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Abstract
A depressive or hibernation-like effect of chlorpromazine and promethazine (C + P) on brain activity was
reported to induce neuroprotection, with or without induced-hypothermia. However, the underlying
mechanisms remain unclear. The current study evaluated the pharmacological function of C + P on the
inhibition of neuroin�ammatory response and in�ammasome activation after ischemia/reperfusion. A
total of 72 adult male Sprague-Dawley rats were subjected to 2 h middle cerebral artery occlusion
(MCAO) followed by 6 or 24 h reperfusion. At the onset of reperfusion, rats received C + P (8 mg/kg) with
temperature control. Brain cell death was detected by measuring CD68 and myeloperoxidase (MPO)
levels. In�ammasome activation was measured by mRNA levels of NLRP3, IL-1β, and TXNIP, and protein
quantities of NLRP3, IL-1β, TXNIP, cleaved-Caspase-1, and IL-18. Activation of JAK2/STAT3 pathway was
detected by the phosphorylation of STAT3 (p-STAT3) and JAK2 (p-JAK2), and the co-localization of p-
STAT3 and NLRP3. Activation of the p38 pathway was assessed with the protein levels of p-p38/p38.
The mRNA and protein levels of HIF-1α, FoxO1, and p-FoxO1, and the co-localization of p-STAT3 with HIF-
1α or FoxO1 were quantitated. As expected, C + P signi�cantly reduced cell death and attenuated the
neuroin�ammatory response as determined by reduced CD68 and MPO. C + P decreased ischemia-
induced in�ammasome activation, shown by reduced mRNA and protein expressions of NLRP3, IL-1β,
TXNIP, cleaved-Caspase-1, and IL-18. Phosphorylation of JAK2/STAT3 and p38 pathways and the co-
localization of p-STAT3 with NLRP3 were also inhibited by C + P. Furthermore, mRNA levels of HIF-1α and
FoxO1 were decreased in the C + P group. While C + P inhibited HIF-1α protein expression, it increased
FoxO1 phosphorylation, which promoted the exclusion of FoxO1 from the nucleus and inhibited FoxO1
activity. At the same time, C + P reduced the co-localization of p-STAT3 with HIF-1α or FoxO1. In
conclusion, C + P treatment conferred neuroprotection in stroke by suppressing neuroin�ammation and
NLRP3 in�ammasome activation. The present study suggests that JAK2/STAT3/p38/HIF-1α/FoxO1 are
vital regulators and potential targets for e�cacious therapy following ischemic stroke.

Introduction
Acute ischemic stroke causes irreversible cell damage, leading to severe mortality and morbidity
worldwide [1–3]. Current clinical treatments are limited to reperfusion strategies with tissue plasminogen
activator (tPA) or thrombectomy, which are only applied and bene�cial to a small proportion of stroke
victims because of the limited therapeutic time window [4].

Chlorpromazine and promethazine (C + P), both members of the phenothiazine class of neuroleptic drugs,
have been widely used for their antipsychotic and sedative effects [5, 6]. Moreover, phenothiazine drugs
have been demonstrated to induce neuroprotection in ischemia [6]. A robust neuroprotective effect was
identi�ed with C + P combination therapy in severe transient and permanent ischemic stroke [6, 7]. The
neuroprotective role may partially depend on the hypothermia induced by C + P [6, 8, 9]. In order to
comprehensively understand the pharmacological effects of C + P therapy, the mechanisms underlying its
neuroprotective effects without hypothermia induction remain to be determined.
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The increased neuroin�ammatory response and in�ammasome activation act as key components in the
pathogenesis of ischemic stroke. After stroke, the interruption and reperfusion of blood �ow in brain
tissue trigger the in�ltration of in�ammatory cells and cause a robust in�ammatory response, thereby
inducing neuronal apoptosis and death [10]. Neuroprotection with C + P has been identi�ed to be related
with inhibition of the in�ammatory response and NLRP3 in�ammasome activation after ischemic stroke
[11, 12]. The NOD-like receptor family pyrin domain containing 3 (NLRP3) in�ammasome is one of the
best characterized of the nucleotide-binding oligomerization domain (NOD)-like receptors (NLR) family
[13–15]. Upregulation of the NLRP3 in�ammasome results in the cleavage of pro-caspase-1.
Consequently, caspase-1 is activated, which leads to the promotion of interleukin-1β (IL-1β) and
interleukin-18 (IL-18) maturation and activation of pyroptosis, which is a type of in�ammatory cell death
[16, 17]. It has been reported that the NLRP3 in�ammasome activation was a vital mediator of
in�ammatory responses after ischemic stroke [18]. Janus kinase 2 (JAK2)/signal transducer and
activator of transcription 3 (STAT3) is a classic pathway that promotes in�ammation [19]. It is related to
pyroptosis and is highly activated after ischemic stroke [20, 21]. p38 is activated after cerebral ischemia
and induces a series of pathological processes such as in�ammation and NLRP3 in�ammasome
activation [22–24]. Hypoxia-inducible factor 1 alpha (HIF-1 alpha) and Forkhead box transcription factor
O1 (FoxO1) are also related to the in�ammatory response and in�ammasome activation[25, 18, 26].
Therefore, the current study further investigated the pharmacological function of C + P on the inhibition of
neuroin�ammatory response and in�ammasome activation after ischemia/reperfusion through
JAK2/STAT3/p38/HIF-1α/FoxO1 regulation.

Experimental Procedures

Subjects
A total of 72 adult male Sprague-Dawley rats (280–300 g, Vital River Laboratory Animal Technology Co.,
Ltd., Beijing, China) were used in this study, which adhered to the guidelines set forth by the Institutional
Animal Investigation Committee of the Capital Medical University. The rats were housed and maintained
under a 12 h light/dark cycle in the same animal care facility for the entire duration of the study. All
efforts were made to minimize any suffering and reduce the total number of animals used in the study.
Animals were randomly divided into the following groups: (1) a sham-operated group without MCAO for
RNA/protein assay (n = 7) and immuno�uorescence staining (n = 6); (2) 2 h MCAO followed by 6 or 24 h
of reperfusion for RNA/protein assay (n = 7x2), at 24 h for immuno�uorescence staining (n = 6), and at 48
h for TTC assay (n = 7); (3) 2 h MCAO and C + P with temperature control at 370C followed by 6 or 24 h of
reperfusion for RNA/protein assay (n = 7x2), at 24 h for immuno�uorescence staining (n = 6), and at 48 h
for TTC assay (n = 7). Rats (n = 5, less than 10%) were excluded for further analysis because of death,
brain hemorrhage, or lack of ischemic injury based on neurological de�cits and con�rmed with 2,3,5-
triphenyltetrazolium chloride (TTC) staining. All procedures and data analysis were carried out blindly
and randomly [27]. In all temperature-controlled groups, rats were placed on 370C insulation blankets and
under a warm ambient light source to maintain their body temperatures.
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Focal Cerebral Ischemia
The model used in this study has been described previously by us [28]. Brie�y, rats were anesthetized in a
chamber with 1–3% iso�urane and a mixture of 70% nitrous oxide and 30% oxygen. Throughout the
surgical procedure, the anesthesia was maintained with a face mask using 1% iso�urane delivered from a
calibrated precision vaporizer. To reduce inter-animal variability, poly-L-lysine-coated intraluminal nylon
(4.0) sutures were used to occlude the MCA thus yielding consistently sized infarct.

Administration of Chlorpromazine and Promethazine (C + P)
The combination of C + P (1:1) at doses of 8 mg/kg in saline was injected intraperitoneally (IP) at the
onset of reperfusion in ischemic rats as determined previously by us [6]. Then, a second injection with
one-third of the original dose was added 2 h later to enhance the drugs’ therapeutic effects.

Infarct Volume Measurement
After 48 h of reperfusion, the brains were resected from ischemic rats and cut into 2-mm-thick slices
(brain matrix) and treated with 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich, St. Louis, MO,
USA) for staining. The infarct volume was calculated using an indirect method to ensure that the error
attributable to edema was reduced as much as possible. Brie�y, the infarct cross-sectional area in each
brain slice was calculated using Image J. The infarct volume of each brain slice was calculated as the
difference between the total volume of the left hemisphere and the volume of the non-infarcted right
hemisphere, divided by the total volume of the left hemisphere [6].

Real-time qRT-PCR
Brain tissue samples containing the frontoparietal cortex and striatum, which are MCA-supplied
territories, were processed as previously described by us [11]. The Trizol reagent (Invitrogen, USA) was
used to extract total RNA according to manufacturer directions. Subsequently, RNA was reverse
transcribed into cDNA with the High Capacity cDNA Reverse Transcription kit (Applied Biosystems, USA).
Quantitative PCR was conducted using the SYBR Green PCR Master Mix (Applied Biosystems, USA) on
the ABI PRISM 7500 real-time cycler (Applied Biosystems). Primer sequences for IL-1β, NLRP3,
thioredoxin-interacting protein (TXNIP), HIF-1α, FoxO1 and β-actin are displayed in Table 1.
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Table 1
Primers used for RT-qPCR analysis.

Genes Primer sequence (5’-3’) forward Primer sequence (5’-3’) reverse

IL-1β TCCAGGATGAGGACCCAAGC TCGTCATCATCCCACGAGTCA

NLRP3 AGTGGATAGGTTTGCTGGG TGGGTGTAGCGTCTGTTGAG

TXNIP AGGTGAGAACGAGATGGTA CTCTTGAGTTGGCTGGCTG

FoxO1 CAGCCAGGCACCTCATAACA TCAAGCGGTTCATGGCAGAT

HIF-1α TCAAGTCAGCAACGTGGAAG TATCGAGGCTGCGTCGACTG

β-actin CAAGAAGGTGGTGAAGCAG AAAGGTGGAAGAATGGGAG

Enzyme-linked Immunosorbent Assay (ELISA)
Tissue samples from the ischemic hemispheres were processed as previously described by us [18].
According to the manufacturer’s instructions, 500 µl of extraction lysis buffer was added to the tube for
every 10 mg of infarcted tissue, which was mixed with an electric homogenizer. ELISA kits were used to
measure IL-18 (ml002816, Shanghai Enzyme-linked Biotechnology Co, China), IL-1β (ml037361, Shanghai
Enzyme-linked Biotechnology Co, China), CD68 (ml059367, Shanghai Enzyme-linked Biotechnology Co,
China), MPO (ml003250, Shanghai Enzymelinked Biotechnology Co, China) and cell death from
apoptosis (m1059429, Shanghai Enzymelinked Biotechnology Co, China).

TUNEL Assay
The TUNEL assay was used to investigate DNA fragmentation, which was performed with a commercial
kit (In situ Cell Death Detection Kit, Fluoresce, Roche, Indianapolis, IN, USA) as outlined in our previous
research [18]. Images were acquired from the infarcted cortex of the brain sections. In accordance with
the manufacturer’s instructions, the �xed and permeabilized slides were incubated in 50 µl of the TUNEL
reaction mixture at 37℃ for 1 h. The positive TUNEL staining was visualized using a �uorescence
microscope (DM4000, Leica, Germany). The infarcted cortex was acquired randomly from different
positions and images per section. The TUNEL+ cells were counted using the manual cell counting tool in
Image J. In a blind manner, the values of all sections from each group were acquired and used for
subsequent statistical analysis. The percentage of apoptotic cells was calculated as the percentage of
TUNEL+ cells over total cells. The percentage of positively staining cells was used to determine cell death
with the TUNEL index.

Immuno�uorescence Staining
Immuno�uorescence staining was used to detect the expression of p-STAT3, NLRP3, FoxO1 and HIF-1α
as described previously by us [8]. Images acquired from the infarcted cortex of the brain sections were
measured. For immuno�uorescence, sections were incubated with primary p-STAT3(Cell Signaling
Technology, 9145S, 4113S), NLRP3(Novus Biologicals, NBP2-12446), FoxO1(Cell Signaling Technology,
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Results

14952S), and HIF-1α (Novus Biologicals, NB100-105) antibodies overnight at 4°C, followed by application
of �uorescence conjugated secondary antibodies (Alexa Fluor 594 for FoxO1, HIF-1α, 1:500,
ThermoFisher, A-11005; Alexa Fluor 488 for p-STAT3, 1:500, ThermoFisher, A-11008; Alexa Fluor 594 for
NLRP3, 1:500, ThermoFisher, A-11012; Alexa Fluor 488 for p-STAT3, 1:500, ThermoFisher, A-11001) at
room temperature for 1 h. An antifade mounting medium with DAPI (Zhongshan Biotechnology) was
used to mount the slides. The images were examined with a �uorescence microscope (DM4000, Leica,
Germany). After blinding the groups, p-STAT3+, NLRP3+, FoxO1+ and HIF-1α+ cells were counted using the
Image J manual cell counting tool. The values were averaged by groups and used for statistical analysis.
The percentage of p-STAT3+/ NLRP3+/ FoxO1+ /HIF-1α+ cells was calculated as the percentage of
positively staining cells over total cells. The percentage of co-localizing cells was calculated as the
percentage of co-localizing cells over total cells.

Protein Expression
Western blot analysis was used to detect protein expression in brain tissue and cells, as described
previously by us [29]. Tissue from the right cerebral hemisphere, consisting of the frontoparietal cortex
and striatum, were processed as tissue samples for further analysis. Tissues and cells were lysed with
the Mammalian Protein Extraction Reagent (Thermo Scienti�c). Proteins extracted from rat brain and cell
isolates were loaded onto gels for electrophoresis. Proteins were transferred to a polyvinylidene �uoride
membrane. Membranes were incubated with a primary antibody (1:1,000, rabbit anti-IL-1β antibody,
Abcam, ab9722; 1:1,000, rabbit anti-TXNIP antibody, Cell Signaling Technology, 14715S; 1:1,000, rabbit
anti-Caspase-1 antibody, Santa Cruz, sc-56036; 1:1,000, rabbit anti-p38 antibody, Cell Signaling
Technology, 9212S; 1:1,000, rabbit anti-p-p38 antibody, Cell Signaling Technology, 9211S; 1:1,000, rabbit
anti-JAK2, Cell Signaling Technology, 3230S; 1:1,000, rabbit anti-p-JAK2, Cell Signaling Technology,
3776S; 1:1,000, rabbit anti-STAT3, Cell Signaling Technology, 4904S; 1:1,000, rabbit anti-p-STAT3, Cell
Signaling Technology, 9145S; 1:1,000, rabbit anti-NLRP3, Novus Biologicals, NBP2-12446; 1:1,000, rabbit
anti-p-FoxO1, Cell Signaling Technology, 84192S; 1:1,000, rabbit anti-FoxO1, Novus Biologicals, NB-
1002312; 1:1,000, rabbit anti-HIF-1α, Novus Biologicals, NB100-105; 1:2,000, β-actin, Santa Cruz) for 16 h
at 4ºC. Next, membranes were incubated with a secondary antibody (goat anti-rabbit IgG, Cell Signaling
Technology) for 2 h at room temperature. An enhanced chemiluminescence system was used to detect
immunoreactive bands. Western blot images for each antibody were analyzed using an image analysis
program (Image J, v.1.44, National Institutes of Health, USA) to quantify protein expression in terms of
relative image density.

Statistical Analysis
Statistical analyses were performed with Graphpad Prism v8.0 (Graphpad Software, San Diego, CA, USA).
The differences among groups were calculated using one-way ANOVA with the signi�cance level set at p 
< 0.05. Post hoc comparisons between groups were conducted using the least signi�cant difference
(LSD) method. All data and values were expressed as mean ± SE.
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C + P Treatment Reduced Brain Injury after Stroke
Infarct volume after stroke as determined by TTC staining was signi�cantly decreased by C + P with
temperature control treatment when compared to the stroke group at 48 h after reperfusion (p < 0.01,
Fig. 1A). When compared to the sham group, apoptotic cell death, measured by ELISA, was also
signi�cantly increased after MCAO, but the administration of C + P with temperature control decreased
cell death levels at 6 and 24 h after reperfusion (p < 0.05, Fig. 1B). In addition, apoptotic cell death in
ischemia/reperfusion group as determined by the TUNEL assay was largely increased when compared to
the sham group at 24 h after reperfusion (p < 0.001, Fig. 1C). Remarkably, apoptosis was signi�cantly
diminished by treatment with C + P at 370C.

C + P Treatment Attenuated the Neuroin�ammatory
Response
Compared to the sham group, the levels of MPO (a neutrophil marker) and CD68 (a macrophage marker)
measured by ELISA were increased after stroke at 6 and 24 h reperfusion (p < 0.001). Meanwhile, C + P
signi�cantly reduced the levels of MPO and CD68 (Fig. 2A&B).

C + P Treatment Decreased NLRP3 In�ammasome
Activation
C + P signi�cantly ameliorated the remarkable elevation of IL-1β levels at 6 and 24 h of reperfusion as
well as IL-18 levels at 24 h of reperfusion, as detected by ELISA (Fig. 3A&B). qRT-PCR showed increased
mRNA quantities of IL-1β and NLRP3 after MCAO (p < 0.01, p < 0.001), which were signi�cantly reduced
by C + P therapy at 6 and 24 h reperfusion. Similarly, mRNA levels of TXNIP were increased after
ischemia/reperfusion (p < 0.05), but C + P (p < 0.001) reduced them at 24 h of reperfusion (Fig. 4A, B, C).
Western blot showed that ischemic rats exposed to 2 h MCAO observed signi�cant increase in the IL-1β
protein levels at 6 and 24 h reperfusion. The overexpression was signi�cantly reversed by C + P treatment
(Fig. 5A). At 6 and 24 h of reperfusion, NLRP3 protein levels were increased (p < 0.05). Remarkably, C + P
signi�cantly reduced NLRP3 levels at 6 and 24 h of reperfusion (p < 0.001, Fig. 5B). Similarly, NLRP3+

cells were detected by immuno�uorescence at 24 h of reperfusion. As expected, C + P administration
markedly reduced the elevation of NLRP3 induced by MCAO (p < 0.001, Fig. 7A&C). Expression of TXNIP
protein was signi�cantly increased at 24 h of reperfusion, while C + P decreased TXNIP synthesis (p < 
0.001, Fig. 5C). There was a signi�cant increase of cleaved-Caspase 1 at 6 and 24 h of reperfusion, but C 
+ P treatment at 370C reduced its levels (p < 0.05, Fig. 5D).

C + P Decreased Activation of JAK2/STAT3 And P38
Pathways after Ischemia
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Western blot showed MCAO signi�cantly increased the phosphorylation of p38 at 6 h and 24 h of
reperfusion (p < 0.05) and JAK2 at 6 h of reperfusion (p < 0.05). C + P treatment signi�cantly decreased
the phosphorylation of p38 and JAK2. Similar results were obtained when the ratios of phosphorylated
proteins to total protein were calculated. An increase in the ratios of p-p38/p38 at 6 and 24 h of
reperfusion (p < 0.05, p < 0.01) and p-JAK2/JAK2 at 6 h of reperfusion (p < 0.05) were seen after stroke,
which were signi�cantly suppressed by C + P (Fig. 6A, B, C). MCAO also elicited increases in the
phosphorylation levels of STAT3 and the ratio of p-STAT3/STAT3 at 6 h and 24 h of reperfusion as
detected by Western blot (p < 0.001, Fig. 6A&D), as well as at 24 h of reperfusion as measured by
immuno�uorescence assay (Fig. 7A&B). Again, rats treated with C + P after MCAO signi�cantly
attenuated the effects. In order to further assess the relationship between p-STAT3 and NLRP3, the
cellular co-localization of p-STAT3 and NLRP3 was examined. Immuno�uorescence demonstrated that p-
STAT3 was present in NLRP3+ cells at 24 h reperfusion. After C + P administration, the number of brain p-
STAT3+/ NLRP3+ cells were reduced (p < 0.001, Fig. 7A&D).

C + P Treatment Decreased Expression Of HIF-1α and
FoxO1 Induced by Ischemia
Compared to the sham group, mRNA levels of HIF-1α (p < 0.001) and FoxO1 (p < 0.05) increased in the
stroke group after 6 h reperfusion, but were signi�cantly reduced by C + P treatment at 6 h reperfusion
(Fig. 8A&B).

Western blot results showed that MCAO increased expressions of HIF-1α at 6 and 24 h reperfusion (p < 
0.001, p < 0.05). C + P treatment signi�cantly reduced the expression of HIF-1α at 6 and 24 h reperfusion
(p < 0.001, p < 0.01, Fig. 9A). Immuno�uorescence assay showed similar results, where C + P treatment
attenuated HIF-1α+ cells at 24 h reperfusion (p < 0.001, Fig. 10A&B). To explore the relationship between
p-STAT3 and HIF-1α, the cellular co-localization of p-STAT3 and HIF-1α was detected using
immuno�uorescence at 24 h reperfusion. The number of brain p-STAT3+/ HIF-1α+ cells were decreased
after C + P administration (p < 0.001 Fig. 10A&C).

Phosphorylation levels of FoxO1 was decreased after MCAO at 6 h of reperfusion (p < 0.05), while C + P
reversed the reduced level of p-FoxO1 (p < 0.01). In contrast, brain FoxO1 was signi�cantly increased at
24 h of reperfusion. The use of C + P at 6 h and 24 h reperfusion decreased FoxO1 expressions (p < 0.05,
p < 0.001). Furthermore, the ratio of p-FoxO1/FoxO1 signi�cantly decreased after MCAO (p < 0.05) but
increased with C + P at 6 and 24 h reperfusion (p < 0.001, Fig. 9B), suggesting entering of FoxO1 into the
nucleus and activation of FoxO1 caused by ischemia was inhibited by C + P treatment. Compared with
the sham group, the number of FoxO1 positive cells in the brain tissue of the MCAO group was
signi�cantly increased (p < 0.001). C + P treatment reduced the number of FoxO1+ cells in ischemic brain
tissues in rats at 24 h of reperfusion (p < 0.001, Fig. 11A&B). The co-localization of p-STAT3 and FoxO1
was detected by immuno�uorescence at 24 h of reperfusion. Similar to the expression of HIF-1α, the
number of p-STAT3+/ FoxO1+ cells were inhibited by C + P administration (p < 0.001, Fig. 11A&C). These
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results suggest that C + P inhibition of in�ammasome activation through p-STAT3 may be related to its
effects on FoxO1.

Discussion
In the present study, we elucidated that C + P with temperature control reduced brain damage after stroke.
This may be due to its attenuation of the neuroin�ammatory response and in�ammasome activation
following ischemic stroke, shown by reduced CD68 and MPO and attenuated expressions of NLRP3, IL-
1β, TXNIP, cleaved-Caspase-1, and IL-18. The phosphorylation activation of JAK2/STAT3 and p38
pathways and co-localization of p-STAT3 with NLRP3 were also inhibited by C + P. Furthermore, C + P
reduced the expression of HIF-1α protein and decreased the activity of FoxO1 through promoting its
nuclear release and inhibiting its activation. At the same time, C + P reduced the co-localization of p-
STAT3 with HIF-1α and p-STAT3 with FoxO1. Taken together, these results suggest C + P repressed
JAK2/STAT3 and p38 signaling pathways as well as FoxO1 and HIF-1α in a hypothermia-independent
manner, leading to reduced neuroin�ammatory response and in�ammasome activation, which ultimately
attenuated brain damage.

In our previous study, we found that the administration of the classic neuroleptic phenothiazines, C + P,
conferred neuroprotection in models of severe stroke by suppressing the damaging cascade of metabolic
events, which was partially dependent on drug induced hypothermia [6, 30]. Chlorpromazine, a
phenothiazine, was shown to suppress the production of proin�ammatory cytokines including TNF-α, IL-
1β, and IL-6 [31–33]. Moreover, the neuroprotective role of C + P in ischemic stroke seemed to be
dependent on its amelioration of hyperglycolysis [8], blood–brain barrier disruption [28], in�ammation
[11], in�ammasome activation [12], and apoptosis [34]. C + P can induce hypothermia, but its
neuroprotective effect post-ischemic stroke was partially independent of its hypothermic effect [6, 8, 11,
12]. In the present study, we veri�ed how C + P exerted pharmacological and neuroprotective effects
without hypothermia, namely, the inhibitory effects of C + P on the in�ammatory response and
in�ammasome activation [11, 12].

Macrophages and neutrophils participate in brain in�ammation after ischemic stroke and high levels of
these cells are associated with poor prognosis [35]. Myeloperoxidase (MPO) is a heme containing
peroxidase that is expressed in the aforementioned in�ammatory cells [36]. MPO has been observed to be
elevated in the context of ischemic strokes, in both animal and clinical studies [37, 38]. CD68 is an
in�ammatory marker speci�c to activated microglia that is usually not expressed in surveillant microglia
[39, 40]. It is also associated with age dependent neuroin�ammation [41]. In the context of ischemic
stroke, MPO and CD68 were representative of apoptotic cell death [42] and were attenuated by HIF-1α
inhibition[18], indicating that they serve as accurate markers of in�ammation. In the present study, C + P
reduced MPO and CD68 levels, which represented suppression of in�ammation through inhibition of
immune cell in�ltration and apoptotic cell death.
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C + P repressed the MCAO induced increases of NLRP3, IL-1β, IL18, TXNIP, and cleaved-Caspase 1,
resulting in the inhibition of in�ammasome activation. NLRP3 is an indispensable in�ammasome of the
NLR family and is activated under ischemic conditions. In addition, its levels are related to increased
infarction and apoptotic cell death that accompanies ischemic injury [18]. The up-regulation of caspase-1
activated by NLRP3 in�ammasome promotes the maturation of IL-1β and IL-18, which are pyrogens
involved in in�ammatory apoptosis [17]. During the cerebral ischemia reperfusion injury, TXNIP
dissociates from the Trx1/TXNIP complex and enters the cytoplasm to activate the NLRP3
in�ammasome [43].

Chlorpromazine has been reported to decrease the phosphorylation of STAT3 [44]. Treatment with
chlorpromazine may induce the expression of distinct genes against apoptosis progression via the JAK-
STAT signaling pathway [45]. JAK/STAT signaling pathway is important for the progression of
neurological diseases including stroke, traumatic brain injury, brain tumors, and neurodegenerative
diseases [46, 47]. Many evidences have indicated that the JAK2/STAT3 signaling is phosphorylation
activated during cerebral ischemia and mediates oxidative stress, in�ammatory response, and neuronal
apoptosis [46, 20, 19]. In both MCAO and OGD experimental models, the expression of p-STAT3 increased,
which resulted in the activation of in�ammasomes [48]. It has been reported that the expression of p-
STAT3 was co-localized with NLRP3-positive cells and upregulated NLRP3 via STAT3-dependent histone
acetylation [49]. p38 mitogen-activated protein kinase (MAPK) activity is involved in the in�ammatory
response during stroke, as supported by the observation that p-p38 expression is upregulated in the
ischemia area [23, 50]. p38 MAPK signaling pathway induced the activation of the NLRP3 in�ammasome
and macrophage pyroptosis [51]. Consistent with previous �ndings, we found that the activation of
JAK2/ STAT3 and p38 and the co-localization of p-STAT3 with NLRP3 were signi�cantly increased
following postischemia, but attenuated by C + P therapy.

When cells are exposed to hypoxia, there is an increase in hypoxia-induced factor-1α (HIF-1α) expression
[52]. There is also an elevated expression of HIF-1α during periods of ischemia/reperfusion in neurons
[25]. HIF-1α mediates in�ammatory response after cerebral ischemia/reperfusion injury [25]. Moreover,
our previous study reported that HIF-1α mediated NLRP3 in�ammasome dependent pyroptotis following
ischemic stroke [18]. The activation of p38 through phosphorylation stabilizes HIF-1α, which in turn may
be involved in the increased production of IL-1β [53]. Phosphorylated STAT3 stimulates and binds to HIF-
1α, promoting its stability during hypoxia [54]. Mammalian FoxO proteins are assigned to the O class of
the forkhead box class transcription factors [55]. It has been reported that the expression of FoxO1
increased after ischemia/reperfusion [56, 57]. Additionally, after stroke, the phosphorylation of FoxO1,
which represents its inactive form, was decreased, underwent nuclear translocation, and activated its
target genes including in�ammation pathways [26]. Activated p38 mediates the translocation of FoxO1
into the nucleus and the binding of FoxO1 to the promoter of TXNIP, promoting the upregulation of the
TXNIP protein and further increasing in�ammasome activation [58–61]. FoxO1 can act as a coactivator
of STAT3, correlating with the physical association of their co-localization in the nuclear regions [62].
Moreover, HIF-1α drives FoxO1 expression by binding directly to the hypoxia-responsive elements within
its promoter region [63, 64]. In the present study, we found that C + P suppressed the expression of HIF-1α
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after exposure to ischemic stroke. C + P also repressed the activation of FoxO1 through the inhibition of
FoxO1 and increasing the phosphorylation thereof, leading to its exclusion from the nucleus. Moreover,
we con�rmed that MCAO induced the co-localization of p-STAT3 with HIF-1α or FoxO1, but C + P
signi�cantly reduced this trend. In summary, we observed that C + P induced pharmacological
neuroprotection through inhibition of the NLRP3 in�ammasome expression, which is mediated by HIF-1α
and FoxO1 and may be related to the JAK2/STAT3 and p38 pathway.

In conclusion, the results of the present study indicated that C + P treatment conferred neuroprotection
and rescued brain tissue after ischemia/reperfusion by suppressing neuroin�ammatory responses and
NLRP3 in�ammasome activation in the absence of hypothermia induction. These therapeutic effects are
associated with alterations of the JAK2/STAT3 and p38 pathways and subsequent inactivation of HIF-1α
and FoxO1. The present study suggests that the JAK2/STAT3/p38/HIF-1α/FoxO1 pathway is a key
regulator of ischemic stroke, and hence a potential therapeutic target.
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Figure 1

C+P attenuated neural injury under ischemic conditions. (A) TTC staining illustrates infarct volumes in
MCAO rats with or without C+P at 48 h reperfusion. Compared to the I/R group, C+P signi�cantly
decreased neural damage at 48 h reperfusion (n=7). (B) Cell death as measured by ELISA signi�cantly
increased at 6 and 24 h reperfusion. There was a signi�cant decrease with C+P at 6 and 24 h reperfusion
(n=7). (C)Apoptotic cell death was markedly greater at 24 h reperfusion but signi�cantly diminished by
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C+P at 24 hours reperfusion as detected by the TUNEL assay (n=7). Scale bar = 50 μm. ***p < 0.001, as
compared to the sham group; #p < 0.05, ##p < 0.01, and ###p < 0.001, as compared to the I/R group. The
data are presented as the mean ± SE.

Figure 2

C+P reduced CD68 and MPO levels in ischemic brain tissue. Quantitative analysis of (A) CD68 and (B)
MPO levels as measured by ELISA in ischemic brain tissue. Decreased levels of CD68 and MPO were
observed with C+P and temperature control at 6 and 24 h reperfusion (n = 7). ***p < 0.001, as compared
to the sham group; #p < 0.05, as compared to the I/R group. The data are presented as the mean ± SE.
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Figure 3

C+P decreased IL-1β and IL-18 levels after stroke. Quantitative analysis of (A) IL-1β and (B) IL-18 levels as
measured by ELISA in ischemic brain tissue. C+P signi�cantly attenuated the elevation of IL-1β at 6 and
24 h reperfusion, as well as IL-18 at 24 h reperfusion (n = 7). **p < 0.01 and ***p < 0.001, as compared to
the sham group; #p < 0.05 and ##p < 0.01, as compared to the I/R group. The data are presented as the
mean ± SE.
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Figure 4

C+P suppressed IL-1β, NLRP3, and TXNIP mRNA levels after stroke. (A) IL-1β, (B) NLRP3, and (C) TXNIP
as evaluated by quantitative real-time PCR at 6 h and 24 h reperfusion. The mRNA levels of IL-1β, NLRP3,
and TXNIP increased after I/R, but were reduced with C+P at 6 and 24 h reperfusion, with the exclusion of
TXNIP at 6 h reperfusion (n = 7). *p < 0.05, **p < 0.01, ***p < 0.001, as compared to the sham group; #p <
0.05 and ###p < 0.001, as compared to the I/R group. The data are presented as the mean ± SE.
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Figure 5

C+P suppressed IL-1β, NLRP3, TXNIP and cleaved-Caspase 1 expressions after ischemia/reperfusion. (A)
IL-1β, (B) NLRP3, (C) TXNIP, and (D) cleaved-Caspase 1 as evaluated by Western blot at 6 h and 24 h
reperfusion. The protein levels of IL-1β, NLRP3, TXNIP, and cleaved-Caspase 1 increased after I/R, but
reduced with C+P at 6 and 24 h reperfusion, with the exception of TXNIP at 6 h reperfusion (n = 7). *p <
0.05 and **p < 0.01, as compared to the sham group; #p < 0.05 and ###p < 0.001, as compared to the I/R
group. The data are presented as the mean ± SE. The representative immunoblots are presented.
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Figure 6

C+P decreased expressions of JAK2/STAT3 and p38 pathways induced by cerebral ischemia. (A)
Representative bands of phosphorylated and total protein expressions of p38, JAK2, and STAT3 as
detected by Western blot assay at 6 and 24 h reperfusion. β-actin protein was used as an internal control.
Bar graphs show semiquantitative levels of (B) p-p38 and p-p38/p38; (C) p-JAK2 and p-JAK2/JAK2; and
(D) p-STAT3 and p-STAT3/STAT3 as determined by band density analysis. MCAO signi�cantly increased
phosphorylation levels of p38 and STAT3 at 6 h and 24 h reperfusion, as well as JAK2 at 6 h reperfusion.
C+P treatment decreased the phosphorylation of p38 and JAK2/STAT3 as compared with stroke group (n
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= 7). *p < 0.05, **p < 0.01, and ***p < 0.001, as compared to the sham group; #p < 0.05, ##p < 0.01, and
###p < 0.001, as compared to the I/R group. The data are presented as the mean ± SE.

Figure 7

Co-localization of p-STAT3 and NLRP3. (A) Representative images of NLRP3 (red) and p-STAT3-positive
cells (green) in sham, I/R, and C+P groups with temperature regulation at 24h reperfusion. Cellular nuclei
are visible as blue DAPI stains. Quantitative assessment of (B) p-STAT3 and (C) NLRP3 positive cells in
the rat brain. (D) Quantitative assessment of p-STAT3/NLRP3 double positive cells in the rat brain. C+P
repressed the expressions of p-STAT3 and NLRP3, and the co-localization of p-STAT3 and NLRP3 at 24 h
reperfusion after stroke. (n=6) ***p < 0.001, as compared to the sham group; ###p < 0.001, as compared
to the I/R group. The data are presented as the mean ± SE. Scale bar = 50 μm.
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Figure 8

C+P suppressed HIF-1α and FoxO1 mRNA levels after stroke. (A) HIF-1α and (B) FoxO1 were evaluated by
quantitative real-time PCR at 6 h and 24 h reperfusion. The mRNA levels of HIF-1α and FoxO1 increased
after I/R, but C+P reduced the quantities of HIF-1α and FoxO1 at 6 h reperfusion(n = 7). *p < 0.05 and ***p
< 0.001, as compared to the sham group; ##p < 0.01 and ###p < 0.001, as compared to the I/R group.
The data are presented as the mean ± SE.
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Figure 9

C+P suppressed the activation of HIF-1α and FoxO1 induced by cerebral ischemia. (A) Bar graphs show
semiquantitative levels of HIF-1α as determined by band density analysis. (B) Bar graphs show
semiquantitative levels of p-FoxO1, FoxO1, and p- FoxO1/ FoxO1 as determined by band density analysis.
(C) Representative bands of HIF-1α, p-FoxO1, and FoxO1 as detected by Western blot assay at 6 and 24 h
reperfusion. β-actin protein was used as an internal control. In addition, C+P reduced the elevated
expression of HIF-1α after stroke at 6 and 24h reperfusion. MCAO signi�cantly decreased the
phosphorylation level of FoxO1 while C+P attenuated this trend at 6 h reperfusion. Moreover, the
expression of FoxO1 increased at 24 h reperfusion, while C+P reduced its levels at 6 and 24 h reperfusion.
The ratio of p-FoxO1/FoxO1 signi�cantly decreased after MCAO, but increased with C+P at 6 and 24 h
reperfusion (n = 7). *p < 0.05 and ***p < 0.001, as compared to the sham group; #p < 0.05, ##p < 0.01,
and ###p < 0.001, as compared to the I/R group. The data are presented as the mean ± SE.
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Figure 10

The Co-localization of p-STAT3 and HIF-1α. (A) Representative images of HIF-1α (red) and p-STAT3-
positive cells (green) in sham, I/R, and C+P, with temperature regulation at 24h reperfusion. Cellular nuclei
are visible as blue DAPI stains. (B) Quantitative assessment of HIF-1α positive cells in the rat brain. (C)
Quantitative assessment of p-STAT3/ HIF-1α double positive cells in the rat brain. C+P suppressed the
expression of HIF-1α and co-localization of p-STAT3 and HIF-1α at 24 h reperfusion after stroke. (n=6)
***p < 0.001, as compared to the sham group; ###p < 0.001, as compared to the I/R group. The data are
presented as the mean ± SE. Scale bar = 50 μm.
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Figure 11

The Co-localization of p-STAT3 and FoxO1. (A) Representative images of FoxO1 (red) and p-STAT3-
positive cells (green) in sham, I/R, and C+P with temperature regulation at 24h of reperfusion. Cellular
nuclei are visible as blue DAPI stains. (B) Quantitative assessment of FoxO1 positive cells. (C)
Quantitative assessment of p-STAT3/ FoxO1 double positive cells. C+P suppressed the expression of
FoxO1 and co-localization of p-STAT3 and FoxO1 at 24 h reperfusion after stroke. (n=6) ***p < 0.001, as
compared to the sham group; ###p < 0.001, as compared to the I/R group. The data are presented as the
mean ± SE. Scale bar = 50 μm.


