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A B S T R A C T

Intestinal ischemia-reperfusion (I/R) injury is a life-threatening vascular emergency and has long been a dis-
turbing problem for surgeons. Oxidative stress is considered a vital factor in I/R injury. Metformin has anti-
oxidative properties and protects against I/R injury. The present study aimed to investigate whether Metformin
protects against intestinal I/R injury and reveal the protective mechanism of Metformin. I/R injury was induced
in mice by temporary superior mesenteric artery occlusion, and Caco-2 cells were subjected to OGD/R to es-
tablish an in vitro model. Different doses of Metformin were administered in vivo and in vitro. We found that I/R
injury led to intestinal barrier disruption and cell death by examining histopathological results and the intestinal
barrier index, including TER, tight junction proteins and serum biomarkers. We confirmed the existence of
pyroptosis in intestinal I/R injury. Moreover, we confirmed the role of pyroptosis in intestinal I/R injury by
silencing the gasdermin D (GSDMD). Then, we confirmed that Metformin treatment protected barrier function
against intestinal I/R injury and reduced oxidative stress and the inflammatory response. Importantly,
Metformin reduced pyroptosis-related proteins, including NLRP3, cleaved caspase-1, and the N-terminus of
GSDMD. Knocking down the GSDMD could reversed the protective effects of Metformin, which showed pyr-
optosis was one of the major cell death pathways controlled by Metformin treatment in setting of intestinal I/R
injury. We also discovered that Metformin suppressed the expression of TXNIP and the interaction between
TXNIP and NLRP3. We performed siRNA knockdown and found that the protective effects were abolished, which
further confirmed our findings. In conclusion, we believe that Metformin protects against intestinal I/R injury in
a TXNIP-NLRP3-GSDMD-dependent manner.

1. Introduction

Ischemia-reperfusion (I/R) injury occurs when the blood supply is
temporarily interrupted and leads to organ damage or even organ
failure. I/R injury of the intestine is a life-threatening vascular emer-
gency that often occurs during localized interventions, such as in-
carcerated hernias, volvulus, and small bowel transplantation, and can

also occur as a severe complication of some systematic diseases, such as
septic shock and cardiopulmonary disease [1,2]. Ischemia of the in-
testine leads to an increase in microvascular permeability and a dis-
ruption of the mucosal barrier, and reperfusion brings about an increase
in oxidative products and infiltration of inflammatory cells. Once the
disruption of the intestinal barrier exceeds its regenerative ability, the
intestinal flora trigger life-threatening sepsis [3,4]. The mechanism of
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intestinal I/R injury is complex and involves many signaling pathways.
Since intestinal ischemia is rarely preventable, most studies have con-
centrated on the strategy for the reperfusion period and the develop-
ment of novel therapeutic approaches for reducing ROS, limiting the
overloaded inflammatory response and attenuating cellular damage
[5].

Pyroptosis is a newly discovered programmed cell death process
that occurs in multiple tissues, including the liver and intestine, during
several stress conditions. Pyroptosis not only induces cell death but also
causes excessive inflammatory damage. Activation of the NOD-, LRR-
and pyrin domain-containing 3 (NLRP3) inflammasome transforms pro-
caspase-1 into cleaved caspase-1 and then cleaves gasdermin (GSDM)
family proteins, leading to pyroptosis [6]. Recent studies have revealed
that NLRP3-related pyroptosis plays an important role in intestinal
diseases, particularly in DSS-induced colitis and inflammatory bowel
disease [7,8]. However, few studies have revealed the importance of
pyroptosis in intestinal I/R injury.

Oxidative stress is considered a crucial factor in the development of
intestinal I/R injury. Thioredoxin-interacting protein (TXNIP), an en-
dogenous negative modulator of thioredoxin (TXN), plays a vital role in
maintaining the redox balance in the cell [9]. Recent studies have re-
ported that TXNIP contributes to I/R injury and is regarded as a con-
siderable target for treatment [10]. Interestingly, previous studies have
shown that TXNIP is not only involved in exacerbating oxidative stress
but also leads to an increased inflammatory response in an NLRP3 in-
flammasome-dependent manner [11–14]. However, the role of TXNIP
and NLRP3-related pyroptosis in intestinal I/R injury is still not well
understood.

Metformin is widely used for the treatment of type 2 diabetes and
metabolic syndrome due to its strong ability to enhance insulin sensi-
tivity and its satisfactory safety. A previous study demonstrated that
Metformin mediates glucose homeostasis by reducing TXNIP expres-
sion. Metformin also has multiple protective effects in a hepatic I/R
injury model via directly reducing the inflammatory response and
oxidative stress [15,16]. Based on the fact that Metformin has robust
anti-oxidative effects by decreasing TXNIP levels, we hypothesized that
Metformin also protects the intestine from I/R injury. The aim of this
study was to clarify the protective effect of Metformin in intestinal I/R
injury and to demonstrate the underlying mechanism.

2. Materials and methods

2.1. Experimental animals

Healthy C57BL/6 mice (male, 7 weeks old, weighing 22–25 g) were
used in the experimental to establish the animal model and all pur-
chased from Animal Feeding Center of Xi'an Jiaotong University Health
Science Center. All mice were maintained under an optimal condition
(25 °C, 50% humidity and a 12:12 day/night cycle) for 7 days before
the experiments. Standard diet and free access of tap was offered. The
animal experiment procedures were performed in accordance with the
Guide of Laboratory Animal Care and Use from the United States
National Institution of Health and were approved by the Institutional
Animal Care and Use Committee (IACUC) of Xi'an Jiaotong University,

China.

2.2. Experimental model

Healthy C57BL/6 mice were anesthetized with 1–2% isoflurane and
laparotomy was performed to expose the superior mesenteric artery
(SMA). To observe the effect of I/R injury, ischemia was induced in
mice by a temporary occlusion of SMA with an atraumatic vascular
clamp for 30,60 and 90 min (n = 16). Then, releasing the clamp to
allow a reperfusion for 120 min and harvesting the blood samples and
small intestine tissues under an anesthetized condition from 6 of them
and the other 10 were fed for 72 h to calculate the survive rate. The
successful establishment of the model could be revealed by the color
change of small intestinal segment. To discover the protective proper-
ties of the Metformin, another set of animals were randomly divided
into different groups:Sham group, different doses treatment groups (20
and 40 mg/kg), and control group(n = 6). As mentioned, the
Metformin was applied as a pretreatment of reperfusion period. Thus,
Metformin (TopScience, USA, T0740) was intraperitoneal injected at
the beginning of reperfusion at 40 mg/kg or 20 mg/kg and then applied
an optimum I/R injury model as previous mentioned in Metformin
treatment group while saline would be intraperitoneal injected in
control group. And in order to reveal the importance of NLRP3 in in-
testinal I/R injury, we also treated model animal and sham animal with
CY-09 (TopScience, USA, T4164) at dose of 20 mg/kg in another group
(n = 6) [17].

To establish an I/R model in vitro, Caco-2 cells were subjected to
oxygen-glucose deprivation/reperfusion (OGD/R) to induce an I/R in-
jury. Briefly, the Caco-2 cells were washed with PBS then cultured with
glucose-free medium. The cells were kept in an incubator chamber
(Phcbi, Japan,MCO-5M) under a condition of 95% N2 and 5% CO2 for
2,4 or 6 h then moved to 95% O2, 5% CO2, and still to be cultured in the
glucose-containing medium for 2 h [18]. Caco-2 cells were incubated
with or without Metformin at the dose of 1 mM/2 mM for 30 min before
the model set-up. The Caco-2 cells were incubated with CY-09 (10 μM)
for 30 min before the model set-up to clarify the role of NLRP3 in I/R
injury.

2.3. Histopathological examination

Intestine tissue samples were gathered 120 min after reperfusion.
Samples were embedded in paraffin after fixed in 10% formalin solution
and sectioned into 5-μm-thick. To examine the histopathological injury,
we stained sections with hematoxylin and eosin (H&E) stain.
Histological injuries in the mucosa were evaluated by quantitative
measured of tissue damage by a blinded observer. The Chiu's score
classification of small intestine injury was applied to evaluate the da-
mage in small intestine samples [19] (Table 1).

2.4. Detection of oxidative stress

The intestinal samples were gathered 120 min after reperfusion to
detect the level of oxidative stress. The activities of glutathione (GSH),
superoxide dismutase (SOD) and the level of malondialdehyde (MDA)

Table 1
The Chiu's core classification of small intestine injury.

Classification Pathological change

Level 0 Mucosa without changes.
Level 1 Well-constituted villosities, no cellular lysis or inflammatory process, although there is formation of Grunhagen's sub-epithelial space.
Level 2 Presence of cellular lysis, formation of Grunhagen's sub-epithelial space and increased spacing among the villosities.
Level 3 Destruction of the free villosities section, presence of dilated capillaries and inflamed cells.
Level 4 Structural destruction of the villosities, only traces of some villosities, formed by inflamed cells and necrotic material, with hemorrhage and basal glandular

ulceration.
Level 5 Destruction of all the mucosa, no glandular structure can be seen, only the amorphous material laying on the sub-mucosa tissue.
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in intestine tissues were detected by commercial biochemical kits
(Nanjing Jiancheng, China) as previously mentioned [20]. To detect the
level of ROS, the Caco-2 cells were incubated with Dihydroethidium
(DHE) dye (Sigma-Aldrich, USA) for 30 min at a concentration of 3 μM
after I/R model establishment and Metformin treatment. The results
were observed with a fluorescence microscope (Carl Zeiss, Germany),
and representative fields were chosen for application.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Small intestine tissues were homogenized with PBS at 4 °C, and then
centrifuged at 4 °C for 0 min at 13,000 rpm. Then, the level of IL-1β, IL-
6 and TNF-αwere detected with ELISA kits (Nanjing Jiancheng, China)
according to the manufacturer's instructions. The level of I-FABP in
serum, a special biomarker for intestinal barrier function, was also
detected via corresponding ELISA kit (Nanjing Jiancheng, China,
H265).

2.6. Transepithelial electrical resistance

Intestinal barrier integrity was evaluated by measuring transe-
pithelial electrical resistance (TER). Briefly, the intestinal mucosae
were collected as soon as the mice were sacrificed and then TER were
detected with a Ussing chamber(EM-CSYS,PI,USA) as described[21].

2.7. Cell culture

Caco-2 was purchased from the cell Bank of Shanghai Institutes for
Biological Science (Shanghai, China). Cells were maintained in com-
plete Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine
serum, penicillin (100U/mL) and ciprofloxacin (10 μg/mL) as well as
1% nonessential amino acids, and was kept under a controlled condi-
tion (37 °C,5% CO2). 0.25% trypsin solution containing ethylene dia-
mine tetraacetic acid (EDTA) wasused for cell passage.

2.8. Cell viability assay and LDH detection

The cell viability was evaluated with the Cell Counting Kit‐8
(CCK‐8, Abcam, the US) following the manufacturer's description.
Simply speaking, 1 × 104 Caco-2 cells were seeded into 96-well plates
and cells were kept in an incubator chamber under a condition of 95%
N2 and 5% CO2 for different time (0,2,4,6 h) and then moved to 95%
O2, 5% CO2 for 2 h as mentioned. Then, 10 μL CCK‐8 was mixed with
90 μL medium and added to each well and incubated at 37 °C for 2 h.
The Optical density (OD) values were measured at 450 nm.

Lactate dehydrogenase (LDH) activity was tested with the com-
mercial kit (Nanjing Jiancheng, China) according to the manufacturer's
descriptions.

2.9. Knockdown of TXNIP and GSDMD in Caco-2 cells

In order to knock TXNIP and GSDMD down, Caco-2 cells were
transfected with 100 nM of either TXNIP or GSDMD target siRNA or
control nonspecific siRNA (Genechem, China) with Lipofectamine 2000
reagent (Genechem, China) following the manufacturer's protocol.
After 24 h, the cells were subjected to OGD/R model as previously
mentioned. The efficiency of depletion was confirmed by Western blot.

2.10. Western blot assay

The protein expression in intestine tissue (n = 6) was detected by
Western blot as previously mentioned [20]. Briefly, RIPA lysis buffer
was used to extract the total protein and nucleoprotein were extracted
with RIPA lysis at 14000g for 15 min. The protein was separated using
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
after determining the protein concentration. Then the proteins were

transferred onto polyvinylidene difluoride (PVDF) membranes. The
resulting blots were blocked with 8% skim milk and incubated with
anti-occludin antibody (1:1000; Proteintech, China), anti-ZO-1 anti-
body (1:1000; Proteintech, China), anti-TXNIP antibody (1:1000; Pro-
teintech, China), anti-NLRP3 antibody (1:1000; Cell Signaling Tech-
nology, USA), anti-Caspase1 antibody (1:1000; Proteintech,
China),anti-IL-1β antibody (1:1000; Abcam, USA), anti-IL-18 (1:1000;
Abcam, USA),anti-N-terminal of GSDMD(1:1000; Abcam, USA), anti-β-
actin antibody (1:10000; Santa Cruz Biotechnology, USA) overnight at
4 °C. Then, the bolts were incubated with horseradish peroxidase-con-
jugated secondary antibodies (1: 10000; Abcam, USA) for 1 h at 37 °C.
The proteins were detected with the chemiluminescence (ECL) system.
The expressions of proteins were normalized to β-actin as a reference.

2.11. Immunofluorescence staining

Immunofluorescence staining was used for expression of detecting
the NLRP3 and TXNIP in the Caco-2 cells. Simply speaking, The Caco-
2 cells, which had been fixed with 4% paraformaldehyde, were in-
cubated with rabbit anti-NLRP3 or TXNIP antibody (1:200, Abcam,
USA) overnight at 4° in 48-well-plate. Then the second goat anti-rabbit
antibody (1:300, Servicebio, China) was incubated hour at 25 °C and
counterstained with 4′-6-diamidino-2-phenylindole (DAPI) (Beyotime,
China). The results were observed with a fluorescence microscope (Carl
Zeiss, Germany) and representative fields were chosen for application.

2.12. NLRP3 and TXNIP colocalization

In order to revealing the interaction between NLRP3 and TXNIP in
Caco-2 cells, the OGD/R-treated cells, which had been fixed with 4%
paraformaldehyde, were incubated with primary antibodies against
NLRP3 (1:200, R&D, USA) and TXNIP (1:200; Abcam, USA) overnight
at 4 °C. Next, Alexa Fluor 488‐labeled goat anti‐mouse and FITC-labeled
goat anti‐rabbit secondary antibodies (Proteintech, China) were used to
binding the primary antibody visually. Cell nuclei were counterstained
with DAPI (Beyotime, China). The images were observed with a fluor-
escence microscope (Carl Zeiss, Germany) as perviouly mentioned[12].

2.13. Statistical analysis

The measurement data were described as the mean ± standard
deviation (SD). All statistical analyses were performed with the
SPSS18.0 software (SPSS Inc., USA). Student's t-test and one-way ana-
lysis of variance (ANOVA) were used for the comparison among the
three groups. The figure was made by GraphPad (version7) Prism
software (GraphPad Software, CA). All tests were two-sided and sig-
nificance was accepted at p < 0.05.

3. Results

3.1. Intestinal ischemia-reperfusion injury induced intestinal barrier
disruption and epithelial cell injury

To determine the impacts of different degrees of intestinal I/R injury
on the animal models, we examined the survival rates of different
groups (Fig. 1B). The results showed that a longer ischemia time re-
sulted in a lower survival rate. To confirm the influence of I/R injury on
the intestinal barrier, we first detected the serum level of intestinal fatty
binding protein (I-FABP) (Fig. 1C). The results showed that I-FABP in-
creased during I/R injury, which indicates obvious damage to the in-
testinal barrier structure. To further determine the negative impact on
intestinal barrier function, we measured TER in different groups and
found that TER decreased after I/R injury in an ischemia time-depen-
dent manner (Fig. 1D). We further confirmed intestinal barrier dis-
ruption by histopathological examination. H&E staining and histolo-
gical scoring showed notable damage to the intestinal structure in I/R
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injury, which was consistent with the functional changes (Fig. .1E–F).
The tight junctions between intestinal epithelial cells are a key part of
intestinal permeability, and so we examined the expression of the tight
junction protein ZO-1 and occludin. Western blot results showed that
the tight junction proteins were reduced after I/R injury (Fig. .1G–H).
Moreover, we noticed an elevation in LDH (Fig. 1I) and a significant
decrease in cell viability (Fig. 1J), suggesting the presence of cell death
during I/R injury. Overall, we demonstrated that I/R injury induced
intestinal barrier disruption and cell death.

3.2. Intestinal ischemia-reperfusion injury induced intestinal inflammation
and activation of the NLRP3-Related pyroptosis

Inflammation is an important part of intestinal barrier damage.

Therefore, we firstly determined whether excessive inflammation oc-
curred during I/R injury. First, we detected the levels of inflammatory
factors in intestinal tissue (Fig. .2A–C). All three inflammatory factors
were increased in the I/R injury model, and a longer ischemia period
resulted in a more significant increase in inflammatory factors. We then
confirmed activation of the NLRP3 inflammasome in an I/R injury
model (Fig. .2D–E). NLRP3 was notably increased after I/R injury and
was consistent with damage to the intestinal barrier. We further mea-
sured the activity of caspase-1 and two downstream products, IL-1β and
IL-18, by Western blot (Fig. .2D–E). We found an evident increase in
caspase-1 activity and IL-1β and IL-18 in vivo. The N-terminus of
GSDMD is the effector molecule of pyroptosis, and we observed an in-
crease in the expression of GSDMD in vivo (Fig. .2F–G). Furthermore,
we knocked down the GSDMD in Caco-2 to alleviate the pyroptosis and

Fig. 1. Intestinal ischemia-reperfusion injury induced intestinal barrier disruption and epithelial cell injury. Mice were performed with a temporary occlusion of SMA
with an atraumatic vascular for different period and then release the clamp to allow a 120-min reperfusion to build an I/R model. (A) The experimental design of the
present work. To evaluate the intestinal injury of different ischemia period, the animals were divided into four groups: the different ischemia period (30,60 and
90 min) group and sham group(n = 6). To determine the protective effect of metformin, another set of animals were administrated with metformin (20 or 40 mg/kg)
or saline immediately at the end of a 60-min ischemia period. CY-04 (20 mg/kg), a specific inhibitor of NLRP3 inflammasomes, was used as a positive control for
metformin. The OGD/R model was launched in Caco-2 cells. si-Txnip/Gsdmd were applied to revealed the roles of pyroptosis and TXNIP/NLRP3/GSDMD axis in the
protective effect of metformin. (B)Survival rates were calculated in different groups (n = 10). (C-D)The integrity of the intestinal barrier was evaluated with the
serum I-FABP levels and TER. (E–F) the histopathological damage was estimated with the H&E staining and the Chiu's score classification of small intestine injury
(Table 1) was applied to grade the histological score. (G–H) The expressions of the tight junction protein, ZO-1 and occludin, were analyzed by Western blot. Different
OGD/R models were induced in Caco-2 cells as mentioned in Methods. (I)The releasing levels of LDH were detected. (J) Cell viability was measured with CCK-8
assay. The values were showed as the mean ± SEM in Fig. 1(C–J) (n = 6) and Fig. 1B(n = 10). *p < 0.05, **p < 0.01, ***p < 0.001 compared with sham group.
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then set up the OGD/R model. We found that LDH releasing and cell
viability were all ameliorated significantly, which showed that pyr-
optosis was one of the major form of cell death during I/R injury (Fig.
.2H–I). Thus, we confirmed the important role of pyroptosis in in-
testinal I/R injury. Based on our results, we considered 60 min to be the
proper ischemia time to establish the I/R models, and we used it in
subsequent experiments.

3.3. Metformin protected against intestinal ischemia-reperfusion injury
induced intestinal barrier disruption and cell injury

To demonstrate the protective effect of Metformin, different doses of
Metformin (20 or 40 mg/kg, i.p.) were first administered before re-
perfusion. Then, we determined the degree of I/R injury in different
groups, and H&E staining results showed reduced injury after
Metformin treatment, and the high-dose (40 mg/kg) treatment showed
a more powerful protective effect (Fig. .3A–B). The I-FABP and TER
results were also consistent with the protective effect of Metformin
treatment (Fig. .3C–D). Then, we examined whether Metformin

Fig. 2. Intestinal ischemia-reperfusion injury induced intestinal inflammation and activation of the NLRP3-related pyroptosis. The animal model was launched as
mentioned. (A–C) The inflammatory factors in intestinal tissues, including IL-6, IL-1β and TNF-α, were evaluated. (D–E) Pyroptosis-related proteins in intestinal
tissues, including NLRP3, cleaved Caspase-1, IL-1β and IL-18, were examined by Western blot. (F–G) GSDMD in intestinal tissues was detected by Western blot.
Pyroptosis was suppressed by knockdown the GSDMD with si-Gsdmd in vitro before the OGD/R. (H) the releasing levels of LDH were detected (I) Cell viability was
measured with CCK-8 assay. The values were showed as the mean ± SEM(n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 compared with sham group, #p < 0.05
compared with si-Con group and &p < 0.05 compared with si-Con+OGD/R group.
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protected intestinal barrier function and found that Metformin pro-
tected against damage to ZO-1 and occludin. (Fig. .3E–F). We further
confirmed the protective effects in vitro. The cells were kept in a low-
oxygen/glucose condition for 4 h then induced an OGD/R models as
mentioned. The LDH level was decreased after Metformin treatment
(Fig. 3 G). The Metformin treatment also increased the cell viability
after I/R injury (Fig. 3 H). Therefore, we confirmed that Metformin
could protect against intestinal I/R injury.

3.4. Metformin protected against intestinal ischemia-reperfusion injury
induced intestinal inflammation and pyroptosis

We verified that Metformin protects against I/R-induced intestinal
barrier disruption. Then, we determined whether Metformin exerted a

protective effect by suppressing NLRP3-induced pyroptosis. We ad-
ministered Metformin (20 mg/kg) to the model group and used CY-09
(20 mg/kg), an NLRP3 inhibitor, as a positive control as previously
described and then detected inflammatory factors in the different
groups. The results showed that IL-6 and IL-1β were decreased after
treatment with either Metformin or CY-09, while the level of TNF-α was
not affected by Metformin or CY-09 (Fig. .4A–C). Then, we examined
the activity of the NLRP3 inflammasome. Western blot analysis re-
vealed that components of the NLRP3 inflammasome, including NLRP3
and cleaved caspase-1, were suppressed after Metformin and CY-09
treatment (Fig. .4D–E). Moreover, the pyroptosis-related inflammatory
products IL-1β and IL-18 were also decreased after Metformin admin-
istration (Fig. .4D–E). The N-terminus of GSDMD, the major effector of
pyroptosis, was obviously reduced in the Metformin and CY-09 groups

Fig. 3. Metformin protected against intestinal ischemia-reperfusion injury induced intestinal barrier disruption and cell injury. The animal models were launched
with a 60-min ischemia period as mentioned. Different doses of metformin (20 or 40 mg/kg) were used to treat the mice as pervious mentioned. (A) The histological
damage was evaluated with H&E staining. (B) The histological scores were calculated with the Chiu's score classification of small intestine injury (Table 1). (C) The
levels of I-FABP in serum were detected. (D) The TER of gut mucosae was measured. (E–F) The expressions of the tight junction protein, ZO-1 and occludin, were
analyzed by Western blot. The cells were kept in a low-oxygen/glucose condition for 4 h then induced an OGD/R models as mentioned. Metformin were subjected at
different dose (1 or 2 mM) (G) The releasing levels of LDH were detected. (H) Cell viability was measured with CCK-8 assay. The values were showed as the
mean ± SEM(n = 5–6). *p < 0.05 compared with no-treatment group and #p < 0.05 compared with low dose group.
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Fig. 4. Metformin protected against intestinal ischemia-reperfusion injury induced intestinal inflammation and pyroptosis. The I/R models were established as
mentioned and the CY-09 was administered at 20 mg/kg as a positive control. (A–C) The inflammatory factors in intestinal tissues, including IL-6, IL-1β and TNF-α,
were evaluated. (D–E) Pyroptosis-related proteins in intestinal tissue, including NLRP3, cleaved Caspase-1, IL-1β and IL-18, were examined by Western blot. (F–G)
The expression of GSDMD in vivo was detected by Western blot. (H–I) The expression of NLRP3 was also detected in vitro by immunofluorescence. si-Gsdmd was used
to inhibit the pyroptosis and revealed the relationship between metformin and pyroptosis (J) the releasing levels of LDH were detected (K) Cell viability was
measured with CCK-8 assay. The values were showed as the mean ± SEM(n = 5–6). *p < 0.05 compared with no-treatment group and #p < 0.05 compared with
metformin treatment group. $p < 0.05 compared with si-Con group and &p < 0.05 compared with si-Con+OGD/R group.
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(Fig. .4F–G). Then, we examined the changes in NLRP3 in vitro and
found that Metformin suppresses the expression of NLRP3 in OGD/R-
treated cells (Fig. .4H–I). Metformin has been proved to regulate many
forms of cell death. In order to confirm that the pyroptosis was a major
form of cell death controlled by Metformin in I/R injury, we knockdown
the GSDMD in Caco-2 to alleviate the pyroptosis and then set up the
OGD/R model. We found that suppressing the pyroptosis could also
ameliorate LDH releasing and cell viability in absence of Metformin. No
differences in cell viability and LDH were detected between si-Gsdmd
+Metformin and si-Gsdmd groups, which means a reverse of the pro-
tective property of Metformin which reversed the protective property of
Metformin (Fig. .4J–K). Thus, we determined that NLRP3-induced
pyroptosis was one of the major cell death pathways controlled by
Metformin treatment in setting of intestinal I/R injury.

3.5. Metformin protected against intestinal ischemia-reperfusion injury
induced oxidative stress and reduced the interaction between TXNIP and
NLRP3

Oxidative stress is a crucial part of I/R injury. We examined whether
Metformin influenced oxidative stress in I/R injury. Firstly, we detected
oxidative stress in intestinal tissues. The level of MDA in intestinal
tissue was decreased after Metformin treatment. In contrast, protective
factors, including GSH and SOD, were all increased (Fig. .5A–C). Next,
we incubated Caco-2 cells with or without Metformin at a dose of 1 mM
or 2 mM for 30 min before the OGD/R model established as previously
described. Then, we measured the level of ROS production in the dif-
ferent groups, and the Metformin-treated group showed an obvious
decrease (Fig. .5D–E). We next determined the expression of TXNIP and
the interaction of TXNIP-NLRP3 in vitro. The expression of TXNIP was
elevated during I/R injury but decreased after Metformin treatment
(Fig. .5F–I). Finally, we showed an interaction between TXNIP and
NLRP3 by immunofluorescence co-localization in Caco-2 cells. Met-
formin (2 mM) strongly decreased the TXNIP-NLRP3 interaction (Fig. 5
J). Hence, we determined that Metformin decreases oxidative damage
in I/R injury and shows a protective effect by reducing the TXNIP-
NLRP3 interaction.

3.6. Silencing of TXNIP abolished metformin-inhibited pyroptosis in vitro

To confirm that Metformin could protect against intestinal I/R in-
jury in a TXNIP-depenent way We silenced TXNIP in Caco-2 cells by
using siRNA. We found that knockdown of TXNIP reversed the pro-
tective effects of Metformin. In the groups that were transfected with
control siRNA, Metformin showed a similar effect as previous results
(Fig. .6A–B). However, in the groups in which TXNIP was silenced,
Metformin treatment showed no difference compared to that of other
groups regarding I/R-induced inflammasome activity and pyroptosis.
The LDH release results that there was no difference between si-Txnip
+Metformin and si-Txnip groups, also revealed that knockdown of
TXNIP reversed the protective effect of Metformin in vitro (Fig. 6 C). In
conclusion, we confirmed that Metformin protects against intestinal I/R
injury by reducing inflammation and pyroptosis via downregulating the
TXNIP-NLRP3 pathway.

4. Discussion

Intestinal ischemia-reperfusion injury has long been a problem for
clinical surgeons. On the one hand, as a surgical emergency, I/R injury
is undetected and rapidly progressive; thus, prevention is limited. On
the other hand, once I/R injury occurs, the damaged intestinal barrier
leads to systematic complications and sepsis, which leads to high
mortality without effective therapy. Many studies have focused on
suppressing oxidative stress and inflammation to attenuate I/R injury
[22,23]. Metformin is a widely used diabetes drug, and many studies
have demonstrated that Metformin has strong anti-oxidative and anti-

inflammatory effects. Thus, Metformin has therapeutic potential in I/R
injury [24]. In our study, we first determined that I/R injury leads to
disruption of the intestinal barrier and intestinal cell death. Then, we
confirmed the protective effect of Metformin against I/R injury, and we
noticed that Metformin strong reduces I/R-induced oxidative stress in
vivo and in vitro. As a key factor in cellular redox balance, TXNIP is a
bridge between oxidative stress and inflammatory injury. Hence, we
further determined whether Metformin suppressed oxidative stress
during I/R injury and the interaction between TXNIP and NLRP3. To
evaluate our hypothesis, we further knocked down TXNIP and found a
reverse in the protective effect of Metformin. Based on these results, we
believe that Metformin protects against intestinal I/R by decreasing cell
pyroptosis via the TXNIP-NLRP3 pathway (Fig. 7).

One of the remarkable findings of the present study is that we de-
termined the presence of pyroptosis in intestinal I/R injury and that
Metformin had a robust effect against pyroptosis. Pyroptosis is a form of
programmed cell death that is associated with inflammatory product
release, which is quite different from apoptosis. We found that I/R in-
jury leads to an excessive inflammatory response in vivo and in vitro.
Interestingly, we found that IL-1β and IL-18 were increased, which is
commonly detected during pyroptosis. We observed that few studies
revealed the role of pyroptosis during I/R injury. New research has
clarified that pyroptosis is triggered by various stimuli and is initialized
by activation of GSDM family proteins [25]. The accumulation of the
NLRP3 inflammasome has been considered an important activator of
pyroptosis. The mature NLRP3 inflammasome cleaves caspase-1 and
then triggers cleavage of GSDM family proteins [26]. We detected ac-
tivation of the NLRP3 inflammasome during I/R injury in the gut. Even
more importantly, we found that the N-terminus of GSDMD was ele-
vated after I/R injury, indicating the presence of pyroptosis. By
knockdown the GSDMD, we confirmed that pyroptosis was a major
form of cell death during the I/R injury. Because of the release of in-
flammatory factors such as IL-1β and IL-18, pyroptosis is not only a
normal way to induce cell death but also an amplifier of tissue injury,
which may explain why I/R leads to rapid and severe damage to the
intestinal barrier.

Metformin was first used to treat people with type 2 diabetes, and
many studies have demonstrated that Metformin protects against var-
ious diseases due to its anti-oxidative properties [24,27]. Metformin
was first used to treat people with type 2 diabetes, and many studies
have demonstrated that Metformin protects against various diseases
due to its anti-oxidative properties [28–31]. However, very few studies
have reported the protective effects of Metformin in intestinal I/R in-
jury. According to our work, Metformin strongly protects the intestinal
barrier against I/R injury by reducing tight junction protein injury and
maintaining the integrity of the intestinal barrier structure. Metformin
also reduced cell death in vitro and in vivo. Notably, knocking GSDMD
down will abolished the protective effect of Metformin, which means
pyroptosis was one of the major forms of cell death mediated by Met-
formin during the I/R injury.

Most studies have focused on the anti-oxidative property of
Metformin in I/R injury and revealed that the protective mechanism
was related to mitochondrial maintenance through AMPK-eNOS sig-
naling [32]. Some studies also demonstrated that Metformin prevents
ER stress-induced mitochondrial dysfunction [33]. Our results also
confirmed that Metformin reduced oxidative stress in intestinal I/R
injury, which was consistent with previous studies. Moreover, we also
observed strong inflammatory injury in vivo and in vitro, which causes
severe damage to the intestinal barrier. However, few studies have re-
vealed the mechanism by which Metformin actually stops damage to
tissues, since apoptosis following mitochondrial damage cannot explain
the excessive inflammatory response in intestinal I/R injury. In other
words, we tried to find the bridge between oxidative stress and in-
flammatory injury, which may be affected by Metformin. In our study,
we observed that Metformin significantly suppressed accumulation of
the NLRP3 inflammasome and activation of Caspase-1. The downstream
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Fig. 5. Metformin protected against intestinal ischemia-reperfusion injury induced oxidative stress and TXNIP-NLRP3 interaction in vitro. Caco-2 cells were induced
to an OGD/R model as mentioned. Metformin treated models at different dose (1 or 2 mM). (A–C) Oxidative stress was measured by SOD, GSH and MDA. (D–E) ROS
was detected with a DHE staining and the ROS-positive cells were calculated by two random observers. (F–G) the expression of TXNIP was examined by Western blot.
(H–I) The expression of TXNIP was also detected in vitro by immunofluorescence. (J) the co-localization of TXNIP and NLRP3 was showed by immunofluorescence.
The values were showed as the mean ± SEM(n = 5–6). *p < 0.05 compared with no-treatment group and #p < 0.05 compared with low dose group.

Fig. 6. Knockdown of TXNIP abolished metformin-inhibited pyroptosis in vitro. Caco-2 cells were transfected with TXNIP-targeting siRNA or control siRNA. Then
cells were induced as OGD/R models and received metformin treatment at different dose (1 or 2 mM). (A–B) The expression of TXNIP and pyroptosis-related proteins
were detected by Western blot. (C) The levels of LDH releasing were detected. The values were showed as the mean ± SEM(n = 5–6). *p < 0.05 compared with si-
Con group and #p < 0.05 compared with si-Con+OGD/R group.
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factors of pyroptosis, including IL-1β and IL-18, were decreased after
Metformin treatment. Remarkably, GSDMD, a major pyroptosis ef-
fector, was also repressed by Metformin. Thus, we believe that pyr-
optosis plays an important role in intestinal I/R injury and is inhibited
by Metformin.

TXNIP is a vital factor in cellular redox balance and is involved in
diabetes and insulin resistance, and TXNIP is suppressed by Metformin
in diabetes [34]. Interestingly, some studies found that TXNIP not only
maintained redox balance but also interacted with NLRP3 to trigger an
inflammatory process, which is also called the TXNIP-NLRP3 axis
[12,35,36]. In our present work, we found that the TXNIP-NLRP3 axis
was involved in the protective effect of Metformin. More importantly,
we discovered that the activity of the TXNIP-NLRP3 axis led to GSDMD-
induced pyroptosis, which could be the reason for excessive in-
flammatory injury and has not been reported before. We believe that
Metformin has a promising anti-pyroptosis property and is related to
the TXNIP-NLRP3-GSDMD axis.

The mechanism of I/R injury is complex and involves multiple
molecular pathways. Our study only revealed one of the possible me-
chanisms. Additionally, some limitations need to be addressed in the
present work. Many prospective clinical trials are needed to confirm the
effects of Metformin in humans because our results were only based on
experiments. We believe that Metformin has promising therapeutic
potential for treating intestinal I/R injury.
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