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ABSTRACT
Increased evidence shows that gut microbiota acts as the primary regulator of the liver; however, its role in sepsis-related
liver injury (SLI) in the elderly is unclear. This study assessed whether metformin could attenuate SLI by modulating gut
microbiota in septic-aged rats. Cecal ligation and puncture (CLP) was used to induce SLI in aged rats. Fecal microbiota
transplantation (FMT) was used to validate the roles of gut microbiota in these pathologies. The composition of gut
microbiota was analysed by 16S rRNA sequencing. Moreover, the liver and colon tissues were analysed by
histopathology, immunofluorescence, immunohistochemistry, and reverse transcription polymerase chain reaction
(RT–PCR). Metformin improved liver damage, colon barrier dysfunction in aged SLI rats. Moreover, metformin
improved sepsis-induced liver inflammation and damage under gut microbiota. Importantly, FMT assay showed that
rats gavaged with faeces from metformin-treated SLI rats displayed less severe liver damage and colon barrier
dysfunctions than those gavaged with faeces from SLI rats. The gut microbiota composition among the sham-
operated, CLP-operated and metformin-treated SLI rats was different. In particular, the proportion of Klebsiella and
Escherichia_Shigella was higher in SLI rats than sham-operated and metformin-treated SLI rats; while metformin could
increase the proportion of Bifidobacterium, Muribaculaceae, Parabacteroides_distasonis and Alloprevitella in aged SLI
rats. Additionally, Klebsiella and Escherichia_Shigella correlated positively with the inflammatory factors in the liver.
Our findings suggest that metformin may improve liver injury by regulating the gut microbiota and alleviating colon
barrier dysfunction in septic-aged rats, which may be an effective therapy for SLI.

Abbreviations: Ab: antibiotic; ALT: alanine aminotransferase; AST: aspartate aminotransferase; CLP: cecal ligation and
puncture; FMT: faecal microbiota transplantation; H&E: haematoxylin and eosin; IL: interleukin; MET: metformin;
PICRUSt: Phylogenetic Investigation of Communities by Reconstruction of Unobserved States. RT–PCR: reverse
transcription polymerase chain reaction; SC: sham-operated; SCFA: short-chain fatty acid; SLI: sepsis-related liver
injury; TNF-α: tumour necrosis factor-alpha; cxcl/ccl: chemokine [C–C motif] ligand.
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Introduction

Sepsis is characterised by overwhelming inflammation
and aberrant immune responses, resulting in life-
threatening organ dysfunction, high morbidity, and
high mortality [1]. More than 1.5 million patients
are subjected to sepsis annually, leading to about
33% mortality in the USA [2]. Sepsis activates the
host’s immune responses, subsequently causing
inflammatory storms and aberrant immune responses
[3]. The cytokine storm further induces cell dysfunc-
tion and apoptosis, causing organ dysfunction and
death. As the liver is a vital organ to balance the
host homeostasis and regulate the host-defense

effect, and the gut-liver axis become the key “target”
organ of gut microbiota in sepsis. Sepsis-related liver
injury (SLI) is associated with higher mortality [4],
and a poor prognosis in SLI suggests a lack of clinically
feasible therapeutic methods. Therefore, researching
the pathogenesis of SLI to find a new effective therapy
method is necessary.

Gut microbiota is the chief regulator of immune
activities in the gut and extra-gut organs [5], and the
liver is a vital organ that regulates the host’s metabolic
and immune activities. Studies have reported that gut
microbiota in the gastrointestinal tract remotely
modulates multiple organ injuries, especially in the
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liver [6,7] and mediates the susceptibility to SLI [8].
Gut microbiota dysbiosis increases the risk of sepsis
and death [9], while germ-free mouse models of sepsis
showed a high pathogen burden and death rate [10].
Gut microbiota regulates the upstream of immune
activities [5] and is involved in sepsis progression
[8]. Therefore, gut microbiota may be a significant
conductor of SLI pathogenesis.

Gut microbial composition varies with age [11],
undergoing dramatic changes from infant to adult
and from dominant Bifidobacterium to Bacteroidetes
and Clostridia genus [11,12]. The composition change
suggests a shift from catabolism to vitamin metab-
olism and short-chain fatty acid (SCFA) production,
which inhibits intestinal inflammation but maintains
mucosa and gut permeability. The gut microbial com-
munities vary in adults and aged individuals [13].
Centenarians’ gut microbiota showed decreased Clos-
tridia, Eubacteriaceae, Faecalibacterium, and Lactoba-
cillus and increased Proteobacteria and Bacilli,
suggesting that productive SCFA-related gut micro-
biota decreases with age, while pathogenic microbiota
increases with age [14]. The data, therefore, indicate
that changes in gut microbiota lead to increased
inflammation and gut permeability. A previous study
suggested that aged individuals have chronic low-
grade inflammation that causes an aberrant increase
in gut permeability [15]. Hence, maintaining gut
microbiota homeostasis and reducing gut per-
meability may be a potential therapeutic method to
decrease age-associated SLI.

Metformin, initially known as the first-line anti-
diabetes agent, is beneficial in treating age-associated
disorders and increasing the life span of animals [16,
17], highlighting its protective role in biologically
aged mice and age-related mortality [17]. The wide
use of metformin is safe and efficient in increasing
insulin and insulin-related factors, inhibiting mito-
chondrial function, improving the metabolic and cel-
lular processes associated with the development of
age-related diseases (e.g. autophagy) [18] and cellular
senescence [19]. One recent study [20] reported that
metformin improves SLI by reducing the expression
of hepatic plasminogen activator inhibitor type-1
and myeloperoxidase (MPO) activity and restoring
the activity of antioxidants, such as glutathione. Met-
formin becomes concentrated in the gut due to oral
administration [21], changing the dominant gut
microbial composition and microbiota [22]. A
double-blind study on the transfer of faecal samples
from metformin-administered mice to germ-free
mice confirmed the improved effect of metformin on
gut microbiota due to altered metalloproteins or
metal transporter homeostasis [23]. This study inves-
tigated the role of metformin in attenuating SLI by
modulating gut microbiota in septic-aged rats to find
an effective SLI therapy.

Results

Metformin attenuated cecal ligation and
puncture (CLP) induced liver inflammation and
injury in septic-aged rats

An earlier study [24] reported that increased body
temperature is associated with lower mortality in
adult septic patients, whereas the mortality of aged
patients is not associated with body temperature. We
observed in this study lower body temperature in the
CLP group than the sham-operated (SC group), and
metformin could reverse the sepsis-induced lower
body temperature (P < 0.05; Supplementary Figure
1), while the 24-h survival analysis shows no difference
between different groups (Supplementary Figure 2).
Metformin induces kidney failure by lactic acidosis
in the previous study [25], and it may be exacerbated
in sepsis. Therefore, we performed a histological
analysis on kidney tissues to check the kidney’s
damage. The haematoxylin and eosin (H&E) and
TUNEL assay results showed that the kidney tissue
was not injured after the metformin administration
(Supplementary Figure 3), suggesting that the current
dose of metformin is safe and effective. To test liver
inflammation and injury elicited by CLP-induced sep-
sis in aged rats, we performed the histological and
reverse transcription-polymerase chain reaction
(RT–PCR) analysis in the liver 24 h after CLP. The
H&E examination of liver sections showed hepatic
lobule destruction, inflammatory infiltration, and
liver haemorrhage in the CLP group compared with
SC and metformin treated-sham operated (SC-MET)
groups. Metformin treatment could reverse the CLP-
induced hepatic lobule destruction, inflammatory
infiltration, and liver haemorrhage (P < 0.05; Figure
1(A,B)). Afterwards, we examined whether metformin
could improve the sepsis-induced hepatocyte apopto-
sis of liver tissues in aged rats. The TUNEL assay
showed that the hepatocyte apoptosis increased sig-
nificantly in the CLP group compared with SC and
SC-MET groups, whereas metformin treatment sub-
stantially reduced the sepsis-induced hepatocyte apop-
tosis (P < 0.05; Figure 1(C,D)). To confirm the effect of
metformin on inflammatory factors and chemokines
in the liver, we measured the mRNA expression of
tumour necrosis factor-alpha (TNF-α), chemokine
[C–C motif] ligand 2 (ccl2), interleukin-6 (IL-6), che-
mokine [C-X-C motif] ligand 1 (cxcl1), and ccl4. We
also analysed serum biochemical parameters, such as
alanine aminotransferase (ALT), aspartate amino-
transferase (AST) in the liver of aged rats. The results
showed that the gene expression of inflammatory fac-
tors TNF-α and IL-6, chemokines ccl2, cxcl1, and ccl4,
as well as ALT and AST, increased markedly in the
CLP group, whereas the increased levels of inflamma-
tory factors and chemokines induced by sepsis were
reversed in the metformin-treated-CLP (CLP-MET)
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group (P < 0.05; Figure 1(E–I), Supplementary Figure
4A-B). Taken together, these data indicated that met-
formin could attenuate inflammation and liver injury
in septic-aged rats.

The effect of metformin on inflammation and
intestinal barrier of the colon in septic aged rats

Further examination of colon sections showed colon
inflammation characterized by the eroded colonic
mucosa, disorderly and deformed glands, fuzzy struc-
tures of tight junctions, and wide infiltration of
inflammatory cells with crypt abscess in the CLP
group. However, the CLP-MET group showed that
rats had intact colonic epithelium, normal glands,
and lesser inflammatory cell infiltration than in the
CLP group (Figure 2(A,B)). These data suggested
that CLP-induced sepsis could severely damage the
colonic mucosa, and metformin treatment could sig-
nificantly reduce this damage. As a leaky gut is usually
found in aged adults [26], we performed the immuno-
histochemistry analysis to assess the expression of
tight-junction proteins, claudin-3, in colon tissues.
The expression of claudin-3 decreased in the CLP
group, while metformin administration increased the
expression of claudin-3 (Figure 2(C,D)). Collectively,
these findings indicated that metformin treatment
could increase the expression of tight-junction pro-
teins, decreasing leaky gut and inflammation in aged
SLI rats.

The effect of metformin on SLI was
transmissible by affecting the susceptibility of
gut microbiota

Subsequently, we searched whether metformin could
mediate the difference in susceptibility of septic-aged
rats. As the gut microbiota may be a vital modulator of
the host response to polymicrobial sepsis [8], we specu-
lated that metformin ameliorates SLI by mediating the
gut microbiota. To verify our hypothesis, we first
detected the effect of metformin on liver injury in the
presence or absence of gut microbiota. The H&E exam-
ination of liver sections showed hepatic lobule destruc-
tion, inflammatory infiltration, and haemorrhage of the
liver in metformin-treated septic-aged rats in the CLP-
MET group compared with the Ab-CLP-MET group
(P < 0.05; Supplementary Figure 5A-B). Furthermore,
the TUNEL assay showed that the hepatocyte apoptosis
increased significantly in metformin-treated septic-aged
rats in the CLP-MET group compared with the Ab-
CLP-MET group (P < 0.05; Supplementary Figure 5C-
D). The mRNA expression of inflammatory factors
TNF-α and IL-6, cxcl1, and ccl4 as well as ALT and
AST increased markedly, while ccl2 decreased signifi-
cantly in metformin-treated septic aged rats in the
CLP-MET group compared with the Ab-CLP-MET
group (P < 0.05; Supplementary Figure 5E-I, Supplemen-
tary Figure 4E-F). Then, we conducted a faecal micro-
biota transplantation (FMT) experiment (Figure 3(A)).
Rats that received metformin-treated faeces developed
less severe liver injury than that received CLP-treated

Figure 1. Metformin attenuated CLP-induced liver inflammation and injury in aged rats. (A,B) H&E staining showed significantly
increased inflammatory infiltration, oedema, and haemorrhage of liver tissues in the CLP group than SC and SC-MET groups,
whereas these abnormalities were markedly reduced in the CLP-MET group (bar = 50 μm; n = 3/group). (C,D) TUNEL assay results
in four groups showed that the hepatocyte apoptosis increased in the CLP group and decreased in the CLP-MET group (n = 3/
group). (E-I) The RT-PCR experiment showed that compared with SC and SC-MET groups, the expression of inflammatory factors
TNF-α, IL-6, and chemokines ccl2, cxcl1, and ccl4 were elevated in the CLP group and decreased in the CLP-MET group. *P < 0.05,
**P < 0.01, ***P < 0.001 (n = 3/group).
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faeces after CLP-induced sepsis, according to histological
analysis and injury score quantification (Figure 3(B,C)).
Furthermore, we also observed that the gene expression
of inflammatory factors (TNF-α and IL-6) and chemo-
kines (ccl2, cxcl1, and ccl4), as well as ALT and AST,
decreased markedly in CLP-MET and metformin trea-
ted-FMT (FMT-MET) groups than in CLP and CLP
treated-FMT (FMT-CLP) groups (P < 0.05; Figure 3(F–
J), Supplementary Figure 4C-D). More importantly, the
TUNEL assay showed that rats transplanted with CLP-
MET-treated faeces after CLP exhibited fewer apoptotic
cells compared with that received CLP-treated faeces
(Figure 3(D,E)). More importantly, compared with the
FMT-CLP group, the FMT-MET group showed
improved eroded colonic mucosas, disorderly and

deformed glands, fuzzy structures of tight junctions,
and improved infiltrated inflammatory cells (Figure 4
(A,B)). The expression of tight-junction proteins, clau-
din-3, was significantly increased in the colon tissue of
the FMT-MET group (Figure 4(C,D)). Collectively,
these data revealed that the effect of metformin on SLI
was transmissible by affecting the susceptibility of gut
microbiota.

The beneficial effect of metformin on gut
microbiota in aged SLI rats

To determine the impact of SLI and metformin inter-
actions on the gut microbiota of aged SAL rats, a gut
analysis was performed. The results indicated that

Figure 2. The effect of metformin on inflammation and intestinal barrier of the colon in aged rats. (A,B) H&E staining indicated
that inflammatory infiltration, oedema, and haemorrhage of colon tissues significantly increased in the CLP group compared with
SC and SC-MET groups, whereas these abnormalities improved in the CLP-MET group (bar = 100 μm). (C,D) The IHS expression
results of claudin-3 protein expression (bar = 50/100 μm). *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3/group).
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the alpha diversity of gut microbiota in terms of alpha
diversity indices (Chao1 and Shannon) was dramati-
cally reduced in the CLP group than the SC group.
Surprisingly, the alpha diversity indices also decreased
in the SC-MET group. However, metformin treatment
restored the alpha diversity reduction caused by CLP-
induced sepsis slightly (Figure 5(A,B)), suggesting that
metformin could improve the alpha diversity of gut
microbiota induced by sepsis. We further examined
the beta diversity (variation in gut microbial

composition among groups) of gut microbiota
among groups. Intriguingly, the gut microbial compo-
sition of the SC-MET group was different from the
other three groups; and gut microbial composition
of the CLP-MET group was more similar to the SC
group than the CLP group (Figure 5(C,D)). The gut
microbiota showed differences among SC, SC-MET,
CLP, and CLP-MET groups in the phylum level. The
relative abundance of Bacteroidetes decreased in CLP
and SC-MET groups compared with the SC group,

Figure 3. The effect of metformin on SLI was transmissible by affecting the susceptibility of gut microbiota. (A) FMT experimental
design: Twelve rats received antibiotics (vancomycin, 100 mg/kg; neomycin sulphate, 200 mg/kg; metronidazole, 200 mg/kg; and
ampicillin, 200 mg/kg) intragastrically once a day for 5 days to deplete the gut microbiota, producing Twelve pseudo-germ-free
aged rats (recipient rats). Among them, 6 were transplanted with the CLP-treated faeces (n = 10) and 6 were transplanted with
CLP-MET-treated feces (n = 10) once a day for 3 days. Thereby, FMT-CLP (n = 6) and FMT-MET groups (n = 6) were obtained,
respectively. Faeces from donor rats (10 rats in CLP and CLP-MET groups, respectively) were collected and resuspended in phos-
phate buffer saline (PBS) at 0.125 g/mL, then 0.15 mL of this suspension was administered to rats by oral gavage once a day for 3
days. After 3 days, rats were subjected to CLP and sacrificed 24 h later, at which time tissues were collected. (B,C) H&E staining and
the histological score of the liver from donors and sacrificed rats. (D,E) Hepatic TUNEL assay and quantification of donors and
sacrificed rats. (F-J) The RT-PCR experiment showed that compared with CLP-MET and FMT-MET groups, the expression of inflam-
matory factors TNF-α, IL-6, and chemokines ccl2, cxcl1, and ccl4 were elevated in CLP and FMT-CLP groups. *P < 0.05, **P < 0.01,
***P < 0.001 (n = 3/group).
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but it was reversed in the CLP-MET group; and the
ratio of Firmicutes/Bacteroidetes slightly increased in
SC-MET and CLP groups compared with the SC
group. However, metformin treatment slightly
increased the ratio of Firmicutes/Bacteroidetes com-
pared with the CLP group (Figure 6(A,I)). Impor-
tantly, the relative abundance of Escherichia_Shigella
and Alloprevotel increased, while Klebsiella, Bifidobac-
terium, and Parabacteroides_distasonis decreased in
the SC-MET group. Additionally, the relative abun-
dance of Alloprevotella, Bifidobacterium, Parabacteroi-
des_distasonis, and Muribaculaceae related to the
SCFA production and anti-inflammation decreased,
whereas that of Escherichia_Shigella and Klebsiella
related to the lipopolysaccharide (LPS) production

markedly increased in the gut microbiota of the CLP
group compared with the SC group. Conversely, the
ratio of Escherichia_Shigella and Klebsiella decreased,
and that of Alloprevotella, Alphaproteobacteria, Bifido-
bacterium, Parabacteroides_distasonis and Muribacu-
laceae increased in the CLP-MET group compared
with the CLP group (P < 0.05; Figure 6(B–H)). These
results highlighted the importance of the regulatory
effect of metformin on gut microbiota, especially on
SLI.

Strikingly, the correlation analysis of gut micro-
biota among groups showed that Bifidobacterium,
Parabacteroides_distasonis and Muribaculaceae were
negatively correlated with Klebsiella and Escherichia_-
Shigella, andMuribaculaceae was positively correlated

Figure 4. The effect of metformin on inflammation and intestinal barrier of the colon in the FMT experiment. (A,B) H&E staining
indicated that inflammatory infiltration, oedema, and haemorrhage of colon tissues significantly increased in CLP and FMT-CLP
groups compared with CLP-MET and FMT-MET groups (bar = 50 μm). (C,D) The IHS expression results of claudin-3 protein
expression (bar = 50/100 μm). *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3/group).
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with Alloprevotella (Figure 7(A)). We researched the
correlation between gut microbiota and inflammatory
factors, and the results showed that Klebsiella and
Escherichia_Shigella were positively correlated with
TNF-α, IL-6, ccl2, cxcl1, and ccl4 (Figure 7(B)). The
Phylogenetic Investigation of Communities by Recon-
struction of Unobserved States (PICRUSts) analysed
the differences in the Kyoto Encyclopedia of Genes
and Genomes (KEGG) metabolic pathway among
groups. In particular, the gut microbiota metabolism
may be enriched in some pathways. For example, glu-
cose metabolism, vitamin metabolism, amino acid
metabolism, and polyisoprenoid metabolism were sig-
nificantly enhanced in the SC faeces compared with
those in the SC-MET feces (Supplementary Figure
6A); glucose metabolism, vitamin metabolism, and
polyisoprenoid metabolism were slightly enhanced in
SC faeces compared with those in the CLP feces (Sup-
plementary Figure 6B); vitamin metabolism was sig-
nificantly enhanced in the CLP-MET faeces
compared with that in the CLP faeces (Supplementary
Figure 6C). Collectively, these data suggested that
metformin may affect the metabolic pathways of gut
microbiota in aged SLI rats.

Discussion

This study researched the role of metformin in
improving inflammation and liver injury by

modulating the gut microbiota in septic-aged rats.
The composition of gut microbiota in the CLP-MET
group changed from LPS production and inflam-
mation to SCFA production and anti-inflammation,
which protected rats from SLI. The gut microbiota
shifted to SCFA production after metformin treat-
ment, which may increase the claudin-3 level in the
colon, suppressing the leaky gut and protecting it
from cytokine inflammation production. Our work
supports the general idea of using the FMT assay in
sepsis because metformin protects inflammatory
responses and liver injury in sepsis.

Metformin is the first-line therapy for treating type
2 diabetes mellitus (T2DM), and subsequently, mul-
tiple other therapeutic efficacies have been researched.
Particularly, the effect of metformin on various dis-
eases by changing the gut microbiota has aroused
widespread concerns. The previous study [16]
reported that metformin retards ageing in C. elegans
by altering microbial folate and methionine metab-
olism, which provides an effective treatment for ageing
prevention. A subsequent study [23] suggested that
metformin exerts an anti-diabetic effect by regulating
the microbial encoded metalloproteins or metal trans-
porters, and a recent article [27] elucidated that met-
formin can act as a regulator to affect the host lipid
metabolism and life span. More and more evidence
suggests that microbiome changes on metformin
administration were previously described and linked

Figure 5. The effect of metformin on the diversity of gut microbiota in aged rats. (A,B) 16S rRNA gene sequencing analysis showed
that the alpha diversity of gut microbiota, such as Chao1 and Shannon indices, was dramatically reduced in the CLP group com-
pared with the SC group, whereas the alpha diversity was reversed in the CLP-MET group. (C,D) Beta diversity of gut microbiota,
whose unweighted UniFrac NMDS analysis showed that the composition of the CLP group was different from that of SC and SC-
MET groups. However, the composition of gut microbiota in the CLP-MET group was similar to the SC group (n = 5/group).
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to some host effects of this drug. It is believed that
metformin affects SLI by modulating the microbiome
at least in part. However, some studies [23,28–31]
reported that an increase in the abundance of Escher-
ichia-Shigella in metformin treatment was observed in
healthy volunteers and patients with T2DM or other
diseases. Our results showed the relative abundance
of Escherichia-Shigella increased in the SC-MET
group compared with the SC group, and the ratio of
Firmicutes/Bacteriodetes slightly decreased in the
CLP-MET group compared with the CLP group,
which is consistent with the results of previous studies.
Additionally, a report [29] showed that metformin
treatment creates a competitive environment for
Escherichia coli using other energy sources, thereby
inducing the abundance of gut microbiome alters
[32]. The subsequent article [23] indicated the relative
abundance of Escherichia coli can have an effect on
metformin administration under the vitro gut simu-
lation. A recent study [30] showed that the abundance
of Escherichia/Shigella before metformin treatment is
associated with side effects. Furthermore, a study
implied that Escherichia is a marker of gastrointestinal
side effects upon metformin administration [29], and
the authors also clarified that side effects derived
from Escherichia are caused by an increase in LPS syn-
thesis or sulphate metabolism potential.

The FMT assay in this study highlighted the role of
the gut microbiota as an upstream conductor of sep-
sis-induced inflammation and liver injury. More
importantly, our results showed that metformin
might improve SLI in aged rats in the presence of
gut microbiota compared with the absence of gut
microbiota. Furthermore, our observations that met-
formin treatment could improve inflammation and
liver injury by regulating the gut microbiota and
alleviating leaky gut in aged SLI rats were consistent
with those of the previous study [33]. An earlier article
reported that a leaky gut regulates inflammation,
associated with a higher risk of metabolic dysfunction
in aged individuals [34]. Our results were consistent
with an earlier study, which reported that the reduced
expression of intestinal barrier markers, such as tight-
junction proteins, results in a leaky gut [35]. More-
over, CLP-induced colon inflammatory infiltration,
oedema, and haemorrhage also promote the leaky
gut. The bacteria, especially LPS, translocated to the
extraintestinal through the impaired intestinal barrier,
stimulate liver injury and inflammation [36]. It is con-
sistent with our finds in the colon inflammatory
infiltration, oedema, and haemorrhage responses to
liver injury and inflammation.

This study showed that the gut microbial compo-
sition differed substantially between SC and CLP

Figure 6. The beneficial effect of metformin on gut microbiota in aged rats. (A) The gut microbiota showed differences among SC,
SC-MET, CLP, and CLP-MET groups in the phylum level. The relative abundance of Bacteroidetes decreased in CLP and SC-MET
groups compared with the SC group, but it was reversed in the CLP-MET group. (B) The Genus-level gut microbiota showed differ-
ences among SC, SC-MET, CLP, and CLP-MET groups. (C-H) The abundance of Escherichia_Shigella, Klebsiella increased in the CLP
group compared with SC and SC-MET groups, but it was reversed in the CLP-MET group; the relative abundance of Bifidobacterium,
Muribaculaceae, Parabacteroides_distasonis, and Alloprevitella decreased in the CLP group compared with SC and SC-MET groups,
and it was increased in the CLP-MET group. (I) The ratio of Firmicutes/Bacteroidetes slightly increased in SC-MET and CLP groups
compared with the SC group. However, metformin treatment could slightly decrease the ratio of Firmicutes/Bacteroidetes com-
pared with the CLP group. *P < 0.05, **P < 0.01, ***P < 0.001.
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groups (Figure 5). Surprisingly, metformin treatment
leads to a decreased alpha diversity (SC-MET
group), which may be due to gastrointestinal side
effects upon metformin administration. Furthermore,
metformin administration could increase the abun-
dance of Escherichia_Shigella. The increased levels of
opportunistic pathogenic bacteria with a pro-inflam-
matory response, such as Klebsiella and

Escherichia_Shigella, in CLP-induced sepsis destroy
the gut microe-cological balance, while the activated
intestinal pathogenic bacteria increase inflammation,
which is in agreement with our previous findings
[37]. Another study reported that Escherichia_Shi-
gella is involved in obesity-associated metabolic dys-
function or considered a pro-inflammatory bacterial
species [38]. Our study also showed that Klebsiella

Figure 7. The correlation analysis of the gut microbiota and liver inflammation in aged rats. (A) The correlation analysis of the gut
microbiota showed that Escherichia_Shigella, Klebsiella were negatively correlated with Alloprevitella, Bifidobacterium, Muribacu-
laceae, and Parabacteroides_distasonis; Muribaculaceae was positively correlated with Parabacteroides_distasonis and Bifidobacter-
ium. (B) The correlation analysis between gut microbiota and liver inflammation showed that TNF-α, IL-6, ccl2, cxcl1, and ccl4 of
the liver showed a positive correlation with Escherichia_Shigella, Klebsiella, and a negative correlation with Muribaculaceae and
Alloprevitella.
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and Escherichia_Shigella were positively correlated
with liver inflammation and chemokines. As
expected, the gut microbial composition in the
CLP-MET group was similar to the SC-MET group
(Figure 5). The present study showed that metfor-
min treatment increased the abundance of Bifidobac-
terium, Muribaculaceae, Parabacteroides_distasonis,
and Alloprevitella in the CLP-MET group compared
with the CLP group. These bacteria produce SCFA,
which provides energy to intestinal cells, maintains
the gut barrier [39], and prevents LPS translocation
from the intestinal barrier [40, 41]. Alloprevitella
protects from acute liver injury and gut microbiota
dysbiosis [42]. Increasing evidence reported that
Parabacteroides_distasonis alleviate tumourigenesis,
inflammatory markers, and intestinal barrier integ-
rity in mice [43]; the bacteria are negatively corre-
lated with AST and ALT [44] and can attenuate
inflammation by inhibiting Toll-like receptor 4 sig-
nalling [45]. Bifidobacterium and Muribaculaceae
have beneficial effects on intestinal dysbiosis through
immunoregulation and modulation of gut homeosta-
sis [46,47].

There are some shortcomings in this study. First,
the samples in each group are small, and the study
results need to be confirmed by other similar studies.
Furthermore, although we detected the effect of met-
formin on liver injury and inflammation in the pres-
ence or absence of gut microbiota in aged SLI rats,
the metformin concentration in the faeces of donors
was not detected before the FMT assay. It may affect
the result reliability as the unprocessed metformin in
the faeces samples may act directly on the recipient
animals. More importantly, we did not detect the
specific metabolites in this study, as metformin
directly inhibited the host immune system [48,49].
Therefore, it cannot be ruled out that metformin
may also play a part by inhibiting the immune func-
tion of the host, which is the key driver of septic
organ damage. This may underlay the protective prop-
erties of metformin in sepsis.

Conclusion

The results of our study provided convincing evidence
that metformin improved leaky gut, inflammation,
and liver injury by beneficially regulating the gut
microbiota dysbiosis induced by sepsis. Klebsiella
and Escherichia_Shigella were significantly elevated
in aged SLI rats; metformin treatment could reverse
the gut microbiota dysbiosis and increase the abun-
dance of Bifidobacterium, Muribaculaceae, Parabac-
teroides_distasonis, and Alloprevitella. These findings
suggested that metformin could be used for the sep-
sis-induced leaky gut therapy, colon inflammation,
and liver injury accompanied by gut microbiota dys-
biosis in septic-aged rats.

Methods

Experimental procedures

This study was conducted according to the National
Institutes of Health guidelines and was approved by
the local Animal Care and Use Committee of Zhengz-
hou University (Henan, China).

Animal experiment

Sixty male Sprague–Dawley (SD) rats (6–8 weeks) were
purchased from Beijing Vital River Laboratory Animal
Technology (Beijing, China). All were kept in 2 rats,
each cage in a specific pathogen-free (SPF) animal lab-
oratory with a temperature-controlled colony and 12/
12 h light/dark cycle with free access to chow and
water, and 55 rats were left until 20–21 months. Fifty-
five aged male SD rats were randomly divided into 7
groups: SC group (n = 5), sham operation; SC-MET
group (n = 8), metformin (100 mg/kg, dissolved in
saline) administration by gavaging 1 h after sham oper-
ation; CLP group (n = 10), CLP-induced SLI rat model;
CLP-MET group (n = 10), metformin administration by
gavaging 1 h after CLP administration; Ab-CLP-MET
group (n = 10), the aged rats were gavaged with com-
pound antibiotics (vancomycin, 100 mg/kg; neomycin
sulphate, 200 mg/kg; metronidazole, 200 mg/kg; and
ampicillin, 200 mg/kg) once a day for 5 days to deplete
the gut microbiota (pseudo-germ free aged rats, namely,
recipient rats), and then metformin administration was
conducted by gavaging 1 h after CLP administration;
the FMT-CLP group (n = 6), we collected the com-
pound faeces of 10 rats in the CLP group and gave
them to the 6 recipient rats; the FMT-MET group (n
= 6), we collected the compound feces of 10 rats in
the CLP-MET group and gave them to the other 6 reci-
pient rats. All the rats were sacrificed at 24 h after the
CLP or sham-operated, we collected the relevant
samples (Supplementary Figure 7). The CLP-induced
septic rate model was based on our previous description
[37]. Briefly, the rats were anaesthetized by intraperito-
neally injecting chloral hydrate (10%, 40 mg/kg). Half of
the cecum-free end was ligated and punctured twice
with a 21-gauge needle. The cecum contents were
squeezed out, the cecum was repositioned, and an
incision was sutured in muscle and skin layers. Sub-
sequently, the rats were subcutaneously injected with
saline (1 mL/100 g) at 37°C, and returned to the cage
to rewarm for 1 h. The SC group had an abdominal
incision, but their cecumwas not ligated and punctured,
and the SC-MET group was treated with metformin
based on the SC group.

FMT assay

FMT assay was conducted based on the modified
method described [8,25,26]. Briefly, twelve rats
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received compound antibiotics (vancomycin, 100 mg/
kg; neomycin sulphate, 200 mg/kg; metronidazole,
200 mg/kg; and ampicillin, 200 mg/kg) intragastrically
once a day for 5 days to deplete the gut microbiota,
producing twelve pseudo-germ-free aged rats (recipi-
ent rats). The compound faeces of 10 CLP group
rats were transplanted into the 6 recipients by gavage
(FMT-CLP, n = 6), and the compound faeces of 10
CLP-MET group rats were transplanted into the
other 6 recipients by gavage(FMT-MET, n = 6) once
a day for 3 days. Faeces from donor rats (10 rats in
CLP and CLP-MET groups, respectively) were col-
lected and resuspended in phosphate buffer saline
(PBS) at 0.125 g/mL, then 0.15 mL of this suspension
was administered to rats by oral gavage once a day
for 3 days. After 3 days, rats were subjected to CLP
and sacrificed 24 h later, at which time tissues were
collected.

Histological analysis

The liver, kidney tissue, and colon tissue were washed
with sterile normal saline, fixed in 4% paraformalde-
hyde for 24 h, and embedded in paraffin for H&E
staining. The pathological score was evaluated based
on previous studies [10,50]. Briefly, the parameters
for inflammation, thrombus formation, and necrosis
were graded on a scale of 0–4, with 0 defined as
“absent” and 4 defined as “severe.” The total “histo-
logical score of liver” was expressed as the sum of
the scores for each parameter, with a maximum
score of 12 [8]. Colon sections were scored on conges-
tion, intestinal wall thickening, ulcer, adhesion, using
the scale given above, with 0 defined as “absent” and 4
defined as “severe.” The tissues were sectioned at 3–
5 µm and stained with H&E for light microscopic
analysis. We quantified oedema, haemorrhage in
colon and liver tissues. To better assess the colon
and liver lesions, we chose three sections and three
regions within each section; the end score for each ani-
mal was calculated as the mean score of each section.

The paraffin sections of liver and kidney samples
were prepared as previously described [51]. The term-
inal deoxynucleotidyl transferase dUTP nick-end lab-
elling TUNEL assay was used to label the DNA
fragment of apoptotic cells (brown nuclear staining)
using the In Situ Cell Death Detection Kit, POD
(Roch, Germany) in the 2–4 μm thin liver tissue sec-
tions according to the manufacture’s instructions.
The Nikon Imager 2 light microscope was used to
take pictures. The Image J scoring system was adopted
for semi-quantitative analyses of apoptosis cells in
liver and kidney tissues. Furthermore, the paraffin sec-
tions of colon samples were used in the IHS analysis to
evaluate the expression of claudin-3 (1:100, ab15102,
Abcam, USA) in colon tissues to assess the colon
barrier function.

Biochemical analysis

We used the commercial kits (Jiancheng Bioengineer-
ing) to measure the serum expressions of ALT and
AST activities based on the manufacturer’s
instructions.

Quantification of mRNAs by RT–PCR

Total RNA of the liver was extracted using TRIzol
reagent (Takara, Tokyo, Japan) following the manu-
facturer’s instructions. The TaqMan Reverse Tran-
scription Kit (UE, Suzhou, China) and a Gene Amp
polymerase chain reaction (PCR) System generated
cDNA. The PCR was performed with the qPCR super-
MIX (Yeasen, Shanghai, China). The results were ana-
lyzed by the 2-ΔΔCT method. Gene expression data
were shown as relative to the SC group, which was
set as 100%. The reduced glyceraldehyde-phosphate
dehydrogenase (GAPDH) expression was used for
gene expression normalization. The genes primers
were TNF-α forward primer: CGTCAGCC-
GATTTGCCATTT, reverse primer:
CTCCCTCAGGGGTGTCCTTA; ccl2 forward pri-
mer: TAGCATCCACGTGCTGTCTC, reverse pri-
mer: CAGCCGACTCATTGGGATCA; IL-6 forward
primer: AGAGACTTCCAGCCAGTTGC, reverse pri-
mer: AGTCTCCTCTCCGGACTTGT; ccl4 forward
primer: CGTGTCTGCCTTCTCTCTCC, reverse pri-
mer: GCACAGATTTGCCTGCCTTT; cxcl1 forward
primer: CGCTCGCTTCTCTGTGCA, reverse primer:
TTCTGAACCATGGGGGCTTC; GAPDH forward
primer: TGTGAACGGATTTGGCCGTA, reverse pri-
mer: GATGGTGATGGGTTTCCCGT.

16S rRNA gene sequencing

Total genomic DNA from cecum feces stored in −80°
C was extracted using the cetyltrimethylammonium
bromide/sodium dodecyl sulphonate (CTAB/SDS)
method. DNA concentration and purity were moni-
tored on 1% agarose gel. According to the concen-
tration, DNA was diluted to 1 ng/μL using sterile
water. 16S rRNA genes of distinct regions (16S V3-
V4) were amplified using the specific primer (341F:
CCTAYGGGRBGCASCAG; 806R: GGAC-
TACNNGGGTATCTAAT) with the barcode. All
PCR reactions were carried out with Phusion® High-
Fidelity PCR Master Mix (New England Biolabs, Mas-
sachusetts, USA). Same volumes of 1X loading buffer
(SYB green) were mixed with PCR products and sub-
jected to electrophoresis on 2% agarose gel for detec-
tion. Samples with bright main strips between
400and 450 bp (16S) and ITS (100–400 bp) were cho-
sen for further experiments. PCR products were mixed
in equidensity ratios. Then, the mixture of PCR pro-
ducts was purified with Qiagen Gel Extraction Kit
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(Qiagen, Germany). Sequencing libraries were gener-
ated using TruSeq® DNA PCR-Free Sample Prep-
aration Kit (Illumina, USA) following the
manufacturer’s recommendations, and index codes
were added. The library quality was assessed on the
Qubit® 2.0 Fluorometer (ThermoScientific) and Agi-
lent Bioanalyzer 2100 system. Finally, the library was
sequenced on an Illumina NovaSeq 6000 platform,
and 250 bp paired-end reads were generated. The
raw tags were double-ended reads, which could be
accessed through fastq join (v1.3.1) (https://code.
google.com/p/ea-utils/) and pear (v0.9.11). The orig-
inal sequence contained two primer sequences, and
then Cutadapt (v1.18) was used to remove sequences
without primers and cut out fully sequenced primers
from the reads. Q30. Usearch (version 11.0.667) with
no ambiguous bases was used to cluster according to
97% similarity. Alpha diversity (Chao1 and Shannon)
was calculated using Mothur v1.42.1, beta diversity
(non-metric multidimensional scaling (NMDS) and
unweighted pair-group method with arithmetic
means (UPGMA)) was calculated using the vegan
package in R-package, and pathway enrichment was
calculated using PICRUSt2 software package (https://
github.com/picrust/picrust2) [52].

Reagents

Metformin, chloral hydrate, vancomycin, neomycin
sulphate, metronidazole, and ampicillin were pur-
chased from MedChemExpress (Monmouth Junction,
NJ, USA). In Situ Cell Death Detection Kit, POD was
bought from Roch (Germany). AST and ALT kits were
purchased from Jiancheng Bioengineering (AST,
C010-2-1; ALT, C009-2). Anti-claudin-3 was bought
from Abcam (1:100, ab15102, USA). TRIzol reagent
was purchased from Takara (Tokyo, Japan). TaqMan
Reverse Transcription Kit was bought from UE (Suz-
hou, China). qPCR superMIX was purchased from
Yeasen (Shanghai, China).

Statistical analysis

Statistical analyses were performed using R-package
and GraphPad Prism version 5.0 (GraphPad Software,
La Jolla, CA, USA) . Mean ± standard deviation
assessed the quantitative data, and the variance ana-
lyzed the comparison among more than three groups
(SC vs. SC-MET vs. CLP vs. CLP-MET; CLP vs. CLP-
MET vs. FMT-CLP vs. FMT-MET). We used the t-test
or two-way analysis of variance (ANOVA) and Bon-
ferroni post-test instead of individual compared to
statistically analyze the data. Alpha diversity was cal-
culated using Mothur v1.42.1, beta diversity was calcu-
lated using permutational ANOVA to compare groups
(vegan package in R-package), and pathway enrich-
ment was calculated using PICRUSt2 software pack-
age (https://github.com/picrust/picrust2) [52].

Furthermore, Spearman’s rank correlation coefficients
were calculated for correlation analysis, and the R-
package Corrplot, ggcorplot and pheatmap were
used for the correlation matrix visualization. All the
results among the groups were analyzed using a stat-
istical significance level set at P < 0.05.
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