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The interplay between the gut microbiota and NLRP3 activation affects the 
severity of acute pancreatitis in mice
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ABSTRACT
Early dysbiosis of the gut microbiota is associated with the severity of acute pancreatitis (AP), 
although the underlying mechanism is unclear. Here, we investigated the role of crosstalk between 
NLRP3 and the gut microbiota in the development of AP utilizing gut microbiota deficient mice, as 
well as NLRP3 knockout (KO) mouse models. Pancreatic damage and systemic inflammation were 
improved in antibiotic-treated (Abx) and germ-free (GF) mice, accompanied by weakened activity of 
the intestinal NLRP3 inflammasome. Interestingly, fecal microbiota transplantation (FMT) reacti-
vated the intestinal NLRP3 inflammasome and exacerbated the disease in Abx and GF mice. 
Although the gut barrier in GF and Abx mice was disrupted, gut microbiota deficiency ameliorated 
the severity of AP, probably due to the reduction in bacterial translocation from the gut to the 
pancreas. The composition of the gut microbiota was significantly different between NLRP3 KO 
mice and wild-type (WT) mice at baseline, and there were alterations in response to the induction of 
AP. While a dramatic shift in the gut microbiota with overgrowth of Escherichia-Shigella was 
observed in WT mice suffering from AP, there was no significant change in NLRP3 KO mice with 
or without AP, suggesting that NLRP3 deficiency counteracts AP-induced microbial disturbance. 
With a strengthened gut barrier and decreased systemic inflammation, NLRP3 KO mice showed less 
severe AP, as revealed by reduced pancreatic neutrophilic infiltration and necrosis. Taken together, 
these results identified the bidirectional modulation between the gut microbiota and NLRP3 in the 
progression of AP, which suggests the interplay of the host and microbiome during AP.
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Introduction

Acute pancreatitis (AP) is one of the most common 
acute clinical abdominal diseases and has an 
increasing incidence. While most attacks of AP 
are mild and self-resolving, patients with severe 
AP (SAP) experience high mortality and morbidity 
due to early multiple organ failures and later devel-
opment of infectious complications.1 It is believed 
that the gut is involved in the development of dis-
tant organ failure and gut barrier dysfunction is 
present in three of five patients with AP.2 There is 
sufficient evidence to confirm that gut failure plays 
an important role in determining the severity of the 
disease, as the translocation of bacteria derived 
from the gut is related to infectious complications, 
including infectious pancreatic necrosis (IPN) and 
the risk of death.3 The occurrence of gut-derived 
infection could exacerbate primary systemic 

inflammatory response syndrome (SIRS), as well 
as multiple organ dysfunction syndrome (MODS), 
which is often known as the “second hit” for AP.4 

The mechanisms underlying gut dysfunction 
include disturbances in the microcirculation (ische-
mia and reperfusion injury), impaired immune 
defenses (release of cytokines and mediators) and 
motility, and changes in the indigenous intestinal 
microbial ecology, leading to the loss of mucosal 
integrity, which facilitates the entry of endotoxin 
and even bacteria into the blood circulation.5

The relationship between the gut microbiota and 
human health is being increasingly recognized, and 
dysbiosis results in a range of diseases, including 
obesity, diabetes, cardiovascular diseases and even 
carcinoma.6 The normal gut commensals exert spe-
cific functions in host nutrient metabolism, mainte-
nance of structural integrity of the intestinal mucosal 
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barrier, immunomodulation, and protection against 
pathogens.7 Accumulating evidence suggests that gut 
microbiota dysbiosis is associated with the severity of 
AP in both human and animal models, although the 
molecular mechanism is unclear.8-10 Patients with 
AP harbor a characteristic gut microbiota phenotype 
with reduced diversity and increased abundance of 
pathogenic bacteria, which is consistent with injury 
to the gut barrier.8 Furthermore, antibiotic treatment 
protects mice from caerulein-induced pancreatic 
injury and systemic inflammation, indicating the 
role of the gut microbiota in the development of 
AP.11,12

Nod-like receptors (NLRs) are intracellular pat-
tern recognition molecules that detect microbial- 
and danger-associated molecular patterns. NLRP3, 
one of the NLR proteins, plays an important role in 
forming inflammasomes, which mediate caspase-1 
activation and the secretion of the proinflammatory 
cytokine IL-1β in response to microbial infection 
and cellular damage.13 Previous studies have shown 
that the NLRP3 inflammasome is activated not only 
in the pancreas but also in the gut of mice with AP, 
and activation of intestinal NLRP3 is associated 
with the severity of AP.12,14 The literature on 
other diseases suggests that modulation of the gut 
microbiota affects activation of the NLRP3 inflam-
masome, and the expression of NLRP3 also shapes 
the composition of the gut microbiota, but 
a detailed understanding of their interactions in 
AP is lacking.15,16 The aim of this study was to 
evaluate the effect of intestinal dysbiosis on the 
worsening of AP and the crosstalk between the 
gut microbiota and NLRP3 in this process. In the 
current study, we used germ-free (GF) mice and 
antibiotic-treated (Abx) mice with or without fecal 
microbiota transplantation (FMT) to evaluate the 
effect of remodeling the gut microbiota on the 
activation of intestinal NLRP3 after AP induction. 
In addition, alterations in the gut microbiota were 
analyzed in NLRP3 knockout (KO) mice with or 
without caerulein stimulation to determine the 
impact of NLRP3 on the gut microbiome in the 
course of AP. This work has clinical significance 
as it demonstrates the destructive role and under-
lying mechanisms of intestinal dysbiosis in AP, and 
suggests the importance of early maintenance of 
gut homeostasis in the treatment of AP.

Results

AP-induced gut disorder is gradually restored with 
recovery from the disease

First of all, the animal model of AP was established 
by hourly intraperitoneal injections of caerulein for 
11 times followed by one dose of lipopolysacchar-
ide. Then, the mice were sacrificed at different time 
points (36 h and 7 days) to observe the pathological 
changes of not only pancreas but also gut and lung 
during the development of AP. Histological exam-
ination at 36 h after the first injection showed 
pancreatic injury characterized by marked edema, 
inflammatory cell infiltration and a large number of 
necrotic acinar cells, which were reconstructed and 
recovered to the normal architecture after 7 days 
(Figure 1(a)). The pancreatic histopathology score 
and the serum levels of amylase and lipase in the 
7-day group were downregulated and similar to the 
control levels compared to those of 36 h group 
(Figure 1(a,b)). The marked increase in neutrophil 
sequestration in tissues including the pancreas and 
lung at 36 h, as measured by myeloperoxidase 
(MPO) activity, was also gradually downregulated 
toward the level of the control group at 7 days 
(Figure 1(c) and Supplement figure 1a). The 
serum levels of inflammatory cytokines, such as 
IL-10 and IL-6, were also decreased in the 7-day 
group compared to the 36 h group, which indicates 
the recovery from systemic inflammation caused by 
AP (Supplement figure 1b).

Additionally, we evaluated gut function during the 
recovery from AP, since the gut is one of the most 
frequently affected organs in disease progression. The 
serum level of D-lactate (D-lac), which represents gut 
permeability, was significantly increased in the 36 h 
group compared to the controls and was subsequently 
reduced at 7 days (Figure 1(d)). Meanwhile, the 
expression of Claudin-1 and Occludin was decreased 
in the 36 h group but was restored to the level of the 
controls at 7 days (Figure 1(e)). The intestinal NLRP3 
inflammasome was activated in the 36 h group, as 
evidenced by increased expression of pro-IL-1β, 
NLRP3 and Caspase-1 p20, which returned to normal 
by 7 days (Figure 1(e)).

Our previous studies showed that dysbiosis of the 
gut microbiota plays a role in the development of 
SAP, yet the dynamic changes in the gut microbiota 
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during the recovery from SAP were unclear.8 The 
decreased intraindividual diversity as measured by 
the Shannon index after 36 h of AP induction was 

elevated toward the level of the control group at 
7 days (Figure 1(f)). Principal coordinate analysis 
based on the unweighted UniFrac distance showed 

Figure 1. Gut dysfunction was restored with recovery from AP. Mice were sacrificed at 36 h and 7 days after the first injection of 
cerulein. (a) Representative H&E staining of pancreatic tissue from each group showing pancreatic injury at 36 h that was repaired at 
7 days. Scale bar: 50 μm. Histopathological scoring of pancreatic damage. (b) Serum amylase and lipase activity. (c) Representative 
immunohistochemical staining of MPO which reflects pancreatic inflammation. Scale bar: 50 μm. (d) Serum concentration of the gut 
barrier index D-lac. (e) Immunoblots of intestinal epithelial tight junction proteins Claudin-1, Occludin and NLRP3 inflammasome 
proteins NLRP3, IL-1β, Caspase-1 p20. (f) The α diversity of gut microbiota, as determined by the Shannon index, in the 7-day group 
was increased to a level similar to that of the controls compared to 36 h group. *p < .05. (g) Comparison of β diversity among the 
different groups. (h) Alterations in the top 15 most differentially abundant genera between 36 h and 7-day group. *p < .05, **p < .01, 
***p < .001. (i) Pancreatic staining of E. coli protein (red staining) and DAPI (blue) to visualize nuclei (×100). n = 6 per group, *p < .05, 
**p < .01, ***p < .001.
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significant differences in taxonomic composition 
between the 36 h group and 7-day group, with the 
latter samples clustered closer to those of the control 
group (Figure 1(g)). At the phylum level, the 7-day 
group harbored a higher relative abundance of 
Firmicutes and a lower abundance of 
Proteobacteria than the 36 h group (Supplement 
figure 2). At the genus level, the relative abundance 
of Escherichia-Shigella, Enterococcus and Alistipes 
was depleted in the 7-day group, whereas 
Lachnospiraceae and Roseburia were over- 
represented in the 7-day group relative to the 36 h 
group (Figure 1(h)). To determine whether the 
enriched gut bacteria could translocate to distant 
tissue through the impaired gut barrier, we analyzed 
the level of Escherichia coli (E. coli) protein in the 
pancreas. Interestingly, pancreatic levels of E. coli 
protein were increased after 36 h of AP induction, 
as evaluated by immunofluorescent staining of the 
pancreas (Figure 1(i)).

Gut microbiota deficiency regulated AP-induced gut 
dysfunction and alleviated disease severity

Our previous study demonstrated that pancreatic 
injury in Abx mice and GF mice was ameliorated 
compared to that in the control group after AP 
induction.8 The present study further showed that 
the number of MPO-positive cells was lower in not 
only pancreatic but also pulmonary tissues of Abx and 
GF mice than in those of the control group (Figure 2 
(a–d)). Serum levels of inflammatory cytokines, 
including TNF-α, IL-1β, IL-6 and IL-10, were also 
markedly decreased in Abx and GF mice compared 
to the controls after induction of AP (Figure 2(e–f)).

We further examined changes in gut function in 
Abx and GF mice with AP. Activation of the intest-
inal inflammasome was strikingly suppressed in both 
Abx and GF mice with AP compared to specific 
pathogen free (SPF) mice, as evidenced by the down-
regulated protein level of NLRP3, pro-IL-1β and cas-
pase-1 p20 (Figure 3(a,b). The serum level of D-lac 
was increased in both control and AP mice with 
antibiotic treatment, while GF mice with AP showed 
lower levels of D-lac than SPF mice (Figure 3(c,d)). 
Similarly, the protein level of Occludin and Claudin-1 
was decreased in Abx and GF mice compared to SPF 
mice independent of AP induction, which indicates 
the important role of the gut microbiota in the 

maintenance of barrier function (Figure 3(e,f)). Due 
to the deficiency in bacteria in the gut of Abx and GF 
mice, the level of E. coli protein in the pancreas was 
significantly reduced after the induction of AP 
(Figure 3(g)). Thus, we hypothesize that gut micro-
biota-modulated inflammation, as well as bacterial 
translocation, plays a more important role than the 
integrity of the gut barrier in the severity of AP.

Recolonization of the gut microbiota by FMT 
exacerbated AP-induced gut disorders and 
increased the severity of AP

To further demonstrate the role of the gut microbiota 
in AP, we recolonized Abx and GF mice with bacteria 
from SPF mice by FMT followed by induction of AP. 
The percentage of MPO-positive cells was increased 
in both pancreatic and pulmonary tissues of Abx and 
GF mice that received FMT (Figure 4(a-d)). The 
serum levels of TNF-α and IL-1β were also higher 
in the FMT group than in the control group of Abx 
mice, whereas after FMT, GF mice had higher con-
centrations of IL-10 than control mice (Figure 4(e-f).

With the recolonization of bacteria in the FMT 
group, intestinal inflammasome was reactivated, as 
shown by increased protein level of NLRP3, pro-IL- 
1β and Caspase-1 p20 (Figure 5(a,b)). The serum level 
of D-lac, which reflects gut barrier permeability, was 
significantly increased in both Abx and GF mice with 
FMT (Figure 5(c,d)). Similarly, FMT downregulated 
the level of gut epithelial tight junction proteins 
including Claudin-1 and Occludin in two gut micro-
biota-deficient mouse models of AP (Figure 5(e,f)). 
The level of E. coli protein increased dramatically in 
the pancreas of Abx and GF mice after FMT, which 
indicates the bacterial translocation in AP due to the 
impaired gut barrier (Figure 5(g)).

Knockout of NLRP3 reshaped the gut microbiota 
and protected the mice from AP-induced gut injury

Activation of the NLRP3 inflammasome regulates 
the inflammatory and anti-inflammatory response 
in AP, which determines the severity of disease.17 

Recent studies have reported that NLRP3-mediated 
modulation of gut microbiota composition and the 
overgrowth of pathogenic bacteria are associated 
with gut dysbiosis, which increases the susceptibil-
ity to several diseases.16,18 Morphologically, H&E 
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staining showed that edema, inflammatory infiltra-
tion and pancreatic acinar cell necrosis were miti-
gated in NLRP3 KO mice compared to wild-type 
(WT) mice after AP induction (Figure 6(a)). Lipase 
activity was significantly lower in NLRP3 KO mice 
than in WT mice with AP, whereas amylase activity 
showed a decreasing trend, although the difference 
was not significant (Figure 6(b)). MPO staining 
showed less neutrophil infiltration in pancreatic 
and pulmonary tissues in the NLRP3 KO group 

than in the WT group (Figure 6(c,d)), suggesting 
a weaker acute inflammatory response in NLRP3- 
deficient mice. Systemic inflammation was also 
attenuated in NLRP3 KO mice with AP, as shown 
by the reduced serum level of IL-6 (Figure 6(e)).

To investigate whether the alterations in the gut 
microbiota were different between WT and NLRP3 
KO littermates after the induction of AP, we employed 
16 S rRNA gene sequencing. Alpha diversity analysis 
showed that the Sobs, Shannon and Chao indexes in 

Figure 2. The deficiency of gut microbiota alleviated the systemic inflammatory response induced by AP. Decreased staining of MPO in 
the pancreas and lung of Abx mice (a, b) and GF mice (c, d) compared to SPF mice after AP induction. Scale bar: 50 μm. Serum levels of 
cytokines were lower in Abx (e) and GF (f) mice than in SPF mice. n = 6 per group, *p < .05, **p < .01, ***p < .001.
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NLRP3 KO mice with AP were not different from 
those in the control group, while the WT mice suffered 
decreased microbial diversity after the induction of AP 
(Figure 7(a) and Supplement figure 4a). Principal 
coordinate analysis based on the unweighted 
UniFrac distance and Bray-Curtis dissimilarity 
revealed dramatically different microbial commu-
nities in WT and NLRP3 KO mice at baseline. 

Intriguingly, the samples from WT mice with AP 
clustered separately from those of the control group, 
while there were high similarities between the AP and 
control groups of NLRP3 KO mice (Figure 7(b) and 
Supplement figure 4b).

At the phylum level, the relative abundance of 
Proteobacteria tended to decrease in the control 
group of NLRP3 KO mice compared to WT controls, 

Figure 3. Effect of gut microbiota deprivation on epithelial barrier integrity and activation of the NLRP3 inflammasome. The 
protein level of NLRP3 inflammasome proteins in the gut of Abx (a) and GF (b) mice was determined by Western blot. The 
levels of serum D-lac as gut barrier index were measured in Abx (c) and GF mice (d) with or without AP. The level of epithelial 
tight junction proteins was downregulated in Abx (e) and GF (f) mice compared to SPF mice independent of AP induction. (g) 
Expression of E. coli protein in the pancreas, as determined by immunofluorescence, was weakened in Abx and GF mice 
compared to SPF mice. n = 6 per group, *p < .05, **p < .01.
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while no significant difference was observed in 
Firmicutes or Bacteroidetes (Figure 7(c)). After the 
induction of AP, the phylum Proteobacteria was 
enriched in the WT group whereas Bacteroidetes 
and Firmicutes were depleted relative to those of the 
NLRP3 KO group (Figure 7(d)). To identify differen-
tially abundant taxa, we performed linear discrimina-
tion analysis coupled with effect size (LEfSe) analysis 
on the fecal microbiota of WT and NLRP3 KO mice 
with or without AP. At the genus level, increased 
abundance in bacteria including Lactobacillus, 
Lachnoclostridium, and Ruminococcaceae, and 

decreased abundance of Staphylococcus, 
Enterococcus, and Blautia were observed in the 
NLRP3 KO control group compared to the WT 
group (Figure 7(e)). The AP-associated genera 
Escherichia-Shigella, which was demonstrated in our 
previous study, was more abundant in the WT AP 
group, while the abundance of Lactobacillus and 
Roseburia was increased in NLRP3 KO mice (Figure 
7(f)).

Additionally, we compared the degree of AP- 
induced gut injury between WT and NLRP3 KO 
mice. While increased levels of D-lac were observed 
in the WT AP group than in the controls, no sig-
nificant increase in D-lac was found in the NLRP3 
KO group with AP (Figure 6(f)). Moreover, the 
protein level of Claudin-1 and Occludin in the intest-
inal epithelium, which represents the integrity of the 
gut barrier, was upregulated in the NLRP3 KO group 
compared to the WT group with AP (Figure 6(g)). 
The amount of E. coli protein in the pancreas of 
NLRP3 KO mice was less than that observed in 
WT mice after AP induction (Figure 6(h)), which 
may be due to reconstitution of gut bacteria and 
strengthening of the gut barrier after NLRP3 
knockout.

Discussion

It has long been acknowledged that intestinal dys-
function plays an important role in the severity of 
AP, and recent accumulating evidence indicates 
that the bacteria in the gut participate in AP pro-
gression, although the mechanism underlying gut- 
pancreas crosstalk is unclear. Herein, we report the 
restoration of the gut microbiota during the recov-
ery from AP, accompanied by the attenuation of 
intestinal NLRP3 activation and reconstruction of 
the gut barrier. Additionally, activation of intestinal 
NLRP3 depends on the gut microbiota, which is 
associated with exacerbation of AP, as demon-
strated in Abx and GF mouse models with or with-
out FMT. NLRP3 deficiency reshapes the landscape 
of the gut microbiota and confers resistance to AP- 
induced microbial imbalance, which may result in 
alleviation of the disease.

Our previous study showed dysbiosis of the gut 
microbiota with the development of AP in both 
patients and mouse models, with overgrowth of 
opportunistic pathogens such as Escherichia-Shigella 

Figure 4. Recolonization with gut microbiota exacerbated local 
pancreatic damage and systemic inflammation. The fecal micro-
biota from untreated mice were transplanted to Abx and GF 
mice before AP induction, and the mice were sacrificed 36 h after 
the first injection. Representative images and scoring of immu-
nohistological evaluation of MPO in the pancreas and lung 
tissues of Abx (a, b) and GF mice (c, d) suffering from AP. Scale 
bar: 50 μm. Comparison of serum cytokine levels between Abx 
(e) and GF (f) mice with or without FMT. n = 6 per group, 
*p < .05, **p < .01.
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Figure 5. Leaky gut and NLRP3 inflammasome reactivation after FMT in AP- challenged mice. The expression of intestinal NLRP3 
inflammasome pathway proteins was analyzed in Abx (a) and GF (b) AP mice with or without FMT. The serum concentrations of D-lac 
were also compared between these two groups (c, d). Expression of intestinal epithelial tight junction proteins was downregulated in 
Abx (e) and GF (f) AP mice after FMT. (g) Immunofluorescence showed increased intensity of E. coli expression in the pancreas of GF 
mice with AP after FMT. n = 6 per group, *p < .05, **p < .01.
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and reduction in beneficial bacteria such as 
Bifidobacterium, Blautia and Roseburia.8 In this 
study, we found that the composition of the gut 
microbiota in the acute phase in AP mice (36 h after 
induction) was substantially different from that in the 
regenerated phase (7 days after induction), which was 
similar to that of the control group, as evidenced by 
both alpha and beta diversity analysis. The amount of 

Escherichia-Shigella was markedly decreased in the 
7-day group compared to the 36 h group while 
Roseburia was increased, which indicates that the 
gut microbiota is associated with not only AP occur-
rence but also recovery from AP. Thus, several ran-
domized control trials have investigated the effect of 
gut microbial modulation, including supplementation 
with probiotics, prebiotics and synbiotics, on the 

Figure 6. Knockout of NLRP3 ameliorated the severity of AP and improved AP-induced gut barrier impairment. Representative 
photomicrographs of H&E-stained pancreas sections of WT and NLRP3 KO mice with or without AP induction (a) and their pathological 
scoring. Scale bar: 50 μm. (b) Serum amylase and lipase activity in each group. Immunohistochemical analysis revealed lower 
pancreatic (c) and pulmonary (d) expression of MPO in the NLRP3 KO AP group than in the WT AP group. (e) Serum concentrations 
of cytokines were determined using ELISA. (f) D-lac as a gut barrier index was measured in the serum of mice. (g) Western blot analysis 
showed the expression of intestinal epithelial tight junction proteins in WT and NLRP3 KO mice during AP. (h) Pancreatic expression of 
E. coli in WT and NLRP3 KO groups suffering from AP.
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outcome in patients with SAP. A recent meta-analysis 
of 13 randomized controlled trials showed a beneficial 
impact of microbial regulation on SAP patients by 
reducing the length of hospital stays.19 Other studies 
in animal models also showed that improvements in 
the gut microbiota or supplementation with its meta-
bolites ameliorated pancreatic injury by maintaining 
gut homeostasis.20-23 Here, we observed that deple-
tion of the gut microbiota reduced pancreatic damage 
and suppressed the systemic inflammatory response, 
while FMT reversed this process. This finding was 
consistent with previous studies that showed 
a protective effect of antibiotics on AP, and this pro-
tective effect was weakened after transplanting gut 
commensal bacteria.11,12 However, the molecular 
mechanisms underlying the crosstalk between the 
gut microbiota and pancreas are not well understood.

In this study, we observed synchronous changes 
in gut microbiota restoration and intestinal NLRP3 
inflammasome inactivation during AP recovery. 
Previous work demonstrated that NLRP3, which 
mediates assembly of the inflammasome complex 
in response to stimulation by commensal microbiota 
or their products, regulates the integrity of the intest-
inal mucosal barrier and acts as a crucial orchestrator 
of intestinal homeostasis.24 Consistent with a recent 
study, induction of the NLRP3 inflammasome in the 
AP group was weakened in Abx and GF mice, whose 
gut microbiota was deficient.12 Furthermore, we 
found that the NLRP3 inflammasome was reacti-
vated in these two mouse models following FMT 
from control mice, which suggests that activation 
of the NLRP3 inflammasome in AP depends on the 
gut microbiota. Two other studies also detected the 

Figure 7. NLRP3 deficiency partially counteracted the gut microbiota dysbiosis induced by AP. (a) Alpha diversity, as revealed by the 
Shannon index, was analyzed in WT and NLRP3 KO mice with or without AP challenge. *p < .05, **p < .01. (b) Principal coordinate 
analysis (PCoA) of bacterial beta diversity based on the unweighted UniFrac distance. Samples from the AP group clustered distinctly 
from those of the control group in WT mice, while samples from NLRP3 KO mice converged together independent of AP induction. (c) 
Relative abundance of the top 5 phyla in WT and NLRP3 KO mice at baseline. (d) Linear discriminant analysis (LDA) scores were 
computed for features (at the genus level) that were differentially abundant between the WT and NLRP3 KO groups without treatment. 
(e) Alterations in the top 5 most abundant phyla between WT and NLRP3 KO mice after AP induction. (f) LEfSe analysis identified the 
most differentially abundant genera between WT and NLRP3 KO mice with AP.
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influence of the gut microbiota on the intestinal 
NLRP3 inflammasome during AP and demonstrated 
that pretreatment with probiotic Clostridium butyr-
icum or its metabolite butyrate attenuates colonic 
injury and the inflammatory response by inhibiting 
the NLRP3 inflammasome pathway.21,22 Thus, we 
hypothesize that the disturbance in the gut micro-
biota in the acute phase of AP stimulates intestinal 
inflammation via NLRP3 inflammasome activation, 
which contributes to the compromised epithelial 
barrier and facilitates the translocation of gut bac-
teria to distant organs. Therefore, the gut is not only 
the target organ in the development of AP but also 
the driver of complications in AP, especially IPN, 
which is always recognized as a second hit in the 
course of the disease.3,25

Accumulating evidence suggests that the NLRP3 
inflammasome plays a critical role in balancing pro- 
and anti-inflammation in AP and might be 
a therapeutic target for patients with AP.17 A study 
by Fu et al. presented the potential prospect of an 
NLRP3 inflammasome inhibitor in the treatment of 
AP, which dramatically reduced the severity of SAP 

and pancreatitis-associated acute lung injury in the 
mice model.26 Our study showed that pancreatic and 
pulmonary inflammation was reduced in NLRP3- 
deficient mice. This was consistent with previous 
studies reporting that inhibition of NLRP3 inflam-
masome activation protects against SAP in mice.26-28 

Recent studies have revealed that NLRP3 regulation 
of the gut microbiota contributes to the progression 
of some diseases, although their relationship in AP is 
not well understood. For example, Yao et al. demon-
strated that hyperactivation of NLRP3 remodeled the 
gut microbiota with proliferation of Clostridium 
XIVa and Lactobacillus murinus, which confer resis-
tance to experimental colitis and colorectal cancer by 
inducing the regulation of T cells.18 On the other 
hand, NLRP3 inflammasome deficiency also affects 
the gut microbiota composition with enrichment of 
Ruminococcus and depletion of Bacteroides, and this 
unique microbiota community has been demon-
strated to improve chronic unpredictable stress- 
induced depression-like behavior.16 Notably, we 
found that NLRP3-deficient mice displayed a differ-
ent gut microbiota composition compared to WT 

Figure 8. NLRP3 and gut microbiota crosstalk in the exacerbation of AP. The structure of the gut microbiota in NLRP3 deficient mice is 
distinct from that in WT mice, which might resist the microbial dysbiosis induced by AP and maintain the integrity of the gut barrier. 
The subsequent prevention of bacterial translocation in NLRP3 KO mice ultimately ameliorated the severity of AP including both 
pancreatic damage and systemic inflammation.
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mice before and after the induction of AP. 
Interestingly, no significant alterations in gut micro-
biota were observed in NLRP3-deficient mice follow-
ing AP induction, while WT mice with AP suffered 
from microbial dysbiosis. Moreover, a lower abun-
dance of the inflammatory bacteria Escherichia- 
Shigella and a higher abundance of putative short 
chain fatty acids (SCFAs)-producing bacteria such as 
Lactobacillus, and Roseburia were observed in 
NLRP3 KO mice than in WT mice in the acute 
phase of AP. SCFAs play an important role in main-
taining the integrity of the intestinal epithelial barrier 
by regulating tight junction proteins.29,30 As 
expected, we found that NLRP3 deficiency compen-
sates for gut barrier destruction induced by AP, as 
revealed by increased expression of Claudin-1 and 
Occludin in NLRP3 KO mice with AP. Collectively, 
we speculate that the knockout of NLRP3 resists the 
gut microbial dysbiosis induced by AP, including the 
enrichment of beneficial bacterial and reduction of 
pathogenic bacterial, which partly contributes to the 
alleviation of systematic inflammation (Figure 8). 
However, there is no doubt that the inactivation of 
NLRP3 inflammasome per se could downregulate 
the inflammation in NLRP3 KO mice subjected 
to AP.

Although our investigations attempted to pro-
vide comprehensive insight into the interaction 
between the gut microbiota and NLRP3 in AP, 
there are several limitations to be addressed in 
future studies. First, NLRP3 deficiency was not 
tissue-specific in the mice, and the alleviation of 
AP may be due to inhibition of the NLRP3 inflam-
masome in the pancreas. Gut-specific NLRP3 KO 
mice are needed to illustrate the impact of intest-
inal NLRP3 on the severity of AP. Second, our 
microbial analysis was based on data from 16 S 
rRNA sequencing. Short-gun sequencing for 
metagenomics may reveal a more accurate com-
position, as well as functional information, of the 
gut microbiome community. Third, we only 
observed alterations in the gut microbiota in 
NLRP3-deficient mice, and the role of this specific 
microbial mixture in the progression of AP needs 
further investigation by transplanting to Abx or 
GF mice. However, our study comprehensively 
revealed the crosstalk between the gut microbiota 
and NLRP3 during AP, which may influence the 
severity of the disease. Elimination of the gut 

microbiota such as antibiotic prophylaxis or 
NLRP3 inhibition might serve as a potential ther-
apeutic strategy for AP.

Methods

Experimental animal

Six- to eight-week old SPF (male, n = 36) and GF 
(n = 18 with half male and half female) C57BL/6 
mice were purchased from the Shanghai Laboratory 
Animal Center (SLAC), Chinese Academy of Sciences, 
Shanghai, China. WT mice and NLRP3 KO mice were 
purchased from GemPharmatech Company 
(Nanjing, China). While GF mice were kept in sterile 
plastic isolators, other animals were housed under 
controlled environmental conditions. All animal 
experiments were approved by the Institutional 
Animal Care and Use Committee of The First 
Affiliated Hospital of Nanchang University and com-
plied with the national and international guidelines for 
the Care and Use of Laboratory Animals.

Induction of AP and pretreatment with antibiotics

The induction of AP was performed by administer-
ing eleven hourly intraperitoneal injections of caer-
ulein (Sigma-Aldrich, St. Louis, Missouri, USA, 
50 μg/kg) immediately followed by one dose of 
lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, 
Missouri, USA, 10 mg/kg). The control group was 
intraperitoneally injected with saline. The Abx 
groups were administered broad-spectrum antibio-
tics (ampicillin 1 g/L, Sigma; neomycin sulfate 1 g/ 
L, Sigma; metronidazole 1 g/L, Sigma and vanco-
mycin 0.5 g/L, Sigma) in drinking water for 4 weeks 
as previously described.8 Mice were sacrificed 36 h 
and 7 days after the first injection. Peripheral blood, 
pancreatic, lung and intestinal tissue were collected.

FMT

Before FMT, the antibiotic-pretreated mice were 
given water without antibiotics for two days. 
Fresh fecal pellets (200 mg) from untreated mice 
were collected and resuspended in 2 ml sterile PBS. 
After filtering through a sterile 70 μm strainer, the 
fecal microbial suspension was administered by 
gavage to Abx and GF at a dose of 200 μl per 
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mouse for 4 consecutive days.31 The groups with-
out FMT were administered sterile PBS as controls.

Measurements of serum amylase, lipase, cytokines 
and D-lactate (D-lac)

The serum activities of amylase (C016-1) and lipase 
(A054-2) were measured using commercial kits 
(Jiancheng Biotech, Nanjing, China) according to 
the manufacturer’s protocols. Serum cytokine con-
centrations were quantified using a Bio-Plex multi-
plex bead array system with the mouse cytokine 
Th17 panel A (M6000007NY, Bio-Rad). The gut 
barrier index, as measured by D-lac levels, was 
determined using a commercial kit (Abcam, 
Cambridge, UK).

Histopathology and immunohistochemistry

Pancreatic and pulmonary tissues were fixed in 4% 
formalin for 24 h, embedded in paraffin and then cut 
into 4 μm sections for H&E staining. Pancreatic 
damage was assessed by two pathologists in 
a blinded manner according to previously described 
criteria.32 Briefly, evaluation of pancreatic pathology 
included four categories: edema, inflammatory cell 
infiltration, necrosis and vacuolization. The infiltra-
tion of neutrophils in both pancreatic and pulmonary 
tissues of mice was evaluated by immunohistochem-
ical staining using anti-myeloperoxidase (MPO) rab-
bit polyclonal antibody (Abcam, ab9535). After 
blocking endogenous peroxidase activity with 3% 
H2O2 for 8 min, the sections were incubated with 
diluted (1:200) anti-MPO antibody overnight, devel-
oped with 3,3-diaminobenzidine (DAB) solution and 
finally counterstained with hematoxylin followed by 
dehydration. The MPO-positive cells were calculated 
by the staining intensity scores (0 (normal), 1 (weak), 
2 (medium), 3 (strong)) and staining area (0: 0%, 1: 
1%-25%, 2: 26%-50%, 3: 51%-75%, 4: 76%-100%).

Immunofluorescence

Paraffin-fixed sections (4 μm thick) were prepared on 
slides. The sections were deparaffinized in xylene and 
rehydrated through a graded ethanol series. 
Endogenous peroxidase activity was blocked by incu-
bation in a 3% H2O2 solution at room temperature for 
8 min. Antigen retrieval was performed using boiling 

citrate buffer (pH 6.0) in a microwave for 15 min. The 
membranes were permeabilized by 0.3% triton-X100 
for 15 min at 37°C and then blocked with 3% BSA for 
60 min at room temperature. The sections were incu-
bated with anti-Occludin and anti-Claudin-1 at 4°C 
overnight followed by incubation with Alexa Fluor- 
conjugated secondary antibody (1:500, Invitrogen) at 
37ºC for 30 min. DAPI was used to counterstain 
(Invitrogen) the nuclei. Fluorescence staining was 
observed under a normal fluorescence microscope.

Western blotting

Ten milligrams of ileum tissue were homogenized in 
lysis buffer using a homogenate machine. Protein 
concentrations were measured with a BCA protein 
quantitative assay kit. An equal amount of protein 
(20–25 μg) was separated on SDS-PAGE gels and 
then transferred to a polyvinylidene fluoride (PVDF) 
membrane. After blocking with 5% nonfat milk in 
Tris-buffered saline (TBS) containing 0.1% Tween-20 
(TBST) at room temperature for 1 h, the membranes 
were incubated overnight with the primary antibody 
at 4 °C. Then the membranes were washed and incu-
bated with HRP-conjugated secondary antibody. 
Antibodies against Claudin-1, Occludin and 
Caspase-1 p20 were purchased from Santa Cruz 
(SC-166338, SC-133256 and SC-398715), IL-1β was 
purchased from Cell Signaling Technology (12507), 
and NLRP3 was purchased from AdipoGen (AG- 
20B-0014-C100).

Bacterial translocation

The pancreatic sections were deparaffinized in 
xylene and rehydrated through a graded ethanol 
series. The sections were air-dried and covered 
with hybridization buffer containing 10ng/μl 
probe, which had been pre-heated to 74.5°C for 
10 minutes, and then incubated in a humidified 
chamber in the dark at 48°C overnight. 
Hybridized slides were gently rinsed with double 
distilled water to remove the parafilm and washed 
in pre-warmed washing bufferⅠ and bufferⅡ in the 
dark for 15 min at 48°C. Finally, the slides were 
rinsed in double distilled water and air-dried, and 
DAPI was used to counterstain (Invitrogen) the 
nuclei. Fluorescence staining was observed under 
a normal fluorescence microscope.
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Gut microbiome sequencing and analysis

The cecum mucosa samples were collected from dif-
ferent mouse groups, and microbial DNA was 
extracted from each sample using a QIAGEN 
DNeasy Kit (QIAGEN, California USA). The V3-V4 
region of the bacterial 16 S ribosomal RNA gene was 
amplified by polymerase chain reaction (PCR) using 
the following primers: 338 F (5ʹ-ACTCCTACGGGA 
GGCAGCAG-3ʹ) and 806 R (5ʹ-GGACTACHV 
GGGTWTCTAAT-3ʹ). The PCR components were 
as follows: 4 μL of 5 × Fast-Pfu buffer, 0.8 μL of 
2.5 mmol/L deoxyribonucleotide triphosphates 
(dNTPs), 0.8 μL of each primer (5 μmol/L), 0.4 μL 
of Fast-Pfu polymerase, and 10 ng of template DNA. 
The PCR conditions were 3 minutes of denaturation 
at 95 °C, followed by 27 cycles of 30 seconds at 95 °C, 
30 seconds annealing at 55 °C, 45 seconds elongation 
at 72 °C, and finally 10 minutes extension at 72 °C. 
Amplification products were separated, purified and 
finally pooled on an Illumina MiSeq platform 
(Illumina Inc., USA) for sequencing.

The raw data were processed to obtain clean 
reads by eliminating adaptor pollution and low- 
quality sequences using Trimmomatic software, 
and then the reads were truncated at any site 
with an average quality score < 20 over a 50 bp 
sliding window. After trimming, Fast Length 
Adjustment of Short reads (FLASH, v 1.2.11) 
was used to combine tags with high-quality 
paired-end reads with an average read length of 
252 bp. The effective reads were clustered as 
operational taxonomic units (OTUs) with a 97% 
similarity cutoff by the algorithm in USEARCH 
(version 7.1) software. The phylogenetic taxa of 
each 16 S rRNA gene sequence was analyzed by 
the Ribosomal Database Project (RDP) Classifier 
(http://rdp.cme.msu.edu/) against the Silva 
(SSU128) 16 S rRNA database using a confidence 
threshold of 70%. The alpha diversity was calcu-
lated based on the OTU table, and beta diversity 
was evaluated by computing the unweighted 
UniFrac distances and Bray-curtis distances and 
was visualized in principal coordinate analysis 
(PCoA). The differential abundance of phyla was 
compared using the Wilcoxon rank sum test. 
LEfSe was performed to identify the differential 
taxa between groups at the genus or higher tax-
onomy levels.33

Statistical analysis

The data were expressed as the mean ± SEM. 
Statistical analysis was performed using the SPSS 
13.0 software. Differences between two groups with 
normal distributions were assessed by Student’s t test, 
and one-way analysis of variance was used to compare 
differences between more than two groups. The least 
significant difference (LSD) post hoc test was per-
formed when ANOVA indicated significance. The 
value of p < .05 was regarded as the cutoff for statistical 
significance.

Availability of data

The raw sequencing data have been uploaded to the NCBI 
Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/ 
sra) under accession number SRP237476.
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