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A B S T R A C T

Aims: NLRP3 inflammasome has been reported associated with some inflammatory and autoimmune diseases.
We previously researches showed that interleukin-23 (IL-23) and interleukin-17 (IL-17) aggravates the ischaemic
injury of the brain tissue. However, it is poorly understood whether the NLPR3 inflammasome was involved in
regulating and activating the IL-23/IL-17 axis in ischaemic stroke. We aimed to delineate whether the NLRP3
inflammasome signalling provokes the IL-23/IL-17 axis and interleukin-23 receptor (IL-23R) inducing the
ischaemia-reperfusion injury of the brain in mice.
Main methods: The male C57/BL6 mice with experimental transient middle cerebral artery occlusion (tMCAO)
were established for cerebral ischaemia-reperfusion injury. MCC950 was utilized as a selective NLRP3 in-
flammasome inhibitor. NLRP3 inflammasome associated protein, IL-23/IL-17 and IL-23R were detected to in-
vestigate their changes in the brain tissue after tMCAO.
Key findings: MCC950 inhibited the NLRP3 inflammasome, which alleviated the neurological ischaemia-re-
perfusion injury. Inhibition the NLRP3 inflammasome signalling by treatment with MCC950 decreased the ac-
tivation of IL-23/IL-17 axis and the expression of IL-23R.
Significance: The NLRP3 inflammasome facilitated the injury effect of the IL-23/IL-17 axis, which contributed to
the cerebral ischaemia-reperfusion injury. This process was associated with IL-23R. Furthermore, this indicated
that the NLRP3 inflammasome, as an important therapeutic target for ischaemic stroke, involves multiple me-
chanisms in ischaemia-reperfusion injury, and MCC950 is a promising way for clinical treatment.

1. Introduction

Stroke is a devastating illness threatening human health everyday
worldwide. The number of stroke patients is about 30 million annually
[1], and ischaemic stroke accounts for approximately 87% [2]. One of
the most effective treatments of ischaemic stroke is thrombolytic
therapy within a narrow therapeutic window to restore the blood flow
of the cerebral artery. However, cerebral blood flow reperfusion causes
ischaemia-reperfusion injury [1]. After the ischaemic stroke, immune
cells are activated and produce pro-inflammatory factors, inducing
further injury to the brain tissue. Both the innate and adaptive immune
system is associated with the inflammatory injury [3].

The innate immune response is important in the pathological me-
chanisms of central nervous system after tissue injury or pathogen in-
fection [4]. Pathogen-associated molecular patterns (PAMPs) is linked
to pathogens infection. While damage-associated molecular patterns
(DAMPs) is associated with tissue-based injury. The NOD-like receptors

(NLRs) interact with PAMPs and DAMPs [5]. Stimulated by PAMPs or
DAMPs, NLRs form the inflammasome by combination of the adaptor
protein knowns as ASC [6]. The inflammasome initiates the activation
of pro-caspase-1 to the mature caspase-1. Subsequently, the inactive of
pro-IL-1β and pro-IL-18 converts into the active form IL-1β and IL-18
[7]. The inflammasome is found in the diseases of Alzheimer's disease,
stroke, and type 2 diabetes and so on [1]. And the NLRP3 inflamma-
some is the best known inflammasome. Inflammasome were upregu-
lated in stroke animal models [8]. However, the specific inflammatory
mechanisms underlying ischaemic stroke are not entirely clear. Effec-
tive anti-inflammatory targets have not been identified. MCC950 is an
inhibitor of NLRP3 inflammasome which exhibits the high selective
potency for suppressing the signalling pathway of NLRP3 inflamma-
some. It ameliorates the neurological injury and improves the survival
in experimental autoimmune encephalomyelitis (EAE) [9]. Thus it is
suggested that MCC950 is a tool used for the studies involving the
NLRP3 inflammasome signalling pathway. MCC950 is also suggested as
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a treatment strategy for NLRP3 inflammasome associated diseases [9].
Interleukin-17 (IL-17) is an important factor of the adaptive im-

mune system, mainly released by Th17 cells [10]. Interleukin-23 (IL-
23) is produced by several innate and adaptive immune cells [11]. IL-23
generates and expands T cells of IL-17-producing, which participates in
the injury after ischaemic stroke [12,13]. The interleukin-23 receptor
(IL-23R) is mainly expressed on Th17 cells [11]. In the skin in-
flammation, IL-1β stimulates Th17 cells to produce IL-17, and the ac-
tivation of inflammasome causes the production of IL-1β [14]. The lack
of IL-18 reduced the IL-17 response in EAE [15]. The NLRP3 in-
flammasome adaptor molecule ASC plays an important part in the
Th17-mediated pathological mechanism of EAE [16]. Therefore, the
effect of NLRP3 inflammasome signalling on IL-23/IL-17 axis in
ischaemia-reperfusion injury of the brain tissue is a crucial question in
revealing the further inflammatory mechanism during ischaemic stroke.
In the present study, we hypothesized that activated NLRP3 in-
flammasome signalling participates in the activation of IL-23/IL-17 axis
and regulation of IL-23R in cerebral ischaemia-reperfusion injury.

2. Materials and methods

2.1. Animals

Male C57/BL6 mice (weighting 25 ± 2 g, Beijing Vital River
Laboratory Animal Technology Co, Ltd., China) were used in our study.
All the experimental procedures were conducted according to the gui-
dance for the care and use of experimental animals by the National
Institute of Health. Each effort was made to minimize the suffering and
number of mice. Mice were randomly arranged to each group.

2.2. Experimental transient middle cerebral artery occlusion model
(tMCAO)

The animal model of tMCAO was considered the cerebral ischaemia-
reperfusion injury. The mice were subjected to fasting overnight with
free access to water. Animals were anaesthetized with 10% chloral
hydrate (350mg/kg, i.p.). The right common carotid artery, external
carotid artery, and internal carotid artery were surgically exposed and
isolated. The operation was then conducted by inserting monofilament
with poly-L-lysine-coated (A3-1620, Cinontech Co., LTD, Beijing, China)
into the right internal carotid artery and gently pushing it to occlude
the middle cerebral artery. The monofilament was withdrawn from the
internal carotid artery after one-hour of occlusion. The mice in sham
group were subjected to the same procedure but without occlusion. To
determine the changes of NLRP3 inflammasome signalling and IL-23/
IL-17 axis in cerebral ischaemia-reperfusion injury, mice in the tMCAO
groups were euthanized at 6 h, 24 h, 72 h, 5 d and 7 d after reperfusion,
respectively. In the subsequent experiments, to explore whether in-
hibition of NLRP3 inflammasome signalling with MCC950 reduces the
cerebral ischaemia-reperfusion injury and the activation of IL-23/IL-17
axis, mice were randomly assigned to tMCAO+MCC950 group,
tMCAO+PBS group, sham+MCC950 group and sham+PBS group.
Next, the brain tissues were collected from each group. Prior to eu-
thanasia, the neurological scores were determined by a blinded ex-
aminer. The score system is as follow: 0 score, no neurological deficits;
1 score, difficulty in fully extending the left forelimb; 2 score, unable to
extend the left forelimb; 3 score, circling to the left side; 4 score, falling
to the left; and 5 score, featuring a depressed level of consciousness and
failing to walk spontaneously. Mice after tMCAO were excluded from
this study: 1, those died before euthanasia; 2, those with a subarachnoid
haemorrhage or intraparenchymal haemorrhage; and 3, those that with
a 0 score or 5 score.

2.3. Drug administration

MCC950 (SM-PZ0280-25 mg, Sigma, USA) was dissolved in

phosphate- buffered saline (PBS) and administrated by intraperitoneal
injection [9]. Mice in the tMCAO+MCC950 groups and
sham+MCC950 groups were injected with MCC950 (20mg/kg body
weight, i.p) dissolved in 0.2 ml PBS. Mice in the tMCAO+PBS groups
and sham+PBS groups were injected with 0.2 ml PBS as control
groups. Two time points, 24 h and 72 h, were selected for this study. In
the groups with the time point of 24 h, the C57BL/6 mice were pre-
treated with MCC950 or an equal volume of vehicle control (PBS) 1 h
before operation and were euthanasia 24 h after reperfusion. In the
groups with the time point of 72 h, mice were treatment with MCC950
or an equal volume of PBS 1 h before operation of tMCAO, then treated
with MCC950 or PBS at 24 h and 48 h (every 24 h) after reperfusion,
and sacrificed at 72 h after reperfusion. The brain tissues from
tMCAO+MCC950 groups, tMCAO+PBS groups, sham+MCC950
groups and sham+PBS groups (24 h- and 72 h-) were utilized for in-
farction volume measurement, Nissl staining, western blotting and
immunohistochemical staining.

2.4. 2, 3, 5-Triphenyltetrazolium chloride staining (TTC)

We tested the infarction volume in mice after tMCAO with MCC950
or PBS in the 24 h-groups and 72 h-groups. The brain infarct volume
was evaluated as the previous methods [17]. After mice were eu-
thanized, the brain tissue was rapidly collected and sliced into 2-mm
thick coronal sections. All slices were stained with 2% TTC (Sigma,
USA) at 37 °C for 15–20min kept in dark. The brain slices were pho-
tographed with digital camera for further analysis with software of the
Image-Pro-Plus. The total infarction volume was calculated by adding
up the infarction volume of each slice. The infarction size was calcu-
lated as described previously [18]. Infarction size (%)= [(contralateral
hemisphere area)− (ipsilateral hemisphere non-infarct area)]×100%/
contralateral hemisphere. Total infarction volume(%)= ∑{[(the above
infarction size)+ (the below infarction size)]1… [(the above infarction
size)+ (the below infarction size)]n}× 2/2.

2.5. Nissl staining

After euthanasia, mice were perfused with saline and 4% paraf-
ormaldehyde subsequently. The brain tissue was collected and fixed
with 4% paraformaldehyde for 24 h. The brains tissue were embedded
in paraffin and sliced into 4-μm thick coronal sections. After dewaxed,
the brain sections were stained with 1% methyl violet for approxi-
mately 15min. After rinsing several times, they were stained with Nissl
differentiation liquid for 4–8 s. The brain sections were observed and
photographed under the light microscope to observe the Nissl bodies.

2.6. Western blotting

Protein in the brain were extracted from the right cerebral hemi-
sphere in each group. Protein were separated by 12% SDS-PAGE and
transferred onto a polyvinylidene difluoride (PVDF) membrane. The
membrane was blocked in non-fat milk (5%) for 1 h at room tempera-
ture. Membranes were incubated with antibodies specific for NLRP3
(1:1000 dilution, TA336883, OriGene Technologies, Inc., USA), ASC
(1:2000 dilution, clone2EI-7, Merck Millipore, Germany), caspase-1
(1:1000 dilution, 22915-1-AP, Proteintech Group, Inc., USA), IL-1β
(1:1000 dilution, 16806-1-AP, Proteintech Group, Inc., USA), IL-18
(1:1000 dilution, ab71495, Abcam, USA), IL-23 (1:1000 dilution,
ab45420, Abcam, USA), IL-17 (1:1000 dilution, ab79056, Abcam,
USA), IL-23R (1:1000 dilution, bs-1460R, Bioss, USA), and Bcl-2
(1:1000 dilution, 12789-1-AP, Proteintech Group, Inc., USA) overnight
at 4 °C. Next, the membranes were incubated with secondary antibodies
(1:5000 dilution, ZB-2305 and ZB-2301, ZSGB-BIO, China) for 1 h at
room temperature. The protein bands were observed with a Protein
Simple imaging system (FluroChem E, Protein Simple, USA). β-Tubulin
(1:1000 dilution, TA-10, ZSGB-BIO, China) was used as an internal
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contrast. Quantified of the protein bands were measured the band in-
tensity with Gel-Pro Application software. The expression of protein
ratios were normalized to β-tubulin.

2.7. Immunohistochemical staining and haematoxylin-eosin (HE) staining

After euthanasia, mice were perfused with 100ml of 0.9% saline
subsequently by 4% paraformaldehyde. The brain tissue were fixed
with 4% paraformaldehyde for 24 h and then embedded with paraffin.
The brain sections were dewaxed and rehydrated. After blocked in 3%
H2O2, the sections were subjected to antigen retrieval. The brain sec-
tions were incubated with primary antibody against NLRP3 (1:100 di-
lution, TA323326, OriGene Technologies, Inc., USA), IL-23 (1:200 di-
lution, ab45420, Abcam, USA), and IL-17 (1:200 dilution, ab79056,
Abcam, USA) antibodies overnight at 4 °C. Next, the sections were in-
cubated secondary antibody at room temperature for 1 h. After washed
three times in PBS, the brain sections were stained with diamino-
benzidine tetrahydrochloride (DAB). Deparaffinized tissue sections
stained with haematoxylin and eosin were used for HE staining. The
sections were photographed by 400 magnification with a light micro-
scope. The size of each picture was the same as the total observed area.
The integrated optical density (IOD) of the total observed area was
analyzed by the software of Image-Pro Plus 6.0.

2.8. Statistical analysis

Data are expressed as the mean ± SEM. The statistical analysis was
performed with GraphPad Prism software 8.0 (GraphPad Software, US).
We performed one-way analysis of variance (ANOVA) followed by
Tukey's post hoc test to analyze the difference and multiple-compar-
isons among groups. t-Test was used to analyze the difference in infarct
volume and neurological scores. p < .05 was taken as statistically
significant.

3. Results

3.1. The NLRP3 inflammasome was activated after tMCAO

To investigate the NLRP3 inflammasome signalling is activated after
tMCAO, we firstly examined the protein associated with the NLRP3
inflammasome, including NLRP3, ASC, caspase-1, IL-1β and IL-18.
Brain morphological structure was examined after tMCAO (Fig. 1A). HE
staining revealed that the brain tissue was loose, the nucleus of neurons
was shrunk and trachychromatic, water was accumulated in the injury
tissue and microglial cells were increased after tMCAO. Im-
munohistochemical staining was performed with antibody against
NLRP3 to detect the expression of NLRP3 protein. In Fig. 1B, rare po-
sitive staining for NLRP3 was observed in sham group and the 6 h-
tMCAO group, while greater NLRP3-positive staining was observed in
the other tMCAO groups. The IOD analysis of NLRP3-positive staining
indicated a greater NLRP3 expression in the 24 h-, 72 h- and 5 d-tMCAO
groups compared with the sham group (p < .0001, p < .0001 and
p= .0007, respectively) (Fig. 1C). Western blotting revealed that the
NLRP3 protein was increased in the 24 h-tMCAO (p= .0430 vs. the
sham group) and 72 h-tMCAO groups (p= .0013 vs. the sham group)
(Fig. 1D). It also indicated that the level of NLRP3 protein was higher at
5 days after tMCAO than that in the sham group, but no statistical
significance was obtained (p= .0793) (Fig. 1D). Additionally, the
protein expression of ASC, caspase-1, IL-1β and IL-18 examined by
western blotting are displayed in Fig. 2. All the four protein were ele-
vated after tMCAO. The protein levels of ASC were significantly higher
in 24 h- and 72 h-tMCAO groups compared to the sham group
(p= .0005 and p= .0062, respectively) (Fig. 2A). The caspase-1 pro-
tein were elevated at 24 h after tMCAO (p= .0451 vs. the sham group)
(Fig. 2B), while the protein levels of IL-18 were increased at 72 h after
tMCAO (p= .0117 vs. the sham group) (Fig. 2C). The IL-1β protein

expressions were elevated at 24 h, 72 h and 5 days (p= .0360,
p= .0002 and p= .0037, respectively, vs. the sham group) (Fig. 2D).
Since the protein expressions of NLRP3 inflammasome signalling
pathway were significantly increased at 24 h and 72 h after tMCAO, the
two time points were selected in the subsequent experiments.

3.2. IL-23/IL-17 axis was upregulated after tMCAO

To explore the changes of IL-23/IL-17 axis in ischaemia-reperfusion
of the brain tissue after tMCAO, immunohistochemistry and western
blotting were performed after tMCAO. In Fig. 3A–B, rare IL-23 and IL-
17 positive staining was observed in the sham group, and the IOD
analysis of positive staining indicated that the IL-23 levels significantly
increased for 24 h after tMCAO (p= .0012 vs. sham group) (Fig. 3C)
and that the IL-17 protein levels were significantly increased in 24 h-,
72 h-, and 5d-tMCAO groups (p= .0114, p= .0162 and p= .0006 vs.
sham group, respectively) (Fig. 3D). Additionally, western blot analysis
of IL-23 and IL-17 also indicated that the protein levels after tMCAO
were increased compared with that in the sham groups (Fig. 3E–F). As
displayed in Fig. 3E, the protein levels of IL-23 were significantly ele-
vated in 6 h-, 24 h- and 72 h-tMCAO groups (p= .0043, p= .0021 and
p= .0038 vs. sham, respectively). The protein levels of IL-17 were
elevated in 24 h-, 72 h- and 5d-tMCAO groups significantly (p= .0044,
p= .0013 and p= .0206 vs. sham group, respectively) (Fig. 3F). These
findings indicated that the IL-23/IL-17 axis associated protein expres-
sion were significantly increased at 24 h and 72 h after tMCAO, and the
subsequent experiments explored at the two time points.

3.3. NLRP3 inflammasome was suppressed by MCC950 after tMCAO

MCC950 has been reported to inhibit the activity of the NLRP3 in-
flammasome signalling pathway selectively in mice after EAE or in-
tracerebral haemorrhage (ICH) animal model [9,19]. The present study
investigated whether MCC950 could inhibit the NLRP3 inflammasome
signalling pathway after tMCAO. Immunohistochemical staining with
the antibody against NLRP3 demonstrated that MCC950 treatment re-
duced the positive staining for NLRP3 compared to the PBS groups in
the 24 h and 72 h groups after tMCAO (Fig. 4A, B). However, semi-
quantitative analysis of the results indicated that the NLRP3 protein
expression showed no statistical significance between the 24 h-
tMCAO+MCC950 group and the 24 h-tMCAO+PBS group
(p= .1975) (Fig. 4C). But semi-quantitative analysis between the 72 h-
tMCAO+MCC950 group and the 72 h-tMCAO+PBS group indicated
that NLRP3 expression significantly decreased in 72 h-
tMCAO+MCC950 group (p= .0001) (Fig. 4D). Consistent with these
findings, western blot analysis showed the same tendency for NLRP3
protein expression as the immunohistochemical staining (Fig. 4E, F).
Western blotting demonstrated that ASC and IL-18 were reduced in the
24 h- and 72 h-tMCAO groups treated with MCC950 after tMCAO
(p= .0344 and p= .0193, vs. 24 h-tMCAO+PBS groups; p= .0111
and p= .0163, vs. 72 h-tMCAO+PBS groups) (Fig. 5A, B, G, H). A
sharp decrease in caspase-1 protein expression was observed in com-
parison between the 72 h-tMCAO+MCC950 group and 72 h-
tMCAO+PBS treatment group (p= .0385) (Fig. 5D), while caspase-1
protein levels showed no statistical significance between the 24 h-
tMCAO+MCC950 group and the 24 h-tMCAO+PBS group
(p= .8303) (Fig. 5C). The protein expression of IL-1β was compared
between the 24 h-tMCAO+MCC950 group and the 24 h-tMCAO+PBS
group (Fig. 5E), as well as between the 72 h-tMCAO+MCC950 group
and the 72 h-tMCAO+PBS group (Fig. 5F). The results showed a si-
milar tendency as caspase-1 (p= .4256 for 24 h groups and p= .0065
for 72 h groups). These data indicated that MCC950 suppressed the
signalling pathway of NLRP3 inflammasome after tMCAO in mice.
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Fig. 1. The activation of NLRP3 in brain tissues after tMCAO in mice. (A) Haematoxylin-and-eosin-stained slides of the mouse brain tissue in the groups of 6 h-, 24 h-,
72 h- and 5 d-tMCAO. In the tMCAO operation groups, the brain tissue was loose and water was accumulated (*), the nucleus of neurons was shrunk and trachy-
chromatic (↑), and microglial cells were increased (‹). (B) Immunohistochemical staining of NLPR3 expression in the sham and tMCAO groups (n=4). (C) The
integrated optical density (IOD) of NLRP3-positive staining among groups (n= 4). Data are analyzed as percentage ratio of the values from sham group. (D) Western
blot analysis of the NLRP3 protein among sham operation group and tMCAO groups (n=4). Analysis of the grey value obtained via western blotting, normalized to
β-tubulin. Data are expressed as a percentage of the values from sham group. *p < .05, **p < .01, ***p < .001 and N.S. not significant vs. sham group. Scale
bar= 50 μm.
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3.4. MCC950 attenuated the cerebral ischaemia-reperfusion injury after
tMCAO

To assess whether MCC950 induces a neurological protective effect
in mice after tMCAO, we evaluated the infarction volume by TTC
staining, the cerebral injury by Nissl staining, the Bcl-2 protein level
evaluated by western blotting of the brain tissue and the neurological
score. Infarct volumes of the brain tissue in mice were sharply reduced
in 24 h- and 72 h-tMCAO+MCC950 groups compared to the 24 h-
(p= .0224) and 72 h-tMCAO+PBS groups (p= .0026) (Fig. 6A, B),
respectively. Nissl staining of the mice after tMCAO demonstrated more
Nissl bodies in neurons in the 24 h- and 72 h-tMCAO+MCC950 groups
compared with that in PBS groups (Fig. 6C). The neurological score
improved in 24 h- and 72 h-tMCAO+MCC950 groups compared to the
tMCAO+PBS groups (p < .0001), and the score in 72 h group was
lower than that in the 24 h group (p= .0370) (Fig. 6D). The Bcl-2
protein levels increased in the 24 h- and 72 h-tMCAO+MCC950
groups compared with the 24 h- (p= .0202) and 72 h-tMCAO+PBS
groups(p= .0244), respectively (Fig. 6E, F). All data demonstrated that
treatment with MCC950 attenuated the cerebral ischaemia-reperfusion
injury.

3.5. MCC950 reduced the activation of IL-23/IL-17 axis after tMCAO

It is believed that IL-23/IL-17 axis has a vital pro-inflammatory role
in the ischaemic stroke. To assess whether inhibition the signalling
pathway of NLRP3 inflammasome by MCC950 affects the IL-23/IL-17
axis in ischaemia-reperfusion brain tissue, immunohistochemical
staining and western blot analysis were performed.
Immunohistochemical staining showed that MCC950 attenuated the
activation of IL-23/IL-17 axis in the 24 h- and 72 h-tMCAO+MCC950
groups compared with that in 24 h- and 72 h-tMCAO+PBS groups,
respectively (Fig. 7A, B, C, D). The IOD of positive staining analysis
indicated that IL-23 levels were decreased in 24 h- and 72 h-
tMCAO+MCC950 groups compared with that in the tMCAO+PBS
groups (p < .0001 for 24 h group and p= .0215 for 72 h group)
(Fig. 7E, F). The IL-17 protein levels also decreased in the 24 h- and
72 h-tMCAO+MCC950 groups compared with the levels in the 24 h-
and 72 h-tMCAO+PBS groups (p= .0203 and p= .0472, respectively)
(Fig. 7G, H). Consistent with these findings, western blotting showed
the same tendency as the immunohistochemical staining results. The IL-
23 protein levels were significantly decreased in 24 h- and 72 h-
tMCAO+MCC950 groups (p= .0011 for 24 h and p= .0200 for 72 h,

Fig. 2. The NLRP3-inflammasome-associated protein in brain tissues of mice after tMCAO. (A) ASC protein levels were evaluated by western blot analysis among
groups (n= 4). (B) The protein expressions of caspase-1 were evaluated by western blot analysis among the sham and tMCAO groups (n=4). (C) IL-18 protein
expression levels were evaluated by western blot analysis among the sham and tMCAO groups (n= 4). (D) IL-1β protein experssion levels were evaluated by western
blot analysis among the sham and tMCAO groups (n=4). Analysis of the grey value obtained via western blotting, normalized to β-tubulin. Data are expressed as a
percentage of the values from the sham group. *p < .05, **p < .01, ***p < .001 and N.S. not significant vs. sham group.
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vs. tMCAO+PBS groups) (Fig. 8A, B). The protein levels of IL-17 were
decreased in 24 h- and 72 h-tMCAO+MCC950 groups compared with
that in the tMCAO+PBS groups (p= .0180 for 24 h and p= .0080 for
72 h) (Fig. 8C, D). These data indicated that inhibitor of the NLRP3
inflammasome signalling decreased the IL-23/IL-17 axis activation after
tMCAO in mice.

3.6. MCC950 reduces the expression of IL-23R after tMCAO

We investigated the IL-23R protein levels of the mouse brain tissue

after tMCAO with MCC950 or PBS treatment. The protein levels were
reduced in the 24 h- and 72 h-tMCAO+MCC950 groups compared
with that in the tMCAO+PBS groups (p= .0205 for 24 h and
p= .0053 for 72 h group) (Fig. 9A, B). These data indicated that
MCC950 decreased the expression of IL-23R after tMCAO in mice.

4. Discussion

Evidence suggests that effective regulation or inhibition of NLRP3
may help to protect against the injury of ischaemic stroke [20].

Fig. 3. The activation of IL-23/IL-17 axis in the brain tissues after tMCAO. (A, B) Immunohistochemical staining of IL-23 and IL-17 in the sham and tMCAO groups
(n=4). (C, D) The IOD value of IL-23/IL-17-positive staining among tMCAO groups (n= 4). Data are expressed as the percentage ratio of values from the sham
group. (E, F) The protein of IL-23/IL-17 expression levels were evaluated by western blotting among groups (n= 4). Analysis of the grey value obtained via western
blotting, normalized to β-tubulin. Data are expressed as a percentage of the values from the sham group. *p < .05, **p < .01, ***p < .001 and N.S. not significant
vs. sham group. Scale bar= 50 μm.
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However, many questions remains, especially the role and mechanism
of the NLRP3 inflammasome in ischaemic stroke. To explore the re-
lationship between NLRP3 inflammasome and IL-23/IL-17 axis in
ischaemic stroke, we explored the effects of MCC950-mediated inhibi-
tion of NLRP3 inflammasome signalling on IL-23/IL-17 axis after
tMCAO. In the present study, we confirmed that MCC950 mediated the
inhibition of NLRP3 inflammasome and attenuated ischaemia-reperfu-
sion injury in brain tissue through reduction of the activation of IL-23/
IL-17 axis after tMCAO in mice. Specifically, we found that the process
was also associated with a decreasing in expression of IL-23R.

Cerebral ischaemia induces hypoxia and glucose deprivation, which
lead to tissue necrosis and inflammation activation. The brain in-
flammatory cascade post ischaemia-reperfusion has been shown to be
mediated by inflammasome. Inflammasome present in neurons, astro-
cytes, microglia, and macrophages of ischaemic brain, and mediated
the mature process of caspase-1 and IL-1β. IL-1β induces apoptosis of
neuron and enhances the expression of chemokine [21]. Expression
levels of NLRP3-inflammasome-associated protein were detected at the
given time points after tMCAO (Figs. 1D and 2). The results reveals that

these protein were significantly increased at approximately 24 h and
72 h after tMCAO, which was consistent with previous research
[20,22]. But the peak time points of each protein expression were dif-
ferent and the results achieved significance at a different time point
post-reperfusion. We infer that this discrepancy may related to the
process of NLRP3 inflammasome activation. The NLRP3 inflammasome
is composed of the NLRP3, ASC and caspase-1. Brain tissue expresses
NLRP3 inflammasome constitutively which initiate inflammation
quickly [23]. The activation of NLRP3 inflammasome converts pre-
cursor caspase-1 into cleaved caspase-1 and actives IL-1β and IL-18
[24]. The NLRP3 inflammasome was activated after tMCAO, and we
speculated that NLRP3, ASC and caspase-1 were triggered first, while
IL-1β and IL-18 were triggered later. The result of western blotting
shows that the peak time point of NLRP3 was at 72 h, which is later
than that of ASC and caspase-1 after tMCAO. The reason could be that
other types of inflammasomes such as NLRP1, NLRC4 and AIM2, were
also involved in ischaemic stroke and regulated ASC, caspase-1 and IL-
1β directly or indirectly [25,26]. It has been reported that Bruton's
tyrosine kinase (BTK) could be a platform for the interacting physically

Fig. 4. MCC950 affects the expression of NLRP3 inflammasome in the mouse brain tissues after tMCAO for 24 h and 72 h. (A, B) Immunohistochemical staining of
NLPR3 expression in each group (tMCAO+MCC950, tMCAO+PBS, sham+MCC950, sham+PBS) (n=4) for 24 h and 72 h. (C, D) Comparison of the IOD in
NLRP3 positive staining among each group (n=4). Data are analyzed as the percentage of the sham+PBS group values. (E, F) NLRP3 protein were examined by
western blotting among the 24 h and 72 h groups (n= 4). Analysis of the grey value obtained via western blotting, normalized to β-tubulin. Data are expressed as a
percentage of the sham+PBS group values. *p < .05, **p < .01, ***p < .001 and N.S. not significant. Scale bar= 50 μm.
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between NLRP3 and ASC [27], which further suggested that the reg-
ulatory mechanisms of inflammasome was complex. Our analysis might
mix up different inflammasome signalling pathways and give a sum-
mation of effects. Furthermore, we confirmed that treatment with
MCC950 reduced NLRP3-inflammasome-associated protein for 24 h and
72 h after tMCAO. In the study, the protein of NLRP3, caspase-1 and IL-
1β were showed no statistically significant differences in mice treated

with MCC950 at 24 h; however, these expression levels were sig-
nificantly reduced at 72 h after tMCAO. Our data confirmed that the
inhibition effect of MCC950 might be associated with the dose and
administration time. MCC950 was found to selectively inhibit the for-
mation of the protein complex of NLRP3 inflammasome, reduce IL-1β
signalling and decrease the concentration of IL-18 in the blood. Both IL-
1β and caspase-1 were reduced in PBMCs of the Muckle-Wells

Fig. 5. MCC950 inhibited the NLRP3-inflammasome-associated protein in brain tissues of mice after tMCAO for 24 h and 72 h. (A,B) ASC protein were evaluated by
western blotting among the MCC950 and PBS treatments in the 24 h and 72 h groups (n= 4). (C, D) Protein expression levels of caspase-1 were evaluated using
western blotting among MCC950 and PBS treatments for 24 h and 72 h groups (n= 4). (E, F) IL-1β protein were evaluated by western blot analysis among groups for
24 h and 72 h groups (n=4). (G, H) The protein levels of IL-18 were examined by western blot analysis between the MCC950 and PBS treatments for 24 h and 72 h
groups (n=4). Analysis of the grey value obtained via western blotting, normalized to β-tubulin. Data are expressed as a percentage of the values from the
sham+PBS group. *p < .05, **p < .01 and N.S. not significant.
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syndrome (MWS) patients pre-treated with MCC950 [9]. In some stu-
dies demonstrated that the treatment with MCC950 reduced IL-1β and
caspase-1 in mouse experimental non-alcoholic steatohepatitis (NASH)
and in the brain tissue after intracerebral haemorrhage (ICH) at 3 days
[19,28].

Our study demonstrated that MCC950 effectively inhibits in-
flammation in cerebral ischaemic stroke. Inhibition of the NLRP3 in-
flammasome signalling attenuated cerebral infract volume and func-
tional deficits during ischaemia-reperfusion injury. In NLRP3-knockout
mice, NLRP3 deficiency reduced cerebral ischaemic injury, including
the reduction of infarction volume, cerebral oedema, and brain barrier
permeability [20]. In another study, MCC950 significantly improved
the neurological function and the long-term survival rate after

ischaemic stroke in diabetic mice; however, it did not reduce the area of
cerebral infarction [1]. Together these results including our founding
might imply that the negative effect of MCC950 on the NLRP3 in-
flammasome is not fully equivalent to NLRP3 knockout, which needs
further research and discussion. These protective effects might be re-
lated to reducing the activation of NF-κB signalling pathway, the de-
creasing of reactive oxygen species in mitochondria, and the enhance-
ment of autophagy function of cells [29–31]. By treated with MCC950
in mice, Nissl bodies and Bcl-2 protein were increased in the brain
tissue after tMCAO. Bcl-2 is a kind of anti-apoptotic protein. It is still
unclear the link between inflammasome and neuronal death. The ac-
tivation of inflammasome in neurons promotes neurodegeneration
through a cytokine release mechanism, which induced apoptosis and

Fig. 6. Effects of MCC950 on ischaemia-reperfusion injury of the brain tissue of mice after tMCAO. (A, B) Representative photographs of the brain sections with TTC-
stained and quantitative analysis of the infarct volume in each group (n= 5). Scale bar= 5mm. (C) Nissl staining of the brain tissue after tMCAO in mice treated
with MCC950 or PBS. The Nissl body in neurons was reduced in the tMCAO+PBS groups (↑) and increased in the tMCAO+MCC950 groups (‹) at 24 h and 72 h.
Scale bar= 50 μm. (D) Quantitation of the neurological scores in different groups (n= 18). (E, F) The protein of Bcl-2 were evaluated by western blotting in each
group (n= 4). *p < .05, **p < .01, ***p < .001 and N.S. not significant.
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pyroptosis [7]. Caspase-1 is an apical mediator in the processes of
neuron death [32]. It demonstrated that NLRP3 inflammasome acti-
vation was linked to apoptosis that involved mitochondrial permeabi-
lization [7]. Our results further suggested that there was a good

prognosis of ischaemic stroke treated with MCC950. Therefore, it is
reasonable to suggest that MCC950 play a key part in improving the
neurological outcome via inhibition of NLRP3 inflammasome mediated
inflammation in mice after tMCAO.

Fig. 7. MCC950 reduced the activation of IL-23/IL-17 axis in mouse brain tissues after tMCAO. (A, B) Immunohistochemical staining of the IL-23 protein expression
in brain tissues of mice treated with MCC950 or PBS after tMCAO in the 24 h and 72 h groups (n= 4). (C, D) Immunohistochemical staining of the IL-17 protein
expression among groups treated with MCC950 or PBS for 24 h and 72 h (n= 4). (E, F, G, H) The IOD of IL-23- and IL-17-positive staining in each group (n= 4). Data
are expressed as percentage of the values from the sham+PBS group. *p < .05, **p < .01, ***p < .001 and N.S. not significant. Scale bar= 50 μm.
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IL-23 is a growth factor and is required for IL-17-producing cells
[33]. IL-23R has an important role in the IL-23/IL-17 axis [34]. It had
been demonstrated that IL-23 induced a high mRNA expression of IL-
23R, and further more elevated the levels of IL-17, IL-6, and TNF in
autoimmune inflammation [35]. In ischaemic stroke, a T-cell-related
detrimental mechanism encompassed the production of IL-17 to pro-
mote the inflammatory injury. The effects of IL-17 mainly depend on
the interaction with the pro-inflammatory chemokines and lead to a
rapid neutrophil infiltration. IL-17 is produced within 24 h after the
ischaemic attack through the engagement of the cytokine receptors for
IL-1β and IL-23 [36]. The IL-23/IL-17 axis as well as IL-23R plays im-
portant roles in several autoimmune and inflammatory diseases
[35,37–39]. Our previous studies have indicated that IL-23 exerts the
toxic effect to neurovascular unit in the condition with oxygen glucose
deprivation (OGD) via the IL-23R, and siRNA interference knockdown

of IL-23p19 suppressed the gene and protein expression of IL-17
[40,41]. In the present research, we indicated that the IL-23 protein
expression was sharply increased at 24 h, while IL-17 reached the peak
at 72 h by the analysis of western blotting after tMCAO. This result was
in line with a study that indicated that IL-17A from γδ+ T cells showed
peak expression within 3 days and worsened the injury of brain tissue at
the acute stage of ischaemic stroke [42]. As shown by the results, there
were some differences between the data statistics via im-
munohistochemical staining and western blot analysis. It is suggested
that there are slightly differences among different protein detection
methods, which may be related to the experimental principle and
process itself.

We found that the IL-23/IL-17 axis was sharply decreased in mice
treated with MCC950 for 24 h and 72 h after tMCAO. IL-23 and IL-17
are critical immune regulatory cytokines that as the bridge of the innate

Fig. 8. Western bolt analysis of IL-23 and IL-17 in the brain tissues of mice treated with MCC950 or PBS after tMCAO. (A, B) IL-23 protein were detected in each
group (n= 4). (C, D) Western blotting of the IL-17 protein in each group (n= 4). Analysis of the grey value obtained via western blotting, normalized to β-tubulin.
Data are expressed as the percentage of values from the sham+PBS group. *p < .05, **p < .01, ***p < .001 and N.S. not significant.

Fig. 9. MCC950 reduced IL-23R in the brain tissues after tMCAO in mice. (A) Western blotting of the protein expression of IL-23R were performed in each group
(n=4) for 24 h. (B) Western blotting of the protein expression of IL-23R were examined in each group (n= 4) for 72 h. Analysis of the grey value obtained via
western blotting, normalized to β-tubulin. Data are expressed as the percentage of values from the sham+PBS group. *p < .05, **p < .01, ***p < .001 and N.S.
not significant.
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and adaptive immunity in autoimmune and inflammatory pathologies
[42,43]. IL-1β has the function in regulating IL-17-producing cells in
adaptive immunity, together with IL-23. The production of IL-23 is
partially dependent on the NLRP3 inflammasome signalling and IL-1β
[44]. Macrophages and dendritic cells are associated with the progress
of regulating IL-23 by IL-1β [45]. Inhibitor of caspase-1 suppressed the
IL-17 production in EAE; however, the other caspase-1 inhibitor, Ac-
YVAD-Cmk, had little effect on inhibiting the production of IL-23 [46].
The study also indicated that IL-18 promoted the γδ+ T cells and CD4+

T cells to product IL-17 during the development of EAE. We inferred
that MCC950 might affect the activation of the IL-17 through its effects
on the inhibition of the NLRP3 inflammasome signalling and the re-
ducing of IL-1β, IL-18 and caspase-1, as well as the reducing of IL-23.

It has reported that the inflammasome adaptor molecule ASC plays
a critical T cell-intrinsic role in the pathogenesis of Th17-mediated EAE,
and the deficiency of ASC in T cells impaired Th17-mediated EAE [16].
Further studies are needed to explore whether ASC is involved in the
regulation of IL-23 and IL-17 and its detailed mechanisms.

An important distinction between the prior study and this study is
that our results indicated that IL-23R was reduced in mice treated with
MCC950. IL-23R is consisting of IL-12R β1 and a specific IL-23R chain,
and the gene is located on chromosome-1 [43]. IL-23R is mainly on
activated immune cells [34]. IL-23, IL-6, IL-21, TGF -β and activated
Th17 cells were the factors increasing IL-23R mRNA expression [43].
We thought that MCC950 affected the expression of IL-23 and inhibited
the NLRP3 inflammasome signalling, and the two processes induced the
reducing IL-23R expression. Our findings implied that MCC950 may
negatively regulate NLRP3 inflammasome activation to reduce IL-17
via modulating IL-23R signalling. At the same time, our further research
will focus on the detailed molecular mechanisms of the effect of NLRP3
inflammasome on IL-23R in ischaemia-reperfusion injury after
ischaemic stroke.

5. Conclusion

Overall, the results provided an insight into the mechanism by
which NLRP3 promotes ischaemia-reperfusion injury after tMCAO.
NLRP3 inflammasome signalling activated the IL-23/IL-17 axis to pro-
mote cerebral ischaemia-reperfusion damage. The specific NLRP3 in-
flammasome inhibitor MCC950 efficiently suppressed the NLRP3 in-
flammasome signalling and the IL-23/IL-17 axis, and decreased the
expression of IL-23R. Furthermore, inhibition of the inflammasome
might reduce both the innate and adaptive immunity at the same time
which are associated with injury after ischaemic stroke. These findings
might provide more insights and pharmacological evidence that
MCC950 has potential application in the prevention the inflammatory
injury and being an effective therapeutic of ischaemic stroke.
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