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Abstract
Aims: The involvement of pyroptosis in ischemic stroke remains to be established. 
Therefore, we used the specific pyroptosis inhibitor Vx765 as an experimental inter-
vention target in a murine model of stroke.
Methods: A total of 564 C57BL/6 mice were subjected to photothrombotic proce-
dures and treated via gavage with Vx765 at 1-hour post-ischemia. We subsequently 
assessed the expression of Gasdermin D (GSDMD), inflammasomes, caspase-1, and 
interleukin-1β (IL-1β) using immunofluorescence (IF) and Western blot (WB) analy-
ses. We also examined ultrastructural changes of cortical neurons with transmission 
electron microscopy (TEM) and measured infarct volumes dynamically by magnetic 
resonance imaging (MRI). Moreover, we evaluated the neurologic deficits by modified 
neurological severity scores, the rotarod test, and Treadscan.
Results: Elevated expression of GSDMD and GSDMD p30, the pore-forming subunit, 
was evident in the peri-ischemic region on days one and three post-ischemia. The 
neuronal plasma, nuclear, and mitochondrial membranes showed ultrastructural dam-
age at day three post-stroke. Elevated expression of inflammasomes, caspase-1, and 
IL-1β was also present on days one and three post-injury. There were significant dif-
ferences between Vx765-treated and vehicle groups in mean infarct volumes (14.36 
vs 21.52 mm3; 12.34 vs 18.56 mm3; 4.13 vs 10.06 mm3; P < .05 at day one, three, 
and seven post-surgery, respectively). Mice treated with Vx765 showed better motor 
recovery as assessed by serial behavior tests and had better neuronal survival, which 
was attributable to pyroptosis inhibition, as illustrated by downregulated expression 
of the effector protein GSDMD, inflammasomes, caspase-1, and IL-1β. Besides, treat-
ment with Vx765 preserved neuronal membrane structures after the ischemic injury.
Conclusions: Pyroptosis emerges as an important pathway for neuronal death in an 
acute ischemic stroke. Vx765, a low molecular weight drug that has proven safe in 
clinical epilepsy trials, has potential therapeutic value for cerebral ischemia by target-
ing the canonical inflammasome pathway of pyroptosis.
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1  | INTRODUC TION

Stroke is a lamentably common disease with a high mortality rate, 
and frequently resulting in severe and persistent disability in sur-
vivors. Despite decades of intensive efforts in searching for effec-
tive pharmacological treatments for ischemic stroke, very few such 
methods are currently considered effective in clinic.1 Obtaining 
a better understanding of the pathways for ischemic cell death in 
stroke remains a major challenge in modern neurobiology.

Pyroptosis, as distinct from the better-known apoptosis, is a 
pathway of cell death that depends on the activation of caspase-1, 
which was first observed in macrophages infected with Shigella 
flexneri, an intracellular bacteria.2 Two pyroptosis pathways are 
recognized based on their involved caspases enzymes, that is, the 
canonical (caspase-1) and non-canonical (caspase-11) pathways. The 
canonical pathway is initiated by the activation of inflammasomes, 
which, in turn, activate caspase-1, ultimately resulting in lytic cell 
death mediated by the effector protein Gasdermin D (GSDMD).3 
This protein is constitutively expressed in an inactive state due to 
the autoinhibition of its C-domain.4 Upon activation, the mobilized 
N-domain of GSDMD forms membrane pores, which mediate the re-
lease of cytokines, cellular swelling due to water influx, membrane 
rupture, and eventually the release of all cellular contents, that is, 
lysis.5-7 Accumulating evidence points to a potentially important role 
of pyroptosis in the pathology of ischemic stroke. For example, clini-
cal specimens of ischemic brain tissues showed elevated expression 
of inflammasomes.8 Furthermore, pharmacological inhibition of the 
pro-inflammatory cytokine interleukin-1β (IL-1β) attenuated stroke 
severity in mice.9,10 These results point to an important role of pyro-
ptosis in the ischemic brain injury, which merits further investigation.

Thus, the pyroptosis pathway represents a promising pharmaco-
logical target for treating ischemic stroke. Vx765, an orally absorbed 
prodrug, is rapidly metabolized in vivo by non-specific esterases to 
an active metabolite, VRT-043198, which is a selective inhibitor of 
caspase-1.11 The therapeutic potential of Vx765 was illustrated not 
only by its inhibition of IL-1β releases from human monocytes in 
vitro, but also by its effect in reducing the serum levels of IL-1β and 
other clinical biomarkers in murine models of dermatitis, arthritis,11 
and temporal lobe epilepsy.12 As a brain penetrating caspase-1 in-
hibitor with low toxicity, Vx765 is currently in a phase 2b clinical trial 
for drug-resistant partial epilepsy and has thus already proven safe 
in humans. In a study of a murine multiple sclerosis model, Vx765 
treatment diminished the upregulated expression of GSDMD and 
deactivated inflammasomes.13 As such, Vx765 may possess thera-
peutic efficacy in an ischemic stroke model and potentially also in 
clinical translation.

Here, we asked whether the canonical inflammasome pathway 
of pyroptosis indeed plays a central role in the pathology of cere-
bral ischemia, and if so, whether that pathological process might 

be ameliorated by treatment with the caspase-1 inhibitor prodrug, 
Vx765. We used a combination of transmission electron microscopy 
(TEM), immunofluorescence (IF), Western blotting (WB), and in vivo 
magnetic resonance imaging to test the hypothesis that pharmaco-
logical inhibition of the canonical inflammasome pathway of pyro-
ptosis would protect against neuronal loss and motor deficits in the 
murine photothrombotic (PT) ischemic stroke model.

2  | MATERIAL S AND METHODS

2.1 | Animals and experimental design

Male C57BL/6 wild type mice, weighing 20-28 g and aged 8-12 weeks 
(Hunan SJA Laboratory Animal Co. Ltd), were housed in an SPF en-
vironment with a 12-hour light-dark cycle and adequate food and 
clean water. All animal studies were conducted with the permission 
and under the supervision of the Institute of Animal Care Committee 
in Tongji Hospital of Tongji Medical College, Huazhong University 
of Science and Technology, China (Institutional Review Board ID: 
TJ-20170803).

Before surgical procedures, mice were randomly assigned into 
six groups (PT1d, PT3d, PT7d or sham-operated, Vx765-treated, or 
vehicle-treated) using the random number generator in Graphpad. 
Based on the results of the previous study,14 and from the mean and 
standard deviation of outcomes from our pilot studies, we calculated 
that five animals per group would yield 80% power at a significant 
level of <0.05 with a 2-sided t test. In our preliminary study, we eval-
uated infarct volumes using hematoxylin and eosin (HE) staining in 
the cortex on day three after PT. Since the PT lesion resulted in cor-
tical infarcts of consistent size while bringing low mortality, we used 
5-7 animals per group (depending on the outcome being tested). A 
total of 564 wild type male mice were included in the experiments, 
plus 100 mice used for the pilot studies. To avoid sex and age dif-
ferences (which would reduce statistical power), we decided to use 
adult male mice exclusively. Extensive efforts were made to mini-
mize animals' discomfort, that is, adjusting isoflurane dose to reach 
the appropriate anesthesia level, applying a heating pad to promote 
recovery from anesthesia, and using flexible gavage tubes to avoid 
esophageal injuries from repeated intragastric drug administrations.

2.2 | A mouse model of photothrombotic (PT)

Focal cerebral ischemia was induced following the standard PT 
protocol from JOVE.15 In brief, mice under isoflurane anesthesia 
received an intraperitoneal injection with Rose Bengal at a dose 
of 1 mg per 10 g body weight in subdued light. We freshly pre-
pared the Rose Bengal solution at a concentration of 10 mg/mL. 
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The anesthetized mice were then placed in a prone position in the 
stereotaxic frame (RWD Life Science Company). The target brain 
region, 2 mm lateral and 2 mm posterior to the bregma on the right 
hemisphere, was illuminated for 5 minutes with a cold light source 
(Schott, KL1500) starting 5 minutes after the Rose Bengal injec-
tion. The operated mice were subsequently placed on a heating 
pad until attaining full behavioral recovery and were then returned 
to their home cages.

2.3 | Vx765 administration

Vx765 was fully dissolved in dimethyl sulfoxide to make stock so-
lutions with a concentration of 500 mg/mL, which was stored at 
−80°C until use. After rewarming to room temperature, about 4 μL 
stock solution was mixed with sesame oil to a volume of 80 µL. 
The diluted solution was administered via gavage to each mouse 
at a dose of 100 mg/kg first at 1-hour post-surgery and again 
once a day until day seven. The dose of 100 mg/kg body weight 
was chosen according to a previous report literature11 in which 
mice received a single intragastric dose of 50, 100, and 200 mg/
kg Vx765 before challenging with lipopolysaccharide. With de-
creased plasma IL-1β levels as the endpoint, a plateau effect oc-
curred at 100 mg/kg Vx765.

2.4 | Immunofluorescence (IF) and hematoxylin and 
eosin staining (HE)

After euthanasia by intraperitoneal injection of pentobarbital 
overdose, mouse brains harvested and dehydrated by immersion 
in a 30% sucrose solution overnight at 4°C followed by cutting 
into 10 µm thick coronal sections using a cryostat. After block-
ing with donkey serum, sections were incubated overnight at 4°C, 
with primary antibodies followed by the application of fluorescent 
secondary antibodies for 1 hour at room temperature and mount-
ing with antifade medium containing DAPI. The primary antibodies 
used in this study were as follows: GSDMD (1:100, mouse), NLRP1 
(1:100, mouse), ASC (1:100, mouse), caspase-1 (1:100, mouse), 
IL-1β (1:100, hamster), NeuN (1:500, rabbit), GFAP (1:500, rabbit), 
NG2 (1:200, rabbit), Iba-1 (1:500, goat), and Nlrp3 (1:200, mouse). 
Secondary antibodies (1:200) were Alexa Fluor@488 and Cy3 
conjugated antibodies. Detailed information about antibodies is 
shown in Table S1.

A fluorescence microscope (Olympus, BX51) was used to capture 
images of the double-labeled slices (with DAPI) for counting the im-
mune-positive cells. Images of the peri-ischemic regions were taken 
as previously described.16 In brief, we regarded the areas extending 
about one mm beyond the infarct margins as peri-ischemic regions, 
which contained signs of reactive gliosis (Figure S1). We selected 4-6 
fields in the peri-ischemic region (around the infarct core) from 6 to 8 
coronal slices of each mouse and captured microscopic images with 
a 40× objective lens. The.tiff file images of each group were blinded 

and analyzed manually by an experienced experimenter using Image 
J. Positive cells were defined as immune-positive cells with nuclear 
staining to DAPI.

Z-stack images of 0.5 µm thickness were captured from the 
10 µm sections using a confocal microscope (Olympus, FV1200) 
equipped with a 100× oil immersion lens. Confocal setting parame-
ters were kept the same during each IF immunofluorescence micros-
copy. The raw.oib file pictures were first processed with Image J, and 
the co-labeling relationships noted in the orthogonal views.

The procedure of hematoxylin and eosin staining was as previ-
ously described.17 In brief, six to eight 10 μm slices were chosen with 
an inter-slice interval of 500 µm for each of the five mice per group 
(vehicle vs treated) on day three. After serial staining of hematoxylin 
and eosin, these slices were photographed using a light microscope.

2.5 | Western blots

The peri-ischemic region from mice (sham vs PT, vehicle vs Vx765, 
n = 7 per group) was collected and extracted with ice-cold RIPA lysis 
buffer. Portions containing 25 µg protein were loaded on the gel, 
processed for electrophoresis, and transferred to the NC membrane. 
The membranes were blocked with nonfat milk and incubated over-
night at 4°C with the following primary antibodies, GSDMD (1:500, 
mouse), cleaved GSDMD (1:1000, rabbit), NLRP1 (1:500, mouse), 
NLRP3 (1:1000, mouse), NLRC4 (1:1000, rabbit), NLRP6 (1:1000, 
rabbit), ASC (1:1000, rabbit), caspase-1 (1:500, mouse), IL-1β (1:1000, 
rabbit), and HRP-conjugated β-actin (1:20 000). The HRP-conjugated 
secondary antibodies were used at a 1:5000 dilution. Detailed infor-
mation about the antibodies is shown in Table S1.

2.6 | Transmission electron microscopy (TEM)

TEM was carried out following standard procedures. In brief, the 
peri-infarct regions from the fresh brain samples were separated 
and quickly fixed by immersion in precooled 4% glutaraldehyde so-
lution for 1 hour and then further trimmed to 1 mm3 tissue blocks 
for post-fixation with glutaraldehyde and tannic acid. The tissue 
blocks were then embedded in neutral resin and cut with an ultra-
microtome. After staining the ultrathin slices with lead acetate and 
uranium citrate, the slices were observed using an electron micro-
scope (Hitachi, HT7700). Images were analyzed using Image J in an 
unbiased manner.

To TEM, the membranes of neurons normally appear as two dark 
lines separated by a narrow light-colored gap. Among the intracellular 
organelles, we only analyzed the mitochondria, which were typically 
round-, oval-, or rod-shaped and presented the double-membrane 
structure with intima ridges. The density of neuronal mitochondria 
was calculated as the number of intracellular mitochondria divided 
by the intracellular cell area minus the nuclear area in the profile. 
We also counted synapses defined by the presence of post-synaptic 
electron-dense deposits as opposed to presynaptic vesicles.
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2.7 | Enzymatic colorimetric assays (ELISA)

The levels of IL-1β and IL-18 in the ischemic cortex were assessed 
using ELISA kits following the manufacturers' instructions. In brief, 
the cortex of the ipsilateral hemisphere was isolated and homog-
enized (100 mg tissue per mL PBS) using an electric homogenizer. 
After two freeze-thaw cycles to break down the membranes, the 
supernatant was collected for analysis.

2.8 | Magnetic resonance imaging

The vehicle and treated groups (five mice per group) underwent 
MRI scanning under isoflurane anesthesia on days one, three, and 
seven after surgery. The 7 Tesla Bruker AVANCE II Biospec MRI ma-
chine equipped with a surface coil specific for mouse brain scanning 
(Bruker Corp.) was applied. The image parameters for T2-weighted 
images (T2WIs) were effective echo time/repetition time (eTE/
TR) = 36/2000 ms, while the parameters of diffusion-weighted im-
ages (DWIs) were TE/TR = 28/5000 ms using six different B values 
of 0, 200, 300, 500, 800, and 1000 s/mm2 in each slice direction. 
The field of view was 20 × 20 mm2 for 14 slices with a thickness of 
0.8 mm. The resolution in dots per inch (DPI) was 256 × 256 of the 
final T2WIs and 128 × 128 for the DWIs.

The DICOM images were analyzed using the Image J software 
by an experimenter blinded to the treatment group. The infarct 
area in each T2WI and DWI slice was identified by its high signals. 
The infarct volumes were quantified as previously described.14 
The lesion area of each slice was corrected for brain edema by 
multiplying the area ratio of the ipsilateral hemisphere vs the con-
tralateral hemisphere. The total infarct volume was obtained from 
the summation of lesion areas multiplied by the 0.8 mm image slice 
thickness.

2.9 | Behavioral assessments

We used the modified neurological severity scores (mNSS), rotarod 
tests, and gait analysis to evaluate the motor recovery as previously 
described.18-20 In particular, two groups (vehicle and treated, 12 mice 
per group) were trained for three consecutive days before the sur-
gery and assessed daily from day one to seven post-surgery. For the 
assessment of mNSS, mice were trained to cross the beam without 
hesitation. After suspending the mice by their tails, ipsilateral limb 
flexion exceeding 100 degrees relative to the antero-caudal body 
axis was regarded as indicating a neurological deficit. In the place-
ment test, we determined whether the mice could walk in a straight 
line. Finally, in the beam test, the presence of a motor deficit was 
indicated by the inability to pass across the beam smoothly. The total 
mNSS was the sum of the three binary items to a maximum total 
score of fourteen.

For rotarod tests, mice were trained to stay on the rotarod for 
at least 5 minutes after gradual acceleration from five revolutions 

per minute (rpm) to 40 rpm. Mice were evaluated three times at in-
tervals of 15 minutes for adequate rest. The latency before falling 
from the rotarod results was calculated as the mean value of three 
trial results.

For gait analysis (Clever Sys., Treadscan), mice were trained 
in forced running on a treadmill against a brightly illuminated 
background. Videos were captured with a high-speed camera 
in the ventral view for the analysis of strides. Each trial record-
ing started when the mouse began to keep up with the speed of 
the treadmill. The data were later analyzed using the Treadscan 
software.

2.10 | Statistics

All the outcome analyses were carried out by an independent inves-
tigator blinded to the groups. Data are expressed as mean ± SEM. 
IBM SPSS Statistics 22 or Prism 7.0 was used for statistical analysis. 
Kolmogorov-Smirnov test was used to test whether the value comes 
from a Gaussian distribution and P > .05 was considered as passed 
the normality test. Then, significance was determined by ANOVA 
and Dunnett's test to compare differences between PT (days 1, 3, 
and 7) and the sham-operated group. The difference between ve-
hicle and treated groups was determined by Student's t test, or by 
one-way ANOVA with repeated measures in the comparison of be-
havioral performance and MRI cortical lesions. Mann-Whitney U 
test was used in the comparison of the intracellular mitochondrial 
area distribution (PT3d vs sham, vehicle vs sham) and mitochondrial 
density (vehicle vs treated group). P < .05 was considered statisti-
cally significant.

3  | RESULTS

3.1 | Involvement of neuronal pyroptosis in ischemic 
damage

Several studies have reported that GSDMD is the determining fac-
tor in pyroptotic cell death.3,5,21 To assess the involvement of py-
roptosis in ischemic brain damage, we quantified the expression of 
the pore-forming subunit GSDMD on days one, three, and seven 
post-ischemia by WB and IF, compared with the sham-operated 
group. A sharp rise in GSDMD expression was observed via IF on 
day one, which was sustained on day three but had been normal-
ized on day seven (Figure 1A-C). We then explored the specified cell 
type that underwent pyroptosis. Our results showed that GSDMD 
was mainly co-labeled in NeuN-positive cells (neurons), rather than 
Iba1- (microglia), GFAP- (astrocytes), or NG2-immunoreactive cells 
(oligodendrocytes) (Figure 1D-G). So far, two cleavage sites have 
been identified in the processing pathway for murine GSDMD, 
that is, D276 and D88,22,23 which give rise to three different 
proteolytic cleavage products, known as p43, p30, and p20. The 
expression of the full-length GSDMD, as well as that of p30 and 
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p20, was all dramatically increased on days one and three post-PT 
(Figure 1H,I,K,L). All these results indicated that viable neurons in 
the peri-ischemic region were undergoing pyroptosis during this 
acute post-ischemia phase.

The subcellular events mediated by activated GSDMD in 
pyroptotic macrophages reportedly consist of degradation of 
mitochondria and other membranous intracellular organelles 

that precede the lethal plasma membrane rupture.24 Therefore, 
we investigated the ultrastructural damages of neurons in the 
peri-ischemic region using TEM, focusing on the integrity of the 
plasma, nuclear, and mitochondrial membranes (Figure 2A). Since 
the expression and processing of GSDMD peaked on day three, 
we made a comparison between post-ischemia and sham-oper-
ated groups on that day. We observed bubbles and large holes 

F I G U R E  1   The involvement of pyroptotic cells in the peri-ischemic regions. (A) A schematic graph depicting the cortical lesion. (B) Series 
of double-stained images, GSDMD (red), DAPI (blue), in the peri-ischemic region. (C) Time course of the number of GSDMD-positive cells in 
the peri-ischemic region, and data are the mean results from five mice per group, *P < .05, and **P < .01, compared with the sham-operated 
group. (D-G) Representative images showed the co-labeling relationship of GSDMD/NeuN (neurons), GSDMD/Iba-1 (microglia), GSDMD/
GFAP (astrocytes), and GSDMD/NG2 (oligodendrocytes). (H-L) WB images and analysis of full-length GSDMD, as well as cleavage products 
P43, p30, and p20. Data are the mean results from seven mice, *P < .05, **P < .01, and ***P < .001, compared with the sham-operated group
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in the plasma membrane of neurons from the ischemic group, 
in contrast to the linear and intact plasma membrane from the 
sham group (Figure 2B). Moreover, the outer layer of the nuclear 
membrane was compromised by ischemic damage, as shown by its 
incompleteness and the presence of floating debris (Figure 2C). 
The rupture of the plasma membrane in extremis led to the extrav-
asation of cellular contents, as shown by the reduced abundance 
of intracellular dense particles (Figure 2D). Some mitochondria in 
the neurons from the ischemic group appeared to be in certain re-
spects normal, with a regular size, round shape, and intima crest, 
although the double-layer membrane was completely destroyed 
(Figure 2E), with overall depletion and swelling of mitochondria 
(Figure 2F,G). There was also a decreased abundance of synapses 
in the peri-ischemic region (Figure 2H-J).

3.2 | The ischemic signal triggered the canonical 
inflammasome pathway of pyroptosis

The inflammasomes are a group of proteins with a complex mul-
tiprotein structure, which serve to sense endogenous “danger” 
signals and mediate the process of pyroptosis.25,26 We asked 
whether ischemic signals would induce canonical pyroptosis via 
the activation of inflammasomes. To test this, we used WB to 
measure the concentrations of inflammasomes from NLR family 
(NLRP1, NLRP3, NLRC4, and NLRP6). NLRP3 expression in the 
peri-ischemic region rose sharply on day one and remained high 
on day three, when NLRP1, NLRP3, NLRC4, and NLRP6 expres-
sion was also high (Figure 3A-E). Apoptosis-associated speck-like 
protein containing a CARD (ASC) serves as a signal amplification 

F I G U R E  2   The ultrastructural damages of cells in the peri-ischemic region. (A) A schematic graph shows the ultrastructural damage of 
neurons. (B) Representative images showed the difference between the plasma membrane of the PT group and sham-operated group, and 
the hollow blue arrowheads indicate holes. (C-D) Images depicted details in the nuclear membrane completeness and cellular contents, 
and the hollow red arrowheads point to the nuclear debris. (E-G) Images and analysis show mitochondrial structural details inside neurons, 
n = 335 mitochondria from ten neurons in the sham group, n = 161 mitochondria from ten neurons in the ischemic group, and blue 
arrowheads pointed the damaged mitochondria. (H-J) Images and analysis of the synaptic and mitochondrial density. Red arrowheads point 
to synapses and blue arrowheads point to mitochondria. ***P < .001 and ****P = .0001, compared with the sham-operated group
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mechanism for NLRP3 and NLRC4.27 The peri-ischemic expres-
sion of ASC was significantly increased on day three, which was 
consistent with the concomitantly increased expression of NLRP3 
and NLRC4 (Figure 3A,F). There were increased numbers of cells 
positive for NLRP1-, NLRP3-, and ASC-IF on days one and three in 
the peri-ischemic region (Figure 3G,H,J,K,N,O). Moreover, NLRP1, 

NLRP3, and ASC proteins co-labeled within NeuN-positive cells 
(neurons) (Figure 3I,J,M).

The activation of inflammasomes mediates the maturation 
and activation of caspase-1, the key mediator of canonical py-
roptosis.7,28 We found a sharp rise of caspase-1 expression by 
IF on days one and three post-injury, in parallel with the dynamic 

F I G U R E  3   The activation of inflammasomes following the ischemic injury. (A-F) Representative WB images and analysis displayed the 
expression of inflammasomes and the adaptor ASC, n = seven mice per group. (G-H) Images and analysis demonstrated the number of 
NLRP1 IF-positive cells. (I) Images displayed the co-labeled NLRP1 and NeuN. (J-O) Images and analyses displayed the expression of NLRP3 
and ASC and their co-labeling with NeuN. *P < .05, **P < .01, and ***P < .001, compared with the sham-operated group
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changes of inflammasomes (Figure 4A,B). Further analysis showed 
that caspase-1 co-labeled within NeuN-positive cells (neurons) 
(Figure 4C). There was an elevated expression of the caspase-1 pre-
cursor on day three and a sustained elevation of the cleavage prod-
uct p20 on days one and three, which had both been normalized by 
day seven (Figure 4G,I). We also found that the dynamic expression 
of IL-1β by IF was consistent with that of caspase-1, with a sharp rise 
on day one that persisted to day three (Figure 4D,E). Likewise, the 
expression of the IL-1β precursor was significantly elevated on day 
three post-ischemia by WB (Figure 4G,J). ELISA results showed that 
there were increased levels of IL-1β and IL-18 in the ipsilateral cortex 
on day one (Figure 4K,L).

3.3 | Pyroptosis specified inhibitor Vx765 
attenuated ischemic damages caused by 
photothrombotic

Vx765 is a specific pyroptosis inhibitor prodrug which demonstrated 
no protective activity in models of apoptosis.11 PT mice were treated 
for 1 week with Vx765 via gavage at a daily dose of 100 mg/kg be-
ginning on 1-hour post-surgery. To reveal the salubrious effects of 
this treatment, we utilized 7 Tesla MRI and hematoxylin and eosin 
staining to measure the infarct sizes, behavioral assessment to de-
tect neurological deficits, WB and IF examination to assess the ex-
pression of pyroptosis-associated proteins, and TEM to observe the 

F I G U R E  4   Pro-inflammatory caspase and cytokines are activated following ischemia. (A-B) Images and analysis depicted the expression 
of caspase-1, n = five mice per group. (C) Images of double-stained caspase-1 and NeuN. (D-E) Series of IF images displayed Il-1β expression. 
(F) Images of double-stained IL-1β and NeuN. (G-J) WB images and analysis showed the expression of caspase-1 and IL-1β. (K-L) ELISA 
analysis of IL-1β and IL-18 in the ipsilateral cortex, n = five mice/group. *P < .05, **P < .01, ***P < .001, and ****P = .0001, compared with the 
sham-operated group
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F I G U R E  5   Selective caspase-1 inhibitor Vx765 decreases infarct sizes. (A) The schematic diagram displayed the experimental design. (B) 
Representative T2WIs show the dynamic changes of the infarct areas of mouse No. 2 in the vehicle group and mouse No. 3 in the treated 
group. The dotted area of the images is intended to highlight the lesion. (C) The summed infarct volumes of each mice in the serial scanning 
on days one, three, and seven based on T2WIs, n = five mice per group. (D-E) The summed infarct areas and infarct area percentages on day 
three based on T2WIs. (F) The analysis of infarct sizes on day three based on DWIs. (G-H) HE stained images and analysis of infarct sizes on 
day three, n = five mice per group. *P < .05, **P < .01, and ****P = .0001, compared with the vehicle group
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ultrastructural changes, in the comparison between vehicle- and 
Vx765-treated groups (Figure 5A).

MRI results showed rather smaller cortical lesions in the treated 
group on days one, three, and seven, as shown by the smaller high 
signal area and fewer affected slices in the ipsilateral cortex on 
T2WIs, compared with the vehicle group (Figure 5B). We empha-
sized the lesion boundaries using dotted lines (Figure 5B). In the 
treated group, there was an approximately 33% relative reduction 
in infarct volume on days one (treated, 14.36 ± 1.55 mm3; vehicle, 
21.52 ± 1.97 mm3; P = .021) and a 60% reduction on day seven 
(treated, 4.13 ± 0.50 mm3; vehicle, 10.06 ± 0.74 mm3; P = .0001) 
(Figure 5C). Further analysis of the T2WIs on day three revealed 
an overall smaller infarct area in the affected slices of the treated 
group, with or without the correction for the total slice area 
(Figure 5D,E). Analysis of infarct sizes on DWIs on day three sup-
ported this observation of decreased infarct sizes in the treated 
group (treated, 17.21 ± 0.15 mm3; vehicle, 26.14 ± 3.22 mm3; 
P = .024) (Figure 5F). Hematoxylin and eosin staining for assess-
ment ex vivo of infarct sizes three days post-injury likewise showed 
that Vx765-treated PT mice had much smaller infarct sizes than did 
vehicle mice (Figure 5G,H).

We next asked whether the reduction in infarct sizes from Vx765 
would be associated with attenuated neurological deficits in the PT 
model. The mNSS was significantly reduced by Vx765 treatment on 
days four, five, and seven (Figure 6A). Mice in the treated group man-
aged to stay longer on the rotarod, compared with the mice from the 
vehicle group, beginning on day three (Figure 6B). Furthermore, the 
rotarod test showed that Vx765 treatment promoted motor learn-
ing behavior; the latency to falling increased with successive trials 
in the treated group, while declining in the vehicle group (Figure 6B). 
Treadscan analysis of subtle coordination showed that mice with 
drug treatment had a higher homologous coupling parameter on day 
one, decreased maximal lateral deviation on day three, and increased 
stance length and gait angle on day seven, all in comparison with the 
vehicle group (Figure 6C-F).

3.4 | Vx765 promoted neuronal survival by 
inhibiting pyroptosis

To assess the neuroprotective effect of Vx765, we first analyzed the 
protein expression of the effector GSDMD by IF and WB between 

F I G U R E  6   Vx765 administration 
ameliorated motor function after 
ischemia. (A) mNSS scores between the 
treated group and the vehicle group. 
(B) The latency to falling of the two 
groups observed in the rotarod test. 
(C-F) Treadscan analysis of stance time 
percentage, lateral deviation, homologous 
CPL (coupling parameter), and gait angle, 
n = 12 mice per group. *P < .05, **P < .01, 
and ****P = .0001, compared with the 
vehicle group
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vehicle and treated group at day three post-injury, since there was 
an overtly upregulated expression of GSDMD at this time point. The 
increased expression of GSDMD in neurons was almost entirely sup-
pressed by three days' treatment with Vx765 (Figure 7A,B). The treat-
ment rescued the neuronal population in the peri-ischemic region in 
the treated group (Figure 7C,D). Indeed, the treatment suppressed the 

canonical inflammasome of pyroptosis, inhibiting the expression of the 
inflammasomes NLRP1, NLRP3, the adaptor ASC, the pro-inflammatory 
caspase-1, and the pro-inflammatory cytokine IL-1β (Figure 7E-J). To 
WB, the treatment decreased the expression of the caspase-1 precur-
sor and GSDMD p20 subunit (Figure 7K-M,L). The protein expression 
of NLRP1, NLRP3, ASC, caspase-1 p20, and IL-1β is shown in Figure S2.

F I G U R E  7   Vx765 promoted neuronal survival and inhibit the activation of Gsdmd as well as pyroptosis-associated protein. (A-D) Images 
and analysis demonstrated the number of GSDMD- and NeuN-IF-positive cells in the PIR at day three, n = five mice per group. (E-J) Images 
and analyses showed the number of NLRP1, NLRP3, ASC, caspase-1, and IL-1β-IF-positive cells in Vx765 and vehicle-treated group at day 
three post-stroke, n = five mice per group. (K-M) WB images and expression analyses showed the expression of precursor caspase-1 and 
GSDMD p20 subunits in the Vx765 and vehicle-treated group at day three post-stroke, n = seven mice per group. *P < .05 and **P < .01, 
compared with the vehicle group
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Finally, our exploration of treatment effects on neuronal ul-
trastructures at day three post-injury showed that peri-ischemic 
neurons in the Vx765 mice had better preservation of plasma mem-
branes and nuclear membranes, compared with the untreated mice 
(Figure 8A-C). The drug treatment also preserved mitochondrial 
membrane structure and cellular contents (Figure 8D-G). Moreover, 
the treatment protected against the synaptic loss (Figure 8H-J).

4  | DISCUSSION

The pyroptosis pathway has drawn increasing attention in studies 
of CNS injuries. For example, treatment with a pyroptosis inhibitor 

preserved axons in the spinal cord lesions of a murine multiple scle-
rosis model29 and ameliorated neurobehavioral performance in ro-
dent models of neurodegenerative diseases.30-32 However, there 
were no previous reports on the involvement of pyroptosis in the 
ischemic stroke. Here, we investigated the involvement of pyrop-
totic cell death in the pathology of cerebral ischemia provoked using 
a murine photothrombotic (PT) stroke model. For the first time, we 
show a time-dependent increased expression of pyroptosis-asso-
ciated proteins in a stroke model. Moreover, we provide the first 
evidence that selectively inhibiting pyroptosis with a small molecular 
prodrug, Vx765, can rescue infarct volume, promote motor recov-
ery, and improve behavioral outcomes in a murine stroke model. 
Mechanically, this protective effect was mediated by preventing the 

F I G U R E  8   Vx765 treatment ameliorated ischemic ultrastructural damage. (A-C) The plasma membrane and the nuclear membrane of 
neurons in the PIR in the treated group and the vehicle group on day three post-injury. (D) Images showed cellular contents in neurons. 
(E-G) Images and analysis showed mitochondrial morphology and number. (H-J) Mitochondrial and synaptic density in the PIR. *P < .05 and 
****P = .0001, compared with the vehicle group
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NLR family inflammasomes from activating the pyroptosis effector 
protein Gasdermin D and thus averting the disruption of plasma, nu-
clear, and mitochondrial membranes. Besides, our results may sup-
port the use of Vx765 as an orally active drug in future clinical trials. 
Indeed, the safety of Vx765 is already established in an ongoing 
clinical trial for treatment-resistant epilepsy (NCT01501383); given 
our extremely positive preclinical results, we consider that Vx765 is 
poised to be fast-tracked for translational clinical studies in cerebral 
ischemia.

VRT-043198, the active metabolite of Vx765, displayed po-
tent inhibition of ICE/caspase-1 (Ki = 0.8 nmol/L) and caspase-4 
(Ki = 0.6 nmol/L) and at least 100-fold lower potency against other 
non-ICE subfamily caspases. VRT-043198 exhibited no evident inhi-
bition of trypsin or cathepsin B and only weak inhibition of granzyme 
B (Ki = 9 μmol/L).11 Murine caspase-11 (human orthologue caspase-4) 
was shown to be essential for LPS-induced IL-1β secretion in vivo and 
mediated the non-canonical inflammasome pathway of pyroptosis 
that was evident only in the bacteria or LPS-challenged mice.33 Thus, 
Vx765 treatment selectively inhibits caspase-1 enzyme activity but 
has no effect on apoptosis and cellular proliferation in cellular mod-
els.11 Drawing upon the recently gained knowledge about GSDMD, 
the key protein in pyroptosis,5,7,24 we focused in this study on its 
role in determining the balance between pyroptosis vs neuronal 
survival after ischemia. GSDMD belongs to the gasdermin family34 
and is cleaved at the D276 cleavage site mainly by the inflammatory 
caspase-1, which yields the p30 N-terminus cleavage products.3,4 
This cleavage product binds to phosphatidylserine and cardiolipin 
and then oligomerizes to form transmembrane pores, which then re-
sult in lytic cell death,4,7,35 as well as allowing pro-inflammatory cyto-
kine release.36 The cleavage of GSDMD at the D88 site by caspase-3 
yields the p43 fragment, which supposedly causes inactivation of 
GSDMD.37 Moreover, the p43 fragment is further cleaved at the 
D276 site by caspase-8 to yield the p20 products in the context of 
Yersinia infection.22,23 Our study showed that full-length GSDMD, 
as well as its p30 and p20 cleavage products, have upregulated ex-
pression in the acute phase of cerebral ischemia. The upregulated 
p30 expression, in particular, hints at the involvement of pyroptosis 
in the pathology of acute cerebral ischemia. We saw a sharp rise of 
GSDMD expression in neurons of the peri-ischemic region, whereas 
GSDMD exhibits little or no expression in normal cortical neurons.38 
Our ultrastructural findings further implicate neuronal pyroptosis in 
cerebral ischemia. The disruption of plasma and nuclear membranes 
had been noted previously in an EM study of cancer cells during che-
motherapy and in neurons in sepsis-associated encephalopathy.39-41 
A similar breakdown of mitochondria was revealed in a live-cell anal-
ysis of triggered bone marrow-derived macrophages.24 In our study, 
we observed plasma membrane destruction manifesting in bubbles 
and large holes, compromised nuclear membranes with a discontin-
uous out-layer and floating debris, and damaged mitochondria with 
broken, but roughly intact double membranes. These findings not 
only support our prediction that neurons undergo pyroptotic cell 
death after ischemia but also shed more light on the mechanism of 
pore formation by GSDMD protein.

As previously mentioned, the cleavage of GSDMD by inflam-
matory caspase-1/4/11 leads to irreversible pyroptosis of neurons. 
Inflammasomes possess a multiprotein structure, which is triggered 
into the assembly by multiple stimuli involving pathogen-associated 
molecular patterns (PAMP) and danger-associated molecular pat-
terns (DAMP)26 to activate caspase-1 and thus mediate pyroptosis. 
So far, NLR and ALR are recognized as the sensors of the two main 
categories of inflammasomes.42 Further research on the NACHT do-
mains of NLRs revealed three subfamilies, namely the NLRPs, the 
IPAFs, and the NODs.43 In this study, we focused on the NLR family, 
more precisely on the NLRPs (NLRP1, NLRP3, and NLRP6) and on 
IPAF (NLRC4). The activation of NLRP1, NLRP3 in the peri-ischemic 
region at the acute phase, in parallel with the activation of caspase-1 
and inflammatory cytokines, revealed the participation of canonical 
inflammatory pyroptosis in the pathology of acute cerebral ischemia.

In addition to alleviating motor deficits of PT stroke, we also 
found that Vx765 promoted motor learning memory. This finding is 
partially supported by a previous study in which Vx765 exhibited 
a neuroprotective effect while rescuing episodic and spatial mem-
ory impairment in a murine model of AD. Moreover, its withdrawal 
led to the reappearance of cognitive deficits.30 Our TEM finding of 
preserved synapses and mitochondria and the IF observation of 
increased neurons surviving the peri-ischemic region together pro-
vided a structural/anatomic basis for the rescue of motor learning 
memory by the drug. We propose that Vx765 might also represent 
a promising treatment for vascular dementia and would encourage 
translational clinical research of Vx765 as an auxiliary medication to 
promote rehabilitation after acute ischemic stroke.
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