
ORIGINAL RESEARCH
Gut Microbiota-Derived Glutamine Attenuates Liver Ischemia/
Reperfusion Injury via Macrophage Metabolic Reprogramming

Tianfei Lu,1,* Qing Li,2,* Weiwei Lin,3,* Xianzhe Zhao,4 Fu Li,5 Jianmei Ji,6 Yu Zhang,7 and
Ning Xu8

1Abdominal Transplant Surgery Center, Ruijing Hospital, School of Medicine, Shanghai Jiaotong University, Shanghai, China;
2Sorbonne Université, INSERM, Centre de Recherche Saint-Antoine, CRSA, AP-HP, Saint Antoine Hospital,
Gastroenterology Department, Paris, France, Paris Centre for Microbiome Medicine FHU, Paris, France; 3Department of
Laboratory Medicine, Renji Hospital, School of Medicine, Shanghai Jiaotong University, Shanghai, China; 4Shanghai Rat &
Mouse Biotech Co, Ltd, Shanghai, China; 5Department of Cholangio-Pancreatic Surgery, Shuguang Hospital, Shanghai
University of Traditional Chinese Medicine, Shanghai, China; 6Digestive Endoscopy Center, Department of Gastroenterology,
Shuguang Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, China; 7Department of Surgery, Division
of Hepatobiliary and Pancreatic Surgery, The First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou,
Zhejiang, China; and 8Department of Liver Surgery and Liver Transplantation Center, Renji Hospital, School of Medicine,
Shanghai Jiaotong University, Shanghai, China
Antibiotic treatment

Glutamine

The microbiota promotes
Glutamine production

Lumen

Glutamine-derived metabolites
enter into the portal vein

Glutamine

Glutamate

αKG

αKG

TCA cycle

Macrophage
OXPHOS

Metabolic 
reprogramming

M2 
macrophage

M1 
macrophage

IR injury
SUMMARY

In this article, we found antibiotic pretreatment could pro-
tect against liver I/R injury through altered gut microbiota,
glutamine level, and glutamine downstream products aKG in
circulation. aKG as a checkpoint could promote macrophage
metabolic reprogramming and change the proportion of M1
and M2 macrophages.

BACKGROUND & AIMS: Many studies have revealed crucial
roles of the gut microbiota and its metabolites in liver disease
progression. However, the mechanism underlying their effects
on liver ischemia/reperfusion (I/R) injury remain largely un-
known. Here, we investigate the function of gut microbiota and
its metabolites in liver I/R injury.

METHODS: C57BL/6 mice was pretreated with an antibiotic
cocktail. Then, we used multi-omics detection methods
including 16s rRNA sequencing, ultra-performance liquid
chromatography coupled to tandem mass spectrometry
(UPLC–MS/MS) to explore the changes of gut microbiota and
metabolites in both feces and portal blood to reveal the
mechanism of their protective effect in liver I/R injury.

RESULTS: We found that antibiotic pretreatment (ABX) could
significantly reduce the severity of I/R-induced hepatic injury,
and this effect could be transferred to germ-free mice by fecal
microbiota transplantation (FMT), suggesting a protective role
of the gut microbiota depletion. During I/R, the rates of serum
a-ketoglutarate (aKG) production and glutamate reduction,
downstream products of gut microbiota-derived glutamine,
were more significant in the ABX mice. Then, we showed that
aKG could promote alternative (M2) macrophage activation
through oxidative phosphorylation, and oligomycin A could
inhibit M2 macrophage polarization and reversed this protec-
tive effect.

CONCLUSIONS: These findings show that the gut microbiota
and its metabolites play critical roles in hepatic I/R injury by
modulating macrophage metabolic reprogramming. Potential
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therapies that target macrophage metabolism, including anti-
biotic therapies and novel immunometabolism modulators, can
be exploited for the treatment of liver I/R injury. (Cell Mol
Gastroenterol Hepatol 2023;15:1255–1275; https://doi.org/
10.1016/j.jcmgh.2023.01.004)

Keywords: Liver Ischemia/Reperfusion Injury; Microbiota;
Glutamine; a-ketoglutarate; Immunometabolism; Macrophage
Reprogramming.

iver ischemia/reperfusion (I/R) injury is a common
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Lcomplication of liver resection, transplantation,
trauma, and hemorrhagic shock.1,2 I/R injury involves 2
consecutive stages of hypoxia-induced damage and proin-
flammatory immune-mediated reperfusion injury; this is a
complex process that includes innate–adaptive immune
crosstalk and the activation of diverse cellular cascades.
During I/R, Kupffer cells (KCs), which are hepatic macro-
phages located in the liver sinusoid, are activated. KCs act as
sentinels that attract circulating macrophages, neutrophils,
natural killer cells, and platelets. Then, recruited macro-
phages become one of the main cell types that attack liver
parenchymal cells, such as hepatocytes and liver sinusoidal
endothelial cells.3–5 Therefore, the role of macrophages in
hepatic I/R injury cannot be ignored.

The human gut microbiome, which contains the second
largest genome in the human body,6 plays an important role
in the maintenance of host health, homeostasis, and re-
sponses to pathologic stimuli. In addition, metabolites asso-
ciated with the gut microbiome, such as short-chain fatty
acids, are either produced or transferred by intestinal
microflora and contribute to many diseases.7 Indeed, the
liver and gut are closely connected in terms of anatomy and
physiological function through the enterohepatic circulation.
Many studies have shown that the gut microbiota and its
metabolites can affect different kinds of liver diseases,
including oxidative liver injury, nonalcoholic fatty liver dis-
ease, nonalcoholic steatohepatitis and liver cirrhosis pro-
gression, and hepatocellular carcinoma.8–14 Moreover,
Nakamura et al15 demonstrated that modification of the in-
testinal microbiota through antibiotic pretreatment could
reduce liver transplantation–mediated damage by relieving
endoplasmic reticulum stress and increasing liver autophagy
in both a mouse model and a large clinical cohort. However,
whether the gut microbiota can exert an effect on hepatic I/R
injury through its metabolites is still worth studying.

Macrophages are characterized by their innate plasticity
in polarization. They can acquire different activation states
in response to endogenous danger stimuli and then promote
either inflammation (M1) or tissue repair (M2).16 The
known mechanisms underlying the regulation of macro-
phage polarization include cytokine cascades, metabolic
reprogramming, and epigenetic modification.17–20 Among
these mechanisms, metabolic reprogramming is emerging as
a key regulator of macrophage polarization. M1 macro-
phages mainly rely on aerobic glycolysis, which is also called
the Warburg effect, whereas M2 macrophages that possess
an intact tricarboxylic acid (TCA) cycle and electron
transport chain (ETC) can produce adenosine triphosphate
(ATP) through oxidative phosphorylation (OXPHOS). It is
worth noting that fatty acid oxidation (FAO) is important for
fueling the TCA cycle in M2 macrophages.17,21–23 Thus, the
immunometabolism and polarization of macrophages play
an important role in host homeostasis and the development
of various diseases.

In this study, we used an antibiotic cocktail to modify the
gut microbiota. Intriguingly, the antibiotic pretreatment
(ABX) group showed good protective effects against hepatic
I/R injury. Then, we found that this protection against liver I/
R injury could be transferred to germ-free (GF) mice by fecal
microbiota transplantation (FMT), indicating that the gut
microbiota, instead of antibiotics, exerted this protective ef-
fect. Because altered gut microbiota cause changes in me-
tabolites, we used ultra-performance liquid chromatography
coupled to tandem mass spectrometry (UPLC–MS/MS) to
explore the changes in the metabolomics of feces, blood, and
liver (data not shown). The results revealed that glutamine
and a-ketoglutarate (aKG) were present in higher concen-
trations in feces and blood, respectively, in the ABX group
after hepatic I/R injury. In addition, the levels of intermediate
products of the TCA cycle and pyruvate produced by glycol-
ysis were also increased. Thus, the number of M2 macro-
phages who favor oxidative metabolism in the livers of mice
treated with antibiotics or supplemented with dimethyl aKG
was increased in our study. Thus, we concluded that elevated
glutamine levels in the intestine cause an increase in aKG
levels in the blood, aKG can promote macrophage M2 po-
larization by fueling the TCA cycle, and finally, the increased
number of M2 macrophages can repair hepatic I/R injury
in vivo. Furthermore, we used oligomycin A, which can block
OXPHOS and the ETC by inhibiting Hþ-ATP synthase. As ex-
pected, the protective effect of ABX on hepatic I/R injury and
the increased numbers of M2 macrophages were simulta-
neously reversed. This study established a connection among
the gut microbiota, its metabolites, and liver I/R injury. In
addition, we aimed to explore potential therapies that target
macrophage metabolism, including antibiotic therapies and
novel immunometabolism modulators, for use in the treat-
ment of hepatic I/R injury.
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Results
Antibiotic Pretreatment Could Protect the Liver
From Ischemia and Reperfusion Injury

Wild-type (WT) mice and quadruple ABX mice were
randomly divided into a sham group and a hepatic I/R
surgery group. Then, we aimed to explore whether ABX
could play a role in the mouse model of liver I/R that was
established with 1.5 hours of warm ischemia, followed by 6-
hour reperfusion. The liver, blood, and feces of each group
of mice were collected for future study (Figure 1A). As
Figure 1B shows, compared with that of the WT mice, the
serum alanine aminotransferase (ALT) level of the ABX mice
was decreased by 50% from approximately 15,000 U/L to
7500 U/L (P ¼ .0170). Then, the expression of different
inflammatory factors was detected by real-time polymerase
chain reaction. The mRNA levels of interleukin (IL)-1b (P ¼
.0028), tumor necrosis factor-a (P ¼ .0277), IL-6 (P ¼
.0028), IL-12b (P ¼ .0293), and CXCL10 (P ¼ .0042) were all
decreased in the ABX group (Figure 1C). Moreover, we
conducted histologic analysis of liver tissues. H&E staining
and quantitative Suzuki scoring showed that the necrosis
area, degree of congestion and edema, and vacuole-like le-
sions were alleviated in ABX mice (Figure 1D, P ¼ .0270).
Deoxyuridine-5�-triphosphate biotin nick end labeling
(TUNEL) staining (green fluorescence represents necrosis/
apoptosis in liver tissue) and immunohistochemical staining
of myeloperoxidase (MPO) and cleaved caspase-3 (brown
particles represent positive cells) demonstrated that
inflammation and necrosis of the liver were decreased in the
ABX group according to both qualitative and quantitative
data (Figure 1E–G, P ¼ .0094, P ¼ .0076, and P ¼ .0013,
respectively.)

Antibiotics Could Lead to Changes in the Fecal
Microbiota

Because of the protective effect of antibiotic pretreat-
ment on a mouse model of liver I/R and the close rela-
tionship between gut microbiota and liver diseases
mediated by the enterohepatic axis, we used 16S rRNA
sequencing technology to explore how the gut microbiota
changed after 4 weeks of quadruple antibiotic pretreatment.
Sequencing analysis of fecal microbes resulted in 565,702
raw reads. On the basis of the 97% similarity level, all the
effective reads were clustered into operational taxonomic
units. The rank abundance curve demonstrated that the
relative abundance of fecal microbiota was greatly reduced
in the ABX group compared with the WT group (Figure 2A).
As shown in Figure 2B of the a diversity analysis, the
Shannon index, ACE index, and Chao index, which are
positively correlated with species diversity, all decreased
significantly in the ABX group. However, the Simpson index,
which shows opposite trends to the indicators listed above,
was significantly increased after 4 weeks of antibiotic pre-
treatment. Qualitative analysis showed that the Shannon
index, ACE index, and Chao index were decreased by 69.5%,
87.5%, and 88.8%, respectively (all P＜.0001), whereas the
Simpson index was increased by 470.7% (P＜.0001).
According to b diversity analysis, as shown in Figure 2C,
principal component analysis (PCA), principal coordinate
analysis (PCoA), and nonmetric multidimensional scaling
(NMDS) analysis revealed a distinct clustering of fecal
microbiota between the 2 groups (analysis of similarities,
P ¼ .003). Next, we further studied the composition of the
fecal microbiota community at the phylum and genus levels.
According to the analysis of species differences at the
phylum level, only the abundance of Proteobacteria was
increased in the ABX group (P＜.001). Among the Proteo-
bacteria phyla, the abundances of the unclassified_f_Enter-
obacteriaceae and Morganella genera were significantly
increased (both P < .001), and the abundance of the
Escherichia-Shigella genus was also increased, but the dif-
ference was not statistically significant (Figure 2D and E).
These results suggested that antibiotic pretreatment could
reduce the abundance, richness, and diversity of fecal
microbiota, but it led to an increase in the amount of the
Proteobacteria phylum and the 2 unclassified_f_Enter-
obacteriaceae and Morganella genera. Finally, linear
discriminant analysis effect size also indicated that unclas-
sified_f_Enterobacteriaceae, Morganella, Escherichia-
Shigella, and Faecailbacterium dominated in the ABX group
(Figure 2F).
The Protective Effect of Antibiotics on Hepatic I/
R Injury Could Be Transferred Through the Gut
Microbiota

To determine the impact of the gut microbiota on the
mouse model of liver I/R, we colonized GF mice with the
fecal microbiota from WT mice and ABX mice to exclude the
interference of antibiotics. After 4 weeks of antibiotic pre-
treatment, we collected the feces of WT mice (D-WT) and
ABX mice (D-ABX) and then transferred the fecal microbiota
to GF mice (named the R-WT group and R-ABX group,
respectively) on the first and third days during the 7 days of
colonization. After successful colonization with fecal
microbiota, we performed liver I/R surgery on the recipient
mice, and then liver, serum, and fecal samples were all
collected for future study (Figure 3A). As Figure 3B shows,
consistent with the donor mice, the a diversity, according to
Shannon index and Simpson index, was decreased in the R-
ABX mice compared with the R-WT mice (both P＜.0001). In
terms of b diversity, PCA showed that the D-WT (red) and R-
WT (green) groups gathered into one cluster, whereas the
D-ABX (blue) and R-ABX (yellow) groups clustered into
another, indicating that fecal transplantation was successful.
However, the D-WT and R-WT groups exhibited a certain
deviation in PCoA and NMDS analysis, and the D-ABX and R-
ABX groups still gathered well into one cluster (Figure 3C).
Then, we analyzed the components of the fecal bacteria at
the phylum level. Consistent with the previous results, the
Proteobacteria phylum was increased in both the D-ABX
group and R-ABX group compared with the D-WT group and
R-WT group (Figure 3D, both P < .0001, Kruskal-Wallis H
test, P < .01). Ultimately, microbiota transplantation was
sufficient to simulate the phenotype observed in the ABX
mice, as evidenced by serum measurements and multiple
histologic analyses. We measured serum ALT levels, which
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are the key marker for detecting liver damage, and these
levels were decreased from 20,000 U/L in the R-WT group
to approximately 2000 U/L in the R-ABX group (Figure 3I,
P ¼ .0087). In addition, H&E and TUNEL staining (both P <
.0001) and immunochemical staining of MPO (P ¼ .0007)
and cleaved caspase 3 (P < .0001) all indicated that the
degree of damage and necrosis of the liver were reduced in
the R-ABX group (Figure 3E–H). These data demonstrated
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that changes in the gut microbiota played a protective role
in hepatic I/R injury, thus eliminating a role of antibiotics in
the protective effect.
Alterations in Gut Microbiota Led to an Increase
in Glutamine Concentrations in Fecal Metabolites

The profound influence of the gut microbiota on the
homeostasis and pathogenesis of the host is strongly related
to a series of complex interactions, especially the
microbiome-metabolism-host axis.24,25 To assess metabolic
changes caused by antibiotic pretreatment under both sham
and liver I/R conditions, a targeted metabolome profile was
generated on fecal samples by UPLC–MS/MS system. Ac-
cording to the major components of fecal metabolites, amino
acids occupied the largest proportion, and these levels were
increased in ABX mice (WT Sham: ABX Sham, 23.92 ± 6.71
mmol/g: 44.29 ± 9.23 mmol/g; P ¼ .0122; WT IRI: ABX IRI,
23.87 ± 4.65 mmol/g: 44.40 ± 21.29 mmol/g; P ¼ .0317).
The other 3 metabolites that were different in the 4 groups
and occupied a larger proportion were fatty acids (WT
Sham: ABX Sham, 18.32 ± 7.89 mmol/g: 11.38 ± 4.62 mmol/
g, P ¼ .192; WT IRI: ABX IRI, 15.76 ± 2.83 mmol/g: 9.61 ±
3.28 mmol/g, P ¼ .0317), organic acids (WT Sham: ABX
Sham, 12.81 ± 5.58 mmol/g: 1.50 ±0.22 mmol/g, P ¼ .0286;
WT IRI: ABX IRI, 14.67 ± 4.56 mmol/g: 1.35 ± 0.57 mmol/g,
P ¼ .00794), and short-chain fatty acids (WT Sham: ABX
Sham, 7.89 ± 1.78 mmol/g: 0.74 ± 0.073 mmol/g, P ¼ .0286;
WT IRI: ABX, IRI 4.69 ± 1.82 mmol/g: 70.78 mmol/g: 0.74 ±
0.073 mmol/g). The levels of all of these metabolites were all
decreased in the ABX mice (Figure 4A and B). Distinctive
clustering of metabolites was apparent between WT and
ABX mice according to PCA, indicating that altered gut
microbiota could lead to changes in fecal metabolites
(Figure 4C). On the basis of the bubble chart of hierarchical
clustering analysis (Figure 4E) and heatmap of differential
metabolites (Figure 4D), the alanine, aspartate, and gluta-
mate metabolism pathway has become one of the main
pathways of interest. Studies have shown that glutamine
plays a protective role in I/R injury in both isolated rat
livers and in vivo rat models.26,27 In addition, glutamine and
the gut microbiota maintain the local and systemic health of
the host through a bidirectional interaction.28,29 As
Figure 4F shows, the levels of glutamine, which is one of the
biomarkers of the alanine, aspartate, and glutamate meta-
bolism pathway, were significantly increased in the ABX
group (WT Sham: ABX Sham, 1.46 ± 0.32 mmol/g: 3.89 ±
0.89 mmol/g, P ¼ .00783; WT IRI: ABX IRI, 1.20 ± 0.25
mmol/g: 4.17 ± 2.51 mmol/g, P ¼ .00794). To further prove
the correlation between altered gut microbiota and fecal
glutamine, the concentration of glutamine in feces of the 4
Figure 1. (See previous page). Antibiotic pretreatment could
intraoperative photos of hepatic I/R injury. WT mice or ABX mi
sham group (WT Sham, n ¼ 4; ABX Sham, n ¼ 4), and the other
IRI, n¼ 10). (B) Serum ALT levels of the 4 groups. (C) Relative mR
and Cxcl10. (D) H&E staining and Suzuki’s quantitative score. (
100 mm. (F) Immunochemical staining of MPO and semiquantitat
3 and semiquantitative analysis. For all data, statistical compa
significant differences.
groups in FMT experiment (D-WT, D-ABX, R-WT, and R-
ABX) was also detected by metabolome sequencing. As
Figure 4G shows, the level of fecal glutamine in R-ABX
group was significantly higher than that of R-WT group
after FMT (R-WT: R-ABX, 1.2 ± 0.12 mmol/g: 4.04 ± 0.65
mmol/g, P ¼ .0009), which is similar to their donor group
(D-WT: D-ABX, 2.38 ± 0.26 mmol/g: 4.89 ± 0.27 mmol/g,
P ¼ .0001). That means the elevated level of fecal gluta-
mine was indeed due to the altered gut microbiota after 4
weeks of antibiotics pretreatment. Finally, to demonstrate
the critical protective role of fecal glutamine in liver I/R
injury, mice were given glutamine gavage of different
lengths of time (1, 3, 5, and 7 days) before liver I/R sur-
gery. Seven days of glutamine gavage exhibited protective
effect against hepatic I/R injury because the level of serum
ALT was decreased in Gln_7d group compared with Con
group (Figure 4H; Con: Gln_7d, 22,783.33 ± 1730.73 U/L:
16,516.67 ± 1858.20 U/L, P ¼ .0391). Thus, these findings
indicated that the increase in fecal glutamine levels was
associated with the changes in the gut microbiota caused
by antibiotic pretreatment.

Glutamine Derived From the Gut Microbiota
Increased the Serum Concentration of Its
Downstream Product aKG

To further determine the changes in serum metabolites
to determine which metabolite enters the liver through the
portal vein and plays a direct protective role against I/R
injury, a targeted metabolome profile was also generated
with serum samples. Similarly, we obtained blood samples
from sham and hepatic I/R mice in both the WT and ABX
groups. According to the analysis of major serum metabolite
components, organic acids are the largest and statistically
significant (WT Sham: ABX Sham: WT IRI: ABX IRI, 9395.83
± 1211.49 mmol/L: 10,281.44 ± 218.84 mmol/L: 13,444.75
± 1149.02 mmol/L: 10,580.99 ± 901.18 mmol/L, P ¼ .011)
(Figure 5A). The metabolites of the 4 groups were divided
into 4 different clusters by PCA and partial least squares-
discriminant analysis, but it seems that the ABX Sham and
ABX IRI groups have a closer relationship (Figure 5B and C).
Because the concentration of glutamine was not different
between the WT IRI and ABX IRI groups (Figure 5D; 571.89
± 171.30 mmol/L: 545.00 ± 187.09 mmol/L, P ¼ .56), its
downstream products glutamate and aKG became the focus
of our attention. Indeed, on the basis of the differential
metabolite heatmap (Figure 5E) and pathway cluster anal-
ysis (Figure 5F), pathways related to glutamine metabolism,
including the TCA cycle and alanine, aspartate, and gluta-
mate metabolism pathways, have a large impact on serum
metabolites. Compared with those in the WT IRI group,
protect the liver from I/R injury. (A) Pattern diagram and
ce were randomly divided into 2 groups. One group was the
group was subjected to liver I/R surgery (WT IRI, n ¼ 10; ABX
NA expression of inflammatory cytokines Il1b, Tnfa, Il6, Il12b,
E) TUNEL staining and semiquantitative analysis. Scale bars,
ive analysis. (G) Immunochemical staining of cleaved caspase
risons were carried out by Student t test. P < .05 indicates
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glutamate levels were significantly decreased (106.24 ±
15.24 mmol/L: 56.98 ± 16.25, P ¼ .00304), and aKG levels
were increased (117.45 ± 31.09 mmol/L: 195.51 ± 51.74,
P ¼ .0025) in the ABX IRI group (Figure 5G), indicating that
glutamine is converted into aKG through glutamate after
entering the blood. These results showed that increasing the
concentration of glutamine in feces led to an increase in
serum aKG levels via glutaminolysis.
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Serum aKG Cooperated With Glycolysis-derived
Pyruvate and Synergistically Fueled the TCA
Cycle

We next investigated the kinetics of serum levels of ALT
and various metabolites during hepatic I/R. After 1.5 hours
of ischemia, liver and blood samples were collected at 0, 1,
3, and 6 hours of reperfusion (Figure 6A). As Figure 6B
shows, the serum ALT levels of the WT and ABX groups
continued to rise and peaked at 6 hours. The protective
effect of antibiotic pretreatment on liver IRI appeared at 3
hours after reperfusion (17,716.67 ± 6154.34 U/L: 5766.67
± 3226.58 U/L, P ¼ .0408) and became more pronounced at
6 hours in the reperfusion phase (24,700 ± 11,459.49:
4062.5 ± 2388.65, P ¼ .0125). Furthermore, serum me-
tabolites associated with the TCA cycle and glycolysis
pathway were investigated by using UPLC–MS/MS system
(Figure 6C). Similar to previous results, glutamate levels
were significantly decreased (P ¼ .0072) after 6 hours of
reperfusion, and serum glutamine levels did not exhibit
significant changes at any time point. The levels of aKG (P ¼
.0292 at 6 hours after reperfusion) and other intermediate
products in the TCA cycle, including citrate, isocitrate, suc-
cinate, and oxaloacetate, were increased at least one time
point after hepatic I/R. Furthermore, the levels of the
glycolysis product pyruvate were increased at 6 hours after
reperfusion (P ¼ .0243), indicating that aKG pulled the
glycolysis pathway and then cooperated with pyruvate to
promote progression of the TCA cycle. Moreover, we
calculated the rate of change in the glutamate, aKG, and
pyruvate levels between 3 and 6 hours of reperfusion
(Figure 6D). The concentration of glutamate was decreased
by 51% in the ABX group compared with 17% in the WT
group. However, the concentrations of aKG and pyruvate
were increased by 109% and 115%, respectively, with 11%
and 0.59% in the WT group. Furthermore, to elucidate the
causal relationship between the conversion of gut-derived
glutamine to serum aKG by glutaminolysis, the liver tissue
sections of different time points during IR process in both
WT and ABX groups were used to detect the changes of
expression of enzyme glutaminase 2 (GLS2) (which is
mainly expressed in liver tissue) and glutamate dehydro-
genase 1/2 (GLUD). These 2 enzymes mediate the conver-
sion of glutamine to aKG via glutamate. As was shown in
Figure 6E and F, GLS2 was highly expressed in ABX group in
the beginning of reperfusion (0 hour, P ¼ .0036) and 3
hours after (P ¼ .0344). In the meantime, the expression of
GLUD was increased gradually from 0 to 3 hours after
reperfusion and peaked at 3 hours. It was also highly
expressed in ABX group at both 1 hour (P ¼ .0051) and 3
Figure 2. (See previous page). Antibiotic pretreatment could
microbiota and change its composition. (A) Rank abundan
Shannon index, Simpson index, ACE index, and Chao index of
PCoA, and NMDS analysis of WT and ABX mice at the opera
composition of gut microbiota at the phylum level (D) and at
discriminant analysis (LDA) effect size (LEfSe) analysis with | LD
were analyzed by 16S rRNA sequencing. Statistical compariso
except LEfSe analysis using the nonparametric Kruskal–Wallis s
significant differences.
hours (P ¼ .0181) time points compared with that of WT
group. Thus, the results indicated that serum aKG could fuel
the progression of the TCA cycle by pulling glycolysis. The
increase in pyruvate may passively occur as a consequence
of the increase in aKG.

The Increase in the aKG Levels Could Promote
Macrophage Metabolic Reprogramming to
Support the M2 Phenotype via OXPHOS

Previous studies have proven that aKG plays an impor-
tant role in the activation of M2 macrophages by increasing
FAO and Jmjd3-dependent epigenetic reprogramming.30 In
addition, aKG could also protect against hepatic I/R injury
in an orthotopic liver transplantation model in rats by
shifting the M1/M2 balance of KCs.31 Thus, to assess the
relationship between aKG and the M2 macrophage pheno-
type in the liver I/R model, we first performed a correlation
analysis between the serum concentration of aKG, including
the concentrations of other relevant metabolites such as
glutamine in feces, glutamate, aKG, and pyruvate in serum,
and the clinical indicator ALT, and the expression of M1/M2
macrophage marker genes (Figure 7A). The data showed
that serum aKG levels were positively correlated with the
expression of the M2 marker gene Mrc1 (r ¼ 0.75, P ¼
.000335) and negatively correlated with the expression of
the M1 inflammatory gene Il1b (r ¼ –0.75, P ¼ .000377). In
addition, fecal glutamine levels were negatively correlated
with ALT levels (r ¼ –0.56, P ¼ .0165) and positively
correlated with the expression of the two M2 macrophage
genes Arg1 (r ¼ 0.84, P ¼ .0000149) and Mrc1 (r ¼ 0.60,
P ¼ .00825). Then, mice were intraperitoneally injected
with phosphate-buffered saline (PBS) as WT or DM-aKG (a
cell-permeable analog of aKG) at different doses (6 mg/kg
or 60 mg/kg) 1 hour before I/R surgery to further explore
the relationship between aKG levels and the M1/M2
macrophage phenotype. Compared with those in the WT
group, the serum ALT levels were decreased and statisti-
cally significant in the aKG (60 mg/kg) group (25,737.5 ±
3378.3: 16,400 ± 1326.2 U/L, P ¼ .0477) (Figure 7D). Ac-
cording to H&E staining, as shown in Figure 7B, a greater
level of protection against liver I/R injury was achieved with
a higher dose of aKG (60 mg/kg) in both qualitative and
quantitative analyses (P ¼ .0006). Furthermore, immuno-
fluorescence showed that the number of CD68þ/CD163þ
macrophages (M2 macrophages) was increased to a greater
extent in the aKG (60 mg/kg) group than in the WT group
(P < .0001) (Figure 7C). In addition, the mRNA expression
of the M1 macrophage markers Il1b (P ¼ .0376), Tnfa (P ¼
.0637), Il6 (P ¼ .0059), and Il12b (P ¼ .0035) was decreased
reduce the abundance, diversity, and richness of the gut
ce curve of WT and ABX mice. (B) a diversity comparison:
WT and ABX mice. (C) b diversity of clustering analysis: PCA,
tional taxonomic unit (OTU) level. (D and E) Comparison of
the genus level (E) between WT and ABX mice. (F) Linear
A | �2. Fecal samples from WT (n ¼ 5) and ABX (n ¼ 5) mice
ns were carried out by Student t test and ANOSIM analysis
um-rank test and Wilcoxon rank-sum test. P < .05 indicates
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in the aKG (60 mg/kg) group (Figure 7E). These results
demonstrated that aKG supplementation could protect
against I/R injury by shifting the M1/M2 balance. Next, we
explored M1/M2 macrophage polarization and performed
in-depth mechanistic research by returning to kinetics
models of WT and ABX mice. The results showed that the
mRNA expression of Arg1 (P ¼ .0068) and Mrc1 (P ¼ .0012)
was significantly increased in the ABX group at least at 6
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hours. Moreover, the expression of Il1b (P ¼ .0492) and Il6
(P ¼ .0488) was decreased in the ABX group after 6 hours of
reperfusion. However, it seems that the difference at 3
hours was more obvious (Figure 7F). Because epigenetic
and metabolic signaling play an important role in macro-
phage reprogramming, we conducted an in-depth study on
the mechanism by which aKG changes the polarization of
macrophages. As shown in Figure 7G, the mRNA expression
of FAO markers, including Cpt1a, Cpt2, and Acox1, was
decreased from 0 to 3 hours during the reperfusion stage,
and these differences became statistically nonsignificant at 6
hours. In addition, the expression of Jmjd3, which is an aKG-
dependent specific demethylase of histone H3 lysine 27
(H3K27me3) that promotes macrophage M2 polarization,
was also decreased at 3 hours (P ¼ .0061) and 6 hours (P ¼
.0059). Therefore, FAO- and Jmjd3-dependent epigenetic
pathways were excluded. Finally, the expression of OXPHOS
markers, including Pdha1 (P ¼ .0028), Ogdh (P ¼ .0198),
Sdha (P ¼ .0354), Atp5b (P ¼ .0028), Tfam (P ¼ .0061), and
Ppara (P ¼ .0236), was increased at least at 6 hours
(Figure 7H). Consistent with the metabolome results, the
above results proved that serum aKG and pyruvate syner-
gistically promoted the OXPHOS metabolic pathway by
pulling glycolysis and shifting the balance of M1/M2
macrophages.

Application of Oligomycin A to Inhibit the
OXPHOS Pathway Reversed the Protective
Effect of Antibiotics on Hepatic I/R Injury

Oligomycin A, which is an inhibitor of Hþ-ATP synthase,
can effectively block the metabolic pathway of OXPHOS.32

Thus, to determine the importance of the activation of the
OXPHOS pathway by aKG in the polarization of M2 macro-
phages, WT or ABX mice were divided into 2 groups; one
group was injected with PBS, and the other was injected
intraperitoneally with 0.5 mg/kg oligomycin A 1 hour
before hepatic I/R surgery. The expression of OXPHOS
pathway markers, including Atp5b (WT: P ¼ .0401; ABX:
P ¼ .0490), Atp5j (WT: P ¼ .0009; ABX: P ¼ .0393), and
Ppara (WT: P ¼ .0094; ABX: P ¼ .0069), was effectively
inhibited by oligomycin A in both the WT and ABX groups
(Figure 8A). The adenosine diphosphate/ATP ratio was
increased in the oligomycin A treatment group (WT: P ¼
.0008; ABX: P ¼ .0477). In addition, the NADþ/NADH ratio
was decreased after oligomycin A injection (WT: P ¼ .0436;
ABX: P ¼ .0166) (Figure 8B). These results all indicated that
the OXPHOS pathway was effectively blocked by oligomycin
A. Next, we studied whether the protective effect of
Figure 3. (See previous page). Protective effect of antibiotic
FMT experiments. (A) Pattern diagram and protocol of FMT exp
5) and ABX (D-ABX, n ¼ 4) mice to GF mice (R-WT, n ¼ 5; R-ABX
died unexpectedly. (B) a diversity comparison: Shannon index a
analysis: PCA, PCoA, and NMDS analysis of the 4 groups at the
phylum level in the 4 groups. (E) H&E staining and Suzuki’s qu
staining and semiquantitative analysis of R-WT and R-ABX group
MPO (G) and cleaved caspase 3 (H) in the R-WT and R-ABX gro
data, statistical comparisons between 2 groups were carried o
Kruskal–Wallis H test was used. P < .05 indicates significant d
antibiotics could be reversed by inhibiting the OXPHOS
pathway. Compared with that of the ABX group, the serum
ALT level of the ABX mice injected with oligomycin A (ABO)
was increased (P ¼ .0350), and the ALT level of the WT mice
injected with oligomycin A was also higher than that of the
WT group (P ¼ .0173) (Figure 8E). H&E staining showed
that the degree of liver damage in the ABO group was more
serious than that in the ABX group (P ¼ .0224), as was that
in the WT group (P ¼ .0161) (Figure 8C). Next, we further
investigated the changes in the M1/M2 phenotype of mac-
rophages. Immunofluorescence showed that the number of
CD68þ/CD163þ macrophages was significantly decreased
in the ABO group compared with the ABX group (P ¼ .0004)
(Figure 8D). The relative mRNA expression of M1 macro-
phage marker genes, including Il1b (P ¼ .0435), Tnfa (P ¼
.0305), Il6 (P ¼ .0275), Il12a (P ¼ .0063), and Il12b (P ¼
.0464), was increased in the ABO group (Figure 8F). How-
ever, the relative expression of M2 macrophage markers,
including Arg1 (P ¼ .0407), Mrc1 (P ¼ .0187), and Ym1 (P ¼
.0335), was decreased after inhibition of the OXPHOS
metabolic pathway (Figure 8G). Thus, these results showed
that the application of oligomycin A to inhibit the OXPHOS
pathway could reverse the protective effect of antibiotics on
hepatic I/R injury by shifting the balance of M1 and M2
macrophage phenotypes.

aKG Could Increase BMDMs M2 Activation and
Inhibit M1 Polarization in Vitro and This Effect
Was Reversed by Oligomycin A

To further prove the effect of aKG, which is the critical
metabolite we found in portal vein blood metabolomics
above to shift the balance of macrophage M1/M2 polariza-
tion, we extracted mouse bone marrow derived macro-
phages (BMDMs) to see the direct effect of aKG in vitro and
using oligomycin A to verify the mechanism that aKG sup-
ported macrophage M2 phenotype via OXPHOS pathway.
Gradient doses of aKG (0.1, 1, and 10 mmol/L) were used to
explore the optimal concentration to increase ATP produc-
tion of BMDMs at the beginning. As Figure 9A shows, in IL-4
induced M2 macrophage related groups, 1 mmol/L of aKG
could efficiently increase ATP level compared with only IL-4
stimulation group (P ¼ .0144). Oligomycin A could decrease
ATP level in both 1 and 10 mmol/L aKG stimulation group
(P ¼ .0019 and .0119, respectively). Although the effect of
aKG and oligomycin A in lipopolysaccharide-induced M1
macrophage related groups was not as good as that of M2
macrophage, we could still see the trends of aKG to increase
ATP level in the lower dose, and oligomycin A could reverse
s on hepatic I/R injury could be transferred to GF mice in
eriment. We transferred the fecal microbiota of WT (D-WT, n ¼
, n ¼ 4). One mouse in each of the D-ABX and R-ABX groups
nd Simpson index of the 4 groups. (C) b diversity of clustering
OTU level. (D) Comparison of composition of gut microbiota at
antitative score of the R-WT and R-ABX groups. (F) TUNEL
s. Scale bars, 100 mm. (G and H) Immunochemical staining of
ups. (I) Serum ALT levels of R-WT and R-ABX groups. For all
ut by Student t test. For comparisons among 4 groups, the
ifferences.



Figure 4. Altered gut microbiota could lead to changes in fecal metabolites, especially the concentration of glutamine.
(A) Relative abundanceofmetabolites in the feces of the 4groups. Samples fromWTSham (n¼ 4), ABXSham (n¼ 4),WT IRI (n¼ 5),
and ABX IRI (n¼ 5) groups were sequenced for fecal metabolomics. (B) Concentrations of amino acids, fatty acids, organic acids,
and short-chain fatty acids (SCFAs) in the feces of the 4 groups. (C) PCA of the 4 groups. (D) Heatmap of comparison of con-
centrations of fecal amino acids and organic acids in the 4 groups. (E) Bubble chart of cluster analysis of metabolic pathways in
feces. (F) Fecal concentration of glutamine in the 4 groups. (G) Fecal concentration of glutamine in 4 groups of FMT (D-WT, D-ABX,
R-WT,andR-ABX). (H) SerumALTofConandglutaminegavagepretreatmentgroups for different timedurations (n¼ 3). For all data,
statistical comparisons between 2 groups were carried out by Student t test. P < .05 indicates significant differences.
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Figure 5. Fecal glutamine could increase the serum concentration of aKG. (A) Relative abundance of metabolites in the
serum of the 4 groups. Samples from the WT Sham (n ¼ 4), ABX Sham (n ¼ 4), WT IRI (n ¼ 5), and ABX IRI (n ¼ 5) groups were
sequenced to assess serum metabolites, but one sample from the ABX IRI group was removed from the analysis because of
high heterogeneity. (B and C) PCA (B) and partial least squares-discriminant analysis (PLS_DA) (C) analysis of the 4 groups. (D)
Concentrations of serum glutamine in 4 groups. (E) Heatmap of comparison of serum concentrations of amino acids and
organic acids in the 4 groups. (F) Bubble chart of cluster analysis of metabolic pathways in blood. (G) Concentration of serum
glutamate and aKG in the 4 groups. For all data, statistical comparisons between 2 groups were carried out by Student t test. P
< .05 indicates significant differences.
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Figure 6. KineticsofaKGandTCAcycle-relatedmetaboliteswerealteredbyantibioticpretreatment. (A) Patterndiagramand
protocol of the kinetics experiments after liver I/R surgery. Liver and blood specimens from the sham and I/R groupswere collected
at different timepoints in the reperfusion phase (for each group, n¼ 3–4). (B) SerumALT levels of each group. (C) Dynamic changes
in the levels of aKG, TCA cycle-related metabolites, and glycolysis-related metabolites. (D) Rate of change in serum glutamate,
aKG, and pyruvate levels from 3 to 6 hours in the reperfusion phase. (E) Immunofluorescence colocalization of GLS2 and GLUD in
liver tissue sections in different time point after reperfusion (GLS2-Cy3-red fluorescence, GLUD-488 fluorescence). The legend is
200 mm. (F) Quantitative statistical analysis of GLS2 and GLUD expression by using mean fluorescence intensity. For all data,
statistical comparisons between 2 groups were carried out by Student t test. P < .05 indicates significant differences.
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this effect. We speculated that this is because M1 macro-
phages mainly rely on glycolysis rather than OXPHOS
pathway as their main energy source. Then, 1 mmol/L of
aKG was chosen as the optimum concentration to see its
effect on inducing metabolic reprogramming to promote the
polarization of macrophage in M2 direction. According to
Figure 9C, the expression of both M2 markers Arg1 and
Mrc1 was increased in the IL-4 þ aKG group compared with
only IL-4 stimulation group (P ¼ .0347 and .0342, respec-
tively), and oligomycin A could sufficiently inhibit this effect.
Both Arg1 and Mrc1 expression were decreased in IL-4 þ
Oligo þ aKG group (P＜.0001 and P ¼ .0214, respectively).
As for lipopolysaccharide-induced M1 macrophage, the
expression of IL-1b and TNF-a were decreased as what we
expected in lipopolysaccharide þ aKG group (P ¼ .0152 and
0.0360, respectively). However, oligomycin A did not
reverse the effect of aKG on decreasing IL-1b expression.
Therefore, all the results of in vitro BMDM experiment
showed that aKG could shift the balance between M1 and
M2 polarization via macrophage metabolic reprogramming,
and oligomycin A reversed this effect by blocking OXPHOS
pathway.
Discussion
The gut microbiota and its metabolites play an important

role in host physiology and body homeostasis as well as in
various liver diseases.8–14 However, few studies have shown
the relationship between the gut microbiota, its metabolites,
and liver I/R injury, which is a real challenge of liver sur-
gery and transplantation.2 In recent studies, Li et al33 found
that oral ABX cocktail pretreatment could enhance liver IR
injury in the morning and demonstrated that gut microbiota
played a role in regulating the diurnal variation of liver IR
injury of mice. But in a larger basic and clinical cohort study,
Nakamura et al15 proved the benefits of ABX pretreatment
on liver I/R injury and proposed the therapeutic strategy of
gut microbiome. Thus, the relationship between antibiotics
treatment, altered gut microbiota, and liver I/R injury are
complex and worthy of further study.

Consistent with research of Nakamura et al,15 we found
that quadruple antibiotic pretreatment could efficiently
alleviate liver I/R injury. Because the composition and
function of the gut microbiota were undoubtedly influenced
by antibiotic intervention, we next used 16S rRNA
sequencing to detect which changes occur in the gut
microenvironment.34 The results indicated that the relative
abundance, diversity, and richness of the fecal microbiota
were decreased in ABX mice. Specific to the bacterial
composition, the microbiota of ABX mice include increased
abundance of the phylum Proteobacteria and the genera
unclassified_f_Enterobacteriaceae and Morganella. As early
as the end of the 20th century, studies showed that
Escherichia coli expresses enzymes for glutamine synthe-
sis.35,36 Although 16S rRNA sequencing cannot provide ac-
curate results at the species level, the increase in
uc_f_Enterobacteriaceae could partly explain the increase in
the level of the metabolite glutamine in fecal samples.
Furthermore, to exclude the effect of antibiotics on liver I/R,
FMT experiments were conducted and provided strong ev-
idence to prove our results. We transferred fecal microbiota
from both WT and ABX mice to GF mice during 7 days of
colonization and then investigated whether the bacteria
were successfully colonized. According to the results, the R-
ABX mice exhibited better protection against hepatic I/R
injury than their donors because serum ALT levels were
decreased to a greater extent after FMT. Thus, we concluded
that FMT could efficiently transfer the protective effect of
antibiotics on hepatic I/R injury, and the changes in the gut
microbiota were the key players in reducing hepatic I/R-
associated damage. At the same time, to verify whether
the altered microbiota composition and/or function are
responsible in the increased concentration of fecal gluta-
mine, glutamine of the 4 groups (D-WT, D-ABX, R-WT, and
R-ABX) was detected again by targeted metabolome
sequencing. Similar to what we found in donor WT and ABX
groups, the fecal glutamine level of R-ABX group was also
significantly increased compared with R-WT group. That
means the increase of glutamine in feces was indeed due to
the changes of gut microbiota after antibiotics pretreatment.
Furthermore, to support our conclusion that glutamine was
at least one of the critical metabolites that play their role in
protecting liver I/R injury, mice were gavaged with gluta-
mine for different duration (1, 3, 5, and 7 days) before liver
surgery. The result of serum ALT level showed that the long-
term (7 days) exogenous glutamine supplementation could
reduce the degree of liver damage. Thus, glutamine alone
was sufficient to produce protective effect as we observed in
antibiotics intervention.

Abundant evidence has revealed that there is a close
bidirectional relationship between the gut microbiota and
its metabolites.7 Thus, we used UPLC–MS/MS targeted
metabolomic system to investigate the changes in fecal,
serum, and hepatic metabolites in response to altered gut
bacteria. First, for fecal metabolomics, glutamine became the
focus of our research based on hierarchical clustering
analysis. It is worth noting that valine, leucine, and isoleu-
cine biosynthesis was also a key metabolic pathway, as
shown in the bubble chart. Indeed, studies have proven that
branched-chain amino acids can protect against hepatic I/R
injury in rats by attenuating KC activation.37 Thus, we
suggest that the increased level of branched-chain amino
acids is also a reason why antibiotics have a protective effect
on hepatic I/R injury. For serum metabolomics, the down-
stream decomposition products of glutamine, glutamate,
and aKG naturally attracted our attention. The results
showed that compared with those in the WT IRI group, the
concentration of aKG was increased, but glutamate level
was decreased, in ABX IRI group, suggesting that glutamine
was broken down after entering the blood circulation.
Furthermore, we measured the levels of serum aKG and
TCA cycle-related metabolites at different time points. The
results showed that aKG fueled the progression of the TCA
cycle by promoting the glycolysis pathway, as indicated by
the increased level of pyruvate at 6 hours. Although there
may be other metabolites that play a role in protection
against liver I/R injury, we finally chose the glutamine-aKG
metabolic pathway by comprehensively considering the



1268 Lu et al Cellular and Molecular Gastroenterology and Hepatology Vol. 15, Iss. 5
metabolomics results in both the feces and serum. At the
same time, we established the causal relation between the
conversion of gut-derived glutamine to serum aKG via
glutamate, which is also called glutaminolysis. First, we
traced back to the source of this pathway, glutamine, and we
demonstrated the increase of glutamine in feces of ABX
mice. Next, glutamine from the intestine would be collected
in the portal vein blood, resulting in the high expression of
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downstream glutaminase GLS2 and glutamate dehydroge-
nase GLUD in the whole liver tissue, which would eventually
lead to the increase of aKG in the blood. The more expres-
sion of GLS2 and GLUD, the more this pathway was acti-
vated. Thus, glutamate and aKG showed an inverse change
in serum metabolomics. But in fact, the level of the upstream
source substrate glutamine in blood did not decrease
despite the activation of the glutamine decomposition
pathway. We speculated that this was due to continuous
supplementation of gut-derived glutamine in ABX group.

Immunometabolism, which examines the contribution of
diverse metabolic pathways to the development, fate, and
behavior of immune cells, has become an increasingly bur-
geoning research field in recent years.23,38,39 Liu et al30

showed that aKG can promote the M2 phenotype of macro-
phages via the FAO metabolic pathway and Jmjd3-dependent
epigenetic reprogramming. However, in our liver I/R injury
mouse model, we found that the number of M2 macrophages,
which are responsible for anti-inflammatory processes and
tissue repair, was increased by OXPHOS but not by the FAO
or Jmjd3-dependent epigenetic pathways. This was due to the
increase in serum aKG levels that passively caused an in-
crease in pyruvate levels in the glycolysis pathway and then
coordinately promoted progression of the TCA cycle to
induce M2 macrophage polarization via the OXPHOS
pathway. Moreover, Cheng et al31 proved that DM-aKG could
attenuate hepatic I/R injury in a rat OLT model by regulating
KC polarization. However, in our study, we focused on the
finding that aKG, which is produced by the breakdown of
glutamine in the intestine, could protect against liver I/R
injury in mice by promoting macrophage metabolite
reprogramming. We used both the different models and
intervention methods to increase aKG production and
described the different mechanisms by which aKG affects
macrophage polarization. Finally, using oligomycin A to
inhibit Hþ-ATP synthase efficiently reversed the protective
effect of antibiotics on hepatic I/R injury. In the meantime,
we also performed mouse BMDMs in vitro to see the direct
effect of aKG on increasing ATP production and causing
macrophage metabolic reprogramming to promote M2
macrophage activation. Consistent with in vivo experimental
results, aKG could efficiently increase ATP level and change
the balance between M1 and M2 polarization.

In summary, we provide a link among the gut micro-
biota, its metabolites, and macrophage polarization and
present evidence for potential therapies that target
Figure 7. (See previous page). Serum aKG could lead to
phenotype differentiation via the OXPHOS metabolic pathw
levels of glutamine, serum glutamate, aKG, and pyruvate and th
M2 gene markers Il1b, Il6, Arg1, and Mrc1. (B) H&E staining and
and aKG (60 mg/kg, n ¼ 5) groups. (C) Immunofluorescence
analysis. Scale bars, 100 mm. (D) Serum ALT levels of the 3 group
Tnfa, Il6, and Il12b in the 3 groups. (F) Relative mRNA expressio
genes Il1b and Il6 at different time points. (G) Relative mRNA ex
and Cpt2 and the epigenetic gene Jmjd3. (H) Relative mRNA e
Pdha1, Ogdh, Sdha, Atp5b, Tfam, and Ppara. The polymerase
M1/M2 marker expression, n ¼ 3–4 for each group. (I) Mechanist
all data, statistical comparisons between 2 groups were carried
by Spearman’s correlation analysis. P < .05 indicates significan
macrophage metabolism, including antibiotic therapies and
novel immunometabolism modulators, to overcome the
challenge of liver I/R injury in clinical practice.

Methods
Mice

WT C57BL/6JGpt male mice (8–10 weeks old) and GF
C57BL/6JGpt (8–10 weeks old) mice were purchased from
GemPharmatech (Shanghai, China). WT animals were housed
under specific pathogen-free conditions in a temperature-
controlled room (22�C–24�C) with a normal light–dark cy-
cle, and the animals were given free access to food and water.
GF mice were maintained in sterile isolators under the care of
the Emory Gnotobiotic core. For the ABX experiment, WT
mice were administered a combination of vancomycin (1 g/L,
Sigma Aldrich, cat. #1404-93-9), ampicillin (1 g/L, Sigma
Aldrich, cat. #69-53-4), kanamycin (1 g/L, Sigma Aldrich, cat.
# 25389-94-0), and metronidazole (1 g/L, Sigma Aldrich, cat.
#443-48-1) in their drinking water for 4 months as previ-
ously described.40 Fecal samples were collected in fresh
sterile tubes, instantly frozen in liquid nitrogen, and stored at
–80�C. These stools were later subjected to 16S rRNA
sequencing, metabonomic analysis, and FMT experiments. In
the FMT experiment, the feces of 10 mice, including 5 WT
mice and 5 ABX mice, were collected. For fecal trans-
plantation experiments, 100 mg of stool was resuspended in
1 mL PBS, homogenized, and centrifuged at 500g for 3 mi-
nutes, and the bacterial supernatant was collected. Within 10
minutes of preparing the bacterial solution, recipient mice
were gavaged with 200 mL of the supernatant on the first and
third days during the 7 days of colonization.40,41 Then, all the
feces of the donor and recipient mice were collected for
bacteriological analysis and metabolome sequencing. For
glutamine gavage experiment (Sigma Aldrich, cat.
#1294808), 15 mice were randomly divided into 5 groups as
control and glutamine gavage for different durations (1, 3, 5,
and 7 days). The intragastric dose of each group was 25 mg/
kg. All the experimental protocols were in accordance with
the Guide for the Care and Use of Laboratory Animals (Na-
tional Institutes of Health, Bethesda, MD) and were approved
by the School of Medicine, Shanghai Jiao Tong University.

Liver Ischemia and Reperfusion Surgery
Male C57BL/6JGpt mice, including WT mice, ABX mice,

and GF mice colonized by FMT, were randomly divided into
macrophage metabolic reprogramming to promote M2
ay. (A) Heatmap of the correlation analysis between the fecal
e disease indicator ALT as well as the expression of the M1 or
Suzuki’s quantitative score of the WT, aKG (6 mg/kg, n ¼ 5),
double labeling of M2 macrophages and semiquantitative
s. (E) Relative mRNA expression of the M1 marker genes Il1b,
n of the M2 marker genes Arg1 and Mrc1 and the M1 marker
pression of the FAO metabolic pathway-related genes Cpt1a
xpression of the OXPHOS metabolic pathway-related genes
chain reaction data above show the kinetics of macrophage
ic diagram of how aKG can protect the liver from I/R injury. For
out by Student t test. Correlation comparison was performed
t differences.



Figure 8. Administration of oligomycin A reversed the protective effect of antibiotic pretreatment on hepatic I/R injury.
(A) Relative mRNA expression of Atp5b and Atp5j in the WT, WO, ABX, and ABO groups (n ¼ 5 per group). (B) Changes in the
levels of serum nucleic acid metabolomics, including ADP/ATP and NADþ/NADH. (C) H&E staining and Suzuki’s quantitative
score. (D) Immunofluorescence double labeling of M2 macrophages and semiquantitative analysis. Scale bars, 100 mm. (E)
Serum ALT levels in the 4 groups. (F) Relative mRNA expression of the M1 marker genes Il1b, Tnfa, Il6, Il12a, and Il12b in the 4
groups. (G) Relative mRNA expression of the M2 marker genes Arg1, Mrc1, and Ym1 in the 4 groups. For all data, statistical
comparisons between 2 groups were carried out by Student t test. P < .05 indicates significant differences.
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Figure 9. Exogenous aKG supplement could promote BMDM M2 activation and inhibit M1 polarization. (A) On the left,
the value of ATP production normalized by cell number of M1 macrophage-related group: Con, LPS stimulation group, LPS þ
oligomycin A group, LPS þ dose gradient of aKG (0.1, 1, 10 mmol/L), and LPS þ oligomycin A þ dose gradient of aKG (0.1, 1,
10 mmol/L) (n ¼ 3). On the right, the value of ATP normalized by cell number of M2 macrophage-related group: Con, IL-4
stimulation, IL-4 þ oligomycin A, IL-4 þ dose gradient of aKG (0.1, 1, 10 mmol/L), and IL-4 þ oligomycin A þ dose
gradient of aKG (0.1, 1, 10 mmol/L) (n ¼ 3). After 1 mmol/L of aKG was chosen as the optimal concentration to increase ATP
production of BMDMs, M1 and M2 markers were used to perform macrophage phenotyping by quantitative polymerase chain
reaction. (B) Relative mRNA expression of the M1 marker genes Il1b, Tnfa in LPS induced-M1 macrophage related group. (C)
Relative mRNA expression of the M2 marker genes Arg1, Mrc1 in IL-4 induced-M2 macrophage related group. For all data,
statistical comparisons between 2 groups were carried out by Student t test. P < .05 indicates significant differences. LPS,
lipopolysaccharide.
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a sham group and a liver IR group. We performed a partial
liver IR injury operation as described previously.42,43 In
brief, the arterial/portal vessels to the cephalad lobes were
clamped for 90 minutes. Vascular occlusion was not per-
formed in the sham group. For the drug intervention
experiment, mice were injected intraperitoneally with
different gradient doses of DM-aKG (6 mg/kg or 60 mg/kg,
Sigma Aldrich, cat. #349631) or oligomycin A (0.5 mg/kg,
MedChemExpress, cat. #1404-19-9) 1 hour before liver IR
surgery. The mice were killed at various time points after
reperfusion; liver and serum samples were collected for
analysis.
Cell
BMDMs were collected and cultured in Dulbecco modi-

fied Eagle medium supplemented with 10% fetal bovine
serum and 20% L929 cell (one kind of mouse fibroblast cell
line, ATCC, cat. #CCL1) culture supernatant for differentia-
tion for 7 days at 37�C, 5% of CO2 culture. On day 7,
differentiated mature BMDMs were replaced with Dulbecco
modified Eagle medium (without L929 cell culture super-
natant) overnight and then stimulated with 10 ng/mL
lipopolysaccharide (Sigma Aldrich, cat. #L2630) to induce
M1 polarization and 20 ng/mL IL-4 for M2 (Bioconcept, cat.
#214-14) activation for 6 hours. In ATP measurement
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experiment, BMDMs were given a gradient dose of aKG at
0.1, 1, and 10 mmol/L (Sigma Aldrich, cat. #75890) with or
without oligomycin A (5 mmol/L) while stimulating M1/M2
polarization. Then 1 mmol/L concentration of aKG was
chosen as the optimal dose to perform polarization pheno-
type identification by using quantitative polymerase chain
reaction.

ALT Measurement
The ALT levels in serum were measured by an ALT kit

(Thermo Fisher, Waltham, MA, cat. #TR71121) according to
the manufacturer’s instructions.

ATP Measurement
The 5 � 104 BMDMs were seeded in 100 mL of 10% fetal

bovine serum Dulbecco modified Eagle medium in 96-well
plates. After polarization with/without aKG and oligomy-
cin A treatment, 100 mL of Cell titer-Glo luminiscence ATP
reconstituted buffer and substrate (Promega, cat. #G7570)
was added to each well, and luminescence was measured
after 10 minutes following manufacturer’s instructions. A
standard curve with ATP was performed using the same kit
and following manufacturer’s instructions.

Real-Time Polymerase Chain Reaction
Total RNA was isolated with TRIzol (Sigma Aldrich, cat.

#93289). One microgram of total RNA was reverse tran-
scribed into cDNA with a PrimeScript Reverse Transcription
Species Gene Forward prim

Mouse GAPDH AGGTCGGTGTGAA

IL-1b TCGCAGCAGCACA

TNF-a ATGTCTCAGCCTC

IL-6 CTCCCAACAGACC

IL-12a GACCTGTTTACCA

IL-12b TGAGAAGTATTCAG

CXCL10 CAACTGCATCCAT

Arg1 CATATCTGCCAAA

Mrc1 CCTATGAAAATTGG

Ym1 CAGTGTTCTGGTG

Cpt1a CTACATCACCCCA

Cpt2 TGTCTTTGATGTCC

Acox1 CCAATGCTGGTAT

Jmjd3 CCCCCATTTCAGC

Species Gene Forward prim

Mouse Pdha1 GGTCTGTTTGACAT

Ogdh CAATCAGCTCTATG

Sdha ACATCAGAACTACG

Atp5b GGGATTACCACCCA

Atp5j GCATTTGAAGAGGA

Tfam TCGCATCCCCTCGT

Ppara GAGCTGCAAGATTC
Reagent Kit (Takara, Otsu, Shiga, Japan, cat. #RR037Q).
Quantitative polymerase chain reaction was performed with
a Step One Plus Real-Time PCR System (Thermo Fisher
Scientific) with a Sybr Premix Ex Taq Kit (Takara， cat.
#DRR420A). GAPDH was used as a reference. The relative
mRNA expression of IL-1b, TNF-a, IL-6, IL-12a, IL-12b, and
CXCL10, markers of M1/M2 macrophage phenotypes, and
markers of metabolic pathways, including OXPHOS, FAO,
and Jmjd3, was determined by 2-DDCT calculation. The
primers used in this experiment are as follows.
H&E Staining and TUNEL Assay
Liver tissues were embedded in paraffin, and serial 5-

mm-thick sections were placed onto slides. After dewaxing
and rehydration, the sections were stained with H&E ac-
cording to routine protocols. For the TdT-mediated TUNEL
assay, the sections were deparaffinized, and apoptotic cells
were detected using the in situ BrdU-Red DNA fragmenta-
tion (TUNEL) assay kit (Abcam，cat. #ab66108) and
counterstained with DAPI (Tocris, cat. #5748).
Immunohistochemistry
Paraffin liver sections were used to detect the activity of

MPO and cleaved caspase 3. Sections were incubated over-
night at 4�C with a monoclonal rabbit anti-MPO primary
antibody (MPO, 1:500; Abcam, cat. #ab109116; RRID:
AB_10865696) and a monoclonal rabbit anti-cleaved
caspase-3 primary antibody (cleaved caspase-3, 1:400; Cell
er (5�-3�) Reverse primer (3�-5�)

CGGATTTG TGTAGACCATGTAGTTGAGGTCA

TCAACAAGAG TGCTCATGTCCTCATCCTGGAAGG

TTCTCATTC GCTTGTCACTCGAATTTTGAGA

TGTCTATAC CCATTGCACAACTCTTTTCTCA

CTGGAACTA GATCTGCTGATGGTTGTGATTC

TGTCCTGC CTGTGAGTTCTTCAAAGGCTTC

ATCGATGAC GATTCCGGATTCAGACATCTCT

GACATCGTG GACATCAAAGCTCAGGTGAATC

GCTTACGG CTGACAAATCCAGTTGTTGAGG

AAGGAAATG ACCCAGACTTGATTACGTCAAT

ACCCATATT GATCCCAGAAGACGAATAGGTT

TCGATCAA TCGGTTCTCACTGGTCAAATAA

CGAAGAATG CGACTGAACCTGGTCATAGATT

TGACTAA CTGGACCAAGGGGTGTGTT

er (5�-3�) Reverse primer (3�-5�)

TATACGGC CGCACAAGATATCCATTCCATC

ACTGCAAC GGATTTGGGAGTGAAGACGATT

CCTAAACA TTTCACAGCCTTCTTGCAATAC

TCCTAAAT TACTTTCTGGCCTCTAACCAAG

ACATTGGT ATCTTGTCCACGAAGAGTTTCT

CTATCAGTC TGGGTAGCTGTTCTGTGGAAAATCG

AGAAGAAG GAATCTTTCAGGTCGTGTTCAC
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Signaling Technology, cat. #9661, RRID: AB_2341188).
Then, the sections were rinsed with 0.01 mol/L PBS (pH
7.4) and incubated with biotinylated goat anti-rabbit
immunoglobulin G (1:1000; Cell Signaling Technology, cat.
#7074, RRID: AB_2099233) for 2 hours at room tempera-
ture. After washing, the tissues were incubated with strep-
tavidin-horseradish peroxidase (1:4000; Sigma Aldrich, cat.
#ab205718) for 2 hours at room temperature. Immunore-
activity was visualized by incubating the tissue sections in
0.01 mol/L PBS containing 0.05% 30,3-diaminobenzidine
tetrahydrochloride (Sigma Aldrich, cat. #D3939) and
0.003% hydrogen peroxide for 10 minutes in the dark. The
sections were then stained with hematoxylin (Servicebio,
China, cat. #G1004) and mounted. Control slides that were
not incubated with primary antibodies were examined in all
cases. Immunoreactive cells were stained yellow-brown.
The numbers of positive cells were counted in 5 cross sec-
tions in each sample.

Immunofluorescence
Liver tissue sections were used to detect the number of

M2 macrophages and changes in the expression of GLS2 and
GLUD by double-labeling immunofluorescence. Liver sec-
tions were incubated with monoclonal rat anti-CD68 (CD68,
1:100; Abcam, cat. #ab53444, RRID: AB_869007) and
monoclonal rabbit anti-CD163 (CD163, 1:500; Abcam, cat.
#ab182422, RRID: AB_2753196) antibodies or monoclonal
rat anti-CD68 (CD68, 1:100; Abcam) and monoclonal anti-
CD86 antibodies (CD86, 1:100; Cell Signaling Technology,
cat. #19589, RRID: AB_2892094) overnight at 4�C. The
sections were then incubated with the corresponding sec-
ondary antibodies conjugated to Alexa Fluor 488 (1: 300,
Cell Signaling Technology, cat. #4416, RRID: AB_10693769)
or Alexa Fluor 546 (1: 300, Thermo Fisher Scientific, cat. #A-
21430, RRID: AB_2535851) for 1 hour at room temperature.
Similar to the experiment above, we applied polyclonal
rabbit anti-GLS2 antibody (GLS2, 1:100; Abcam, cat.
#ab113509, RRID: AB_10866157) and monoclonal rabbit
anti-glutamate dehydrogenase 1/2 (GLUD, 1:1000; Cell
Signaling Technology, cat. #12793, RRID: AB_2750880) in-
cubation overnight at 4�C, followed by incubation with the
fluorescent secondary antibodies Cy3 (1:100, Abcam, cat.
#ab97075, RRID: AB_10679955) and Alexa Fluor 488
(1:500, Abcam, cat. #ab150077, RRID: AB_2630356) for 1
hour at room temperature. Control slides that were not
incubated with primary antibodies were examined in all
cases. For quantification, images were captured with a
confocal microscope (LSM-710; Zeiss, Jena, Germany) by an
investigator blinded to the treatment conditions and quan-
tified using ImageJ software (National Institutes of Health).

16S rRNA Sequencing and Data Analysis
The fecal microbiota of the WT mice vs ABX mice as well

as the donor and recipient WT and ABX mice in the FMT
experiment were analyzed by 16S rRNA sequencing. DNA
was extracted from the samples using a QIAamp Fast DNA
Stool Mini Kit (Qiagen, CA, cat. #51604) according to the
manufacturer’s instructions. The bacterial DNA
concentration was measured using a NanoDrop 2000
spectrophotometer (Thermo Scientific). Then, the 16S rRNA
genes were amplified with the bacterial primer pair 338F-
806R, which flanks the V3–V4 region, using FastPfu Poly-
merase. Amplicons were then purified by gel extraction
(AxyPrep DNA Gel Extraction Kit, Axygen Biosciences, CA,
cat. #AP-GX-250) and quantified using QuantiFluor-ST
(Promega, Madison, WI). Paired-end sequencing was per-
formed using an Illumina MiSeq system (Illumina, CA). High-
throughput pyrosequencing of the polymerase chain reac-
tion products was then performed on the free online plat-
form of the Majorbio Cloud Platform (www.majorbio.com).

Sequencing reads were demultiplexed and filtered.
Operational taxonomic units were selected at 97% similarity
cutoff, and the identified taxonomy was then aligned using
the Greengenes database (version 13.8). The relative species
abundance in each group was evaluated on the basis of rank-
abundance curves, and alpha-diversity indices (Shannon,
Simpson, Chao, and ACE) were analyzed. For beta-diversity
analysis, PCA, PCoA, and NMDS were performed using
Quantitative Insights into Microbial Ecology (QIIME) 1.9.1.
For the analysis of differences in bacterial composition, we
used Student t test with P < .05 as a threshold. From phylum
to genus, the biomarkers in the 2 groups were quantitatively
analyzed by linear discriminant analysis effect size analysis.
Linear discriminant analysis effect size analysis, with linear
discriminant analysis threshold of >2, was performed using
the nonparametric Kruskal–Wallis test to identify the most
differentially abundant taxa.
Metabolomics
Fecal sample preparation. Fecal samples were thawed in
an ice bath to reduce degradation. Approximately 5 mg of
each sample was weighed and transferred to a new 1.5 mL
tube. Then, 25 mL of water was added, the samples were
homogenized with zirconium oxide beads for 3 minutes, and
120 mL of methanol containing internal standard was added
to extract the metabolites. The samples were homogenized
for another 3 minutes and then centrifuged at 18,000g for 20
minutes. Twenty microliters of the supernatants was trans-
ferred to a 96-well plate. The following procedures were
performed on a Biomek 4000 workstation (Biomek 4000,
Beckman Coulter, Inc, Brea, CA). Twenty microliters of
freshly prepared derivative reagents was added to each well.
The plate was sealed, and derivatization was carried out at
30�C for 60 minutes. After derivatization, 330 mL of ice-cold
50% methanol solution was added to dilute the samples.
Then, the plate was stored at –20�C for 20 minutes, followed
by centrifugation at 4000g at 4�C for 30 minutes. A total of
135 mL of each supernatant was transferred to a new 96-well
plate with 10 mL internal standards in each well. Serial di-
lutions of the derivatized stock standards were added to the
left wells. Finally, the plate was sealed for LC–MS analysis.
Serum sample preparation. Samples were thawed in an
ice bath to reduce degradation. Then, 25 mL of plasma was
added to a 96-well plate, and the plate was transferred to
the Eppendorf epMotion Workstation (Eppendorf Inc,
Hamburg, Germany). Then, 120 mL ice-cold methanol with

http://www.majorbio.com
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partial internal standards was automatically added to each
sample, and the samples were vortexed vigorously for 5
minutes. The plate was centrifuged at 4000g for 30 minutes
(Allegra X-15R, Beckman Coulter, Inc, Indianapolis, IN).

Then, the plate was returned to the workstation. Thirty
microliters of each supernatant was transferred to a clean
96-well plate, and 20 mL of freshly prepared derivative re-
agents was added to each well. The plate was sealed, and
derivatization was carried out at 30�C for 60 minutes. After
derivatization, 330 mL of ice-cold 50% methanol solution
was added to dilute the samples. Then, the plate was stored
at –20�C for 20 minutes, followed by centrifugation at
4000g at 4�C for 30 minutes. A total of 135 mL of each su-
pernatant was transferred to a new 96-well plate with 10 mL
internal standards in each well. Serial dilutions of the
derivatized stock standards were added to the left wells.
Finally, the plate was sealed for LC–MS analysis.

UPLC–MS/MS
A UPLC–MS/MS system (ACQUITY UPLC-Xevo TQ-S, Waters

Corp, MA) was used to analyze 11 targeted metabolites of in-
terest.WeusedUPLCcolumns, includinganACQUITYHPLCBEH
C181.7mmVanGuardprecolumn(2.1�5mm)andanACQUITY
HPLC BEH C18 1.7 mm analytical column (2.1 � 100 mm), to
perform the chromatographic separation of fecal samples at a
constant temperature of 40�C. The injection volume of sample
was 5mL. Themobile phaseswere as follows; eluent Awas 0.1%
formic acid in water, and eluent B was acetonitrile/IPA (70:30).
The gradient elution conditions were as follows: 0–1 minute
(5% B), 1–11 minutes (5%–78% B), 11–13.5 minutes (78%–
95% B), 13.5–14 minutes (95%–100% B), 14–16 minutes
(100% B), 16–16.1 minutes (100-5% B), and 16.1–18 min (5%
B). The flow rate was set to 0.40 mL/min. For mass spectrom-
etry, the conditions were as follows: capillary: 1.5 (ESIþ), 2.0
(ESI-) Kv; source temperature: 150�C; desolvation temperature:
550�C; desolvation gas flow: 1000 L/h. The quality control
samples were prepared along with the test samples and run
after every 14 samples to ensure reproducibility.

For data analysis, the raw data files generated by
UPLC–MS/MS were processed with MassLynx software
(version 4.1, Waters, MA) to perform peak integration,
calibration, and quantitation for each metabolite. The
powerful R studio package was used for statistical analysis.
PCA and partial least square discriminant analysis were
used for the classification and identification of differentially
altered metabolites. Potential biomarkers of differentially
expressed metabolites were characterized by variables with
a variable influence on projection >1 and P < .05 in Student
t test or Wilcoxon test. Z-transform was conducted to
observe the distribution of different metabolites between
groups. Pathway enrichment analysis was performed using
pathway impact and hypergeometric tests.

Quantification and Statistical Analysis
All the data are presented as the mean ± standard de-

viation. Differences between 2 groups were analyzed by
Student t test or Wilcoxon test. For comparison of data
between multiple groups, the Kruskal–Wallis H test was
used. Statistical analyses were performed using GraphPad
Prism v 8.0 (USA) software. All the results were considered
statistically significant at P < .05. The methods for the data
analysis of fecal microbiota and metabolomics have been
described above. Statistical parameters and the number of
samples are stated in the figure legends.
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