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Inhibition of the NLRP3-
inflammasome as a potential
approach for neuroprotection
e after stroke
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Activation of the NOD-like receptor protein (NLRP3)-inflammasome has been postulated to mediate
inflammatory responses to brain damage during ischemic/reperfusion (I/R) injury. We therefore
hypothesized that MCC950, a selective NLRP3-inflammasome inhibitor provides protection in mouse
model of transient middle cerebral artery occlusion (tMCAO). Focal cerebral ischemia was induced by
60 min tMCAO followed by intraperitoneal administration of MCC950 (50 mg/kg) or saline at 1 h and

3 h post-occlusion. After 24 h of I/R, mice were tested for neurological outcome and were sacrificed

. forthe analysis of infarct size and estimating NLRP3-inflammasome and apoptotic markers as

 well. Spectrophotometric method was used to determine hemoglobin (Hb) content as a marker of
intracerebral hemorrhage. MCC950-treated mice showed a substantial reduction in infarction, edema
and Hb content compared to saline controls in parallel with improved neurological deficits. MCC950
reduced expression of NLRP3-inflammasome cleavage products Caspase-1 and interlukin-13 (IL-13) in

. penumbral region. These protective effects of MCC950 were associated with decreased TNF-a levels as

 well as poly (ADP-ribose) polymerase (PARP) and Caspase-3 cleavage and paralleled less phosphrylated

. NFkBp65 and IkBa levels. Taken together, these data indicate that inhibition of NLRP3-inflammasome

: with MCC950 has therapeutic potential in ischemic stroke models. Further investigations into the

. therapeutic efficacy and protocols are needed to confirm whether MCC950 treatment could be a
promising candidate for clinical trials.

: Little has been admitted to medical practice in ischemic stroke, standing as the fifth-leading cause of death and
* long-term disability in the United States’. According to the last updates in accredited database, few medications
are available for acute stroke management in conjunction to vascular recanalization and supportive care meas-
ures>’. Anti-inflammatory agents have been long in high interest to explore promising approaches for the flamed
© ischemic tissue* or reperfusion injury consequent to therapeutic revascularization®®. Corticosteroids as unique
* pluripotent immune-suppressive agents might be of high value in stroke patients”®. Nevertheless, the prevalence
of infectious diseases i.e. pneumonia in stroke patients is a concern in chronic administration of the drug®'®. As
such, exploring new therapies targeting specific but major pro-inflammatory signals in stroke might provide
efficiently reliable medical protocols.
Recent findings postulate that signaling of the NOD-like receptor protein (NLRP3) is an essential mech-
anism in mediating inflammatory responses in aseptic tissue injury during ischemic stroke!"!2. Sensing sev-
. eral stroke-induced stimuli, the cytosolic pattern recognition receptor NLRP3 recruits the adapter protein
. the apoptosis-associated speck-like (ASC) pro-caspase-1 leading to caspase-1 production and subsequent
interlukin-1 3 (IL-13) maturation and release'*!%. The significance of pro-inflammatory and pro-apoptotic effects
of IL-1 B is quite well-founded in acute stroke!>!®. Furthermore independent of IL-1 (3, the induced caspase-1
. leads to pyroptotic cell death which is well established in glial cells to induce massive cytokine release through
intramembranous pores!'’. Consistently, several studies indicate that NLRP3 repression improves ischemic insult
and neurovascular complications in cellular'® and animal models of stroke!>?. Nonetheless, mostly dealing with
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Figure 1. MCC950 treatment reduces infarct size, cerebral edema and hemorrhage as well as functional
outcome at 24 h post-MCAO. The representative TTC sections (A), MCC950 treatment led to significant
reduction in infarct volume (B), decrease in ipsilateral edema (C) and prevention of intracerebral haemorrhage
(D). This was in parallel with improved neurological scores (E). Values are expressed as mean &= SEM (n="7-38),
*p < 0.05, #p < 0.01 vs saline treated MCAO animals.

genetic modulation or non-specific neuroprotectants they fail to reflect the clinical advantages. Therefore, this
has encouraged efforts to develop novel NLRP3 inhibitors with acceptable biocompatibility for clinical trials. Our
recent findings* imply NLRP3 suppression through genetic modulations confers remarkable protection against
animal model of stroke. In wake of translation, we aimed to evaluate the therapeutic advantages of the small
molecule MCC950. The novel compound MCC950 introduced as a specific anti-inflammatory compound?®” has
been shown to confer protection in CNS disease models e.g. Alzheimer’s disease* or systemic disorders dealing
pathological inflammation®*?. A recent report has already addressed the protective effect of MCC950 in suba-
cute phase in a photothrombotic stroke?. Coupled with its optimal pharmacokinetic characteristics®, this may
posit MCC950 as a promising candidate for clinical trials in stroke patients. In accordance with Stroke Treatment
Academic Industry Roundtable (STAIR) suggestion for rigorous preclinical research and to consider large vessels
occlusion models*”?, our experimental findings show specific NLRP3 inhibition with MCC950 protect the brain
against MCAO in mice.

Results

MCC950 treatment attenuates cerebral infraction, edema, hemorrhagic transformation and
functional deficit following MCAO. As represented in Fig. 1A for TTC sections, mice treated with
MCC950 showed significantly (p < 0.01) smaller infarct size (63.9 & 5.4 mm?) compared to saline-treated
(82.6 6.4 mm?®) MCAO animals (Fig. 1B). Such a difference was more prominent in cortical regions overlap-
ping the penumbral area. This was associated with a moderate decrease in the hemispheric swelling (Fig. 1C)
in MCAO animals (p =0.043). To examine the effects of MCC950 on hemorrhage, brain tissue Hb content was
estimated as an index for incidence of intracerebral hemorrhage in perfused brains at 24 h after MCAO (Fig. 1D).
The Hb content was significantly (P < 0.05) reduced in MCAO + MCC950 group compared to saline-MCAO.
To examine the effect of MCC950 on acute functional outcomes, we used neurological deficit scores at 24 h after
MCAO (Fig. 1E). The model animals exhibited prominent neurological deficits which were significantly reduced
(P < 0.05) with MCC950 treatment.

MCC950 treatment prevents stroke-induced NLRP3 inflammasome activation. The principal
constituents of NLRP3 inflammasome assembly as well as the consequent caspase-1 and IL-103 production were
analyzed to determine the inflammasome activation in penumbral regions. NLRP3 inflammasome activation
following stroke is established in earlier studies to contribute to stroke injury through the pro-inflammatory
cytokines (e.g. IL-1, IL-18) as well as the pleiotropic effects of cleaved caspase-1 in mediating pyroptosis and
apoptosis®. The expression of NLRP3 inflammasome products cleaved caspase-1 and cleaved IL-1 significantly
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Figure 2. MCC950 treatment inhibits NLRP3 inflammasome components (cleaved caspase-1 and cleaved
IL-1B) at 24 h post-MCAO. Representative (A) and quantitative analysis of NLRP3 (B), cleaved caspase-1 (C),
ASC (D) and cleaved IL-18 (E) levels demonstrate the corresponding differences in penumbral region at 24h
after MCAO. MCC950 treatment reduced cleavage of caspase-1 and IL-13 maturation as consequents of NLRP3
inhibition. The changes were then confirmed in frozen section samples obtained from peri-infarction areas
(penumbra) (F) immunostained with NLRP3, cleaved caspase 1 and mature IL-1(3. Blue staining: CNS cells
nuclei; Red staining: probing of the corresponding primary antibodies. Values are expressed as mean + SEM
(n=5). ¥p <0.05, **p < 0.01 vs sham, *p < 0.01 vs saline treated MCAO animals.
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(p <0.05) elevated at 24 h after MCAO compared to shams (Fig. 2A-E). However, there was no difference in the
expression of IL-103 and IL-18 in response to MCAO (Supplementary information Fig. 1). These findings were
further confirmed with elevated immunopositive signals of NLRP3, caspase-1 and IL-103 in peri-infarct area of
brain sections in saline-MCAO group only (Fig. 2F). MCC950 treatment prevented the activation of NLRP3 as
determined by reduced cleavage of caspase-1 and the subsequent release of IL-13 after MCAO (p < 0.01), however
it did not provide a discernible effect on NLRP3 or ASC protein levels.

MCC950 decreases phospho-NF«Bp65/NF«Bp65 ratio as well as TNF-o expression after MCAO.
We further elucidated the effect of MCC950 on phospho- NFkBp65/NFxBp65as an index for activation of NF«B,
the transcriptional regulator of inflammatory genes at 24 h after MCAO (Fig. 3A). Our immunoblotting showed
phospho- NFxBp65/NFrBp65is significantly (P < 0.05) elevated in MCAO group compared to shams, which
was further inhibited with MCC950 treatment Increased activation of NFkB is further confirmed by enhanced
expression phosphor-IkBa, an endogenous negative regulator NFkBp65. Expression of Phospho-IkBa was sig-
nificantly elevated (p < 0.01) at 24 h after MCAO and inhibited by treatment with MCC950 (Fig. 3B). Increased
phosphorylation of IxBa causes their proteasomal degradation thereby induces increased transcriptional activity
of NF-kB*.

The effect of MCC950 on TNE-q, a pleiotropic cytokine that rapidly upregulates in the brain after injury was
also examined. Our immunoblotting showed that TNF-a is highly expressed in MCAO group more than ten
folds as much as that in shams (Fig. 4). MCC950 treatment remarkably reduced TNF- in stroke animals from
15.74+2.33 t0 6.01 £ 2.55 (arbitrary unit) with p value of 0.01.

MCC950 attenuates activation of caspase-3 and PARP after MCAO. To examine the effect of
MCC950 on neural apoptotic pathways, we next estimated activation of the pro-apoptotic PARP and caspase-3
at 24 h after MCAO (Fig. 5A,B). In the ischemic condition, the activation of PARP following DNA damage might
contribute to caspase-3 activation. The expression of cleaved PARP and cleaved caspase-3 were significantly
(P <0.01) increased after MCAO compared to shams. Treatment with MCC950 significantly reduced activation
of caspase-3 (p < 0.05) expression, parallel with marginal decrease in activation of PARP (Fig. 5).

Discussion
NLRP3 inflammasomes are known as key intracellular regulators of innate responses to inflammation and infec-
tion®!. Our recent study indicated that genetic or pharmacological ablation of the thioredoxin interacting protein
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Figure 3. MCC950-treatment attenuates the activation of NFkBp65 at 24 h post-MCAO. Following 24 h

I/R, mice brains were subjected to immunoblotting for (A) NF«Bp65, phospho-NF«Bp65 (p-NFkBp65) and

(B) Phospho-IkBa in penumbral region to obtain phospho-NFxkBp65/ NFkBp65 ratio as a general index for
NFkBp65 transcriptional activity. Increased expression of Phospho-IkBa confirm the activation of NFkB
transcriptional activity. MCC950 treatment was associated with significant fall in phospho-NFxBp65/ NFkBp65
ratio and Phospho-IxkBa. Values are expressed as mean £ SEM (n=5). **p < 0.01 vs sham, *p < 0.05, *p < 0.01
vs saline treated MCAO animals.
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Figure 4. MCC950-treatment attenuates the activation of TNF-« at 24 h post-MCAO. Following 24h I/R,
mice brains were subjected to immunoblotting of TNF-a in penumbral region as a general index for stroke-
associated inflammation. MCC950 treatment was associated with remarkable fall in the TNF-« expression.
Values are expressed as mean + SEM (n = 3-5). **p < 0.01 vs sham, *p < 0.05 saline vs treated MCAO animals.
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Figure 5. MCC950 treatment partially reduces the expression of cleaved caspse-3 and PARP at 24 h post-
MCAO. Following 24 h I/R, penumbral cerebral cortex in mice brains were immunoblotted for assessment of
pro-apoptotic markers. According to the representative immunoblots, expression of cleaved caspase-3 (A) and
cleaved PARP (B) were significantly increased, and was further partially inhibited with the treatment MCC950.
Values are expressed as mean & SEM (n=5). **p < 0.01 vs sham. *p < 0.05 saline vs treated MCAO animals.

(TXNIP) is associated with suppression of NLRP3 inflammasome and attenuation of stroke outcome?!. The pres-
ent data shows that specific NLRP3 inflammasome inhibition by MCC950 alleviates infarct size, edema, hem-
orrhage and behavioral deficits in suture MCAO model of stroke. Consistent with earlier report demonstrating
reduced NLRP3 inflammasome activation coincident with neuroprotective modulations'**-*2, these findings
support our presumption that inhibition of NLRP3 inflammasome is the key effector of TXNIP ablation as well
as stroke induced injury.

Increasing evidence implicates the NLRP3 inflammasome and its activation/release products; ASC specks,
caspase-1 and IL-1(3 in the pathogenesis of neurodegenerative disease and stroke**-*>. The comprehensive study
by Fann and colleagues principally showed that the levels of NLRP3-inflammasome and IL-13 were increased in
cellular and animal models of stroke?. The implication was further supported by Yang et. al data demonstrating
NLRP3 deficiency ameliorated ischemic injury in cellular and animal models of stroke [5]. In an attempt to define
relevant pharmacological tools, Fann’s research team later introduced intravenous immunoglobulin as a protec-
tive approach against experimental stroke by a mechanism involving suppression of NLRP3-inflammasome activ-
ity?. In our earlier report, we also observed similar mitigating effects for resveratrol as an in indirect inhibitor of
NLRP3 inflammasome®. Importantly, following development of MCC950 in 2015 as a selective potent MCC950
inhibitor with exceptional bioavailability and kinetic attributes, many studies have been focused to unravel the
due therapeutic applications. The very recent findings of Ye et al.?* has already demonstrated notable therapeutic
effects on in vitro and photothrombotic in vivo models of stroke. Dosed with daily MCC950 (50 mg/kg, i.p.), the
animals showed significantly reduced cerebral infarction and neurological deficits day 3 post-stroke. Such allevi-
ations were all in parallel with reduced NLRP3/ASC/Caspase-1 levels within the ischemic core, with its defined
less genes expression potentials.

However, we have the same conclusion supporting MCC950 benefits in experimental stroke, there are a few
noteworthy differences. Confirmed by statistics, our animals subjected to MCAO and MCC950 treatment in the
acute phase (50 mg/kg, i.p., 1 and 3h post-stroke), came up with remarkable protection in infarction (p < 0.01
vs p < 0.05) and fast-healing neurological function. This might be simply ascribed to our early-started treatment
aside our particular animal model. Indeed, early expression of IL-103 in areas of focal neuronal injury underlines
it as the major form of IL-1 contributing to inflammation early after cerebral ischemia”. Indicating the role of
NLRP3 inflammasome to cytokine release in the acute phase, this may explain how treatment with MCC950
producing rather remarkable effect in our investigations.

Furthermore, there is a strong emphasis on the proof of concept studies in different animal models, accord-
ing to STAIR protocols. The photothrombotic stroke model used in Ye et. al. study has several advantages includ-
ing high survival rate though, it suffers from small infarct sizes limited to cortices, and above that, lack of defined
penumbral region both of which may hurdle appropriate translational conclusion®. Specifically, while dealing with
inflammasome and inflammation concepts, penumbra is the main region to focus. Therefore, with our particular
MCAO model and penumbral brain sampling, we could track a remarkable caspase-1/IL-1f3 repression followed by
slightly abolished PARP and caspase-3 cleavage, addressing confined inflammation and degeneration in MCC950
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Figure 6. Pictorial description of MCC950 therapeutic effects on experimental stroke. NLRP3 inflammasome
activation is demonstrated in background pale illustrates with the colored objects representing the evaluated
index molecules to address MCC950 effect. In a simplified look, stroke triggers several deteriorating

signals leading to NLRP3 inflammasome priming or activation. The priming step which largely depends on
transcriptional activity of NFxB, works to build up all the prerequisite NLRP3 components (NLRP3, ASC, pro-
caspase-1 and pro-IL-1(3) along other pro-inflammatory molecules like TNF-c. The activation process instantly
follows the priming step to assemble the NLRP3 inflammasome and subsequent caspase-1 cleavage and IL-13
maturation. IL-13 may instigate a wide range of inflammatory responses which parallels IxBa phosphorylation,
phospho-p65 transcriptional activity and TNF-a over production. Apoptotic cell death involving classic
caspases and PARP follow the inflammatory propagation. MCC950 treatment produces therapeutic benefits

in experimental stroke. This is attributed to specific inhibition of NLRP3 oligomerization leading to reduced
caspase-1 and IL-18 activation and protection against pro-apoptotic and pro-inflammatory cascades and
ischemic insult escalation. Abbreviations: NLRP3: NOD-like receptor protein-3; IL-103: Interleukin 1 beta; TNE-
o Tumor necrosis factor alpha; p65: NFkBp65 subunit, IkBa: inhibitor of kappa B-«

treated brains. Furthermore, we detected a 10-fold increase in penumbral TNF-a in MCAO stroke brains associated
with a dramatic NFkBp65 activation. This might be suggestive of TNF-o induced NLRP3 inflammasome priming
though, TNF- o still have other ways to induce oligomerization of the pre-existing inflammasome constituents e.g.
trough mediating oxidative stress***’. According to our findings, in contrary to Ye obtained data; we did not detect
any change in NLRP3 and ASC levels. Basically, MCC950 is defined to specifically block the assembly of NLRP3
constituents. Therefore, one may not expect transcriptional changes in proteins building NLRP3 inflammasome.
Nevertheless, as we detected less pro-caspase 1 levels in MCC950 stroke animals, the eventual modulation of inflam-
matory cytokines arguably may alter transcripts of pro-IL-1/caspase 1 namely through NFxB modulation.

Evidence of NLRP3 implication in cerebrovascular diseases is not confined to preclinical data. Conspicuously,
recent randomized trials imply people with some specific NLRP3 genotype has been shows more prone to stroke
and transient ischemic attacks*"*2. This might underline TXNIP/NLRP3 inflammasome central function in
endothelial integrity to drive atherosclerotic changes*’. Although this may somehow address the reduced hem-
orrhagic transformation in our MCC950 stroke animals, it is hard to differentiate whether it is the direct effect of
MCC950 or the confined inflammatory responses.

Nevertheless, there are some restrictions on our interpretations yet to be addressed in further works. The
limitations of this study are mainly those associated with the use of a single endpoint at 24 h post-stroke and
intraluminal suture model of MCAO. Further pertinent studies are essential to better realize the effect of MCC950
in a combinatorial medical approach including recanalization by tissue plasminogen activator (tPA) in embolic
stroke models to analyze cerebrovascular damage.

The present study concludes that MCC950 shows appropriate in vivo efficacy to repress NLRP3/Caspase-1/
IL-1 signaling enough to improve acute stroke outcomes in a MCAO model of stroke (Fig. 6). Given that few
approaches are available in managing stroke suspects before admission, investigating efficient oral therapeu-
tics like MCC950 might be promising in conscious stroke suspects. Providing supportive evidence for NLRP3
involvement in acute injury following stroke, these findings further suggest that NLRP3 inflammasome may
represent a promising imminent target to develop newer therapeutics.

Experimental Procedures

Animals and experimental groups.  Wild-type C57Bl/6 mice (Jackson Laboratory, Bar Harbor, ME, USA)
were used in the study. All experiments were conducted according to procedures approved by the Institutional
Animal Care and Use Committee (IACUC) at UTHSC, Memphis TN. The study are reported here in accordance
with the ARRIVE (Animal Research: Reporting in Vivo Experiments) guidelines*. The animals were housed
in standard humidity (45-50%) and temperature (21-25°C) and 12-h light/dark cycle with food and water ad
libitum. Adult male (8-10 weeks) mice were quarantined for at least 7 days before the experiment when they
were subjected to MCAO or sham surgery. Wild-type C57Bl/6 mice were assigned to three different experimen-
tal groups including sham and MCAO animals with saline or MCC950 treatment. MCC950 (Sigma, USA) was
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dissolved in sterile saline and administered (50 mg/kg, i.p.) 1 h and 3 h post-occlusion. The MCC950 dosage was
determined based on previous published studies?>*.

Induction of focal cerebral ischemia.  Adultanimals (22-25 gm) were subjected to middle cerebral artery
occlusion (MCAO) using the intraluminal suture model as described previously*®. Briefly, animals were anes-
thetized using 2-5% isoflurane inhalation. Middle cerebral artery occlusion (MCAOQO) was achieved using a 6-0
silicon-coated nylon suture (Doccol, Sharon, MA), advanced into the internal carotid artery to block the origin of
the middle cerebral artery. After 1h, animals were re-anaesthetized to remove the sutures and allow reperfusion
in ischemic brain areas. Animals were kept in a 37 °C for their comfort and recovery after surgery.

Assessment of functional Neurological deficit score. Neurological deficits were evaluated in a blinded
manner after 24 h I/R just before animals were euthanized for ex-vivo evaluations. Using the modified neurolog-
ical deficit score?!, animals with no apparent deficits obtained 0; signs of forelimb flexion, 1; reduced resistance
to push, 2 and with circling, 3. For consistent MCAO completion, only animals with a score of ~3 at reperfusion
were included in further analysis.

Assessment of infarct size and edema. Infarct size, edema and hemoglobin content (hemorrhage) were
measured by a blinded investigator. After 24 h of MCAO, animals were deeply anaesthetized with ketamine/
xylazine mixture (85% and 15%, respectively) and transcardially perfused with ice cold PBS. Animals were then
decapitated and their brains collected. Seven 1-mm thick coronal sections from each brain were stained with
2% TTC solution (2,3,5-triphenyltetrazolium chloride- Sigma-Aldrich, St. Louis, MO) for 2 min and scanned.
Infarction and total hemispheric areas were blindly measured using Image J software and corrected for edema
based on recent optimizations using the formula: [(infarct V/ipsilateral V) x contralateral V]*. Hemispheric
edema was calculated as the area difference in the ischemic hemisphere compared to the contralateral hemisphere.

Evaluation of hemoglobin content. Cerebrovascular disruptor and the subsequent blood cells infiltration
to the brain tissue was quantified using a colorimetric hemoglobin detection assay (QuantiChrom Hemoglobin
Assay Kit, BioAssay Systems; Haywood, CA) to address hemorrhagic transformation after stroke. Ipsilateral
TTC-stained brain samples were separated and homogenized in a 10% glycerol-Tris buffer saline solution con-
taining 0.5% Tween-20. Samples were subjected to the kit reactions yielding a uniformly colored hemoglobin and
read at 562 nm using a standard microplate reader (Synergy HT, BioTek instruments). Hemoglobin concentration
was calculated according to the manufacturer’s instructions and recorded in ug/dL based on the standard samples.

Western blotting. For WB analysis, we used peri-infarct (penumbra) cortical regions. Using a brain matrix,
the brains were rapidly dissected into 4.0 mm coronal sections (approximately 0.5mm and —3.5mm from bregma).
Brain tissue was homogenized and processed for western blotting as previously described. Fifty-microgram of pro-
teins were loaded in each lane and separated followed by transfer to nitrocellulose membranes. The membranes
were blocked for non-specific binding and probed with primary antibodies against NLRP3, Caspase-1, ASC (1:1000;
AG-20B-0014; AG-20B-0042; AG-25B-0006 Adipogen life sciences), cleaved IL-1(3, Caspase-3, Phospho- NF«Bp65,
NFkBp65 (1:1000; CST-12242; 9664; 3033; 8242; Cell signaling technology), Cleaved PARP, Anti IL-18, IL-13
(1:1000; ab32064; ab71495; ab9722; Abcam, USA), phospho IxB (1:1000; Santa cruz biotechnology, SC8404) at 4°C
for overnight. Following TBS-T washes, the membranes were incubated with horseradish peroxidase-conjugated
secondary antibody (1: 10,000; Sigma). The bands were then visualized by means of an enhanced chemiluminescent
substrate system (Thermo fisher scientific). Protein levels were analyzed densitometrically, using Image J software
and were normalized to loading controls, and expressed as fold change.

Immunofluorescence Staining. At 24 h after tMCAO, mice were anesthetized with ketamine/xylazine
and transcardially perfused with 30 mL of PBS followed by 50 mL of 10% formalin (Fischer Scientific). Brains
were removed and post-fixed in the same fixative overnight at 4 °C and then with 30% sucrose in PBS for 72 h.
The brains were sectioned in the coronal plane at a thickness of 10 um. Sections were blocked with Serum-Free
Protein Block (X0909, DAKO) followed by incubation with primary antibodies against NLRP3, cleaved caspase-1
(1:200; AG-20B-0014, 1: 250; AG-20B-0042, Adipogen life sciences) and cleaved IL-13 (1:100; CST-12242, Cell
signaling technology, USA) overnight at 4°C in a humid chamber. After washing, slides were incubated with flu-
orescent anti mouse secondary antibodies (1:200; 072-04-18-03; Dylight-549, KPL) for 1 h at room temperature
and mounted with ProLong™ Diamond Antifade Mountant with DAPI (Invirogen), and viewed using a Zeiss 710
confocal laser scanning microscope. Negative controls were prepared by omitting the primary antibodies.

Statistical Analysis. The results were expressed as mean + SEM. Differences among experimental groups
were evaluated by student’s t test or ANOVA followed by Tukey’s post-hoc test. Significance was defined by a
p < 0.05.

Data Availability. The datasets generated during the current study are available from the corresponding
author on a reasonable request.

References
1. Members, W. G. et al. Heart disease and stroke statistics—2014 update: a report from the American Heart Association. circulation
129, €28 (2014).
2. Elliott, W. J., Bakris, G. L., Kaplan, N. M. & Forman, J. P. Evaluation and treatment of hypertensive emergencies in adults. 2016,
UpToDate.
3. Kistler, J. P, Furie, K. L. & Hakan, A. Initial evaluation and management of transient ischemic attack and minor stroke. UpToDate.
Waltham. MA: UpToDate. Retrieved January (2010).

SCIENTIFICREPORTS| (2018) 8:5971 | DOI:10.1038/s41598-018-24350-x 7



www.nature.com/scientificreports/

1521

© ® N o

10.

11.
. Abulafia, D. P. et al. Inhibition of the inflammasome complex reduces the inflammatory response after thromboembolic stroke in

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.
. Jovin, T. G., Albers, G. W. & Liebeskind, D. S. & Consortium, S. I. Stroke Treatment Academic Industry Roundtable. Stroke 47,

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.

47.

. Mohamed, I. N., Ishrat, T,, Fagan, S. C. & El-Remessy, A. B. Role of inflammasome activation in the pathophysiology of vascular

diseases of the neurovascular unit. Antioxidants & redox signaling 22, 1188-1206 (2015).

. Lambertsen, K. L., Biber, K. & Finsen, B. Inflammatory cytokines in experimental and human stroke. Journal of Cerebral Blood Flow

& Metabolism 32,1677-1698 (2012).
Al-Mufti, E. et al. Cerebral Ischemic Reperfusion Injury Following Recanalization of Large Vessel Occlusions. Neurosurgery (2017).

. Sandercock, P. A. & Soane, T. Corticosteroids for acute ischaemic stroke. The Cochrane Library (2011).
. Qizilbash, N., Lewington, S. & Lopez-Arrieta, ]. Corticosteroids for acute ischaemic stroke. Cochrane Database Syst Rev 2 (2002).
. Emsley, H. C. & Hopkins, S. J. Acute ischaemic stroke and infection: recent and emerging concepts. The Lancet Neurology 7, 341-353

(2008).

Kalra, L. et al. Prophylactic antibiotics after acute stroke for reducing pneumonia in patients with dysphagia (STROKE-INF): a
prospective, cluster-randomised, open-label, masked endpoint, controlled clinical trial. The Lancet 386, 1835-1844 (2015).

Fann, D. Y.-W. et al. Pathogenesis of acute stroke and the role of inflammasomes. Ageing research reviews 12, 941-966 (2013).

mice. Journal of Cerebral Blood Flow & Metabolism 29, 534-544 (2009).

Martinon, E, Burns, K. & Tschopp, J. The inflammasome: a molecular platform triggering activation of inflammatory caspases and
processing of proIL-3. Molecular cell 10, 417-426 (2002).

Agostini, L. et al. NALP3 forms an IL-13-processing inflammasome with increased activity in Muckle-Wells autoinflammatory
disorder. Immunity 20, 319-325 (2004).

Denes, A., Pinteaux, E., Rothwell, N. J. & Allan, S. M. Interleukin-1 and stroke: biomarker, harbinger of damage, and therapeutic
target. Cerebrovascular Diseases 32, 517-527 (2011).

Clausen, B. H. et al. Interleukin-1beta and tumor necrosis factor-alpha are expressed by different subsets of microglia and
macrophages after ischemic stroke in mice. Journal of neuroinflammation 5, 46 (2008).

Barrington, J., Lemarchand, E. & Allan, S. M. A brain in flame; do inflammasomes and pyroptosis influence stroke pathology? Brain
Pathology 27, 205-212 (2017).

Ji, J. et al. NOSH-NBP, a novel nitric oxide and hydrogen sulfide-releasing hybrid, attenuates ischemic stroke-induced
neuroinflammatory injury by modulating microglia polarization. Frontiers in Cellular Neuroscience 11 (2017).

Yang, F et al. NLRP3 deficiency ameliorates neurovascular damage in experimental ischemic stroke. Journal of Cerebral Blood Flow
& Metabolism 34, 660-667 (2014).

Ye, X. et al. Purinergic 2X7 receptor/NLRP3 pathway triggers neuronal apoptosis after ischemic stroke in the mouse. Experimental
neurology 292, 46-55 (2017).

Ishrat, T. et al. Thioredoxin-interacting protein: a novel target for neuroprotection in experimental thromboembolic stroke in mice.
Molecular neurobiology 51, 766-778 (2015).

Coll, R. C. et al. A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of inflammatory diseases. Nat Med 21,
248-55 (2015).

Dempsey, C. et al. Inhibiting the NLRP3 inflammasome with MCC950 promotes non-phlogistic clearance of amyloid-3 and
cognitive function in APP/PS1 mice. Brain, behavior, and immunity 61, 306-316 (2017).

Zhang, J. et al. A novel mechanism of diabetic vascular endothelial dysfunction: Hypoadiponectinemia-induced NLRP3
inflammasome activation. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease 1863, 1556-1567 (2017).

Ye, X. et al. ROS/TXNIP pathway contributes to thrombin induced NLRP3 inflammasome activation and cell apoptosis in microglia.
Biochemical and Biophysical Research Communications 485, 499-505 (2017).

Salla, M. et al. Identification, Synthesis, and Biological Evaluation of the Major Human Metabolite of NLRP3 Inflammasome
Inhibitor MCC950. ACS medicinal chemistry letters 7, 1034-1038 (2016).

Saver, J. L., Jovin, T. G., Smith, W. S. & Albers, G. W. Stroke Treatment Academic Industry Roundtable. Stroke 44, 3596-3601 (2013).

2656-2665 (2016).

Fann, D. Y. et al. Intravenous immunoglobulin suppresses NLRP1 and NLRP3 inflammasome-mediated neuronal death in ischemic
stroke. Cell Death Dis 4, €790 (2013).

Harari, O. A. & Liao, J. K. NF-xB and innate immunity in ischemic stroke. Annals of the New York Academy of Sciences 1207, 32-40
(2010).

Mariathasan, S. & Monack, D. M. Inflammasome adaptors and sensors: intracellular regulators of infection and inflammation.
Nature reviews. Immunology 7, 31 (2007).

Wang, X., Li, R,, Wang, X,, Fu, Q. & Ma, S. Umbelliferone ameliorates cerebral ischemia-reperfusion injury via upregulating the
PPAR gamma expression and suppressing TXNIP/NLRP3 inflammasome. Neurosci Lett 600, 182-7 (2015).

Liu, L. & Chan, C. The role of inflammasome in Alzheimer’s disease. Ageing Res Rev 15, 6-15 (2014).

Danton, G. H. & Dietrich, W. D. Inflammatory mechanisms after ischemia and stroke. ] Neuropathol Exp Neurol 62, 127-36 (2003).
Zhou, K., Shi, L., Wang, Y., Chen, S. & Zhang, J. Recent Advances of the NLRP3 Inflammasome in Central Nervous System
Disorders. ] Immunol Res 2016, 9238290 (2016).

Yousuf, S. et al. Resveratrol exerts its neuroprotective effect by modulating mitochondrial dysfunctions and associated cell death
during cerebral ischemia. Brain research 1250, 242-253 (2009).

Luheshi, N. M., Kovécs, K. J., Lopez-Castejon, G., Brough, D. & Denes, A. Interleukin-1c expression precedes IL-1(3 after ischemic
brain injury and is localised to areas of focal neuronal loss and penumbral tissues. Journal of neuroinflammation 8, 186 (2011).
Labat-gest, V. & Tomasi, S. Photothrombotic ischemia: a minimally invasive and reproducible photochemical cortical lesion model
for mouse stroke studies. Journal of visualized experiments: JoVE (2013).

Alvarez, S. & Mufioz-Fernandez, M. A. TNF-a may mediate inflammasome activation in the absence of bacterial infection in more
than one way. PLoS One 8, €71477 (2013).

McGeough, M. D. et al. TNF regulates transcription of NLRP3 inflammasome components and inflammatory molecules in
cryopyrinopathies. The Journal of clinical investigation 127 (2017).

Gross, O., Thomas, C. J., Guarda, G. & Tschopp, J. The inflammasome: an integrated view. Immunological reviews 243, 136-151
(2011).

Afrasyab, A. et al. Correlation of NLRP3 with severity and prognosis of coronary atherosclerosis in acute coronary syndrome
patients. Heart and vessels 31, 1218-1229 (2016).

Abdul-Muneer, P. et al. Activation of NLRP3 inflammasome by cholesterol crystals in alcohol consumption induces atherosclerotic
lesions. Brain, Behavior, and Immunity 62, 291-305 (2017).

Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: the ARRIVE
guidelines for reporting animal research. PLoS Biol 8, 1000412 (2010).

van Hout, G. P. et al. The selective NLRP3-inflammasome inhibitor MCC950 reduces infarct size and preserves cardiac function in
a pig model of myocardial infarction. Eur Heart ] (2016).

Ishrat, T. et al. Low-dose candesartan enhances molecular mediators of neuroplasticity and subsequent functional recovery after
ischemic stroke in rats. Mol Neurobiol 51, 1542-53 (2015).

McBride, D. W, Klebe, D., Tang, J. & Zhang, J. H. Correcting for brain swelling’s effects on infarct volume calculation after middle
cerebral artery occlusion in rats. Translational stroke research 6,323-338 (2015).

SCIENTIFICREPORTS| (2018) 8:5971 | DOI:10.1038/s41598-018-24350-x 8



www.nature.com/scientificreports/

Acknowledgements
This work was supported by the National Institute of Health [R01-NS097800 (TI)].

Author Contributions

Saifudeen Ismael, performed IHC and Western blotting and analyzed the data; Liang Zhao performed MCAO;
Sanaz Nasoohi assisted in data analysis and manuscript preparation. Tauheed Ishrat designed the experiments
and edited the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-24350-x.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:5971 | DOI:10.1038/s41598-018-24350-x 9


http://dx.doi.org/10.1038/s41598-018-24350-x
http://creativecommons.org/licenses/by/4.0/

	Inhibition of the NLRP3-inflammasome as a potential approach for neuroprotection after stroke

	Results

	MCC950 treatment attenuates cerebral infraction, edema, hemorrhagic transformation and functional deficit following MCAO. 
	MCC950 treatment prevents stroke-induced NLRP3 inflammasome activation. 
	MCC950 decreases phospho-NFκBp65/NFκBp65 ratio as well as TNF-α expression after MCAO. 
	MCC950 attenuates activation of caspase-3 and PARP after MCAO. 

	Discussion

	Experimental Procedures

	Animals and experimental groups. 
	Induction of focal cerebral ischemia. 
	Assessment of functional Neurological deficit score. 
	Assessment of infarct size and edema. 
	Evaluation of hemoglobin content. 
	Western blotting. 
	Immunofluorescence Staining. 
	Statistical Analysis. 
	Data Availability. 

	Acknowledgements

	Figure 1 MCC950 treatment reduces infarct size, cerebral edema and hemorrhage as well as functional outcome at 24 h post-MCAO.
	Figure 2 MCC950 treatment inhibits NLRP3 inflammasome components (cleaved caspase-1 and cleaved IL-1β) at 24 h post-MCAO.
	Figure 3 MCC950-treatment attenuates the activation of NFκBp65 at 24 h post-MCAO.
	Figure 4 MCC950-treatment attenuates the activation of TNF-α at 24 h post-MCAO.
	﻿Figure 5 MCC950 treatment partially reduces the expression of cleaved caspse-3 and PARP at 24 h post-MCAO.
	﻿Figure 6 Pictorial description of MCC950 therapeutic effects on experimental stroke.




