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Abstract: Acute pancreatitis (AP) is an inflammatory disease, and
NLRP3 inflammasome activation is involved in the pathogenesis of AP.
Previous research showed that inhibition of NLRP3 inflammasome may
exert protective effects on animal models of AP and reduces disease sever-
ity. The aim of this systematic review and meta-analysis is to evaluate the
effects of drug treatment of NLRP3 inflammasome on the outcomes of ex-
perimental AP. PubMed, Embase, Medline, and Web of Science databases
were searched for relevant articles without language restrictions. The main
outcomes for this study included local pancreatic injury, the incidence of
systemic inflammatory responses, and the incidence of organ failure.
Twenty-eight animal studies including 556 animals with AP were included
in the meta-analysis. Comparedwith controls, inhibition of NLRP3 inflam-
masome significantly reduced the pancreatic histopathological scores, se-
rum amylase, and lipase levels. In addition, inhibition of NLRP3 inflamma-
some reduced the levels of circulating inflammatory cytokines, as well as
mitigating severity of AP-associated acute lung injury and acute intestinal
injury. To conclude, inhibition of NLRP3 inflammasome has protective ef-
fects on AP by mitigating organ injury and systemic inflammation in ani-
mal studies, indicating that NLRP3 inflammasome holds promise as a tar-
get for specific AP therapy.

Key Words: acute pancreatitis, NLRP3 inflammasome, organ failure,
pancreatic injury, systemic inflammation
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A cute pancreatitis (AP) is a common inflammatory disease of
the exocrine pancreas with an increasing global prevalence.1

Although AP often presents as a mild and self-limiting condition,
severe AP (SAP) is associated with significant morbidity and
mortality, impaired life quality, and substantial socioeconomical
burden.2,3 Severe AP is defined by development of persistent or-
gan failure, which is often accompanied with marked pancreatic
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necrosis and infection, with a morality rate as high as 30%.4,5 Al-
though there has been significant progress with intensive care and
minimally invasive management of pancreatic necrosis, the results
of drug trials have been disappointing.6 None of the tested candi-
dates to date have significantly reduced the incidence of organ
failure andmortality.6,7 In the majority of patients, there is a poten-
tial therapeutic windowearly in the disease course before the onset
of persistent organ failure.8,9 This window has yet to be exploited.

In the early stage, there are 2 critical pathophysiological
events, namely, acinar cell death and systematic inflammatory
response.10 Acinar cell death initiates local pancreatic inflamma-
tion, which in turn sets up a positive autoamplification inflam-
matory cytokine cascade leading to the systemic inflammatory
response and organ dysfunction/failure.11,12 The cytokine “storm”
is complex, with proinflammatory and anti-inflammatory compo-
nents. Previous anticytokine therapies have been lopsided in ad-
dressing single proximal elements in the cytokine cascade,13 and
it is clear that a more sophisticated intervention strategy will be re-
quired to mitigate the excess inflammatory response to positively
impact patient outcomes.

One of the key elements of the inflammatory response is the
NLRP3 inflammasome complex.14,15 Namely, NLRP3 (NLR fam-
ily pyrin domain containing 3; previously known as NACHT, LRR,
and pyrin domain containing 3) is a cytosolic sensor that recruits
an adaptor molecule ASC (apoptosis-associated speck-like pro-
tein with a caspase recruitment domain), and an effector cysteine
protease caspase 1, to form the macroscopic NLRP3 inflamma-
some complex.14,15 Active caspase 1 has 2 major functions. It
does not only process pro–interleukin (IL) 18 and IL-1β into their
bioactive forms to promote inflammation but also cleaves
gasdermin D, the activated fragment of which can form pores on
the plasma membrane to initiate cell death and allow the release
of mature IL-18 and IL-1β (see Fig. 1).16–18 This highlights that
NLRP3 inflammasome functions as the key link between cell
death and systemic inflammation, which may also be a potentially
therapeutic target in various inflammatory diseases. Studies have
shown that NLRP3 inflammasome is closely related to the patho-
genesis of some diseases, including myocardial infarction, cere-
bral ischemia, neurodegenerative diseases, type 2 diabetes, and
septic shock.14,19,20 There have also been a number of studies
targeting the NLRP3 inflammasome in animal models of AP.21

The aim of this systematic review and meta-analysis was to eval-
uate the effects of inhibiting NLRP3 inflammasome on the main
outcomes from experimental AP.
MATERIALS AND METHODS
This systematic review was prepared using the PRISMA

(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidance for literature review, extraction of data, and
reporting of results.22
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FIGURE 1. The canonical NLRP3 inflammasome activation pathway. Danger signals, such as pathogen-associated molecular patterns/
damage-associated molecular patterns, induce the activation of NLRP3 inflammasome, which consists of cytosolic sensor NLRP3, adaptor
molecule ASC, and an effector cysteine protease caspase 1. Active caspase 1 has 2 major functions. It processes pro-IL-18 and pro-IL-1β into
their respective bioactive forms to promote inflammation, and cleaves gasdermin D, the activated fragment of which can form pores on the
plasma membranes to initiate cell death and allow the release of mature IL-18 and IL-1β.
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Search Strategy
Two investigators (L.G. and E.C.) independently searched

PubMed, Embase, Medline, andWeb of Science from their incep-
tion toMay 10, 2020 for relevant articles without language restric-
tions. The reference lists of the included studies were checked for
additional relevant studies. The following keywords or MeSH
headings were used: “NLRP3” OR “NLRP3 inflammasome” AND
“acute pancreatitis.”

Study Selection Criteria
The following preclinical studies were included:

1. Study subjects: animal models with induced AP;
2. Intervention: drugs or gene modification inhibiting NLRP3

inflammasome activation;
3. Comparison: no treatment;
4. Outcomes: local pancreatic injury, incidence of systemic in-

flammatory responses, and incidence of organ failure; and
5. Study design: parallel group animal studies.

Studies lacking main outcomes of interest, experiments con-
ducted in animal models with induced chronic pancreatitis, exper-
iments conducted on in vitro AP models, and studies not focused
on NLRP3 inflammasome were excluded.
14 www.pancreasjournal.com
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Data Extraction

Data from included studies were extracted by 2 independent
authors (L.G. and E.C.), and discrepancies were resolved through
discussion until consensus was reached. The data extracted from
selected animal studies were as follows: first author's name, year
of publication, animal models used, details of intervention and
control, main outcomes, and key findings. When numerical data
were only presented in figures, Engauge Digitizer (version 12.1;
developed and maintained by Mark Mitchell, Torrance, Calif )
was used to extract and digitize the data points.23
Outcomes

The main outcomes of interest for this study included local
pancreatic injury (histopathological scores, serum amylase, and
lipase levels), the incidence of systemic inflammatory responses
based on circulating inflammatory cytokine levels (including
IL-1β, IL-6, and tumor necrosis factor [TNF] α), and the inci-
dence of organ dysfunction/failure, including AP-associated
acute lung injury (histological scores) and acute intestinal injury
(colon crypt length was used as a proxy for severity of acute intes-
tinal injury, and the shorter the colon crypt length, the severer the
intestinal injury).
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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Assessment of Risk of Bias
For included studies, study quality and risk of bias assess-

ment were based on the SYRCLE (Systematic Review Center
for Laboratory animal Experimentation) grading system,24 which
is an adapted version of the Cochrane risk of bias tool.25 Each item
was assigned a low, unclear, or high risk of bias.

Statistical Analysis
The results were presented as forest plots through the stan-

dardized mean difference (SMD) with 95% confidence interval
(CI) for continuous data with an inverse variance method. The I2

statistic was used to assess statistical heterogeneity among the
studies. Values of I2 greater than 50% indicated moderate hetero-
geneity, and over 75% indicated a high level of heterogeneity. If
heterogeneity was observed (I2≥ 50%), the random-effects model
was applied; otherwise, a fixed-effects model was used. Publica-
tion bias was assessed by funnel plot and Egger regression if suf-
ficient data were available. All analyses except publication bias
evaluation were performed by Review Manager 5.3 software
(The Nordic Cochrane Center, Copenhagen, Denmark). Publica-
tion bias evaluation, including funnel plot, Egger test, and Begg test,
was performed by using Stata software version 15.0 (StataCorp,
College Station, Tex). A 2-sided P value <0.05 was considered sta-
tistically significant.

RESULTS

Study Selection
The database search identified 453 records. After duplicates

removal, the remaining 278 records were screened by their titles
and abstracts. A total of 233 nonrelevant studies were excluded,
and the remaining 45 full-text articles were assessed for eligibility.
Notable exclusions were studies that did not use AP animal
models (n = 6),26–31 or used an in vitro AP model (n = 1),32 or had
interventions that did not target NLRP3 inflammasome inhibition
(n = 7).33–39 Two review/commentary articleswere also excluded,40,41
FIGURE 2. Flow diagram that summarizes the results of the literature se
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and 1 study did not report the main outcomes of interest.42 This
left 28 studies that were included in the systematic review and
meta-analysis (Fig. 2).12,43–69

Study Characteristics
Table 1 shows the details of the 28 animal studies, which in-

cluded 35 experiments involving 280 control animals and 276
AP-induced animals with treatment. Seventeen of the included
28 studies were published in the past 3 years with the oldest study
published in 2011.12 Rats (Rattus norvegicus) were used in 4 stud-
ies, and mice (Mus musculus) in 24 studies. The animal models of
AP used in these experiments included cerulein-induced AP
(n = 17), cerulein plus lipopolysaccharide (LPS)–induced SAP
(n = 9), and retrograde infusion of sodium taurocholate–induced
SAP (n = 7). NLRP3 inflammasome inhibition was achieved
by drug administration in 30 experiments and gene modified
animals (mainly with NLRP3 gene knockout mice) in 5 experi-
ments.12,43,50,52,64 Only 3 studies used a specific NLRP3 inflam-
masome inhibitor (glyburide, INF-39, and MCC950),43,50,63 and
most of the others adopted drugs that inhibited the activation of
NLRP3 inflammasome indirectly.

Risk of Bias
Randomization, allocation concealment, blinding, sample size

calculations, and other items in SYRCLE's risk of bias tool were
not reported. Hence, it was impossible to assess risk of bias in
these animal studies. The risk of bias was unclear or high in all
studies, and study quality was therefore judged to be low.

Effect of NLRP3 Inflammasome Inhibition on Local
Pancreatic Injury

Twenty studies that included 25 experiments reported the
effects of NLRP3 inflammasome inhibition on pancreatic injury
in animal models with AP, and the meta-analysis of themwas un-
dertaken. The results showed that inhibiting NLRP3 inflamma-
some was associated with a reduced histopathological score of
arch.
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pancreatic injury (SMD, −3.68; 95%CI,−4.58 to−2.78;P< 0.001)
(Fig. 3). The study heterogeneity was high (I2 = 85%), and a
random-effects model was used for this analysis. The overall ef-
fect of NLRP3 inflammasome inhibition on pancreatic injury
was highly significant (P < 0.001), and it did not differ statisti-
cally (P = 0.79) among the different AP animal models
(cerulein-induced AP model [SMD, −3.34; 95% CI, −4.55 to
−2.14; P < 0.001] vs cerulein + LPS–induced SAP model
[SMD, −4.07; 95% CI, −5.87 to −2.26; P < 0.001] vs sodium
taurocholate–induced SAP model [SMD, −3.83; 95% CI, −6.07
to −1.59; P < 0.001]), and there was moderate or high heterogene-
ity across each group of studies (Supplemental Fig. 1, http://links.
lww.com/MPA/A920). Similarly, the effects of NLRP3 inflam-
masome inhibition on pancreatic injury were compared among
gene modified NLRP3 inhibition, specific NLRP3 inhibitor
use, and nonspecific NLRP3 inhibitor use. The overall effect
was highly significant (P ≤ 0.001), and it did not differ statis-
tically (P = 0.46) among the different intervention strategies
(gene modified NLRP3 inhibition [SMD, −2.45; 95% CI, −5.50
to 0.60; P = 0.12] vs specific NLRP3 inhibitor [SMD, −2.76;
95% CI, −5.59 to 0.08; P = 0.06] vs nonspecific NLRP3 inhibitor
[SMD, −4.08; 95% CI, −5.12 to −3.04; P ≤ 0.001]) (Supplemen-
tal Fig. 2, http://links.lww.com/MPA/A920). A symmetry funnel
plot (Supplemental Fig. 3, http://links.lww.com/MPA/A920), Begg
test (P = 0.907), and Egger test (P = 0.455) indicated the absence of
publication bias.

Therewere 25 studies (including 33 experiments) that reported
serum amylase levels and 19 studies (including 26 experiments)
that reported serum lipase levels. The meta-analysis showed that
NLRP3 inflammasome inhibition significantly reduced the serum
amylase (SMD, −1.91; 95% CI, −2.36 to −1.45; P < 0.001) (Fig. 4)
and lipase levels (SMD, −1.72; 95% CI, −2.17 to −1.28;
P < 0.001) (Supplemental Fig. 4, http://links.lww.com/MPA/A920)
FIGURE 3. Forest plot of the effect of NLRP3 inflammasome inhibition o
AP. There were 2 experiments (named “a” and “b,” respectively) includ
201858; Li et al, 201868,69; Pan et al, 201947,65; and York et al, 2014.63 To
IV indicates inverse variance; Tau2, τ2 statistic; Chi2, χ2 statistic; df, degre
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in AP animal models. There was high heterogeneity across the in-
cluded studies.

Effect of NLRP3 Inflammasome Inhibition on
Systemic Inflammation

There were 15 studies (including 18 experiments) that evalu-
ated the effects of NLRP3 inflammasome on serum IL-1β levels,
and the meta-analysis showed that NLRP3 inflammasome inhibi-
tion was associated with a significant reduction in serum IL-1β
levels in animal models with AP (SMD, −2.82; 95% CI, −3.66 to
−1.98;P < 0.001) (Fig. 5). Similarly, themeta-analysis of 11 studies
(including 16 experiments) found a significant decrease in serum
IL-6 levels (SMD, −1.76; 95%CI, −2.39 to −1.13; P < 0.001) (Sup-
plemental Fig. 5, http://links.lww.com/MPA/A920), and the meta-
analysis of 13 studies (including 17 experiments) showed signifi-
cantly reduced serum TNF-α levels (SMD, −2.16; 95% CI, −2.65
to −1.68; P < 0.001) (Supplemental Fig. 6, http://links.lww.com/
MPA/A920) in animals with NLRP3 inflammasome inhibition, re-
spectively. Collectively, these meta-analysis results showed a signif-
icant association between NLRP3 inflammasome inhibition and
mitigated systemic inflammation.

Effect of NLRP3 Inflammasome Inhibition on
Organ Failure

There were 5 studies45,52,64,68,69 that reported histopatholo-
gical scores of acute lung injury and 3 studies44,47,65 that reported
colon crypt length. The meta-analysis showed that NLRP3 inflam-
masome inhibition significantly decreased acute lung injury in ani-
mal models with AP (SMD, −2.74; 95% CI, −4.92 to −0.55;
P = 0.01) (Fig. 6). In animals with acute intestinal injury, inhibiting
NLRP3 inflammasome was associated with a significantly longer
colon crypt length (SMD, 1.79; 95% CI, 1.04–2.54; P < 0.001)
n histopathological score of pancreatic injury in animal models with
ed in the meta-analysis, in the studies by Fu et al, 201843; Li et al,
distinguish them, the suffixes “a” and “b”were used in these studies;
es of freedom; I2, I2 heterogeneity statistic; Z, Z statistic.
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FIGURE 4. Forest plot of the effect of NLRP3 inflammasome inhibition on serum amylase levels in animal models with AP. There were 2
experiments (named “a” and “b,” respectively) included in the meta-analysis, in the studies by Fu et al, 201843; Kim et al, 201946; Li et al,
201858; Li et al, 201868,69; Pan et al, 201947,65; Ren et al, 201849; Sendler et al, 202050; and York et al, 2014.63 To distinguish them, the suffixes
“a” and “b” were used in these studies. IV indicates inverse variance; Tau2, τ2 statistic; Chi2, χ2 statistic; df, degrees of freedom; I2, I2

heterogeneity statistic; Z, Z statistic.
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(Supplemental Fig. 7, http://links.lww.com/MPA/A920), indicating
less severe intestinal injury.

DISCUSSION
This systematic review of 28 studies assessed the effects of

NLRP3 inflammasome inhibition on local pancreatic injury, systemic
FIGURE 5. Forest plot of the effect of NLRP3 inflammasome inhibition o
experiments (named “a” and “b,” respectively) included in the meta-an
201858; and Li et al, 2018.68,69 To distinguish them, the suffixes “a” and
τ2 statistic; Chi2, χ2 statistic; df, degrees of freedom; I2, I2 heterogeneity

20 www.pancreasjournal.com
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inflammation, and organ failure in animal models of AP. The
meta-analysis confirms that inhibiting NLRP3 inflammasome is
protective in AP, demonstrating reduced pancreatic, lung, and in-
testinal injury, and reduced serum amylase and lipase levels, as
well as serum levels of inflammatory cytokines IL-1β, IL-6, and
TNF-α. The effects of NLRP3 inflammasome inhibition did not
n serum IL-1β levels in animal models with AP. There were 2
alysis, in the studies by Fu et al, 201843; Kim et al, 201946; Li et al,
“b” were used in these studies. IV indicates inverse variance; Tau2,

statistic; Z, Z statistic.
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FIGURE 6. Forest plot of the effect of NLRP3 inflammasome inhibition on histopathological score of acute lung injury in animal models with
AP. There were 2 experiments (named “a” and “b,” respectively) included in the meta-analysis, in the studies by Li et al, 201858 and Li et al,
2018.68,69 To distinguish them, the suffixes “a” and “b” were used in these studies. IV indicates inverse variance; Tau2, τ2 statistic; Chi2, χ2

statistic; df, degrees of freedom; I2, I2 heterogeneity statistic; Z, Z statistic.
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differ significantly among the 3 animal models of AP (cerulein,
cerulein + LPS, and sodium taurocholate–induced AP). Given
the moderate or high heterogeneity of the included studies, the ef-
fects of NLRP3 inflammasome inhibition must be interpreted
with some caution. The role of NLRP3 inflammasome in the path-
ogenesis and progression in AP and some promising therapeutic
strategies targeting at NLRP3 inflammasome has been discussed
comprehensively in previous study.21 Hence, in our study, we
focused on the protective effects of NLRP3 inflammasome inhibi-
tion on AP and tried to provide some intuitive, quantitative
data on this.

There aremultiple early-stage cellular events important to the
pathogenesis of AP, including premature trypsinogen activation
within acinar cells, pathological calcium signaling, mitochondrial
dysfunction, endoplasmic reticulum stress, and overwhelmed ox-
idative stress, impaired autophagy, and so on.70 In recent years, the
important role of cell death, especially programmed cell death, has
been found in a wide range of common clinical disorders, includ-
ing stroke, myocardial infraction, sepsis, cancer, and pancreati-
tis.71,72 Pancreatic acinar cells are the predominant cell type in
the pancreas and the primary victims of injury induced by common
acinar cell toxins, such as alcohol, nicotine, and bile acids.73,74 Cell
death by apoptosis does not lead to plasma membrane rupture and
therefore does not induce an inflammatory response.75,76 Apart
from apoptosis, cell death can occur by unregulated necrosis or
by other forms of programmed cell death including necroptosis77

and pyroptosis.78 In contrast to apoptosis, unregulated necrosis
and other forms of programmed acinar cell death usually lead to
the release of damage-associated molecular patterns that drive
both local tissue inflammation and the activation of further acinar
cell death. Following the initial events, cell death and inflamma-
tion can induce each other forming an autoamplification loop that
causes exaggerated cell death and systemic inflammatory responses.
This “necroinflammatory” environment promotes systemic inflam-
mation, distant organ failure, and SAP.11,79 In view of the crucial
role of programmed cell death in AP, different modes of acinar cell
death related to SAP have been extensively investigated, including
autophagic cell death,80 mitochondrial permeability transition-
mediated regulated necrosis,81 necroptosis,77 and pyroptosis.12

Pyroptosis is a caspase-dependent and highly immunogenic
form of cell death, characterized by release of proinflammatory
cytokines and cellular contents, and is mainly regulated by the
canonical NLRP3 inflammasome pathway.82,83 Exploring the
underlying mechanisms further, the activation of NLRP3 inflam-
masome has been detected and the regulation of NLRP3 pathway
has been evaluated in a significant number of studies.12,50

The strong inflammatory potential, as well as its critical role in
driving cell death, makes NLRP3 inflammasome an attractive thera-
peutic target. To date, clinical treatments of NLRP3 inflammasome-
involved diseases predominately target IL-1β with IL-1β
© 2022 Wolters Kluwer Health, Inc. All rights reserved.
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antibodies or recombinant IL-1β receptor antagonists, such as
canakinumab and anakinra.84 However, it should be noted that
IL-1β secretion is not the only product of NLRP3 inflammasome
activation. Other inflammatory cytokines, such as IL-18, may also
participate in the promotion of inflammation, and IL-1β can also
be produced by other inflammatory pathways besides NLRP3
inflammasome, which means that complete inhibition of IL-1β
might risk unintended immunosuppression.19 Thus, pharmaco-
logical inhibitors specific to NLRP3 inflammasome may be
a safer and more effective choice for NLRP3-related diseases.
Fortunately, numerous promising inhibitors of NLRP3 inflamma-
some activation have been developed, including MCC950,85 β-
hydroxybutyrate,86 type I interferon,87 tranilast,88 and CY-09,89

to name a few. Among them, MCC950 is the most potent and spe-
cific NLRP3 inhibitor. A previous study showed that MCC950
specifically inhibits both canonical and noncanonical NLRP3
inflammasome activation and proinflammatory IL-1β secretion in
human andmousemacrophages.85 A recent study by Sendler et al50

demonstrated that MCC950 administration could significantly re-
duce pancreatic injury, as well as systemic inflammatory response
in an AP animal model. In addition, MCC950 exerts therapeutic ef-
ficacy against a variety of preclinical immunopathological models,
such as Alzheimer disease, traumatic brain injury, atherosclerosis,
myocardial infarction, diabetes, steatohepatitis, and colitis.20,90 De-
spite the compelling evidence, a phase 2 clinical trial of MCC950
for rheumatoid arthritis was suspended due to hepatic toxicity.19

(The specific cause is unclear, but the very high clinical dosage of
1200 mg/d and its metabolically reactive furan moiety are thought
to underlie the observed toxicity.)19 Given that there are other
options for NLRP3 inhibition,91 further translational studies are re-
quired using other NLRP3 inflammasome inhibitors against various
NLRP3-related diseases, including AP.

This present study has several limitations. First, there are lim-
ited studies reported the effects of NLRP3 inflammasome inhibi-
tion on AP-associated distant organ failures (5 studies for acute
lung injury and 3 studies for acute intestinal injury), which pre-
vents drawing firm conclusions regarding the role of NLRP3 in-
flammasome in AP-associated organ failures. Second, the included
studies varied in terms of AP animal models used, drugs targeted
NLRP3 inflammasome, and the initiation of administration
(predisease or after disease), which may contribute to the study
heterogeneity. Finally, the risk of bias was unclear or high across
the included studies, and study quality was judged to be low.
CONCLUSIONS
To conclude, NLRP3 inflammasome activation plays a criti-

cal role in the pathogenesis of AP, linking cell death and systemic
inflammation. By meta-analysis of animal studies, NLRP3 in-
flammasome inhibition was shown to have protective effects on
www.pancreasjournal.com 21
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AP. There is evidence at 3 levels: reduced local pancreatic injury
(pancreatic histopathological scores, serum amylase, and lipase
levels), reduced systemic inflammatory responses (circulating inflam-
matory cytokine levels), as well as organ failures (AP-associated
acute lung injury and acute intestinal injury). These experimental
studies indicate that inhibition of NLRP3 inflammasome is a
promising therapeutic strategy for the treatment of AP. The role
of pharmacological inhibition of NLRP3 activation and its clinical
translation requires further studies.
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