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Pretreatment with chitosan oligosaccharides attenuate
experimental severe acute pancreatitis via inhibiting
oxidative stress and modulating intestinal homeostasis
Qi-xiang Mei1,2, Jun-hui Hu1,2, Ze-hua Huang1,2, Jun-jie Fan2, Chun-lan Huang2, Ying-ying Lu2, Xing-peng Wang2 and Yue Zeng2

Severe acute pancreatitis (SAP) is a severe acute abdominal disease. Recent evidence shows that intestinal homeostasis is essential
for the management of acute pancreatitis. Chitosan oligosaccharides (COS) possess antioxidant activity that are effective in treating
various inflammatory diseases. In this study we explored the potential therapeutic effects of COS on SAP and underlying
mechanisms. Mice were treated with COS (200 mg·kg−1·d−1, po) for 4 weeks, then SAP was induced in the mice by intraperitoneal
injection of caerulein. We found that COS administration significantly alleviated the severity of SAP: the serum amylase and lipase
levels as well as pancreatic myeloperoxidase activity were significantly reduced. COS administration suppressed the production of
proinflammatory cytokines (TNF-α, IL-1β, CXCL2 and MCP1) in the pancreas and ileums. Moreover, COS administration decreased
pancreatic inflammatory infiltration and oxidative stress in SAP mice, accompanied by activated Nrf2/HO-1 and inhibited TLR4/NF-
κB and MAPK pathways. We further demonstrated that COS administration restored SAP-associated ileal damage and barrier
dysfunction. In addition, gut microbiome analyses revealed that the beneficial effect of COS administration was associated with its
ability to improve the pancreatitis-associated gut microbiota dysbiosis; in particular, probiotics Akkermansia were markedly
increased, while pathogenic bacteria Escherichia–Shigella and Enterococcus were almost eliminated. The study demonstrates that
COS administration remarkably attenuates SAP by reducing oxidative stress and restoring intestinal homeostasis, suggesting that
COS might be a promising prebiotic agent for the treatment of SAP.
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INTRODUCTION
Severe acute pancreatitis (SAP) is a severe life-threatening disease
that is accompanied by a systemic inflammatory response and can
damage the function of other organs or systems [1]. Accumulating
studies have documented that intestinal homeostasis is essential
for the management of acute pancreatitis (AP) [2]. Gut dysbiosis is
associated with intestinal barrier dysfunction manifested by
increased gut permeability and bacterial translocation, which play
a vital role in systemic inflammatory response syndrome (SIRS)
and multiple organ dysfunction syndrome (MODS) [3].
Considering the critical role of intestinal barrier dysfunction

in the development of pancreatitis, protecting the intestinal
barrier has become a key aim in the treatment of SAP [2].
Prebiotics have been demonstrated to have protective effects on
the intestinal barrier by reducing intestinal epithelial apoptosis,
upregulating tight junction protein expression or promoting
probiotic growth [4]. Furthermore, excessive production of
inflammatory cytokines and reactive oxygen species (ROS) can
cause direct damage to pancreatic cells, and this effect
can be reversed by several prebiotics through the regulation of

the TLR4/NF-κB and Nrf2/HO-1 signaling pathways [5, 6].
Conclusively, prebiotics show great potential for the treatment
of SAP, and it is critical to choose the appropriate prebiotics.
As a degradation product of chitosan, chitosan oligosaccharide

(COS) is a β-(1–4)-linked D-glucosamine polymer that originates
from the deacetylation of chitin in the exoskeletons of shrimp,
crabs and insects [7]. Because of its characteristics, such as water
solubility, biocompatibility, intestinal absorption and biological
activity, COS has been widely studied as a dietary supplement
or health product [8]. To date, COS has been shown to
possess a variety of biological activities, including regulation of
metabolism, regulation of intestinal flora, and modulation of
immunological and antioxidative responses. Evidence has shown
that COS can modulate the gut microbiota to protect the host
against diabetes, obesity, coronary heart disease (CHD), microbial
infection and inflammation [9, 10]. According to these beneficial
effects, we hypothesize that COS may have great potential in the
treatment of SAP.
Here, we aim to explore whether COS could attenuate SAP and

to elucidate its underlying mechanism.
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MATERIALS AND METHODS
Experimental design
Male C57BL/6 mice (6–8 weeks, 20–22 g) were purchased
from Shanghai SLAC Laboratory Animal Co., Ltd. (China) and
housed under specific pathogen-free (SPF) conditions with a room
temperature of 23 ± 2 °C and a 12-h light/dark cycle. All the animal
experiments were conducted in accordance with the guidelines of
the Animal Care and Use Committee of Shanghai Jiao Tong
University (SYXK 2013–0050, Shanghai, China).
The SAP model was established according to a previous study

[11]. The mice were injected intraperitoneally with caerulein (100
μg/kg) ten times with a 1-h interval between injections. After the
final injection of caerulein, LPS (5 mg/kg) was immediately
administered by intraperitoneal injection. The mice were randomly
divided into four groups (n= 7): the control (CON) group, COS
group, SAP group and COS-supplemented SAP (COS/SAP) group.
The mice in the CON group and SAP group were orally
administered double-distilled water for 4 weeks. Then, the mice
in the CON group were intraperitoneally injected with normal saline
(NS), and the mice in the SAP group were intraperitoneally injected
with caerulein. The mice in the COS and COS/SAP groups were
orally supplemented with COS for 4 weeks, and then, the mice in
the COS/SAP group were intraperitoneally injected with caerulein.
The mice were anesthetized with chloral hydrate and then
sacrificed at 12 h after the first injection of caerulein. The distal
ileum, pancreas and luminal content of cecum samples were
collected.

Dosage information
Chitosan oligosaccharide (<1 kDa, purity of 91.0% as determined
by HPLC) was purchased from MedChem Express (Shanghai,
China). According to the dosage suggested in previous
studies [12, 13], the effective dosage of COS ranges from
10 mg·kg−1·d−1 to 200 mg·kg−1·d−1. Our preliminary experiment
showed that 200 mg·kg−1·d−1 has the greatest effect in
inhibiting pancreatitis (Fig. S1a, b). Therefore, the mice in the
COS and COS/SAP group were orally supplemented with a
dosage of 200 mg·kg−1·d−1 (1.0 mg/mL, dissolved in double-
distilled water) for 4 weeks. The mice in all the groups were fed
standard sterile mouse chow.

Histopathology and immunofluorescence
After the mice were sacrificed, fresh pancreatic, lung, ileum and
colon tissues were fixed in 4% paraformaldehyde at 4 °C
overnight, embedded in paraffin blocks, cut into 4-μm sections,
and stained with hematoxylin and eosin (H&E). Morphological
changes were examined by light microscopy (Leica, Germany) at
a magnification of ×100 or 200. The histopathological
changes to the pancreas were evaluated according to the
scoring scale reported by the Schmidt criteria [14], while the
pathological damage to the ileum was graded according to
Chiu’s standard [15].
For immunofluorescence staining, the antigens in the paraffin-

embedded pancreatic sections were recovered with citric acid
buffer. The endogenous peroxidase activity was blocked by 3%
hydrogen peroxide in methanol for 15 min, and then, the slides
were incubated with the primary antibodies at 4 °C overnight. The
following antibodies were used for single staining: ZO-1(1;100,
ab221547, Abcam, USA), Occludin (1;100, ab216327, Abcam, USA)
and Claudin1 (1;100, ab125028, Abcam, USA). After washing, the
slides were incubated with fluorescein-labeled secondary anti-
bodies for 30min and then stained with dihydrochloride (DAPI) for
5 min to visualize the nuclei. A minimum of 5 images/animal were
quantified.

Pancreas wet weight to dry weight (W/D) ratio
The pancreatic tissue was dried by vacuum and weighed. The
tissue was then incubated in an oven at 80 °C for 48 h to obtain a

constant weight as the dry weight. The ratio of the wet pancreas
weight to the dry pancreas weight (W/D) was calculated to
evaluate the degree of tissue edema.

Serum amylase and lipase assays
The serum amylase and lipase activities were determined by
enzymatic kinetic chemistry using commercial kits in the Roche/
Hitachi modular analysis system according to the manufacturer’s
protocol (Roche, Berlin, Germany).

Enzyme-linked immunosorbent assay (ELISA)
The levels of IL-1, TNFα, MCP-1, and CXCL2 in the serum, pancreas
and ileum were measured by the Luminex Screening Human
Magnetic Assay (R&D Systems, Inc., Minneapolis, MN, USA) according
to the manufacturers’ instructions. The oxidative stress-related
indexes (malondialdehyde (MDA), superoxide dismutase (SOD) and
myeloperoxidase (MPO)) were detected with the appropriate kits
(Multisciences (Lianke) Biotech, Co., Ltd., China) according to the
manufacturers’ instructions.

Flow cytometry
Flow cytometry was performed based on an established and
previously described protocol [16]. Briefly, freshly harvested
pancreatic tissues were digested in 0.75 mg/mL collagenase-P
solution (Roche Basel, Switzerland) at 37 °C for 15 min; subse-
quently, the digested pancreatic pieces were dissociated with a
gentle MACS Dissociator (Miltenyi Biotechnology, Bergisch Glad-
bach, NRW, Germany) and immediately filtered through a 75-μm
filter screen with phosphate-buffered saline (PBS). Single-cell
suspensions were stained with several monoclonal antibodies for
15 min at room temperature. For neutrophil identification, the
cells were surface-stained with PE/Cy7 anti-mouse CD45, Alexa
Fluor 488 anti-mouse F4/80, Brilliant Violet 421 anti-mouse/human
CD11b, and Alexa Fluor 647 anti-mouse Ly6G from Biolegend
(CA, USA).
For macrophage identification, the cells were fixed and

permeabilized with a Cell Fixation & Permeabilization Kit after
being surface-stained with anti-CD45, anti-CD11b, and anti-F4/80
antibodies.
The cells were analyzed on an Attune NxT (Thermo Fisher

Scientific, Waltham, MA, USA).

TUNEL staining
Apoptotic cell death in the small intestines was evaluated by
TUNEL assay using a kit (Roche,11684817910) according to the
manufacturer’s instructions. All the cell counts were performed
at ×200 magnification. The apoptotic rate was calculated as
the average percentage of positive cells in ten randomly
selected areas.

FISH
Bacterial translocation was determined by fluorescence in situ
hybridization (FISH) as previously described [17]. Briefly, sections
of the distal ileum and pancreas were dewaxed (60min at 60 °C,
2 × 10min with 100% xylene, 5 min with 100% ethanol), air dried,
and then incubated with specific probes in a humid space at 52 °C
for 18 h. We used the following probe: a universal bacterial probe
specific for the 16S rRNA gene (EUB338: 5′-Cy3-GCTGCCTCCCG
TAGGAGT-3′)16. The sections were washed and counterstained
with DAPI. Images were acquired using a confocal microscope
(Olympus, Japan).

Intestinal permeability
Intestinal permeability was measured by quantifying the absorp-
tion of FITC-dextran (FD4000; Sigma-Aldrich, MO, USA) after
orogastric gavage (0.5 g/kg). The mice were sacrificed 4 h after
gavage, and the blood levels of FITC-dextran were determined as
previously described [18].
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Western blot
Pancreatic and ileal tissues were lysed with RIPA buffer
supplemented with a complete protease inhibitor cocktail
(Yeasen, China). The samples were centrifuged at 4 °C and
10,000 × g for 10min, and the volumes that contained the same
amount of protein (30 μg) were determined by a BCA protein
assay kit (Beyotime Biotechnology, China). After heating at 100 °C
for 10 min, the protein extracts were separated by SDS-PAGE and
transferred to PVDF membranes. The membranes were blocked
with 5% fat-free milk for 2 h at room temperature, incubated
overnight with primary antibodies at 4 °C, and incubated with
secondary antibodies conjugated to HRP. The primary antibodies
were as follows: Nrf2 (1:1000), HO-1 (1:1000), p-NF-κB (1:500), β-
tubulin (1:2000), TLR4 (1:1000), MyD88 (1:500), p-ERK (1:1000),
ERK (1:1000), p38 (1:1000), p-p38 (1:1000), p-JNK (1:1000) and
JNK (1:1000). The reagents used are listed in the Supplementary
Materials and Methods. The protein bands were observed using
an enhanced chemiluminescence kit (Pierce, USA). The density of
each band was measured by ImageJ software and standardized to
the density of the tubulin band.

Fecal microbiota transplantation
Fecal transplantation was performed as previously described [19].
The strategy is shown in Fig. S5a. First, transplant material was
collected from donor mice that were fed with or without COS-
containing water for 4 weeks. After 4 weeks of feeding, stools from
the donor mice were collected and processed. One hundred
milligrams of stool was resuspended in 1mL saline and then
centrifuged at 800 × g for 3 min. The supernatant was collected
and used as transplant material. The recipient mice were treated
for 4 weeks with an antibiotic cocktail [vancomycin (0.5 mg/mL),
neomycin (1 mg/mL), ampicillin (1 mg/mL), and metronidazole (1
mg/mL)] in their drinking water. The mice were divided into three
groups: the control group, FMT1 group and FMT2 group. The
control group received no treatment. The FMT1 group was fed
normal mouse stool by oral gavage for 2 weeks, and the FMT2
group was fed fresh transplant material from COS-fed mice (200
μL for each mouse daily) by oral gavage for 2 weeks. Finally,
experimental acute pancreatitis was induced in the recipient mice
in the FMT1 and FMT2 groups.

Gut microbiota analysis
Genomic DNA was extracted from the microbial community of the
luminal contents of the cecum and from the feces samples using
the Magnetic Soil And Stool DNA Kit according to the
manufacturer’s instructions. Then, high-throughput sequencing
was performed by the Major bio cloud. (Shanghai, China). The
detailed method is described in the Supplementary Materials and
Methods. R language was used to perform alpha diversity, beta
diversity, LEfSe, and RDA analyses and plotting.

Short-chain fatty acid (SCFA) analysis
The fecal samples were collected after the induction of AP and then
stored at −80 °C until further analysis. The supernatant was
harvested from fecal samples that were mixed with 10 μL of internal
standards (0.0125 μL/μL 2-ethylbutyric acid, Sigma-Aldrich) and
500 μL of methanol. The concentrations of acetate, propionate
and butyrate were detected by a 6890A-5973C GC–MS system
(Agilent Technologies, Santa Clara, CA). All the SCFA standards were
purchased from Merck (Darmstadt, Germany).

Statistics
All the measured data are expressed as the mean ± standard
deviation and were statistically analyzed with GraphPad Prism
7.0 software. A t-test was used for data with a normal distribution
and comparisons between two groups. Single-factor analysis of
variance (ANOVA) was used for comparison among the three
groups, and the Kruskal–Wallis test was used for data without a
normal distribution. P < 0.05 indicates that the difference was
statistically significant.

RESULTS
COS supplementation reduced the severity of SAP
In the COS group (supplementation with COS alone without AP
induction), the pancreatic markers were not affected. However,
histological injury in the pancreas of the COS/SAP group (4 weeks
of COS supplementation) was significantly attenuated compared
with that of the SAP group, as evidenced by the reduced levels of
inflammatory cell infiltration and acinar necrosis (Fig. 1a). The
amylase and lipase levels, pancreatic wet to dry (W/D) weight

Fig. 1 COS supplementation alleviated SAP. a Histopathological changes of pancreatic samples observed by HE staining. Original
magnification, 100× (the upper figures) or 200× (the lower figures). Pancreatic histopathological scores were evaluated by Schmidt criteria. b, c
Serum levels of amylase and lipase. d Pancreas edema wet-dry (W/D) ratio. e Pancreatic level of MPO. The data are provided as the mean ±
standard error of the mean (SEM) (n= 6 per group). Symbol (*) means P < 0.05, **means P < 0.01, ***means P < 0.001, ns means P > 0.05.
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ratio, MPO level (Fig. 1b–e), and AP-associated lung injury (Fig. S2a,
b) were decreased in the COS/SAP group, which further confirmed
the protective effects of COS supplementation in SAP. In summary,
COS supplementation markedly alleviated the severity of SAP.

COS supplementation ameliorated inflammatory infiltration and
oxidative stress in SAP
To assess the degree of inflammation in SAP, proinflammatory
cytokines (IL-1β, TNF-α, CXCL2 and MCP-1) in the serum and
pancreatic tissues were detected by ELISA. MCP1 has been
proven to recruit macrophages under inflammatory conditions.
CXCL2, which is secreted by macrophages, is a chemo attractant
for polymorphonuclear leukocytes and hematopoietic stem
cells. These two biomarkers were used to represent the
level of macrophage infiltration at the molecular level. We

found robust increases in inflammatory cytokines (IL-1β, TNF-α,
CXCL2 and MCP-1) in the SAP group. However, the systemic
inflammation was attenuated in the COS/SAP group, as
evidenced by the decline in serum inflammatory cytokines
(Fig. 2a). Consistent with these findings, the inflammatory
cytokines in the pancreatic tissues of the COS/SAP group were
also decreased (Fig. 2b).
Our study further examined the protective effects of COS in

reducing inflammatory cell infiltration levels in the pancreas.
We subsequently examined neutrophil infiltration and macro-
phage polarization by immunostaining. COS supplementation
significantly reduced the infiltration of neutrophils (Ly6G) in
the pancreas of the SAP group (Fig. 2c). In addition, COS
supplementation in SAP mice significantly reduced the number
of macrophages in the pancreas (Fig. 2d). These phenomena

Fig. 2 COS supplementation ameliorated inflammatory cell infiltration and oxidative stress in the pancreas. a Serum levels of IL-1β, TNF-α,
MCP-1 and CXCL2. b Pancreatic levels of IL-1β, TNF-α, MCP-1 and CXCL2. c, d The frequencies of neutrophils (CD45+ CD11b+ Ly6G+) and total
macrophages (CD45+ CD11b+ F4/80+) in the pancreas were detected by flow cytometry. e Pancreatic level of MDA. f Pancreatic level of SOD.
The results are represented as the mean ± SEM, n= 6 per group, *means P < 0.05 **means P < 0.01 ***means P < 0.001 ns means P > 0.05.
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suggested that COS exerted immunomodulatory and anti-
inflammatory effects in the pancreas.
Intriguingly, we also found that COS supplementation remark-

ably reduced the elevated levels of oxidative stress in the SAP
group, as evidenced by the reduction in the MDA levels and the
increase in the SOD levels (Fig. 2d, e).

COS supplementation attenuated ileal injury in SAP
Considering the critical role of intestinal barrier dysfunction in the
development of pancreatitis [2], we next investigated intestinal
damage in SAP. Histopathological examination clearly showed
ileal and colon damage in the SAP group (Figs. 3a and S3a). The
COS/SAP group exhibited less intestinal damage and a lower
histopathological score than the SAP group (Figs. 3a and S3a).
However, bacterial translocation from the gut lumen has been
suggested to be the main source of the bacteria that contribute to
pancreatic necrosis [20]. Although the bacteria in the colon are the
most abundant, recent studies have found that the small intestine,
not the colon, is the main source of pancreatic pathogens in AP
[21, 22]. Therefore, we chose to further examine ileal dysfunction
rather than colonic dysfunction in SAP. We observed a lower level
of inflammation in the ileal tissues in the COS/SAP group
compared with that in the SAP group, which was reflected by
the reduction in inflammatory factors such as IL-1β, TNF-α, CXCL2
and MCP-1 (Fig. 3b). We observed a tremendous decrease in
the levels of oxidative stress in the ileal tissues after COS

supplementation, as evidenced by the reduction in the MDA
levels and the increase in the SOD levels, which was consistent
with the reduced level of oxidative stress in the pancreas (Fig. 3c,
d). The results demonstrated that COS exerted a protective effect
against inflammation and oxidants not only in the pancreas but
also in SAP-related intestinal injury.

COS protected the integrity of the intestinal barrier and reduced
bacterial translocation in SAP
We next investigated intestinal barrier function in SAP. TUNEL
staining showed that induction of SAP caused severe apoptosis
of the intestinal epithelium, which was significantly reduced by
supplementation with COS (Fig. 4a). Bacterial translocation in
the intestinal epithelium and pancreas was detected by FISH
assay using the EUB338 probe. We found that the SAP group
exhibited higher levels of bacterial translocation in the ileum
and pancreas than the CON group, while in the COS/SAP group,
the level of bacterial translocation was decreased (Fig. 4b); these
results suggest that COS unequivocally inhibits bacterial
translocation from the ileum to the pancreas. Moreover, the
tight junctions of IECs were assessed by immunofluorescence.
Although the expression level of ZO-1 did not change
significantly, the levels of Occludin and Claudin1 in the COS/
SAP group were increased compared with those in the SAP
group (Fig. 5a–c). The intestinal permeability was detected by
FITC. The intestinal permeability was also increased in the SAP

Fig. 3 COS supplementation attenuated SAP-associated ileal injury. a Histopathological changes of ileal samples observed by HE staining.
Original magnification, 100× (the upper figures) or 200× (the lower figures). COS supplementation reduced (b) the ileal levels of IL-1β, TNF-α,
MCP-1 and CXCL2 and changed the ileal levels of (c) MDA and (d) SOD. The data are provided as the mean ± SEM (n= 6 per group). *means
P < 0.05 **means P < 0.01 ***means P < 0.001 ns means P > 0.05.

Chitosan oligosaccharide alleviate severe acute pancreatitis
QX Mei et al.

946

Acta Pharmacologica Sinica (2021) 42:942 – 953



group, and this effect could be reversed by COS supplementa-
tion (Fig. 5d). To summarize, our results suggested that COS
could protect the intestinal barrier and prevent the translocation
of gut bacteria during SAP.

COS supplementation downregulated proteins in the TLR4/
MyD88/NF-κb and MAPK pathways and upregulated proteins Nrf-
2/HO-1 signaling in the pancreas
TLR4 is able to recognize LPS and has been shown to contribute to
the inflammatory response. The immunoblotting results showed
that the induction of SAP induced the upregulation of TLR4
expression in the pancreas. COS supplementation mitigated the
upregulation of TLR4/MyD88/NF-κB in the mice with SAP (Fig. 6a),
indicating that COS reduced the production of inflammatory
factors by downregulating the expression of the molecules in this
signaling pathway. The Nrf2/HO-1 pathway is closely associated
with oxidative stress, and the upregulation of Nrf2 leads to higher
levels of antioxidants. We further examined the expression levels

of proteins in this pathway, and the levels were slightly increased
in the SAP group. Interestingly, COS supplementation significantly
increased the expression of Nrf2/HO-1 (Fig. 6b), consistent with
the increased antioxidative capacity. Moreover, recent studies
indicated that COS activates Nrf2 by modulating the MAPK
signaling pathway [23, 24]. We further examined this pathway in
the pancreas. COS supplementation significantly suppressed the
phosphorylation of p38 MAPK, JNK and ERK during SAP, indicating
that COS may upregulate proteins in the Nrf2/HO-1 pathway by
blocking the MAPK pathway (Fig. 6c). Our results suggested that
COS attenuated the inflammatory response and reduced oxidative
stress levels partly by regulating the TLR4/MyD88/NF-κB, MAPK
and Nrf2/HO-1 pathways.
Moreover, COS supplementation reduced the upregulation of

proteins in the TLR4/MyD88/NF-κB pathway, but not TLR2, in the
ileums and colons during SAP (Fig. S4a, b), indicating that COS
attenuated the inflammatory response in ileums and colons
during SAP partly by regulating the TLR4/NF-κB pathway.

Fig. 4 COS reduced intestinal apoptosis and decreased bacterial translocation in SAP. a Apoptosis in the small intestines was assayed by
TUNEL. The number of TUNEL-positive cells (green) per field of view was quantified. (100× magnification). (b, c) Positive hybridizing signal of
total bacteria detected by the EUB338 probe. The EUB338 counts in the intestinal epithelium (100× magnification) or pancreas (100×
magnification) per field were quantified. *means P < 0.05 **means P < 0.01 ***means P < 0.001 ns means P > 0.05.
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COS supplementation modulated the gut microbiota composition
in SAP
Gut dysbiosis is closely associated with the progression of SAP [2].
To investigate the changes in the intestinal microbial in SAP, we
performed 16S RNA sequencing of mouse fecal DNA. Principal
component analysis (PCoA) revealed that the gut microbiota
composition of the COS-treated group was clearly different from
that of the SAP group (Fig. 7a). The macrobiotic diversity in the
SAP-treated mice exhibited a profound decrease compared with
that in the CON mice, which was demonstrated by the lower
rarefaction data (shown by Shannon index) (Fig. 7b). However, the
decreased diversity in mice with SAP was partly rescued by
supplementation with COS. We further investigated the alterations
in the composition of the gut microbiota at different taxonomic
levels. LEfSe analysis was applied to identify the bacteria that were
altered. The results showed that the composition of the gut
microbiota was greatly altered from the phylum level to the genus
level in the SAP and COS/SAP groups (Fig. 7c). Bacteroidetes and
Firmicutes were found to be two dominant bacteria at the phylum
level (Fig. 7d). After the induction of SAP, the abundance of
Firmicutes was markedly increased, while the abundance of
Bacteroidetes was decreased (Fig. 7e), leading to an increase in
the Firmicutes/Bacteroidetes ratio that could be reversed by COS
supplementation.
At the genus level, the results demonstrated that some

probiotics, such as norank_f_Muribaculaceae and Akkermansia
were increased in the mice supplemented with COS (Fig. 8a).
Moreover, Desulfovibrio and Dubosiella, known proinflammatory
bacteria, were increased in the SAP group (Fig. 8a), and this
increase was significantly reversed by COS supplementation. In
addition, Escherichia–Shigella and Enterococcus, which are closely
correlated with SAP progression [3], were also increased in the
SAP group. COS supplementation significantly reduced the
abundance of these genera to levels similar to those in the CON
group (Fig. 8a).
As microbial metabolites, we also detected the concentrations

of SCFAs in the different groups (Fig. 8b, c). COS supplementation
significantly elevated the levels of SCFAs, including propionic acid,
acetic acid, butyric acid and their sum, in the mice with or without
SAP. Collectively, our results indicated that COS supplementation

could regulate the composition of the gut microbiota and
enhance the production of SCFAs to protect the gut barrier.
To further confirm the importance of the gut microbiota in the

therapeutic effects of COS in SAP, we transplanted the fecal
microbiota of COS-fed mice to mice depleted of gut bacteria
(Fig. S5a) and then induced SAP. Our results showed that
pancreatic injury (assessed by histopathology and serum amylase)
was markedly decreased in mice receiving feces from the COS-fed
mice compared with those receiving feces from the saline-treated
mice (Fig. S5b, c).
RDA, also known as redundancy analysis, is a PCA constrained

by environmental factors. Samples and environmental factors can
be reflected on the same two-dimensional sequence diagram,
from which the relationship between sample distribution and
environmental factors can be intuitively seen. RDA of the
microbiota at the genus level showed that the gut microbiota in
the COS/SAP group were positively related to Nrf2 expression and
total SCFA concentration, while those in the SAP group were
closely related to TLR4 expression (Fig. 9), indicating that COS
mediates signaling pathways partly by reshaping the gut
microbiota.

DISCUSSION
In this study, we determined the protective effects of chitosan oli-
gosaccharides (COS) against caerulein-induced SAP in mice from
different aspects. We demonstrated that COS supplementation
not only modulated the TLR4/NF-κB and Nrf2 signaling pathways
in the pancreas but also protected the integrity of the intestinal
epithelial barrier by restoring intestinal permeability, reshaping
the intestinal flora and enhancing SCFA production. Moreover,
intestinal injury during SAP was ameliorated by reduced bacterial
translocation, thus attenuating pancreatitis. Therefore, the anti-
oxidant capacity of COS and its ability to maintain intestinal
homeostasis contribute to the alleviation of acute pancreatitis.
It has been widely verified that gut microbiota dysbiosis is

critical for the development of SAP, for the stimulation of innate
and adaptive immunity and for contributing to intestinal barrier
dysfunction [3]. Because of their abilities to preserve intestinal
barrier integrity and maintain gut microbiota homeostasis,

Fig. 5 COS protected the integrity of the intestinal barrier and reduced intestinal permeability in SAP. Photomicrographs of (a) Occludin,
(b) Claudin1 and (c) ZO-1 immunofluorescence in the ileum (200× magnification). d The level of FITC-dextran was detected. The data are
provided as the mean ± SEM (n= 6 per group). *means P < 0.05, **means P < 0.01, ***means P < 0.001 ns means P > 0.05.
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prebiotics have been considered a prospective treatment for SAP
[25]. For instance, a plethora of evidence has shown that early
enteral nutrition with probiotic supplementation conclusively
prevents gut dysbiosis, reduces infection rates and improves
clinical outcomes [26]. As a prebiotic with full solubility, COS has
been associated with various health-promoting effects, including
regulating glucose and lipid metabolism, promoting calcium
absorption and maintaining gut barrier integrity [27, 28]. More-
over, COS has the ability to reshape the gut microbiota and reduce
intestinal damage in mice, thus improving diabetes status [12]. To
date, whether COS could be a potential candidate for the
treatment of SAP has not been determined. Therefore, we
conducted a study to investigate the direct mechanism of COS
in pancreatitis, and this was the first study of the use of COS in
pancreatitis.
During SAP, the disrupted pancreatic acinar cells and activated

inflammatory cells that infiltrate into the pancreas release high
amounts of oxidants, such as ROS, and decrease the release of
antioxidants, leading to exacerbated damage due to the original
injury [29, 30]. The substantial antioxidative capacity of COS has
been demonstrated in various disease models [31]. Our results
also verified that COS inhibited oxidative stress in the mice with

SAP, as shown by the reduced MDA levels and increased SOD
levels. Previous studies demonstrated that ROS-related injury in
pancreatitis could be prevented by activating the Nrf2/HO-
1 signaling pathway [29, 32]. Increasing evidence indicates that
the induction of Nrf2/HO-1 is closely related to many kinase
signaling pathways, such as the p38 MAPK pathway [33].
Inhibiting the MAPK signaling pathway could reverse the
upregulation of Nrf2/HO-1 [34]. Consistent with these studies,
our results first showed that COS treatment could increase Nrf2/
HO-1 partly through the MAPK pathway in a pancreatitis model.
Previous studies have shown that the intestine is the organ that

is most easily affected during pancreatitis [35]. The damaged
intestinal barrier provides favorable conditions for bacterial
translocation, which exacerbates the original injury to the
pancreas [36]. Many studies have shown that protecting the
intestinal barrier is closely related to the prognosis of acute
pancreatitis [37]. In the current study, the decreased number of
necrotic IECs and the enhanced expression of intestinal tight
junction proteins (Occludin and Claudin1) in the COS-
supplemented groups suggested the beneficial effects of COS
on the integrity of the physical intestinal barrier, thus attenuating
intestinal permeability and preventing bacterial translocation.

Fig. 6 COS supplementation downregulated proteins in the TLR4/MyD88/NF-κB and MAPK pathways and upregulated proteins in the
Nrf2/Ho-1 pathway in the pancreas. The protein levels of (a) TLR4, MyD88, p-NF-κB, (b) Nrf2, HO-1 and β-tubulin, (c) p-ERK, ERK, p-JNK,
JNK, p-p38, and p38 in the pancreas were analyzed by Western blotting (WB). The relative protein levels were quantified. The data are
provided as the mean ± SEM (n= 6 per group). *means P < 0.05 **means P < 0.01 ***means P < 0.001 ns means P > 0.05.
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The translocation of bacteria and endotoxins due to SAP-
associated intestinal barrier injury is key to causing secondary
damage and further leading to SIRS [22]. Consistent with previous
studies [38], the TLR4/NF-κB pathway, which leads to a proin-
flammatory cascade in immune cells after recognizing lipopolysac-
charide (LPS) from translocated bacteria, was downregulated in both
the intestine and pancreas in the COS/SAP group. A similar decline
in the inflammatory levels was shown by the decreased inflamma-
tory cytokine production in the COS supplementation group,

indicating that COS alleviates the LPS-induced inflammatory
response partly by suppressing the TLR4/NF-κB signaling pathway.
Consistent with previous studies, we demonstrated that COS

also had the ability to increase the production of SCFAs [12].
SCFAs, mainly including acetate, propionate and butyrate, are
important fermentation products of the gut microbiota and serve
as effectors of biological activities, such as increasing energy
expenditure and metabolic parameters and regulating immune
responses [39, 40]. Not restricted to the intestine, the beneficial

Fig. 7 COS supplementation modulated the gut microbiota composition in SAP. a Principle coordination analysis (PCoA) based on OTU
abundance. b α-diversity analysis between four groups using the Shannon index. c The cladograms generated by LEfSe show the differences
in the taxa between the four groups (from the phylum level to the genus level). d The taxonomic composition distribution among the
three groups of feces at the phylum level. e The relative abundances of Firmicutes and Bacteroidetes are shown (phylum level). The data are
provided as the mean ± SEM (n= 6 per group). *P < 0.05 **P < 0.01 ***P < 0.001 ns means P > 0.05.
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effects of SCFAs, such as acetate and propionate, extend to
peripheral regions of the body by entering into circulation. SCFAs
have been shown to reduce inflammation of the pancreas [41]. In
this study, the increased amount of SCFAs in the COS group
suggested that the protective effect of COS was attributed to the
production of short-chain fatty acids.
Moreover, redundancy analysis showed that the gut microbiota in

the COS/SAP group are positively related to total SCFA concentra-
tion and Nrf2 expression, while those in the SAP group are closely
related to TLR4 expression, suggesting that COS regulates TLR4 and
Nrf2 partly through reshaping the gut microbiota.
Disruption of the gut microbiota has been associated with the

pathogenesis of both intestinal and extraintestinal disorders, such
as colitis and cardiovascular disease [42, 43]. Consistent with
previous reports that a loss of microbiome diversity is frequently
observed in patients with SAP, our current study showed that the
abundance of the intestinal flora and the composition of the gut
microbiota were significantly affected by SAP [3]. For example, at
the phylum level, Firmicutes sharply increased while Bacteroidetes
significantly decreased in the mice with SAP. Notably, treatment of
mice with COS exerted a profound protective effect on the gut
microbiota, preserving the abundance of the microbiota and

SCFA-producing bacteria in the mice with SAP. Moreover, our data
indicated that the induction of SAP caused a marked decrease in
norank_f_Muribaculaceae and Akkermansia, which are bacteria
thought to generate SCFAs. These results suggested that the
impairment of SCFA-producing bacteria might constitute a
primary mechanism of SAP and thus a potential therapeutic
target. In support of this notion, our results showed that at the
phylum level, COS supplementation significantly increased the
abundance of Bacteroidetes, bacteria that have been suggested to
maintain gut homeostasis and are positively correlated with the
production of propionate [44]. An elevated Firmicutes/Bacteroi-
detes ratio has been observed in some inflammatory conditions,
such as diabetes, obesity and high-fat diet treatment [12, 45, 46]. A
similar trend was observed in our mice with SAP, and this trend
could be markedly reversed by COS pretreatment, indicating the
anti-inflammatory capacity of COS. Furthermore, at the genus
level, our results showed that COS supplementation markedly
increased norank_f_Muribaculaceae and Akkermansia and caused
a dramatic decrease in Desulfovibrio, Dubosiella, Enterococcus and
Escherichia–Shigella, indicating that COS creates an intestinal
microbiological environment that is conducive to the growth of
probiotics and that inhibits the growth of pathogenic bacteria.

Fig. 8 COS treatment affected the abundance of intestinal bacterial flora and SCFAs. a The relative abundances of norank_f_Muribaculaceae,
Akkermansia, Desulfovibrio, Dubosiella, Enterococcus and Escherichia–Shigellaare shown (genus level). b, c The fecal levels of SCFAs (acetic acid,
propionic acid, and butyric acid and their sum) in the four groups of mice were measured by GC-MS, and the data are provided as the mean ± SEM
(n= 6 per group). *means P < 0.05 **means P < 0.01 ***means P < 0.001 ns means P > 0.05.
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As a recognized probiotic, Akkermansia was proven to degrade
mucin and release SCFAs, and the consumption of intestinal
mucus stimulates goblet cells to secrete more mucin to
strengthen the physical gut barrier, leading to a reduced level of
endotoxemia [47]. Moreover, by interacting with intestinal
epithelial cells, Akkermansia shows great potential in improving
insulin resistance and alleviating obesity [48]. We hypothesized
that supplementation with COS maintained intestinal barrier
integrity and reduced bacterial translocation mainly by increasing
the abundance of Akkermansia. Norank_f_Muribaculaceae also
serves as a potential probiotic, has been proven to be correlated
with propionate concentration, and promotes the fermentation of
dietary fiber in the intestine [49]. COS enhanced the anti-
inflammatory capacity of the intestinal microbiota by reducing
proinflammatory bacteria, such as Desulfovibrio and Dubosiella.
The increase in the abundance of several kinds of pathogens,

including Escherichia–Shigella and Enterococcus, was closely related
to the severity of AP [3]. Escherichia–Shigella are gram-negative
bacteria and can produce endotoxins, such as LPS, which leads to a
severe inflammatory response by binding to receptors such as TLR4
on intestinal epithelial cells [17]. As a dominant intestinal microbial
species in SAP, Enterococcus could serve as a predictor of the gut
microbiota abundance in SAP [50]. As bacteria known to be involved
in SAP, both Enterococcus and Escherichia–Shigella are closely related
to intestinal oxidative stress. Research has shown that the
abundance of Escherichia–Shigella is positively correlated with the
production of ROS, and more Escherichia–Shigella are observed
under high oxidation levels [51, 52]. Enterococcus was proven to play
a dominant role in generating extracellular superoxide and
intracellular ROS because of the incomplete respiratory chain, which
contributes to critical damage to cellular DNA [53, 54]. According to
these studies, we speculated that the level of oxidative stress in SAP
was partly caused by the abnormally increased abundance of
Enterococcus and Escherichia–Shigella, and COS administration
protected the intestinal barrier from oxidative stress by decreasing
the abundance of these genera.

CONCLUSION
The present study found that supplementation with COS
ameliorated the severity of pancreatic injury, prevented intestinal

barrier disruption and reduced inflammatory and oxidative injury
in SAP. The protective mechanism was partly attributed to the
reshaping of the gut microbiota and the regulation of the TLR4
and Nrf2/HO-1 pathways. Recently, the protective effects of COS
have attracted public interest, and our study provided experi-
mental evidence for further clinical strategies.
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