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BASIC AND TRANSLATIONAL SCIENCES

CCR5 Activation Promotes NLRP1-Dependent 
Neuronal Pyroptosis via CCR5/PKA/CREB 
Pathway After Intracerebral Hemorrhage
Jun Yan , MD, PhD*; Weilin Xu , MD, PhD*; Cameron Lenahan , BS; Lei Huang, MD; Jing Wen , MD, PhD; Gaigai Li, MD;  
Xin Hu , MD, PhD; Wen Zheng, MD; John H. Zhang , MD, PhD; Jiping Tang , MD

BACKGROUND AND PURPOSE: Neuronal pyroptosis is a type of regulated cell death triggered by proinflammatory signals. CCR5 
(C-C chemokine receptor 5)-mediated inflammation is involved in the pathology of various neurological diseases. This study 
investigated the impact of CCR5 activation on neuronal pyroptosis and the underlying mechanism involving cAMP-dependent 
PKA (protein kinase A)/CREB (cAMP response element binding)/NLRP1 (nucleotide-binding domain leucine-rich repeat 
pyrin domain containing 1) pathway after experimental intracerebral hemorrhage (ICH).

METHODS: A total of 194 adult male CD1 mice were used. ICH was induced by autologous whole blood injection. Maraviroc 
(MVC)—a selective antagonist of CCR5—was administered intranasally 1 hour after ICH. To elucidate the underlying 
mechanism, a specific CREB inhibitor, 666-15, was administered intracerebroventricularly before MVC administration in ICH 
mice. In a set of naive mice, rCCL5 (recombinant chemokine ligand 5) and selective PKA activator, 8-Bromo-cAMP, were 
administered intracerebroventricularly. Short- and long-term neurobehavioral assessments, Western blot, Fluoro-Jade C, 
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), and immunofluorescence staining were performed.

RESULTS: The brain expression of CCL5 (chemokine ligand 5), CCR5, PKA-Cα (protein kinase A-Cα), p-CREB (phospho-cAMP 
response element binding), and NLRP1 was increased, peaking at 24 hours after ICH. CCR5 was expressed on neurons, 
microglia, and astrocytes. MVC improved the short- and long-term neurobehavioral deficits and decreased neuronal pyroptosis 
in ipsilateral brain tissues at 24 hours after ICH, which were accompanied by increased PKA-Cα and p-CREB expression, and 
decreased expression of NLRP1, ASC (apoptosis-associated speck-like protein containing a CARD), C-caspase-1, GSDMD 
(gasdermin D), and IL (interleukin)-1β/IL-18. Such effects of MVC were abolished by 666-15. At 24 hours after injection in naive 
mice, rCCL5 induced neurological deficits, decreased PKA-Cα and p-CREB expression in the brain, and upregulated NLRP1, 
ASC, C-caspase-1, N-GSDMD, and IL-1β/IL-18 expression. Those effects of rCCL5 were reversed by 8-Bromo-cAMP.

CONCLUSIONS: CCR5 activation promoted neuronal pyroptosis and neurological deficits after ICH in mice, partially through the 
CCR5/PKA/CREB/NLRP1 signaling pathway. CCR5 inhibition with MVC may provide a promising therapeutic approach in 
managing patients with ICH.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.
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Intracerebral hemorrhage (ICH) accounts for 10% to 
15% of all strokes worldwide and is a devastating sub-
type associated with a high mortality and morbidity.1 

Following the initial insult, the secondary brain injury of 
ICH contributes to the poor outcomes, for which there is 
no effective therapy.2 Neuroinflammation plays a critical 
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role in the pathogenesis of secondary brain injury.3 How-
ever, the molecular mechanisms underlying inflamma-
tion-induced neuronal cell death are complex and poorly 
understood in the setting of ICH.

Inflammasome-mediated regulated cell death, namely 
pyroptosis, is identified as an important mechanism of 
inflammation-induced neuronal cell death in a variety 
of neurological diseases.4 NLRP1 (nucleotide-binding 
domain leucine-rich repeat pyrin domain containing 1) is 
an NLR family member. A wealth of literature suggests that 
NLRP1 inflammasomes are important drivers of the cas-
pase-1 cleavage. The activated caspase-1 subsequently 
promotes the maturation and release of proinflammatory 
IL (interleukin)-1β and IL-18 via formation of plasma mem-
brane pores, namely, cell pyroptosis.5 In the brain, NLRP1 
inflammasomes are primarily expressed by neurons.5 Thus, 
targeting NLRP-1 inflammasome-mediated neuronal 
pyroptosis may provide new insight and a theoretical basis 
for developing an effective treatment for ICH.

CCR5 (C-C chemokine receptor 5) is a 7-transmem-
brane G-protein–coupled receptor that participates in 
leukocyte recruitment to areas of tissue damage during 
inflammatory responses and has been shown to be a viable 
target of anti-inflammatory therapy. Maraviroc (MVC)—an 
Food and Drug Administration–approved selective CCR5 
antagonist for patients with HIV—improved outcomes in 
animal models of immune-mediated acute and chronic 
tissue inflammation.6 Recent studies have also demon-
strated that CCR5 inhibition promoted early recovery of 
motor function after traumatic brain injury and cerebral 
ischemia in rodents.7 Interestingly, the CREB (cAMP 
response element binding) protein is reportedly one of 
the downstream pathway proteins involved in CCR5 sig-
naling.8 The downregulation of neuronal CCR5 in mice 
with HIV enhanced the plasticity of cortical neurons and 
the recovery of learning and memory function by increas-
ing CREB protein level.8 The cAMP-dependent PKA 
(protein kinase A) is a vital kinase in CREB activation9 
that phosphorylates CREB at the serine 133 site. The 
active CREB further activated the gene-related synaptic 

plasticity responsible for participating in long-term mem-
ory formation.9 Although CREB often promotes anti-
inflammatory immune responses,10 its effects on NLRP1 
inflammasome have not been explored.

In the current study, we hypothesized that the acti-
vation of CCR5 promoted NLRP1-mediated pyroptosis 
after ICH. MVC-mediated CCR5 inhibition would attenu-
ate neurological deficits and decrease NLRP1-depen-
dent neuronal pyroptosis through activation of the PKA/
CREB signaling pathway after ICH in mice.

METHODS
The data that support the findings of this study are available 
from the corresponding author upon reasonable request. 
Detailed description of the Materials and Methods is provided 
in Methods in the Supplemental Material. The authors declare 
that all supporting data are available within the article and the 
Supplemental Material. We provide the detailed statistics in the 
Data Set in the Supplemental Material. All experimental proto-
cols and procedures were approved by the Ethics Committee 
of the Guangxi Medical University, and in accordance with the 
National Institutes of Health guidelines.

RESULTS
Animal Mortality and Exclusion
The overall mortality was 5.15% (10/194). None of the 
sham-operated mice died in this study. The mortality 
did not significantly differ among the experimental ICH 
groups. None of the ICH mice were excluded (Table I 
in the Supplemental Material). No significant adverse 
effects were observed in treatment groups.

Time Course and Spatial Expression of CCR5 in 
Brain After ICH
ELISA and Western blot were performed to assess the 
expression of CCL5 (chemokine ligand 5), CCR5, PKA-
Cα (protein kinase A-Cα), p-CREB (phospho-cAMP 
response element binding), and NLRP1 at 0, 3, 6, 12, 
24, and 72 hours in the ipsilateral (right) cerebral hemi-
spheres after ICH. Compared with the sham group, there 
was a notable elevation of CCL5 levels detected at 3 
hours (16.78±3.02 versus 8.61±2.97; P<0.001), which 
was determined by ELISA to be at a relatively high level 
at 24 hours (20.69±2.99 versus 8.61±2.97; P<0.001). 
CCR5 levels were significantly increased at 3 hours 
(1.04±0.16 versus 0.59±0.04; P<0.001), which peaked 
at 24 hours (1.29±0.19 versus 0.59±0.04; P<0.001), 
and started to decrease at 72 h (0.68±0.11 versus 
0.59±0.04; P=0.64) after ICH (Figure 1A).

PKA-Cα and p-CREB—the potential downstream 
proteins of CCR5—were also elevated temporarily after 
ICH in a similar pattern to CCR5. NLRP1 inflammasome 
expression was significantly upregulated at 6 hours 

Nonstandard Abbreviations and Acronyms

CCL5 C-C chemokine ligand 5
CCR5 C-C chemokine receptor type 5
CREB cAMP response element binding protein
GSDMD gasdermin D
ICH intracerebral hemorrhage
IL interleukin
MVC maraviroc
NLRP1  nucleotide-binding domain leucine-rich 

repeat pyrin domain containing 1
PKA protein kinase A
rCCL5 recombinant C-C chemokine ligand 5

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.033285
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.033285
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.033285
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.120.033285


BASIC AND TRANSLATIONAL 
SCIENCES

Yan et al CCR5 Activation Promotes Neuronal Pyroptosis

Stroke. 2021;52:4021–4032. DOI: 10.1161/STROKEAHA.120.033285 December 2021  4023

(0.78±0.11 versus 0.46±0.04; P<0.001) and peaked at 
72 hours (0.78±0.08 versus 0.46±0.04; P<0.001) after 
ICH when compared with the sham group (Figure 1A).

Double immunofluorescence staining revealed that 
CCR5 was mainly expressed on the neurons, microglia, 
and astrocytes of the ipsilateral basal cortex at 24 hours 
after ICH (Figure 1B).

Inhibition of CCR5 With MVC Attenuated 
Neurobehavioral Deficits at 24 and 72 Hours 
After ICH
There was no significant difference of baseline perfor-
mances among the modified Garcia, forelimb placement, 
and corner turn tests. At 24 hours after ICH, there were 
significant neurological impairments in the ICH+vehicle 
group when compared with the Sham group (10.33±2.07 
versus 20±0.89, P<0.001; 6.67±8.17 versus 75±10.49, 
P<0.001; 51.67±7.53 versus 5.00 [0–10], P=0.002; 
Figure 2A). MVC treatment at doses of 150 and 450 
μg/kg per day significantly improved the neurological 
performance in the modified Garcia test (16.5±1.05 
and 16.17±1.47 versus 20±0.89; P<0.001), forelimb 
placement test (35±10.49 and 38.33±9.83 versus 
75±10.49; P<0.001), and corner turn test (20±8.94 and 
18.33±7.53 versus 5.00 [0–10]; P=0.017 and P=0.019) 
at 24 hours after ICH compared with the vehicle-treated 
ICH group (Figure 2A).

Based on this result, the dosage of 150 μg/kg/day 
was determined to be the best dose of MVC and was 
used in subsequent experiments. Consistently, MVC (150 
μg/kg per day) treatment significantly decreased neu-
robehavioral deficits in ICH mice when compared with 
the ICH+vehicle group (14.0±1.27 versus 10.67±1.21, 
P<0.001; 36.67±10.33 versus 6.67±8.17, P<0.001; 
26.67±10.33 versus 0 [0–10], P=0.008; Figure 2B) 
at 72 hours after ICH. Conversely, the first administra-
tion of MVC (150 μg/kg per day) at 24 hours after ICH 
did not significantly decrease neurobehavioral deficits 
in ICH mice compared with the ICH+vehicle group 
(10.50±1.05 versus 10.33±1.03, P=0.95; 11.67±7.53 
versus 8.33±7.53, P=0.73; 8.33±7.53 versus 5 [0–10], 
P=0.99; Figure 2C) at 72 hours after ICH.

MVC-Mediated Inhibition of CCR5 Reduced 
Neuronal Pyroptotic Cell Death at 24 Hours 
After ICH
Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) staining and Fluoro-Jade C stain-
ing were each used to assess whether MVC treatment 
reduced neuronal cell death. Specifically, costaining 
of neuronal marker, neuronal nuclear (NeuN), with 
the cleaved caspase-1 was used to assess neuronal 
pyroptosis 24 hours after ICH. TUNEL-positive neu-
rons (34.83±4.31 versus 3.5±2.17; P<0.001) and 

Figure 1. Time course of CCL5 (chemokine ligand 5), CCR5 (C-C 
chemokine receptor 5), PKA-Cα (protein kinase A-Cα), p-CREB 
(phospho-cAMP response element binding), CREB (cAMP response 
element binding), and NLRP1 (nucleotide-binding domain leucine-rich 
repeat pyrin domain containing 1) protein levels after intracerebral 
hemorrhage (ICH).
A, Representative Western blot images, ELISA, and quantitative analyses of 
CCL5, CCR5, PKA-Cα, p-CREB, CREB, and NLRP1 at 3, 6, 12, 24, and 72 
h after ICH. n=6 per group. Data are represented as mean±SD. *P<0.05, 
**P<0.01, ***P<0.001 vs sham. For proteins with similar molecular weights, 
namely, PKA-Cα (42 KDa) vs β-actin (43 KDa), we used the same blots 
following Western blot membrane stripping for restaining protocol. B, Double 
immunofluorescence staining showed CCR5 (green) colocalized with neuron 
(neuronal nuclear [NeuN], red), microglia (IBA-1 [ionized calcium-binding 
adaptor molecule 1], red) and astrocytes (GFAP [glial fibrillary acidic protein], 
red)  in the perihematomal area in sham group and ICH (24 h) group. The 
small black squares in the coronal section of brain indicated the area where 
microphotograph was taken. Scale bar, 50 μm. n=2/group. DAPI indicates 
4′,6-diamidino 2-phenylindole.



BA
SI

C 
AN

D 
TR

AN
SL

AT
IO

NA
L 

SC
IE

NC
ES

Yan et al CCR5 Activation Promotes Neuronal Pyroptosis

4024  December 2021 Stroke. 2021;52:4021–4032. DOI: 10.1161/STROKEAHA.120.033285

the Fluoro-Jade C-positive degenerating neurons 
(278.30±37.64 versus 37.83±24.13; P<0.001) in ICH 
rats were significantly increased compared with the 

Sham group at 24 hours after ICH (Figure 3A and 3B). 
MVC-mediated inhibition of CCR5 significantly reduced 
the number of TUNEL-positive neurons (25.83±4.26 

Figure 2. The effects of maraviroc (MVC) on neurobehavior outcomes at 24 and 72 h after intracerebral hemorrhage (ICH).
A, Modified Garcia, forelimb placement, and corner turn tests at 24 h after ICH for administration of Maraviroc at 1 h after ICH. B, Modified Garcia, 
forelimb placement, and corner turn test at 72 h after ICH for administration of Maraviroc at 1 h after ICH. C, Modified Garcia, forelimb placement, 
and corner turn test at 72 h after ICH for the first treatment with administration of Maraviroc at 24 h after ICH. n=6 per group. Data are represented 
as mean±SD or median (interquartile range). *P<0.05, **P<0.01, ***P<0.001 vs sham, #P<0.05 ##P<0.01, ###P<0.001 vs ICH+vehicle.
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versus 34.83±4.31; P=0.002) and Fluoro-Jade C-pos-
itive degenerating neurons (183.30±21.60 versus 
278.30±37.64; P=0.001; Figure 3A and 3B).

Additionally, there were significantly more cleaved cas-
pase-1–positive neurons in the perihematomal region at 
24 hours after ICH in the ICH+vehicle group when com-
pared with the sham group (62.83±8.40 versus 7.67±1.75; 
P<0.001), suggesting increased neuronal pyroptosis. MVC 
treatment significantly reduced the number of cleaved cas-
pase-1–positive neurons in the perihematomal region at 24 
hours after ICH when compared with the ICH+vehicle group 
(33.33±6.02 versus 62.83±8.40; P<0.001; Figure 3C). In 
the experiments with the injection of recombinant CCL5, 
the rCCL5 induced neuronal death and neuronal pyroptosis 
(Figure VII in the Supplemental Material).

MVC Improved Long-Term Sensorimotor 
Coordination, Spatial Learning, and Reference 
Memory Functions, as Well as Reduced 
Hippocampal Cornu Ammonis 1 (CA1) 
Neuronal Loss After ICH
Baseline performance was not significantly differ-
ent regarding foot fault and rotarod tests among the 
mice. Compared with the sham group, the ICH+vehicle 
group had more foot faults of the left forelimb in the 
foot fault test (37.75±2.77 versus 3.5±1.19, P<0.001; 
23.25±3.73 versus 3.63±1.60, P<0.001; 11.88±2.90 
versus 3.75±1.49, P<0.001) and shorter latency to fall 
in the rotarod test (16.63±3.89 versus 42.38±4.93, 
P<0.001; 20.88±4.09 versus 43.88±7.02, P<0.001; 
20.13±4.29 versus 46.88±6.66, P<0.001) at the first, 
second, and third weeks after ICH (Figure 4A). MVC 
treatment significantly decreased foot faults of the 
left forelimb (12±3.62 versus 37.75±2.77, P<0.001; 
11.5±2.45 versus 23.25±3.73, P<0.001; 5.62±1.92 ver-
sus 11.88±2.90, P<0.001; Figure 4A), but increased fall-
ing latency in ICH mice (28.13±7.59 versus 16.63±3.89, 
P=0.001; 31.13±8.34 versus 20.88±4.09, P=0.005; 
33.25±7.56 versus 20.13±4.29, P<0.001; Figure 4A).

In the Morris water maze test, the ICH+vehicle group 
showed significantly longer swim distance and escape 
latency compared with the sham group. However, the 
MVC treatment significantly decreased the escape latency 
and swim distance on blocks 3 to 5 compared with the 
ICH+vehicle group (P<0.001; Figure 4A). In the probe 

Figure 3. The effects of CCR5 (C-C chemokine receptor 5) 
inhibition with maraviroc (MVC) on neuronal damage including 
pyroptosis at 24 h after intracerebral hemorrhage (ICH).
A, Representative microphotographs and quantitative analysis 
of terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL)-positive neurons in the perihematomal area (Continued )

Figure 3 Continued. 24 h after ICH. B, Representative 
microphotographs and quantitative analysis of Fluoro-Jade C-positive 
degenerating neurons in the perihematomal area at 24 h after ICH. C, 
Representative microphotographs and quantitative analysis of cleaved 
caspase-1 (C-caspase-1)–positive neurons in the perihematomal 
area. The small black square in the coronal section of the brain 
indicated the area where the microphotograph was taken. Scale 
bar, 50 μm. n=6 per group. Data are represented as mean±SD. 
DAPI indicates 4′,6-diamidino 2-phenylindole; and NeuN, neuronal 
nuclear. *P<0.05, **P<0.01, ***P<0.001 vs sham, #P<0.05, ##P<0.01, 
###P<0.001 vs ICH+vehicle.
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quadrant trial, the ICH+vehicle group spent less time 
in the target quadrant compared with the sham group 
(18.50±4.41 versus 42.5±4.60; P<0.001). However, 
MVC treatment markedly increased the time spent in the 
probe quadrant compared with the ICH+vehicle group 
(30.88±5.22 versus 18.50±4.41; P<0.001; Figure 4A).

Nissl staining was conducted to evaluate the neuro-
nal loss in the hippocampal CA1 region on day 25 after 
ICH. The results revealed that fewer neurons survived in 
the hippocampal CA1 region in the ICH+vehicle group 
than the sham group (15.13±4.15 versus 65.75±7.74; 
P<0.001), but MVC treatment significantly increased the 

Figure 4. Maraviroc (MVC) improved long-term neurobehavioral function after intracerebral hemorrhage (ICH).
A, Foot fault test and Rotarod test on 1, 2, and 3 wk after ICH. Escape latency and swim distance of Morris water maze on 21 to 25 d after ICH. 
Representative heat map in probe test and probe quadrant duration on day 25 post-ICH. B,The MVC post-treatment attenuated the neuronal 
loss of hippocampus cornu ammonis 1 (CA1) at day 25 after ICH in mice. Nissl staining showed that ICH increased the neuronal loss in the 
hippocampus CA1 region, but MVC treatment attenuated the neuronal loss. Arrows indicated the normal neurons. n=8 per group. *P<0.05, 
**P<0.01, ***P<0.001 vs sham group; #P<0.05, ##P<0.01, ###P<0.001 vs ICH+vehicle group. Scale bar, 200 μm (general), 100 μm (regions) 
and 50 μm (regions). Data are represented as mean±SD.
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number of surviving CA1 neurons compared with the 
ICH+vehicle group (31.38±7.31 versus 15.13±4.15; 
P<0.001; Figure 4B).

CREB Inhibitor Reversed the Neuroprotective 
Effects of MVC Against Neurobehavioral 
Deficits and CCR5/PKA Cα/CREB/NLRP1-
Mediated Pyroptosis at 24 Hours After ICH
Pretreatment with CREB inhibitor, 666-15, signifi-
cantly reversed the neurobehavioral benefits of MVC 
on the modified Garcia (11.0±1.67 versus 16.33±1.86; 
P<0.001), forelimb placement (6.67±8.17 versus 
36.67±10.33; P<0.001), and corner turn tests (0 
[0–10] versus 15.00±10.49; P=0.03) at 24 hours after 
ICH (Figure 5A).

In addition, MVC significantly increased protein levels 
of PKA-Cα (1.11±0.21 versus 0.65±0.09; P<0.001) 
and p-CREB (1.22±0.24 versus 0.97±0.09; P=0.02) 
but reduced the expression of NLRP1 (0.70±0.11 ver-
sus 1.17±0.22; P<0.001), ASC (apoptosis-associated 
speck-like protein containing a CARD; 0.64±0.09 ver-
sus 0.91±0.15; P=0.006), C-caspase-1 (0.68±0.06 
versus 1.07±0.14; P<0.001), N-GSDMD (N-gasder-
min D; 0.50±0.05 versus 1.06±0.16; P<0.001), IL-1β 
(0.44±0.06 versus 1.06±0.12; P<0.001), and IL-18 
(0.28±0.02 versus 1.03±0.15; P<0.001) within the 
post-ICH brain tissue of the ipsilateral hemisphere (Fig-
ure 5B). Consistently, 666-15 reversed the effect of MVC 
on cell death and the CCR5/PKA-Cα/CREB/NLRP1 
signaling pathway, which were associated with increased 
protein levels of NLRP1 (1.11±0.18 versus 0.62±0.10), 
ASC (1.08±0.18 versus 0.65±0.09), C-caspase-1 
(1.02±0.13 versus 0.46±0.09), N-GSDMD (0.97±0.09 
versus 0.53±0.07), IL-1β (0.87±0.12 versus 0.35±0.04), 
and IL-18 (1.04±0.16 versus 0.45±0.06) compared with 
MVC-treated ICH mice (P<0.001; Figure 5B).

CCR5 Activation via rCCL5 Resulted in 
Neurological Deficits and Pyroptosis in Naive 
Mice Through the CCR5/PKA Cα/CREB/
NLRP1 Signaling Pathway at 24 Hours After 
rCCL5 Injection
The intracerebroventricular injection of rCCL5 sig-
nificantly reduced neurological scores of the modified 
Garcia (9.33±1.37 versus 19.17±1.60; P<0.001), limb 
placement (23.33±10.33 versus 90.00±8.94; P<0.001), 
and corner turn tests (18.33±7.52 versus 55.00±10.49; 
P<0.001) in naive mice (Figure 6A) and led to signifi-
cantly higher protein levels of NLRP1 (0.99±0.18 versus 
0.45±0.11), ASC (0.84±0.08 versus 0.21±0.02), C-cas-
pase-1 (1.04±0.15 versus 0.28±0.02), N-GSDMD 
(1.23±0.19 versus 0.17±0.02), IL-1β (1.01±0.17 versus 
0.57±0.03), and IL-18 (1.11±0.13 versus 0.31±0.02) in 

the ipsilateral brain tissue (P<0.001; Figure 6B). Con-
versely, PKA activator, 8-Bromo-cAMP, reversed the 
effects of rCCL5 by significantly increasing PKA-Cα 
expression in the naive+rCCL5+8-Bromo-cAMP group 
when compared with the naive+rCCL5+vehicle group 
(1.02±0.19 versus 0.58±0.08; P<0.001; Figure 6B).

DISCUSSION
In the present study, we explored the effects of CCR5 
antagonist, MVC, on inhibiting NLRP1-mediated pyrop-
tosis through activation of the PKA/CREB signaling 
pathway in a mouse model of ICH. The novel findings 
are as follows: (1) the expression of CCR5 and CCL5 
and the downstream effectors of PKA Cα, CREB, and 
NLRP1 were upregulated and peaked at 24 hours after 
ICH. CCR5 was expressed in neurons, astrocytes, and 
microglia; (2) intranasal administration of MVC at a dose 
of 150 μg/kg per day significantly improved short- and 
long-term neurobehavioral outcomes, reduced neuronal 
pyroptosis, increased brain expression of PKA-Cα and 
p-CREB, but decreased expression of NLRP1, ASC, 
C-caspase-1, N-GSDMD, IL-1β, and IL-18 at 24 hours 
after ICH. Conversely, the CREB inhibitor reversed these 
effects of MVC; (3) the activation of brain CCR5 using 
rCCL5 via intracerebroventricular injection administra-
tion resulted in neurological deficits and pyroptosis in 
naive mice. These detrimental effects in naive mice were 
abolished significantly by activating brain PKA-Cα using 
8-Bromo-cAMP. Collectively, CCR5 activation promotes 
NLRP1-mediated pyroptosis after ICH, at least partly 
through the CCR5/PKA/CREB signaling pathways.

Regulated cell death is characterized as any form 
of cell death caused by an intracellular or extracellular 
death program, including apoptosis, necroptosis, and 
pyroptosis. Unlike apoptosis and necroptosis, pyropto-
sis is a highly inflammatory form of regulated cell death 
exclusively mediated by cleaved caspase-1.11 NLRP1 
activation promotes inflammasome formation, resulting 
in the recruitment and activation of caspase-1 via con-
version of precursor caspase-1 into cleaved caspase-1. 
The cleaved caspase-1 further cleaves precursor IL-1β 
and IL-18 into mature proinflammatory IL-1β and IL-18.5 
Additionally, cleaved caspase-1 is an enzyme specific 
for cell pyroptosis, which leads to cell membrane pore 
formation, rapid loss of membrane integrity, and release 
of proinflammatory intracellular contents.12 In an ani-
mal model of spinal cord injury, the mRNA and protein 
expression of NLRP1 was significantly elevated from 
18 to 24 hours after spinal cord injury.13 In a cerebral 
ischemic stroke model, NLRP1 inflammasome expres-
sion in the ipsilateral brain tissue increased as early as 
1 hour and was maintained at the increased level when 
measured at 12, 24, and 72 hours after stroke.14 Con-
sistently, we observed a time-dependent upregulation 
of endogenous expression of NLRP1 inflammasome in 
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Figure 5. Inhibition of CREB (cAMP response element binding) with 666-15 abolished the neurological function benefit and 
antineuronal pyroptotic effect of maraviroc (MVC) in intracerebral hemorrhage (ICH) mice.
A, Modified Garcia test. Forelimb placement test. Corner turn test. B, Representative Western blot bands. Quantitative analyses of PKA-Cα 
(protein kinase A-Cα), p-CREB (phospho-cAMP response element binding), NLRP1 (nucleotide-binding domain leucine-rich repeat pyrin domain 
containing 1), ASC (apoptosis-associated speck-like protein containing a CARD), C-caspase-1, N-GSDMD (N-gasdermin D), IL (interleukin)-
1β, and IL-18 in the ipsilateral hemisphere at 24 h after ICH. n=6 per group. Data are represented as mean±SD or median (interquartile range). 
*P<0.05, **P<0.01, ***P<0.001 vs sham, #P<0.05, ##P<0.01, ###P<0.001 vs ICH+vehicle, and @P<0.05, @@P<0.01, @@@P<0.001 vs 
ICH+MVC+vehicle. For proteins with similar molecular weights, namely, PKA-Cα (42 KDa) vs β-actin (43 KDa), we used the same blots following 
Western blot membrane stripping for restaining protocol.
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Figure 6. The detrimental effects of rCCL5 (recombinant chemokine ligand 5) in naive mice via activating CCR5 (C-C chemokine 
receptor 5)/PKA-Cα (protein kinase A-Cα)/CREB (cAMP response element binding)/NLRP1 (nucleotide-binding domain 
leucine-rich repeat pyrin domain containing 1) signaling pathway.
A, Modified Garcia test, forelimb placement test, and corner turn test. B, Representative Western blot bands. Quantitative analyses of PKA-Cα, 
p-CREB (phospho-cAMP response element binding), NLRP1, ASC (apoptosis-associated speck-like protein containing a CARD), C-Caspase-1, 
N-GSDMD (N-gasdermin D), IL (interleukin)-1β, and IL-18 in the ipsilateral hemisphere at 24 h after rCCL5 administration in naive mice. 
n=6 per group. Data are represented as mean±SD. *P<0.05, **P<0.01, ***P<0.001 vs naive+vehicle, #P<0.05, ##P<0.01, ###P<0.001 vs 
naive+rCCL5+vehicle. For proteins with similar molecular weights, namely, PKA-Cα (42 KDa) vs β-actin (43 KDa), we used the same blots 
following Western blot membrane stripping for restaining protocol.
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the ipsilateral hemisphere after ICH, which started at 12 
hours and peaked at 24 hours after ICH.

CCR5—a chemokine receptor—plays an essential 
role in mediating leukocyte transport during inflamma-
tion. CCR5 was widely expressed in cortex, thalamus, 
striatum, hippocampus, endothelium, and ependyma.15 
Our present data showed that CCR5 was primarily colo-
calized with neurons, microglia, and astrocytes within 
the brain, which coincided with previous studies.15,16 The 
CCR5 mRNA and protein levels were increased in brain, 
spinal cord, and blood plasma at 22 hours after middle 
cerebral artery occlusion in mice.17 Consistently, we 
also observed upregulated protein expression of CCR5 
was upregulated at an early stage and peaked at 24 
hours after ICH, which accompanied a similar pattern 
of increased CCL5 ligands, as well as increased protein 
levels of PKA-Cα, p-CREB, and NLRP1. These results 
suggested that CCR5 was increased as a response to 
ICH-induced CCL5 elevation in the acute phase. The 
upregulation of PKA-Cα and p-CREB may serve as an 
endogenous neuroprotective mechanism to counteract 
the deleterious signaling of CCR5 activation and may 
facilitate homeostatic maintenance in the injured brain. 
However, such endogenous increases are not sufficient 
to overcome the effects of CCL5/CCR5 on NLRP1 
activation after ICH.

MVC—a novel selective antagonist of CCR5—has 
been shown to be anti-inflammatory and antiapoptotic 
in animal models of autoimmune encephalomyelitis and 
pancreatic cancer.18,19 However, the effect of MVC-medi-
ated CCR5 inhibition on neuronal pyroptosis has not 
been elucidated. In this study, we observed that intrana-
sal administration of MVC 1 hour after ICH significantly 
improved neurological deficits. Based on our results, the 
treatment of MVC 1 hour after ICH is effective but not at 
24 hours. Further studies are needed to further explore 
the maximum therapeutic window within 24 hours. In 
addition, MVC inhibited the expression of brain NLRP1 
inflammasome, cleaved caspase-1, IL-1β/IL-18β, and 
pyroptosis marker, N-GSDMD, after ICH. Importantly, 
immunohistochemical assays showed that MVC reduced 
the numbers of degenerating neurons, especially cleaved 
caspase-1–positive neurons after ICH. The antipyrop-
totic feature of MVC was additional to its antiapoptotic 
effect. ICH directly damaged the striatal region, result-
ing in impaired sensorimotor function.20 In the pres-
ent study, a battery of neurobehavioral tests, including 
modified Garcia, limb placement, and corner turn tests, 
consistently revealed the sensorimotor deficits in mice 
at 24 and 72 hours post-ICH, which correlated with the 
neuronal death and loss of neurons in the perihemato-
mal brain tissues. The striatal-associated motor dysfunc-
tion remains as shown in the foot fault test and rotarod 
test at 1, 2, and 3 weeks after ICH in mice. Furthermore, 
secondary cerebral ischemia may occur in the hippocam-
pal CA1 region post-ICH.21 Neurons in the hippocampal 

CA1 region were sensitive to ischemia and were closely 
related to learning and memory functions of humans 
and mammals. Nissl staining showed that MVC treat-
ment delayed neuronal death in the hippocampal CA1 
region at day 25 after ICH, which is associated with spa-
tial learning deficits identified by the Morris water maze 
test. Early inhibition of CCL5/CCR5 signaling provided 
long-term neuronal protection, leading to improved sen-
sorimotor and cognitive dysfunction in ICH mice.

Furthermore, we explored the possible mechanism 
underlying brain CCR5 activation in NLRP1-mediated 
pyroptosis after ICH. Previous studies have demon-
strated that CCR5 inhibition promoted early recovery 
of motor function, neuroplasticity, learning, and memory 
through the CREB signaling pathway in disease mod-
els of traumatic brain injury and cerebral ischemia.7,8 
High expression of local CREB significantly improved 
motor nerve function after cerebral infarction.22 Our 
results demonstrated that CCR5 inhibition using MVC 
significantly increased expression of phosphorylated 
PKA-Cα and CREB but downregulated NLRP1, ASC, 
C-caspase-1, N-GSDMD, IL-1β, and IL-18 at 24 hours 
after ICH. A potent and selective CREB inhibitor 666-
15 could decrease CREB activation.23 In the present 
study, the application of 666-15 before ICH induction 
significantly decreased protein levels of p-CREB within 
ipsilateral brain tissue and reversed the beneficial effects 
of MVC on neurobehavioral deficits and pyroptosis after 
ICH. These findings implicated that CREB phosphory-
lation may be the downstream signal of MVC-mediated 
CCR5 inhibition responsible for downregulating the 
NLRP1-dependent neuronal pyroptosis after ICH.

Interestingly, the administration of 666-15 did not 
alter the MVC-induced brain PKA-Cα upregulation. 
Although the biological role of PKA-Cα has not been 
well-defined, it appears to function as a key kinase in 
activating CREB.24 We further investigated the role of 
PKA-Cα in CCR5-mediated pyroptosis and its rela-
tionship to CREB activation. Brain CCR5 activation via 
intracerebroventricular administration of rCCL5 in naive 
mice decreased the brain expression of PKA-Cα and 
phosphorylated CREB but upregulated NLRP1, ASC, 
C-caspase-1, N-GSDMD, as well as IL-1β and IL-18 
at 24 hours after rCCL5 injection, leading to significant 
neurological deficits. The administration of 8-Bromo-
cAMP reversed the detrimental effects of rCCL5-
mediated CCR5 activation on neurobehavioral function 
and brain pyroptosis by upregulating the expression of 
PKA-Cα and p-CREB, suggesting PKA as an upstream 
signal of CREB activation after ICH. Collectively, our 
findings reveal that CCR5 activation using rCCL5 pro-
moted pyroptosis, partially through the CCR5/PKA/
CREB/NLRP1 signaling pathway.

There are some limitations in this study. First, the 
present study only focused on pyroptosis after ICH. 
However, we cannot exclude the contribution of CCR5 
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to apoptosis and the mechanism involving the MAPK 
(mitogen-activated protein kinase) signaling pathway.8 
Second, we cannot rule out the possibility of NLRP3 sig-
naling in CCR5-mediated pyroptosis after ICH. Microglial 
NLRP3 inflammasome was significantly upregulated in 
the mouse model of ICH.25 CREB phosphorylation nega-
tively regulated the expression of NLRP3-ASC-caspase 
1 inflammasome.26 Nevertheless, the NLRP1 inflamma-
some is mainly expressed in neurons and is essential for 
pyroptotic neuronal death,5 whereas the NLRP3 inflam-
masome appears to be primarily expressed in microglia 
and is likely responsible for microglial activation.27 Third, 
we used only male mice in this study. Sexual dimorphism 
exists in neuroinflammation and its mechanisms. Previous 
studies have shown that female mice are less susceptible 
to mortality and have improved neurobehavioral outcomes 
compared with male mice in the setting of ICH.28 At last, 
the primary antibody omission control is not the true neg-
ative control for validating the antibody specificity, which 
only controls the nonspecific staining of secondary anti-
body. The 5 key conceptual pillars were proposed by the 
International Working Group on Antibody Validation in 
2016. The knockout validation would be robust technique 
for confirming the antibody specificity. Further studies are 
warranted to verify the neuroprotective effects of CCR5 
inhibition after experimental ICH in female mice.

CONCLUSIONS
The present study showed that CCR5 activation promoted 
NLRP1-dependent neuronal pyroptosis and neurologi-
cal deficits, at least, in part, via the CCR5/PKA/CREB 
signaling pathway after experimental ICH in mice. CCR5 
inhibition using MVC may provide a promising therapeutic 
strategy in the management of patients with ICH.
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