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ABSTRACT The effects of using gut microbiota metabolites instead of live microor-
ganisms to modulate sepsis-induced gut dysbiosis remain largely unknown. We
assessed the effects of microbiota metabolite indole-3-propionic acid (IPA) on gut
microbiota in mice during sepsis. Sepsis models were constructed by cecal ligation
and puncture (CLP) methods. Fecal microbiota composition analysis was performed
to characterize the gut microbiota composition. Fecal microbiota transplantation was
performed to validate the roles of gut microbiota on sepsis progression. IPA-treated
mice exhibited lower serum inflammatory mediator levels and a higher survival rate
than those of saline-treated mice after modeling of sepsis, which were negated in
the presence of antibiotics. Compared with saline-treated mice after modeling, IPA-
treated mice showed a markedly different intestinal microbiota composition, with an
enrichment of Bifidobacteriaceae family and a depletion of Enterobacteriaceae family.
Mice gavaged with postoperative feces from IPA-treated animals displayed better
survival than mice gavaged with feces from saline-treated animals. Overall, these
data suggest that IPA offers a microbe-modulated survival advantage in septic mice,
indicating that some microbiota metabolites could replace live microorganisms as
potential options for regulation of sepsis-induced gut dysbiosis.

IMPORTANCE The role of gut microbiota in the pathophysiology of sepsis is gaining
increasing attention and developing effective and safe sepsis therapies targeting in-
testinal microorganisms is promising. Given the safety of probiotic supplementation
or fecal microbiota transplantation in critically ill patients, identifying an abiotic
agent to regulate the intestinal microbiota of septic patients is of clinical signifi-
cance. This study revealed that IPA, a microbiota-generated tryptophan metabolite,
ameliorated sepsis-induced mortality and decreased the serum levels of proinflam-
matory cytokines by modulating intestinal microbiota. Although IPA did not increase
the abundance and diversity of the microbiota of septic mice, it significantly
decreased the number of Enterobacteriaceae family. These findings indicate that a
specific microbiota metabolite (e.g., IPA) can mediate the intestinal microbiota apart
from FMT or probiotics.

KEYWORDS sepsis, gut microbiota, indole-3-propionic acid, microbiota metabolite

Sepsis is life-threatening organ dysfunction that results from a dysregulated host
response to infection and has attracted increasing attention because of its high

morbidity and mortality rates (1, 2). An estimated 50 million people worldwide are
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impacted by sepsis each year and 11 million individuals succumb to the disease (3).
Given the dangers of sepsis to human health, developing effective and safe sepsis pre-
vention and treatment strategies is critical.

Recent studies have demonstrated that the gut microbiota is severely disturbed in
septic patients, which could affect treatment outcomes (4). In addition, the disrupted
composition and function of gut microbiota during sepsis contribute to sepsis-linked
organ dysfunction (5). Modulation of the gut microbiota through fecal microbiota
transplantation (FMT) or probiotic supplementation has shown beneficial effects for
septic patients in several studies (6, 7). However, FMT-transmitted microorganisms can
lead to adverse drug-resistant bacteria infections, and these issues should not be
ignored (8). In addition, probiotic supplementation may increase the risk of bacteremia
in intensive care unit patients from probiotic bacteria transmission to the bloodstream
(9). The safety of FMT and probiotics administration in the clinical setting thus remains
controversial (7). Therefore, identifying an abiotic agent to regulate the intestinal
microbiota of septic patients is critical and of clinical significance.

Microbial metabolites are increasingly recognized as key mediators of the injury
responses in multiple organs distant from the gut (10–13). For example, gut micro-
biota-generated granisetron mediates the susceptibility of sepsis-induced liver injury
(14), and short-chain fatty acids exert neuroprotective effects against sepsis-induced
behavioral impairment (15). However, few studies have examined the effects of micro-
bial metabolites on gut microbes and the role of these effects in sepsis progression.
Nevertheless, some evidence has suggested that microbiota metabolites may regulate
the composition of intestinal microbiota. For example, previous studies showed an in-
hibition of Staphylococcal growth by penicillin (16) and the inhibition of pathogenic
bacterial growth by the acidic environment in the vagina maintained by Lactobacillus
(17). Therefore, strategies using microbiota metabolites may provide a novel approach
to modulate the sepsis-induced gut dysbiosis.

We speculated that intestinal microbiota metabolites may regulate the composition
of microbiota and play a key role in sepsis development. A previous study reported
that indole-3-propionic acid (IPA), a microbiota-derived tryptophan metabolite, inhibits
gut dysbiosis in rats fed a high-fat diet (18). In addition, IPA has been reported to mod-
ulate the Escherichia coli tryptophan operon, suggesting that IPA has an effect on cer-
tain bacterial metabolic functions (19). And IPA could induce apoptosis-like death in
Escherichia coli (20), which suggests that IPA can affect the growth of certain bacteria.
Therefore, we selected IPA to investigate the effects of microbiota metabolites on gut
microbiota and the role of these effects in the prognosis of sepsis. Our findings may
help establish a novel microbiome-targeted therapeutic strategy for sepsis-induced
gut microbiota disturbance.

RESULTS
IPA could modulate gut microbiota in healthy mice. To determine whether IPA

regulates the intestinal microbiota of healthy mice, mice were gavaged with either IPA
or saline for 5 days and feces were collected. We profiled the gut microbiota of animals
by bacterial 16S rRNA gene sequencing. Bacterial alpha diversity (the species richness
and diversity of microbiota) was evaluated by calculating Shannon, Simpson, Ace, and
Chao indices in various groups, and beta diversity (between-habitat diversity) was
assessed by principal co-ordinates analysis (PCoA). No significant difference in alpha di-
versity was observed between the two groups (Fig. 1A), indicating that IPA did not
affect the bacterial richness and diversity in gut. In contrast, significant differences in
beta diversity were observed between the two groups (P = 0.004) (Fig. 1B), which dem-
onstrates that the IPA intervention markedly altered gut microbiota composition in
healthy mice. Specific bacteria at different taxonomic levels were enriched or depleted
in the IPA group compared with those in control animals (Fig. 1C and D). The samples
of the IPA group were highly enriched with Akkermansiaceae and Bifidobacteriaceae,
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two families associated with health (21, 22). Interestingly, the saline group was
enriched with the Lactobacillaceae family.

IPA improved survival and reduced systemic inflammation in the sepsis model.
We next examined the effects of IPA on sepsis. Cecal ligation and puncture (CLP) was
conducted to induce sepsis in mice. We found that the serum procalcitonin levels were
significantly higher in the CLP-operated mice than those in the sham-operated (CON)
mice at 24 h after operation (P = 0.002) (Fig. 2A), suggesting that the CLP-operated mice
were infected. In addition, the serum Lipopolysaccharide (LPS) levels of mice after CLP
operation was also significantly higher than those of sham-operated mice (P = 0.001)
(Fig. 2B). We further explored the renal function and brain function of mice at 24 h after
the operation. Regarding the renal function, serum creatinine levels were elevated in the
CLP-operated mice (P = 0.007) (Fig. 2C). Mice who survived 24 h after the surgery were
subjected to open field test to assess their anxiety behavior and motor ability. The results
showed that compared with the sham-operated mice, the CLP model mice had poorer
mobility (P = 0.029) and more obvious anxiety behaviors (P = 0.012) (Fig. 2D and E).
Collectively, the CLP-operated mice developed sepsis in this study.

After 5 days of IPA or saline intervention, mice were subjected to CLP and survival
rates were observed (Fig. 2F). Mortality was higher in CLP-operated mice compared
with the sham-operated group. Among CLP-operated mice, death occurred in approxi-
mately half of the saline-treated mice within 48 h compared with 20% in the IPA group.
In addition, the 7-day mortality rate in the saline group was 70% compared with 55%

FIG 1 Supplementation with IPA-altered gut microbiota composition in healthy mice. (A) Composition of alpha diversity was assessed by the
Shannon, Simpson, Chao, and Ace indices in feces. (B) Gut microbiota beta diversity was showed by scatterplots of PCoA. Relative abundance
of phylum-level gut microbial taxa (C) and differences in the relative abundance of samples at family levels (D) were showed. n = 5; *,
P , 0.05; #, P . 0.05.
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in the IPA group. Mice that were gavaged with IPA exhibited a reduction in overall
mortality.

We then explored the effects of IPA on inflammation responses in mice at 1 day after
CLP (Fig. 2G and H). Serum levels of proinflammatory cytokines interleukin (IL)-1b
(P , 0.001) and tumor necrosis factor (TNF)-a (P , 0.001) were significantly increased in
CLP-operated mice compared with levels in sham-operated mice. In CLP-operated mice,
IPA reduced the serum concentrations of IL-1b (P = 0.001) and TNF-a (P, 0.001).

Dependence of IPA on gut microbiota for protection against septic death. After
identifying the effects of IPA on gut microbiota and sepsis progression separately, we
investigated whether the protective effect of IPA against sepsis is mediated in part by
the gut microbiota. In addition to supplementation with saline or IPA, animals were
administered broad-spectrum oral antibiotics by gavage once daily for 5 days to deplete
gut microbiota prior to CLP (Fig. 3A). The antibiotic regimen was 100 mg of vancomycin,
200 mg of metronidazole, 200 mg of neomycin sulfate, and 200 mg of ampicillin per kilo-
gram body weight of the mice. Compared with normal mice, the abundance (P = 0.012)
and diversity (P = 0.001) of gut microbiota were significantly decreased in antibiotic-
treated mice (Fig. 3B). In addition, there was no significant difference in the gut micro-
biota abundance and diversity between the IPA-treated and saline-treated mice after the
antibiotic treatment (Fig. 3C). PCoA analysis revealed that clusters of gut microbiota
between the IPA-treated and saline-treated mice were not completely separated after
the antibiotic treatment (Fig. 3D), indicating that the gut microbiota exhibited a similar
composition in IPA-treated and saline-treated mice in the presence of antibiotics. Under
the antibiotic intervention protocol, we found that IPA did not show a protective effect
on mice after CLP surgery (Fig. 3E). Serum TNF-a and IL-1b levels were similar in IPA-
treated and saline-treated diet groups (Fig. 3F and G). These results indicate that the sur-
vival and anti-inflammatory benefits conferred by IPA were dependent on the intestinal
microbiota.

Effects of IPA on gut microbiota composition of septic mice. Given that the pro-
tective effect against septic death provided by IPA is dependent on gut microbiota, we
evaluated the alterations of the gut microbial composition in mice after CLP. We found
reduced gut microbiota alpha diversity in CLP-operated mice compared with those in
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FIG 2 IPA increased survival and decreased serum levels of proinflammatory cytokines in mice after cecal ligation and puncture
(CLP) operation. The serum levels of procalcitonin (A), lipopolysaccharide (B), and creatinine (C) were measured using enzyme-
linked immunosorbent assay (ELISA) in the sham-operated (CON) and CLP-operated mice. (D, E) Mice who survived 24 h after
surgery were subjected to open field test to assess their motor ability and anxiety behavior. The traveling speed (D) and the ratio
of center distance to total distance (E) were collected and analyzed. (F) Survival rate. The serum levels of IL-1b (G) and TNF-a (H)
were measured using ELISA in CON, IPA-treated, and saline-treated mice. n = 6 to 20; *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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sham-operated animals, while no significant difference was observed in alpha diversity
between IPA-treated and saline-treated groups (Fig. 4A). We also observed significant
differences in beta diversity of the samples in each operated group (Fig. 4B and C).
These results indicate that mice undergo a significant alteration of gut microbiota after
modeling of sepsis and that IPA modulates the community composition.

There are common or unique operational taxonomic units in each group (Fig. 4D).
Compared with the sham-operated mice, saline-treated animals had a lower abundance
of Muribaculaceae, Lactobacillaceae, and Bifidobacteriaceae and a higher abundance of
Bacteroidaceae and Enterobacteriaceae at the family level (Fig. 4E). Enterobacteriaceae is
associated with poor prognosis in several diseases, including sepsis (23, 24). However,
the abundance of Bifidobacteriaceae was increased and the abundance of Bacteroidaceae
and Enterobacteriaceae was reduced in IPA-treated mice compared with levels in saline-
treated animals. Together, these findings indicate that IPA modulated the gut microbiota
composition during sepsis and, in particular, depleted Enterobacteriaceae in the mouse
gut.

Protective effect of IPA against sepsis was transmissible by gut microbiota. Our
results revealed substantial differences in the intestinal microbiota composition of the
three operated groups. We thus further explored the relationship between microbiota
composition and sepsis by conducting an FMT experiment (Fig. 5A). After treatment
with antibiotic cocktail to deplete the intestinal microbiota for 5 days, mice received
feces from sham-operated, saline-treated, or IPA-treated CLP-operated animals. All
mice that received saline-treated FMT died within 48 h. Sham-operated feces recipients

FIG 3 Antibiotic administration negates the protective effect of IPA supplementation. (A) The schematic diagram
showed experimental design and procedures for antibiotic (Abx) administration. (B) Gut microbiota alpha diversity was
assessed by the Shannon and Ace indices in antibiotic-treated and normal mice. (C) Gut microbiota alpha diversity
was assessed by the Shannon and Ace indices in the IPA-treated and saline-treated mice after antibiotic
administration. (D) Scatterplots of PCoA showed gut microbiota beta diversity between the IPA-treated and saline-
treated mice after antibiotic administration. (E) Survival rate. The serum levels of IL-1b (F) and TNF-a (G) were
measured using ELISA. n = 6 to 10. #, P . 0.05.
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showed a higher 5-day survival rate and a lower level of proinflammatory cytokines (IL-
1b , P , 0.001; TNF-a, P = 0.001) than saline-treated feces recipients (Fig. 5B to D), indi-
cating that sepsis-induced gut dysbiosis exacerbates sepsis. In addition, recipients of
IPA-treated feces showed a higher 5-day survival rate and a lower level of proinflam-
matory cytokines (IL-1b , P , 0.021; TNF-a, P = 0.026) than those of saline-treated feces
recipients. These findings suggest that the protective effect of IPA against sepsis was
transferrable by gut microbiota.

DISCUSSION

Growing evidence has demonstrated the crucial role of the gut microbiota in sepsis
pathophysiology and sepsis-related organ dysfunction (4). These findings have indi-
cated the potential of developing effective and safe sepsis therapies targeting intesti-
nal microorganisms. This study revealed that IPA, a microbiota-generated tryptophan
metabolite, ameliorated sepsis-induced mortality and decreased the serum levels of
proinflammatory cytokines by modulating intestinal microbiota. To the best of our
knowledge, this is the first report of the effects of gut metabolites on the gut micro-
biota during sepsis, supporting the general concept that gut microbiota modulates

FIG 4 Supplementation with IPA-altered gut microbiota composition in septic mice. (A) Composition of alpha diversity was accessed by the Shannon,
Simpson, Chao, and Ace indices in feces. (B, C) Scatterplots of PCoA showed beta diversity of feces. Venn diagram of the number of common and unique
operational taxonomic units (D) and variation in the relative abundance of samples at the family level (E) in each group were showed. n = 6; *, P , 0.05;
**, P , 0.01; ***, P , 0.001; #, P . 0.05.
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sepsis progression. More importantly, we could use a specific microbiota metabolite
(e.g., IPA) to mediate the intestinal microbiota rather than just choosing from FMT, pro-
biotics, or prebiotics.

The transfer of live microorganisms from healthy donors to recipients via FMT, or the
direct use of “good” bacteria such as Lactobacillus, Bifidobacterium, and Streptococcus, res-
cues disrupted microbial ecosystems (6). Despite the successful results from clinical studies
(25–27), the risk of additional bacteremia transmission in critically ill patients remains a
concern (7). In this study, it was found that IPA significantly altered the intestinal micro-
biota composition of untreated mice, without supplementation with live microorganisms,
and did not reduce the species richness and diversity of microbiota within 5 days (Fig. 1A).
These results confirmed that IPA may be effective to regulate intestinal microbiota.
Interestingly, IPA significantly increased the relative abundance of Bifidobacteriaceae, a
family that contains probiotic Bifidobacterium. Previous studies showed that the decline of
Bifidobacterium in gut was associated with poor outcomes of critical patients (28), while
Bifidobacterium expansion may protect mice from infection (29), suggesting that IPA may
exert beneficial effects on the host by promoting the growth of Bifidobacterium.

The beneficial effects of IPA on multiple diseases such as steatohepatitis, hyperlipid-
emia, and diabetes have been demonstrated (18, 30, 31). IPA also modulates astrocyte
activation and neuroinflammation and inhibits neuronal death induced by endoplas-
mic reticulum stress (32). Supplementation with IPA reduced neuroinflammation in
mice with encephalomyelitis (33). Our study found that IPA reduced serum proinflam-
matory cytokine levels and ameliorated mortality in CLP-operated mice. These findings
have enriched the understanding that IPA plays a protective role in sepsis pathophysi-
ology. However, in the present study, IPA did not improve the prognosis of septic mice
with intestinal microbiota depleted by antibiotics, suggesting that the protective
effects of IPA are gut microbiota-dependent.

We found that the intestinal microbiota of septic mice was severely disrupted, with
a marked decrease in richness and diversity and a marked increase in the abundance
of opportunistic pathogenic bacteria such as Enterobacteriaceae, which is consistent
with previous reports (24, 34). Gut Enterobacteriaceae expansion is considered a detri-
mental factor in patient prognosis (23, 24). Enterobacteriaceae overgrowth in the gut
could exacerbate brain infarction and systemic inflammation of stroke patients (23).
Moreover, Enterobacteriaceae expansion in the gut significantly raises the risk of blood-
stream invasion, sepsis, and death (35). Our data showed that although IPA did not
increase the abundance and diversity of the microbiota of septic mice, it significantly
decreased the number of Enterobacteriaceae, indicating that IPA ameliorates mortality
from sepsis by inhibiting the overgrowth of Enterobacteriaceae in the gut.

FIG 5 Gut microbiota composition modulated sepsis progression. (A) The schematic diagram showed the fecal microbiota
transplantation (FMT) experimental design and procedure. (B) Survival rate (n = 8). The serum levels of IL-1b (C) and TNF-a (D) were
measured using ELISA (n = 6). *, P , 0.05.
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Several reasons may explain the inhibition effect of IPA on Enterobacteriaceae in gut.
One possible reason is that IPA may have a direct inhibitory effect on Enterobacteriaceae.
IPA exhibits antibacterial activity in Escherichia coli of the Enterobacteriaceae family, and
the mechanism may involve induction of the accumulation of reactive oxygen species, ni-
tric oxide, peroxynitrite, and DNA damage, ultimately leading to apoptosis-like death in E.
coli (20). Another possible reason is that IPA increases the abundance of Bifidobacteriaceae,
and Bifidobacterium inhibits the growth of pathogenic bacteria (21). We further explored
the effects of variability in sepsis-induced gut dysbiosis influenced by IPA on the sepsis
progression in FMT experiments. The results suggested that gut dysbiosis characterized by
Enterobacteriaceae enrichment may increase serum proinflammatory cytokine levels and
worsen the sepsis prognosis, which enriches the evidence for the harmful role of
Enterobacteriaceae in sepsis (35).

Numerous studies have shown that pathogen infection leads to activation of the host
innate immunity, followed by a “cytokine storm” that creates a state of immune dysregula-
tion (36). An excessive proinflammatory response and/or exaggerated anti-inflammatory
response further induce cellular dysfunction and death, ultimately resulting in multiorgan
dysfunction syndrome and death (36). Similar to other studies (37, 38), we also found that
serum levels of the proinflammatory cytokines IL-1b and TNF-a were significantly elevated
in septic mice (Fig. 2G and H). In addition, IPA reduced the serum concentration of proin-
flammatory cytokines in septic mice, suggesting the anti-inflammatory activity of IPA.
However, IPA did not influence the serum levels of IL-1b and TNF-a in antibiotic-treated
septic mice, suggesting that the anti-inflammatory activity of IPA was possibly associated
with intestinal microbiota (Fig. 3F and G). There may be two reasons why IPA did not reverse
sepsis after antibiotic treatment. One is the effect of the antibiotics themselves on the mice.
Antibiotics have been reported to differentially modulate lipoteichoic acid-mediated host
immune response (39). And in this study, we used nonphysiologic doses of antibiotics,
which may have affected the mice’s response to sepsis. The other one is that antibiotics
modulate the mice's response to sepsis by affecting the gut microbiota. The gut microbiota
has been found to interact with the host immune response against pathogens (40). In addi-
tion, In the present study, recipients of IPA-treated feces showed a higher 5-day survival rate
and a lower level of proinflammatory cytokines than those of saline-treated feces recipients
(Fig. 5B to D), which also supports that the anti-inflammatory activity of IPA is regulated by
the gut microbiota.

A possible reason for the association of IPA’s anti-inflammatory activity with intesti-
nal microbiota is that IPA increased the abundance of Bifidobacteriaceae and inhibited
the expansion of Enterobacteriaceae, both of which were found to have an impact on
the host immune system (41, 42). In addition, IPA was found to regulate certain bacte-
rial metabolic functions (19) and gut microbiota-generated metabolites have been
reported to be involved in host inflammatory responses (43). The effect of IPA on the
production of gut microbiota metabolites may be another reason for the IPA’s anti-
inflammatory activity through gut microbiota.

Despite the growing interest in the effects of microbial metabolites on multiple dis-
eases (44), the precise effects of microbial metabolites on gut microbiota in disease
progression remain to be elucidated. Our studies demonstrated that gut microbiota-
produced IPA regulated the gut microbiota composition of septic mice, thereby pro-
tecting against sepsis. We found that the Enterobacteriaceae expansion in the gut of
septic mice was significantly inhibited by IPA and the mechanism underlying how IPA
suppresses the bacteria overgrowth needs to be further explored. Our study showed
that supplementation with a specific microbial metabolite, in addition to FMT and pro-
biotics, is a potential therapeutic approach targeting the microbiome in the manage-
ment of sepsis. These findings may have potential translational value for future clinical
management of septic patients.

Conclusion. By using a gut microbiota-produced metabolite, IPA, as a microbiome
regulatory compound, our study found that certain microbial metabolites may func-
tion by modulating the intestinal microbiota of mice during sepsis. Administration of
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IPA targeting the microbiome may provide a new potential approach for the clinical
management of sepsis.

MATERIALS ANDMETHODS
Animal experimental design. All animal studies were approved by the local Animal Care and Use

Committee of Guangdong Provincial People’s Hospital (approval #GDREC2018199A). A sepsis model was
induced in male C57BL/6 mice (6 to 8 weeks old) by cecum ligation and puncture (CLP), as described
previously (14). Briefly, mice were anesthetized with pentobarbital and CLP was conducted under sterile
conditions. A midline incision of approximately 1 cm was made in the abdomen and the cecum was
exposed. The cecum was ligated at the center and punctured with a 21-gauge needle. A small amount
of feces was extruded through the puncture, and then the cecum was gently repositioned in the perito-
neal cavity. The incision was then sutured. Sham controls (CON group) underwent laparotomy and
manipulation to expose the cecum without ligation and puncture. IPA-treated mice received IPA (Sigma
catalog number 220027) by gavage (25 mg/kg dissolved in saline) once daily for 5 days before and once
within 1 day after establishment of the model, following a modified treatment protocol based on previ-
ous studies (33, 45) and our pilot trials. Briefly, after treatment with antibiotic cocktail for 5 days to
deplete the gut microbiota, mice received feces from donor mice for 3 days. Saline-treated mice
received equal amounts of saline administration. Mouse feces were collected 1 day before and 2 days af-
ter the CLP operation and stored at –80°C. Serum was collected 24 h after surgery.

Fecal microbiota composition analysis. Stool microbial DNA was extracted using the Mag-Bind Soil
DNA kit (Omega Bio-Tek, USA) according to the manufacturer’s protocols. Then, 16S rRNA amplicons were
performed on the V3–V4 hypervariable region with primer pairs 338F (59-ACTCCTACGGGAGGCAGCAG-39)
and 806R (59-GGACTACHVGGGTWTCTAAT-39). Sequencing was conducted using Illumina’s Miseq PE300 plat-
form (Illumina, San Diego, CA, USA) by Majorbio (Shanghai, China). Sequences with operational taxonomic
units and chimeras were removed at 97% similarity level using UPARSE software (version 7.1). Mothur and
QIIME2.0 software were used for bioinformatics analyses. Alpha diversity was evaluated using Shannon,
Simpson, Chao, and ACE indices. The beta diversity was analyzed using PCoA based on Bray-Curtis distance
and Adonis analysis was used to test the P value. Comparison of sample composition and analysis of differ-
ences in specific communities between groups using microbial taxonomy (46) was used.

Open field test. Mice who survived 24 h after surgery were subjected to open field test to assess
their anxiety behavior and motor ability. Each mouse was gently placed at the center of a square area
(60 cm � 60 cm � 60 cm) and then allowed to explore for 5 min. The trajectory of mouse activities was
recorded using a video tracking system. After each test, the field was cleaned with 75% alcohol to
remove odor disturbance.

FMT. FMT was performed following a modified method described elsewhere (14). Mice were gav-
aged with antibiotics to deplete the gut microbiota. The antibiotic regimen was 100 mg of vancomycin,
200 mg of metronidazole, 200 mg of neomycin sulfate, and 200 mg of ampicillin per kilogram body
weight of the mice, administered by gavage once a day for 5 days. To investigate the effect of IPA-medi-
ated gut microbiota on sepsis progression, mice were randomly divided into three groups (control feces,
saline-treated feces, and IPA-treated feces recipient groups). After antibiotic treatment, mice received
postoperative feces from donor mice. For the FMT protocol, donor feces were resuspended in saline at a
concentration of 0.125 g/mL and 0.15 mL of the suspension was administered to mice by oral gavage
once daily for 3 days.

Enzyme-linked immunosorbent assay. The serum levels of TNF-a, IL-1b , procalcitonin, and lipo-
polysaccharide were measured by enzyme-linked immunosorbent assay (ELISA) kits (Cusabio) according
to the manufacturer’s instructions. Serum levels of creatinine were measured by ELISA kit (MEIMIAN).

Statistical analyses. Statistical analyses were performed using SPSS 20.0. All the experimental
data were shown as the mean 6 standard deviation (SD). Unpaired Student’s t test (normally dis-
tributed) or Mann–Whitney U test (not normally distributed) were used to assess between-group
differences. Multiple comparison between groups using the ANOVA and LSD test. Post-hoc analysis
was performed for the ANOVA testing. P values ,0.05 were considered to indicate statistical
significance.

Data availability. The data sets used and analyzed during the current study are available from the
authors on reasonable request, some have already been included in this article. Raw sequence data of
microbiota which support the findings in our study have been deposited in the SRA of the NCBI under
accession number PRJNA788095.

ACKNOWLEDGMENTS
C.B.C. and Y.Y.D. designed and supervised the study; H.F., M.X.F., and Y.R.W.

performed the experiments and analyzed data; J.X.L. and H.D.Z. participated in the
animal experiments; C.B.C. and H.F. wrote the manuscript. All authors read and
approved the final manuscript.

This work was financially supported by the National Natural Science Foundation
of China (No. 82172162), Maoming Science and Technology Project (No. 2020255),
the major program of Summit Project, Guangdong Province High-Level Hospital
Construction Project of Guangdong Provincial People’s Hospital, Guangdong Academy
of Medical Sciences (No. DFJH2020028).

Indole-3-Propionic Acid Mediates Gut Microbiota Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00125-22 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

16
 M

ar
ch

 2
02

3 
by

 1
14

.2
36

.1
10

.1
64

.

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA788095
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00125-22


REFERENCES

1. Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C,
Machado FR, Mcintyre L, Ostermann M, Prescott HC, Schorr C, Simpson S,
Wiersinga WJ, Alshamsi F, Angus DC, Arabi Y, Azevedo L, Beale R, Beilman
G, Belley-Cote E, Burry L, Cecconi M, Centofanti J, Coz Yataco A, De Waele
J, Dellinger RP, Doi K, Du B, Estenssoro E, Ferrer R, Gomersall C, Hodgson
C, Møller MH, Iwashyna T, Jacob S, Kleinpell R, Klompas M, Koh Y, Kumar
A, Kwizera A, Lobo S, Masur H, McGloughlin S, Mehta S, Mehta Y, Mer M,
Nunnally M, Oczkowski S, Osborn T, Papathanassoglou E, et al. 2021. Sur-
viving sepsis campaign: international guidelines for management of sep-
sis and septic shock 2021. Intensive Care Med 47:1181–1247. https://doi
.org/10.1007/s00134-021-06506-y.

2. Sehgal V, Bajwa SJ, Consalvo JA, Bajaj A. 2015. Clinical conundrums in
management of sepsis in the elderly. J Transl Int Med 3:106–112. https://
doi.org/10.1515/jtim-2015-0010.

3. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR,
Colombara DV, Ikuta KS, Kissoon N, Finfer S, Fleischmann-Struzek C,
Machado FR, Reinhart KK, Rowan K, Seymour CW, Watson RS, West TE,
Marinho F, Hay SI, Lozano R, Lopez AD, Angus DC, Murray CJL, Naghavi M.
2020. Global, regional, and national sepsis incidence and mortality, 1990–
2017: analysis for the Global Burden of Disease Study. Lancet 395:
200–211. https://doi.org/10.1016/S0140-6736(19)32989-7.

4. Adelman MW, Woodworth MH, Langelier C, Busch LM, Kempker JA, Kraft
CS, Martin GS. 2020. The gut microbiome’s role in the development, main-
tenance, and outcomes of sepsis. Crit Care 24:278. https://doi.org/10
.1186/s13054-020-02989-1.

5. Liu Z, Li N, Fang H, Chen X, Guo Y, Gong S, Niu M, Zhou H, Jiang Y, Chang
P, Chen P. 2019. Enteric dysbiosis is associated with sepsis in patients.
FASEB J 33:12299–12310. https://doi.org/10.1096/fj.201900398RR.

6. Bassetti M, Bandera A, Gori A. 2020. Therapeutic potential of the gut
microbiota in the management of sepsis. Crit Care 24:105. https://doi.org/
10.1186/s13054-020-2780-3.

7. Niu M, Chen P. 2021. Crosstalk between gut microbiota and sepsis. Burns
Trauma 9:tkab036. https://doi.org/10.1093/burnst/tkab036.

8. DeFilipp Z, Bloom PP, Torres Soto M, Mansour MK, Sater MRA, Huntley
MH, Turbett S, Chung RT, Chen YB, Hohmann EL. 2019. Drug-resistant E.
coli bacteremia transmitted by fecal microbiota transplant. N Engl J Med
381:2043–2050. https://doi.org/10.1056/NEJMoa1910437.

9. Yelin I, Flett KB, Merakou C, Mehrotra P, Stam J, Snesrud E, Hinkle M,
Lesho E, McGann P, McAdam AJ, Sandora TJ, Kishony R, Priebe GP. 2019.
Genomic and epidemiological evidence of bacterial transmission from
probiotic capsule to blood in ICU patients. Nat Med 25:1728–1732.
https://doi.org/10.1038/s41591-019-0626-9.

10. Cryan JF, O'Riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS,
Boehme M, Codagnone MG, Cussotto S, Fulling C, Golubeva AV, Guzzetta
KE, Jaggar M, Long-Smith CM, Lyte JM, Martin JA, Molinero-Perez A,
Moloney G, Morelli E, Morillas E, O'Connor R, Cruz-Pereira JS, Peterson VL,
Rea K, Ritz NL, Sherwin E, Spichak S, Teichman EM, van de Wouw M,
Ventura-Silva AP, Wallace-Fitzsimons SE, Hyland N, Clarke G, Dinan TG.
2019. The microbiota-gut-brain axis. Physiol Rev 99:1877–2013. https://
doi.org/10.1152/physrev.00018.2018.

11. Huang Q, Fang Q, Hu Z. 2020. A P4 medicine perspective of gut micro-
biota and prediabetes: systems analysis and personalized intervention. J
Transl Int Med 8:119–130. https://doi.org/10.2478/jtim-2020-0020.

12. Lai Y, Liu CW, Yang Y, Hsiao YC, Ru H, Lu K. 2021. High-coverage metabo-
lomics uncovers microbiota-driven biochemical landscape of interorgan
transport and gut-brain communication in mice. Nat Commun 12:6000.
https://doi.org/10.1038/s41467-021-26209-8.

13. Zhang H, Xu J, Wu Q, Fang H, Shao X, Ouyang X, He Z, Deng Y, Chen C.
2022. Gut microbiota mediates the susceptibility of mice to sepsis-associ-
ated encephalopathy by butyric acid. J Inflamm Res 15:2103–2119.
https://doi.org/10.2147/JIR.S350566.

14. Gong S, Yan Z, Liu Z, Niu M, Fang H, Li N, Huang C, Li L, Chen G, Luo H,
Chen X, Zhou H, Hu J, Yang W, Huang Q, Schnabl B, Chang P, Billiar TR,
Jiang Y, Chen P. 2019. Intestinal microbiota mediates the susceptibility to
polymicrobial sepsis-induced liver injury by granisetron generation in
mice. Hepatology 69:1751–1767. https://doi.org/10.1002/hep.30361.

15. Liu J, Jin Y, Ye Y, Tang Y, Dai S, Li M, Zhao G, Hong G, Lu ZQ. 2021. The
neuroprotective effect of short chain fatty acids against sepsis-associated
encephalopathy in mice. Front Immunol 12:626894. https://doi.org/10
.3389/fimmu.2021.626894.

16. Harrison EM, Ba X, Coll F, Blane B, Restif O, Carvell H, Koser CU, Jamrozy D,
Reuter S, Lovering A, Gleadall N, Bellis KL, Uhlemann AC, Lowy FD, Massey

RC, Grilo IR, Sobral R, Larsen J, Rhod Larsen A, Vingsbo Lundberg C,
Parkhill J, Paterson GK, Holden MTG, Peacock SJ, Holmes MA. 2019.
Genomic identification of cryptic susceptibility to penicillins and beta-lac-
tamase inhibitors in methicillin-resistant Staphylococcus aureus. Nat
Microbiol 4:1680–1691. https://doi.org/10.1038/s41564-019-0471-0.

17. Wahid M, Dar SA, Jawed A, Mandal RK, Akhter N, Khan S, Khan F, Jogiah S,
Rai AK, Rattan R. 2021. Microbes in gynecologic cancers: causes or conse-
quences and therapeutic potential. Semin Cancer Biol

18. Zhao ZH, Xin FZ, Xue Y, Hu Z, Han Y, Ma F, Zhou D, Liu XL, Cui A, Liu Z, Liu
Y, Gao J, Pan Q, Li Y, Fan JG. 2019. Indole-3-propionic acid inhibits gut
dysbiosis and endotoxin leakage to attenuate steatohepatitis in rats. Exp
Mol Med 51:1–14. https://doi.org/10.1038/s12276-019-0304-5.

19. Pauley RJ, Fredricks WW, Smith OH. 1978. Effect of tryptophan analogs on
derepression of the Escherichia coli tryptophan operon by indole-3-pro-
pionic acid. J Bacteriol 136:219–226. https://doi.org/10.1128/jb.136.1.219
-226.1978.

20. Kwun MS, Lee DG. 2021. Investigation of distinct contribution of nitric ox-
ide and each reactive oxygen species in indole-3-propionic-acid-induced
apoptosis-like death in Escherichia coli. Life Sci 285:120003. https://doi
.org/10.1016/j.lfs.2021.120003.

21. Suez J, Zmora N, Segal E, Elinav E. 2019. The pros, cons, and many
unknowns of probiotics. Nat Med 25:716–729. https://doi.org/10.1038/
s41591-019-0439-x.

22. Zhang T, Li Q, Cheng L, Buch H, Zhang F. 2019. Akkermansia muciniphila
is a promising probiotic. Microb Biotechnol 12:1109–1125. https://doi
.org/10.1111/1751-7915.13410.

23. Xu K, Gao X, Xia G, Chen M, Zeng N, Wang S, You C, Tian X, Di H, Tang W,
Li P, Wang H, Zeng X, Tan C, Meng F, Li H, He Y, Zhou H, Yin J. 2021. Rapid
gut dysbiosis induced by stroke exacerbates brain infarction in turn. Gut
70:1486–1494. https://doi.org/10.1136/gutjnl-2020-323263.

24. Liu W, Cheng M, Li J, Zhang P, Fan H, Hu Q, Han M, Su L, He H, Tong Y,
Ning K, Long Y. 2020. Classification of the gut microbiota of patients in in-
tensive care units during development of sepsis and septic shock.
Genomics Proteomics Bioinformatics 18:696–707. https://doi.org/10
.1016/j.gpb.2020.06.011.

25. Avila PRM, Michels M, Vuolo F, Bilesimo R, Burger H, Milioli MVM, Sonai B,
Borges H, Carneiro C, Abatti M, Santana IVV, Michelon C, Dal-Pizzol F.
2020. Protective effects of fecal microbiota transplantation in sepsis are
independent of the modulation of the intestinal flora. Nutrition 73:
110727. https://doi.org/10.1016/j.nut.2020.110727.

26. Gai X, Wang H, Li Y, Zhao H, He C, Wang Z, Zhao H. 2021. Fecal Microbiota
Transplantation Protects the Intestinal Mucosal Barrier by Reconstructing
the Gut Microbiota in a Murine Model of Sepsis. Front Cell Infect Microbiol
11:736204. https://doi.org/10.3389/fcimb.2021.736204.

27. Kim SM, DeFazio JR, Hyoju SK, Sangani K, Keskey R, Krezalek MA,
Khodarev NN, Sangwan N, Christley S, Harris KG, Malik A, Zaborin A,
Bouziat R, Ranoa DR, Wiegerinck M, Ernest JD, Shakhsheer BA, Fleming ID,
Weichselbaum RR, Antonopoulos DA, Gilbert JA, Barreiro LB, Zaborina O,
Jabri B, Alverdy JC. 2020. Fecal microbiota transplant rescues mice from
human pathogen mediated sepsis by restoring systemic immunity. Nat
Commun 11:2354. https://doi.org/10.1038/s41467-020-15545-w.

28. Wei R, Chen X, Hu L, He Z, Ouyang X, Liang S, Dai S, Sha W, Chen C. 2021.
Dysbiosis of intestinal microbiota in critically ill patients and risk of in-hos-
pital mortality. Am J Transl Res 13:1548–1557.

29. Zhang Q, Hu J, Feng JW, Hu XT, Wang T, Gong WX, Huang K, Guo YX, Zou
Z, Lin X, Zhou R, Yuan YQ, Zhang AD, Wei H, Cao G, Liu C, Chen LL, Jin ML.
2020. Influenza infection elicits an expansion of gut population of endog-
enous Bifidobacterium animalis which protects mice against infection.
Genome Biol 21:99. https://doi.org/10.1186/s13059-020-02007-1.

30. Li Y, Xu W, Zhang F, Zhong S, Sun Y, Huo J, Zhu J, Wu C. 2020. The gut
microbiota-produced indole-3-propionic acid confers the antihyperlipi-
demic effect of mulberry-derived 1-deoxynojirimycin. mSystems 5.
https://doi.org/10.1128/mSystems.00313-20.

31. Liu Z, Dai X, Zhang H, Shi R, Hui Y, Jin X, Zhang W, Wang L, Wang Q,
Wang D, Wang J, Tan X, Ren B, Liu X, Zhao T, Wang J, Pan J, Yuan T, Chu
C, Lan L, Yin F, Cadenas E, Shi L, Zhao S, Liu X. 2020. Gut microbiota
mediates intermittent-fasting alleviation of diabetes-induced cognitive
impairment. Nat Commun 11:855. https://doi.org/10.1038/s41467-020
-14676-4.

32. Hwang IK, Yoo KY, Li H, Park OK, Lee CH, Choi JH, Jeong YG, Lee YL, Kim
YM, Kwon YG, Won MH. 2009. Indole-3-propionic acid attenuates neuronal

Indole-3-Propionic Acid Mediates Gut Microbiota Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00125-22 10

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

16
 M

ar
ch

 2
02

3 
by

 1
14

.2
36

.1
10

.1
64

.

https://doi.org/10.1007/s00134-021-06506-y
https://doi.org/10.1007/s00134-021-06506-y
https://doi.org/10.1515/jtim-2015-0010
https://doi.org/10.1515/jtim-2015-0010
https://doi.org/10.1016/S0140-6736(19)32989-7
https://doi.org/10.1186/s13054-020-02989-1
https://doi.org/10.1186/s13054-020-02989-1
https://doi.org/10.1096/fj.201900398RR
https://doi.org/10.1186/s13054-020-2780-3
https://doi.org/10.1186/s13054-020-2780-3
https://doi.org/10.1093/burnst/tkab036
https://doi.org/10.1056/NEJMoa1910437
https://doi.org/10.1038/s41591-019-0626-9
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.2478/jtim-2020-0020
https://doi.org/10.1038/s41467-021-26209-8
https://doi.org/10.2147/JIR.S350566
https://doi.org/10.1002/hep.30361
https://doi.org/10.3389/fimmu.2021.626894
https://doi.org/10.3389/fimmu.2021.626894
https://doi.org/10.1038/s41564-019-0471-0
https://doi.org/10.1038/s12276-019-0304-5
https://doi.org/10.1128/jb.136.1.219-226.1978
https://doi.org/10.1128/jb.136.1.219-226.1978
https://doi.org/10.1016/j.lfs.2021.120003
https://doi.org/10.1016/j.lfs.2021.120003
https://doi.org/10.1038/s41591-019-0439-x
https://doi.org/10.1038/s41591-019-0439-x
https://doi.org/10.1111/1751-7915.13410
https://doi.org/10.1111/1751-7915.13410
https://doi.org/10.1136/gutjnl-2020-323263
https://doi.org/10.1016/j.gpb.2020.06.011
https://doi.org/10.1016/j.gpb.2020.06.011
https://doi.org/10.1016/j.nut.2020.110727
https://doi.org/10.3389/fcimb.2021.736204
https://doi.org/10.1038/s41467-020-15545-w
https://doi.org/10.1186/s13059-020-02007-1
https://doi.org/10.1128/mSystems.00313-20
https://doi.org/10.1038/s41467-020-14676-4
https://doi.org/10.1038/s41467-020-14676-4
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00125-22


damage and oxidative stress in the ischemic hippocampus. J Neurosci Res
87:2126–2137. https://doi.org/10.1002/jnr.22030.

33. Rothhammer V, Mascanfroni ID, Bunse L, Takenaka MC, Kenison JE, Mayo
L, Chao CC, Patel B, Yan R, Blain M, Alvarez JI, Kebir H, Anandasabapathy
N, Izquierdo G, Jung S, Obholzer N, Pochet N, Clish CB, Prinz M, Prat A,
Antel J, Quintana FJ. 2016. Type I interferons and microbial metabolites of
tryptophan modulate astrocyte activity and central nervous system
inflammation via the aryl hydrocarbon receptor. Nat Med 22:586–597.
https://doi.org/10.1038/nm.4106.

34. Wang S, El-Fahmawi A, Christian DA, Fang Q, Radaelli E, Chen L, Sullivan
MC, Misic AM, Ellringer JA, Zhu XQ, Winter SE, Hunter CA, Beiting DP.
2019. Infection-induced intestinal dysbiosis is mediated by macrophage
activation and nitrate production. mBio 10. https://doi.org/10.1128/mBio
.00935-19.

35. Sorbara MT, Dubin K, Littmann ER, Moody TU, Fontana E, Seok R, Leiner
IM, Taur Y, Peled JU, van den Brink MRM, Litvak Y, Baumler AJ, Chaubard
JL, Pickard AJ, Cross JR, Pamer EG. 2019. Inhibiting antibiotic-resistant
Enterobacteriaceae by microbiota-mediated intracellular acidification. J
Exp Med 216:84–98. https://doi.org/10.1084/jem.20181639.

36. Harrison C. 2010. Sepsis: calming the cytokine storm. Nat Rev Drug Discov
9:360–361. https://doi.org/10.1038/nrd3162.

37. Chao J, Cui S, Liu C, Liu S, Liu S, Han Y, Gao Y, Ge D, Yu A, Yang R. 2020.
Detection of early cytokine storm in patients with septic shock after ab-
dominal surgery. J Transl Int Med 8:91–98. https://doi.org/10.2478/jtim
-2020-0014.

38. Lei L, Chai Y, Lin H, Chen C, Zhao M, Xiong W, Zhuang J, Fan X. 2020. Dihy-
droquercetin activates AMPK/Nrf2/HO-1 signaling in macrophages and
attenuates inflammation in LPS-induced endotoxemic mice. Front Phar-
macol 11:662. https://doi.org/10.3389/fphar.2020.00662.

39. Algorri M, Wong-Beringer A. 2020. Antibiotics differentially modulate lip-
oteichoic acid-mediated host immune response. Antibiotics (Basel) 9:573.
https://doi.org/10.3390/antibiotics9090573.

40. Cheng HY, Ning MX, Chen DK, Ma WT. 2019. Interactions between the gut
microbiota and the host innate immune response against pathogens.
Front Immunol 10:607. https://doi.org/10.3389/fimmu.2019.00607.

41. Kuprys PV, Cannon AR, Shieh J, Iftekhar N, Park SK, Eberhardt JM, Ding X,
Choudhry MA. 2020. Alcohol decreases intestinal ratio of Lactobacillus to
Enterobacteriaceae and induces hepatic immune tolerance in a murine
model of DSS-colitis. Gut Microbes 12:1838236. https://doi.org/10.1080/
19490976.2020.1838236.

42. Zimmermann P, Messina N, Mohn WW, Finlay BB, Curtis N. 2019. Associa-
tion between the intestinal microbiota and allergic sensitization, eczema,
and asthma: a systematic review. J Allergy Clin Immunol 143:467–485.
https://doi.org/10.1016/j.jaci.2018.09.025.

43. Yang W, Cong Y. 2021. Gut microbiota-derived metabolites in the regula-
tion of host immune responses and immune-related inflammatory dis-
eases. Cell Mol Immunol 18:866–877. https://doi.org/10.1038/s41423-021
-00661-4.

44. Garrett WS. 2020. Immune recognition of microbial metabolites. Nat Rev
Immunol 20:91–92. https://doi.org/10.1038/s41577-019-0252-2.

45. Xiao HW, Cui M, Li Y, Dong JL, Zhang SQ, Zhu CC, Jiang M, Zhu T, Wang B,
Wang HC, Fan SJ. 2020. Gut microbiota-derived indole 3-propionic acid
protects against radiation toxicity via retaining acyl-CoA-binding protein.
Microbiome 8:69. https://doi.org/10.1186/s40168-020-00845-6.

46. Shao X, Sun C, Tang X, Zhang X, Han D, Liang S, Qu R, Hui X, Shan Y, Hu L,
Fang H, Zhang H, Wu X, Chen C. 2020. Anti-inflammatory and intestinal
microbiota modulation properties of Jinxiang garlic (Allium sativum L.)
polysaccharides toward dextran sodium sulfate-induced colitis. J Agric
Food Chem 68:12295–12309. https://doi.org/10.1021/acs.jafc.0c04773.

Indole-3-Propionic Acid Mediates Gut Microbiota Microbiology Spectrum

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.00125-22 11

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

16
 M

ar
ch

 2
02

3 
by

 1
14

.2
36

.1
10

.1
64

.

https://doi.org/10.1002/jnr.22030
https://doi.org/10.1038/nm.4106
https://doi.org/10.1128/mBio.00935-19
https://doi.org/10.1128/mBio.00935-19
https://doi.org/10.1084/jem.20181639
https://doi.org/10.1038/nrd3162
https://doi.org/10.2478/jtim-2020-0014
https://doi.org/10.2478/jtim-2020-0014
https://doi.org/10.3389/fphar.2020.00662
https://doi.org/10.3390/antibiotics9090573
https://doi.org/10.3389/fimmu.2019.00607
https://doi.org/10.1080/19490976.2020.1838236
https://doi.org/10.1080/19490976.2020.1838236
https://doi.org/10.1016/j.jaci.2018.09.025
https://doi.org/10.1038/s41423-021-00661-4
https://doi.org/10.1038/s41423-021-00661-4
https://doi.org/10.1038/s41577-019-0252-2
https://doi.org/10.1186/s40168-020-00845-6
https://doi.org/10.1021/acs.jafc.0c04773
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00125-22

	RESULTS
	IPA could modulate gut microbiota in healthy mice.
	IPA improved survival and reduced systemic inflammation in the sepsis model.
	Dependence of IPA on gut microbiota for protection against septic death.
	Effects of IPA on gut microbiota composition of septic mice.
	Protective effect of IPA against sepsis was transmissible by gut microbiota.

	DISCUSSION
	Conclusion.

	MATERIALS AND METHODS
	Animal experimental design.
	Fecal microbiota composition analysis.
	Open field test.
	FMT.
	Enzyme-linked immunosorbent assay.
	Statistical analyses.
	Data availability.

	ACKNOWLEDGMENTS
	REFERENCES

