated STAT3 subsequently translocate into the
nucleus and regulates inflammation- and apoptosis-related
genes such as IL-6 and Caspase-3 [36,37]. Our findings
demonstrated that Galectin-3 serves as an upstream regu-
lator of the JAK2/STAT3 pathway in intestinal IRI, linking
Galectin-3 activity with IR-induced tissue injury. In the
mouse model, Galectin-3, p-JAK2, and p-STAT3 levels
were significantly elevated, whereas treatment with the
Galectin-3 inhibitor G3-C12 reduced these proteins in a
dose-dependent manner. These observations reinforce
the role of Galectin-3 in JAK2/STAT3 activation and
highlight its therapeutic potential to alleviate IRI-related
inflammation and barrier dysfunction.

The integrity of the intestinal mucosal barrier depends
on TJPs, including ZO-1, occludin, and claudin-1 [38–40].
ZO-1 links membrane proteins to the cytoskeleton, main-
taining polarity and barrier stability [41], while occludin
and claudins regulate paracellular permeability [42]. IRI-
associated inflammation and ROS reduce TJP expression
and disrupt their distribution, leading to epithelial barrier
breakdown, increased permeability, and systemic inflam-
mation [23]. In our study, histological analysis revealed
significant mucosal shedding, edema, and inflammation in
IRI mouse intestines. WB and qRT-PCR confirmed marked
downregulation of TJPs, which was reversed by Galectin-
3 inhibition. These findings suggest that Galectin-3 inhi-
bition preserves tight junction integrity, likely through at-
tenuation of inflammation and apoptosis. Previous stud-
ies have shown that excessive STAT3 activation suppresses
TJP expression [43–45], especially claudin-1 [46], provid-
ing a mechanistic basis for our findings and suggesting that
Galectin-3 inhibition may restore barrier function by mod-
ulating both inflammatory and structural pathways.

An in vitro Caco-2 cell model subjected to OGD/R
was employed to mimic ischemia-reperfusion injury. Treat-
ment with Galectin-3 inhibitor G3-C12 improved cell via-
bility, reduced LDH release, and attenuated inflammation
and apoptosis. It also restored TJP expression and sup-
pressed overactivation of Galectin-3 and JAK2/STAT3 sig-
naling, as evidenced by reduced phosphorylation of JAK2
and STAT3. Co-treatment with the JAK2 agonist C-A1 par-
tially reversed the protective effects of G3-C12. These out-
comes confirm at the cellular level that Galectin-3 regulates
inflammation, apoptosis, and epithelial barrier integrity via
JAK2/STAT3 modulation, supporting our in vivo findings
and further strengthening its potential as a therapeutic tar-
get in IRI.
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This study systematically elucidates the critical role
of Galectin-3 in the pathogenesis of IRI: by activating the
JAK2/STAT3 signaling pathway, Galectin-3 mediates am-
plification of inflammation, promotes apoptosis, and dis-
rupts the epithelial barrier. Inhibition of Galectin-3 effec-
tively alleviates these pathological damages, reduces mu-
cosal injury, and restores barrier integrity, providing a po-
tential therapeutic target for IRI. However, this study has
several limitations. First, Galectin-3 knockout or overex-
pression models were not employed to further validate its
mechanistic role. Second, the systemic effects and long-
term safety of Galectin-3 inhibition in vivo remain unclear.
Future research should investigate Galectin-3 expression
levels in tissues from IRI patients and assess their corre-
lation with disease severity to further establish its potential
as a therapeutic target or diagnostic biomarker.

Conclusion

This study demonstrates that Galectin-3 contributes to
inflammation, apoptosis, and intestinal mucosal barrier dis-
ruption during IRI through activation of the JAK2/STAT3
signaling pathway. Inhibition of Galectin-3 significantly
attenuates inflammatory responses, suppresses apoptosis,
and upregulates the expression of TJPs, thereby preserv-
ing barrier integrity. Collectively, these findings highlight
Galectin-3 as a promising target for the development of
novel therapeutic strategies against IRI.
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