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Abstract

Background The morbidity and mortality of sepsis are extremely high, which is a major problem plaguing human
health. However, current drugs and measures for the prevention and treatment of sepsis have little effect. Sepsis-
associated acute liver injury (SALI) is an independent risk factor for sepsis, which seriously affects the prognosis of
sepsis. Studies have found that gut microbiota is closely related to SALI, and indole-3-propionic Acid (IPA) can activate
Pregnane X receptor (PXR). However, the role of IPA and PXR in SALI has not been reported.

Methods This study aimed to explore the association between IPA and SALI. The clinical data of SALI patients were
collected and IPA level in feces was detected. The sepsis model was established in wild-type mice and PXR knockout
mice to investigate the role of IPA and PXR signaling in SALI.

Results We showed that the level of IPA in patients'feces is closely related to SALI, and the level of IPA in feces has a
good ability to identify and diagnose SALL. IPA pretreatment significantly attenuated septic injury and SALI in wild-
type mice, but not found in knockout PXR gene mice.

Conclusions IPA alleviates SALI by activating PXR, which reveals a new mechanism of SALI, and provides potentially
effective drugs and targets for the prevention of SALI.
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Introduction

Sepsis is a life-threatening organ dysfunction caused
by the body’s maladjusted response to infection (Zheng
et al. 2021). At present, the morbidity and mortality of
sepsis are high, and although many advances have been
made in clinical sepsis management and improved out-
comes, including adequate source control, resuscita-
tion, and early use of broad-spectrum antibiotics, the
specific, targeted therapies are still lacking (Deng et al.
2022a, b, c; Shi et al. 2021; Sun et al. 2021). Therefore,
it is of great scientific value and clinical significance to
explore the prevention and treatment measures of sepsis.
The liver is an important organ in the human body that
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regulates immune defense by eliminating bacteria, pro-
ducing acute-phase proteins and cytokines, and generat-
ing adaptive inflammatory responses (Mayneris-Perxachs
et al. 2021; Rao et al. 2021; Gao et al. 2021; Ghodsian et
al. 2021; Ahmed et al. 2021; Wang et al. 2021a, b; Bul-
foni et al. 2021). Liver dysfunction seriously affects the
prognosis of patients with sepsis and is an independent
predictor of ICU mortality (Woznica et al. 2018; Sun et
al. 2020). Therefore, early detection and timely interven-
tion of patients with sepsis-associated acute liver injury
(SALI) are essential.

There is a close interaction between the gut and liver
(Ahmed et al. 2021; Wang et al. 2021a, b, 2022; Li et al.
2022; Sangineto et al. 2022; Xiang et al. 2022; Khan et al.
2021). Disruption of the intestinal barrier and dysregula-
tion of the intestinal microbiome during sepsis result in
migration of intestinal pathogen-associated molecular
patterns and injury-associated molecular patterns into
the liver and systemic circulation. The liver is critical for
regulating immune defense during systemic infection
through mechanisms such as bacterial clearance, lipo-
polysaccharide detoxification, cytokine and acute phase
protein release, and inflammatory metabolism regula-
tion. Impaired pathogen clearance and disrupted liver
metabolism can lead to further damage to the intestinal
barrier and increased disruption of intestinal microbi-
ome composition and diversity when the liver undergoes
an inappropriate immune response or excessive inflam-
mation. Therefore, the interaction between the gut and
the liver is a potential therapeutic target (Deng et al.
2021a, b, 20224, b, c). The studies have found that sepsis
coincides with perturbations in the composition of intes-
tinal microbiota (Zhang et al. 2020; Agudelo-Ochoa et al.
2020; Adelman et al. 2020; Miller et al. 2021; Deng et al.
2023). Intestinal flora affects the occurrence and develop-
ment of sepsis by acting on the body’s immune response,
intestinal barrier function and enterohepatic circulation
(Haak and Wiersinga 2017). IPA treatment inhibited
intestinal flora disturbance in mice with sepsis (Fang et
al. 2022a, b), increased the phagocytosis of macrophages
against bacteria (Huang et al. 2022), inhibited neuroin-
flammation in sepsis-associated encephalopathy (Fang et
al. 2022a, b). However, the role and potential mechanism
of IPA in SALI have not been reported.

Pregnane X receptor (PXR) is one of the nuclear recep-
tor superfamily receptors. Its main function is to regu-
late the metabolism of heterologous substances, such as
sugars and lipids, and participate in the maintenance of
normal liver function (Barretto et al. 2021; Jiang et al.
2019). It has been found that sepsis inhibits PXR recep-
tor expression (Sachdeva et al. 2003) and PXR-signaling
is influenced by microbiota-derived IPA in the intestine
(Flannigan et al. 2022). These studies suggest that IPA
may attenuate SALI by activating PXR. However, the
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association between IPA and SALIL IPA and PXR, and
PXR and SALI has not been reported in sepsis.

In this study, we investigated the role of IPA in SALI
and the role of PXR signaling in IPA attenuating SALL
We aimed to reveal the new mechanism of SALI and pro-
vide potential therapeutic drugs for the prevention and
treatment of SALIL.

Materials and methods

Patients

This study involving human participants, human material
and human data was approved by the Ethics Committee
of Hubei University of Medicine and Taihe hospital, and
the study was performed in accordance with the code of
ethics of the world medical association (Declaration of
Helsinki). The written informed consent was obtained
from all enrolled patients. Sepsis and septic shock were
defined according to the third edition of the International
Definition of Sepsis and Septic shock (Sepsis-3). Patients
in the “SALI” group were eligible if their blood laboratory
results met at least one of the following four conditions:
(i) serum total bilirubin (tbil)>3.0 mg/dL; (ii) aspar-
tate aminotransferase (AST)>41 IU/L; Iron (iii) alanine
amino trans enzyme (ALT) for 41 IU/L or higher; (iv)
y-glutamyl transpeptidase (GGT) of 51 IU/L or higher
(Kobashi et al. 2013). Patients diagnosed with sepsis but
not meeting the SALI diagnostic criteria were classified
as the “sepsis non-acute liver injury” group (SNALI).
Patients diagnosed with sepsis within one day of ICU
admission were enrolled in the study, stool samples and
blood samples were collected from the patient on the
same day.

Mice

For this study, 6-8 week-old male C57BL/6] mice were
purchased from the animal center of Hubei University
of Medicine (Shiyan, China). All mouse experimental
procedures were approved by the Institutional Animal
Care and Use Committee of Hubei University of Medi-
cine. All mice were housed under constant tempera-
ture and humidity, with a 12-h light-dark cycle, had free
access to food and water, and fasted overnight before the
experiment.

Mouse sepsis model and mouse sepsis injury score (MSS)

The mouse sepsis model by cecal ligation and puncture
was constructed as described previously (Rittirsch et
al. 2009). Briefly, After 3 days of adaptive feeding, mice
were fasted for 12 h before establishing CLP model.
After anesthesia, mice were skin-prepared, sterilized,
and fixed. The midline of the skin was cut longitudinally
with a scalpel, and the cecum was located and separated
and removed. Ligate 1/3 of the cecum with No. 3 thread.
The ligation end was perforated with an 18-gauge needle,
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a small amount of feces was squeezed out, and the peri-
toneum and skin were sutured discontinuously with a
4-gauge silk thread. After the suture closed the perito-
neum, fascia, and abdominal muscle tissue, preheated
saline was injected subcutaneously (37 °C; 5 ml per 100 g
body weight).

MSS score was used to evaluate the severity of sepsis
in mice. MSS has been described previously (Shrum et
al. 2014); In brief, seven observation measures, includ-
ing appearance, level of consciousness, activity, response
to stimuli, eyes, respiratory rate, and respiratory quality,
were scored from 0 to 4 out of 28 points each. A higher
score indicates a more severe injury.

Fecal microbiota transplantation

To observe the role of gut microbiota in SALI, fecal
microbiota transplantation experiments were performed
according to previously described methods (Deng et al.
2023). In brief, male C57BL/6] mice of 6 to 8 weeks old
purchased from the same batch were housed together in
large cages. Antibiotics (ABX)(Vancomycin, 100 mg/kg;
Neomycin sulfate 200 mg/kg; Metronidazole 200 mg/kg;
Ampicillin 200 mg/kg) was administrated intragastric for
1 week to consume intestinal flora (pseudosterile mice).
Fecal grafts come from a collection of feces. The feces
of the donor patients in the SALI and SNALI groups
were resuspended in 0.125 g/mL PBS and refrigerated at
-80°C. Subsequently, 100 mL fecal fluid was intragastri-
cally administered to the corresponding group of pseu-
dosterile mice (recipient mice) for 7 consecutive days.
The pseudosterile mice receiving the SALI and SNALI
feces were called the SALI feces group and SNALI feces
group, respectively.

RNA extraction and RT-PCR

RNA was extracted with TRIzol reagent (Invitrogen, New
York, USA). Real-time PCR was performed using the ABI
Q5 Real-Time PCR System (Applied Biosystems, Foster
City, CA, USA) with the SYBR Green detection proto-
col (TOYOBO, Tokyo, Japan). The expression of target
genes in mice was normalized against that of the house-
keeping gene 18 S using the 22T method. The quan-
titative RT-PCR primer sequence: 18 S, Forward primer
(5'-3") CGATCCGAGGGCCTCACTA, Reverse primer
(5'-3") AGTCCCTGCCCTTTGTACACA; PXR, Forward
primer (5-3) GATGGAGGTCTTCAAATCTGCC,
Reverse primer (5-3") CAGCCGGACATTGCGTTTC;
Z0-1, Forward primer (5-3) AGAGACAAGAT-
GTCCGCCAG, Reverse primer (5-3") TGCAATTC-
CAAATCCAAACC; Occludin, Forward primer (5-3’)
CATTTATGATGAACAGCCCC, Reverse primer (5-3’)
GGACTGTCAACTCTTTCCGC.
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Quantification of IPA

The cecal contents of mice were collected 12 h after CLP
model was established. Preparation and extraction of
fecal supernatant samples as previously mentioned (Xue
et al. 2022). IPA was determined by ultra-high perfor-
mance liquid chromatography (UPLC, Agilent) coupled
mass spectrometry (MS, Agilent). The injection volume
was 5uL. The flow rate was set to 200 pL/min. Mass spec-
trometer work in electrospray ionization (ESI) mode,
capillary 2.24 kV voltage, temperature desolventizing line
to -450 ‘C, hot piece of temperature to -200 ‘C, cone gas
for the —1.5 L/min, nitrogen —12 L/min. The calibration
curve of IPA was between 1 ng/mL and 250 ng/mL using
ESTD. All analyses were linear. All the standard products
come from Sigma-Aldrich and the solvent comes from
Merck.

Hematoxylin and eosin (H&E) staining and detection of
liver injury

Liver tissue samples were collected and fixed in 4%
paraformaldehyde. Then, the samples were embedded
in paraffin, 5-pm thick sections were stained with H&E
according to standard methods. Images were captured at
200x with an Olympus fluorescence microscope (Olym-
pus, Tokyo, Japan). The injury of liver sections was scored
by blinded technicians (Suzuki et al. 1993). An alanine
aminotransferase (ALT) assay kit (C009-2-1, Nanjing
Jiancheng Bioengineering Institute) and aspartate amino-
transferase assay kit (C010-2-1, Nanjing Jiancheng Bio-
engineering Institute) were used to detect ALT and AST
levels in plasma to reflect liver damage.

Statistical analysis

The data were analyzed using GraphPad Prism soft-
ware (version 7.0). Categorical variables were expressed
as frequency and percentage (n, %), and comparison
between groups was performed using the chi-square test
or Fisher’s exact test. Continuous variables with normal
distribution were expressed as meanzstandard devia-
tion (meantSD), and comparison between groups was
performed using the ANOVA and post-hoc test. The
measurement data of non-normal distribution were
expressed as median (interquartile range, IQR), and the
rank sum test was used for comparison between groups.
Mice survival was assessed by Chi-square test. A value of
p<0.05 was considered significant.

Results

Fecal levels of IPA, a metabolite of the gut microbiota, were
strongly correlated with SALI

To observe the association between IPA and patients with
sepsis-associated acute liver injury (SALI), we included
15 patients with SALI and 15 patients with sepsis but
without acute liver injury (SNALI). As shown in Table 1,
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Table 1 Patient clinical characteristics

Characteristics SALI SNALI P

Number of patients 15 15

included (n)

Age (years) 64.7 (39-86) 58.6(23-79) 0.294

Males (n) 12 (80.00) 9(60.0) 0.24

SOFA 11 (8-14) 5 (4-6) 0.005

Laboratory

BUN (mg/dL) 1443+294 14.16 0.971

(-1.16-29.49)

Cr (umol/L) 2192 9267 0.004
(143.2-295.2) (60.3-125.1)

ALT (U/L) 1286 (77.1-180.1) 13.9(9.6-18.1)  0.0003

AST (U/L) 2747 16.7 (12.3-21.1)  0.002
(128.2-428.1)

Bilirubin (umol/L) 253(13.9-36.8) 152 (88-17.5) 0.047

Clinical Outcomes

Mortality within 28 days 6 (40.00) 1(6.67) 0.031

(n/%)

hospitalization time (d) 17.3+6.93 11.2+3.58 0.024

SALI, sepsis-associated acute liver injury; SNALI, sepsis without acute liver
injury; SOFA, sequential organ failure assessment; BUN, blood urea nitrogen;
ALT, Alanine transaminase; AST, Aspartate transamina

there were no significant differences in age, gender and
initial infection site between the two groups. Compared
with the SNALI group, patients in the SALI group had
higher mortality, longer length of ICU stay, and higher
SOFA score on the day of sepsis diagnosis. Among the
laboratory tests, the levels of creatinine, bilirubin, ALT
and AST were significantly higher in the SALI group on
the day of sepsis diagnosis. Furthermore, the level of fecal
IPA was significantly lower in the SALI group than that in
the SNALI group (Fig. 1A). The results of receiver operat-
ing characteristic curve showed that the level of IPA in
feces on the day of sepsis diagnosis had a good potential
to identify and distinguish SALI (Fig. 1B). In addition, the
level of IPA in the patient’s stool was significantly corre-
lated with the level of ALT (Fig. 1C), AST (Fig. 1D), and
bilirubin (Fig. 1E) on the day the patient was diagnosed
with sepsis. All these data suggested fecal levels of IPA,
a metabolite of the gut microbiota, were strongly corre-
lated with SALL

Gut microbiota affects SALI

To observe changes in fecal IPA levels after antibiotic
clearance of intestinal bacteria or CLP models, mice were
gavaged with antibiotics (ABX) for 1 week to deplete gut
microbiota (ABX group) or CLP model was established
after 1 week of PBS intragastric administration (CLP
group) (Fig. S1A). The results of targeted metabolomics
showed that the level of IPA in the feces of mice was sig-
nificantly reduced after ABX deletion of gut microbiota
or CLP (Fig. S1B). These results suggest that IPA is a
metabolite of gut microbiota.
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To observe the role of gut microbiota in SALI, the feces
from the SALI group or SNALI group were transplanted
into pseudosterile mice to establish a model of sepsis
(Fig. 2A). The IPA level in the feces of SALI feces treated
mice was significantly lower than that of SNALI feces
treated mice before CLP model establishment (Fig. 2B),
which suggested that fecal microbiota transplantation
was successful. After the establishment of sepsis, the
SALI feces group had significantly higher liver tissue
H&E damage (Fig. 2C-D) and plasma ALT (Fig. 2E) and
AST (Fig. 2F) levels than the SNALI feces group. These
results suggested that gut microbiota is an important fac-
tor affecting SALI, which may be related to IPA levels.

IPA attenuates septic injury in mice

To observe the effect of IPA in septic mice, mice were
given IPA (20 mg/kg) or vehicle by gavage daily for 5
consecutive days before the establishment of CLP model
(Fig. 3A). The results of mouse survival experiments
showed that IPA significantly inhibited the high mortality
rate of CLP model mice (Fig. 3B). In addition, the MSS
scores of IPA treated mice were significantly lower than
those of CLP mice at 6 h, 12 and 24 h after operation
(Fig. 3C). These results suggested that IPA has a signifi-
cant effect on reducing septic injury.

The intestinal barrier effectively prevents harmful sub-
stances such as bacteria and toxins from entering other
tissues, organs or the blood circulation. IPA treatment
significantly promoted the expression of tight junction
markers Occludin (Fig. 3D) and ZO-1 (Fig. 3E) in intesti-
nal tissue of sepsis mice, which suggested that IPA treat-
ment maintained intestinal barrier homeostasis during
sepsis.

IPA alleviates liver injury in septic mice

Then the effect of IPA on liver injury in septic mice was
observed. Compared with the sham group, CLP caused
significant H&E pathological damage in liver tissue
(Fig. 4-A-B) and increases in plasma ALT (Fig. 4C) and
AST (Fig. 4D) levels. While IPA pretreatment signifi-
cantly inhibited CLP-induced liver injury. These results
suggested that IPA has a significant effect on reducing
sepsis-induced liver injury.

IPA alleviates liver injury in septic mice by activating PXR

As shown in Fig. 5A, IPA pretreatment obviously
reversed the tendency that CLP inhibited PXR mRNA
expression in liver tissue. To investigate the role of PXR
in IPA attenuating sepsis-induced liver injury, PXR
knockout mice (PXR”") were used together with wild-
type mice (WT) to establish a CLP model. IPA pretreat-
ment significantly reduced the H&E pathological damage
of liver tissue (Fig. 5B-C) and the levels of ALT (Fig. 5D)
and AST (Fig. 5E) in plasma of WT septic mice, but not
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Fig. 1 The lower IPA levels in feces correlate with more severe SALL. (A) The fecal IPA levels in patients (n=15). (B) The receiver operating character-
istic curves were used to identify SALI (n=15). (C-E) The correlation analysis was performed between the level of IPA in stool and the level of ALT (C), AST
(D), and bilirubin (E) on the day the patient was diagnosed with sepsis. IPA, Indole-3-propionic acid; SALI, sepsis-associated acute liver injury. The results
are expressed as the mean +SD, **"indicates p <0.05, “**"indicates p <0.01, ***"indicates p <0.001, p were determined by ANOVA and post-hoc test or

by spearman analysis
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found in PXR™" septic mice. Furthermore, the H&E path-
ological damage of liver tissue (Fig. 5B-C) and the levels
of ALT (Fig. 5D) and AST (Fig. 5E) in plasma of WT mice
were all lower than that in the PXR™" mice. These results
suggested that knockout of PXR abolished the protective
effect of IPA against sepsis-induced liver injury.

Discussion
In this study, we found that the lower IPA levels corre-
late with more severe SALI Furthermore, IPA alleviates
injury in septic mice, especially SALI, suggesting that IPA
is a potential drug for the prevention of sepsis and SALIL
In addition, we demonstrated that IPA alleviated SALI by
promoting PXR expression, suggesting that PXR signal-
ing is a potential new target for the prevention and treat-
ment of SALI and revealing a new mechanism of SALL

It has been found that regulating intestinal flora can
reduce SALI (Sun et al. 2020; Liang et al. 2022; Gong et
al. 2019; Chancharoenthana et al. 2022; Hiengrach et al.

indicates p<0.001, p were determined by Chi-square test (B) or ANOVA and post-

2022). In this study, we reveal that IPA is a key gut micro-
biota metabolite affecting SALI, suggesting that IPA is a
potential therapeutic agent for the prevention of sepsis
and SALIL

It has been confirmed that PXR activation within 1
week after liver transplantation is an indicator of patient
prognosis. Furthermore, PXR activation has been con-
firmed to have a protective effect on cholestatic liver
injury (Zeng et al. 2017) and drug-induced liver injury
(Zhang et al. 2019). However, the role of PXR in SALI has
not been reported. In this study, we demonstrated that
the protective effect of IPA against liver injury in septic
mice was dependent on the activation of PXR, suggest-
ing that PXR signaling is a potential new target for the
prevention and treatment of SALI and revealing a new
mechanism of SALIL IPA pretreatment unregulated PXR
mRNA expression in liver, and PXR knockout increases
pathological scoring of liver tissue in both CLP and IPA
treatment groups. However, there is still an observable
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although not significant effect of the IPA treatment in
PXR”" mice. Together, the results indicate that intact
PXR signalling is beneficial to counteract liver dysfunc-
tion or injury. It has been demonstrated that PXR regu-
lates gene expression at the translational level and has an
extensive protein-protein interaction network through
which it participates in cross-signaling pathways. In addi-
tion, PXR’s potential role in SALI was highlighted by its
interaction with some key proteins in DNA damage path-
ways, such as p53 and Tip60. Understanding how PXR
maintains genomic stability will lead to a better under-
standing of the underlying mechanism of PXR in SALI.
There are limitations in this study. This study did not
reveal the intestinal flora (bacteria, viruses, fungi, and
archaea) associated with SALI, and the intestinal bacteria
that produce IPA and the changes of these IPA-producing
bacteria in sepsis and SALI are unknown. The role of IPA

and PXR in SALI remains to be verified in clinical trials.
In order to avoid the interference of gender differences
on the intestinal flora and different physiological cycles of
female mice to the experimental results, only male mice
were selected for the experimental mice. Furthermore,
we did not observe the regulatory effect of PXR on other
genes or proteins in SALI. Knockout of PXR gene does
effectively abolish the protective effect of IPA on SALI,
but the underlying mechanism of how PXR regulates
SALI remains unclear, which is also the focus of our next
study. In addition, this study did not explore the optimal
dose or dose range of IPA for SALI protection.

Conclusion

IPA alleviates SALI by activating PXR, which reveals a
new mechanism of SALIL, and provides potentially effec-
tive drugs and targets for the prevention of SALIL
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Fig. 5 IPA alleviates liver injury in septic mice by activating PXR. (A) The relative mRNA level of PXR (n=8). (B-C) The H&E staining (B) and pathologi-
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