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Background: Intestinal injury plays a key role in the pathogenesis of severe acute pancreatitis (SAP). In this study, we in-
vestigated the protective function of downregulated Gasdermin D (GSDMD) in intestinal damage in a mouse
model of severe acute pancreatitis (SAP).

Material/Methods: Twenty-four healthy male C57BL/6 mice were randomly divided into 4 groups — the NS group, the siRNA-NS
group, the SAP group, and the siRNA-SAP group — with 6 mice in each group. SAP was induced in mice by in-
traperitoneal injection of caerulein and lipopolysaccharide. The pathological changes of pancreatic and the in-
testinal mucosa and the relative gene and protein expressions in each group were compared, and the levels of
GSDMD and serum IL-1p and IL-18 were evaluated after induction of the SAP model.

Results: The mice in the SAP group were in more serious condition than those in the siRNA-SAP group, with various de-
grees of edema and hemorrhage in the intestinal tract. Under an optical microscope, the pathological changes
of pancreatic tissue such as edema, inflammatory cell infiltration, and the damage of lobular structural were
gradually increased in the SAP group and the siRNA-NS group. In addition, intestinal mucosal damage and in-
testinal villus breakage were found in the SAP group and the siRNA-NS group, and the latter was lighter than
the former. Compared with the SAP group, the level of GSDMD protein expression in the SiRNA-SAP group was
lower, and the serum levels of IL-1B and IL-18 were higher in the SAP group and siRNA-SAP group (P<0.05).
Immunohistochemical analysis showed the occludin and ZO-1 proteins in the NS group had a strong brown
linear signal, while the brown-positive signals were weaker in the siRNA-SAP group and the SAP group.

Conclusions: Downregulating GSDMD protein can reduce pancreatitis associated with pyroptosis.
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Background

Severe acute pancreatitis is an inflammatory disorder of the
pancreas that is associated with substantial morbidity and mor-
tality. The progression of SAP is accompanied by the damage
to organs such as the heart, lungs, and kidneys, and intesti-
nal function plays a vital role in its treatment [1].

The changes of intestinal proteins in SAP may lead to bacterial
translocation and secondary infection. Intestinal function is of
great significance in the treatment of severe acute pancreati-
tis. First of all, patients with severe acute pancreas have ab-
dominal pain and diarrhea symptoms, which are not suitable
for enteral nutrition. At the initial stage of treatment, the pa-
tient is forbidden to eat, and the recovery of intestinal func-
tion is very important for treatment. According to the guide-
lines, the earlier enteral nutrition is restored, the better the
treatment effect [2].

A variety of studies have shown that intestinal function is of
great significance in SAP. Maintaining intestinal function can
improve the course of SAP. When the severity of SAP is de-
creased, intestinal function is also enhanced [3,4]. Studies
have shown that the intestinal flora is closely related to SAP.
When SAP occurs, the diversity and abundance of intestinal
bacteria decrease [5], so paying attention to the state of SAP
intestinal function is of great significance to the study of SAP.

GSDMD is the key to pyroptosis. Several studies have revealed
that caspase activation occurs in inflammatory bowel disease,
and the pyroptosis mediated by GSDMD is the main reaction
after caspase activation, punching holes in the cell membrane,
through which many proinflammatory factors move. What is
not yet clear is the impact of GSDMD on the intestinal injury
in severe acute pancreatitis, so it is meaningful to explore the
mechanism of GSDMD in intestinal damage in severe acute
pancreatitis. In this study, we induced an SAP mouse model by
intraperitoneal injection of caerulein and lipopolysaccharide,
and investigated the effect of GSDMD in gut injury by down-
regulating its expression through siRNA.

Material and Methods

Animal Model

Healthy male C57BL/6 mice were supplied by the Laboratory
Animal Center of Qingdao University (Qingdao, China). Mice
were randomly divided into 4 groups — the NS group (control
group), the siRNA-NS group, the SAP group, and the siRNA-
SAP group — with 6 mice in each group. All mice were accli-
matized to the new condition for 2 weeks before the exper-
iment. Animals were free to drink but were fasted for about
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18 h before modeling. The induction of SAP in mice was made
by intraperitoneal injection of caerulein, with a weight ratio
of 50 ug/kg, once per hour for 6 consecutive hours, with lipo-
polysaccharide (weight ratio 10 mg/kg) given by intraperitone-
al injection in the same timepoint. The siRNA-SAP group was
intravenously injected in the tail with siRNA 3 times before
being induced in the same way as for the SAP mice. The NS
group received intraperitoneal injection of saline at the same
timepoints as the SAP group. The siRNA-NS group was admin-
istered siRNA by intravenous injection in the tail, and then re-
ceived the same treatment as the NS group. Mice in each group
were killed at 12 h after induction of the model. Serum was
isolated from blood sampled by eyeball extraction. lleal and
pancreatic tissues were fixed in 10% formaldehyde solution,
and part of ileal tissue was stored at -80°C for further testing.

Histological Examination

Pancreatic and ileal tissues were stained with hematoxylin and
eosin (HE) and sections were observed under a light micro-
scope. Double-blind method was used in this experiment to
evaluate the pancreatic pathology according to scoring criteria
proposed by Schmidt [6]. The grades of ileum damage were ac-
cording to the classification of gut injury described by Chiu [7].

Reverse Transcription Polymerase Chain Reaction and
Real-time Polymerase Chain Reaction

Total RNA was isolated from the ileum using TRIzol reagent.
cDNA was synthesized from 2 pg of total RNA with the TaKaRa
PrimeScript RT reagent kit. Specific primers (uc.173: forward-
5’ACTTTTTATTGCATGGTGTGAACT-3’ and reverse-5"-CACTTG-
GAAAAAAATACAAACAGG-3’) and 2x PCR reagent were used
for 25-35 cycles of PCR. SYBR® Premix Ex Tag™ Il (Tli RNaseH
Plus) was used for real-time PCR. The levels of uc.173 were
normalized to those of actin. The relative quantification was
measured by the 2724 method.

Western Blot Analysis of GSDMD-N

Protein was extracted from intestinal tissue and the protein
concentration was measured. We loaded 10 ug of total pro-
tein onto SDS gel and transferred it to PVDF membranes and
blocked it with nonfat milk. The primary antibody was applied
overnight in a shaking table at 4°C. After extensive washing,
the secondary antibody was applied for 1 h, finally, the pro-
tein bands were scanned and quantified by image develop-
ment and Image) software.

Immunohistochemical Analysis of ZO-1 and Occludin

For IHC staining, paraffin-embedded ileal tissue (3-pm thick-
ness) was heated, deparaffinized using xylene, and rehydrated
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Figure 1. Pathological changes of pancreas and intestine in mice and quantitative analysis. (A) Pathological changes of pancreas in
mice (HEx200). (B) Pathological changes of intestine in mice (HEx200). (C) Quantitative analysis of pancreatic pathological
score. (D) Quantitative analysis of intestinal pathological score. * P<0.05 vs SAP group; # P<0.05 vs NS group

in a graded series of ethanol. Antigen retrieval was performed
and hydrogen peroxide was used to inhibit endogenous perox-
idase activity. Sections were then incubated with primary an-
tibody at 4°C overnight and HRP-conjugated rabbit IgG for 20
min. Color development time was controlled under the micro-
scope. Samples were dehydrated and mounted after counter-
staining, then the results were recorded and analyzed.

Measurement of Serum IL-1f3 and IL-18

The serum was separated from whole blood collected by the
eyeball method through a centrifuge at 3000 rpm for 15 min.
The levels of serum IL-1B and IL-18 were measured using en-
zyme assay kit. (Elabscience Biotechnology).

Statistical Analysis
One-way ANOVA was used to analyze the statistical signifi-

cance of data from independent samples. All statistical cal-
culations were performed in SPSS version 22.0 for Windows

(SPSS, Chicago, IL), and the results are expressed as mean+SD.
Differences were considered statistically significant at P<0.05.

Results

Visual Observation of Abdominal Cavity

The NS group and siRNA-NS group were normal, without ne-
crosis and hemorrhage. Pancreatic edema, ascites, and intes-
tinal edema were observed in the SAP group. Compared to the
SAP group, the degree of pancreatic edema and intestinal ede-
ma was significantly less in the siRNA-SAP group.

Morphological Changes in the Pancreas and Intestine

There was no pancreas edema or hemorrhage in the NS group
and siRNA-NS group; however, the SAP group and siRNA-SAP
group suffer various kinds of pancreas interstitial edema and
leukocyte infiltration (Figure 1A). Compared with the SAP
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Figure 2. Analysis of fluorescence quantitative results of long non-coding uc.173. (A) Real-time amplification curve and product
dissolution curve of long non-coding RNA UC.173. (B) Real-time amplification curve and product dissolution curve of actin.
(€) Relative quantitative analysis of uc.173. * P<0.05 vs SAP group; * P<0.05 vs NS group

group, the siRNA-SAP group showed less severe morphologi-
cal changes, and the pathological scores of the pancreas were
significantly different in these groups (P<0.05) (Figure 1C). The
SAP group and the siRNA-NS group showed intestinal mucosal
damage and intestinal villus breakage, with less severe dam-
age in the siRNA-NS group (Figure 1B, 1D).

The Relative Quantification of Long Non-coding RNA
uc.173 and GSDMD-N in the Intestine

We analyzed the long non-coding RNAuc.173 in ileum tissue.
The data showed that the level of Incuc.173 was significantly
downregulated in the SAP group and siRNA-SAP group com-
pared to the NS group (P<0.05) (Figure 2). There was almost

no expression of GSDMD-N in the intestinal tissues of the NS
group and siRNA-NS group. In addition, GSDMD-N was in-
creased in the siRNA-SAP group but was lower than that in
the SAP group (P<0.05) (Figure 3A).

The Expression of ZO-1 and Occludin

Immunohistochemical analysis showed the occludin and ZO-1
proteins in the NS group were distributed along the intestinal
mucosal epithelial cells, showing a strong brown linear signal;
however, the localization of occludin and ZO-1 in the siRNA-
SAP group and the SAP group was not significantly different
from that of the NS group, but the brown positive signal was
weakened, and there were significantly fewer positive cells
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Figure 3. The expression of GSDMD-N and serum levels of IL-1B and IL-18. (A) The expression of GSDMD-N in the intestine.
(B) Quantitative analysis of serum IL-1B. (C) Quantitative analysis of serum IL-1. * P<0.05 vs SAP group; # P<0.05 vs NS group.

in the SAP group and siRNA-SAP group (P<0.05) The differ-
ence in the expression of the 2 proteins was statistically sig-
nificant (Figure 4).

The Concentration of serum IL-1f3 and IL-18

IL-1B and IL-18 can flow out of the holes caused by GSDMD. As
shown in Figure 4B, levels of serum IL-1f and IL-18 were both
significantly higher in the SAP group compared with the NS
group (all P<0.05). The levels of serum IL-1B and IL-18 in the
siRNA-SAP group were lower than in the SAP group (P<0.05)
(Figure 3B, 3C).

Discussion

Severe acute pancreatitis is currently one of the most common
gastrointestinal disorders, with a high fatality rate, which is
related to the actions of specific inflammatory cytokines [8].
Injured acinar cells can release cytokines to propagate the in-
flammation [9]. In the early stage of severe acute pancreatitis,
there is infiltration of macrophages and leukocytes. Excessive
activation of leukocytes leads to the release of many proinflam-
matory factors into the blood, generating oxygen free radicals
and causing systemic inflammatory cascades, damaging the

intestines, lungs, and kidneys. Studies have shown that lung
injury during AP can be manifested as lung tissue interstitial
edema and inflammatory cell infiltration, as well as reduced
lung compliance [10]. Kidney injury can be manifested as glo-
merular degeneration and swelling, renal tubular epithelial
cell necrosis, and interstitial inflammatory cell infiltration [11].
When SAP occurs, the intestinal mucosa is ischemic, the villi
become short and fall off, the intestinal mucosa shrinks, and
the normal flora is imbalanced, which further leads to ectopic
bacterial toxins in the intestine. The wall of the ileum is thin-
ner than in the jejunum, and the number of bacteria is high-
er than in the jejunum. When pancreatitis occurs, the ileum
damage is more obvious than in the jejunum.

The intestines perform normal absorption and digestion func-
tions and are an important organ of the human body, and the
barrier function of the intestines is closely related to patient
prognosis The pathological changes of the intestines, includ-
ing intestinal barrier injury and changes in the microbiome,
can worsen the process of severe acute pancreatitis [12]. The
intestinal barrier consists of 4 parts: a mechanical barrier, an
immune barrier, a chemical barrier, and a biological barrier. The
mechanical barrier plays an important role in intestinal function,
and the change of tight junctions between the intestinal muco-
sa are the key to increasing intestinal permeability in SAP [13].
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Figure 4. Immunohistochemical staining to detect occludin protein and ZO-1 and quantitative scoring in intestinal tissue of mice.
(A) Immunohistochemical staining was performed on ileum sections to detect occludin. Original magnification (x200).
(B) Immunohistochemical staining was performed on ileum sections to detect ZO-1 (x200). (C) Quantitative analysis of
occludin. (D) Quantitative analysis of ZO-1. * P<0.05 vs SAP group; * P<0.05 vs NS group.

In this study, we investigated changes in the intestinal bar-
rier in the 4 groups. We demonstrated that the expressions
of ZO-1 and occludin were decreased in intestinal epithelial
cells in the SAP group. A previous study showed that uc.173
enhances intestinal epithelial barrier function and decreases
the level of uc.173, which leads to intestinal epithelial barri-
er dysfunction [14]. In this study, we assessed the degree of
damage and repair ability of the intestinal tissue indirectly by
detecting uc.173 levels.

Pyrolysis was observed by Zychlinsky and colleagues in mac-
rophages infected with Shigella flexneri [15]. Pyrostatic cells
appear as holes formed in the cell membrane, then the cell
membrane loses its integrity and barrier function, causing the
cell to swell and rupture, with the nucleus intact [16]. Recent
studies have shown that GSDMD is mainly expressed in im-
mune cells (such as macrophages) and intestinal epithelial
cells [17,18]. Gasdermin D (GSDMD) is the main executor of
pyrolysis [19,20]. Activation of inflammasomes cuts gasder-
min D (53 kDa) into an N-terminal fragment (31kDa) and a

C-terminal fragment (22 kDa). The N-terminal fragment can
make holes in the cell membrane [21,22] and promotes the
secretion of interleukin 1B (IL-1B) and IL-18 [19]. Cytokines
IL-1B and IL-18 play a particularly critical role in the process
of local tissue destruction and the damage of remote organs
in severe acute pancreatitis [23-25]. A study showed that the
release of IL-1f in GSDMD(~/-) cells was diminished and the
inflammation was reduced [26]. Previous studies found that
activation of other related proteins of pyrolysis, such as cas-
pasel and caspasell, can aggravate the degree of pancreati-
tis damage, while inhibiting related proteins can reduce the
degree of pancreatitis damage [27].

In this study, we induced an SAP model and downregulated
the expression of GSDMD protein by injecting siRNA through
the tail vein. We found that the levels of serum IL-1f and IL-18
were reduced, indicating that GSDMD protein may be related
to the systemic inflammatory response caused by SAP.
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Studies showed that pyroptosis is related to the occurrence and
development of infectious diseases, neurological diseases, vas-
cular diseases, inflammatory bowel diseases, and AIDS [28,29].
However, it is not yet known whether there is pyrolysis in the
intestinal injury caused by severe acute pancreatitis. In the
present study, we detected the expression of GSDMD in the
intestine by western blot analysis, showing that the level of
GSDMD in the SAP group was significantly higher than in the
NS group. In addition, the expression levels of intestinal ad-
hesion protein ZO-1 and occludin were lower than in the NS
group, which proves that downregulation of GSDMD expres-
sion can alleviate intestinal damage caused by SAP and can
reduce the symptoms of pancreatitis, as well as benefit the
treatment of pancreatitis.
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Conclusions

Downregulating the level of gasdermin D can reduce severe
acute pancreatitis by mediating pyroptosis, which is related to
the inflammatory reaction. The present results may provide a
new therapeutic target for the treatment of severe acute pan-
creatitis in intestinal injury.
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