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Carbon monoxide (CO) has anti-inflammatory effects and protects the intestinal mucosal barrier in sepsis.
Pyroptosis, or cell death associated with sepsis, is mediated by caspase-1 activation. This study aimed to in-
vestigate the role of CO on the expression of proteins associated with intestinal mucosal pyroptosis in a rat
model of sepsis induced by cecal ligation and puncture (CLP).

The rat model of sepsis was developed using CLP. Male Sprague-Dawley rats (n=120) were divided into six
study groups: the sham group (n=20); the CLP group (n=20); the hemin group (treated with ferric chloride and
heme) (n=20); the zinc protoporphyrin IX (ZnPPIX) group (n=20); the CO-releasing molecule 2 (CORM-2) group
(n=20); and the inactive CORM-2 (iCORM-2) group (n=20). Hemin and CORM-2 were CO donors, and ZnPPIX
was a CO inhibitor. In the six groups, the seven-day survival curves, the fluorescein isothiocyanate (FITC)-labeled
dextran 4000 Da (FD-4) permeability assay, levels of intestinal pyroptosis proteins caspase-1, caspase-11, and
gasdermin D (GSDMD) were measured by confocal fluorescence microscopy. Proinflammatory cytokines inter-
leukin (IL)-18, IL-1B, and high mobility group box protein 1 (HMGB1) were measured by Western blot and en-
zyme-linked immunosorbent assay (ELISA).

CO reduced the mortality rate in rats with sepsis and reduced intestinal mucosal permeability and mucosal
damage. CO also reduced the expression levels of IL-18, IL-1f, and HMGB1, and reduced pyroptosis by prevent-
ing the cleavage of caspase-1 and caspase-11.

In a rat model of sepsis induced by CLP, CO had a protective role by inhibiting intestinal mucosal pyroptosis.
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Background

Sepsis involves a systematic inflammatory reaction following
infection that can affect tissues and organs [1]. Previous stud-
ies have shown that intestinal injury is present during systemic
sepsis, which affects the protective barrier functions of the in-
testinal mucosa [2—-4]. The intestinal epithelium not only acts
as a passive barrier but also has a role in antigen-presenta-
tion to adjacent lymphoid tissue as part of the intestinal muco-
sal immune response [5]. Carbon monoxide (CO) gas has been
shown to have anti-inflammatory effects on the intestinal mu-
cosa and the lungs in experiential models [6,7]. The endogenous
CO donor, hemin, and the exogenous CO donor, CO-releasing
molecule 2 (CORM-2), have previously been investigated in
research studies on sepsis [6,7]. However, the mechanisms of
the effects of CO in sepsis remain unclear.

Pyroptosis, or cell death associated with sepsis, is mediated
by caspase-1 activation and has previously been shown to be
an important factor associated with cell death in inflamma-
tion [8,9]. Increased cell pyroptosis plays a critical role in the
development of sepsis and septic shock [10-12]. In a previous
study, Wu et al. showed that CO treatment reduced radiation-
induced intestinal injury in patients with cancer and protect-
ed the intestinal cells by reducing pyroptosis [13]. Zhang et al.
reported that CORM-3 suppressed the activation of the NLRP3
inflammasome in myocardial dysfunction due to sepsis [14].
Wang et al. previously showed that CORM-2 reduced the ac-
tivity of the NLRP3 inflammasome in sepsis-induced acute kid-
ney injury [15]. The NLRP3 inflammasome is one of the key
factors involved in pyroptosis [16].

Therefore, this study aimed to investigate the role of CO on
the expression of proteins associated with intestinal mucosal
pyroptosis in a rat model of sepsis induced by cecal ligation
and puncture (CLP).

Material and Methods

Reagents

Hemin (no. 51280), zinc protoporphyrin IX (ZnPPIX) (n0.282820),
Carbon monoxide (CO)-releasing molecule 2 (CORM-2)
(n0.288144), and dextran 4000 Da (FD-4) (46944) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Dimethylsulfoxide
(DMSO0) (D3870), phosphate buffer saline (PBS) (P1020), and 4%
paraformaldehyde (P1110) were obtained from Beijing Solarbio
Science & Technology Co. Ltd. (Beijing, China). CORM-2 was dis-
solved in 0.5% of DMSO at 37°C in a sterile incubator for 24 h,
and the resulting inactive CORM-2 (iCORM-2) was used as a
negative control. Antibodies used were to caspase-1 (ab1872;
Abcam, Shanghai, China), gasdermin D (GSDMD) (ab219800;
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Abcam, Shanghai, China), and caspase-11 p20 (sc-374615;
Santa Cruz Biotechnology, Texas, USA). Enzyme-linked immuno-
sorbent assay (ELISA) kits included rat tumor necrosis factor-a
(TNF-0r) (E-EL-R0019¢), rat interleukin-1p (IL-1p) (E-EL-R0012c),
rat IL-18 (E-EL-R0567c), and rat high mobility group box pro-
tein 1 (HMGB1) (E-EL-R0505c¢) (Elabscience Biotechnology
Co., Ltd., Wuhan, China). The ELISA results were analyzed us-
ing a Multiskan Spectrum spectrophotometer (Thermofisher
Scientific, Waltham, MA, USA).

The rat model of sepsis induced by cecal ligation and
puncture (CLP)

The animal experiments were approved by the Animal Care
Committee of the First Affiliated Hospital Medical College,
Shihezi University (Approval No. A2017-165-01). The experi-
mental protocols followed the guidelines of the Animal Care
Committee. The study included 120 specific pathogen-free (SPF)
male Sprague-Dawley rats between 8-10 weeks of age, weigh-
ing 180-200 g. The rats were obtained from the Laboratory
Animal Center of Xinjiang Medical University, Urumgi, China
(animal license no. XJYK0011, 2011).

Male Sprague-Dawley rats (n=120) were divided into six study
groups: the sham group (n=20); the CLP group (n=20); the he-
min group (treated with ferric chloride and heme) (n=20);
the zinc protoporphyrin IX (ZnPPIX) group (n=20); the CO-
releasing molecule 2 (CORM-2) group (n=20); and the inac-
tive CORM-2 (iCORM-2) group (n=20). A total of 10, 5, and 5
rats were used for the 7-day survival analysis, the fluorescein
isothiocyanate (FITC)-labeled dextran 4000 Da (FD-4) perme-
ability assay, and the cytokine expression study, respectively.

The rats were housed in individual cages at a constant temper-
ature of 22+1°C with a 12-hourly light and dark cycle and were
acclimated for 3 days before the study began. The rats were
given food and water ad libitum and then fasted for 12 hours
before the study commenced. A total of 10, 5, and 5 rats were
used for the 7-day survival analysis, the fluorescein isothiocy-
anate (FITC)-labeled dextran 4000 Da (FD-4) permeability as-
say, and cytokine expression in the study groups, respectively.

Treatments used

All rats were anesthetized with 1% pentobarbital (30 mg/kg)
(Merck KGaA, Darmstadt, Germany), which was given intraper-
itoneally. The sepsis model was constructed using cecal liga-
tion and puncture in all but the sham group. Hemin, ZnPPIX,
and CORM-2 were dissolved and diluted by using 0.5% DMSO,
respectively, the cecum was punctured twice with a 21-gauge
needle and ligated, and the bowel content was squeezed out
to induce abdominal infection.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€920668-2




Wang H. et al.:
CO and intestinal pyroptosis in a rat model of sepsis
© Med Sci Monit, 2020; 26: €920668

After the CLP surgery, the rats in the sham group, the CLP group,
the hemin group, the ZnPPIX group, the CORM-2 group, and the
iCORM-2 group were treated intraperitoneally with 0.5 ml 0.5%
DMSO, 0.5 ml 0.5% DMSO, 8 mg/kg hemin+0.5 ml 0.5% DMSO,
8 mg/kg ZnPPIX+0.5 ml 0.5% DMSO, 8 mg/kg CORM-2+0.5 ml
0.5% DMSO and 8 mg/kg inactive CORM-2+0.5 ml 0.5% DMSO,
respectively. At 18 h after the CLP surgery, rats in each group
were treated with dextran 4000 Da (FD-4) solution dissolved
in PBS (PH 7.4) (20 mg/ml, 20 mg/200 g) by gavage. Survival
curve analysis was performed for each group.

Sample collection and examination

At 24 h after the CLP surgery, the rats treated with FD-4 solu-
tion were anesthetized, and 2 ml of blood was collected through
the portal vein. The blood samples were centrifuged for 15 min
at 3000xg at 4°C to measure the FD-4 concentration in the
blood. For the other rats, 2 ml of blood samples from the ab-
dominal aorta were centrifuged at 3,000xg for15 min to ob-
tain the serum for the measurement of serum cytokine levels.

The rat intestinal tissue was harvested (approximately 8 cm)
in cold PBS. Part of the intestinal tissue was crushed in a mor-
tar and the tissue fluid was centrifuged twice at 12,000xg for
20 min per time at 4°C. The tissue homogenate was used to
detect the proteins by Western blot. The remaining tissue was
fixed in 4% paraformaldehyde (Solarbio, Beijing, China) for
histological examination. The serum and intestinal tissue flu-
id were used to measure the levels of IL-1B, IL-18, HMGB-1,
and TNF-a by ELISA.

Survival analysis was performed for 10 rats per group in the
sham, CLP, hemin, ZnPPIX, CORM-2, and iCORM-2 groups.
The survival status of the rats was recorded every 24 h un-
til the seventh day.

The fluorescein isothiocyanate (FITC)-labeled dextran
4000 Da (FD-4) permeability assay

Blood (2 ml) was collected from the portal vein six hours af-
ter the administration of dextran 4000 Da (FD-4), and centri-
fuged at 3000xg for 15 min at 4°C. The content of FD-4 was
measured using a Varioskan Flash multimode microplate read-
er (Thermofisher Scientific, Waltham, MA, USA) at a 490 nm
emission wavelength and a 520 nm excitation wavelength.

Histology and the scoring of intestinal necrosis and
inflammation

The intestinal tissue samples were fixed in 4% paraformalde-
hyde for 48 h at 20°C. Tissues were sectioned at 4 pm onto
glass slides and stained with hematoxylin and eosin (H&E).
The tissue sections were examined by light microscopy at a
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magnification of x100. The histological scoring system for in-
testinal necrosis and inflammation was used, as described
by Chiu et al. in 1970 [17], which combined the histological,
morphological, and hemodynamic tissue changes. The scores
used were as follows: 0, normal mucosa; 1, mucosal degener-
ation with an increased subepithelial space; 2, raised intesti-
nal villous epithelium with further increase in the subepithelial
space; 3, intestinal villous epithelium detachment; 4, intesti-
nal villous epithelium loss to leave the lamina propria; 5, se-
vere degeneration and disintegration of the lamina propria
with ulceration [17]. Five fields of view per group were evalu-
ated independently by two pathologists, according to the pre-
viously described scoring system [17].

Western blot

The protein content of the intestinal tissue homogenate su-
pernatant was detected by the bicinchoninic acid (BCA) pro-
tein assay using RIPA buffer and phenylmethyl sulfonyl fluoride
(PMSF) (Solarbio Technology Co. Ltd., Beijing, China). The so-
lution was mixed with loading buffer (Beyotime, Shanghai,
China) and boiled for 10 min. The samples underwent 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) with 250ug of protein in each lane. The protein
was transferred to polyvinylidene fluoride (PVDF) membranes
(Thermofisher Scientific, Waltham, MA, USA). After blocking
with 5% dried skimmed milk powder for 2 h at room tempera-
ture, the membranes were incubated in the primary antibodies.
The primary antibodies were to caspase-1 (1: 1,000) (ab1872;
Abcam, Shanghai, China), caspase-11 (1: 500) (sc-374615;
Santa Cruz Biotechnology, Texas, USA), GSDMD (1: 1000)
(ab219800; Abcam, Shanghai, China), and B-actin (1: 5000)
(TA-09, Santa Cruz Biotechnology, Texas, USA). The primary
antibodies were incubated on the membranes at 4°C over-
night. The horse-radish peroxidase (HRP)-conjugated sec-
ondary antibodies were incubated on the membranes for 2 h
at room temperature and included goat anti-rabbit antibody
(1: 20,000) (zZB2301; Zhongshan Golden Bridge Biotechnology
Co., Ltd, Beijing, China). The membranes were washed and de-
veloped using a Beyo ECL Plus, PO018 enhanced chemilumines-
cence (ECL) system (Beyotime, Shanghai, China). The intensity
of the bands was quantified by using Image) software version
1.421 (National Institutes of Health, Bethesda, MD, USA). The ra-
tio of the target proteins to the B-actin bands was calculated.

Immunofluorescence staining

The tissue sections of rat intestine were incubated with
primary antibodies to caspase-1 (1: 200) (ab1872; Abcam,
Shanghai, China) and caspase-11 (1: 200) (sc-374615; Santa
Cruz Biotechnology, Texas, USA) at 4°C overnight. A fluorescein-
conjugated secondary goat anti-rabbit antibody (ZF-0311), goat
anti-mouse antibody (1: 100) (ZF-0312) was incubated for 2 h
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at room temperature. The nuclei were stained with propidium
iodide (PI) (Sigma-Aldrich, St. Louis, MO, USA), and the tissue
was examined under a Zeiss LSM 510 laser confocal scanning
microscope (Carl Zeiss AG, Munich, Germany). The fluores-
cence intensity was quantified by using ImageJ version 1.42I
software (National Institutes of Health, Bethesda, MD, USA).

Measurement of serum and intestinal tissue cytokine
levels

Blood (2 ml) was collected from the abdominal aorta at 24 h
after intraperitoneal injection using 0.5 ml of 0.5% DMSO,
0.5 ml of 0.5% DMSO, 8 mg/kg of hemin+0.5 ml of 0.5% DMSO,
8 mg/kg ZnPPIX+0.5 ml of 0.5% DMSO, 8 mg/kg CORM-2+0.5 ml
of 0.5% DMSO and 8 mg/kg of inactive CORM-2+0.5 ml of 0.5%
DMSO, respectively. Blood was centrifuged at 3000xg for 15 min
at 4°C using a 5427R super-centrifuge (Eppendorf, Hamburg,
Germany), and the supernatant was retained. The levels of
the inflammatory cytokines, TNF-q, IL-1f, IL-18, and HMGB1
in the serum and intestinal tissue homogenates, were mea-
sured using ELISA kits, according to manufacturer’s instructions
(Elabscience Biotechnology Co., Ltd., Wuhan, China). The ELISA
results were analyzed using a Multiskan Spectrum spectropho-
tometer (Thermofisher Scientific, Waltham, MA, USA).

Statistical analysis

Data were analyzed using SPSS version 22.0 software (IBM
Corp., Armonk, NY, USA). The median survival time was record-
ed for the rat groups, and the difference in survival between
the experimental groups was analyzed by using the Kaplan-
Meier log-rank test. Quantitative data were expressed as the
mean#standard error (SE) and compared using one-way anal-
ysis of variance (ANOVA) when the data were normally dis-
tributed. The least significant difference (LSD) post hoc test
was used to compare the differences between the two groups.
The Kruskal-Wallis non-parametric test was used to compare
differences between multiple groups, followed by Bonferroni’s
post hoc test. A P-value <0.05 was considered to be statisti-
cally significant.

Results

Carbon monoxide (CO) increased the survival rate in the
rat model of sepsis induced by cecal ligation and puncture
(cLp)

Male Sprague-Dawley rats (n=120) were divided into six
study groups: the sham group (n=20); the CLP group (n=20);
the hemin group (treated with ferric chloride and heme)
(n=20); the zinc protoporphyrin IX (ZnPPIX) group (n=20);
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Figure 1. The effect of carbon monoxide (CO) on the survival
rate in the rat model of sepsis induced by cecal
ligation and puncture (CLP). Rats from each study
group (n=10) were assessed to determine the 7-day
survival rate. The Kaplan-Meier survival curves are
shown. Male Sprague-Dawley rats (n=120) were
divided into six study groups: the sham group;
the CLP group; the hemin group (treated with ferric
chloride and heme); the zinc protoporphyrin 1X
(ZnPPIX) group; the CO-releasing molecule 2 (CORM-2)
group; and the inactive CORM-2 (iCORM-2) group.
FD-4 — fluorescein isothiocyanate-labeled dextran
3000~4000 KDa; CLP — cecal ligation and puncture;
CORM-2 — CO-releasing molecule 2; Hemin — ferric
chloride heme; ZnPPIX — zinc protoporphyrin IX;
iCORM-2 - inactive CORM-2.

the CO-releasing molecule 2 (CORM-2) group (n=20); and the
inactive CORM-2 (iCORM-2) group (n=20).

Hemin and CORM-2 treatment were associated with reduced
mortality in the rats in the CLP model, whereas ZnPPIX treat-
ment was associated with increased mortality compared with
the CLP group. The iCORM-2 group had no significant change
in mortality. On the first day, the survival rate of the sham
group, the hemin group, and the CORM-2 group was 100%,
80%, and 80%, respectively, The survival rate of the CLP group
and the ZnPPIX group was significantly reduced to 60% and
40%, respectively (Figure 1). On the third day, the rats in the
ZnPPIX group were all dead, and the survival rate of rats in the
CLP group was 30%, and the survival rates in the hemin and
the CORM-2 groups was 50% and 60% respectively (Figure 1).
On the fourth and fifth days, the rats in the iCORM-2 and CLP
groups had died. On the seventh day, the survival rate in the
hemin group and the CORM-2 group was 30% and 20%, respec-
tively. The median survival time in the study groups was 7 days,
2 days, 3 days, 1 day, 4 days and 2 days, respectively (Figure 1).
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0 sham CO improved the intestinal mucosa permeability in the rat
2507 Ep CLP model of sepsis
[l Hemin
200 .ZnPPIX . .
_ ] CORM-2 The normal intestinal mucosa does not absorb dextran 4000 Da
E MiCORM-2 (FD-4), and so FD-4 serum concentrations were measured to
£ 150 1 Lo . L
5 assess the changes in intestinal mucosal permeability and the
EE- 100 - # damage to the intestinal mucosa in the rats in the CLP model of
g L sepsis. As shown in Figure 2 and Table 1, the FD-4 levels in the
50 CLP group (125.6+1.57 pg/ml) were significantly higher when
compared with the sham group (28.16+2.60 pg/ml) (P<0.05).
0- " Dextran 4000 Da (FD-4) in the hemin group (67.66+3.11 pg/ml)
and the CORM-2 group (81.48+13.10 pg/ml) reduced the level
Figure 2. The serum dextran 4000 Da (FD-4) levels in the study of serum FD-4 compared with that of the CLP group (P<0.05).
groups in the rat model of sepsis induced by cecal However, ZnPPIX (214.47 + 9.38 pg/ml) increased the level of
ligation and puncture (CLP). Male Sprague-Dawley rats dextran 4000 Da (FD-4) and increased intestinal tissue injury

(n=120) were divided Into six S,tUdy groups: the Sh,am compared with the CLP group (P<0.05). The iCORM-2 group
group; the CLP group; the hemin group (treated with

ferric chloride and heme); the zinc protoporphyrin IX (1.20.411.70 pg/ml) showed no.5|gn|f|cant changes compared
(ZnPPIX) group; the CO-releasing molecule 2 (CORM-2) with the CLP group (P>0.05) (Figure 2, Table.1).

group; and the inactive CORM-2 (iCORM-2) group.

The bars represent the mean+standard error (SE) CO reduced the damage to the intestinal mucosa in the rat
(n=3~5). * P<0.05 versus the sham group. # P<0.05 CLP model of sepsis

versus the CLP group. FD-4 — fluorescein isothiocyanate-

l.abel.ed dextran 3000~4000 KDa; CLP - cecf"l The histological scoring system was used to analyze the de-
ligation and puncture; CORM-2 — CO-releasing

molecule 2: Hemin — ferric chloride heme: ZnPPIX — zinc gree of intestinal mucosal damage, and the histological changes
protoporph,yrin IX: iCORM-2 — inactive CdRM-z. are shown in Figure 3. As shown in Figure 3A, intact intestinal
mucosa was observed in the sham group, and mucosal injury

Table 1. Serum cytokines, FD-4 level and intestinal cytokines levels at 24 h after CLP.

Variables IL-18 (pg/ml) IL-18 (pg/ml) HMGBI (pg/ml) TNF-o (pg/ml) FD-4 (pg/ml)

Serum indexes changes after 24 h after CLP

Sham (n=5) 130.05+4.6 258.22+1.52 430.78+1.76 726.95+14.83 28.16+2.60
CaPm=5) 25602332 352146.18" | 1476484425 9528141245%  1256:157°
CHemin (n1=5)  1283264.69%  204644341° 524414203 8481941341 67.6643.110
ZnPPIX (n=5)  305.39£309*  370.95:6.18%  2186.04566* 111130 21441938
CORM-2 (n=5)  1443:440*  27009£0.52° 1163.134358° 714474154 814+13.10°
CICORM-2 (n=5) 230158347 340734556 1733.66£478 9423741254  1204:17

Sham (n=5) 165.73+£10.55 199.48+7.95 117.5749.36 259.49+15.84

Capees) 888.445093° 4553:8.58" 25193420 452891593
Hemin (n=5) 72195787 31141211 1541s7.82°  34199+1132%
Z0PPIX (n=5) 114314723+ S67.1747.26* 5372742232 selaosleort
CORM-2(n=5) 637486055 354.1486° 19279417.76* 3045741023
CiCORM-2 (1=5) 828685274 4686£453 2600£17.65 4528321986

Data are shown as mean+SE. * P<0.05 versus Sham group. # P<0.05 versus CLP group. FD-4 — fluorescein isothiocyanate-labeled
dextran 3000~4000 KDa; CLP — cecal ligation and puncture; CORM-2 — CO releasing molecule 2; iCORM-2 — inactive CORM-2;
Hemin — ferric chloride heme; ZnPPIX — zinc protoporphyrin IX; TNF-a — tumor necrosis factor alpha; IL-1p — interleukin-1p;
IL-18 — interleukin-18; HMGB1 — high mobility group box protein 1.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
e920668-5 [ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




ANIMAL STUDY

Wang H. et al.:
CO and intestinal pyroptosis in a rat model of sepsis
© Med Sci Monit, 2020; 26: €920668

G 47
3-
1<
S
e
E
‘I_
0_

[ Sham
mp

M Hemin
W nPPIX
[1CORM-2
MiCORM-2

Figure 3. Photomicrographs of the histology stained with hematoxylin and eosin (H&E) of the intestinal tissue in the study groups in
the rat model of sepsis induced by cecal ligation and puncture (CLP). Carbon monoxide (CO) protected the intestinal mucosa
from damage associated with cecal ligation and puncture (CLP)-induced sepsis. Representative photomicrographs of the
histology of the rat intestine tissue stained with hematoxylin and eosin (H&E). Original magnification, x100. Male Sprague-
Dawley rats (n=120) were divided into six study groups: (A) the sham group, (B) the CLP group, (C) the hemin group (treated
with ferric chloride and heme), (D) the zinc protoporphyrin IX (ZnPPIX) group, (E) the CO-releasing molecule 2 (CORM-2)
group, and (F) the inactive CORM-2 (iCORM-2) group. (G) The histology scores of the different groups. The bars represent
the meanstandard error (SE) (n=3~5). * P<0.05 versus the sham group. * P<0.05 versus the CLP group. FD-4 — fluorescein
isothiocyanate-labeled dextran 3000~4000 KDa; CLP — cecal ligation and puncture; CORM-2 — CO-releasing molecule 2;
Hemin — ferric chloride heme; ZnPPIX — zinc protoporphyrin IX; iCORM-2 — inactive CORM-2.

was observed in the CLP group (Figure 3B) and the iCORM-2
group (Figure 3F). Severe intestinal mucosal injury was ob-
served in the ZnPPIX group (Figure 3D). The intestinal muco-
sal damage in the hemin group (Figure 3C) and the CORM-2
group (Figure 3E) was less than the CLP group (Figure 3B).
Figure 3G shows that the ZnPPIX group had the highest scores
(3.240.2) and the hemin group (0.9 + 0.57) and CORM-2 group
(1.1+0.18) scores were significantly reduced compared with
the CLP group (1.8+0.25). The iCORM-2 score was lower than
the CLP group, but the difference did not reach statistical sig-
nificance (Figure 3G).

CO reduced the levels of proinflammatory cytokines in the
rat CLP model of sepsis

Figures 4 and 5, and Table 1 show the levels of TNF-q, IL-18,
IL-1B, and HMGB1 in the serum and intestinal tissue homoge-
nates in the rat study groups. The levels of TNF-q, IL-18, IL-1,
and HMGBL1 in the serum and intestinal homogenates were in-
creased in the CLP rats compared with the sham group (P<0.05).
However, the levels in the ZnPPIX group were significantly in-
creased when compared with the CLP group and other groups
(P<0.05). Hemin or CORM-2 significantly reduced the levels of
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Figure 4. (A-D) The serum levels of proinflammatory cytokines in the study groups in the rat model of sepsis induced by cecal ligation
and puncture (CLP). Male Sprague-Dawley rats (n=120) were divided into six study groups: the sham group, the CLP group,
the hemin group (treated with ferric chloride and heme), the zinc protoporphyrin IX (ZnPPIX) group, the CO-releasing
molecule 2 (CORM-2) group, and the inactive CORM-2 (iCORM-2) group. The bars represent the mean+standard error (SE)
(n=3~5), * P<0.05 versus the sham group. * P<0.05 versus the CLP group. FD-4 — fluorescein isothiocyanate-labeled dextran
3000~4000 KDa; CLP — cecal ligation and puncture; CORM-2 — CO-releasing molecule 2; Hemin — ferric chloride heme;
ZnPPIX - zinc protoporphyrin IX; iCORM-2 — inactive CORM-2.

TNF-q, IL-18, IL-1B, and HMGB1 compared with the CLP and
ZnPPIX groups (P<0.05), and there was no significant differ-
ence between the CORM-2 and the iCORM-2 groups (P>0.05).

CO reduced upregulation of pyroptosis proteins in the rat
CLP model of sepsis

Western blot and immunofluorescence analysis methods were
used to analyze pyroptosis-associated molecules of the mid-
ileum. The expression of pro-caspase-1, pro-caspase-11, cas-
pase-1 p20, caspase-11 p20 and GSDMD in the intestinal mu-
cosa were significantly upregulated in the CLP group compared
with the sham group (P<0.05, Figure 6). However, the expres-
sion of pro-caspase-1, pro-caspase-11, caspase-1 p20, cas-
pase-11 p20, and GSDMD increased in the ZnPPIX group com-
pared with the CLP group (P<0.05) (Figure 6). Detection of
caspase-1 and caspase-11 by laser confocal microscopy dem-
onstrated that caspase-1 and caspase-11 expression were
upregulated in the CLP group compared with the sham group
(P<0.05) and showed green fluorescence using the confo-
cal microscope (Figures 7, 8). Hemin and CORM-2 treatment

significantly reduced the expression of caspase-1 and cas-
pase-11 compared with the CLP group and the ZnPPIX group,
and significantly upregulated the expression of caspase-1 and
caspase-11 (P<0.05) (Figures 7, 8). These results indicated that
CO regulated the caspase-1 related canonical and caspase-11
related noncanonical pathway of pyroptosis in the rat model
of sepsis induced by CLP.

Discussion

Although there have been several reported studies on the
pathophysiology of sepsis, the condition remains difficult to
control and treat [1]. Recently, the association between sys-
temic sepsis and the loss of the intestinal barrier function
has become an area of interest in clinical and preclinical re-
search [18]. The dysfunction of the intestinal barrier increas-
es the severity and progression of sepsis [19,20]. Therefore,
the intestinal tract should be regarded as participating in the
systemic inflammatory response in sepsis [21,22].
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Figure 5. (A-D) The intestinal tissue levels of proinflammatory cytokines in the study groups in the rat model of sepsis induced by
cecal ligation and puncture (CLP). Male Sprague-Dawley rats (n=120) were divided into six study groups: the sham group,
the CLP group, the hemin group (treated with ferric chloride and heme), the zinc protoporphyrin IX (ZnPPIX) group, the CO-
releasing molecule 2 (CORM-2) group, and the inactive CORM-2 (iCORM-2) group. The bars represent the mean+standard
error (SE) (n=3~5), * P<0.05 versus the sham group. * P<0.05 versus the CLP group. FD-4 — fluorescein isothiocyanate-labeled
dextran 3000~4000 KDa; CLP — cecal ligation and puncture; CORM-2 — CO-releasing molecule 2; Hemin — ferric chloride
heme; ZnPPIX - zinc protoporphyrin IX; iCORM-2 — inactive CORM-2.

Pyroptosis is a form of programmed cell death associated with
inflammation, which is mainly mediated by caspase-1 and
caspase-11 in rat tissue [9,23-25]. Caspase-11 is an inactive
precursor, and its active form, caspase-11 p20, is involved in
caspase-11-mediated pyroptosis [26]. Increased activation of
pyroptosis has a critical role in the occurrence and develop-
ment of sepsis [10]. Wu et al. showed that intestinal cells might
be protected from damage during sepsis by reducing pyrop-
tosis [13]. Zhang et al. reported that CO-releasing molecule 2
(CORM-2) suppressed the activation of the NLRP3 inflamma-
some in myocardial dysfunction associated with sepsis [14].
Wang et al. showed that CORM-2 reduced the activation of
the NLRP3 inflammasome in a rat model of sepsis and that
the NLRP3 inflammasome was an important factor in pyrop-
tosis [15]. The findings from the present study showed that
CO reduced the inflammatory response and reduced intesti-
nal tissue damage in the CLP rat model of sepsis by reducing
pyroptosis of cells in the intestinal mucosa.

In the present study, the role of CO on the expression of
proteins associated with intestinal mucosal pyroptosis was

investigated in a rat model of sepsis induced by cecal ligation
and puncture (CLP). Male Sprague-Dawley rats were divided
into six study groups: the sham group, the CLP group, the he-
min group (treated with ferric chloride and heme), the zinc
protoporphyrin IX (ZnPPIX) group, the CO-releasing molecule 2
(CORM-2) group, and the inactive CORM-2 (iCORM-2) group.
The findings showed that hemin and CORM-2 promoted the
survival rate of rats in the CLP-induced sepsis model, which
supported the findings from previous studies [27,28]. The find-
ings also showed that hemin and CORM-2 reduced intestinal
mucosal damage (Figure 3) and reduced intestinal permeabil-
ity in rats in the model of sepsis (Figure 2). Also, hemin and
CORM-2 reduced the levels of TNF-a, IL-1f3, IL-18, and HMGB1
in the serum and intestinal tissue homogenates from rats
in the model of sepsis. CO has previously been reported to
prevent TNF-a-mediated inflammatory damage through the
Akt/Bcl-2 signaling pathway [29], and CO has been reported
to inhibit NF-xB activity from downregulating TNF-a expres-
sion [29-31]. CO protects against organ injury partly by inhib-
iting neutrophil aggregation and by reducing TNF-o. expres-
sion [32]. In the present study, the level of TNF-at was reduced

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€920668-8




Wang H. et al.:
CO and intestinal pyroptosis in a rat model of sepsis
© Med Sci Monit, 2020; 26: €920668

ANIMAL STUDY

o~
o~
= = !
£ E = = =
s a E o x =
= 4 =
A o == ~N o =2

1.5
Pro-caspase-1

Caspase-1p20 §
Pro-caspase-11 %
Caspase-11p20 - g

csom (I > 02 £
ctn A A, o,

O
m

251 081

_ * £ 061

3 151 s

S = 044

é 1.04 &

3 g
051 8 0
0.0 0.0-

Pro-caspase-11/p-actin

F [ Sham
0.8+ mce
4 EHemin
£ W ZnPPIX
S 064 [ CORM-2
%‘ M iCORM-2
= 044 *
# T .
] #
# 021

Figure 6. The expression of pyroptosis-associated proteins in the study groups in the rat model of sepsis induced by cecal ligation
and puncture (CLP). Male Sprague-Dawley rats (n=120) were divided into six study groups: the sham group; the CLP group;
the hemin group (treated with ferric chloride and heme); the zinc protoporphyrin IX (ZnPPIX) group; the CO-releasing
molecule 2 (CORM-2) group; and the inactive CORM-2 (iCORM-2) group. The expression of pro-caspase-1, pro-caspase-11,
caspase-1 p20, caspase-11 p20, and gasdermin D (GSDMD) in the intestinal mucosa. B-actin was used as an internal
control. (A) Western blot results for pro-caspase-1, pro-caspase-11, caspase-1 p20, caspase-11 p20, and GSDMD in the
intestinal mucosa. (B) The relative level of pro-caspase-1 expression. (C) The relative level of pro-caspase-11 expression.
(D) The relative level of GSDMD expression. (E) The relative level of caspase-1 p20 expression. (F) The relative level of
caspase-11 p20 expression. The bars represent the mean+SE (n=3~5). * P<0.05 versus the sham group. # P<0.05 versus the
CLP group. CLP — cecal ligation and puncture; CORM-2 — CO-releasing molecule 2; Hemin — ferric chloride heme; ZnPPIX - zinc

protoporphyrin IX; iCORM-2 — inactive CORM-2.

in the hemin and CORM-2 groups, which showed that CO had
an anti-inflammatory effect.

High mobility group box 1 (HMGB1) is an important late media-
tor in the development of sepsis [33], and the levels of HMGB1
are increased in tissues during sepsis [34,35]. Antibodies that
neutralize HMGB1 may confer protection against tissue dam-
age and injury during endotoxemia, sepsis, and damage to
the gut barrier function [36-38]. Previous studies have shown
that HMGB1 is a biomarker of pyroptosis that is released dur-
ing pyroptosis by the regulated classical components of the
inflammasome [39,40]. The findings from the present study
showed that hemin and CORM-2 reduced the level of HMGB1
in the rat model of sepsis, which is consistent with the anti-
inflammatory effect of CO. These results indicated that CO re-
duced the inflammatory reaction and damage to the intestinal
mucosa by preventing the production of HMGBI1.

IL-1B is produced as a proprotein, which is proteolytically pro-
cessed to its active form by caspase-1. IL-1B is an important
mediator of the inflammatory response and often amplifies

the effects of other cytokines in a variety of cellular activi-
ties [41]. IL-18 is released during pyroptosis and induces fur-
ther inflammatory reactions and inflammatory disorders. In
this study, hemin and CORM-2 reduced the levels of IL-1 and
IL-18 in the serum and intestinal mucosa of rats in the model
of sepsis, which is consistent with the anti-inflammatory ef-
fect of CO. Therefore, these results indicated that CO reduced
the inflammatory reaction and intestinal mucosal damage by
preventing the production of IL-1p and IL-18.

The results of Western blot and immunofluorescence stain-
ing in this study showed that CO reduced the expression of
caspase-1, caspase-11, and gasdermin D (GSDMD) in the in-
testinal mucosa. Following CLP surgery, the inflammatory re-
sponse increased the expression of caspase-1 and caspase-11.
It has previously been reported that when caspase-1 and cas-
pase-11 are cleaved to caspase-1 p20 and caspase-11 p20,
respectively, this results in GSDMD cleavage [42]. GSDMD is
an effector molecule for pyroptosis, and when GSDMD cleav-
age cytotoxicity is triggered, and the GSDMD-N-terminal cleav-
age product localizes to the plasma membrane it forms pores
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Figure 7. Laser confocal microscopy detection of caspase-1 in the intestinal tissue in the study groups in the rat model of sepsis
induced by cecal ligation and puncture (CLP). Original magnification, x200. Negative, PI, and merger indicate the negative
control group that was incubated without caspase-1 primary antibody and the nucleus stained with propidium iodide (PI).
Male Sprague-Dawley rats (n=120) were divided into six study groups. (A) The sham group, (B) The CLP group. (C) The hemin
group (treated with ferric chloride and heme). (D) The zinc protoporphyrin IX (ZnPPIX) group. (E) The CO-releasing molecule 2
(CORM-2) group. (F) The inactive CORM-2 (iCORM-2) group. (G) The average fluorescence intensity in the study groups.

Red presents the nucleus, and green presents caspase-1 protein. The bars represent the mean+SE (n=3~5). * P<0.05 versus
the sham group. # P<0.05 versus the CLP group. CLP — cecal ligation and puncture; CORM-2 — CO-releasing molecule 2;
Hemin — ferric chloride heme; ZnPPIX — zinc protoporphyrin IX; iCORM-2 — inactive CORM-2.
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Figure 8. Laser confocal microscopy detection of caspase-11 in the intestinal tissue in the study groups in the rat model of sepsis
induced by cecal ligation and puncture (CLP). Original magnification, x200. Negative, PI, and merger indicate the negative
control group that was incubated without caspase-11 primary antibody and the nucleus stained with propidium iodide (PI).
Male Sprague-Dawley rats (n=120) were divided into six study groups. (A) The sham group, (B) The CLP group. (C) The hemin
group (treated with ferric chloride and heme). (D) The zinc protoporphyrin IX (ZnPPIX) group. (E) The CO-releasing molecule 2
(CORM-2) group. (F) The inactive CORM-2 (iCORM-2) group. (G) The average fluorescence intensity in the study groups. Red
presents the nucleus, and green presents caspase-11 protein. The bars represent the mean+SE (n=3~5). * P<0.05 versus
the sham group. # P<0.05 versus the CLP group. CLP — cecal ligation and puncture; CORM-2 — CO-releasing molecule 2;
Hemin — ferric chloride heme; ZnPPIX — zinc protoporphyrin IX; iCORM-2 — inactive CORM-2.
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and promotes the release of IL-1B and IL-18 by active cas-
pase-1 and caspase-11. Also, active caspase-1 and caspase-11
cleave pro-IL-1B and pro-IL-18, and caspase-1 is produced as
a zymogen that can be cleaved into 20 kDa (p20) and 10 kDa
(p10) subunits, which in turn can cleave the pyroptosis induc-
er GSDMD [7,42-45]. Hemin and CORM-2 suppress the upreg-
ulation of caspase-1, caspase-11, caspase-1 p20, caspase-11
p20, and GSDMD, whereas caspase-1 is activated during py-
roptosis by the canonical pyroptosome or caspase-11. The ac-
tivation of caspase-1 results in GSDMD cleavage (GSDMD-N),
to form the membrane pore, which releases inflammatory
molecules, including ATP, HMGB1, IL-1B, and IL-18 from the
cytosol [46,47]. The production of downstream IL-1p of cas-
pase-11 requires the canonical NLRP3 inflammasome and ac-
tivated caspase-1 [48]. We found that CO inhibited the expres-
sion of pro-caspase-1 and pro-caspase-11, caspase-1 p20 and
caspase-11 p20, and GSMDM, which indicated that CO im-
proved the survival rate and reduced intestinal damage by in-
hibiting the intestinal mucosa pyroptosis-associated proteins.
Previous studies have shown that pyroptosis is associated with
sepsis, and promotes the rapid clearance of bacterial and vi-
ral infection and that CO prevents intestinal inflammation by
promoting bacterial clearance [49,50]. However, the mecha-
nisms through which CO indirectly or directly regulates the
synthesis and cleavage of pro-caspase-1 and pro-caspase-11
requires further study. GSDMD has been identified as a direct
downstream target of caspase-1 and caspase-11 [51,52] and
is required for pyroptosis and the involvement of the inflam-
masome [42,53]. However, the mechanism of CO regulation of
GSDMD remains unknown. An increased understanding of the
mechanism through which CO acts on pyroptosis may provide
a new approach for therapeutic intervention in inflammatory
caspase-associated sepsis.

The findings from the present study showed that CO improved
the intestinal mucosa by inhibiting pyroptosis in the rat model
of CLP-induced sepsis. Previous studies have shown that CO
can regulate autophagy or apoptosis to remove pathogenic
substances from cells in sepsis or other inflammatory reac-
tions [30]. This study also showed that pyroptosis had a role
in the mechanism by which CO acted on the intestinal barrier
in the rat model of CLP-induced sepsis. CO regulated the cas-
pase-1 associated canonical and caspase-11 associated non-
canonical pathway to inhibit intestinal cell pyroptosis, provid-
ing a foundation for future studies of this mechanism. In this
study, the effects of CO on intestinal cell pyroptosis was as-
sessed at 24 h in the rat model of sepsis, with individual treat-
ments in the study groups, but a more significant effect may
have occurred with multiple drug treatments [53,54].
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CORM-2 is a metal complex containing ruthenium, manganese,
and molybdenum, which carry CO bound to metals. Therefore,
a minimum effective dose was used to avoid metal poisoning.
In future studies, assessment of the effects and mechanisms
of CO on the control of sepsis should be performed with re-
peated and multiple drug treatment. The application of CO for
the treatment of clinical diseases has been determined exten-
sively in diseases including acute kidney injury, myocardial in-
jury, and sepsis [55-57]. CORM-2 was selected for use in the
present study, rather than the clinically used water-soluble
CORMs, including CORM-A1 and CORM-3 [58]. There are sev-
eral potential clinical applications of CO therapy that are un-
der investigation. For example, an extracorporeal CO release
system has recently been developed and is used in the treat-
ment of cardiac and respiratory diseases and is used in the
application of intensive care applications, including in organ
transplantation and sepsis [59].

This study had several limitations. The study was conducted in a
rat model, which will show responses that differ from humans.
The CLP method was selected for use to represent the human
clinical condition, but all animal models are limited in this re-
spect. Pyroptosis-associated proteins and three cytokines, IL-1,
IL-18, HMGB1, were only investigated to represent pyroptosis,
mainly due to limited resources and equipment. Future studies
should measure additional proteins associated with pyroptosis
and explore the relative pathways using specific protein inhibi-
tors or activators. The current study focused on the whole organ-
ism and did not assess the effects of sepsis at the cellular level,
which is a limitation that should be addressed in future studies.

Conclusions

This study aimed to investigate the role of carbon monoxide
(CO) on the expression of proteins associated with intestinal
mucosal pyroptosis in a rat model of sepsis induced by cecal
ligation and puncture (CLP). CO had a protective role by inhib-
iting intestinal mucosal pyroptosis, and by inhibiting the ex-
pression of the proinflammatory cytokines, interleukin (IL)-18,
IL-1B and high mobility group box protein 1 (HMGB1) and the
expression of caspase-1, caspase-11, caspase-1 p20, caspase-11
p20, and gasdermin D (GSDMD). These findings might explain
how the effects of CO increased the survival rate of rats in the
model of CLP-induced sepsis.
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