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Abstract

Background Intestinal ischemia/reperfusion injury (IRl is a life-threatening condition caused by multiple organ
and system failures induced by dysbiosis and gut leakage. Metformin has demonstrated efficacy in protecting
against IR, although the precise role of the gut microbiota in the underlying mechanism is still ambiguous.

Methods This study examined intestinal barrier function and ferroptosis-related parameters in mice with IIRI fol-
lowing treatment with metformin. Additionally, dirty cages and antibiotics were utilized to investigate the impact
of the microbiota on the effects of metformin. The analysis included an assessment of the microbial composition
of metformin-treated mice and the biosynthetic activity of specific metabolites.

Results Metformin effectively reduced gut leakage induced by IIRl, as evidenced by decreased intestinal permeability
and increased Occludin, ZO-1, Claudin-1, and MUC-1 expression. A decrease in the expression of the pro-ferroptotic
proteins ACSL4, TFR1, and VDAC2/3 and a decrease in dihydroethidium (DHE) fluorescence, iron, malondialdehyde
(MDA), and myeloperoxidase (MPO) were further observed in metformin-treated mice. In contrast, the damage

to the GPX4/GSH system caused by IIRl was reversed after metformin treatment, as shown by increases in GPX4,
SLC7A11, and GSH. The antiferroptotic effects of metformin were phenocopied by its fecal microbiota but were
eliminated by antibiotic intake. 16S rRNA analysis revealed that the metformin-modulated gut microbiota was charac-
terized by increased Lactobacillus murinus, which expressed higher levels of GshF that contributed to the mitigation
of IR,

Conclusions Murine gut microbiota mediated the anti-ferroptotic effect of metformin on IIRI, and the resulting
increase in microbial GSH synthesis could serve as a critical pathway for anti-lIRI.

Keywords Metformin, Intestinal ischemia/reperfusion injury, Ferroptosis, Gut microbiota, Glutathione

Fangyan Wang, Xinyu Wang, Chaoyi Wang and Wangxin Yan contributed
equally to this work and share first authorship.

*Correspondence:

Wantie Wang

wwt@wmu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12916-025-04119-6&domain=pdf

Wang et al. BMC Medicine (2025) 23:285

Background

Intestinal ischemia/reperfusion injury (IIRI) is a life-
threatening condition that results from sudden depriva-
tion of intestinal blood flow and systemic diseases, such
as incarcerated hernia [1], intestinal transplantation [2],
hemorrhagic shock [3], and sepsis [4]. If not properly
controlled, IIRI can trigger substantial dysfunction of the
intestinal barrier, known as gut leakage, that can lead to
multiple organ disorders [5]. However, the lack of tar-
geted therapies in clinical practice contributes to a poor
prognosis for patients with IIRI, which has a high mortal-
ity rate of 50-69% [6].

Recent studies have shown that ferroptosis, a type of
cell death characterized by lipid peroxidation, is a cru-
cial factor in the pathogenesis of IIRI. Ischemia/reperfu-
sion (IR) increases the expression of acyl-CoA synthetase
long-chain family member 4 (ACSL4) in intestinal tissue,
which initiates ferroptosis. This process is also typically
accompanied by the inhibition of glutathione peroxi-
dase 4 (GPX4) and glutathione (GSH) systems, which
normally eliminate lipid peroxides [7, 8]. Notably, sev-
eral studies have shown that IIRI can be significantly
mitigated by blocking ferroptosis with exogenous antiox-
idants such as resveratrol or by promoting GPX4 expres-
sion through the activation of transient receptor potential
vanilloid 1 (TRPV1) in animal models [9, 10]. However,
further research is needed to explore possible strategies
for inhibiting ferroptosis in IIRI clinical therapy.

Gut microbiota play a crucial role in maintaining the
intestinal barrier [11]. Ischemia and hypoxia can disrupt
the microbial composition of the gut microbiome, which
can lead to intestinal barrier dysfunction and bacterial
translocation [12]. Efforts to alleviate IIRI by modulating
the microbiota, such as with probiotic Bifidobacterium
and Lactobacillus plantarum transplantation in ani-
mal models, have already been reported [13, 14]. Addi-
tionally, microbiota-derived capsiate has been found to
inhibit Intestinal ischemia/reperfusion (IIR)-induced fer-
roptosis effectively by up-regulating GPX4 [10]. This ini-
tial evidence suggests that regulating the gut microbiota
may be an effective strategy to combat intestinal ferrop-
tosis induced by IR.

Metformin (Met), a first-line medication for type 2 dia-
betes, has been shown to protect against IIRI in mice by
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reducing oxidative stress [15]. When taken orally, met-
formin is concentrated in the intestine at levels up to 300
times greater than in the blood, significantly influencing
the composition and metabolism of the gut microbiota
[16]. Research has also demonstrated that metformin
increases the abundance of Akkermansia muciniphila in
the gut, which triggers the transcription of host antioxi-
dant genes, including Ngol, Ho-1, and Gpx4 [17]. Li et al.
have reported that metformin combined with probiotic-
derived outer membrane vesicles can modulate the gut
microbiota and eliminate excess reactive oxygen species
(ROS) in a murine inflammatory bowel disease (IBD)
model [18]. However, the specific antioxidative metabo-
lites produced by metformin-treated microbiota and
their anti-IIRI effects have not been fully elucidated.

In this study, we administered metformin to mice in
order to assess changes in the intestinal barrier, cell fer-
roptosis, microbial composition, and metabolites in a
mouse model of IIRI. Our findings lend support to a
novel pharmacological approach and demonstrate that
metformin can serve as a promising therapeutic agent
for IIRI by enhancing the production of microbial GSH,
thereby mitigating intestinal ferroptosis.

Methods

Animals

Male C57BL/6 mice (6—8 weeks old, 18-22 g) were pur-
chased from Beijing Weitonglihua Experimental Ani-
mal Technology Co., Ltd. (Beijing, China). The mice
were traceable for quality and health status, and had not
undergone any procedures before. The mice were housed
in conditions were controlled with a temperature range
of 20-24 °C, humidity maintained at 50-60%, and a 12-h
light—dark cycle, with free access to food and water.
Exclusion criteria were predefined: signs of illness, sig-
nificant weight loss (> 10%), or other accidents during the
study were excluded. No mice in our study met the exclu-
sion criteria. All animal experiments got approval from
the Experimental Animal Center of Wenzhou Medical
University.

Mice were randomly assigned to the six experimental
groups using a computer-generated random sequence:
(1) Control group: sham surgery without additional
treatment; (2) IIRI group: subjected to IIRI surgery; (3)

Fig. 1 Metformin-induced impairment of intestinal barrier function. A H&E staining of mouse ileum tissues. Magnification, 200 x and 400 x. Scale
bar =50 um. B FITC-dextran concentration in the blood of the mice. C-E gRT-PCR analysis of IL-1(, IL-18, and IL-6 | liver. F ZO-1, Occludin, Claudin-1,
and MUC mRNA expression in ileum tissues. G Western blot analysis of ZO-1 and Occludin expression. H-1 Quantitative analysis of the Western

blot results. J Immunofluorescence image of ZO-1 in ileum tissues. Magnification 400 x. Scale bar =50 pm. K Quantitative analysis of fluorescence
intensities. The data are presented as the means + SEMs (n= 6/group for B-F and n= 3/group for G-K). * p < 0.05, ** p< 0.01, *** p< 0.001, **** p <

0.0001
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IIRI + MET group: treated with metformin (1 mg/mL
in drinking water) for one week prior to IIRL; (4) Dirty
cage group: housed below a partially hollowed MET
group cage, ingesting feces from MET-treated mice for
one week; (5) IIRI + MET + Abx group: administered
oral antibiotics (ampicillin 1 g/L, neomycin 1 g/L, met-
ronidazole 1 g/L, and gentamicin 160 mg/L) combined
with metformin in drinking water for one week prior to
IIRT; (6) IIRI +LM group: received 0.1 mL/10 g of Lac-
tobacillus murinus (1 X 10° CFU/mL) daily via gavage for
one week prior to IIRI surgery. A total of 52 mice were
used in the study. Groups 1-5 consist of 6 mice, and 6
extra mice were included in groups 1-3 exclusively for
the FITC permeability test. Group 6 consists of 4 mice, as
prior experiments showed acceptable variability. Inves-
tigators performing assessment were blinded to group
allocations. The order of treatments and measurements
was also randomized. A schematic diagram detailing
group assignments and experimental procedures is pro-
vided in Additional File 1: Figure S1.

lIRI surgery

Mice were weighed and anesthetized with 50 mg/kg
pentobarbital sodium salt (Merck, Tc-P8411) after a 12-h
fast. A 2—3 cm midline abdominal incision was made to
expose the superior mesenteric artery (SMA), which was
then clamped for 30 min. The clamp was then removed
to restore SMA blood flow. The mice were sacrificed after
1 h of reperfusion for sampling. In the sham surgery,
adipose tissues were clamped for 30 min instead of the
SMA.

Dirty cage

Dirty cages were placed beneath the cages of IIRI + MET
mice. The floor of the IIRI + MET cage is divided into
two parts, with one half covered with bedding and the
other half left uncovered and hollowed. Mice prefer to
live on bedding but tend to excrete on the uncovered grid
area, allowing fresh feces to fall into the dirty cage and
ingested by the mice.

H&E staining

Ileum tissues were removed immediately after sacri-
fice, fixed in 10% formalin for 24 h, and embedded in

(See figure on next page.)
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paraffin. The tissue samples were sliced into approxi-
mately 5-um-thick sections and stained with hematoxy-
lin and eosin (H&E) (Solarbio, Beijing, China). An optical
microscope (Olympus, Tokyo, Japan) was used to observe
pathological changes.

Intestinal permeability test

Mice were orally administered 0.5 mL of 25 mg/
mL 4 kDa fluorescein isothiocyanate (FITC)-dextran
(Merck, 46,944) in sterile water 30 min prior to sacri-
fice. Changes in intestinal permeability were assessed
by measuring serum samples collected via the retro-
orbital sinus. Absorbance was recorded at 490 nm using
a fluorospectrometer.

Assessment of MDA, GSH and MPO

Fresh tissue homogenate was mixed with 5,5’-dithio-bis2-
(nitrobenzoic acid) and reacted with GSH to produce yel-
low-colored 5-thio2-nitrobenzoic acid (TNB). GSH was
quantified by measuring the absorbance at 412 nm. Tis-
sue homogenate supernatant mixed with thiobarbituric
acid was used to evaluate the malondialdehyde (MDA)
content by measuring the absorbance at 532 nm. Myelop-
eroxidase (MPO) activity was determined by measuring
the absorbance at 460 nm after incubating the homogen-
ate supernatant in the reaction solution and adding 50 pL
of hydrogen peroxide. The assays were conducted using
kits from the Nanjing Jiancheng Bioengineering Institute
(Nanjing, China), and the absorbance was measured with
a spectrophotometer.

Iron assay

The iron concentration was determined using an iron
assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The tissue homogenate supernatant was
mixed with chroFmogenic reagents and boiled for 5 min.
The iron concentration was calculated based on the
absorbance at 520 nm using a spectrophotometer.

Quantitative real-time PCR (qRT-PCR) of mRNA

and microbial DNA

Total RNA from tissues was extracted using TRIzol rea-
gent (Yamei, Shanghai, China) and reverse-transcribed
into complementary DNA (cDNA) with a reverse

Fig. 2 The alleviation of ferroptosis in lIRI by metformin. A Immunofluorescence of DSH in mouse ileum tissues. Magnification 400 X. Scale bar =50
pm. B, C MDA and GSH concentrations in all groups. D MPO activity in all groups. E Iron concentration in all groups. F The mRNA expression of SLC7
A11 and GPX4 in ileum tissues. G The mRNA expression of ACSL4, TFR1, and VDACs in ileum tissues. H Western blot analysis of ACSL4, TFR1, SLC7
A11, GPX4 and VDACs. I Quantitative analysis of the Western blot results. J Western blot analysis of AMPK. The data are presented as the means
+SEMs (n= 6/group for B-G and n= 3/group for A, H-J). * p< 0.05, ** p < 0.01, *** p < 0.001, **** p< 0.0001
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transcription kit (Vazyme, Nanjing, China). Microbial
DNA was extracted using a Bacterial Genome DNA
Extraction Kit (Generay Biotechnology, Shanghai,
China). PCR was performed using primers for ZO-1,
Occludin, Claudin-1, Mucin 2 (MUC-2), ACSL4, trans-
ferrin receptor 1 (TFR1), solute carrier family 7 mem-
ber 11 (SLC7 Al1), GPX4, and voltage-dependent anion
channels (VDACs:) 1, 2, 3. The relative mRNA expression
was evaluated using the Thermal Cycler Dice Real-Time
System (TaKaRa Company, Japan) and the SYBR Green
Kit (Vazyme, Nanjing, China). The sequences of primers
used are listed in Additional file 2: Table S1.

Western blot

Proteins were extracted using RIPA lysis buffer and a tis-
sue grinder. Protein concentration was subsequently
determined using the BCA assay. 20 ug of protein were
loaded onto SDS-PAGE gels, and proteins were separated
based on their molecular weight through electrophore-
sis. The proteins were then transferred onto PVDF mem-
branes using a semi-dry transfer system. The membranes
were blocked with 5% BSA and incubated with primary
antibodies at 4 °C for 12 h, followed by secondary anti-
bodies (HRP-conjugated Goat Anti-Mouse IgG, Protein-
tech, SA00001-1, 1:20000) for 1 h at room temperature.
Protein bands were visualized using an Odyssey imaging
system (LI-COR Biosciences, NE). The primary antibod-
ies used included anti-ZO-1 (Abcam, ab307799, 1:5000),
anti-Occludin (Abcam, ab216327, 1:5000), anti-ACSL4
(Abcam, ab155282, 1:10000), anti-TFR1 (ABclonal, A5865,
1:2000), anti-SLC7 A1l (Abcam, ab175186, 1:5000), anti-
GPX4 (Abcam, ab125066, 1:5000), anti-VDAC2 (Protein-
tech, 11663-1-AP, 1:5000), anti-VDAC3 (Proteintech,
55260—1-AP, 1:5000), B-tubulin (Proteintech, 10068—1-AP,
1:5000), and GAPDH (Proteintech, 10494—1-AP, 1:20000).

16S rDNA gene sequencing analysis

Fresh ileum contents were collected for analysis, and spe-
cific primers with barcodes are used to amplify the V3 to
V4 variable regions of the bacterial 16S rDNA via PCR.
The PCR products were quantified, adapter sequences
were added, and the products were purified. After purifi-
cation, the DNA was then denatured for library construc-
tion and sequenced via next-generation sequencing (NGS).
OTU clustering, diversity metrics, taxonomic classifica-
tion, and multivariate community composition analysis

(See figure on next page.)

Page 6 of 14

were conducted to examine the microbial community
structure and phylogeny.

Immunofluorescence staining

The paraffin-embedded sections were deparaffinized and
subjected to antigen retrieval in a boiling sodium citrate
solution (0.01 mol/L, pH 6.0). Following this, the samples
were sequentially incubated with primary and secondary
antibodies, and nuclei were stained with 4,6-diamino-
2-phenylindole (DAPI) (Beyotime Biotechnology, China).
Imaging was then conducted using laser scanning confo-
cal microscopy, which provided high-resolution images
for detailed analysis, and the results were subsequently
quantified using Image] software (National Institute of
Mental Health, Bethesda, MD, USA).

Bacterial strains and culture

Lactobacillus murinus freeze-dried powder (BeNa Culture
Collection, Beijing, China) was dissolved in 25 ml of MRS
broth (Hope Bio-Technology, Qingdao, China). The mix-
ture was incubated at 37 °C under anaerobic conditions for
24 h and then diluted with MRS broth to a concentration
of 1078 CFU/L using a spectrophotometer. The broth was
subcultured with L-N-acetylcysteine (L-NAC) at a concen-
tration of 2 mg/ml. A control group without L-NAC was
used for comparison. The GSH concentration was meas-
ured over 90 min under 37 °C anaerobic culture.

Statistical analysis

All data from this study were collected and analyzed
using GraphPad Prism 9 software and are presented as
the mean +standard error of the mean (SEM). The nor-
mality of the data was assessed using the Shapiro—Wilk
test. For data that followed a normal distribution, one-
way analysis of variance (ANOVA) was used to evaluate
discrepancies among multiple groups. For data that did
not follow a normal distribution, the Kruskal-Wallis test
was applied. Statistical significance was defined as p<
0.05 for all comparisons.

Results

Metformin reduced the damage to intestinal barrier
function induced by IIRI

Given the critical risks of IIRI-induced gut leakage to
multiple bodily systems, we investigated changes in the
intestinal barrier in metformin-treated mice. Metformin

Fig. 3 Dirty cage treatment suppressed ferroptosis in IRl mice. A H&E staining of mouse ileum tissues. Magnification, 200 x and 400 x. Scale

bar =50 um. B FITC-dextran concentration in the blood of mice. C The mRNA expression of ZO-1 and Occludin in ileum tissues. D-F Western

blot image and quantitative analysis of ZO-1 and Occludin. G Immunofluorescence image and quantitative detection of DHE in ileum tissues.
Magnification 400 x. Scale bar =50 um. H Comparison of the ileum iron concentration between the groups. I, J gRT-PCR analysis of ACSL4, TFRT,
SLC7 A11, GPX4 and VDACs. K, L Western blot image and quantitative analysis of ACSL4, TFR1, SLC7 A11, GPX4, and VDACs. The data are presented
as the means +SEMs (n= 6/group for B-C, H-J and n= 3/group for D-G, K-L). * p< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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treatment significantly reversed the shedding of the vil-
lus tips and the exposure of the basal membrane caused
by IIRI, as revealed by H&E staining (Fig. 1A). Treatment
with metformin prevented the oral administration of
FITC-dextran, which is concentrated in the bloodstream
in the IIRI group, from crossing the intestinal barrier (p <
0.001, Fig. 1B), indicating the restoration of intestinal
function. Correspondingly, liver mRNA levels of inter-
leukin (IL)—1f, IL-18, and IL-6 were upregulated, show-
ing an activated inflammatory response led by leaky gut.
Furthermore, qRT-PCR of tight junction proteins and
mucins, which are essential for maintaining the intesti-
nal barrier, revealed that the reductions in the expression
of ZO-1, Occludin, Claudin-1, and MUC-2 in the IIRI
model were markedly increased by metformin treatment
(p< 0.05, Fig. 1F). The western blotting results for ZO-1
and Occludin were consistent with their mRNA expres-
sion (p< 0.05, Fig. 1G-I). Immunofluorescence showed
that metformin treatment significantly restored ZO-1
expression (p< 0.01, Fig. 1] and K). Overall, metformin
treatment significantly attenuated barrier dysfunc-
tion induced by the IIR through increased expression of
Z0-1, Occludin, Claudin-1, and MUC-2.

Metformin alleviated intestinal ferroptosis in IIRI

Considering the role of ferroptosis in the development of
IIRL, we designed a series of experiments to observe intes-
tinal ferroptosis in that specific context. Dihydroethdium
(DHE) fluorescence intensity in tissues was increased in
the IIRI model group but was notably reduced by met-
formin (p< 0.0001, Fig. 2A). Metformin significantly
decreased the elevated MDA levels and MPO activity
observed in IIRI mice (p< 0.0001 or p< 0.01, Fig. 2B and
D), indicating a reduction in peroxide levels. The evalua-
tion of iron metabolism showed that metformin attenu-
ated iron accumulation in the ileum of IIRI mice (p < 0.001,
Fig. 2E). qRT-PCR and Western blotting further confirmed
the antiferroptosis effect through the significant down-
regulation of ACSL4 and TFR1 (p< 0.05, Fig. 2G-I) and
upregulation of SLC7 A1l (p< 0.05, Fig. 2F and H) in the
metformin-treated group. Additionally, measurement on
the GSH/GPX4 system revealed increases in GSH con-
tent and GPX4 expression in metformin-treated mice
compared to those in IIRI model mice (p< 0.05, Fig. 2C,
F and H). VDAC1 mRNA and protein expression did not

(See figure on next page.)
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significantly differ between the groups, while VDAC2 and
VDACS3 were significantly downregulated in metformin-
treated IIRI mice (p< 0.01, p< 0.05, Fig. 2G-I). The protein
expression of AMP-activated protein kinase (AMPK) did
not significantly change after metformin treatment (p>
0.05, Fig. 2]). These results demonstrate that inhibiting fer-
roptosis, rather than activating the AMPK pathway, is the
primary mechanism of action of metformin against IIRI.

Fecal matter from metformin-treated mice attenuates
intestinal ferroptosis induced by IIRI

To investigate the role of the gut microbiota in the anti-
ferroptosis effect of metformin, we established a dirty
cage group by allowing mice to feed on metformin-mod-
ulated feces from the MET group. H&E staining revealed
that fecal matter significantly reversed villus shedding and
basal membrane exposure in the IIRI group (Fig. 3A). Cor-
respondingly, treatment with metformin-modulated fecal
microbiota led to a notable reduction in FITC-dextran leak-
age into the bloodstream and increased the expression of
Z0-1 and Occludin (p< 0.001, p< 0.01 or p< 0.05, Fig. 3B-
F). In terms of ferroptosis-related indicators, the abnormal
DHE concentration (p< 0.0001, Fig. 3G) and increased iron
level (p< 0.05, Fig. 3H) in the IIRI group were reversed by
fecal treatment. Moreover, mice in the dirty cage group
exhibited downregulation of ACSL4 and TFR1 (p< 0.05,
Fig. 3], K, and L) and upregulation of SLC7 All and
GPX4 (p< 0.05, Fig. 3J-L) compared to those in the IIRI
model group. Although VDACI1 did not significantly differ
between groups (Fig. 3I), both VDAC2 and VDAC3 were
downregulated at the mRNA and protein levels in response
to fecal treatment (p< 0.01 or p< 0.05, Fig. 3], K, and L).
These findings indicate that metformin-modulated fecal
matter mitigates IIR-induced intestinal ferroptosis, thereby
ameliorating intestinal barrier dysfunction.

Antibiotics eliminated the efficacy of metformin

against intestinal ferroptosis in lIRI

Metformin-treated IIRI mice were administered antibiot-
ics to disrupt their gut microbiota. As expected, qRT-PCR
and western blotting revealed that antibiotics eliminated
the upregulation of ZO-1 and Occludin induced by met-
formin treatment (p< 0.05, p< 0.01, Fig. 4A, C, and D).
Immunofluorescence confirmed the downregulation of
Z0O-1 in the ileum mucosa of the antibiotic-treated mice

Fig.4 The antibiotics removed the anti-IIRI effect of metformin. A The mRNA expression of ZO-1 and Occludin in the different groups. B
Immunofluorescence image of ZO-1 in ileum tissues. Magnification 400 x. Scale bar =50 um. C, D Western blotting results showing ZO-1

and Occludin expression. E Immunofluorescence image and quantification of DHE concentrations in ileum tissues. Magnification 400 X. Scale

bar =50 um. F, G gRT-PCR analysis of ACSL4, TFR1, and GPX4. (H-) Western blot image and quantification of ACSL4, TFR1, and GPX4 expression. The
data are presented as the means +SEMs (n= 6/group for A, F-G and n= 3/group for B-E, H-1). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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(Fig. 4B, p< 0.05). Further analysis revealed that antibi-
otics disrupted the antiferroptotic effect of metformin,
with significant increase in DHE fluorescence led by anti-
biotic treatment (p< 0.05, Fig. 4E). Ferroptosis-related
indicators from qRT-PCR and western blotting showed
that IIRI + MET + Abx mice expressed increased ACSL4
and TFR1 and reduced GPX4 in compared to IIRI + MET
mice at both the mRNA and protein levels—effects oppo-
site to those induced by metformin (p< 0.05, p< 0.01,
Fig. 4F-I). Overall, the effectiveness of metformin was
compromised by the disruption caused by antibiotics,
highlighting the essential role of metformin-modulated
microbiota in counteracting intestinal ferroptosis.

Metformin increased ileal GSH synthesis

Given the close relationship between the gut microbiota
and the antiferroptotic effect of metformin, 16S rDNA
sequencing was performed on ilea content to investi-
gate changes in the gut microbiota across the groups.
The MET group had significantly greater alpha diversity
metrics, including the Ace, Chao, and Shannon indices
(p< 0.05, Fig. 5A-C), indicating an abundant and evenly
distributed gut microbial community in the metformin-
treated mice. Analysis of the microbial composition
revealed that metformin treatment increased the abun-
dance of Firmicutes and decreased the abundances of
Actinobacteria and Proteobacteria at the phylum level
(Fig. 5D). Specifically, Lactobacillus murinus was the
most upregulated genus under metformin treatment
(Fig. 5E). Further evaluation of metabolic models of the
microbiota by examining 70 metabolic pathways from
the KEGG database revealed a significant increase in the
function of glutamate-cysteine ligase and GSH biosyn-
thesis in the metformin-modulated microbiota (Fig. 5F).
Consistent with the KEGG prediction, GSH levels in the
ileum excrement of mice significantly increased (Fig. 5G,
p< 0.05), and Lactobacillus murinus produced signifi-
cantly more GSH in L-NAC broth than in blank broth
(Fig. 5H, p< 0.01). GSH biosynthesis was identified by the
mRNA levels of GshF, a critical amino acid ligase of the
bifunctional pathway. The results showed that GshF was
significantly upregulated after 30 min of culture, corre-
sponding with the increase in GSH (Fig. 5I, p< 0.01). To

(See figure on next page.)
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confirm the anti-ferroptotic effects of Lactobacillus muri-
nus, we investigated the IIRI + LM mice, which had been
gavaged with it. The Lactobacillus murinus improved
mucosal integrity, as indicated by histological expression
in the ileum (Fig. 5K). Results showed decreased Fe levels
and increased GSH levels in the ileum of the IIRI +LM
mice (Fig. 5], p< 0.001, p< 0.0001). Additionally, western
blot analysis revealed reduced expression of ACSL4 and
TFR1 (Fig. 5L-M, p< 0.0001), along with elevated GPX4
expression (Fig. 5L-M, p< 0.001), suggesting attenuated
ferroptosis. These findings highlight that Lactobacillus
murinus enhances microbial GSH synthesis pathways,
thereby counteracting intestinal ferroptosis.

Discussion

Metformin has garnered significant attention for its
potential therapeutic effects on various diseases, includ-
ing IIRI, although the precise underlying mechanisms
remain to be elucidated [15]. Our study demonstrated
that the anti-ferroptosis effects of metformin are medi-
ated by a modulated microbiota, specifically through the
increased presence of Lactobacillus and Lachnospiraceae
and the decreased presence of Desulfovibrionaceae.
Moreover, the elevated GSH levels in intestinal tissues
observed following metformin treatment may originate
from the gut microbiota, as indicated by the upregulation
of the GshF gene.

Intestinal barrier dysfunction due to IIRI can lead to
systemic inflammation and multiple organ damage, sig-
nificantly worsening the prognosis [19, 20]. Previous
studies have indicated that intestinal iron overload, such
as that induced by ferric citrate, damages epithelial villi
and goblet cells, leading to reduced expression of tight
junction proteins [21]. In our research, we observed
that the reduction in tight junction proteins and mucin
due to IIRI was significantly reversed by metformin.
The IIRI was associated with significant iron accumula-
tion in ileal cells and elevated levels of TFR1 and ACSL.
Moreover, GPX4, SLC7 All, and GSH were decreased,
indicating a compromised GPX4/GSH system. These
findings align with previous studies showing that GPX4
undergoes a rapid decline in IIRI models, suggesting
that lipid peroxides eventually impair GPX4 expression

Fig. 5 Metformin modulates the gut microbiota to increase GSH synthesis during IIRl. A-C The Ace, Chao, and Shannon indices were used to assess
alpha diversity. D Microbial community composition at the phylum level. E Changes in microbial proportions at the genus level. F Predicted
metabolic pathways based on the KEGG database. G Comparison of GSH concentrations in mouse ileum excrement across different groups. H

GSH production by Lactobacillus murinus in L-NAC-MRS broth compared with that in blank MRS broth. I Relative mRNA expression levels of GshF

in L-NAC-MRS broth versus blank MRS broth. J Fe and GSH levels in the ileal tissue of IIRI + LM mice. K H&E staining of tissues from lIRI and IIRI + LM
group mice. (L-M) Western blot analysis of changes in ACSL4, TFR1, and GPX4 induced by Lactobacillus murinus gavage. The data are presented

as the means +SEMs (n= 6/group for A-C, G, n= 4/group for J and n= 3/group for L, M). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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[8]. As GPX4 plays a critical role in detoxifying lipid
peroxides, its activity is highly dependent on the avail-
ability of GSH. Depletion of GSH has been shown to
induce ferroptosis, further highlighting the importance
of GSH in maintaining cellular integrity during IIRI [22,
23]. Therefore, the ability of metformin to enhance GSH
levels may be a key mechanism by which it attenuates
intestinal ferroptosis.

In contrast to previous reports suggesting that
metformin activates AMPK to inhibit IIRI-induced
autophagy [24, 25], our study revealed no significant
change in AMPK expression following metformin treat-
ment. However, we observed significant increases in the
abundance of Lactobacillus, Lachnospiraceae, and Oscil-
lospiraceae and decreases in Erysipelotrichaceae and
Desulfovibrionaceae in metformin-treated mice. The gut
microbiota is crucial for maintaining host homeostasis,
yet it is disrupted and can contribute to the progression
of IIRI injuries [26, 27]. Lactobacillus, particularly Lac-
tobacillus murinus, whose abundance increases signifi-
cantly following metformin treatment, has been shown to
mitigate intestinal barrier dysfunction and lipid peroxida-
tion [24, 28]. A recent study indicated that indole-3-lac-
tic acid, which originates from Lactobacillus murinus,
decreases oxidative stress and enhances intestinal stem
cell growth and specialization through the control of
Nrf2 [25]. This aligns with our findings in the IIRI + LM
mice model, in which Lactobacillus murinus treatment
attenuated ferroptosis to preserve the intestinal barrier,
further confirming the key role of Lactobacillus murinus
in counteracting IIRI. Conversely, Desulfovibrionaceae
has been associated with the accumulation of blood
lipid oxidation products [29]. These findings highlight
the role of metformin-modulated microbiota in protect-
ing against ferroptosis and supporting intestinal barrier
function in IIRI.

According to predictions from the KEGG database,
metformin has been shown to significantly increase
the activity of glutamate-cysteine ligases in microbial
metabolism. Our research validated elevated levels of
GSH in ileal samples from mice treated with metformin.
Specifically, we identified Lactobacillus murinus as a
bacterium that produces high levels of GSH when pro-
vided with sufficient L-NAC as a substrate. GSH synthe-
sis occurs through three pathways: the classical pathway
involving GSHA and GSGB, the bifunctional enzyme
pathway involving GSHEF, and an alternative pathway
that relies solely on GSHB [30-33]. qRT-PCR revealed
upregulated expression of GshF in Lactobacillus muri-
nus, indicating enhanced function of bifunctional
enzyme pathways. The regulatory effect of metformin
on the microbiota extends beyond GSH to include
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microbial metabolites such as short-chain fatty acids
(SCFAs), which have been shown to inhibit tumor pro-
liferation and protect against intestinal injury [34-36].
Moreover, microbial production of hydrogen sulfide by
sulfur-reducing bacteria has been linked to enhanced
host GSH production, suggesting that microbial antioxi-
dative agents can regulate the host GPX4/GSH system,
thereby further contributing to the protective effects
[37, 38]. However, a notable limitation of this study is
that the microbiota modulation of metformin take effect
over a relatively long time. Since patients with intestinal
ischemia usually require rapid intervention, the delayed
microbiota shift may limit the clinical applicability
of metformin in acute IIRI conditions. Thus, future
research should explore the potential of metformin in
preventing IIRI in patients with early risk factors, and
develop combinatory treatments that offer both imme-
diate and sustained protection against IIRI.

Conclusions

Overall, our study supported that metformin attenu-
ates IIR-induced intestinal ferroptosis through modu-
lation of the gut microbiota. Metformin modulates the
gut microbiota composition, particularly by increasing
Lactobacillus murinus, which contributed to enhanced
glutathione synthesis. Our results demonstrated that
the increased bifunctional GSH synthesis pathway of
the microbiota plays a critical role in this protective
mechanism.
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