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Abstract
Background  Acute severe pancreatitis (SAP) is a severe acute abdominal disease, which can lead to pancreatic infection and 
necrosis as well as distant organ damage. Bone marrow mesenchymal stem cells (BMSCs) can exert anti-inflammatory effect 
on SAP, while NLRP3 inflammasomes play an important role in the inflammatory response. This study aimed to investigate 
whether BMSCs exert anti-inflammatory effect on SAP by inhibiting NLRP3 inflammasome.
Methods  The rat SAP model was established. Serum amylase, lipase and inflammatory factor levels were measured by 
ELISA, and the level of tissue injury was assessed by HE staining. The expression of NLRP3 inflammasome was detected 
by PCR, Western Blot and immunohistochemistry. ML385 was used to block Nrf2 pathway, aiming to investigate whether 
Nrf2 pathway was involved in the therapeutic effect of BMSCs on SAP by regulating NLRP3 inflammasome expression.
Results  In SAP rats, NLRP3 inflammasome was activated, which became more evident over time. After transplantation of 
BMSCs, the NLRP3 inflammasome expression decreased at both mRNA and protein levels, the serum levels of amylase, 
lipase and inflammatory factors decreased, and the pathological scores of the pancreas and lung were both improved. After 
blocking the Nrf2 pathway, the NLRP3 inflammasome expression increased in the injured pancreas and lung, and the inflam-
mation deteriorated, which inhibited the therapeutic effects of BMSCs on SAP.
Conclusion  The therapeutic effect of BMSC on SAP is at least partially ascribed to the inhibition of NLRP3 inflammasome, 
and Nrf2 pathway mediates the therapeutic effect of BMSC on SAP by inhibiting NLRP3 inflammasome.
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Introduction

Acute pancreatitis (AP) is a common acute abdominal 
disease. The annual incidence of AP worldwide is about 
15–45 /100,000 [1], and AP in about 20% of patients will 
progress into severe acute pancreatitis (SAP). Severe acute 

pancreatitis is characterised by persistent organ failure. The 
mortality of SAP patients is as high as 36–50% [2–4]. At 
present, conventional clinical treatments for SAP include 
analgesia, spasmolysis, fluid resuscitation and, nutritional 
support, etc. [5], but they fail to significantly halt the pro-
gression of SAP [6].

Bone marrow mesenchymal stem cells (BMSCs) are 
pluripotent stem cells with low immunogenicity. In recent 
years, other groups and our group have revealed that mes-
enchymal stem cells (MSCs) have the potential to promote 
the repair of injured pancreatic tissues, and MSCs may 
become promising therapeutic strategy for SAP. Our pre-
vious study has shown the therapeutic effect of BMSCs 
on SAP, which is related to the inhibition of inflamma-
tion and oxidative stress, paracrine, and inhibition of 
autophagy [7–9]. While all of these contributions can be 
used to explain the therapeutic effects of MSCs, but how 
MSCs put the brakes on the early stages of inflammation 
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in SAP needs to be further explored. In recent years there 
have been a number of views that the assembly of NLRP3 
inflammasome is a key event in the early progression of 
SAP [10, 11].

NLRP3 inflammasome is a best characterized pattern 
recognition receptor (PRR) in the innate immune response, 
and composed of a sensor (NLRP3 protein), a linker (ASC 
protein) and an effector (pro-caspase-1) [12]. ROS, mito-
chondrial DNA, mitochondrial phospholipid cardiolipin 
production, potassium efflux, cell volume change, calcium 
ion signal transduction and lysosomal damage have been 
found as key factors activating NLRP3 inflammasome 
[13]. Active NLRP3 inflammasome can recruit pro-cas-
pase-1, leading to the its cleavage into active caspase-1. 
The activated Caspase-1 converts IL-1β and IL-18 precur-
sors into mature IL-1β and IL-18, finally increasing the 
inflammatory response and causing injury [13].

It has been reported that Apocynin can inhibit NF-κB 
pathway and NLRP3 inflammasome to alleviate the pan-
creatic and lung injury in SAP [14]. In addition, indometh-
acin has also been proved to inhibit NLRP3 inflamma-
some, exerting therapeutic effect on SAP [15]. However, 
few study has been undertaken to investigate whether 
BMSCs exert therapeutic effect on SAP and promote the 
repair of pancreatic and lung tissues by inhibiting NLRP3 
inflammasome.

Materials and Methods

Animals

SD rats used in this study were purchased from Charles 
River Experimental Animal Co., Ltd. and housed in a spe-
cific pathogen free environment of the Science and Technol-
ogy Innovation Center of Shanghai Tenth People’s Hospital. 
BMSCs were collected from male SD rats aged 2–3 weeks. 
Male SD rats weighing about 200 g and aged 6–8 weeks 
were used to establish an animal model of SAP. This study 
was approved by the Experimental Animal Ethics Commit-
tee of Shanghai 10th People’s Hospital.

Separation, Culture and Identification of BMSCs

The separation, culture and identification of BMSCs were 
performed as previously reported [16]. The surface mark-
ers of BMSCs (CD34, CD90 and CD105) were detected by 
flow cytometry and cell differentiation potentials (adipose 
differentiation, osteogenic differentiation) were detected to 
identify BMSCs. Cells of the 3rd to 5th generations were 
used in the experiment.

SAP Animal Model and Experimental Design

As previously reported [7, 9], SAP animal model was 
established by retrograde injection of sodium taurocholate 
into the pancreatic duct. MCC950 (B7946, APExBIO) and 
ML385 (GC19254, GLPBIO) were dissolved in PBS to 
concentrations of 5 mg/mL and 1 mg/mL, respectively, and 
used to specifically block NLRP3 inflammasome and Nrf2 
[17, 18]. SD rats were randomly divided into 8 groups: 
(1) normal control group (NC, n = 6): rats were routinely 
fed without any treatment; (2) Sham group (Sham, n = 6): 
rats received laparotomy, and the wound was immediately 
closed without other treatment; (3) SAP group (n = 18): 
rats received retrograde injection of sodium taurocholate 
into the pancreaticobiliary duct to induce SAP, but no other 
treatments were administered. (4) PBS group (SAP + PBS, 
n = 6): SAP rats were injected with 1 × PBS solution (the 
volume was equal to that of BMSC suspension) through 
the tail vein about 6 h after the establishment of animal 
model; (5) MSC treatment group (SAP + BMSCs, n = 6): 
SAP rats were injected with BMSCs (1 × 107 cells/rat) in 
200 µl of 1× PBS; (6) MCC950 group (SAP + MCC950, 
n = 6): SAP rats were intraperitoneally injected with 
MCC950 (50 mg/kg) 1 h before the establishment of ani-
mal model. (7) ML385 group (SAP + ML385, n = 6): rats 
received intraperitoneal injection of ML385 (5 mg/kg) 2 
h before the establishment of animal model; (8) ML385 
and BMSCs group (SAP + BMSCs + ML385, n = 6): rats 
were pretreated with ML385, and then animal model was 
established, followed by treatment with BMSCs (1 × 107 
cells/rat). All rats were routinely housed after treatment. 
Six rats in SAP group were killed at 24 and 48 h after the 
establishment of animal model, and the pancreas tissues 
were collected. The remaining rats were killed at 3 days 
after treatment, and the pancreas, lung, small intestine and 
blood were collected for further analysis.

Biochemical Examinations

Serum levels of amylase (starch-iodine colorimetric method) 
and lipase test (colorimetric method) were detected using 
the corresponding kits from Nanjing Jiancheng Company. 
EILSA kit (R&D Systems) was used to determine the serum 
or tissue levels of TNF-α, IL-1 β, IL-6, IL-10 and IL-18.

Pathological Scoring

Five sections were obtained from each rat, and indepen-
dently by two pathologists under a light microscope. Three 
fields were randomly selected from each section.
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Pathological Scoring of Pancreatic Tissues

The pancreatic tissues were scored as follows (Table 1): total 
score = cell necrosis (0–4) + tissue swelling (0–4) + inflam-
matory cell infiltration (0–4) and tissue vacuolar degenera-
tion (0–4).

Pathological Scoring of Lung and Intetissues

The lung injury was evaluated by alveolar and interstitial 
edema, inflammatory cell infiltration, alveolar hemorrhage 
and atelectasis. Intestinal injury evaluated by the degree of 
intestinal villi and lamina propria damage. The specific cri-
teria are shown in Tables 2 and 3.

qRT‑PCR

The mRNA sequence of target genes were searched in 
Gene Bank, and their specificity was validated through 

blast detection. Primers used for PCR were synthesized 
in Shanghai Sangon Biotech (Table 4), and GAPDH was 
used as the internal reference.

Table 1   Criteria for pathological scoring of pancreatic tissues

Score Tissue swelling Cell necrosis Inflammatory cell infiltration Vacuolar degeneration

0 No No No No
1 Diffused dilation of interlobular septum 1–5 cells/field Around pancreatic duct Around pancreatic duct, < 5%
2 Diffused dilation of interlobular septum 6–10 cells/field Interlobular, < 50% 5–20%
3 Diffused dilation of acinar septum 11–15 cells/field Interlobular, 50-75% 20–50%
4 Diffused dilation of cellular septum > 15 cells/field Interlobular, > 75% > 50%

Table 2   Criteria for pathological scoring of lung tissues

Score Criteria

0 Normal alveolar cavity without atelectasis and inflammatory cell infiltration
1 Area of atelectasis less than 15% of the field, area of alveolar space more than 85%, and infiltration of a small amount of inflammatory 

cells
2 Area of atelectasis between 25% and 50%, area of alveolar space between 50% and 75%, and infiltration of a small amount of inflam-

matory cells
3 Area of atelectasis between 50% and 75%, area of alveolar space between 25% and 50%, and infiltration of some inflammatory cells
4 Area of atelectasis larger than 75%, area of alveolar space less than 25%, and infiltration of a lot of inflammatory cells

Table 3   Criteria for 
pathological scoring of intestine 
tissues

Score Criteria

0 Normal intestinal mucosal villi
1 Intestinal villous oedema
2 Separation of the intestinal epithelium from the lamina propria
3 Accompanied by apical partial exfoliation of the intestinal villi on a 2-point basis
4 Exfoliation of the intestinal villi exposing the lamina propria with capillary dilatation
5 Loss of intestinal lamina propria with intestinal bleeding and ulceration

Table 4   Primers used in qRT-PCR

Gene Sequence (sense, antisense:5′-3′)

NLRP3 GGA​GTG​GAT​AGG​TTT​GCT​GG
GGT​GTA​GGG​TCT​GTT​GAG​GT

Caspase1 TTT​CCG​CAA​GGT​TCG​ATT​TTCA​
GGC​ATC​TGC​GCT​CTA​CCA​TC

Pro-caspase1 GTG​GAG​AGA​AAG​AAG​GAG​TGGT​
GAT​GAG​TGA​CTG​AAT​GAA​GAGG​

ASC GGA​GGG​GTA​TGG​CTT​GGA​G
TGA​GTG​CTT​GCC​TGT​GTT​GGT​

GAPDH CGC​TAA​CAT​CAA​ATG​GGG​TG
TTG​CTG​ACA​ATC​TTG​AGG​GAG​
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Immunohistochemistry

The deparaffinized sections were incubated with 3% hydro-
gen peroxide for 30 min, and then with citric acid buffer. 
After antigen retrieval in boiling water for 10 min, sec-
tions were treated with anti-NLRP3 (1:100), anti-Cas-
pase1 (1:100) or anti-Nrf2 antibody (1:100) overnight at 
4 °C. Sections were rinsed with PBS and incubated with 

peroxidase-labeled secondary antibody at room tempera-
ture for 1 h. Finally, sections were subjected to staining 
with 3,3′- diaminobenzidine tetrahydrochloride (DAB) and 
hematoxylin. After mounting, sections were scored by two 
pathologists independently under a light microscope. Any 
discrepancy was resolved by consulting the third party.

Fig. 1   NLRP3 inflammasome was activated in pancreatic tissues of 
SAP rats. A–D mRNA expression of NLRP3, Pro-caspase1, Caspase1 
and ASC E–I Protein expression of NLRP3, Pro-caspase1, Caspase1 

and ASC. *p < 0.05, **p < 0.01 and ***p < 0.001(vs NC group and 
Sham group)
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Western Blotting

Total protein and nuclear protein were extracted with cor-
responding kits (Nanjing Jiancheng Company). Protein 
concentration was determined with BCA method accord-
ing to the manufacturer’s instructions (Yamei Company). 
The gel was cut according to the molecular weight of mark-
ers. LaminB1 was used as the internal reference for nuclear 

protein and GAPDH as the internal reference for other pro-
teins. Proteins were separated with a constant current at 400 
mA and then transferred to the NC membrane, which was 
then blocked in 5% non-fat milk for 1 h. The membrane was 
incubated with primary antibody at 4 °C overnight, rinsed 
with TBST for 3 times, and incubated with the second anti-
body at room temperature for 1 h. After rinsing with TBST 
for 3 times, the protein bands were visualized with Odyssey 

Fig. 2   MCC950 treatment and BMSC transplantation inhibited 
NLRP3 inflammasome in the pancreatic tissues of SAP rat. A–D 
mRNA expression of NLRP3, Pro-caspase1, Caspase1 and ASC E–I 

Protein expression of NLRP3, Pro-caspase1, Caspase1 and ASC J 
Expression of IL-18, a production of NLRP3 inflammasome. *p < 
0.05, **p < 0.01 and ***p < 0.001 (vs SAP group)
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XL scanner and the optical density was determined for each 
band.

Statistical Analysis

Data from at least three detections were used for analysis. 
Data are expressed as mean ± standard deviation (SD). 
Statistical analysis was performed with GraphPad 8.0. 
Comparisons were done with one way analysis of vari-
ance among groups. Data without homogeneity of vari-
ance were compared with nonparametric test. Student t 
test was used for the comparisons between two groups. A 
value of p < 0.05 was considered statistically significant.

Results

NLRP3 Inflammasome Was Activated in Pancreatic 
Tissues of SAP rats

Rats were killed at 24 h, 48h and 72 h after the estab-
lishment of SAP rat model, and pancreatic tissues were 
collected for analysis. qRT-PCR showed that the mRNA 
expression of NLRP3, Pro-caspase1, Caspase1 and ASC 

in the pancreatic tissue of SAP group increased signifi-
cantly as compared to the NC group and Sham group, 
and their expression increased gradually over time 
(Fig. 1a–d). The protein expression of NLRP3, Pro-cas-
pase1, Caspase1 and ASC in the pancreatic tissues was 
similar to that in qRT-PCR (Fig. 1e–i).

MCC950 and BMSCs Transplantation Reduced NLRP3 
Inflammasome in the Pancreatic Tissues of SAP rats

As compared to SAP group, MCC950 treatment or 
BMSCs transplantation significantly reduced the mRNA 
expression of NLRP3, Pro-caspase1, Caspase1 and ASC 
in the pancreatic tissues of SAP rats (Fig. 2a–d). West-
ern Blotting showed the protein expression of NLRP3, 
Pro-caspase1, Caspase1 and ASC in the pancreatic tis-
sues of SAP + MCC950 group and SAP + BMSCs group 
was markedly lower than in the SAP group (Fig. 2e–i). In 
addition, both MCC950 treatment and BMSCs transplan-
tation could effectively reduce the expression of IL-18, a 
product of inflammasome (Fig. 2j).

Fig. 3   MCC950 treatment and BMSC transplantation attenuated pan-
creatic injury and inflammation in SAP rats. A, B serum levels of 
amylase and lipase C pathological score of pancreatic tissues D HE 
staining of pancreatic tissues (200×) E–H expression of TNF-α, IL-6, 

IL-1β and IL10. ***p < 0.001 (vs NC group and Sham group);#p 
< 0.05, ##p < 0.01 and ###p < 0.001 (vs SAP group and SAP+PBS 
group); NS, no significant difference
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MCC950 Treatment and BMSC Transplantation 
Attenuated Pancreatic Injury and Inflammation

The serum levels of amylase and lipase in the SAP rats were 
significantly higher than in the NC and Sham groups. As 
compared to the SAP group, MCC950 treatment and BMSCs 
transplantation effectively reduce the serum levels of amyl-
ase and lipase (Fig. 3a and b). Pathological examination of 

pancreatic tissues showed that BMSCs transplantation effec-
tively reduced the tissue edema, inflammatory cell infiltra-
tion, cell necrosis and other pathology caused by SAP, and 
MCC950 treatment achieved similar effects (Fig. 3c and d). 
Compared with NC and Sham groups, the serum levels of 
pro-inflammatory factors TNF-α, IL-6 and IL-1β increased 
significantly in the SAP group, but IL-10 level reduced 

Fig. 4   Blocking Nrf2 attenuated the inhibition of NLRP3 inflamma-
some in the pancreatic tissues of SAP after BMSC transplantation. A, 
B mRNA expression of NLRP3 and Caspase1. C–F Protein expres-
sion of nuclear-Nrf2, NLRP3 and Caspase1 in the pancreatic tissues 

G Nuclear Nrf2 positive rate H Immunohistochemistry for Nrf2 and 
NLRP3. ***p < 0.001 vs Sham group; #p < 0.05, ###p < 0.001 vs 
SAP; $p <0 .05, $$p < 0.01, $$$p < 0.001 vs SAP+BMSCs group; @p 
< 0.05; @@@p < 0.001 vs SAP group
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markedly. Transplantation of BMSCs significantly reduce 
inflammatory factors (TNF-α, IL-6 and IL-1β) and increase 
the IL-10 expression. In addition, MCC950 treatment also 
reduced IL-6 and IL-1β and increase the IL-10 expression, 
but had no influence on the TNF-αexpression (Fig. 3e–h).

Blocking Nrf2 Compromised the Inhibition of NLRP3 
Inflammasome in the Pancreatic Tissues of SAP Rats 
After BMSC Transplantation

The Nrf2 was inhibited with ML385 to further investi-
gate the possible pathway underlying the therapeutic 
effect of BMSCs transplantation on the inflammasome 
in SAP rats. Results showed that, compared with SAP 

Fig. 5   BMSC transplantation attenuated intestine injury and inflam-
mation of SAP rats. A–D expression of TNF-α, IL-1β, IL-6, and 
IL-18 E small intestine pathological score F HE staining of intestine 

tissues. ***p < 0.001 vs Sham group; #p < 0.05, ##p < 0.01, ###p < 
0.001 vs SAP group; @p < 0.05; @@p < 0.01; @@@p < 0.001 vs SAP 
group; $p < 0.05, $$p < 0.01 vs SAP+BMSCs group

Fig. 6   BMSC transplantation attenuated lung injury and inflamma-
tion of SAP rats, but blocking Nrf2 compromised these protective 
effects of BMSC transplantation. A–C expression of TNF-α, IL-1β 
and IL-6 D MPO expression E lung pathological score F HE staining 

of lung tissues. ***p < 0.001 vs Sham group; #p < 0.05, ##p < 0.01, 
###p < 0.001 vs SAP group; @p<0.05; @@p<0.01; @@@p< 0.001 vs 
SAP group; $p < 0.05, $$p < 0.01 vs SAP+BMSCs group
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group and SAP + BMSCs group, the mRNA expres-
sion of NLRP3 and Caspase-1 in the pancreatic tis-
sues increased significantly in the SAP + ML385 group 
and SAP + BMSCs + ML385 group after blocking Nrf2 
(Fig. 4a and b). Western blotting and immunohistochem-
istry also showed that the expression of NLRP3 and Cas-
pase-1 in the pancreatic tissues increased after blocking 
Nrf2 (Fig. 4c and e, f, h). In addition, nuclear protein 
detection and immunohistochemistry revealed that the 
Nrf2 expression in the acinar nuclei significantly increased 
after BMSCs transplantation, while ML385 attenuated the 
effect of BMSCs (Fig. 4c, d and g, h).

BMSCs Transplantation Attenuated Lung 
and Intestine Injury of SAP Rats, but Blocking Nrf2 
Compromised the Protective Effects of BMSCs 
Transplantation

ELISA was employed to detect the inflammatory cytokines 
in the lung and small intestine. Results showed the expres-
sion of TNF-α, IL-1β and IL-6 in the lung and intestine 
increased significantly in the SAP group, but was reduced 
after BMSCs transplantation (Figs. 5a–c and 6a–c). In 
addition, BMSCs transplantation could effectively reduce 
the expression of IL-18 in small intestine tissue (Fig. 5d). 
MPO measurement was used to assess the infiltration of 
neutrophils in the lung. Results showed the MPO expres-
sion in the lung of SAP group and SAP + BMSCs group 
reduced significantly as compared to SAP group (Fig. 6d). 

As compared to SAP group, BMSC transplantation could 
markedly reduce the lung and intestine pathological score 
in SAP rats (Figs. 5e and f and 6e and f). In addition, 
ML385 deteriorated the lung inflammation in the SAP rats 
and compromised the protective effects of BMSC trans-
plantation on the lung injury secondary to SAP (Fig. 6).

BMSCs Transplantation Reduced NLRP3 
Inflammasome in the Lung of SAP Rats, but Blocking 
Nrf2Compromised the Protective Effects of BMSC 
Transplantation

As compared to SAP group, the protein expression of NLRP3 
and Caspase-1 reduced significantly in the SAP + BMSCs. 
In the presence of Nrf2 blocking with ML385, the protein 
expression of NLRP3 and Caspase-1 increased in SAP rats 
receiving BMSCs transplantation (Fig. 7a, b, d and e). In 
addition, BMSCs transplantation induced the nuclear Nrf2 
expression, but ML385 treatment reduced the nuclear Nrf2 
expression (Fig. 7b, c).

Discussion

Inflammatory cytokines play an important role in the occur-
rence and development of SAP [19–21]. Reducing the 
release of inflammatory cytokines is key to the SAP treat-
ment. Numerous studies have confirmed the anti-inflam-
matory effects of BMSCs on the SAP. Our previous study 
[22] also confirmed that transplantation of mesenchymal 

Fig. 7   BMSCs transplantation reduced NLRP3 inflammasome in 
the lung of SAP rats, but blocking Nrf2 compromised the protec-
tive effects of BMSCs transplantation. A Immunohistochemistry for 
NLRP3 B–E protein expression of nuclear Nrf2, NLRP3 and Cas-

pase-1 in the lung. ***p < 0.001 vs Sham group; #p < 0.05, ##p < 
0.01, ###p < 0.001 vs SAP group; @p < 0.05; @@p < 0.01; @@@p < 
0.001 vs SAP group; $p < 0.05, $$p < 0.01 vs SAP+BMSCs group
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stem cells significantly reduced the inflammatory cytokines 
(TNF-α, IL-1 β and IL-6) in SAP rats, but increased anti-
inflammatory cytokines (IL-4 and IL-10), exerting thera-
peutic effects on the SAP. In a study of Zhao et al. [23], 
MSCs transplantation significantly reduced the expression 
of TNF-α and IL-1βin the pancreas and lung. However, 
the specific anti-inflammatory mechanism underlying the 
protective effects of BMSCs transplantation on the SAP 
remains to be further studied. Studies have shown that [24, 
25], NLRP3 inflammasome plays a crucial role in the SAP 
induced inflammation, and the degree of NLRP3 inflamma-
some activation is closely related to the outcome of SAP. 
Hou et al. [26] found that T-614 exert protective effects on 
the experimental SAP through anti-inflammatory activity, 
which is manifested as inhibition of NLRP3 inflammasome 
and NF-κB. Sheng et al. [27] found that procyanidin could 
reduce ROS, inhibit NLRP3 inflammasome and suppress M1 
macrophage polarization to exert protective effects on mouse 
SAP. This study was undertaken to investigate whether 
BMSCs transplantation could exert anti-inflammatory effect 
on SAP via inhibiting NLRP3 inflammasome.

Our results showed that NLRP3 inflammasome was acti-
vated in SAP rat model, and the degree of NLRP3 inflamma-
some activation increased over time. As a specific inhibitor 
of NLRP3 inflammasome, MCC950 has definite inhibitory 
effect on NLRP3 inflammasome [28]. Results confirmed that 
MCC950 could effectively alleviate the pancreatic injury and 
inflammation of SAP rats, and thus we speculate that NLRP3 
inflammasome plays an important role in the occurrence and 
development of SAP. In addition, BMSCs transplantation 
exerted effects similar to MCC950 in SAP: BMSCs trans-
plantation inhibited the expression of NLRP3 inflammasome 
and related factors, and the expression of IL-18 and IL-1β 
(end product of NLRP3 inflammasome) reduced signifi-
cantly. However, the results of pancreatic injury suggest that 
simply inhibiting the assembly of NLRP3 inflammasome 
early in SAP does not rival the therapeutic effect of MSCs. 
This finding indicated that BMSC transplantation improves 
SAP at least partially through inhibiting NLRP3 inflamma-
some. Moreover, our results showed MCC950 pretreatment 
failed to significantly reduce TNF- α expression, which 
might be ascribed as that MCC950 specifically inhibits the 
NLRP3 inflammasome and has no influence on the AIM2, 
NLRC4 and NLRP1 inflammasome activation. Our results 
were consistent with previously reported [17].

Nrf2 (nuclear factor erghroid 2-like 2) is a major tran-
scription factor that can regulates the expression of a variety 
of cytoprotective genes and involved in the regulation and 
control of expression of metabolic enzymes, antioxidant 
stress and detoxification [29]. ROS is one of the important 
pathways influenced by NLRP3 inflammasome activation 
[30]. Nrf2 pathway has been proved to be closely related 

to the production and accumulation of ROS in SAP [31]. 
Therefore, we further explored whether Nrf2 related path-
way was involved in the NLRP3 inflammasome activation. 
ML385 is a new and specific Nrf2 inhibitor, and can inhibit 
the expression of downstream gene of Nrf2. In our experi-
ment, blocking Nrf2 with ML385 was found to up-regulate 
the expression of inflammasome-related factors in the pan-
creatic tissues of SAP rats, suggesting that Nrf2 pathway 
is involved in the regulation of inflammasome activation. 
BMSCs transplantation could induce the nuclear transloca-
tion of Nrf2. After blocking Nrf2, the inhibitory effect of 
BMSCs transplantation on the inflammasome was compro-
mised. This indicates that Nrf2 related pathway mediates 
the anti-inflammatory effect of BMSCs transplantation. In 
the animal model of cerebral ischemia-reperfusion injury, 
results showed Nrf2 could inhibit the activation of NLRP3 
inflammasome by regulating Trx3/TXNIP complex [32]. 
Nrf2/ARE pathway can inhibit the activation of NLRP3 
inflammasome in BV2 cells induced by inhibiting ROS [33]. 
The specific role of Nrf2 pathway in the inhibitory effect of 
BMSCs transplantation needs to be further studied (Fig. 7).

It has been reported that, in the early stage of SAP, 
inflammation can induce SIRS, further leading to distant 
organ injury and MODS [34], the incidence of MODS in 
early stage of SAP is as high as 50% [35], and MODS is a 
major cause of death. The most common and serious SIRS 
is SAP-related lung injury, which is mainly characterized 
by the increased permeability of endothelial and epithelial 
barrier, leakage of exudates into alveolar space and inter-
stitial lung, and the resultant pulmonary edema and gas 
exchange dysfunction [36]. Inflammatory cytokines (TNF- 
α, IL-1 βand IL-6) are key to the lung injury. TNF-α and 
IL-6 can recruit white blood cells into lung and intes-
tine tissues, and IL-1β It can induce the aggregation of 
monocytes and macrophages and accelerate the process 
of lung and intestine injury. MPO is a heme protein rich 
in neutrophils and has been used as a marker of neutrophil 
infiltration [37]. Our results showed BMSCs transplanta-
tion reduced the expression of pro-inflammatory cytokines 
in the lung, and inhibited the infiltration of neutrophils, 
exerting inhibitory effect on lung inflammation. In addi-
tion, blocking Nrf2 deteriorated lung inflammation and 
compromised the therapeutic effect of BMSCs transplan-
tation. This implies that the therapeutic effect of BMSCs 
transplantation is related to Nrf2 pathway.

Taken together, our study indicates that BMSCs can 
alleviate pancreatic injury and promote the repair of 
injured lung by inhibiting NLRP3 inflammasome in SAP 
rats. Moreover, Nrf2 pathway may be one of the regulatory 
pathway mediating the anti-inflamamtory effect of BMSCs 
transplantation on the inflammasome in SAP rats (Fig. 8).



145Digestive Diseases and Sciences (2024) 69:135–147	

1 3

Acknowledgments  We thank Zhengyu Hu, Wangchen Xie, and 
Zhilong Ma for their help with this article.

Author's contribution  ZS and ZX: Conceptualization and supervision; 
JG and WY: Data curation, Writing—original draft, formal analysis, 
methodology and software.

Funding  This work was supported by the Shanghai Fourth People’s 
Hospital discipline construction project (SY-XKZT-2022-1001) and the 
Research Project of Science and Technology Commission of Shanghai 
Municipality (No. 124119a3202).

Data availability   The data that supports the findings of this study are 
available in the article and in the Supporting Information.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Ethical approval    All animal experiments are approved by the 
Animal Ethics Committee of Shanghai Tenth People’s Hospital 
(SHDSYY-2022-2330).

Fig. 8   Mechanism figure: BMSCs may exert anti-inflammatory effects on SAP rats by inhibiting inflammasome assembly via Nrf2



146	 Digestive Diseases and Sciences (2024) 69:135–147

1 3

References

	 1.	 Boxhoorn L, Voermans RP, Bouwense SA, et al. Acute pancrea-
titis. Lancet. Sep 5 2020;396:726–734. doi:https://​doi.​org/​10.​
1016/​s0140-​6736(20)​31310-6

	 2.	 Granger J, Remick D. Acute pancreatitis: models, markers, and 
mediators. Shock. Dec 2005;24 Suppl 1:45–51. doi:https://​doi.​
org/​10.​1097/​01.​shk.​00001​91413.​94461.​b0

	 3.	 Mofidi R, Duff MD, Wigmore SJ, Madhavan KK, Garden OJ, 
Parks RW. Association between early systemic inflammatory 
response, severity of multiorgan dysfunction and death in acute 
pancreatitis. Br J Surg. Jun 2006;93:738–44. doi:https://​doi.​org/​
10.​1002/​bjs.​5290

	 4.	 Johnson CD, Abu-Hilal M. Persistent organ failure during the 
first week as a marker of fatal outcome in acute pancreatitis. 
Gut. Sep 2004;53:1340–4. doi:https://​doi.​org/​10.​1136/​gut.​2004.​
039883

	 5.	 Hines OJ, Pandol SJ. Management of severe acute pancreatitis. 
Bmj. Dec 2 2019;367:l6227. doi:https://​doi.​org/​10.​1136/​bmj.​
l6227

	 6.	 McKay CJ, Imrie CW. The continuing challenge of early mortality 
in acute pancreatitis. Br J Surg. Oct 2004;91:1243–4. doi:https://​
doi.​org/​10.​1002/​bjs.​4750

	 7.	 Ma Z, Song G, Zhao D, et al. Bone marrow-derived mesenchy-
mal stromal cells ameliorate severe acute pancreatitis in rats via 
hemeoxygenase-1-mediated anti-oxidant and anti-inflammatory 
effects. Cytotherapy. Feb 2019;21:162–174. doi:https://​doi.​org/​
10.​1016/j.​jcyt.​2018.​11.​013

	 8.	 Qian D, Gong J, He Z, et al. Bone Marrow-Derived Mesen-
chymal Stem Cells Repair Necrotic Pancreatic Tissue and 
Promote Angiogenesis by Secreting Cellular Growth Factors 
Involved in the SDF-1 α /CXCR4 Axis in Rats. Stem Cells Int. 
2015;2015:306836. doi:https://​doi.​org/​10.​1155/​2015/​306836

	 9.	 Song G, Ma Z, Liu D, et al. Bone marrow-derived mesenchymal 
stem cells attenuate severe acute pancreatitis via regulation of 
microRNA-9 to inhibit necroptosis in rats. Life Sci. Apr 15 
2019;223:9–21. doi:https://​doi.​org/​10.​1016/j.​lfs.​2019.​03.​019

	10.	 Li X, He C, Li N, et al. The interplay between the gut microbiota 
and NLRP3 activation affects the severity of acute pancreatitis 
in mice. Gut Microbes. Nov 1 2020;11:1774–1789. doi:https://​
doi.​org/​10.​1080/​19490​976.​2020.​17700​42

	11.	 Sendler M, van den Brandt C, Glaubitz J, et al. NLRP3 Inflam-
masome Regulates Development of Systemic Inflammatory 
Response and Compensatory Anti-Inflammatory Response 
Syndromes in Mice With Acute Pancreatitis. Gastroenterology. 
Jan 2020;158:253–269.e14. doi:https://​doi.​org/​10.​1053/j.​gastro.​
2019.​09.​040

	12.	 Sharma D, Kanneganti TD. The cell biology of inflammasomes: 
Mechanisms of inflammasome activation and regulation. J Cell 
Biol. Jun 20 2016;213:617–29. doi:https://​doi.​org/​10.​1083/​jcb.​
20160​2089

	13.	 Lamkanfi M, Dixit VM. Mechanisms and functions of inflam-
masomes. Cell. May 22 2014;157:1013-22. doi:https://​doi.​org/​
10.​1016/j.​cell.​2014.​04.​007

	14.	 Jin HZ, Yang XJ, Zhao KL, et al. Apocynin alleviates lung 
injury by suppressing NLRP3 inflammasome activation and 
NF-κB signaling in acute pancreatitis. Int Immunopharmacol. 
Oct 2019;75:105821. doi:https://​doi.​org/​10.​1016/j.​intimp.​2019.​
105821

	15.	 Lu G, Pan Y, Kayoumu A, et al. Indomethacin inhabits the 
NLRP3 inflammasome pathway and protects severe acute 
pancreatitis in mice. Biochem Biophys Res Commun. Nov 4 
2017;493:827–832. doi:https://​doi.​org/​10.​1016/j.​bbrc.​2017.​08.​
060

	16.	 Gong J, Meng HB, Hua J, et al. The SDF-1/CXCR4 axis regu-
lates migration of transplanted bone marrow mesenchymal stem 
cells towards the pancreas in rats with acute pancreatitis. Mol 
Med Rep. May 2014;9:1575–82. doi:https://​doi.​org/​10.​3892/​
mmr.​2014.​2053

	17.	 Coll RC, Robertson AA, Chae JJ, et al. A small-molecule inhibi-
tor of the NLRP3 inflammasome for the treatment of inflamma-
tory diseases. Nat Med. Mar 2015;21:248–55. doi:https://​doi.​
org/​10.​1038/​nm.​3806

	18.	 Li J, Deng SH, Li J, et  al. Obacunone alleviates ferropto-
sis during lipopolysaccharide-induced acute lung injury by 
upregulating Nrf2-dependent antioxidant responses. Cell Mol 
Biol Lett. Mar 19 2022;27:29. doi:https://​doi.​org/​10.​1186/​
s11658-​022-​00318-8

	19.	 Staubli SM, Oertli D, Nebiker CA. Laboratory markers pre-
dicting severity of acute pancreatitis. Crit Rev Clin Lab Sci. 
2015;52:273–83. doi:https://​doi.​org/​10.​3109/​10408​363.​2015.​
10516​59

	20.	 Minkov GA, Halacheva KS, Yovtchev YP, Gulubova MV. 
Pathophysiological mechanisms of acute pancreatitis define 
inflammatory markers of clinical prognosis. Pancreas. Jul 
2015;44:713–7. doi:https://​doi.​org/​10.​1097/​mpa.​00000​00000​
000329

	21.	 Akinosoglou K, Gogos C. Immune-modulating therapy in 
acute pancreatitis: fact or fiction. World J Gastroenterol. Nov 
7 2014;20:15200–15. doi:https://​doi.​org/​10.​3748/​wjg.​v20.​i41.​
15200

	22.	 Meng HB, Gong J, Zhou B, Hua J, Yao L, Song ZS. Therapeu-
tic effect of human umbilical cord-derived mesenchymal stem 
cells in rat severe acute pancreatitis. Int J Clin Exp Pathol. 
2013;6:2703–12.

	23.	 Zhao H, He Z, Huang D, et al. Infusion of Bone Marrow Mes-
enchymal Stem Cells Attenuates Experimental Severe Acute 
Pancreatitis in Rats. Stem Cells Int. 2016;2016:7174319. 
doi:https://​doi.​org/​10.​1155/​2016/​71743​19

	24.	 Ferrero-Andrés A, Panisello-Roselló A, Roselló-Catafau J, 
Folch-Puy E. NLRP3 Inflammasome-Mediated Inflammation 
in Acute Pancreatitis. Int J Mol Sci. Jul 29 2020;21 doi:https://​
doi.​org/​10.​3390/​ijms2​11553​86

	25.	 Gao L, Chong E, Pendharkar S, et al. The Effects of NLRP3 
Inflammasome Inhibition in Experimental Acute Pancreati-
tis: A Systematic Review and Meta-Analysis. Pancreas. Jan 1 
2022;51:13–24. doi:https://​doi.​org/​10.​1097/​mpa.​00000​00000​
001971

	26.	 Hou C, Zhu X, Shi C, et al. Iguratimod (T-614) attenuates severe 
acute pancreatitis by inhibiting the NLRP3 inflammasome and 
NF-κB pathway. Biomed Pharmacother. Nov 2019;119:109455. 
doi:https://​doi.​org/​10.​1016/j.​biopha.​2019.​109455

	27.	 Sheng LP, Han CQ, Ling X, Guo XW, Lin R, Ding Z. Proantho-
cyanidins suppress NLRP3 inflammasome and M1 macrophage 
polarization to alleviate severe acute pancreatitis in mice. J Bio-
chem Mol Toxicol. Feb 2023;37:e23242. doi:https://​doi.​org/​10.​
1002/​jbt.​23242

	28.	 Shen Y, Yang H, Wu D, Yang H, Hong D. NLRP3 inflamma-
some inhibitor MCC950 can reduce the damage of pancreatic 
and intestinal barrier function in mice with acute pancreatitis. 
Acta Cir Bras. 2022;37:e370706. doi:https://​doi.​org/​10.​1590/​
acb37​0706

	29.	 Hybertson BM, Gao B. Role of the Nrf2 signaling system 
in health and disease. Clin Genet. Nov 2014;86:447–52. 
doi:https://​doi.​org/​10.​1111/​cge.​12474

	30.	 Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 Inflammasome: 
An Overview of Mechanisms of Activation and Regulation. Int J 
Mol Sci. Jul 6 2019;20. doi:https://​doi.​org/​10.​3390/​ijms2​01333​
28

https://doi.org/10.1016/s0140-6736(20)31310-6
https://doi.org/10.1016/s0140-6736(20)31310-6
https://doi.org/10.1097/01.shk.0000191413.94461.b0
https://doi.org/10.1097/01.shk.0000191413.94461.b0
https://doi.org/10.1002/bjs.5290
https://doi.org/10.1002/bjs.5290
https://doi.org/10.1136/gut.2004.039883
https://doi.org/10.1136/gut.2004.039883
https://doi.org/10.1136/bmj.l6227
https://doi.org/10.1136/bmj.l6227
https://doi.org/10.1002/bjs.4750
https://doi.org/10.1002/bjs.4750
https://doi.org/10.1016/j.jcyt.2018.11.013
https://doi.org/10.1016/j.jcyt.2018.11.013
https://doi.org/10.1155/2015/306836
https://doi.org/10.1016/j.lfs.2019.03.019
https://doi.org/10.1080/19490976.2020.1770042
https://doi.org/10.1080/19490976.2020.1770042
https://doi.org/10.1053/j.gastro.2019.09.040
https://doi.org/10.1053/j.gastro.2019.09.040
https://doi.org/10.1083/jcb.201602089
https://doi.org/10.1083/jcb.201602089
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1016/j.cell.2014.04.007
https://doi.org/10.1016/j.intimp.2019.105821
https://doi.org/10.1016/j.intimp.2019.105821
https://doi.org/10.1016/j.bbrc.2017.08.060
https://doi.org/10.1016/j.bbrc.2017.08.060
https://doi.org/10.3892/mmr.2014.2053
https://doi.org/10.3892/mmr.2014.2053
https://doi.org/10.1038/nm.3806
https://doi.org/10.1038/nm.3806
https://doi.org/10.1186/s11658-022-00318-8
https://doi.org/10.1186/s11658-022-00318-8
https://doi.org/10.3109/10408363.2015.1051659
https://doi.org/10.3109/10408363.2015.1051659
https://doi.org/10.1097/mpa.0000000000000329
https://doi.org/10.1097/mpa.0000000000000329
https://doi.org/10.3748/wjg.v20.i41.15200
https://doi.org/10.3748/wjg.v20.i41.15200
https://doi.org/10.1155/2016/7174319
https://doi.org/10.3390/ijms21155386
https://doi.org/10.3390/ijms21155386
https://doi.org/10.1097/mpa.0000000000001971
https://doi.org/10.1097/mpa.0000000000001971
https://doi.org/10.1016/j.biopha.2019.109455
https://doi.org/10.1002/jbt.23242
https://doi.org/10.1002/jbt.23242
https://doi.org/10.1590/acb370706
https://doi.org/10.1590/acb370706
https://doi.org/10.1111/cge.12474
https://doi.org/10.3390/ijms20133328
https://doi.org/10.3390/ijms20133328


147Digestive Diseases and Sciences (2024) 69:135–147	

1 3

	31.	 Song YD, Liu YY, Li DJ, et al. Galangin ameliorates severe 
acute pancreatitis in mice by activating the nuclear factor 
E2-related factor 2/heme oxygenase 1 pathway. Biomed Phar-
macother. Dec 2021;144:112293. doi:https://​doi.​org/​10.​1016/j.​
biopha.​2021.​112293

	32.	 Hou Y, Wang Y, He Q, et al. Nrf2 inhibits NLRP3 inflamma-
some activation through regulating Trx1/TXNIP complex in 
cerebral ischemia reperfusion injury. Behav Brain Res. Jan 15 
2018;336:32–39. doi:https://​doi.​org/​10.​1016/j.​bbr.​2017.​06.​027

	33.	 Xu X, Zhang L, Ye X, et al. Nrf2/ARE pathway inhibits ROS-
induced NLRP3 inflammasome activation in BV2 cells after cer-
ebral ischemia reperfusion. Inflamm Res. Jan 2018;67:57–65. 
doi:https://​doi.​org/​10.​1007/​s00011-​017-​1095-6

	34.	 Bhatia M. Acute pancreatitis as a model of SIRS. Front Biosci 
(Landmark Ed). Jan 1 2009;14:2042–50. doi:https://​doi.​org/​10.​
2741/​3362

	35.	 Schepers NJ, Bakker OJ, Besselink MG, et al. Impact of char-
acteristics of organ failure and infected necrosis on mortal-
ity in necrotising pancreatitis. Gut. Jun 2019;68:1044–1051. 
doi:https://​doi.​org/​10.​1136/​gutjnl-​2017-​314657

	36.	 Zhou MT, Chen CS, Chen BC, Zhang QY, Andersson R. 
Acute lung injury and ARDS in acute pancreatitis: mecha-
nisms and potential intervention. World J Gastroenterol. May 7 
2010;16:2094–9. doi:https://​doi.​org/​10.​3748/​wjg.​v16.​i17.​2094

	37.	 Aratani Y. Myeloperoxidase: Its role for host defense, inflam-
mation, and neutrophil function. Arch Biochem Biophys. Feb 
15 2018;640:47–52. doi:https://​doi.​org/​10.​1016/j.​abb.​2018.​01.​
004

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.biopha.2021.112293
https://doi.org/10.1016/j.biopha.2021.112293
https://doi.org/10.1016/j.bbr.2017.06.027
https://doi.org/10.1007/s00011-017-1095-6
https://doi.org/10.2741/3362
https://doi.org/10.2741/3362
https://doi.org/10.1136/gutjnl-2017-314657
https://doi.org/10.3748/wjg.v16.i17.2094
https://doi.org/10.1016/j.abb.2018.01.004
https://doi.org/10.1016/j.abb.2018.01.004

	Bone Marrow Mesenchymal Stem Cells Alleviate Acute Severe Pancreatitis and Promote Lung Repair via Inhibiting NLRP3 Inflammasome in Rat
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and Methods
	Animals
	Separation, Culture and Identification of BMSCs
	SAP Animal Model and Experimental Design
	Biochemical Examinations
	Pathological Scoring
	Pathological Scoring of Pancreatic Tissues
	Pathological Scoring of Lung and Intetissues

	qRT-PCR
	Immunohistochemistry
	Western Blotting
	Statistical Analysis

	Results
	NLRP3 Inflammasome Was Activated in Pancreatic Tissues of SAP rats
	MCC950 and BMSCs Transplantation Reduced NLRP3 Inflammasome in the Pancreatic Tissues of SAP rats
	MCC950 Treatment and BMSC Transplantation Attenuated Pancreatic Injury and Inflammation
	Blocking Nrf2 Compromised the Inhibition of NLRP3 Inflammasome in the Pancreatic Tissues of SAP Rats After BMSC Transplantation
	BMSCs Transplantation Attenuated Lung and Intestine Injury of SAP Rats, but Blocking Nrf2 Compromised the Protective Effects of BMSCs Transplantation
	BMSCs Transplantation Reduced NLRP3 Inflammasome in the Lung of SAP Rats, but Blocking Nrf2Compromised the Protective Effects of BMSC Transplantation

	Discussion
	Acknowledgments 
	References




