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SUMMARY
There are significant differences in the susceptibility of populations to intestinal ischemia/reperfusion (I/R),
but the underlying mechanisms remain elusive. Here, we show that mice exhibit significant differences in
susceptibility to I/R-induced enterogenic sepsis. Notably, the milnacipran (MC) content in the enterogenic-
sepsis-tolerant mice is significantly higher. We also reveal that the pre-operative fecal MC content in
cardiopulmonary bypass patients, including those with intestinal I/R injury, is associated with susceptibility
to post-operative gastrointestinal injury. We reveal that MC attenuates mouse I/R injury in wild-type mice but
not in intestinal epithelial aryl hydrocarbon receptor (AHR) gene conditional knockout mice (AHRflox/flox) or IL-
22 gene deletion mice (IL-22�/�). Collectively, our results suggest that gut microbiota affects susceptibility to
I/R-induced enterogenic sepsis and that gut microbiota-derived MC plays a pivotal role in tolerance to intes-
tinal I/R in an AHR/ILC3/IL-22 signaling-dependent manner, revealing the pathological mechanism, potential
prevention and treatment drugs, and treatment strategies for intestinal I/R.
INTRODUCTION

Perioperative intestinal ischemia/reperfusion (I/R) injury is a

common phenomenon, especially in surgical and trauma pa-

tients, with high morbidity and mortality.1 Enterogenic sepsis,

an important type of sepsis, is a systemic reaction caused by in-

testinal damage or an insidious intestinal infection that is difficult

to diagnose and seriously harmful.2–5 However, there is a lack of

effective drugs and measures for preventing and treating intesti-

nal I/R and I/R induced enterogenic sepsis.

Homeostasis in the interaction of the gut microbiota with the

intestinal epithelial barrier is critical for maintaining normal gut

function.6,7 Intestinal I/R not only leads to local damage to the in-

testinal tissue, but also causes intestinal flora disturbance, bac-

terial translocation, and endotoxin release caused by damage to

the intestinal epithelial barrier, thereby causing injury to multiple

extraintestinal organs.1,8–10 These results suggest that intestinal

I/R is an effectivemodel to study the pathophysiology and poten-

tial prevention and treatment of enterogenic sepsis. In this study,

we found that mice have significant differences in susceptibility

to intestinal I/R-induced enterogenic sepsis confirmed by the

murine sepsis score (MSS) at 6 h after reperfusion. Some mice

had very low sepsis injury scores at 6 h of reperfusion

(0 < MSS < 7), and these mice have a higher survival rate, so

we defined this group of mice as enterogenic-sepsis-tolerant

mice (ESTM). While some mice had a very high sepsis injury

score (MSS of >14) at 6 h of reperfusion, and these mice died

quickly, so we defined this group of mice as enterogenic-
Cell Re
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sepsis-sensitive mice (ESSM). This phenomenon indicates that

mice with the same genetic background showed significantly

different susceptibilities to enterogenic sepsis. Furthermore,

studies have confirmed that a diverse and balanced gut micro-

biota enhances host immunity against intestinal and systemic

pathogens and that gut microbiota dysbiosis may increase sus-

ceptibility to disease.11–14 However, the role of specific intestinal

flora and its metabolites in the susceptibility to enterogenic

sepsis has not yet been reported.

We speculated that differences in the gut microbiota may

affect susceptibility to intestinal I/R-induced enterogenic

sepsis. In this study, we showed that pre-operative fecal mil-

nacipran (MC) content and tryptophan metabolic signal levels

exhibit significant differences among mice with different

susceptibilities to intestinal I/R-induced enterogenic sepsis.

MC is a serotonin and noradrenaline reuptake inhibitor.15

However, the role of MC in intestinal I/R has not been

reported. Studies have shown that serotonin can activate the

aryl hydrocarbon receptor (AHR), which is a key intestinal

epithelial cell receptor that senses intestinal flora and metab-

olites and tryptophan metabolic pathways.16 These results

suggest that AHR may be activated by MC or tryptophan me-

tabolites. However, whether AHR is a key receptor of MC and

whether an interaction between AHR and MC affects suscep-

tibility to intestinal I/R-induced enterogenic sepsis remain

unclear.

It has been demonstrated that tryptophan metabolites derived

from gut microbiota produce AHR agonists to support the
ports Medicine 4, 100979, March 21, 2023 ª 2023 The Author(s). 1
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development and maintenance of group 3 innate lymphocytes

(ILC3s) in the gut, which mainly produce IL-17 and IL-22.17,18

ILC3s and their derived IL-22 have been shown to be closely

related to the success of intestinal transplantation.19 AHR/IL-

22 signaling is also involved in mucosal wound healing and

antimicrobial peptide production in intestinal epithelial cells,20 in-

testinal stem cell-mediated epithelial regeneration,17 intestinal

barrier integrity, and intestinal immunity.21 These results indicate

that the AHR/IL-22 signaling pathway in the gut not only plays an

important role in host defense against microbial pathogens, but

also promotes disease tolerance to limit deleterious effects.

However, the role of ILC3s or IL-22 in intestinal I/R injury has

not been reported.

In this study, we aimed to uncover the important role of the gut

microbiota in differential susceptibility to enterogenic sepsis

induced by intestinal I/R to explore the effects and potential

mechanisms of the gut microbiota-derived MC on intestinal I/R

injury.

RESULTS

Mice exhibit significant differences in susceptibility to
intestinal I/R-induced enterogenic sepsis
A mouse model of enterogenic sepsis induced by intestinal I/R

was established, and the level of septic injury in mice was

assessed at 6 h after reperfusion according to the MSS. Interest-

ingly, we observed that mice with enterogenic sepsis showed

significant differences in susceptibility. As shown in Figure 1A,

35 of the 90 mice in total (38.89%) had very low sepsis injury

scores at 6 h of reperfusion (0 < MSS < 7), and the MSS of these

mice remained stable at a very low level in the next few days. We

defined this group of mice as ESTM. Thirty of the 90 mice in total

(33.33%) had a very high sepsis injury score (MSS of >14) at 6 h

of reperfusion, and the MSS of these mice increased drastically

and the mice died in the following days. We defined this group of

mice as ESSM. Compared with those in the ESSM group, the

mice in the ESTMgroup showed ahigher survival rate (Figure 1B),

minor intestinal tissue pathological injury and scores (Figures 1C

and 1D), smaller intestinal barrier permeability measured by

decreased plasma fluorescein isothiocyanate-dextran levels

(Figure 1E), fewer intestinal bacterial translocations (Figure 1F),

and lower plasma endotoxin levels (Figure 1G). Furthermore,

the ESTM group mice showed lower lung tissue injury and pa-

thology scores (Figures 1H and 1I) and lungwet-to-dry weight ra-

tio (Figure 1J), lower liver tissue injury and pathology scores

(Figures 1K and 1L), and plasma alanine aminotransferase

(ALT) and aspartate aminotransferase (AST) levels (Figures 1M
Figure 1. Mice have significant differences in susceptibility to intestin

(A) Schematic diagram of differences in susceptibility to enterogenic sepsis in m

(B) Mouse survival curve (n = 20; chi-square test).

(C and D) Hematoxylin and eosin (HE) staining (C) and the pathological damage

(E–G) The fluorescein isothiocyanate (FITC)-dextran levels (E) and 16S/18S levels

the intestinal barrier and bacterial translocation (n = 8).

(H–J) Mouse lung tissue HE staining (H); the pathological damage scores (I) and

(K–N) Mouse liver tissue HE staining (K); the pathological damage scores (L) and

(O–Q)Mouse kidney tissue HE staining (O); the pathological damage scores (P) an

the median and quartile. *p < 0.05, **p < 0.01, ***p < 0.001 by were determined b
and 1N), and lower kidney tissue injury and pathology scores

(Figures 1O and 1P) and plasma blood urea nitrogen (BUN) levels

(Figure 1Q) than those in the ESSM group. These results indicate

that the mice possessed exhibited significant differences in sus-

ceptibility to enterogenic sepsis.

Differences in the gut microbiota and metabolites of
mice with different susceptibilities to enterogenic
sepsis
Then, 16S rRNA gene sequencing and metabolomics were

used to observe the differences in the gut microbiota and me-

tabolites in the pre-operative stool between the ESTM and the

ESSM. Alpha diversity analysis (Chao1 index) showed that

there was no significant difference in the number of commu-

nities within the group (Figure 2A). A principal coordinate anal-

ysis showed that the microbial composition between the two

groups was clearly clustered and separated (Figure 2B).

Sequencing data showed that, at the phylum level, the relative

abundance of Bacteroidetes was significantly increased, while

the relative abundances of Verrucomicrobiota and Proteobac-

teria were significantly decreased in the ESTM group

compared with the ESSM group (Figure 2C). Linear discrimi-

nant analysis effect size was mainly used to screen bio-

markers with statistical significance. This study found that

the relative abundance of f_Muribaculaceae in the ESTM

group was higher and that the relative abundance of g_Akker-

mansia and O_Verrucomicrobiales in the ESSM group was

higher (Figure 2D). The untargeted metabolomics data showed

that there were significantly different metabolites between the

two groups (Figure 2E) and that the MC content in feces was

significantly higher in the ESTM group (Figure 2F). In addition,

the differential metabolite Kyoto Encyclopedia of Genes and

Genomes bubble plot showed that the tryptophan metabolic

pathway was significantly enriched in the ESTM group (Fig-

ure 2G). The liquid chromatography-tandem mass spectrom-

etry-targeted validation results confirmed that the differential

metabolite was MC (Figure 2H), and the feces of the GF

mice were used to verify whether MC is a metabolite of intes-

tinal flora. The MC level in the feces of the GF mice was signif-

icantly lower than that in the wild-type (WT) mice (Figure 2I). In

addition, the MC level in the feces of the I/R group was signif-

icantly decreased compared with that in the sham group, but

the trend was significantly reversed in the I/R + MC group (Fig-

ure 2J). The above results further revealed that there are differ-

ences in the gut microbiota and metabolites of different ESSM

and that MC is a microbiota metabolite that may play an

important role in enterogenic sepsis.
al I/R-induced enterogenic sepsis

ice.

scores (D) of intestinal tissue sections. Scale bar, 100 mm (n = 8).

in blood cells (F) and endotoxin levels in plasma (G) reflect the permeability of

wet/dry weight ratios (J). Scale bar, 100 mm (n = 8).

plasma ALT (M) and AST levels (N). Scale bar, 100 mm (n = 8).

d plasma BUN levels (Q). Scale bar, 100 mm (n = 8). The results are expressed as

y the Mann-Whitney test.
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Pre-operative fecal MC content in patients with
cardiopulmonary bypass is associated with
susceptibility to post-operative gastrointestinal injury
Studies have found that cardiac surgery patients undergoing

cardiopulmonary bypass (CPB) are important research subjects

for perioperative intestinal I/R injury.22 To observe the relation-

ship between pre-operative fecal MC content and post-opera-

tive gastrointestinal injury, we detected the MC content in all

patients’ pre-operative stools using targeted metabolomics.

The clinical patient cohort was divided into an acute gastrointes-

tinal function injury (AGI) group (AGI ofR1) and a non-AGI (NAGI)

group (AGI = 0) according to the acute gastrointestinal injury

score on day 7 after surgery. The clinical data of the patients

and the blood samples of the patients at T1 (before the opera-

tion), T2 (at the end of surgery), and T3 (6 h after surgery) were

collected, and the differences in the perioperative intestinal injury

between AGI group and NAGI group were analyzed. As shown in

Table S1, the intensive care unit duration of stay and the time

from completion of operation to the first meal in the NAGI group

were significantly lower than those in the AGI group. Remark-

ably, the pre-operative fecal MC content of NAGI group was

significantly higher than those in AGI group. Elevated intestinal

fatty-acid binding protein (IFABP) levels,23 decreased citrulline

levels,24 and decreased diamine oxidase (DAO) levels25 in

plasma have been identified as effective biomarkers of gastroin-

testinal injury and intestinal barrier damage in patients. There

were no significant differences in plasma IFABP (Figure S1A),

citrulline (Figure S1B), or DAO (Figure S1C) levels between the

AGI group and the NAGI group at T1 (before the operation) and

T2 (at the end of surgery). At T3 (6 h after surgery), the plasma

levels of citrulline and DAO in NAGI group were significantly

higher than those in AGI group (Figures S1B and S1C). Then

we used receiver operating characteristic (ROC) analysis to eval-

uate the ability of pre-operative fecal MC content, plasma IFABP,

citrulline, and DAO levels at T3 to predict or distinguish post-

operative AGI (AGI of R1) in patients with CPB. The results

showed that the MC content in the pre-operative stool showed

better diagnostic potential with area under the ROC curve

(AUC) of 0.822 (95% confidence interval, 0.698–0.946) than

IFABP (AUC, 0.624; 95% confidence interval, 0.654–0.795),

citrulline (AUC, 0.635; 95% confidence interval, 0.664–0.807)

and DAO (AUC, 0.729; 95% confidence interval, 0.575–0.882)

at T3 (Figures S1D and S1E). These data suggested that pre-

operative fecal MC content in CPB patients is associated with

susceptibility to post-operative intestinal injury and may be a
Figure 2. Differences in the gut microbiota and metabolites in mice wi

(A) Alpha diversity analysis (Chao1 index, n = 6; Wilcoxon test).

(B) Principal coordinate analysis (PCoA) of 16S rRNA gene sequencing data (n =

(C) The composition of the gut bacterial abundance at the phylum level (n = 6).

(D) Linear discriminant analysis (LDA) effect size (LEfSe) of different species betw

(E) PCoA of metabolomics (n = 6; Adonis analysis and Anosim analysis).

(F) Volcano plot of differential metabolites between groups (n = 6).

(G) The differential metabolite Kyoto Encyclopedia of Genes and Genomes (KEG

(H) Chemical structure of MC (n = 6).

(I) Liquid chromatography-tandem mass spectrometry (LC–MS/MS)-targeted de

(J) LC-MS/MS-targeted detection of theMC content in the feces. The results are e

determined by the Mann-Whitney test in (A), (I), (J), and adonis analysis and ano
potentially reliable biomarker for the prediction and diagnosis

of pre-operative intestinal injury.

Gut microbiota affects susceptibility to enterogenic
sepsis induced by intestinal I/R
To observe the role of the gut microbiota in differential suscepti-

bility to enterogenic sepsis, mice were given antibiotics (ABX)

(vancomycin, 100 mg/kg; neomycin sulfate 200 mg/kg; metroni-

dazole 200 mg/kg; and ampicillin 200 mg/kg) intragastrically

once each day for 1 week to deplete the gut microbiota to

construct pseudosterile mice, then mouse feces from the

ESTM group or ESSM group were transplanted into pseudoster-

ile mice to establish a model of enterogenic sepsis (Figure 3A).

Alpha and beta diversity analyses showed that the gut microbial

diversity in the ABX-treated mice was significantly lower than

that in the control mice, suggesting that the construction of

pseudosterile mice was successful (Figures S2A and S2B).

Compared with the mice that received feces from ESSM

(ESSM feces group), the pseudosterile mice that received feces

fromESTM (ESTM feces group) showed amarked increase in the

levels of Bacteroidetes and a decrease in the levels of Verruco-

microbiota (Figure 3B), which demonstrated that the fecal micro-

biota transplantation (FMT) experiment was successful.

Compared with those in the ESSM feces group, the mice in the

ESTM feces group had less intestinal histopathological damage

and lower scores (Figures 3C and 3D), less intestinal barrier

permeability (Figure 3E), fewer bacterial translocations

(Figure 3F), and lower plasma endotoxin levels (Figure 3G).

Furthermore, the lung injury (Figures S2C–S2E), liver injury

(Figures S2F–S2I), and kidney injury (Figures S2J–S2L) in the

ESTM feces group were significantly less serious than those in

the ESSM feces group.

Then, the pre-operative stools of the patients undergoing CPB

from the NAGI group or AGI group were transplanted into pseu-

dosterile mice to establish a model of enterogenic sepsis (Fig-

ure 3H). After 1week of FMT, theMC content in the pre-operative

feces of the mice in the NAGI feces group was significantly

higher than that in the AGI feces group (Figure 3I). Compared

with those in the AGI feces group, the mice in the NAGI feces

group showed less intestinal histopathological damage and

lower scores (Figures 3J and 3K), less intestinal barrier perme-

ability (Figure 3L), fewer bacterial translocations (Figure 3M),

and lower plasma endotoxin levels (Figure 3N) after intestinal

I/R. Furthermore, the lung injury (Figures S2M�S2O), liver injury

(Figures S2P–S2S), and kidney injury (Figures S2T–S2V) in the
th different susceptibilities to enterogenic sepsis

6; Adonis analysis and Anosim analysis).

een groups (n = 6).

G) bubble plot between groups (n = 6).

tection of the MC content in feces of WT mice or germ-free (GF) mice (n = 6).

xpressed as the median and quartile. *p < 0.05, **p < 0.01, ***p < 0.001 by were

sim analyses in (B) and (E).
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Figure 3. Gut microbiota affects susceptibility to enterogenic sepsis induced by intestinal I/R

(A) Feces from the ESTM or the ESSM were transplanted into pseudosterile mice to establish a model of enterogenic sepsis.

(B) The relative abundance of Bacteroidetes and Verrucomicrobiota in the feces.

(C and D) Hematoxylin-eosin (HE) staining (C) and pathological damage scores (D) of intestinal tissue sections. Scale bar, 100 mm.

(E–G) The fluorescein isothiocyanate (FITC)-dextran levels (E) and 16S/18S levels in blood cells (F) and endotoxin levels in plasma (G) reflect the permeability of

the intestinal barrier, bacterial translocation, and infection.

(H) The pre-operative stools of patients undergoing CPB from the AGI group or the NAGI group were transplanted into pseudosterile mice to establish a model of

enterogenic sepsis.

(I) The MC content in the feces 7 days after transplantation.

(J and K) HE staining (J) and pathological damage scores (K) of intestinal tissue sections. Scale bar, 100 mm.

(L–N) The FITC-dextran levels (L) and 16S/18S levels in blood cells (M) and endotoxin levels in plasma (N) reflect the permeability of the intestinal barrier, bacterial

translocation. The results are expressedas themedianandquartile, n=8 for eachgroup. *p<0.05, **p<0.01, ***p<0.001weredeterminedby theMann-Whitney test.
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NAGI feces group were significantly less serious than those of

the AGI feces group. These results indicate that the gut micro-

biota affects susceptibility to enterogenic sepsis induced by in-

testinal I/R.

MCameliorates intestinal I/R injury inmice by activating
intestinal epithelial AHR
To observe the role of MC in enterogenic sepsis and the effect of

intestinal epithelial AHR knockout, WT mice or AHRflox/flox mice

were injected intraperitoneally with 10 mg/kg MC 1 h before in-

testinal I/R (I/R + MC group).26 Cyp1a1 is a marker of AHR acti-

vation, and we found that intestinal I/R significantly decreased

the mRNA and protein expression levels of cyp1a1 in WT mice.

MC treatment significantly promoted the protein expression level

of cyp1a1 in the intestinal tissues of WT mice, but not AHRflox/flox

mice (Figures S3A and S3B). However, the roles ofMC and intes-

tinal epithelial AHR in intestinal I/R remain unclear. MC treatment

significantly decreased WT mouse intestinal tissue pathological

damage and scores induced by I/R (Figures 4A and 4B) and

maintained WT mouse intestinal barrier homeostasis under in-

testinal I/R, as manifested by decreased serum FD-4 levels (Fig-

ure 4C) and enhanced protein expression of the mechanical bar-

rier markers Occludin (Figures S3C and S3D) and ZO-1

(Figures S3E and S3F), the chemical barrier marker Muc2

(Figures S3G and S3H), and the immune barrier antimicrobial

peptides Reg3b and Reg3g (Figures S3I and S3J). Furthermore,

MC abrogated bacterial translocation (Figure 4D) and endotoxin

levels in plasma (Figure 4E), while it augmented intestinal epithe-

lial cell proliferation (Figures 4F and 4G) and intestinal stem cell

self-renewal (Figure 4H) in WT mice. However, epithelial AHR

knockout abolished these protective effects of MC on intestinal

barrier homeostasis and injury repair. Extraintestinal organ dam-

age was similar to intestinal damage, lung injury detected by

pathological injury (Figures S3K and S3L), and the lung wet-to-

dry weight ratio (Figure S3M), liver injury based on pathological

injury (Figures S3N and S3O) and plasma ALT and AST levels

(Figures S3P and S3Q), and kidney injury based on pathological

injury (Figures S3R and S3S) and plasma BUN levels (Figure S3T)

were substantially higher in the I/R group of WT mice than in the

I/R + MC group of WT mice, but not in the AHRflox/flox mice.

Then, 10 mmol/L MC were added to intestinal organoids 1 h

before hypoxia/reoxygenation (H/R) to further confirm the pro-

tective effect of MC against intestinal organoid H/R injury
Figure 4. MC ameliorates intestinal I/R injury in mice by activating the
(A and B) Hematoxylin-eosin (HE) staining (A) and pathological damage scores (B

(C–E) The fluorescein isothiocyanate (FITC)-dextran levels (C), and 16S/18S level

intestinal barrier and bacterial translocation (n = 8).

(F and G) Immunofluorescence (F) and relative quantitative analysis (G) of the ce

(H) Relative mRNA level of the intestinal stem cell self-renewal marker Lgr5 in the

(I) HE staining of intestinal organoids. Scale bar, 20 mm (n = 6).

(J) Intestinal organoid viability (n = 6).

(K) LDH levels in the medium (n = 6).

(L–M) Immunofluorescence (L) and relative quantitative analysis (M) of Ki67 in int

(N) Relative mRNA level of Ki67 in intestinal organoids (n = 6).

(O) Relative mRNA level of Lgr5 in intestinal organoids (n = 6). The results are expre

###, and &&& p < 0.001 were determined by two-way ANOVA and Tukey’s post h

with WT mouse I/R group; &p < 0.05 compared with WTmouse I/R + MC group. I/

10 mg/kg MC 1 h before intestinal I/R; H/R + MC group: 10 mmol/L MC was add
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in vitro.27,28 However, unlike the protective effect of MC on intes-

tinal I/R injury in vivo, MC treatment did not significantly decrease

H/R injury in intestinal organoids cultured alone (Figures S4A and

S4B). These results indicated that the protective effect of MC on

intestinal I/R injury is insufficient for intestinal epithelial cells

alone and may also require the participation of certain immune

cells. AHR is an important receptor that regulates the develop-

ment, maintenance, and differentiation of ILC3s,29 and ILC3s

play an important role in maintaining intestinal immune homeo-

stasis30; therefore, ILC3s were cocultured with intestinal

organoids to observe whether ILC3s can restore the protective

effect of MC against organoid H/R injury (Figure S4C). The

addition of ILC3s significantly increased the surface area, num-

ber, and budding percentage of small intestinal organoids

(Figures S4D–S4G). Amazingly, the addition of ILC3s restored

the containment effect of MC on H/R-induced HE pathological

damage (Figures 4I and S4H), decreased vitality (Figures 4J

and S4I), and increased lactate dehydrogenase (LDH) levels

(Figures 4K and S4J) in organoids. Furthermore, MC enhanced

the mRNA and protein expression levels of cyp1a1

(Figures S5A–S5C) promoted intestinal organoid barrier homeo-

stasis (Figures S5D–S5N) and increased cell proliferation

(Figures 4L–4N) and the self-renewal of intestinal stem cells (Fig-

ure 4O) in organoids under H/R. These results showed that MC

alleviated the H/R injury of organoids in the co-culture system

of organoids and ILC3s extracted from WT mice. However, the

protective effects of MC on organoid H/R injury were not

observed in the co-culture system of organoids and ILC3s

extracted from AHRflox/flox mice.

MC promotes an increase in the NCR+ILC3/ILC3 ratio
and IL-22 levels by activating intestinal epithelial AHR
We further observed the effect of MC on ILC3s in WT mice and

AHRflox/flox mice with enterogenic sepsis. Flow cytometry results

showed that the MC or AHR activator Ficz promoted an increase

in the NCR+ILC3/ILC3 ratio (Figures 5A and 5B) and the IL-22+

NCR+ILC3/NCR+ILC3 ratio (Figures 5C and 5D) in WT mice but

not in AHRflox/flox mice. Intestinal tissue immunohistochemical

results showed that MC increased the mRNA and protein

expression levels of IL-22, while knockout of the intestinal

epithelial AHR gene significantly suppressed IL-22 levels

(Figures 5E–5G). In vitro, MC significantly increased IL-22 levels

in the medium after H/R of the organoids and ILC3 co-culture
intestinal epithelial AHR
) of intestinal tissue sections. Scale bar, 100 mm (n = 8).

s in blood cells (D) endotoxin levels in plasma (E) reflect the permeability of the

ll proliferation marker Ki67 in the intestine. Scale bar, 100 mm (n = 5).

intestine (n = 8).

estinal organoids. Scale bar, 20 mm (n = 5).

ssed as themedian and quartile. *, #, and & p < 0.05; **, ##, and && p < 0.01; ***,

oc test. *p < 0.05 compared with WT mouse Sham group; #p < 0.05 compared

R +MC group: WT mice or AHRflox/flox mice were injected intraperitoneally with

ed to intestinal organoids 1 h before H/R.
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system generated from WT mice, but not in the organoids and

ILC3 co-culture system generated from AHRflox/flox mice (Fig-

ure 5H). Moreover, intestinal I/R resulted in significantly

decreased 7-day survival in mice, whereas MC or Ficz or rmIL-

22 treatment significantly improved survival in mice with entero-

genic sepsis (Figure 5I).

The AHR activator Ficz reduces intestinal I/R injury in
mice by releasing IL-22
To further investigate the role of AHR activation and IL-22 in en-

terogenic sepsis, WT mice or IL-22�/� mice were treated with

daily intraperitoneal injection of 50 mg/kg Ficz for 7 consecutive

days before the induction of intestinal I/R (I/R + Ficz group).31–33

Ficz promoted AHR activation (Figures S6A and S6B) and IL-22

levels (Figures S6C and S6D) in WT mice. Ficz treatment signif-

icantly decreased intestinal pathological damage and scores

(Figures 6A and 6B), maintained intestinal barrier homeostasis

(Figures 6C and S6E–S6J), decreased bacterial translocation

(Figure 6D) and endotoxin levels in blood (Figure 6E), and

enhanced intestinal epithelial cell proliferation (Figures 6F and

6G) and intestinal stem cell self-renewal (Figure 6H) to repair in-

testinal injury in WT mice but not in IL-22�/� mice. Consistent

with the intestinal injury results, Ficz treatment also significantly

decreased intestinal I/R-induced lung injury (Figures S6K–S6M),

liver injury (Figures S6N–S6Q), and kidney injury (Figures S6R–

S6T) in WT mice, but not in IL-22�/� mice. In addition, neither

IL-22 gene knockout nor Ficz treatment significantly affected

the MC content in the cecum of mice (Figure S6U).

Then, 200 nM Ficz were added to ILC3s and the intestinal or-

ganoid co-culture system generated from WT mice or IL-22�/�

mice 1 h before H/R.34,35 Ficz increased the mRNA and protein

expression levels of cyp1a1 (Figures S7A–S7C) in intestinal orga-

noids and increased IL-22 levels in themedium (Figure S7D). Ficz

decreased organoid injury as measured by hematoxylin and

eosin pathological damage (Figure 6I), organoid vitality (Fig-

ure 6J), and LDH levels in the medium (Figure 6K) in the co-cul-

ture system of organoids and ILC3s extracted from WT mice.

Furthermore, Ficz maintained intestinal organoid barrier homeo-

stasis (Figures S7E–S7O) and enhanced intestinal organoid

epithelial cell proliferation (Figures 6L–6N) and intestinal orga-

noid stem cell self-renewal (Figure 6O) to repair intestinal orga-

noid injury in the co-culture system of organoids and ILC3s

extracted from WT mice. These results showed that Ficz

mitigated the H/R injury of organoids in the co-culture system

of organoids and ILC3s extracted from WT mice. However, the

protective effects of MC on organoid H/R injury were not

observed in the co-culture system of organoids and ILC3s

extracted from IL-22�/� mice.
Figure 5. MC promotes increased NCR+ILC3/ILC3 ratio and IL-22 relea

(A and B) Flow cytometry to detect the ratio of NCR+ILC3s/ILC3s (n = 3).

(C and D) Flow cytometry to detect the ratio of IL-22+NCR+ILC3s/NCR+ILC3s (n

(E) The mRNA levels of IL-22 in intestinal tissue (n = 8).

(F and G) Immunohistochemical results (F) and relative quantitative analysis (G) o

(H) IL-22 levels in intestinal organoid culture medium (n = 6).

(I) The 7-day survival curve of mice (n = 20; chi-square test). The results are expres

###, and &&& p < 0.001 were determined by two-way ANOVA and Tukey’s post h

with WT mouse I/R group; &p < 0.05 compared with WT mouse I/R + MC group
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IL-22 promotes the self-renewal of intestinal stem cells
and damage repair by activating the Wnt and Notch
pathways
To observe the effect of IL-22 on intestinal stem cells, mice were

injected intraperitoneally with 0.25 mg/kg recombinant mouse

IL-22 (rmIL-22) 1 h before intestinal I/R, organoids were supple-

mentedwith 5 ng/mL rmIL-22 1 h before H/R.36 TheWnt pathway

and Notch pathway were found has been reported to be impor-

tant signals regulating intestinal stem cell self-renewal and dam-

age repair.36 Compared with the sham group, intestinal I/R led to

a significant decrease in the intestinal protein expression of Wnt

receptor b-catenin and the mRNA level of Wnt3 (Figures 7A–7C)

and a decrease in the protein expression and mRNA level of

Notch1 (Figures 7D–7F). The protein expression level of the

Wnt receptor b-catenin and the mRNA level of Wnt3 and the pro-

tein expression and mRNA levels of Notch1 in the I/R + rmIL-22

group were significantly higher than those in the I/R group

(Figures 7A–7F). Consistent with the results of the in vivo mouse

experiments, H/R significantly inhibited Wnt and Notch signaling

in intestinal organoids, whereas rmIL-22 treatment significantly

reversed this trend (Figures 7G–7L).

DISCUSSION

In this study, we reveal thatmice exhibited significant differences

in susceptibility to enterogenic sepsis induced by intestinal I/R.

Then, the results show significant differences in the gut micro-

biota and metabolites, evidenced by the differences in fecal

MC content and tryptophan metabolism levels between mice

with different susceptibilities to I/R-induced enterogenic sepsis.

Interestingly, pre-operative fecal MC content in patients with

CPB is associated with tolerance to post-operative gastrointes-

tinal injury. FMT experiments further confirm that the gut micro-

biota affects susceptibility to I/R-induced enterogenic sepsis.

More important, we discover that MC is ametabolite of the intes-

tinal flora and that MC treatment alleviates intestinal I/R injury in

an AHR/ILC3/IL-22 signaling-dependent manner in vivo and

in vitro. In addition, we demonstrate that IL-22 promotes intesti-

nal stem cell self-renewal and intestinal epithelial cell prolifera-

tion to repair intestinal injury through Wnt and Notch signals.

The role of serotonin (5-HT) and norepinephrine (NE) in intesti-

nal I/R injury or sepsis remains controversial. The enhancement

of 5-HT signaling is related to mucosal protection to prevent in-

testinal I/R damage without changing the distribution of villi cells,

which may be achieved by increasing the turnover rate of intes-

tinal cells.37 It has been confirmed that 5-HT2A receptors play an

important role in improving intestinal I/R-induced microcircula-

tion dysfunction and that blocking 5-HT1A receptors can prevent
se by activating intestinal epithelial AHR

= 3).

f IL-22 in intestinal tissue (n = 5).

sed as the median and quartile. *, #, and & p < 0.05; **, ##, and && p < 0.01; ***,

oc test. *p < 0.05 compared with WT mouse Sham group; #p < 0.05 compared

.
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intestinal leukocyte recruitment, plasma extravasation, and

reactive oxygen species accumulation triggered by intestinal

I/R.38 Early NE use is significantly associated with 6 h of septic

shock control.39 NE can de-regulate the immune response of

mice and humans and damage host defenses, leading to

sepsis-induced immune paralysis.40 In this study, we revealed

that MC is a metabolite of the intestinal flora and that the MC

content in the pre-operative feces of CPB patients promotes

associates with the patient’s tolerance to intestinal I/R injury.

Furthermore, MC treatment significantly decreased entero-

genic sepsis injury and small intestinal organoid H/R injury in

mice, which suggests that MC is a potentially effective drug for

preventing enterogenic sepsis injury induced by intestinal I/R

injury.

AHR is an important receptor that controls intestinal homeo-

stasis and the immune response and is also a key receptor in

the development and maintenance of ILC3s.29 NCR+ ILC3 cells

are an important source of IL-22 release from the intestine and

are essential for cecal homeostasis. Jing et al.41 found that

regulating AHR expression may decrease liver injury induced

by intestinal I/R. AHR activation improves epithelial barrier

dysfunction after intestinal I/R.42 Furthermore, AHR has been

proven to be a key receptor that promotes host defenses

and enhances tolerance to endotoxemia.43 ILC3s and IL-22

may play a key role in regulating the homeostasis of intestinal

transplantation grafts and may become targets for future treat-

ment. In this study, we revealed the role of AHR activation in

intestinal epithelial cells in intestinal I/R-induced enterogenic

sepsis and confirmed that AHR activation in intestinal epithelial

cells induced by the intestinal flora metabolite MC may be the

key to intestinal I/R injury tolerance in CPB patients and to in-

testinal I/R-induced enterogenic sepsis injury resistance

in mice.

However, this study also has some limitations. To distinguish it

from sepsis caused by other organs or factors, enteroborne

sepsis specifically refers to sepsis caused by intestinal infection

or intestinal injury. Enteroborne sepsis is a special type of sepsis,

and the intestinal I/R model is a reliable animal model for study-

ing enteroborne sepsis. However, it is worth noting that sepsis

does not necessarily represent infection, and an intestinal I/R

model cannot fully simulate all pathogenic factors of enterogenic

sepsis. To avoid the interference of gender differences on the in-
Figure 6. AHR activator Ficz reduces intestinal I/R injury in mice by re

(A and B) Hematoxylin-eosin (HE) staining (A) and the pathological damage scor

(C–E) The fluorescein isothiocyanate (FITC)-dextran levels (C) and 16S/18S levels

the intestinal barrier and bacterial translocation (n = 8).

(F and G) Immunofluorescence (F) and relative quantitative analysis (G) of the ce

(H) Relative mRNA level of the intestinal stem cell self-renewal marker Lgr5 in the

(I) HE staining of intestinal organoids. Scale bar, 20 mm (n = 6).

(J) Intestinal organoid viability (n = 6).

(K) LDH levels in the medium (n = 6).

(L and M) Immunofluorescence (L) and relative quantitative analysis (M) of Ki67 i

(N) Relative mRNA level of Ki67 in intestinal organoids (n = 8).

(O)RelativemRNA level of Lgr5 in intestinal organoids (n= 8). The results are express

and&&& p < 0.001 bywere determinedwere determined by two-way ANOVA and T

compared withWTmouse I/R group; &p < 0.05 compared withWTmouse I/R + Fic

50mg/kgFicz for 7 consecutivedaysbefore inductionof intestinal I/R;H/R+Ficzgrou

1 h before H/R.
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testinal flora and different physiological cycles of female mice to

the experimental results, only male mice were selected for the

experimental mice. AHR activation promotes the release of IL-

22 from immune cells such as CD4+ T cells, helper T cells, and

ILC3s. Although this study confirms that ILC3-derived IL-22

plays an important role in MC attenuation of the susceptibility

to enterogenic sepsis, the role of other immune cells that can

release IL-22 after AHR activation cannot be ruled out. How in-

testinal epithelial AHR affects ILC3s function and IL-22 release

needs to be further elucidated. Furthermore, the role of differen-

tial bacteria between groups of mice with differential susceptibil-

ity to enterogenic sepsis remains to be further elucidated. In

addition, the gut bacteria that produce MC have not been iden-

tified, and the changes in these MC-producing gut bacteria in

enterogenic sepsis remain to be elucidated. There is no identifi-

cation of bacteria at the species or strain level, nor are there ABX

resistance or susceptibility data. Mice with MSS scores (7–14)

were used in other research studies, so there were no animal

welfare concerns. There may be differences in gut microbiota

between AHRflox/flox mice or IL-22�/� mice and WT mice;

although this limitation does not affect the reliability of the

conclusion, the study did not detect differences in the gut micro-

biota between knockout mice and WT mice to further rule out

interference. Another issue of concern is that patients undergo-

ing cardiopulmonary bypass surgery are treated with ABX,

although none of patients received ABX at the time of pre-oper-

ative stool collection, which does not affect the MC content of

pre-operative stool. However, ABX treatment was not involved

in the mouse study. Therefore, the difference factor of ABX is

also of concern.

In conclusion, we reveal that the gut microbiome is involved in

the post-operative outcome of intestinal I/R injury. The gut mi-

crobiota-derived MC plays a pivotal role in tolerance to intestinal

I/R injury in an AHR/ILC3/IL-22 signaling-dependent manner.

This study sheds light on a mechanism of intestinal I/R injury

and suggests that therapy targeting the microbiome and MC is

a promising strategy for preventing intestinal I/R injury.

Limitations of the study
This study focuses on the protective effect ofMC on intestinal I/R

injury and its potential mechanism, and MC has a good ability to

identify patients with intestinal I/R. Although intestinal I/R is a
leasing IL-22

e (B) of intestinal tissue sections. Scale bar, 100 mm (n = 8).

in blood cells (D) and endotoxin levels in plasma (E) reflect the permeability of

ll proliferation marker Ki67 in the intestine. Scale bar, 100 mm (n = 5).

intestine (n = 8).

n intestinal organoids. Scale bar, 20 mm (n = 5).

ed as themedian andquartile. *, #, and&p<0.05; **, ##, and&&p<0.01; ***, ###,

ukey’s post hoc test. *p < 0.05 comparedwithWTmouse Shamgroup; #p < 0.05

z group. I/R + Ficz group: mice were treated with daily intraperitoneal injection of

p: 200nMFiczwasadded to ILC3sand the intestinal organoidco-culturesystem
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Figure 7. IL-22 promotes the self-renewal of intestinal stem cells by activating the Wnt and Notch pathways

(A and B) The relative quantitative analysis (A) and representative immunohistochemical map (B) of b-catenin expression in intestinal tissues.

(C) The mRNA level of Wnt3 in intestinal tissues (n = 7–8).

(D and E) The relative quantitative analysis (D) and representative immunohistochemical map (E) of Notch1 expression in intestinal tissues.

(F) The mRNA level of Notch1 in intestinal tissues (n = 7–8).

(G and H) The relative quantitative analysis (G) and representative immunohistochemical map (H) of b-catenin expression in intestinal organoids.

(I) The mRNA level of Wnt3 in intestinal organoids (n = 7–8).

(J and K) The relative quantitative analysis (J) and representative immunohistochemical map (K) of Notch1 expression in intestinal organoids.

(L) The mRNA level of Notch1 in intestinal organoids (n = 7–8). The results are expressed as the median and quartile. *p < 0.05, **p < 0.01, ***p < 0.001 by were

determined by one-way ANOVA (Tukey’s test). I/R + rmIL-22 group: mice were injected intraperitoneally with 0.25 mg/kg rmIL-22 1 h before intestinal I/R; H/R +

rmIL-22 group: organoids were supplemented with 5 ng/mL rmIL-22 1 h before H/R.
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reliable model of enterogenic sepsis, the role of MC in entero-

genic sepsis remains to be further observed and confirmed. In

addition, the role of MC in intestinal I/R in female mice and the
intestinal bacteria that produce MC have not been identified,

and the changes of these intestinal bacteria that produce MC

in intestinal I/R are unknown.
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54. Hamar, P., Song, E., Kökény, G., Chen, A., Ouyang, N., and Lieberman, J.

(2004). Small interfering RNA targeting Fas protects mice against renal

ischemia-reperfusion injury. Proc. Natl. Acad. Sci. USA 101, 14883–

14888. https://doi.org/10.1073/pnas.0406421101.

55. Du, Z.A., Sun, M.N., and Hu, Z.S. (2018). Saikosaponin a ameliorates LPS-

induced acute lung injury in mice. Inflammation 41, 193–198. https://doi.

org/10.1007/s10753-017-0677-3.

56. Walters, W., Hyde, E.R., Berg-Lyons, D., Ackermann, G., Humphrey, G.,

Parada, A., Gilbert, J.A., Jansson, J.K., Caporaso, J.G., Fuhrman, J.A.,

et al. (2016). Improved bacterial 16S rRNA gene (V4 and V4-5) and

fungal internal transcribed spacer marker gene primers for microbial

community surveys. mSystems 1, e00009-15. https://doi.org/10.1128/

mSystems.00009-15.

57. Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A.,

and Holmes, S.P. (2016). DADA2: high-resolution sample inference from

illumina amplicon data. Nat. Methods 13, 581–583. https://doi.org/10.

1038/nmeth.3869.

58. Langille, M.G.I., Zaneveld, J., Caporaso, J.G., McDonald, D., Knights, D.,

Reyes, J.A., Clemente, J.C., Burkepile, D.E., Vega Thurber, R.L., Knight,

R., et al. (2013). Predictive functional profiling of microbial communities

using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821.

https://doi.org/10.1038/nbt.2676.

59. Kanala, K., T Hwisa, N., Chandu, B.R., Katakam, P., Khagga, M., Challa,

B.R., and Khagga, B. (2013). Bioanalytical method development and vali-

dation of milnacipran in rat plasma by LC-MS/MS detection and its appli-

cation to a pharmacokinetic study. J. Pharm. Anal. 3, 481–488. https://doi.

org/10.1016/j.jpha.2013.03.009.

https://doi.org/10.1164/rccm.201806-1034OC
https://doi.org/10.1164/rccm.201806-1034OC
https://doi.org/10.1164/rccm.202002-0339OC
https://doi.org/10.1164/rccm.202002-0339OC
https://doi.org/10.1016/j.jss.2011.09.001
https://doi.org/10.3892/mmr.2019.9823
https://doi.org/10.3892/mmr.2019.9823
https://doi.org/10.1038/nature13323
https://doi.org/10.1007/s00134-011-2459-y
https://doi.org/10.1007/s00134-011-2459-y
https://doi.org/10.1038/cddis.2017.508
https://doi.org/10.1038/cddis.2017.508
https://doi.org/10.1186/1756-0500-7-233
https://doi.org/10.1186/1756-0500-7-233
https://doi.org/10.1016/j.bbrc.2020.10.014
https://doi.org/10.1016/j.bbrc.2020.10.014
https://doi.org/10.1038/nprot.2015.047
https://doi.org/10.1080/19490976.2019.1662712
https://doi.org/10.1080/19490976.2019.1662712
https://doi.org/10.1080/19490976.2020.1785803
https://doi.org/10.1080/19490976.2020.1785803
https://doi.org/10.1038/ng.239
https://doi.org/10.1097/00024382-200304000-00012
https://doi.org/10.1097/00024382-200304000-00012
https://doi.org/10.1097/00007890-199306000-00011
https://doi.org/10.1073/pnas.0406421101
https://doi.org/10.1007/s10753-017-0677-3
https://doi.org/10.1007/s10753-017-0677-3
https://doi.org/10.1128/mSystems.00009-15
https://doi.org/10.1128/mSystems.00009-15
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1016/j.jpha.2013.03.009
https://doi.org/10.1016/j.jpha.2013.03.009


Article
ll

OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD16/CD32 Monoclonal Antibody eBioscience Cat# 14-0161-86; RRID: AB_467135

CD45 Monoclonal Antibody, APC-Cyanine7 eBioscience Cat# A15395; RRID: AB_2534409

Mouse Hematopoietic Lineage Antibody Cocktail, eFluor 450 eBioscience Cat# 88-7772-72; RRID: AB_10426799

CD335 (NKp46) Monoclonal Antibody, Super Bright 645 eBioscience Cat# 64-3351-82; RRID: AB_2688145

CD127 Monoclonal Antibody, FITC eBioscience Cat# 11-1271-82; RRID: AB_465195

CD117 (c-Kit) Monoclonal Antibody, PE-Cyanine7 eBioscience Cat# 25-1172-82; RRID: AB_469646

ROR gamma (t) Monoclonal Antibody, PE eBioscience Cat# 12-6988-82; RRID: AB_1834470

IL-22 Monoclonal Antibody, APC eBioscience Cat# 17-7222-82; RRID: AB_10597583

Rabbit polyclonal to ZO1 tight junction protein Abcam Cat# ab216880; RRID: AB_2909434

Rabbit monoclonal to Occludin Abcam Cat# ab216327; RRID: AB_ 2,737,295

IL-22 Monoclonal Antibody eBioscience Cat# 16-7222-85; RRID: AB_2016574

MUC2 Polyclonal antibody PeproTech Cat# 27675-1-AP; RRID: AB_ M94132

Rabbit monoclonal to Cyp1a1 Abcam Cat# ab79819; RRID: AB_1603487

Rabbit monoclonal [SP6] to Ki67 Abcam Cat# ab16667; RRID: AB_302459

Rabbit monoclonal [E247] to beta Catenin Abcam Cat# ab32572; RRID: AB_725966

Rabbit monoclonal [EP1238Y] to Notch1 Abcam Cat# ab52627; RRID: AB_881725

Biological samples

Human fecal samples Southern Hospital of Southern

Medical University

N/A

Human blood samples Southern Hospital of Southern

Medical University

N/A

Chemicals, peptides, and recombinant proteins

Fixable Viability Dye, eFluor 780 eBioscience Cat# 65-0865-14;

Vancomycin Macklin Cat# 1404-93-9;

Neomycin sulfate Macklin Cat# 1405-10-3;

Metronidazole Macklin Cat# 443-48-1;

Ampicillin Macklin Cat# 69-53-4;

Milnacipran MedChemExpress Cat# HY-B0168;

Ficz MedChemExpress Cat# HY-12451;

Fluorescein isothiocyanate-dextran (FITC)-dextran Sigma–Aldrich Cat# 46944;

Recombinant Murine IL-23 R&D Systems 1887-ML-010

Recombinant Murine IL-15 PeproTech 210–15

Recombinant Murine IL-2 PeproTech 210–12

Recombinant Murine IL-7 PeproTech 210–17

Recombinant Murine IL-22 PeproTech 210–22

Critical commercial assays

Cell Counting Kit-8 (CCK-8) Dojindo CK04

lactate dehydrogenase (LDH) assays Nanjing Jiancheng A020

human IFABP ELISA Kit Bio-Swamp HM10888

human citrulline ELISA Kit USCN CEA505Ge

human diamine oxidase ELISA Kit Cusabio CSB-E10137h

alanine aminotransferase (ALT) assay kit Nanjing Jiancheng C009-2-1

aspartate aminotransferase (AST) assay kit Nanjing Jiancheng C010-2-1

blood urea nitrogen (BUN) assay kit Nanjing Jiancheng C013-2-1

(Continued on next page)

Cell Reports Medicine 4, 100979, March 21, 2023 e1

http://www.macklin.cn/search/1405-10-3
http://www.macklin.cn/search/443-48-1
http://www.macklin.cn/search/69-53-4
https://www.medchemexpress.cn/milnacipran.html
https://www.medchemexpress.cn/milnacipran.html
https://www.medchemexpress.cn/milnacipran.html
http://www.njjcbio.com/products.asp?id=784


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw sequencing data http://www.ncbi.nim.nih.gov/sra PRJNA824296 PRJNA823886.

Experimental models: Cell lines

Intestinal organoids This paper N/A

Mouse small intestine LP single cells This paper N/A

Experimental models: Organisms/strains

Intestinal epithelial-specific AHR knockout mice Cyagen Biosciences Inc N/A

IL-22-deficient mice Cyagen Biosciences Inc N/A

Oligonucleotides

Primers for RT–PCR, see Table S2 This paper N/A

Software and algorithms

FlowJo, v10.6.2 BD Biosciences https://www.flowjo.com/

ImageJ National Institutes of Health https://imagej.nih.gov/ij/index.html

QIIME2 QIIME2 Software https://qiime2.org/

Picrust2 Picrust2 Software https://picrust.github.io/picrust/

TraceFinderTM Thermo Fisher Scientific Corp https://www.thermofisher.cn/order/

catalog/product/OPTON-31001

GraphPad Prism v7 GraphPad https://www.graphpad.com/

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ke-Xuan

Liu (liukexuan705@163.com).

Materials availability
Mouse lines and all unique reagents used in this study are available from the lead contact with a completed Material Transfer

Agreement.

Data and code availability
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d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics approval and consent to participate
This study involving human participants, humanmaterial and human data was performed in accordance with theWMADeclaration of

Helsinki and the Department of Health and Human Services Belmont Report and was approved by the Ethics Committee of Nanfang

Hospital, Southern Medical University, Guangzhou, China (approval number NFEC-202009-k2-01). Each patient has provided

informed consent. Patient demographics for the clinical trials analyzed in this study are provided in Table S1.

Patient samples and patient and public involvement statement
As previously described, in patients undergoing cardiac surgery, CPB is potentially responsible for intestinal ischemia (reduced blood

supply and oxygen delivery) and injury; thus, it was used as clinical cases for studying intestinal I/R injury.22 The research protocol

was approved by the Ethics Committee of Nanfang Hospital, Southern Medical University, Guangzhou, China (approval number

NFEC-202009-k2-01). We consecutively recruited patients undergoing elective heart valve replacement or coronary artery bypass

grafting under CPB from July 2019 to February 2022 at the Department of Cardiac Surgery, Southern Hospital of Southern Medical
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University, Guangzhou, China. The exclusion criteria for the participants included (1) patients younger than 18 years or older than 75

years, (2) patients with chronic kidney disease, (3) patients with chronic digestive systemdiseases, gastrointestinal surgery history, or

confirmed or suspected intestinal ischemia/necrosis, and (4) patients who used antidiarrheals, laxatives or prebiotics in the previous

week or used antibiotics in the previous 3 months. Finally, a total of 56 patients were enrolled, and all the individuals provided

informed consent to participate.

Blood samples were collected preoperatively (T1), at the end of the operation (T2), and at 6 h after surgery (T3) for analyses of

intestinal fatty-acid binding protein (IFABP, Cusabio, Wuhan, China), citrulline (USCN, Wuhan, China) and diamine oxidase (DAO,

Cusabio, Wuhan, China), respectively. Fecal samples were collected preoperatively (T1), and the levels of MC were quantified by

liquid chromatography-tandem mass spectrometry (LC-MS/MS). The gastrointestinal complication score of each patient 1 week

after surgery was determined according to the acute gastrointestinal injury (AGI) standard described previously.44 The MC,

IFABP, citrulline, DAO and AGI scores were determined by researchers blinded to the group allocation.

Animals
Six-to eight-week-old specific pathogen-free male C57BL/6 mice were purchased from the animal center of Nanfang Hospital of

Southern Medical University (Guangzhou, China).

Intestinal epithelial-specific AHR knockout male mice (AHRflox/flox) and IL-22-deficient male mice (IL-22�/�) with a C57BL/6J back-

ground were purchased from Cyagen Biosciences Inc. (Suzhou, China). Male mice were used for all studies and were 6–8 weeks old

at the start of experiments. All the mice were housed under controlled temperature and humidity conditions with a 12-h light-dark

cycle and had free access to food and water. The mice were fasted overnight before the experiment. All experimental procedures

were carried out in accordance with the National Institutes of Health guidelines and were approved by the local Animal Care and

Use Committee of the Nanfang Hospital of Southern Medical University (approval number NFYY-2019-0332).

Culture and expansion of ILC3s and establishment of cocultured organoids and ILC3s in vitro
For the culture of ILC3s in vitro, 1000 U/mL recombinant mouse IL-2, 10 ng/mL recombinant mouse IL-15, 50 ng/mL recombinant

mouse IL-7, and 50 ng/mL recombinant mouse IL-23 were added to the medium. ILC3s were cocultured with organoids in a 25:1

ratio.

METHOD DETAILS

Construction of AHR gene conditional knockout mice in intestinal epithelium
The AHR gene (NCBI Reference Sequence: NM_013464; Ensembl: ENSMUSG00000019256) is located on mouse chromosome 12.

Eleven exons are identified, with the ATG start codon in exon 1 and the TGA stop codon in exon 11 (Transcript:

ENSMUST00000116436). Exon 5–7 will be selected as conditional knockout region (cKO region). Deletion of this region should result

in the loss of function of themouse Ahr gene. To engineer the targeting vector, homologous arms and cKO regionwill be generated by

PCR using BAC clone RP23-117L3 as template. Cas9, gRNA and targeting vector will be co-injected into fertilized eggs for cKO

mouse production. The pups will be genotyped by PCR followed by sequencing analysis. Exon 5 starts from about 18.43% of the

coding region. The knockout of Exon 5–7 will result in frameshift of the gene. The size of intron 4 for 50-loxP site insertion:

1688 bp, and the size of intron 7 for 30-loxP site insertion: 600 bp. The size of effective cKO region: �3824 bp. The cKO region

does not have any other known gene.

Intestinal I/R-induced enterogenic sepsis mouse model
The enterogenic sepsis mouse model induced by intestinal I/R was established as in our previous study.45 Briefly, the mice were

anesthetized with isoflurane and then fixed on the operating table and incised along the midline of the abdomen, and the superior

mesenteric artery was isolated and clamped for 1 h before perfusion. The diagnostic criteria for enterogenic sepsis in mice are infec-

tion and damage tomore than two extraintestinal organs. Infection is assessed bymeasuring endotoxin (Cusabio) levels and bacterial

translocation levels in the blood.

Murine sepsis score (MSS)
The MSS was used to assess disease severity in an enterogenic sepsis mouse model induced by intestinal I/R. The MSS was

described previously46; briefly, each of the seven observation indicators, namely, appearance, level of consciousness, activity,

response to stimulus, eyes, respiration rate, and respiration quality, has a score of 0–4, with a full score of 28. The higher the score

is, the more severe the injury.

In vitro intestinal organoid hypoxia/reoxygenation (H/R) models
Isolation of mouse intestinal crypts and culture of intestinal organoids were performed as previously described.47 Briefly, after the 6–

8-week-oldmale C57BL/6Jmicewere euthanized, the small intestine was removed from the end near the stomach and placed in cold

PBS to remove membranes, blood vessels and fat outside the intestine. The intestine was then cut into 2 mm pieces and transferred

to the buffer. A pipette is used to continuously pipette the intestine until the supernatant is clear, then the tissue fragments were
Cell Reports Medicine 4, 100979, March 21, 2023 e3
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placed in 25 mL of gentle cell dissociation reagent and incubated on a shaker at 20 rpm for 15 min at room temperature. The tissue

fragments are resuspended in 10 mL cold PBS containing 0.1% BSA and pipetted up and down three times. After standing still, the

supernatant is removed and filtered with a 70-mm filter. The separated intestinal crypts were fixed onto the bottom of the dish with

Matrigel (STEMCELL Technologies Inc., Shanghai, China) drops, placed in a 37�C cell incubator, and covered with IntestiCult

medium (STEMCELL Technologies Inc.). To establish the organoid H/R model, the organoids were placed in a humid, anaerobic

environment at 37�C for 12 h and then placed in an aerobic environment containing 5% CO2 in a 37�C incubator for 4 h.

Isolation of cells from the small intestine lamina propria (LP)
Mouse small intestine LP single cells were harvested as previously described.48 Briefly, mouse small intestines were carefully

removed from the peritoneal cavity and placed in ice-cold PBS to remove the mesentery, fat, blood vessels, Peyer patches, feces

and mucus Intestinal tissues were chopped into 1–2 mm pieces and transferred to cell dissociation medium to remove IEC and intra-

epithelial lymphocytes. The remaining tissue was transferred to digestion solution and LP single cell suspension was purified with

40% and 80% Percoll solution (Solarbio). The small intestines of the mice were isolated, excised, opened longitudinally, washed

and cut into small pieces. Intestinal samples were incubated at 37�C in EDTA-supplemented Hank’s balanced salt solution (Gibco)

free of Ca2+ andMg2+ for 15-20min with light stirring. Layers of epithelial cells were collected. The remaining LP pieces were digested

for 30 min at 37�C in digestive medium containing RPMI 1640, fetal bovine serum (5%), type IV collagenase (1.5 mg/mL), penicillin–

streptomycin (1%) and DNase (5 U/mL). The filtered cell suspension was resuspended in 5mL 40%Percoll and overlaid on 5mL 80%

Percoll. LP lymphocytes were collected in Percoll gradient medium interphase.

Flow cytometric analysis and cell sorting
Single-cell suspensions of LP were washed and resuspended in MACS buffer (PBS containing 2% FCS and 2mMEDTA, pH 7.4) and

stimulated with PMA (25 ng/mL; Sigma–Aldrich, St. Louis, MO, USA) and then ionomycin (1 mg/mL; Sigma–Aldrich) for 5 h at 37�C.
Nonspecific antibody binding was blocked by incubation with CD16/CD32 antibody (Cat# 14-0161-86, eBioscience, Shanghai,

China) for 15 min on ice. The cell surface was stained using CD45 monoclonal antibody (APC-Cyanine7, #A15395, eBioscience),

mouse hematopoietic lineage antibody cocktail (eFluor 450, #88-7772-72, eBioscience), CD335 (NKp46) (Super Bright 645, #64-

3351-82, eBioscience), CD127 (FITC, #11-1271-82, eBioscience), and CD117 (PE-Cyanine7, #25-1172-82, eBioscience). Cells

were fixed and permeabilized for intracellular staining using the Foxp3 transcription factor staining buffer set (#00-5523-00, eBio-

science), followed by staining with ROR gamma (t) (PE, #12-6988-82, eBioscience) and IL-22 (APC, #17-7222-82, eBioscience).

Dead cells were excluded by labeling with Fixable Viability Dye (eFluor 780, #65-0865-14, eBioscience). Cells were assessed using

an LSRFortessa X-20 multidimensional HD flow cytometer (BD Biosciences), and the data were analyzed with FlowJo 10 software

(BD Biosciences).

Experimental design
To observe the differences in susceptibility of enterogenic sepsis mice, we scored intestinal I/R-induced enterogenic sepsis mice 6 h

after surgery according to the MSS. We defined mice with an MSS of less than 7 at 6 h postoperatively as ESTM and those with an

MSS of more than 15 at 6 h postoperatively as ESSM. The 7-day survival rate of mice in the ESSM and ESTM groups was observed,

and blood, ileum, kidney, lung and liver samples were collected aseptically for further examination.

To observe the relationship between the MC content in the preoperative stools of patients with CPB and perioperative gastroin-

testinal dysfunction, we divided the patient cohort according to the acute gastrointestinal injury (AGI) score on postoperative day 7:

(1) acute gastrointestinal injury (AGI) group: patients with AGIR1 on postoperative day 7; (2) no acute gastrointestinal injury (NAGI)

group: patients with AGI = 0 on postoperative day 7.

To observe the role of gut microbiota in differential susceptibility to enterogenic sepsis, a fecal microbiota transplantation (FMT)

experiment was carried out according to the method described previously.9 Briefly, 6- to 8-week-old male C57BL/6J mice were

purchased from the same batch of the same manufacturer and then co-housed in large cages. Antibiotics (ABX) (vancomycin,

100 mg/kg; neomycin sulfate 200 mg/kg; metronidazole 200 mg/kg; and ampicillin 200 mg/kg) were then given by gavage for

1 week to deplete the gut microbiota (pseudosterile mice). The fecal transplants were obtained from pooled feces. Donor mouse

feces (4 pellets per mouse, n = 8) from the ESTMgroup or the ESSMgroupwere resuspended in PBS at 0.125 g/mL and stored frozen

in portions at �80�C. Afterward, 100 mL of fecal fluid were orally transplanted into pseudosterile mice (receptor mice) in the corre-

sponding groups orally via a gastric gavage tube for 7 consecutive days. The pseudosterile mice that received feces from the

ESTM group and the ESSM group were referred to as the ESTM feces group and the ESSM feces group, respectively. In addition,

the preoperative stools of the patients undergoing CPB from the NAGI group or AGI group (donor mice) were resuspended in PBS at

0.125 g/mL and then transplanted into pseudosterile mice. The pseudosterile mice that received feces from the NAGI group and the

AGI group were referred to as the NAGI feces group and the AGI feces group, respectively. All the mice had free access to food and

water, and the mice were subjected to intestinal I/R 1 week after transplantation. Then, blood, ileum, kidney, lung and liver samples

were harvested in a sterile manner for further examination.

To observe the effect of MC and intestinal epithelial AHR on enterogenic sepsis injury, wild-type (WT) mice and AHRflox/flox mice

were randomly assigned to a sham group that was manipulated in the same manner as the I/R group but without undergoing
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I/R surgery, an I/R group, or an I/R + MC group that was injected i.p. with 10 mg/kg MC (MedChemExpress) 1 h26 before inducing

intestinal I/R, and then blood, ileum, kidney, lung and liver samples were harvested in a sterile manner for further examination.

To explore the protective effect ofMConH/R injury in vitro, themonocultured organoids and the coculture systemof organoids and

ILC3swere randomly assigned to a normal control (NC) group that wasmanipulated in the samemanner as the H/R group but without

undergoing H/R surgery, an H/R group and an H/R +MC group in which the organoids were incubated with 10 mmol/L MC 1 h before

H/R.27,28

To explore the role of intestinal epithelial AHR in the protective effect of MC against H/R injury, organoids and ILC3s extracted from

WT mice or AHRflox/flox mice were randomly assigned to the following groups: (1) NC group; (2) H/R group; and (3) H/R + MC group.

To explore the role of IL-22 in the protective effect of AHR on intestinal I/R injury in vivo, WT or IL-22�/� mice were randomly as-

signed to a sham group that was manipulated in the same manner as the I/R group but without undergoing I/R surgery, an I/R group,

or an I/R + Ficz group that received an i.p. injection of 50 mg/kg Ficz (MedChemExpress) for 7 consecutive days before intestinal I/R

was induced,31–33 and then blood, ileum, kidney, lung and liver samples were harvested in a sterile manner for further examination.

To explore the role of IL-22 in the protective role of AHR against H/R injury, organoids and ILC3s extracted from WT mice or IL-

22�/� mice were randomly assigned to the following groups: (1) NC group; (2) H/R group; and (3) H/R + Ficz group, in which the or-

ganoids were incubated with 200 nM Ficz 1 h before H/R.34,35

To observe the effect of IL-22 on intestinal stem cells in vivo, WT mice were randomly divided into the following groups: (1) sham

group; (2) I/R group; and (3) I/R + rmIL-22 group, in whichWTmicewere injected i.p. with 0.25mg/kg rmIL-22. To observe the effect of

IL-22 on intestinal stem cells in vitro, organoids and ILC3s extracted fromWTmice were randomly assigned to the following groups:

(1) NC group; (2) H/R group; and (3) H/R + rmIL-22 group, in which the organoids were incubatedwith 5 ng/mL rmIL-22 1 h before H/R.

Detection of organoid injury by CCK-8 and lactate dehydrogenase (LDH) assays
A CCK-8 kit (CK04, Dojindo, Shanghai, China) was used to detect cell viability, and an LDH kit (A020-2-2, Nanjing Jiancheng Bioen-

gineering Institute, Nanjing, China) was used to detect the level of LDH in the culture medium to assess organoid damage. The detec-

tion of CCK-8 and LDH was carried out based on the manufacturers’ protocols.

Hematoxylin-eosin (HE) staining
Tissue samples were collected 6 h after reperfusion and fixed in 4% paraformaldehyde. Then, the samples were embedded in

paraffin; 5-mm-thick sections were stained with HE according to the standard protocol. Images were captured at 2003 with an

Olympus fluorescence microscope (Olympus, Tokyo, Japan). The pathological scores of intestinal, liver, lung, and kidney slice

injuries were evaluated by blinded technicians.

Immunofluorescence and immunohistochemistry
Immunofluorescence and immunohistochemistry were performed as previously described.44 Anti-zona occludens 1 (ZO-1) antibody

(ab216880, Abcam, Cambridge, MA, USA), anti-Occludin antibody (ab216327, Abcam), anti-IL-22 antibody (16-7222-85, Invitrogen),

anti-Muc2 antibody (27675-1-AP, PeproTech), anti-Cyp1a1 antibody (ab79819, Abcam), anti-beta catenin antibody (ab32572,

Abcam), anti-Notch1 antibody (ab52627, Abcam), and anti-Ki67 antibody (ab16667, Abcam) were used to detect protein expression

in the intestinal tissues and organoids. Images were captured at 2003 with an Olympus immunofluorescence microscope. Quanti-

fication of the relative intensity of protein staining was performed by automated image analysis in five randomly chosen 2003 fields

for each sample.

RNA extraction and RT–PCR
RNAwas extracted with TRIzol reagent (Invitrogen, New York, USA). Real-time PCRwas performed using the ABI Q5 Real-Time PCR

System (Applied Biosystems, Foster City, CA, USA) with the SYBR Green detection protocol (TOYOBO, Tokyo, Japan). The expres-

sion of target genes in mice was normalized against that of the housekeeping gene 18S using the 2�DDCT method. The target gene

primers are shown in Table S2.

Intestinal tissue injury assessment
The intestinal histopathological damage score was assessed 6 h after reperfusion as described previously.1 The intestinal barrier

permeability assay was performed as previously described: (1) measurement of serum fluorescein isothiocyanate-dextran (FITC)-

dextran (46,944, Sigma–Aldrich), a nonabsorbable high-molecular-weight molecule after oral administration49; (2) detection of

mRNA and protein expression levels of intestinal tissue and organoid barrier tight junction markers Occludin and ZO-150 and mucus

layer biomarkerMuc250; and (3) detection ofmRNA levels of intestinal tissue and organoid antimicrobial peptides Reg 3g and Reg 3b.

The mRNA level detection of the intestinal stem cell self-renewal marker Lgr5 and the detection of the mRNA and protein expression

levels of the intestinal epithelial cell proliferationmarker Ki67were used to evaluate the repair ability of intestinal tissue injury inmice.51

Assessment of lung, liver and kidney damage
Lung,52 liver,53 and kidney54 histopathological damage scores were assessed 6 h after reperfusion as described previously. The lung

wet/dry (W/D) weight ratio was measured as previously described.55 An alanine aminotransferase (ALT) assay kit (C009-2-1, Nanjing
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Jiancheng Bioengineering Institute) and aspartate aminotransferase assay kit (C010-2-1, Nanjing Jiancheng Bioengineering Institute)

were used to detect ALT and AST levels in plasma to reflect liver damage. A creatinine (Cr) assay kit (C011-2-1, Nanjing Jiancheng

Bioengineering Institute) was used to detect Cr levels in plasma to reflect kidney damage. The specific steps of all kits are shown in

the kit instructions.

16S rRNA gene sequencing
Microbial DNA from cecum samples was extracted using cetyltrimethylammonium bromide (CTAB) according to the manufacturer’s

instructions.

The extracted total DNA was eluted in 50 mL of elution buffer and stored at �80�C until further use. The V4 region of the 16S rRNA

gene was amplified using specific barcode universal primers (515F, 50-GTGYCAGCMGCCGCGGTAA-30 and 806R, 50-GGAC

TACHVGGGTWTCTAAT-30).56 The PCR products were further purified by AMPure XT beads (Beckman Coulter Genomics, Danvers,

MA, USA) and quantified by Qubit (Invitrogen, USA). The amplicon pools were prepared for sequencing, and the size and quantity of

the amplicon library were assessed on the Agilent 2100 Bioanalyzer (Agilent, USA) and the Library Quantification Kit for Illumina (Kapa

Biosciences, Woburn, MA, USA), respectively. Then, the samples were subjected to sequencing on an Illumina NovaSeq platform.

Paired-end reads were merged using FLASH, and quality control and chimeric filtering were performed according to fqtrim (v0.94)

and Vsearch software (v2.3.4) to obtain high-quality clean tags. After dereplication using DADA2,57 the final amplicon sequence

variant (ASV) feature table and feature sequence were obtained, and diversity analysis, species taxonomy annotation and difference

analysis were further performed. QIIME2 was applied to calculate the alpha and beta diversity, and the graphs were drawn by using

the R package. Linear discriminant analysis (LDA) effect size (LEfSe) (version 1.0) was used to explore biomarker features in each

group. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2, https://github.com/

picrust/picrust2) software was used for functional prediction based on 16S DNA gene sequencing data.58 The calculated p value

was subjected to false discovery rate (FDR) correction, taking FDR %0.05 as a threshold.

Fecal metabolic profiling
Metabolites from the cecum samples were extracted with 50%methanol buffer, and 5 mL of the extracted supernatant was used for

LC-MS analysis. Chromatographic analysis was performed on a Thermo Scientific UltiMate 3000 high-performance LC (HPLC) sys-

tem equippedwith aBEHC18 column (100mm*2.1mm, 1.8 mm,Waters, UK). The column ovenwasmaintained at 35�C. The flow rate

was 0.4mL/min, and themobile phase consisted of solvent A (water, 0.1% formic acid) and solvent B (acetonitrile, 0.1% formic acid).

Gradient elution conditions were set as follows: 0–0.5 min, 5%B; 0.5–7min, 5%–100%B; 7–8min, 100%B; 8–8.1 min, 100%–5%B;

8.1–10min, 5%B.Metabolites eluted from the columnwere detected using a high-resolution tandemmass spectrometer Q-Exactive

(Thermo Scientific). To assess the stability of LC-MS throughout the acquisition process, a quality control sample (pool of all samples)

was acquired after every 10 samples. The acquired MS data pretreatments, including peak picking, peak grouping, retention time

correction, second peak grouping, and annotation of isotopes and adducts, were performed using XCMS software. Each ion was

identified by combining retention time (RT) and m/z data. The online KEGG HMDB database was used to annotate the metabolites

by matching the exact molecular mass data (m/z) of the samples with those from the database. Student’s t tests were conducted to

detect differences in metabolite concentrations between the 2 phenotypes. The p value was adjusted for multiple tests using the

FDR. Supervised partial least squares-discriminant analysis (PLS-DA) was conducted through metaX to discriminate the different

variables between groups. The VIP value was calculated. A VIP cutoff value of 1.0 was used to select important features.

MC content detection method
Targeted metabolomics (Milnacipran measurement) was performed by LC-MS/MS as described previously.59 Briefly, cecal samples

(100 mg) from germ-free (GF) and WT mice were dissolved in 1 mL of ice-cold water and sonicated for 10 min, and the supernatant

was collected by centrifugation. Methyl tert-butyl ether was then added and vortexed for 3 min, followed by centrifugation at

13,000 rpm for 10min at 4�C. The supernatant was collected and dried under nitrogen. These samples were reconstituted with meth-

anol/ammonium acetate pH 4.5 (60:40 v/v) and then transferred into autosampler vials for injection. In addition, a standard stock so-

lution of MC (100.00 mg/mL) was prepared in methanol. Standard stock solutions were added to methanol to obtain MC concentra-

tion levels of 1.00, 10.00, 20, 50.00, 100.00, 200.00, 500.00 and 1000.00 ng/mL for analytical standards. Data collection and

processing were performed using TraceFinderTM software version 3.3 sp1 (Thermo Fisher Scientific Corp., USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

The data were analyzed using GraphPad Prism software (version 7.0) by investigators blinded to the group allocation. The results are

expressed as the median and interquartile range (IQR) for non-normal quantitative data or mean ± SEM for normal quantitative data.

Statistical analyses were performed using two-sided Student’s t tests, one-way ANOVA or two-way ANOVA as indicated in the figure

legends when data obey a normal distribution. TheMann-Whitney U analysis was used when data disobey a normal distribution. The

p values were corrected with Tukey’s test (for comparisons between multiple treatment groups). Mice survival was assessed by

Kaplan-Meier analysis. A value of p < 0.05 was considered significant.
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Supplemental Figure S1. Preoperative fecal MC content in CPB patients is associated with 

susceptibility to postoperative intestinal injury. Related to Figures 2. 

(A-C) The levels of intestinal fatty-acid binding protein (IFABP) (A), citrulline (B) and diamine 

oxidase (DAO) (C) in patient serum preoperatively (T1), at the end of the operation (T2), and at 6 h 

after surgery (T3). (D-E) The receiver operating characteristic (ROC) analysis (D) and the area under 

the ROC curve (AUC) (E) to evaluate the ability of preoperative fecal MC content, plasma IFABP, 

citrulline, and DAO levels at T3 to distinguish postoperative acute gastrointestinal function injury 

(AGI≥1) in patients with CPB. (A-C) The results are shown as mean±SEM, "*" indicates p<0.05. 
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Supplemental Figure S2. Gut microbiota affects susceptibility to enterogenic sepsis induced by 

intestinal ischemia/reperfusion (I/R). Related to Figures 3. 

(A, B) Alpha diversity indices (Simpson) of the control and ABX-treated mouse groups (n = 5). (B) 

Principal coordinate analysis (PCoA) of the control and ABX-treated mouse groups (n = 5). (C-E) 

Mouse lung tissue hematoxylin-eosin (HE) staining (C); the pathological damage scores (D) and 

wet/dry weight ratios (E); the scale bar is 100 μm (n = 8). (F-I) Mouse liver tissue HE staining (F); the 

pathological damage scores (G) and plasma ALT (H) and AST levels (I); the scale bar is 100 μm (n = 

8). (J-L) Mouse kidney tissue HE staining (J); the pathological damage scores (K) and plasma BUN 

levels (L); the scale bar is 100 μm (n = 8). (M-O) Mouse lung tissue HE staining (M); the pathological 

damage scores (N) and wet/dry weight ratios (O); the scale bar is 100 μm (n = 8). (P-S) Mouse liver 

tissue HE staining (P); the pathological damage scores (Q) and plasma ALT (R) and AST levels (R); 

the scale bar is 100 μm (n = 8). (T-V) Mouse kidney tissue HE staining (T); the pathological damage 

scores (U) and plasma BUN levels (V); the scale bar is 100 μm (n = 8). The results are expressed as the 

median and quartile, and are representative of three independent experiments. * p < 0.05, ** p < 0.01, 

*** p < 0.001 by were determined by Mann Whitney test in (A), and adonis analysis and anosim 

analysis in (B). 
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Supplemental Figure S3. Milnacipran attenuates intestinal I/R injury by activating the intestinal 

epithelial AHR. Related to Figures 4.  

(A-B) Immunohistochemical results (A) and relative quantitative analysis (B) of cyp1a1 in intestinal 

tissue; the scale bar is 100 μm (n = 5). (C-D) Immunofluorescence results (C) and relative quantitative 

analysis (D) of Occludin in intestinal tissue; the scale bar is 100 μm (n = 5). (E-F) 

Immunofluorescence results (E) and relative quantitative analysis (F) of ZO-1 in intestinal tissue; the 

scale bar is 100 μm (n = 5). (G-H) Immunohistochemical results (G) and relative quantitative analysis 

(H) of Muc2 in intestinal tissue; the scale bar is 100 μm (n = 5). (I-J) The mRNA levels of the 

intestinal immune barrier markers Reg3b (I) and Reg3g (J) (n = 8). (K-M) Mouse lung tissue HE 

staining (K); the pathological damage scores (L) and wet/dry weight ratios (M); the scale bar is 100 

μm (n = 8). (N-Q) Mouse liver tissue HE staining (N); the pathological damage scores (O) and plasma 

ALT (P) and AST levels (Q); the scale bar is 100 μm (n = 8). (R-T) Mouse kidney tissue HE staining 

(R); the pathological damage scores (S) and plasma BUN levels (T); the scale bar is 100 μm (n = 8). 

The results are expressed as the median and quartile, and are representative of three independent 

experiments. *, # and & p < 0.05, **, ## and && p < 0.01, ***, ### and &&& p < 0.001 were 

determined by two-way ANOVA and Tukey's post hoc test. "*" indicates p<0.05 compared with wild-

type mouse Sham group; "#" indicates p<0.05 compared with wild-type mouse I/R group; "&" 

indicates p<0.05 compared with wild-type mouse I/R+MC group. I/R + MC group: WT mice or 

AHRflox/flox mice were injected intraperitoneally with 10 mg/kg MC 1 hour before intestinal I/R. 
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Supplemental Figure S4. Supplementation with ILC3s restores the protective effect of 

milnacipran against H/R injury in intestinal organoids. Related to Figures 4. 

 (A, B) Intestinal organoid viability (A) and lactate dehydrogenase (LDH) levels (B) in culture 

medium were detected after H/R in intestinal organoids cultured alone (n = 6). (C) Schematic diagram 

of the coculture system of intestinal organoids and ILC3s. (D) Brightfield images of organoids without 

or with ILC3s on day 1 (scale bar is 400 μm) and day 5 (scale bar is 50 μm) (n = 6). (E-G) Microscopic 

tracing of organoids to measure surface area (E), organoid numbers (F) and the percentage of budding 

organoids (G) on day 5 (n = 6). (H) Hematoxylin-eosin (HE) staining of intestinal organoids; the scale 

bar is 20 μm (n = 6). (I) Intestinal organoid viability (n = 6). (J) LDH levels in the medium (n = 6). The 

results are expressed as the median and quartile, and are representative of three independent 

experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 were determined by one-way ANOVA and Tukey's 

post hoc test in A, B, I, J, and Mann Whitney test in E-G. 
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Supplemental Figure S5. Milnacipran (MC) maintains intestinal organoid barrier homeostasis by 

activating the intestinal epithelial AHR. Related to Figures 4. 

(A) The mRNA levels of cyp1a1 in intestinal organoids (n = 6). (B-C) Immunofluorescence (B) and 

relative quantitative analysis (C) of cyp1a1 in intestinal organoids; the scale bar is 20 μm (n = 5). (D) 

The mRNA levels of Occludin in intestinal organoids (n = 6). (E-F) Immunofluorescence (E) and 

relative quantitative analysis (F) of Occludin in intestinal organoids; the scale bar is 20 μm (n = 5). (G) 

The mRNA levels of ZO-1 in intestinal organoids (n = 6). (H-I) Immunofluorescence (H) and relative 

quantitative analysis (I) of ZO-1 in intestinal organoids; the scale bar is 20 μm (n = 5). (J) The mRNA 

levels of Muc2 in intestinal organoids (n = 6). (K-L) Immunofluorescence (K) and relative quantitative 

analysis (L) of Muc2 in intestinal organoids; the scale bar is 20 μm (n = 5). (M-N) The mRNA levels of 

Reg3b (M) and Reg3g (N) (n = 6). The results are expressed as the median and quartile, and are 

representative of three independent experiments. *, # and & p < 0.05, **, ## and && p < 0.01, ***, 

### and &&& p < 0.001 were determined by two-way ANOVA and Tukey's post hoc test. "*" indicates 

p<0.05 compared with wild-type mouse NC group; "#" indicates p<0.05 compared with wild-type 

mouse H/R group; "&" indicates p<0.05 compared with wild-type mouse H/R+MC group. H/R + MC 

group: 10 μmol/L MC was added to intestinal organoids 1 h before H/R. 
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Supplemental Figure S6. AHR activator Ficz attenuates intestinal I/R injury in mice by releasing 

IL-22. Related to Figures 6.  

(A-B) Immunohistochemical results (A) and relative quantitative analysis (B) of cyp1a1 in intestinal 

tissue; the scale bar is 100 μm (n = 5). (C-D) Immunohistochemical results (C) and relative 

quantitative analysis (D) of IL-22 in intestinal tissue; the scale bar is 100 μm (n = 5). (E-F) 

Immunofluorescence results (E) and relative quantitative analysis (F) of Occludin in intestinal tissue; 

the scale bar is 100 μm (n = 5). (G-H) Immunofluorescence results (G) and relative quantitative 

analysis (H) of ZO-1 in intestinal tissue; the scale bar is 100 μm (n = 5). (I-J) Immunohistochemical 

results (I) and relative quantitative analysis (J) of Muc2 in intestinal tissue; the scale bar is 100 μm (n = 

5). (K-M) Mouse lung tissue hematoxylin-eosin (HE) staining (K); the pathological damage scores (L) 

and wet/dry weight ratios (M); the scale bar is 100 μm (n = 8). (N-Q) Mouse liver tissue HE staining 

(N); the pathological damage scores (O) and plasma ALT (P) and AST levels (Q); the scale bar is 100 

μm (n = 8). (R-T) Mouse kidney tissue HE staining (R); the pathological damage scores (S) and 

plasma BUN levels (T); the scale bar is 100 μm (n = 8). (U) LC–MS/MS-targeted detection of the MC 

content in the feces. The results are expressed as the median and quartile, and are representative of 

three independent experiments. *, # and & p < 0.05, **, ## and && p < 0.01, ***, ### and &&& p < 

0.001 by were determined were determined by two-way ANOVA and Tukey's post hoc test. "*" 

indicates p<0.05 compared with wild-type mouse Sham group; "#" indicates p<0.05 compared with 

wild-type mouse I/R group; "&" indicates p<0.05 compared with wild-type mouse I/R+Ficz group. I/R 

+ Ficz group: mice were treated with daily intraperitoneal injection of 50 µg/kg Ficz for 7 consecutive 

days prior to induction of intestinal I/R. 
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Supplemental Figure S7. AHR activator Ficz maintains intestinal organoid barrier homeostasis 

by releasing IL-22. Related to Figures 6. 

(A) The mRNA levels of cyp1a1 in intestinal organoids (n = 6). (B-C) Immunofluorescence (B) and 

relative quantitative analysis (C) of cyp1a1 in intestinal organoids; the scale bar is 20 μm (n = 5). (D) 

The IL-22 levels in the medium (n = 6). (E-F) Immunofluorescence (E) and relative quantitative 

analysis (F) of Occludin in intestinal organoids; the scale bar is 20 μm (n = 5). (G) The mRNA levels 

of Occludin in intestinal organoids (n = 6). (H-I) Immunofluorescence (H) and relative quantitative 

analysis (I) of ZO-1 in intestinal organoids; the scale bar is 20 μm (n = 5). (J) The mRNA levels of ZO-

1 in intestinal organoids (n = 6). (K-L) Immunofluorescence (K) and relative quantitative analysis (L) 

of Muc2 in intestinal organoids; the scale bar is 20 μm (n = 5). (M) The mRNA levels of Muc2 in 

intestinal organoids (n = 6). (N-O) The mRNA levels of Reg3b (N) and Reg3g (O) (n = 6). The results 

are expressed as the median and quartile, and are representative of three independent experiments. *, # 

and & p < 0.05, **, ## and && p < 0.01, ***, ### and &&& p < 0.001 were determined by two-way 

ANOVA and Tukey's post hoc test. "*" indicates p<0.05 compared with wild-type mouse NC group; 

"#" indicates p<0.05 compared with wild-type mouse H/R group; "&" indicates p<0.05 compared with 

wild-type mouse H/R+Ficz group. H/R + Ficz group: 200 nM Ficz was added to ILC3s and the 

intestinal organoid coculture system 1 hour before H/R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Table S1. The characteristics of patients with cardiopulmonary bypass (CPB). 

Related to Figures 2. 

Parameter NAGI group (n=25) AGI group (n=31) P 

Age (years) 56.0 (45.0~62.0) 57.00 (49.5~63.5) 0.4839 

Females (n) 15 19 >0.9999 

BMI (Kg/m2) 23.56 (16-33.78) 24.09 (18.75-26.78) 0.5859 

Duration hospitalization 

(days) 
19.0 (17.0-25.0) 19.0 (14.0-27.0) 0.565 

Duration anesthesia 

(minutes)  
356.0 (340.0-422.0) 305.3 (280.0-362.5) 0.3253 

Duration surgery (minutes)  260.0 (225.0-297.0) 254.0 (237.0-324.5) 0.3176 

Duration CPB (minutes) 132.0 (103.0-169.0) 112.0 (93.0-165.5) 0.5377 

Bleeding volume (ml) 300 (300-400) 300 (300-400) 1 

The time from the end of 

surgery to the first meal 

(hours) 

24.10 (22.45-28.50) 30.71 (28.63-41.45) <0.001 

ICU care duration (hours) 48.56 (44.25-63.20) 85.95 (75.65-92.00) <0.001 

Preoperative MC content in 

feces (ng/kg)  
241.11 (31.68-281.25) 25.32 (17.19-48.33) <0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Table S2. The quantitative RT-PCR primer sequence. Related to STAR Methods 

section 

Gene Forward primer (5'–3') Reverse primer (5'–3') 

18S CGATCCGAGGGCCTCACTA AGTCCCTGCCCTTTGTACACA  

ZO-1 AGAGACAAGATGTCCGCCAG TGCAATTCCAAATCCAAACC 

Occludin CATTTATGATGAACAGCCCC GGACTGTCAACTCTTTCCGC 

Ki67 ATCATTGACCGCTCCTTTAGGT GCTCGCCTTGATGGTTCCT 

Lgr5 CCTACTCGAAGACTTACCCAGT GCATTGGGGTGAATGATAGCA 

Cyp1a1 CAATGAGTTTGGGGAGGTTACTG CCCTTCTCAAATGTCCTGTAGTG 

Reg3b ACTCCCTGAAGAATATACCCTCC CGCTATTGAGCACAGATACGAG 

Reg3g ATGCTTCCCCGTATAACCATCA GGCCATATCTGCATCATACCAG 

IL-22 GCTGCCTGCTTCTCATTGC AAGGTGCGGTTGACGATGTA 

Muc2 GGTGACACTGACGCTGGTTT ACTGGTGAACACCGCGATAATA 

16S GTGSTGCAYGGYTGTCGTCA ACGTCRTCCMCACCTTCCTC 

Wnt3 TGGAACTGTACCACCATAGATGAC ACACCAGCCGAGGCGATG 

Notch1 GATGGCCTCAATGGGTACAAG TCGTTGTTGTTGATGTCACAGT 
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