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ABSTRACT

Toll-like receptor 4 (TLR4) has been identified as a potentially promising therapeutic target in acute
pancreatitis (AP). However, the role of intestinal TLR4 in AP and AP-associated gut injury remains
unclear. This study aimed to explore the relationship between intestinal TLR4 and gut microbiota
during AP. A mouse AP model was establish by intraperitoneal injection of L-arginine. Pancreatic
injury and intestinal barrier function were evaluated in wild-type and intestinal epithelial TLR4
knockout (TLR4AIEC) mice. Gut microbiota was analyzed by 16S rRNA sequencing. Quadruple anti-
biotics were applied to induce microbiota-depleted mice. Differentially expressed genes in gut were
detected by RNA sequencing. L. reuteri treatment was carried out in vivo and vitro study. Compared
with wild-type mice, AP and AP-associated gut injury were exacerbated in TLR4AIEC mice in a gut
microbiota-dependent manner. The relative abundance of Lactobacillus and number of Paneth cells
remarkably decreased in TLR4AIEC mice. The KEGG pathway analysis derived from RNA sequencing
suggested that genes affected by intestinal TLR4 deletion were related to the activation of nod-like
receptor pathway. Furthermore, L. reuteri treatment could significantly improve the pancreatic and
intestinal injury in TLR4AIEC mice through promoting Paneth cells in a NOD2-dependent manner.
Loss of intestinal epithelial TLR4 exacerbated pancreatic and intestinal damage during AP, which
might be attributed to the gut microbiota dysbiosis especially the exhausted Lactobacillus. L. reuteri
might maintain intestinal homeostasis and alleviate AP via Paneth cells modulation.
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Introduction . .
homeostasis may serve as a novel target in the

Acute pancreatitis (AP) is one of the most common
acute gastrointestinal conditions with increasing
incidence and significant healthcare burden.'. Gut
homeostasis is disturbed during the pathogenesis of
AP, which could lead to intestinal bacterial
translocation.” The intestinal flora, or products
and toxins derived from microorganisms, enter
the circulation and lead to sepsis and multi-organ
failure, which is one of the main causes of death in
AP patients.” Therefore, maintaining intestinal

treatment of severe AP.*

Toll-like receptors (TLRs) are the key activating
receptors of innate immune response and involved
in inflaimmation modulation.” In recent years,
TLRs have received great attention in AP. TLRs
such as TLR2, TLR4 and TLRY are thought to be
the major receptors for recognizing bacteria and
have been found to be up-regulated in AP.°
Moreover, TLR4 mediates the recognition of bac-
terial lipopolysaccharides (LPS) and is thought to
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be highly correlated with system inflammatory
reaction syndrome (SIRS), hence TLR4 has been
widely studied as a potential mechanistic target
for the treatment of AP.° However, TLR4-related
researches in AP were controversial and the meth-
ods using for previous studies all focused on sys-
temic rather than local knockout of this receptor.”®

TLR4 was found to be highly expressed in the
intestine during AP.” In healthy states, TLR4 in
epithelial cells contributes to the homeostasis of
the gut environment by shaping the host micro-
biota and maintaining the integrity of the intestinal
barrier.'” As the key component of intestinal eco-
system, intestinal microbiota could protect the gut
barrier and mediate the immune and metabolism of
the host. The loss of TLRs in intestinal epithelium
have been reported to promote acute intestinal
infections, metabolic syndrome and other diseases
by affecting the intestinal microbiota.''™"
However, the effect of altered intestinal TLR4
expression on AP is still unclear. Furthermore,
recent studies suggested that there is a strong link
between gut microbiota and severity of AP,'* while
the interaction between TLR4 and the gut micro-
biota in AP needs further exploration.

The purpose of this study was to explore the
effects of intestinal TLR4 on pancreatic inflamma-
tion and intestinal functions in AP model of mice.
Moreover, we also investigated related changes in
gut microbiota and its potential role during AP
after intestinal TLR4 deletion.

Materials and methods
Mice

All animal researches were approved by the Animal
Care and Use Committee of Shanghai Jiao Tong
University (SYXK 2013-0050, Shanghai, China).
Male C57BL/6 mice (6-8 w, 20-22 g) were obtained
from Shanghai SLAC Laboratory Animal Co. Ltd
(Shanghai, China) . TLR4™ mice and Villin“"
mice were purchased from Shanghai Model
Organisms Laboratory (Shanghai, China). TLR4™"
mice were bred to Villin™/“" mice to generate
intestines-specific Villin*/“*/TLR#"" mice, abbre-
viated as TLR4AIEC. All mice were maintained
under specific pathogen free conditions with free

access to water and standard rodent diet. They were
housed in room temperature at 22°C and 12 h dark/
light cycle and were allocated randomly into groups
(n = 6 per group).

Induction of AP and intervention

L-arginine-induced AP model was used in this
study. As described in previous research,'” mice
in the AP group received two intraperitoneal
injections of 8% L-arginine (4 g/kg, pH = 7.0)
with a 1 h interval between injections. Mice in the
control (CON) group received normal saline (NS)
injection. In the L-arginine-induced AP model,
the second injection was defined as day 0. To
assess the intestinal injury during AP, mice were
sacrificed at 1, 2, 3, 4 and 5 days after AP induc-
tion. To identify the role of intestinal TLR4, the
AP model was induced by L-arginine in wild-type
(WT) C57BL6/] and intestines-specific TLR4-/—
mice with a C57BL6/] background. Mice were
sacrificed at 3 days after initial injection while
the most severe intestinal damage was shown at
that time point during AP. All mice received
gavage of L. reuteri (1 x 10° CFU) for 28 days
and then were induced AP model with
L-arginine.

Two other kinds of murine models of AP were
also established in this study. In caerulein-induced
AP, mice were injected with caerulein (100 ug/kg, i.
p. 10 times with a 1 h interval between injections)
and LPS (5 mg/kg) was administered by i.p. injec-
tion immediately after the last injection of caeru-
lein. Mice were sacrificed at 12 h after the initial
injection of caerulein. In sodium taurocholate-
induced AP, mice were infused with 2% sodium
taurocholate solution at a volume of 50 ul /20 g
via the biliopancreatic duct at the speed of 5 pl/
min and sacrificed at 24 h after the initial injection
of sodium taurocholate.

In the series of experiments, mice were divided
into six groups (n = 6): control (CON), control-
TLR4AIEC (TKCON), AP, AP-TLR4AIEC
(TKAP), AP-Lactobacillus (AP+LR) and AP-
TLR4AIEC-Lactobacillus (TKAP+LR). The AP
model was induced by L-arginine. Mice in the LR
group received gavage of L. reuteri (1 x 10° CFU)
for 28 days. Mice were anesthetized with chloral



hydrate and then sacrificed at 3 days after the first
injection of L-arginine. The distal ileum, pancreas,
and luminal content of cecum were collected.

Statistics

All the measured data were displayed as means +
SEM and the analysis were performed using
GraphPad prism 8.0 software (San Diego, CA).
For comparison of two groups, the student t-test
was used. For comparison of more than two groups,
single factor analysis of variance (ANOVA) was
performed. Kruskal-Wallis test was applied for
data that did not meet the normal distribution.
Differences were indicated statistically significant
at p <.05.

The additional material and methods were pro-
vided in the Supplemental information.

Results

Intestinal TLR4 knockout aggravates injury of
pancreas and ileum in acute pancreatitis

Homeostasis of the intestines was reported to play
a critical role in AP development. Consistent with
previous studies, severe intestinal damage has been
found during AP in our study. Moreover, the his-
topathological injury of ileum increased over time,
peaked at 3 days after L-arginine injection and then
decreased in accordance with the pancreatic
damage (Fig Sla-d). Intriguingly, the critical com-
ponent of intestinal epithelial cells like Paneth cells,
goblet cells and stem cells (Lgr5+) also displayed
a significant loss (Fig Slc-d). Notably, compared
with TLR2 and TLR9Y, the mRNA and protein
expression levels of TLR4 showed the significant
increase in pancreas and ileum after AP induction
(Fig S2a-d). TLR4 was highly expressed in intestinal
epithelium and peaked at 3 days after AP induction
similar to the trend of histopathological injury of
ileum during AP (Fig S2b,d,e).

We established TLR4AIEC (intestinal specific
TLR4 knockout) mice to further determine the
role of intestinal TLR4 in AP. Expression mRNA
levels of TLR4 in TLR4AIEC mice showed
a remarkable reduction in the intestine, but not in
the pancreas, liver or kidney. These results con-
firmed that the TLR4AIEC mice had intestine-
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specific knockdown of TLR4 rather than systemic
knockdown (Figure la). L-arginine-induced AP
model was applied to compare the injury and
inflammation between WT and TLR4AIEC mice
during AP. TLR4AIEC mice displayed increased
ileal and pancreatic injury, serum amyl

ase, lipase and proinflammatory cytokines (IL1p,
IL-6, and TNF-a) compared with WT mice
(Figure 1b-d). Furthermore, TLR4AIEC mice also
displayed exacerbated pancreatic and ileal injury in
both caerulein-induced AP model and sodium
taurocholate-induced AP model (Fig S3a-b). All
these data indicated that silencing intestinal TLR4
aggravated AP.

Intestinal TLR4 knockout aggravates intestinal
barrier injury and bacterial translocation during
acute pancreatitis

Based on the aggravated damage of ileum and pan-
creas during AP in TLR4AIEC mice, we then inves-
tigated the intestinal barrier function and bacterial
translocation in WT and TLR4AIEC mice. The
tight junctions of IECs were assessed by immuno-
fluorescence. Notably, compared with WT mice,
the expression levels of Zo-1, Occludin, and
Claudinl were slightly decreased in the
TLR4AIEC mice. TKAP group showed remarkable
decreased expression of intestinal tight junction
protein (Zo-1, Occludin and Claudinl) compared
with AP group (Figure 2a). Meanwhile, TUNEL
staining showed more severe intestinal epithelial
apoptosis in TLR4AIEC mice than that in WT
mice during AP (Figure 2b). FITC assay was used
to measure intestinal permeability. Intestinal per-
meability was significantly increased in AP group.
And this adverse result were further exacerbated in
TKAP group (Figure 2c). Bacterial translocation in
the intestinal epithelium/pancreas was detected by
FISH assay using EUB338 probe. AP group exerted
increased bacteria translocation in the ileum and
pancreas when compared with that in WT group,
while this phenomenon in TKAP group was more
severe (Figure 2d). These results suggested that
TLR4 silenced in IEC promoted bacterial transloca-
tion from ileum to pancreas.

We then investigated the changes of other intest-
inal epithelial cells during AP. Goblet cells showed
no significant change in WT and TLR4AIEC mice
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Figure 1. Silencing intestinal TLR4 aggravates injury of pancreas and ileum in acute pancreatitis. (Q)mRNA expression of TLR4 of
different organs in wild-type mice and TLR4AIEC mice. (b) Representative images of pancreas and ileum stained with hematoxylin and
eosin. (c) The serum levels of amylase and lipase. (d) The serum level of IL-1B, TNF-a and IL-6. Data are provided as the mean + SEM
(n = 6 per group). ¥*means p< .05 vs WT, ns means p> .05 vs WT, #means p < .05 vs AP.

(Figure 3a). However, compared with wild type
mice, Paneth cells (labeled by lysozyme) showed
remarkable reduction in mice of intestinal TLR4
knockout with and without AP (TK and TKAP
group) (Figure 3b). Interestingly, The mRNA
expression level of Paneth cells-related genes,
Lysozymel (Lyzl) and a-defensins 5 (Defa5),
showed the similar downward trend as Paneth
cells. To sum up, our results suggested that
TLR4AIEC mice exhibited less Paneth cells.

Microbiota dysbiosis increased in mice of intestinal
TLR4 deletion

We displayed 16S rRNA sequencing of fecal DNA
to investigate the differences in gut microbiota
derived from different genotypes. Beta diversity
analysis of principal coordinates analysis (PCoA)
showed a clear separation of gut microbiota
between WT and TLR4AIEC mice (Figure 4a).
TLR4AIEC mice harbored microbiota with lower
alpha diversity (demonstrated by Shannon index)
than WT mice. This phenomenon was pronounced
after AP induction (Figure 4b). The gut microbiota
structure at phylum and genus levels was further
investigated. TLR4AIEC mice exhibited great
alteration of gut microbiota (Figure 4c-e). At
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Figure 2. Silencing intestinal TLR4 aggravates intestinal barrier injury and bacterial translocation during acute pancreatitis. (a)
Photomicrograph of Occludin, Claudin1 and ZO-1 immunofluorescence in the ileum (100x magnification). The tight junction
proteins/DAPI fluorescence ratio per field of view was measured. (b) The apoptosis in the small intestines was assayed by TUNEL.
The number of TUNEL-positive cells (green) per field of view was quantified. (200x magnification). (c) FITC assay was used to measure
intestinal permeability. (d) The positive hybridizing signal of total bacteria detected by EUB338 probe. EUB338 counts in intestinal
epithelium (200x magnification) or pancreas (100x magnification) per field were quantified. Data are provided as the mean + SEM

(n = 6 per group). *means p< .05 vs WT, #means p< .05 vs AP.

phylum level, Firmicutes/Bacteroidetes ratio exhib-
ited no significant difference between WT and
TLR4AIEC mice (Figure 4d). At genus level, the
selected most abundant microbiota was shown in
Figure 4g. Notably, compared with WT mice, the

abundance of Lactobacillus remarkably decreased
in TLR4AIEC mice. The same phenomenon occurs
after AP induction (Figure 4g). Lactobacillus has
been widely studied and reported to be one of the
beneficial probiotics with anti-inflammatory
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Figure 3. Changes in intestinal cells in TLR4AIEC mice during acute pancreatitis. (a) Representative images of intestinal goblet cells
stained with PAS (400x magnification). (b) Representative images of intestinal Paneth cells stained with lysozyme by immunofluor-
escence (200x magnification). (c) Intestinal mRNA expression of Paneth-related genes (Lysozyme1 and Defensin-alpha 5). Data are
provided as the mean + SEM (n = 6 per group). *means p< .05 vs WT, #means p< .05 vs AP.

effects. The decreased alpha diversity and exhaus-
tion of Lactobacillus suggested gut microbiota was
disturbed in TLR4AIEC mice.

Gut dysbiosis and decreased Paneth cells are closely
related with exacerbation of AP

To further determine whether the exacerbation of
AP in TLR4AIEC mice relied on gut microbiota
dysbiosis, we pretreated all mice with antibiotics
(ABX) for 14 days prior to AP induction to elim-
inate the gut flora. BHIA plate counting and repre-
sentative photos of bacterial culture showed that
antibiotic treatment depleted mice enteric bacteria
(Figure S5a). Concentration of fecal bacterial DNAs
and relative fecal 16S bacterial rDNAs before and
after antibiotic treatment also confirmed this con-
clusion (Figure S5b-c). Interestingly, the histology
feature of pancreas and ileum, serum amylase and
lipase level in WT and TLR4AIEC mice model after
ABX were indistinguishable (Figure 5a-b).

In AP, Spearman correlation analysis revealed
Lactobacillus abundance was negatively correlated
with the injury score of pancreas (R* = 0.7563,

p< .05), the injury score of ileum (R* = 0.8085,
p< .05) and serum amylase (R* = 0.8571, p< .05)
(Figure 5c¢). These results indicated that gut micro-
biota dysbiosis in TLR4AIEC mice represented by
lack of Lactobacillus are closely related with
increased severity of AP .

Notably, we observed that the number of
Paneth cells changed in different genotypes in
series of AP experiments, which was consistent
with Lactobacillus abundance changes in these
groups (Figure 3b, compared to Figure 4g).
Spearman  analysis also  revealed that
Lactobacillus abundance was positively corre-
lated with the number of Paneth cells
(R* = 0.8809, p< .05) (Figure 5d). Our previous
study had proved that ablation of Paneth cells by
dithizone (Dith) aggravated AP. Collectively,
absent Lactobacillus and Paneth cells displayed
in TLR4AIEC mice might play the important
role in the exacerbation of AP.

Microbiota dysbiosis and severity of acute pancrea-
titis were alleviated in TLR4AIEC mice with
L. reuteri intervention
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Figure 4. Microbiota dysbiosis was worsened in mice of intestinal TLR4 deletion. (a) Principle coordination analysis (PCoA) based on
OTU abundance. (b) a-diversity analysis between four groups using Shannon index. (c) Cladograms generated by LEfSe showed the
differences in taxa among four groups (from phylum to genus levels). (d) The taxonomic composition distribution among four groups
on phylum-level of fecal microbiota. (e) The taxonomic composition distribution among four groups on genus-level of fecal microbiota.
(f) The ratio of Firmicutes/Bacteroidetes among four groups were shown (phylum-level). (g) Relative abundance of
norank_f_Muribaculaceae, g_Lactobacillus, unclassified_f_Lachnospiraceae and g_Mucispirillum were shown (genus-level). Data are
provided as the mean £+ SEM (n = 6 per group). ¥*means p< .05 vs WT, #means p< .05 vs AP.

To investigate the critical role of Lactobacillus in As shown by 16S rRNA sequencing of fecal
AP symptoms, WT and TLR4AIEC mice received = DNA, although F/B ratio did not demonstrate sig-
gavage by L. reuteri (1 x 10° CFU, 28 days) before  nificantly change, the decreased alpha diversity and
AP induction. Lactobacillus abundance in TLR4AIEC mice were
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Figure 5. The injury of pancreas and ileum in acute pancreatitis were relieved in mice feed with antibiotics. (a) Representative images
of pancreas and ileum stained with hematoxylin and eosin. (b) The serum level of amylase and lipase. (c) Spearman correlation analysis
between abundance of Lactobacillus and scores of injury (pancreatic injury, intestinal injury and serum amylase). (d) Spearman
correlation analysis between Lactobacillus and Paneth cells. Data are provided as the mean + SEM (n = 6 per group). *means p< .05 vs

AP, #means p< .05 vs TKAP.

recovered after Lactobacillus reuteri gavage
(Figure 6a-d, Figure S4a-c). These finding indicated
that L. reuteri feeding improved gut microbiota
dysbiosis in TLR4AIEC mice.

Strikingly, compared with mice incubated with
NS, mice in two genotypes treated with L. reuteri
displayed obviously mitigated AP, including
decreased histopathological score, serum amylase
and lipase and level of pro-inflammatory cytokines
(serum TNF-a, IL-6 and IL-1PB) (Figure 6e-g).
Furthermore, intestinal barrier injury and bacterial
translocation also relieved in L. reuteri treated mice.
Compare with AP and TKAP group, mice in AP
+LR group and TKAP+LR group displayed
increased expression level of tight junctions (Zo-1,
Occludin and Claudinl) and reduced intestinal

epithelial apoptosis, intestinal permeability and
bacterial translocation (Figure 7a-d).

To sum up, these data indicated that the admin-
istration of L. reuteri alleviated pancreatic and
intestinal damage in TLR4AIEC mice during AP.

L. reuteri protects mice from AP-induced ileal injury
by inducing Paneth cells and maintaining intestinal
stem cell number

RNA sequencing of gut identified 345 differen-
tially expressed genes (161 up, 184 down)
between WT and TLR4AIEC mice (Figure 8a).
Interestingly, as shown in Figure 8b, genes
down-regulated by more than two-fold were
mostly related to Paneth cells. Additionally, the
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Figure 6. Microbiota dysbiosis and the injury of pancreas and ileum in acute pancreatitis were improved in mice feed with L. reuteri. (a)
Principle coordination analysis (PCoA) based on OTU abundance. (b) a-diversity analysis among four groups using (Shannon index). (c)
The ratio of Firmicutes/Bacteroidetes among four groups were shown (phylum-level). (d) Relative abundance of
norank_f_Muribaculaceae, g_Lactobacillus, unclassified_f__Lachnospiraceae and g_Mucispirillum were shown (genus-level). (e)
Representative images of pancreas and ileum stained with hematoxylin and eosin (f) The serum levels of amylase and lipase. (g)
The serum levels of IL-1, TNF-a and IL-6. Data are provided as the mean = SEM (n > 5 per group). *means p< .05 vs AP, #means p< .05
vs TKAP.

KEGG pathway analysis also suggested that genes encoding components of the nod-like
genes affected by intestinal TLR4 deletion were  receptor pathway were shown in Figure 8d. The
related to the activation of nod-like receptor  results confirmed that Paneth cells-related genes
pathway (Figure 8c). High enrichment for were down-regulated in TLR4AIEC mice and
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Figure 7. Intestinal barrier injury and bacterial translocation during acute pancreatitis were reduced after feeding L. reuteri. (a)
Photomicrograph of Occludin, Claudin1 and ZO-1 immunofluorescence in the ileum (100x magnification). The tight junction proteins/
DAPI fluorescence ratio per field of view was measured. (b)The apoptosis in the small intestines was assayed by TUNEL. The number of
TUNEL-positive cells (green) per field of view was quantified. (200x magnification). (c) FITC assay was used to measure intestinal
permeability. (d)The positive hybridizing signal of total bacteria was detected by EUB338 probe. EUB338 counts in intestinal epithelium
(200x magnification) or pancreas (100x magnification) per field were quantified. Data are provided as the mean + SEM (n = 6 per
group). *means p< .05 vs AP, #means p< .05 vs TKAP.
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Figure 8. The functions related to Paneth cells were changed after intestinal TLR4 deletion. (a) The Volcano Plot illustrated that there
are 345 differentially expressed genes (161 up, 184 down) in gut between WT and TLR4AIEC mice (b)The heat map of RNA sequencing
showed the expression differences on the microarray in gut between WT and TLR4AIEC mice. (c) KEGG pathway analysis indicated
down-regulation of the Nod-like receptor pathways in gut of TLR4AIEC mice. (d) Fold-change (FC) in genes encoding components of

the nod-like receptor pathway in RNA sequencing experiments.

suggested that the nod-like receptor pathway
might be involved in the regulation of Paneth
cells.

To further uncover the protective effect of
L. reuteri against intestines, the function of
Paneth cells and stem cells were explored. As
shown in Figure 9a-d, administration of
L. reuteri increased the density of lysozyme
+Paneth cells with elevated mRNA expression

of antimicrobial peptide genes (Lyz-1 and
Defa5) and Nod like receptor pathway genes
(Nod2). Additionally, the number of proliferat-
ing cell nuclear antigen (PCNA)-positive cells
were remarkably increased in the intestines of
L. reuteri treated mice (Figure 9¢). The results
indicated that Paneth cells and its related pro-
ducts play the important role in the protective
effect of L. reuteri during AP.
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Figure 9. L. reuteri protects mice from AP-induced ileal injury by inducing Paneth cells and maintaining intestinal stem cell number. (a)
Representative images of intestinal Paneth cells stained with lysozyme by immunofluorescence (200x magnification). (b-d) Intestinal
mRNA expression of Lyz1, defa 5 and Nod2 in mice gut. (e) Representative images of intestinal stem cells stained with PCNA by
immunofluorescence (200x magnification). *means p< .05 vs AP, #means p< .05 vs TKAP. (f) Representative images of Paneth cells
(lysozyme+) and stem cells (PCNA+) in enteroids by immunofluorescence (400x magnification). (g) mRNA expression of Lyz1, defa 5,
Lgr5 and Nod2 in enteroids with or without Lactobacillus incubation. Data are provided as the mean = SEM (n = 6 per group). ¥*means
p< .05 vs Vehicle.



To verity that Lactobacillus worked via directly
promoting Paneth cells rather than regulating the
flora, the mice were pretreated with ABX for
14 days to eliminate the gut flora and then injected
with 40 mg/kg dithizone every three days for two
weeks to ablate Paneth cells before AP induction.
Consistent with our previous research, the injury of
pancreas and ileum in AP were aggravated after
Paneth deletion (Fig S6a-b). However, this phe-
nomenon did not alleviated with simultaneous sup-
plementation of L. reuteri (1 x 10® CFU, 2 weeks)
(Fig S6a-b).

Then, we used the enteroid model to explore the
interaction of IEC and Lactobacillus. Enteroids
were pretreated with or without L. reuteri (1 x 10°
CFU) Matrigel for 48 h and then treated with TNF
(60 ng/ml) for 12 h to induce intestinal damage to
the enteroids. Consistent with our findings in vivo,
incubation of L. reuteri activated the Paneth cells
and promoted the proliferation in enteroids. The
intensity of lysozyme and PCNA detected by
immunofluorescence were increased after adminis-
tration of L. reuteri (Figure 9f). As shown by QPCR
analysis (Figure 9g), l. reuteri triggered the expres-
sion of antimicrobial peptide genes (Lyzl and
Defa5), stem cells-related gene (Lgr5) and Nod
like pathway gene (Nod2). The results of our
in vivo and in vitro studies indicated that
Lactobacillus promoted the function of Paneth
cells and stem cells and up-regulated the Nod2
pathway in TLR4AIEC mice.

Discussion

Increasing data suggest a key role of TLR4 in
experimental AP. Although some studies have
reported that systemic knockdown of TLR4 reduces
inflammation in AP models,'®'” others have found
that this is not significant.”® Despite the contro-
versy, TLR4 has been regarded as a potentially pro-
mising therapeutic target in AP.° However,
previous studies mainly focused on the effects of
systemic TLR4 knockout during AP, while the role
of intestinal TLR4 in AP and AP-associated gut
injury remains unclear.

Given the previous finding that TLR4 systemic
knockout in mice can ameliorate inflammation of
pancreas and lung,'” we hypothesized that silencing
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intestinal TLR4 gene would have attenuated intest-
inal injury and alleviated AP. Surprisingly, our
study revealed that mice deficient in intestinal
TLR4 had exacerbated pancreatic and intestinal
injury during AP. An explanation for this phenom-
enon may reside in where different genes work. As
an important receptor for inflammation, systemic
knockdown of TLR4 in AP models may primarily
affect the Toll-like receptor 4 (TLR4) expression on
pancreas and macrophages, which plays an impor-
tant role in the development of AP.'”'® However,
TLRs are also widely expressed in intestinal epithe-
lial lineages and are involved in the establishment
of intestinal homeostasis.” Loss of epithelial TLRs
were reported to promote the occurrence of meta-
bolic syndrome by affecting gut microbiota.'>"?
Dysbiosis of the gut microbiota has been reported
to be associated with the severity of AP." In this
study, the indistinguishable phenotype of AP
between WT and TLR4AIEC mice after antibiotic
intervention enabled us to hypothesize that dele-
tion of intestinal TLR4 might exacerbate AP by
affecting gut microbiota and intestinal homeostasis.
Therefore, we suggested that intestinal TLR4 might
serve a protective role in intestinal homeostasis and
prevents mice from pancreatic injury rather than
exacerbate it.

Similar to previous studies, our findings con-
firmed disruption of intestinal homeostasis during
AP.? The specific manifestations of AP-associated
intestinal damage in our study were the decreased
number of intestinal epithelial cells, including
Paneth cells, goblet cells and stem cells. Notably,
the number of Paneth cells was further reduced in
intestinal TLR4 deletion mice.

TLRs are widely expressed in intestinal epithelial
lineages and are involved in the establishment of
intestinal homeostasis. Meanwhile, loss of epithelial
TLRs may also lead to malnutrition and increase
susceptibility to enteritis and tumor.>** Activation
of epithelial TLR signals can increase the integrity
of the intestinal epithelial barrier and enhance tol-
erance to intestinal flora.”'®'> Abnormal signal
transduction of TLR can inhibit the clearance of
pathogen, thus promoting the disorder of gut
microbiota and reducing bacterial diversity. It has
been reported that lacking of TLR4 and TLR5 in
intestinal epithelium can promote the occurrence
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of metabolic syndrome by affecting gut
microbiota.'>'>?! Dysbiosis of the gut microbiota
is believed to be associated with the severity of
AP." In this study, the indistinguishable demon-
stration of AP between WT and TLR4AIEC mice
after antibiotic intervention enabled us to hypothe-
size that deletion of intestinal TLR4 may exacerbate
AP by affecting gut microbiota.

Aberrant TLR activation might contribute to
dysbiosis via the release of antimicrobial peptides,
ROS and RNS. Given that TLR signaling in IECs
induced the expression of iNOS and NADPH oxi-
dases resulting in producing nitric oxide and ROS,
the growth of facultative anaerobes was affected
leading to dysbiosis.*® Lactobacillus is one of the
facultative anaerobes that is naturally found in
a variety of hosts and environments, including the
healthy human intestine.”> Compared with WT
mice, the abundance of probiotic like
Lactobacillus was found remarkably decreased in
TLR4AIEC mice in our study. Lactobacillus has
been widely studied and reported to be one of the
beneficial probiotics with anti-inflammatory
effects.””> Down-regulation of Lactobacillus has
been found to be closely related to irritable bowel
syndrome (IBS), inflammatory bowel disease
(IBD), type I diabetes, colon cancer, etc. 24?7
There are several studies focused on Lactobacillus
and AP. Supplementation of Lactobacillus has been
found to reduce pancreatic sepsis and the number
of surgical interventions in AP patients.”® Although
some clinical trials have raised concerns about the
effectiveness of probiotics, recent studies pointed
out that AP patients treated with synbiotics did not
have a worse clinical outcome and had lower risk of
organ failure and reduced duration of hospital
stay.””? Spearman correlation analysis in our
study suggested that absence of Lactobacillus and
exacerbated AP are closely related.

L. reuteri has a profound regulatory effect on
host microbiota and immune responses with few
safety concerns. Therefore L. reuteri is a good can-
didate for disease prevention and treatment.”
L. reuteri has demonstrated its therapeutic potential
in a variety of diseases such as lupus erythematosus,
obesity and intestinal infections.”' > However, its
role in AP has not been studied yet. In order to
further confirm the core role of Lactobacillus in

influencing AP, we fed WT and TLR4AIEC mice
with L. reuteri. We observed that feeding
TLR4AIEC mice L. reuteri not only supplemented
its lacked Lactobacillus, but also restored the
decreased bacterial diversity. Strikingly, L. reuteri
significantly reduced pancreatic and intestinal
damage during AP. L. reuteri has been extensively
shown to have the ability to upregulate the expres-
sion of tight junction proteins (ZO-1, Occuldin,
Claudinl). D. Ahl et al found that expression of
the tight junction proteins were significantly
increased in the bottom of the colonic crypts by
L. reuteri in DSS-induced colitis. Yi et al reported
that L. reuteri improved expression of tight junc-
tion proteins via the MLCK pathway in IPEC-1
cells during challenge with ETEC K88.>* Zhou
et al reported that L. reuteri improved the expres-
sion of intestinal tight junction proteins and main-
tained the integrity of the intestinal barrier by
inhibiting apoptosis of intestinal epithelial cells.*
Consistent with previous researches, our study
showed that L. reuteri reduced apoptosis of intest-
inal epithelium, up-regulated expression level of
tight junction proteins, decreased bacterial translo-
cation and ultimately reversed the aggravated pan-
creatic and ileal injury in TLR4AIEC mice. These
phenomena suggested that absence of intestinal
TLR4 might affect AP via Lactobacillus.

Paneth cells are secretory cells in the epithelium
of the small intestine and play an essential role in
the maintenance of immune homeostasis.’® Our
previous study revealed that ablation of Paneth
cells aggravates AP.*>” Strikingly, in this study, we
also observed the deficiency of Paneth cells in
TLR4AIEC mice. RNA sequencing of TLR4AIEC
mice confirmed that Paneth cells-related genes
were also down-regulated. These findings indicated
that the undesired demonstration in TLR4AIEC
mice partly attributed to the dysfunction of
Paneth cells.

It has been reported that Paneth cells can sense
microbial cues via TLR-Myd88 mediated pathways,
in turn mounting antimicrobial defense by releas-
ing antimicrobial peptides, lysozyme and phospho-
lipase A.>® Our results demonstrated that the
microbiota structure was altered in TLR4AIEC
mice, specifically the absence of Lactobacillus.
L. reuteri was reported to be effective in promoting



the number and function of Paneth cells to inhibit
C. rodentium colonization.” Similarly, Spearman
correlation analysis in our study revealed that
Lactobacillus abundance was positively correlated
with the number of Paneth cells. Moreover, the
deficiency of Paneth cells in TLR4AIEC mice was
restored after L. reuteri feeding. These results sug-
gested that deletion of intestinal TLR4 may affect
the number and function of Paneth cells by affect-
ing abundance of Lactobacillus.

Interestingly, the KEGG pathway analysis also sug-
gested that genes affected by intestinal TLR4 deletion
were related to the activation of Nod-like receptor
pathway. NOD?2 is a part of the Nod-like receptors,
which is highly expressed in ileal Paneth cells and
plays a critical role in its antibacterial function.*’ It
is reported that some Lactobacilli protect mice from
colitis in a NOD2-dependent manner.*'Our study
also observed that NOD2 was induced by treatment
of L. reuteri in our in vivo experiments.

Intestinal organoids techniques have become
a powerful tool for studying the interaction
between microbiota and the intestinal mucosal
barrier.*>*> To further explore the intestinal
epithelium-lactobacillus interactions, enteroids
were applied in our study in vitro. Paneth cells of
small intestine are located at the base of intestinal
crypts, intercalated among the active intestinal
stem cells.** The new role for Paneth cells has
been demonstrated lately in the realm of epithelial
regeneration after damage in recent evidence.* It
has been reported that Paneth cells not only
release Stem cell growth factors, but also have the
potential to differentiate into Stem cells, which
aids in epithelial restitution.’® Consistent with
our in vivo findings, L. reuteri increased the num-
ber of Paneth cells and PCNA-positive cells, as
well as the expression of antimicrobial peptides
in enteroids, indicated that L. reuteri activated
the Paneth cells and promoted epithelial prolifera-
tion. Collectively, these results indicated that in
TLR4AIEC mice, Lactobacillus protects mice from
AP-associated gut injury through Paneth cells pro-
motion in a NOD2-dependent manner. However,
the effective products of L. reuteri that play the
major role in promoting Paneth cells during AP
still deserve further study.
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Conclusion

The deletion of TLR4 in the intestinal epithelium
exacerbates intestinal and pancreatic injury during
AP, which may be attributed to dysbiosis of gut micro-
biota (exhaustion of Lactobacillus) and dysfunction of
Paneth cells. L. reuteri has the ability to modulate
Paneth cells and intestinal stem cell proliferation to
maintain intestinal homeostasis and alleviate AP.
Together, our findings highlight the gut-pancreas
axis during AP and provide comprehensive informa-
tion on the interaction between gut microbiota and
intestinal epithelial cells. Furthermore, the supple-
mentation of Lactobacillus and Paneth cell-oriented
treatments might be the promising therapeutic strat-
egy against AP. Probiotic therapy that contains
L. reuteri may be the useful and cost-effective
approach to ameliorate AP.

Disclosure statement

The authors declare that they have no conflicts of interest.
Supplementary information is available at the website.

Funding

This study was funded by grants from the the Clinical
Research Cultivating Program of Shanghai Hospital
Development Center (SHDC12017X09), the National
Natural Science Foundation of China (No. 81970555), the
Foundation of Shanghai Jiao Tong University School of
Medicine for the Research-oriented Doctors (No. 20181813).

Author contributions

M.Q and F.Y designed and performed the research, M.Q
analyzed the data and generated the draft of the manuscript,
H.Z provide support in the animal experiments. Y.N, W.R, F.J
and H.C contributed to the discussion of the results. Z.Y
conceived the study and supervised the manuscript. All
authors read and approved the final version of the manuscript.

Data availability statement

The raw data that support the findings of this study are openly
available in the SRA database with reference number
PRJNA824019(https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA824019).


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA824019
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA824019

€2112882-16 M. QI-XIANG ET AL.

References

1.

10.

11.

12.

Van Dijk SM, Hallensleben NDL, Van Santvoort HC,
Fockens P, van Goor H, Bruno MJ, Besselink MG. Acute
pancreatitis: recent advances through randomised
trials[J]. Gut. 2017;66(11):2024-2032. doi:10.1136/
gutjnl-2016-313595.

. Fishman JE, Levy G, Alli V, Zheng X, Mole DJ,

Deitch EA. The intestinal mucus layer is a critical com-
ponent of the gut barrier that is damaged during acute
pancreatitis[J]. Shock. 2014;42(3):264-270. doi:10.1097/
SHK.0000000000000209.

. LiuJ, Huang L, Luo M, Xia X. Bacterial translocation in

acute pancreatitis[J]. Crit Rev Microbiol. 2019;45(5-
6):539-547. doi:10.1080/1040841X.2019.1621795.

. LiXY, He C, Zhu Y, Lu N-H. Role of gut microbiota on

intestinal barrier function in acute pancreatitis[]J].
World ] Gastroenterol. 2020;26(18):2187-2193. doi:10.
3748/wjg.v26.i18.2187.

. Abreu MT. Toll-like receptor signalling in the intestinal

epithelium: how bacterial recognition shapes intestinal
function[J]. Nat Rev Immunol. 2010;10(2):131-144.
doi:10.1038/nri2707.

. Vaz J, Akbarshahi H, Andersson R. Controversial role

of toll-like receptors in acute pancreatitis[J]. World
J Gastroenterol. 2013;19(5):616-630. doi:10.3748/wjg.
v19.i5.616.

. Ding S-Q, Li Y, Zhou Z-G, Wang C, Zhan L, Zhou B.

Toll-like receptor 4-mediated apoptosis of pancreatic
cells in cerulein-induced acute pancreatitis in mice.
Hepatobiliary Pancreat Dis Int. 2010;9:645-650.

. Pastor CM, Pugin J, Kwak B, Chanson M, Mach F,

Hadengue A, Frossard JL. Role of Toll-like receptor 4
on pancreatic and pulmonary injury in a mice model of
acute pancreatitis associated with endotoxemia[J]. Crit
Care Med. 2004;32(8):1759-1763. doi:10.1097/01.CCM.
0000133020.47243.8E.

. Sawa H, Ueda T, Takeyama Y, Yasuda T, Shinzeki M,

Nakajima T, Kuroda Y. Role of toll-like receptor 4 in the
pathophysiology of severe acute pancreatitis in mice[]].
Surg Today. 2007;37(10):867-873. doi:10.1007/s00595-
007-3520-x.

Bruning EE, Coller JK, Wardill HR, Bowen JM. Site-
specific contribution of Toll-like receptor 4 to intestinal
homeostasis and inflammatory disease[J]. Journal of
Cellular Physiology. 2021;236(2):877-888. d0i:10.1002/
jcp.29976.

Kamdar K, Khakpour S, Chen J, Leone V, Brulc J,
Mangatu T, Antonopoulos D, Chang E, Kahn S,
Kirschner B, et al. Genetic and metabolic signals during
acute enteric bacterial infection alter the microbiota and
drive progression to chronic inflammatory disease[J].
Cell Host Microbe. 2016;19(1):21-31. doi:10.1016/j.
chom.2015.12.006.

Chassaing B, Ley RE, Gewirtz AT. Intestinal epithelial
cell toll-like receptor 5 regulates the intestinal

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

microbiota to prevent low-grade inflammation and
metabolic syndrome in mice[J]. Gastroenterology.
2014;147(6):1363-77.e17. doi:10.1053/j.gastro.2014.08.
033.

Lu P, Sodhi CP, Yamaguchi Y, Jia H, Prindle T,
Fulton WB, Vikram A, Bibby K], Morowitz M],
Hackam D], et al. Intestinal epithelial Toll-like receptor
4 prevents metabolic syndrome by regulating interac-
tions between microbes and intestinal epithelial cells in
mice[J]. Mucosal Immunol. 2018;11(3):727-740. doi:10.
1038/mi.2017.114.

Zhu Y, Mei Q, Fu Y, Zeng Y, et al. Alteration of gut
microbiota in acute pancreatitis and associated thera-
peutic strategies[]J]. Biomed Pharmacother. 2021
(141):111850. doi:10.1016/j.biopha.2021.111850.

Han X, Li B, Ye X, Mulatibieke T, Wu J, Dai J, Wu D,
Ni J, Zhang R, Xue J, et al. Dopamine D 2 receptor
signalling controls inflammation in acute pancreatitis
via a PP2A-dependent Akt/NF-xB signalling pathway.
Br J Pharmacol. 2017;174(24):4751-4770. doi:10.1111/
bph.14057.

Awla D, Abdulla A, Regnér S, Thorlacius H. TLR4 but
not TLR2 regulates inflammation and tissue damage in
acute pancreatitis induced by retrograde infusion of
taurocholate[J]. Inflamm Res. 2011;60(12):1093-1098.
doi:10.1007/s00011-011-0370-1.

Sharif R, Dawra R, Wasiluk K, Phillips P, Dudeja V,
Kurt-Jones E, Finberg R, Saluja A. Impact of
toll-like receptor 4 on the severity of acute pancrea-
titis and pancreatitis-associated lung injury in
mice[J]. Gut. 2009;58(6):813-819. doi:10.1136/gut.
2008.170423.

Zhang X, Zhu C, Wu D, Jiang X. Possible role of toll-like
receptor 4 in acute pancreatitis[J]. Pancreas. 2010;39
(6):819-824. doi:10.1097/MPA.0b013e3181ca065c.

Zhu Y, He C, Li X, Cai Y, Hu J, Liao Y, Zhao J, Xia L,
He W, Liu L, et al. Gut microbiota dysbiosis worsens the
severity of acute pancreatitis in patients and mice[]].
] Gastroenterol. 2019;54(4):347-358. do0i:10.1007/
500535-018-1529-0.

Burgueiio JF, Abreu MT. Epithelial Toll-like receptors
and their role in gut homeostasis and disease[J]. Nat Rev
Gastroenterol Hepatol. 2020;17(5):263-278. doi:10.
1038/s41575-019-0261-4.

Vijay-Kumar M, Aitken JD, Carvalho FA,
Cullender TC, Mwangi S, Srinivasan S,
Sitaraman SV, Knight R, Ley RE, Gewirtz AT, et al.
Metabolic syndrome and altered gut microbiota in
mice lacking Toll-like receptor 5[J]. Science (New
York. N.y.). 2010;328(5975):228-231. doi:10.1126/
science.1179721.

Al-Hadidi A, Navarro J, Goodman SD, Bailey MT,
Besner GE. Lactobacillus reuteri in its biofilm state
improves protection from experimental necrotizing
enterocolitis[J]. Nutrients. 2021;13(3):918. doi:10.3390/
nul3030918.


https://doi.org/10.1136/gutjnl-2016-313595
https://doi.org/10.1136/gutjnl-2016-313595
https://doi.org/10.1097/SHK.0000000000000209
https://doi.org/10.1097/SHK.0000000000000209
https://doi.org/10.1080/1040841X.2019.1621795
https://doi.org/10.3748/wjg.v26.i18.2187
https://doi.org/10.3748/wjg.v26.i18.2187
https://doi.org/10.1038/nri2707
https://doi.org/10.3748/wjg.v19.i5.616
https://doi.org/10.3748/wjg.v19.i5.616
https://doi.org/10.1097/01.CCM.0000133020.47243.8E
https://doi.org/10.1097/01.CCM.0000133020.47243.8E
https://doi.org/10.1007/s00595-007-3520-x
https://doi.org/10.1007/s00595-007-3520-x
https://doi.org/10.1002/jcp.29976
https://doi.org/10.1002/jcp.29976
https://doi.org/10.1016/j.chom.2015.12.006
https://doi.org/10.1016/j.chom.2015.12.006
https://doi.org/10.1053/j.gastro.2014.08.033
https://doi.org/10.1053/j.gastro.2014.08.033
https://doi.org/10.1038/mi.2017.114
https://doi.org/10.1038/mi.2017.114
https://doi.org/10.1016/j.biopha.2021.111850
https://doi.org/10.1111/bph.14057
https://doi.org/10.1111/bph.14057
https://doi.org/10.1007/s00011-011-0370-1
https://doi.org/10.1136/gut.2008.170423
https://doi.org/10.1136/gut.2008.170423
https://doi.org/10.1097/MPA.0b013e3181ca065c
https://doi.org/10.1007/s00535-018-1529-0
https://doi.org/10.1007/s00535-018-1529-0
https://doi.org/10.1038/s41575-019-0261-4
https://doi.org/10.1038/s41575-019-0261-4
https://doi.org/10.1126/science.1179721
https://doi.org/10.1126/science.1179721
https://doi.org/10.3390/nu13030918
https://doi.org/10.3390/nu13030918

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Mu Q, Tavella V], Luo XM. Role of lactobacillus reuteri
in human health and diseases[J]. Front Microbiol.
2018;9:757. doi:10.3389/fmicb.2018.00757.

Liu H-N, Wu H, Chen Y-Z, Chen Y-J, Shen X-Z, Liu -
T-T. Altered molecular signature of intestinal micro-
biota in irritable bowel syndrome patients compared
with healthy controls: a systematic review and
meta-analysis[J]. Digestive and Liver Disease: Official
Journal of the Italian Society of Gastroenterology and
the Italian Association for the Study of the Liver.
2017;49(4):331-337. d0i:10.1016/j.d1d.2017.01.142.
Alkanani AK, Hara N, Gottlieb PA, Ir D, Robertson CE,
Wagner BD, Frank DN, Zipris D. Alterations in intest-
inal microbiota correlate with susceptibility to type 1
diabetes[J]. Diabetes. 2015;64(10):3510-3520. doi:10.
2337/db14-1847.

Borges-Canha M, Portela-Cidade JP, Dinis-Ribeiro M,
Leite-Moreira AF, Pimentel-Nunes P. Role of colonic
microbiota in colorectal carcinogenesis: a systematic
review[J]. Revista espanola de enfermedades digestivas:
organo oficial de la Sociedad Espanola de Patologia
Digestiva. 2015;107(11):659-671. doi:10.17235/reed.
2015.3830/2015.

Lewis JD, Chen EZ, Baldassano RN, Otley AR,
Griffiths AM, Lee D, Bittinger K, Bailey A,
Friedman ES, Hoffmann C, et al. Inflammation, anti-
biotics, and diet as environmental stressors of the
gut microbiome in pediatric crohn’s disease[J]. Cell
Host & Microbe. 2017;22(2):247. doi:10.1016/j.chom.
2017.07.011.

Olah A, Belagyi T, Issekutz A, Gamal ME, Bengmark S.
Randomized clinical trial of specific lactobacillus and
fibre supplement to early enteral nutrition in patients
with acute pancreatitis[J]. Br ] Surg. 2002;89
(9):1103-1107. doi:10.1046/j.1365-2168.2002.02189.x.
Besselink MG, Van Santvoort HC, Buskens E,
Boermeester MA, van Goor H, Timmerman HM,
Nieuwenhuijs VB, Bollen TL, van Ramshorst B,
Witteman BJ, et al. Probiotic prophylaxis in predicted
severe acute pancreatitis: a randomised, double-blind,
placebo-controlled  trial[J].  Lancet. = 2008;371
(9613):651-659. doi:10.1016/S0140-6736(08)60207-X.
Yu C, Zhang Y, Yang Q, Lee P, Windsor JA, Wu D.
An updated systematic review with meta-analysis:
efficacy of prebiotic, probiotic, and synbiotic treat-
ment of patients with severe acute pancreatitis[]J].
Pancreas. 2021;50(2):160-166. doi:10.1097/MPA.
0000000000001734.

Mackos AR, Eubank TD, Parry NM, Bailey MT.
Probiotic Lactobacillus reuteri attenuates the
stressor-enhanced severity of Citrobacter rodentium
infection[J]. Infect Immun. 2013;81(9):3253-3263.
doi:10.1128/IA1.00278-13.

Dahiya DK, Renuka R, Puniya M, Shandilya UK,
Dhewa T, Kumar N, Kumar S, Puniya AK, Shukla P.
Gut microbiota modulation and its relationship with

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

GUT MICROBES (&) e2112882-17

obesity using prebiotic fibers and probiotics: a
review|[J]. Front Microbiol. 2017;8:563. do0i:10.3389/
fmicb.2017.00563.

Hsu TC, Huang CY, Liu CH, Hsu K-C, Chen Y-H,
Tzang B-S. Lactobacillus paracasei GMNL-32,
Lactobacillus reuteri GMNL-89 and L. reuteri

GMNL-263 ameliorate hepatic injuries in lupus-prone
mice. Br J Nutr. 2017;117(8):1066-1074. do0i:10.1017/
$0007114517001039.

Yi H, Wang L, Xiong Y, Wang Z, Qiu Y, Wen X,
Jiang Z, Yang X, Ma X. Lactobacillus reuteri LR1
improved expression of genes of tight junction pro-
teins via the MLCK pathway in IPEC-1 cells during
infection with enterotoxigenic escherichia coli K88.
Mediators Inflamm. 2018;2018:6434910. doi:10.1155/
2018/6434910.

Zhou Q, Wu F, Chen S, Cen P, Yang Q, Guan J, Cen L,
Zhang T, Zhu H, Chen Z, et al. Lactobacillus reuteri
improves function of the intestinal barrier in rats with
acute liver failure through Nrf-2/HO-1 pathway[]].
Nutrition. 2022;99-100:111673. doi:10.1016/j.nut.2022.
111673.

Bevins CL, Salzman NH. Paneth cells, antimicrobial
peptides and maintenance of intestinal homeostasis[J].
Nat Rev Microbiol. 2011;9(5):356-368. do0i:10.1038/
nrmicro2546.

Guo Y, Huang C, Liu L, Fu X, Lu Y, Zheng J, Mei Q,
Huang Z, Fan ], Lu L, et al. Paneth cell ablation aggra-
vates pancreatic and intestinal injuries in a rat model of
acute necrotizing pancreatitis after normal and high-fat
diet[J]. Mediators Inflamm. 2019;2019:8474523. doi:10.
1155/2019/8474523.

Markandey M, Bajaj A, Ilott NE, Kedia S, Travis S,
Powrie F, Ahuja V. Gut microbiota: sculptors of the
intestinal stem cell niche in health and inflammatory
bowel disease[J]. Gut Microbes. 2021;13(1):1990827.
do0i:10.1080/19490976.2021.1990827.

Wu H, Xie S, Miao ], Li Y, Wang Z, Wang M, Yu Q.
Lactobacillus reuteri maintains intestinal epithelial
regeneration and repairs damaged intestinal mucosa.
Gut Microbes. 2020;11(4):997-1014. do0i:10.1080/
19490976.2020.1734423.

Sidiq T, Yoshihama S, Downs I, Kobayashi KS. Nod2:
a critical regulator of ileal microbiota and crohn’s
disease[J]. Front Immunol. 2016;7:367. do0i:10.3389/
fimmu.2016.00367.

Foligne B, Zoumpopoulou G, Dewulf ], Ben
Younes A, Chareyre F, Sirard J-C, Pot B,
Grangette C. A key role of dendritic cells in probio-
tic functionality[J]. PLoS One. 2007;2(3):e313. doi:10.
1371/journal.pone.0000313.

Tan SH, Phuah P, Tan LT, Yada S, Goh J, Tomaz LB,
Chua M, Wong E, Lee B, Barker N, et al. A constant
pool of Lgr5(+) intestinal stem cells is required for
intestinal homeostasis[J]. Cell Rep. 2021;34(4):108633.
doi:10.1016/j.celrep.2020.108633.


https://doi.org/10.3389/fmicb.2018.00757
https://doi.org/10.1016/j.dld.2017.01.142
https://doi.org/10.2337/db14-1847
https://doi.org/10.2337/db14-1847
https://doi.org/10.17235/reed.2015.3830/2015
https://doi.org/10.17235/reed.2015.3830/2015
https://doi.org/10.1016/j.chom.2017.07.011
https://doi.org/10.1016/j.chom.2017.07.011
https://doi.org/10.1046/j.1365-2168.2002.02189.x
https://doi.org/10.1016/S0140-6736(08)60207-X
https://doi.org/10.1097/MPA.0000000000001734
https://doi.org/10.1097/MPA.0000000000001734
https://doi.org/10.1128/IAI.00278-13
https://doi.org/10.3389/fmicb.2017.00563
https://doi.org/10.3389/fmicb.2017.00563
https://doi.org/10.1017/S0007114517001039
https://doi.org/10.1017/S0007114517001039
https://doi.org/10.1155/2018/6434910
https://doi.org/10.1155/2018/6434910
https://doi.org/10.1016/j.nut.2022.111673
https://doi.org/10.1016/j.nut.2022.111673
https://doi.org/10.1038/nrmicro2546
https://doi.org/10.1038/nrmicro2546
https://doi.org/10.1155/2019/8474523
https://doi.org/10.1155/2019/8474523
https://doi.org/10.1080/19490976.2021.1990827
https://doi.org/10.1080/19490976.2020.1734423
https://doi.org/10.1080/19490976.2020.1734423
https://doi.org/10.3389/fimmu.2016.00367
https://doi.org/10.3389/fimmu.2016.00367
https://doi.org/10.1371/journal.pone.0000313
https://doi.org/10.1371/journal.pone.0000313
https://doi.org/10.1016/j.celrep.2020.108633

€2112882-18 M. QI-XIANG ET AL.

43.

44.

Takahashi T, Fujishima K, Kengaku M. Modeling
intestinal stem cell function with organoids[]J].
Int J Mol Sci. 2021;22(20):10912. doi:10.3390/
ijms222010912.

Yu S, Balasubramanian I, Laubitz D, Tong K,
Bandyopadhyay S, Lin X, Flores ], Singh R, Liu Y,
Macazana C, et al. Paneth cell-derived lysozyme defines
the composition of mucolytic microbiota and the

45.

inflammatory tone of the intestine[J]. Immunity.
2020;53(2):398-416.e8. doi:10.1016/j.immuni.2020.07.
010.

Cray P, Sheahan BJ, Dekaney CM. Secretory sorcery:
paneth cell control of intestinal repair and
homeostasis[J]. Cell Mol Gastroenterol Hepatol.
2021;12(4):1239-1250. doi:10.1016/j.jcmgh.2021.06.
006.


https://doi.org/10.3390/ijms222010912
https://doi.org/10.3390/ijms222010912
https://doi.org/10.1016/j.immuni.2020.07.010
https://doi.org/10.1016/j.immuni.2020.07.010
https://doi.org/10.1016/j.jcmgh.2021.06.006
https://doi.org/10.1016/j.jcmgh.2021.06.006

	Abstract
	Introduction
	Materials and methods
	Mice
	Induction of AP and intervention
	Statistics

	Results
	Discussion
	Conclusion
	Disclosure statement
	Funding
	Author contributions
	Data availability statement
	References

