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Abstract

Background To date, mechanisms of sepsis-induced
intestinal epithelial injury are not well known. P2X7
receptor (P2X7R) regulates pyroptosis of lymphocytes, and
propofol is usually used for sedation in septic patients.
Aims We aimed to determine the occurrence of enterocyte
pyroptosis mediated by P2X7R and to explore the effects
of propofol on pyroptosis and intestinal epithelial injury
after lipopolysaccharide (LPS) challenge.

Methods A novel regimen of LPS challenge was applied
in vitro and in vivo. Inhibitors of P2X7R (A438079) and
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NLRP3 inflammasome (MCC950), and different doses of
propofol were administered. The caspase-1 expression,
caspase-3 expression, caspase-11 expression, P2X7R
expression and NLRP3 expression, extracellular ATP
concentration and YO-PRO-1 uptake, and cytotoxicity and
HMGBI1 concentration were detected to evaluate entero-
cyte pyroptosis in cultured cells and intestinal epithelial
tissues. Chiu’s score, diamine oxidase and villus length
were used to evaluate intestinal epithelial injury. Moreover,
survival analysis was performed.

Results LPS challenge activated caspase-11 expression
and P2X7R expression, enhanced ATP concentration and
YO-PRO-1 uptake, and led to increased cytotoxicity and
HMGBI1 concentration. Subsequently, LPS resulted in
intestinal epithelial damage, as evidenced by increased
levels of Chiu’s score and diamine oxidase, and shorter
villus length and high mortality of animals. A438079, but
not MCC950, significantly relieved LPS-induced entero-
cyte pyroptosis and intestinal epithelial injury. Importantly,
propofol did not confer the protective effects on enterocyte
pyroptosis and intestinal epithelia although it markedly
decreased P2X7R expression.

Conclusion LPS attack leads to activation of caspase-11/
P2X7R and pyroptosis of enterocytes. Propofol does not
reduce LPS-induced pyroptosis and intestinal epithelial
injury, although it inhibits P2X7R upregulation.

Keywords Sepsis - Lipopolysaccharide - P2X7 receptor -
Enterocytes - Caspase
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Introduction

The newest definition of sepsis is a “life-threatening
organ dysfunction cause by a dysregulated host response
to infection.” The “Surviving Sepsis Campaign” has
developed evidence-based guidelines for the recognition
and management of severe sepsis and septic shock [1].
However, to date, sepsis remains a leading cause of death
in hospital and consumes massive medical resources
[1, 2]. The intact intestinal barrier plays an important
protective role in sepsis [3]. Enterocyte death caused by
sepsis results in epithelial barrier dysfunction [4, 5] and
subsequently causes multiple organ dysfunction syndrome
and poor clinical outcomes [6, 7]. It has been demon-
strated that intestinal epithelial apoptosis largely increases
in septic experiments [8, 9]. So far, however, mechanisms
of enterocyte damage during sepsis have not been well
elucidated.

Pyroptosis, a distinct form of programmed cell death,
is mediated by caspase-1 (canonical pathway) or caspase-
11 (noncanonical pathway) [10]. Pyroptosis operates to
defense against microbial infections, but aberrant acti-
vation of pyroptosis may contribute to the development
of sepsis [11]. P2X7 purinergic receptor (P2X7R) is a
ATP-gated ion channel. LPS or ATP stimulation via
P2X7R leads to the opening of a larger pore that allows
the uptake of organic molecules, and subsequently
induces the destruction of cells [10]. Growing evidences
demonstrated that P2X7R played a critical role in the
induction of pyroptosis mediated by caspase-1 and cas-
pase-11, and the absence of P2X7R decreased immune
cell death and animal’s mortality after cecal ligation and
puncture (CLP) and lipopolysaccharide (LPS) attack
[10, 12]. Importantly, a recent literature showed that
P2X7R expressed in intestinal epithelial cells [13].
Propofol, a common hypnotic agent in general anesthesia
and critical illness, offered a protection against apoptosis
of enterocytes following LPS attack and burn injury
[14, 15]. However, few studies have explored the effect
of propofol on potential pyroptosis of enterocytes during
sepsis. Interestingly, propofol could inhibit P2X7R
upregulation induced by cardiac arrest in neurons [16].
Therefore, we hypothesized that, in sepsis, LPS may
induce enterocyte pyroptosis, and propofol may attenuate
pyroptosis through inhibiting P2X7R expression.

Taken together, the aim of this study is to verify the
occurrence of enterocyte pyroptosis and to investigate the
effect of propofol on P2X7R-associated pyroptosis and
intestinal epithelial injury after LPS challenge.
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Methods
Cell Lines and Animals

The rat intestinal epithelial cell line (IEC-6, CRL-1592)
was purchased from the American Type Culture Collection
(ATCC, Rockefeller, MD, USA). IEC-6 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 10% (v/v) fetal bovine serum and 1% bovine
insulin, 100 U/mL of penicillin/streptomycin (Sigma-
Aldrich, St. Louis, MO, USA), and were maintained at
37 °C in a humidified 5% CO, incubator.

The animal experiment (protocol number 17-#2-28) was
approved by the Animal Care Committee of Sun Yat-sen
University and was performed in accordance with National
Institutes of Health guidelines for the experimental ani-
mals. Eight- to 10-week-old SPF male C57BL/6 mice
(23.5-29.6 g) were purchased from Laboratory Animal
Center of Sun Yat-sen University. The mice were housed in
individual cages in a temperature-controlled room with
alternating 12-h light—dark cycles and were acclimated for
1 week before protocol entry.

LPS Challenge

According to the novel literatures [10, 17], LPS stimulation
was used in vitro and in vivo.

In vitro, IEC-6 cells were seeded at 5 x 10* cells per
well onto 96-well plates and allowed to grow to 90%
confluence. DMEM was replaced with Opti-MEM (Sigma-
Aldrich, St. Louis, MO, USA), and the cells were treated
with LPS from 50 ng/mL E. coli O111:B4 (Sigma-Aldrich)
in Opti-MEM overnight. For LPS transfection, 75 ng of
LPS (S. Minnesota RE595, Sigma-Aldrich) and 375 ng
DOTAP (Sigma-Aldrich) were suspended in 2 pl of Opti-
MEM for 5 min, and then suspensions were mixed and
incubated for 30 min at room temperature. Reaction vol-
umes were brought up to 100 pL with Opti-MEM and then
added to IEC-6 cells and centrifuged for 5 min at 200x g.

In vivo, LPS from E. coli O111:B4 (Sigma-Aldrich) was
dissolved in PBS. C57BL/6 mice were primed with 400 pg/
kg LPS by intraperitoneal injections for 6 h. Then the mice
were challenged with 10 mg/kg of intraperitoneal LPS.

Experimental Protocol

The cultured cells and mice were randomly allocated into
six groups, respectively. In the experiments, all the study-
drugs were dissolved and diluted by normal saline (NS).
Equivalent volume of solution was added to every culture



Dig Dis Sci (2018) 63:81-91

83

medium, and each mouse received equivalent volume of
intraperitoneal injection.

1. Group C (control): The IEC-6 cells and mice were not
treated with LPS. Pure NS was used in this group.

2. Group L (LPS): LPS were dissolved and diluted by NS.
Sepsis model was produced by LPS in the IEC-6 cells
and mice according to the above-mentioned protocol.

3. Group A (A438079): A438079, a specific competitive
P2X7R antagonist, was used to explore the role of
P2X7R in intestinal epithelial pyroptosis after LPS
attack. In vitro, 5 mM A438079 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) dissolved in NS was
added to the cultured cells 1 h before LPS transfection.
In vivo, 80 mg/kg A438079 dissolved in NS was
intraperitoneally administered soon after secondary
LPS injection.

4. Group M (MCC950): NLRP3 inflammasome plays a
critical role in the canonical induction of pyroptosis
[10]. Thus, MCC950, a specific inhibitor of NLRP3,
was used to explore the role of NLRP3 in intestinal
epithelial pyroptosis after LPS attack. In vitro, 50 uM
MCC950 (MedChem Express, Shanghai, China) dis-
solved in NS was given 1 h before LPS transfection.
In vivo, 50 mg/kg MCC950 dissolved in NS was
intraperitoneally administered soon after secondary
LPS injection.

5. Group P (propofol): In vitro, 50, 250 and 500 pM
propofol (Diprivan 1%, Astra Zeneca, Caponago, Italy)
diluted by NS was added to the IEC-6 cells 1 h before
LPS transfection. In vivo, 50, 75 and 100 mg/kg
propofol was attempted to use in our preliminary
experiments, whereas 75 and 100 mg/kg propofol
frequently caused severe respiratory and cardiac
depression of mice (data not shown). Thus, 50 mg/kg
propofol diluted by NS was administered intraperi-
toneally to mice immediately after secondary LPS
injection in the following experiments.

6. Group I (intralipid): Intralipid 10% (Baxter Health-
care, Chicago, IL, USA) is the vehicle solution of
propofol. In vitro, intralipid diluted by NS was used
to incubate with the IEC-6 cells 1 h before LPS
transfection. In vivo, the mice received equivalent
volume of intralipid diluted by NS after secondary
LPS injection.

At 2 h after LPS transfection, the cultured IEC-6 cells
were collected and examined. Furthermore, at 24 h after
first injection with LPS, the mice were euthanized and
biological samples were harvested as we previously
described [18]. Briefly, blood was collected via cardiac
puncture; a ~ 0.5-cm segment of intestine was cut next to
terminal ileum for immunohistochemical analysis. Another
segment of intestine (~ 10 cm) was obtained from 5 cm to

terminal ileum, and the intestinal epithelial tissues were
scraped off gently and preserved in liquid nitrogen.

Western Blot

Proteins from IEC-6 cells and intestinal samples were
extracted by using a total protein extraction kit (Biochain,
Los Angeles, CA, USA) and were quantified by using the
BCA protein assay kit (Pierce Biotechnology Inc., Rock-
ford, IL, USA). Proteins were subjected to SDS-PAGE and
then were electrophoretically transferred to nitrocellulose
membrane. Membranes were blocked with a solution
composed of 5% fat dry milk in Tween-containing Tris-
buffered saline for 2 h at room temperature. The blocked
membranes were subsequently incubated with antibodies of
rat (in vitro) or mouse (in vivo) against caspase-1, caspase-
3, caspase-11, NLRP3, P2X7R and GAPDH overnight at
4 °C. The antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA), Adipogen Corpo-
ration (San Diego, CA, USA) and Novus Biologicals
(Littleton, CO, USA). The membranes were then washed
and incubated with the secondary antibodies (Santa Cruz
Biotechnology) directed at the primary antibody for 1 h at
room temperature. The band density was analyzed densit-
ometrically and normalized with the GAPDH protein. The
data were calculated and presented as percentage of the
group L.

Cytotoxicity Assay

Pyroptosis of cultured IEC-6 cells was assessed by cyto-
toxicity assay [10, 19]. Briefly, cytotoxicity was detected
by using the CytoTox 96® Non-Radioactive Cytotoxicity
Assay kit (Promega Corporation, Madison, WI, USA)
according to manufacturer’s instructions. The cytotoxicity
was normalized to total lactate dehydrogenase activity in
cell lysates.

ATP Measurement

At 2 h after LPS transfection, culture medium in each well
was centrifuged at 1500 rpm for 1 min, and 10 mL of the
supernatant was collected for ATP measurement. The
extracellular ATP concentration was measured by using
ATPlite Luminescence ATP Detection Assay System
(PerkinElmer, Waltham, MA, USA) according to manu-
facturer’s manual [20].

YO-PRO-1 Uptake Assay
Activation of P2X7R was assessed by YO-PRO-1 uptake

[10]. IEC-6 cells treated with various interventions were
stained with 1 pM YO-PRO-1 iodide (Thermo Scientific,
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Fig. 1 Changes in the expression of various molecules and the
concentration of extracellular ATP in cultured IEC-6 cells. a The
expression of various molecules in pyroptotic and apoptotic pathways
was detected by western blot. Representative bands from densito-
metric analysis in experimental groups were presented. b The ATP
concentration, NLRP3 expression and caspase-1 expression in
canonical pyroptosis were analyzed and presented. ¢ The caspase-1
expression and P2X7R expression in noncanonical pyroptosis were
analyzed and presented. d The caspase-3, a biomarker of apoptosis,

Hudson, NH, USA) for 15 min at room temperature,
washed with PBS and then fixed by 4% paraformaldehyde
solution in PBS for 20 min. Finally, nuclear staining was
accomplished with 0.5 pg/mL 4’,6-diamidino-2-phenylin-
dole (DAPI). The analysis was performed by using a flu-
orescence microscope (Nikon, Tokyo, Japan). In each well,
YO-PRO-1 stained cells were counted in three randomly
selected fields and presented as the percentage of the total
number of cells identified by DAPI staining in the same
field. The data were calculated and averaged to determine
the opening of P2X7R-associated pore.

Enzyme-Linked Immunosorbent Assay (ELISA)
Pyroptosis mediated by Caspase-1 leads to the release of
interleukin (IL)-1f and IL-18. The concentrations of IL-1

and IL-18 in cell culture supernatants were measured by
ELISA kits (CUSABIO, Wuhan, China) according to the
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expression was analyzed and presented. Data were expressed as
mean + SD, n = 5. Results were compared by ANOVA with Tukey
posttest. $P < 0.01 versus the C group; *P < 0.01 versus the P group;
#P < 0.01 versus the L group. P2X7R, P2X7 receptor; C, control
group; L, lipopolysaccharide group; A, A438079 group (a competitive
antagonist of P2X7 receptor); M, MCC950 group (an inhibitor of
NLRP3); P, propofol group (a common hypnotic, 50 pM); I, intralipid
group (vehicle of propofol)

manufacturer’s manual. High-mobility group box-1 protein
(HMGBI) is a signal of necrotic and pyroptotic cells [21],
and diamine oxidase (DAO) is an indicator of the integrity
and functional mass of the intestinal epithelia [22].
Intestinal epithelial tissues were homogenized on ice with
NS and centrifuged for 15 min at 4000x g, and then the
supernatants were collected. The amounts of HMGB1 and
DAO were measured by ELISA kit (Shino-Test Corpora-
tion, Kanagawa, Japan and CUSABIO, Wuhan, China) in
the supernatants, respectively.

Immunohistochemical Analysis

The ~ 0.5-cm intestinal segment was fixed and sectioned,
and then stained with hematoxylin—eosin. Two independent
pathologists assessed the histological damage by using
Chiu’s score, as previously described [7].
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Fig. 2 Changes in YO-PRO-1
uptake in cultured IEC-6 cells.
The opening of larger pores on
cell membrane allows the
passage of fluorescent dyes.
Thus, we assessed the opening
of P2X7R-associated pores by
measuring the uptake of YO-
PRO-1. The cultured cells were
stained with YO-PRO-1 (green)
and DAPI (blue) counterstained
nuclei. a The stained cells in
experimental groups were
examined by fluorescence
microscope. Representative
fluorescence microscopic
images (x200) of YO-PRO-1 in
experimental groups were
shown. b The percentage of
YO-PRO-1 positive cells was
analyzed and presented. Data
were expressed as mean £ SD,
n = 5. Results were compared
by ANOVA with Tukey
posttest. $P < 0.01 versus the C
group; *P < 0.01 versus the

P group; *P < 0.01 versus the L
group. C, control group; L,
lipopolysaccharide group; A,
A438079 group (a competitive
antagonist of P2X7 receptor);
M, MCC950 group (an inhibitor
of NLRP3); P, propofol group (a
common hypnotic, 50 uM); 1,

40-
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intralipid group (vehicle of
propofol)

Moreover, according to the similar literature [23, 24],
villus length was used to assess the histological injury of
intestine after sepsis. Villus length was determined by
measuring the distance from the crypt neck to the villus tip.
A minimum of 10 well-oriented villi from each section
were measured.

Survival Analysis

The survival analysis was evaluated in independent mice as
we previously described [18]. Briefly, the mice treated with
the various interventions (indicated in “Experimental
Protocol”) were transferred to their cages and monitored
via video recording for 72 h.

Statistical Analysis

Statistics were analyzed with SPSS 18.0 software (SPSS
Inc., Chicago, IL, USA). Survival time was expressed as
median (interquartile). The results of survival time after
secondary LPS attack were compared by Kaplan—Meier

YO-PRO-1 Uptake

R
R4

$
e
'-'h'-'h::::

i o

oo

.
unn!
'unrat
'una
ulnls!

fa

o

A M
Groups

log-rank test and Fisher’s exact test. The other data were
expressed as mean =+ standard deviation (SD) and were
compared through one-way ANOVA with Tukey posttest.
P < 0.05 in two-tailed testing was considered statistically
significant.

Results

LPS Challenge Induced Activation of Caspase-11,
Upregulation and Opening of P2X7R,
and Pyroptosis of Enterocyte in Cultured Cells

In cultured IEC-6 cells, the expression of various mole-
cules in canonical and noncanonical pathway of pyroptosis
was measured by using western blot analysis (Fig. la).
After LPS attack, in canonical pathway of pyroptosis, the
extracellular ATP concentration elevated in the group L
(P < 0.001 vs. group C), whereas the expression of NLRP3
and caspase-1 was not significantly different between
group L and group C (both P > 0.05; Fig. 1b). As shown in
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Fig. 3 Changes in cytotoxicity and IL-1f, IL-18 in cultured IEC-6
cells. a Cytotoxicity is a specific biomarker of pyroptosis in cultured
cells. Cytotoxicity was analyzed by a CytoTox kit and presented.
b IL-1p and IL-18 are canonical pyroptosis-associated cytokines.
Analysis of IL-1 and IL-18 concentration in culture media was
presented. Data were expressed as mean & SD, n = 5-6. Results
were compared by ANOVA with Tukey posttest. *P < 0.01 versus the

Fig. 1c, in noncanonical pathway of pyroptosis, the
expression of caspase-11 and P2X7R in the group L was
higher than that in the group C (both P < 0.001). For
apoptosis, LPS attack did not significantly change the
expression of caspase-3 in cultured IEC-6 cells (P > 0.05
vs. group C; Fig. 1d).

Furthermore, the percentage of YO-PRO-1 stained cells
was higher in the group L than that in the group C
(P < 0.001; Fig. 2), indicating that the opening of P2X7R
pore significantly increased after LPS challenge.

As shown in Fig. 3a, cytotoxicity in the group L were
markedly higher than that in the group C (P < 0.001),
indicating that the current LPS challenge led to increased
pyroptosis in cultured cells. However, the molecules
associated with canonical pyroptosis (IL-1B and IL-18)
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C group; *P < 0.01 versus the L group; “P < 0.01 versus the P, P250
and P500, group. C, control group; L, lipopolysaccharide group; A,
A438079 group (an antagonist of P2X7 receptor); M, MCC950 group
(an inhibitor of NLRP3); P, propofol group (a common hypnotic,
50 pM); P250, (250 uM); P500 (500 pM); I, intralipid group (vehicle
of propofol)

were not significantly different between two groups (both
P > 0.05; Fig. 3b).

LPS Challenge Induced Activation of Caspase-11/
P2X7R and Pyroptosis in Intestinal Epithelial
Tissues, and Led to Intestinal Epithelial Injury
and Mortality of Mice

In intestinal epithelia of animals, the expression of various
molecules in canonical and noncanonical pathway of
pyroptosis was also measured by western blot analysis
(Fig. 4a). The expression of caspase-11 and P2X7R sig-
nificantly elevated in the group L (both P < 0.001 vs.
group C; Fig. 4c), whereas the expression of NLRP3,
caspase-1 and caspase-3 was similar between the group C
and group L (all P > 0.05; Fig. 4b, d), indicating that the
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tal groups were presented. b The NLRP3 expression and caspase-1
expression in canonical pyroptosis were analyzed and presented.
¢ The caspase-1 expression and P2X7R expression in noncanonical
pyroptosis were analyzed and presented. d The caspase-3 expression

current LPS regimen just activated noncanonical pyropto-
sis. As shown in Fig. 5, HMGBI, a biomarker of pyrop-
tosis, in intestinal epithelial tissue was significantly higher
in the group L (P < 0.001 vs. group C).

Moreover, higher Chiu’s score and DAO concentration,
and shorter villi were detected in the group L (all
P < 0.001 vs. group C; Fig. 6), indicating that LPS attack
led to severe intestinal epithelial injury. In survival analysis
(Fig. 7), the survival time in the group L was 16 h
(4-23 h), which was shorter than that in the group C
(P < 0.001). In addition, the mortality rate was higher in
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was analyzed and presented. Data were expressed as mean £ SD,
n =5 or 6. Results were compared by ANOVA with Tukey posttest.
$P < 0.01 versus the C group; *P < 0.01 versus the P group;
#P < 0.01 versus the L group. P2X7R, P2X7 receptor; C, control
group; L, lipopolysaccharide group; A, A438079 group (a competitive
antagonist of P2X7 receptor); M, MCC950 group (an inhibitor of
NLRP3); P, propofol group (a common hypnotic, 50 mg/kg); I,
intralipid group (vehicle of propofol)

the group L than that in the group C (100 vs. 0%;
P < 0.001).

A438079, but Not MCC950 and Propofol, Reduced
Enterocyte Pyroptosis, Intestinal Epithelial Injury
and Mortality After LPS Challenge

In vitro, A438079, a competitive antagonist of P2X7R, did
not significantly change the expression of P2X7R and the
other molecules (all P> 0.05 vs. group L; Fig. ).
A438079 did not reduce the concentration of IL-1f, IL.-18
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Fig. 5 Changes in HMGBI1 concentration in mice’s intestinal
epithelial tissues. HMGBI is an in vivo biomarker of pyroptosis.
Thus, we examined HMGB1 concentration to evaluate the severity of
pyroptosis in intestinal epithelia. The HMGBI1 concentration was
analyzed and presented. Data were expressed as mean + SD, n = 5
or 6. Results were compared by ANOVA with Tukey posttest.
&P < 0.05 versus the C group; *P < 0.01 versus the C group;
*P < 0.01 versus the P group; *P <0.01 versus the L group.
HMGBI, high-mobility group box-1 protein; C, control group; L,
lipopolysaccharide group; A, A438079 group (an antagonist of P2X7
receptor); M, MCC950 group (an inhibitor of NLRP3); P, propofol
group (a common hypnotic, 50 mg/kg); I, intralipid group (vehicle of
propofol)

and ATP (Figs. 1b, 3b), but it decreased the percentage of
YO-PRO-1 positive cells and cytotoxicity (both P < 0.001
vs. group L; Figs. 2, 3a), indicating that A438079 inhibited
the opening of P2X7R and noncanonical pyroptosis.

In vivo, A438079 did not change P2X7R expression in
epithelial tissues (P > 0.05 vs. group L; Fig. 4c), but it
significantly reduced HMGB1 concentration in intestinal
epithelia (P = 0.04 vs. group L; Fig. 5) and improved
Chiu’s score, DAO and villus length (P = 0.002,
P <0.001 and P =0.019 vs. group L, respectively;
Fig. 6). In survival analysis (Fig. 7), A438079 significantly
prolonged survival time and reduced mortality (P = 0.002
and P = 0.031 vs. group L, respectively).

MCC950, a selective inhibitor of NLRP3, did not affect
the expression of NLRP3, and it did not reduce pyroptosis
of enterocyte and produce protective effects against LPS
attack both in vitro and in vivo. (all P > 0.05 vs. group L;
Figs. 1, 2,3,4,5,6,7).

In our pilot experiment, propofol 50 uM decreased
P2X7R expression in vitro. Thus, the concentration of
propofol 50 uM was chosen. However, in the present
study, propofol 50 uM did not reduce YO-PRO-1 uptake
(P > 0.05 vs. group L; Fig. 2) and the concentration of IL-
1P and IL-18 (both P > 0.05 vs. group L; Fig. 3b) although
propofol 50 puM significantly decreased P2X7R expression
(P < 0.001 vs. group L; Fig. 1c). Importantly, as shown in
Fig. 3a, neither propofol 50 uM nor higher concentrations
(250 uM and 500 pM) reduced cytotoxicity (all P > 0.05
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vs. group L), indicating that propofol could not effectively
inhibit enterocyte pyroptosis.

In vivo, propofol 50 mg/kg significantly decreased
P2X7R expression in intestinal epithelia (P = 0.001 vs.
group L; Fig. 4c), but it did not reduce HMGB1 concen-
tration and intestinal epithelial injury (all P > 0.05 vs.
group L; Figs. 5, 6). Furthermore, propofol 50 mg/kg did
not improve survival time and mortality rate (both
P > 0.05; Fig. 7).

Intralipid, vehicle of propofol, did not provide active
effects both in vitro and in vivo (all P > 0.05 vs. group L;
Figs. 1, 2, 3,4, 5,6, 7).

Discussion

The present results identify P2X7R-dependent enterocyte
pyroptosis as a potential mechanism of gut barrier injury in
sepsis and indicate that targeted treatments for pyroptosis
should be developed.

Based on previous novel literatures [10, 17], a dual-LPS
challenge was applied in this study, and it effectively
induced caspase-11 and P2X7R activation in vitro and
in vivo (Figs. lc, 4c). Moreover, in line with Yang and
Wu’s results [10, 25], we found that the biomarkers of
pyroptosis  (cytotoxicity and HMGBI1) significantly
increased (Figs. 3, 5) after LPS attack. The current results
indicate that, during sepsis, large amounts of LPS from the
bacteria of gut lumen may activate caspase-11/P2X7R and
subsequently cause pyroptosis of enterocytes. Previous
studies mainly explored the role of pyroptosis of immune
cells, such as macrophages and T subset cells, in the
development of sepsis [10, 12, 20, 26]. To the best of our
knowledge, our study, for the first time, discovers pyrop-
tosis of intestinal epithelial cells in sepsis. Epithelial cells
are critical for maintaining gut mucosal barrier. Therefore,
in sepsis, pyroptosis of enterocytes induced by P2X7R
activation probably leads to the disruption of intestinal
epithelial structure. Interestingly, in this experiment, the
caspase-3 and the molecules of canonical pyroptosis
(NLRP3, caspase-1 and IL-1B/-18) were not activated
(Figs. 1, 4). Several studies demonstrated that single LPS
injection led to apoptosis of intestinal epithelial cells
[27, 28] and NLRP3/caspase-1 activation in macrophages
[29]. We suppose that the current dual-LPS regimen is
prone to directly enhance intracellular LPS and then acti-
vate caspase-11/P2X7R pathway.

P2X7R plays a critical role in regulating canonical and
noncanonical pyroptosis [10]. Several literatures demon-
strated that P2X7R knockout attenuated sepsis-associated
inflammation and mortality through maintaining immune
responses [10, 12]. In this study, P2X7R expression sig-
nificantly increased in cultured IEC-6 cells and in intestinal
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Fig. 6 Changes in intestinal epithelial injury of mice. a Representa-
tive microscopic images of ileal sections in experimental groups were
shown. The intestinal sections were stained with hematoxylin—eosin
and examined by light microscopy (x200). In the group C, normal
structure of intestinal mucosa was seen. In contrast, in the group L, M,
P and I, edema of villi, denuded villus tips and congested blood
vessels were observed. Moreover, hemorrhage and sloughing of the
epithelium were occasionally seen in several regions of intestinal
specimens (black arrow). In the group A, mucosal structures were
generally normal. However, blunt and short villi were frequently
observed. b Change in Chiu’s score is an indicator of gut histological
damage. Chiu’s score was analyzed and presented. ¢ DAO is an
indicator of the intestinal epithelial integrity and function. DAO

epithelia of mice following LPS challenge. A438079, a
competitive and specific antagonist of P2X7R, decreased
pyroptosis of enterocytes in vitro and in vivo (Figs. 3, 5)
and then ameliorated intestinal epithelial injury and mor-
tality of mice (Figs. 6, 7), indicating that blocking of
P2X7R may be an effective way to reduce pyroptosis-in-
duced gut barrier injury and death during sepsis. MCC950
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concentration in supernatants of intestinal epithelia was analyzed and
presented. d Villus length is another indicator of gut histological
damage after sepsis. Villus length was analyzed and presented. Data
were expressed as mean £ SD, n = 5 or 6. Results were compared by
ANOVA with Tukey posttest. “P < 0.05 versus the C group;
5P < 0.01 versus the C group; “P <0.05 versus the P group;
*P < 0.01 versus the P group; TP < 0.05 versus the L group;
#p < 0.01 versus the L group. DAO, diamine oxidase; C, control
group; L, lipopolysaccharide group; A, A438079 group (an antagonist
of P2X7 receptor); M, MCC950 group (an inhibitor of NLRP3); P,
propofol group (a common hypnotic, 50 mg/kg); 1, intralipid group
(vehicle of propofol)

is a potent and selective inhibitor of NLRP3, and it blocks
NLRP3-dependent pyroptosis induced by extracellular LPS
[30], whereas because the current LPS regimen induced
pyroptosis independently of NLRP3, MCC950 could not
relieve enterocyte pyroptosis in this study. Our results
support the notion that P2X7R is a promising therapeutic
target against sepsis-induced intestinal epithelial disruption
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Fig. 7 Survival analysis within 72 h after LPS challenge. The
independent mice underwent different interventions based on the
current experimental protocol. Survival time was calculated from the
secondary injection of LPS, n = 6-8. Results were compared by
Kaplan—Meier log-rank test and Fisher’s exact test. The mice in the
group L succumbed within 30 h. Survival time and mortality rate in
the group A were significantly improved, whereas, survival times in
the group P, M and I were not prolonged. LPS, lipopolysaccharide; C,
control group; L, lipopolysaccharide group; A, A438079 group (an
antagonist of P2X7 receptor); M, MCC950 group (an inhibitor of
NLRP3); P, propofol group (a common hypnotic, 50 mg/kg); I,
intralipid group (vehicle of propofol)

and septic diseases. However, the role of P2X7R in sepsis
is still controversial. Csoka and Proietti et al. suggested
that, in sepsis, P2X7R promotes host-microbiota mutual-
ism, and activation of P2X7R conferred the protection
through enhancing bacterial killing capacity of immune
antibodies and cells [20, 26]. Therefore, further studies are
necessary to address the modulation of P2X7 expression
and function at different stages of sepsis.

Recent studies reported that several synthetic proteins
reduced pyroptosis of macrophage and organic injury by
inhibiting the expression and action of P2X7R [31, 32].
Propofol is widely used for sedation in septic patients in the
clinical settings. In this study, we found that propofol
significantly decreased P2X7R expression in intestinal
epithelial cells (Figs. lc, 4c), but propofol relieved neither
enterocyte pyroptosis nor intestinal epithelial injury after
LPS challenge (Figs. 3, 5). Yang et al. [10] indicated that
cytosolic LPS markedly increased the sensitivity of the
P2X7R-associated pore and pyroptosis to ATP stimulation.
Thus, one possibility was that P2X7 receptors were sensi-
tized and opened by increased cytosolic LPS (caspase-11
activation) and extracellular ATP (Fig. 1b) following LPS
attack; the present propofol concentration was not able to
adequately block the opening of P2X7R pores and the
uptake of large molecules and water (Fig. 2) although it
inhibited partial P2X7R expression. Indeed, Liu et al. [33]
found that, in clinically relevant concentrations, propofol
increased the current amplitudes through single P2X7R
pore in cultured astrocytes. Due to a classical conversion of
drug doses from animal to human [34], propofol 50 mg/kg
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in mouse is equal to approximately 5.5 mg/kg in human.
This dose of propofol far exceeded the usual dosage in
clinical practice yet still failed to alleviate LPS-induced
pyroptosis (Fig. 5), intestinal epithelial disruption (Fig. 6)
and animal’s death (Fig. 7). Previous studies suggested that
propofol was a preferential sedative drug for septic patients
because propofol inhibited enterocyte apoptosis [14].
However, our data demonstrated that propofol provided no
protection against enterocyte pyroptosis mediated by cas-
pase-11/P2X7R, and therefore, an additional therapy for
pyroptosis should be developed.

There were several limitations in the present study. First,
the current LPS regimen did not activate canonical
pyroptosis and apoptosis of enterocytes. In further resear-
ches, classic sepsis models, including CLP and bacterial
infection, should be applied to explore the effect of
propofol on pyroptosis and even other programmed cell
death. However, our results have indicated that propofol
conferred no protection for LPS-induced pyroptosis. Sec-
ond, unfortunately, the specific in vivo biomarkers of
pyroptosis are still absent [21]. The increased HMGBI1
levels may reflect necrosis or activation of macrophages.
However, the upregulation of caspase-11 and P2X7R in
mice’s intestinal epithelia strongly indicated that the
release of HMGB1 was mainly caused by enterocyte
pyroptosis. Third, our data suggested that P2X7R played an
important role in enterocyte pyroptosis after LPS attack.
However, appropriate models of P2X7R signaling, such as
P2X7R or caspase-11 null, should be applied to clarify the
correlation between enterocyte pyroptosis and caspase-11/
P2X7R expression, and to provide depth mechanistic
insight of P2X7R in sepsis-induced intestinal epithelial
injury.

In summary, LPS challenge leads to activation of cas-
pase-11 and P2X7R, and subsequent pyroptosis of entero-
cyte in cultured cells and intestinal epithelia. Antagonizing
P2X7R by specific antagonist reduces enterocyte pyropto-
sis and intestinal epithelial injury, as well as mortality,
following LPS attack. Propofol does not improve entero-
cyte pyroptosis and death of mice, although it effectively
inhibits P2X7R expression. Our study provides new
insights into the mechanism of sepsis development and
exhibits the potential therapeutic approach for sepsis-in-
duced intestinal injury.
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