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Abstract
Aims: Remote ischemic pre-conditioning (RIPC) protects against ischemia/reperfu-
sion (I/R) injury. However, the mechanisms underlying this protection remain unclear. 
In the present study, we investigated the role of Janus-activated kinase 2 (JAK2)/sig-
nal transducer and activator of transcription 3 (STAT3) pathway and cell cycle arrest, 
and their relationship with neuronal apoptosis following RIPC.
Methods: A rat cerebral I/R injury model was induced by middle cerebral artery occlu-
sion (MCAO), and AG490 was used to investigate the mechanisms of RIPC. p-JAK2-, 
p-STAT3-, cyclin D1-, and cyclin-dependent kinase 6 (CDK6) expression was assessed 
by Western blotting and immunofluorescence staining.
Results: RIPC reduced the infarct volume, improved neurological function, and in-
creased neuronal survival. Furthermore, p-JAK2 and p-STAT3 were detected during 
the initial phase of reperfusion; the expression levels were significantly increased at 
3 and 24 h after reperfusion and were suppressed by RIPC. Additionally, the MCAO-
induced upregulation of the cell cycle regulators cyclin D1 and CDK6 was ameliorated 
by RIPC. Meanwhile, cyclin D1 and CDK6 were colocalized with p-STAT3 in the is-
chemic brain.
Conclusion: RIPC ameliorates the induction of the JAK2/STAT3 pathway and cell 
cycle regulators cyclin D1 and CDK6 by MCAO, and this net inhibition of cell cycle 
re-entry by RIPC is associated with downregulation of STAT3 phosphorylation.
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1  |  INTRODUC TION

Stroke is a leading cause of death worldwide and is associated with 
long-term disability.1 However, the clinical treatment of stroke is 
limited. Remote ischemic pre-conditioning (RIPC) is ischemia that is 
performed in one organ and protects against subsequent prolonged 
ischemia in another distant organ.2 RIPC has greater potential for 
clinical application than conventional preconditioning because it can 
be performed in a non-vital organ. Remote preconditioning of the 
ipsilateral hindlimb protects against ischemic damage after focal ce-
rebral ischemia in rats.3 We previously demonstrated that limb RIPC 
exerted neuroprotective effects against ischemia using an intralumi-
nal thread middle cerebral artery occlusion (MCAO) and reperfusion 
model in rats.4 However, the endogenous neuroprotective mecha-
nisms of RIPC remains unclear.

The Janus-activated kinase 2 (JAK2)/signal transducer and ac-
tivator of transcription 3 (STAT3) pathway is involved in many 
physiological processes, including those governing cell survival, 
inflammation, development, proliferation, and differentiation.5 
Activation of this pathway occurs when a hormone, growth factor, 
or cytokine binds to a receptor that then activates JAK2 and phos-
phorylates STAT3. Several groups have reported that the JAK2/
STAT3 pathway is activated in in vitro and in vivo experimental mod-
els of stroke.6–8 However, the precise role of JAK2/STAT3 activation 
after stroke remains unclear. The genes involved in apoptosis are 
regulated by STAT signaling.9 Different apoptosis- or antiapoptosis-
related genes can also be transcriptionally modulated via JAK/STAT 
upon upstream receptor activation.10,11 In a hypoxic–ischemic brain 
injury model, granulocyte colony-stimulating factor treatment was 
associated with increased STAT3 and Bcl-2 expression, which in-
duced antiapoptotic effects.12 In contrast, some studies have sug-
gested that the phosphorylation of STAT3 contributes to neuronal 
apoptotic death after cerebral ischemia.13,14 Currently, however, it 
is unknown whether the JAK2/STAT3 signal pathway is involved in 
RIPC-produced neuroprotection against ischemia/reperfusion (I/R) 
injury in rats.

The cell cycle is a highly coordinated process regulated by the 
appropriate and timely activation of cyclin-dependent kinases 
(CDKs). Terminally differentiated neurons irreversibly escape from 
the cell cycle. However, neurons re-enter the cell cycle after I/R.15,16 
Cyclin D1 plays a critical role in cell cycle progression in proliferating 
cells by activating CDK2, CDK4, or CDK6.17 It was demonstrated 
that cyclin D1 and CDK6 levels increased following cerebral isch-
emia.18,19 Administration of the CDK inhibitor flavopiridol blocks 
neuronal death and reduces the infarct volume after reperfusion.20 
Thus, aberrant cell cycle activation is thought to cause apoptosis in 
post-mitotic neurons after cerebral ischemia.19 Cyclin D1 and CDK6 
downregulation may protect neurons from entering and/or pro-
gressing through the cell cycle thus preventing neuron damage after 
ischemia.

Cyclin D1 is an important target gene of STAT3. High cyclin D1 
expression was observed in laryngeal carcinomas, and the positive 
correlation between phosphorylated STAT3 (p-STAT3) protein and 

cyclin D1 mRNA suggests that STAT3 promotes cyclin D1 transcrip-
tion in laryngeal carcinogenesis.21 The expression of cyclin D1 is 
regulated by STAT3 by binding to its promoter, and a constitutively 
active STAT3 construct can upregulate cyclin D1 expression at the 
transcriptional level in rodent fibroblast cell lines.22,23 JAK2/STAT3 
pathway inhibition suppressed the expression of cyclin D1, cyclin 
E, and CDK4 in YD-38 gingival cancer cells.24 However, it is unclear 
whether RIPC inhibits the JAK2/STAT3 pathway and cyclin D1 and 
CDK6 following I/R injury.

In this study, we investigated whether RIPC could prevent the 
expression and activation of the JAK2/STAT3 pathway and cyclin 
D1/CDK6 and aimed to determine the relationship between JAK2/
STAT3 and cyclin D1/CDK6 in neurons, as well as their relationship 
with neuronal apoptosis during cerebral I/R. We hypothesized that 
RIPC may exert its beneficial effects by intervening in the activa-
tion of the JAK2/STAT3 pathway and cell cycle re-entry in ischemic 
neurons.

2  |  MATERIAL S AND METHODS

2.1  |  Rat model of focal cerebral I/R

Male Sprague–Dawley rats weighing 280–300 g were purchased 
from Vital River Laboratory Animal Technology Co. Ltd. (Beijing). 
The animal protocols for these studies were approved by the 
Institutional Animal Care and Use Committee of Xuanwu Hospital 
of Capital Medical University. The rats were anesthetized with 3.5% 
enflurane in N2O:O2 (70%:30%). Physiological monitoring during the 
procedure comprised measurement of the rectal temperature, mean 
arterial blood pressure, and heart rate. The rats were subjected to 
MCAO followed by reperfusion using a suture occlusion model, as 
previously described.25 The animals underwent right MCAO for 
90 min and were then reperfused for 15 min, 30 min, 3 h, and 24 h 
after withdrawal of the filament. Successful MCAO was assessed by 
circling to the non-ischemic side (left) at the end of ischemia and fur-
ther confirmed by 2,3,5-triphenyltetrazolium chloride (TTC) staining 
at the end of reperfusion.

2.2  |  RIPC, drug administration, and 
experimental groups

RIPC was performed by occluding the bilateral femoral arteries with 
aneurysm clips (FE 681 K, Aesculap Inc.) for 10  min, followed by 
10 min of reperfusion. This was considered as one cycle. For pre-
conditioning, this cycle was repeated thrice. Three cycles of RIPC 
were administered once per day for 3 days before the animals under-
went MCAO and reperfusion. The JAK2 inhibitor AG490 (40 mg/kg 
dissolved in 3% DMSO) was injected intraperitoneally 5 min before 
reperfusion. All other groups received 3% DMSO as a control.

Rats were randomly assigned to five groups: (1) vehicle-treated 
sham-operated (Sham), (2) RIPC-treated sham (Sham+R), (3) 
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vehicle-treated MCAO (Vehicle), (4) RIPC-treated MCAO (RIPC), and 
(5) AG490 + RIPC-treated MCAO (AG490 + R). Each group was fur-
ther divided into four subgroups according to the reperfusion time 
after 90 min MCAO, that is, 15 min, 30 min, 3 h, and 24 h (n = 8 in 
each subgroup). Animals exhibiting convulsions or sustained con-
sciousness disturbances were excluded from subsequent experi-
ments. Five rats with unsuccessful MCAO were excluded from the 
study. No rats died from stroke complications.

2.3  |  Behavioral tests

Neurological deficits were assessed at 3 and 24 h after reperfusion 
in a double-blind fashion using the Ludmila Belayev and Zea Longa 
five-point scoring systems. For the Ludmila Belayev score, neurolog-
ical function was graded on a scale of 0–12, with 0 representing nor-
mal function and 12 representing maximum neurological deficits.26 
For the Zea Longa five-point scoring system, neurological deficits 
were scored using a modified scoring system developed by Longa 
et al.27

2.4  |  Tissue collection and infarct volume 
determination

At the end of reperfusion, the rats were exposed to 5% isoflurane 
(in oxygen) and decapitated after ensuring that the animal was com-
pletely unresponsive to tail pinch. The brains were harvested and 
sectioned into four 2-mm-thick coronal slices from an 8-mm-thick 
region 5 mm away from the tip of the frontal lobe. The first and third 
slices were prepared for Western blot analysis. The second and 
fourth slices were incubated in 1% (w/v) TTC (Sigma-Aldrich) solu-
tion at 37°C for 20 min to measure the infarct volume25 by blinded 
investigators. The remaining brain tissues were stored at −80°C. 
Coronal brain sections (20 μm) were obtained using a cryostat 
(CM1900, Leica) for histological staining.

The infarct volume was measured using ImageJ analysis soft-
ware, as described previously.25 To minimize the error introduced 
by edema, an indirect method for calculating the infarct volume was 
used.28 The infarct volume was presented as a percentage of the 
volume of the contralateral hemisphere.

2.5  |  Examination of apoptotic cell death

To identify apoptotic cell death in the brain sections, terminal deoxy-
ribonucleotide transferase dUTP nick-end labeling (TUNEL) staining 
was performed using an in situ cell death detection kit, according 
to the manufacturer's instructions (Roche). Briefly, after wash-
ing in phosphate-buffered saline (PBS), sections were incubated 
with reaction buffer containing terminal deoxynucleotidyl trans-
ferase at 37°C for 60 min in the dark. The nuclei were stained with 

4′,6-diamidino-2-phenylindole (DAPI), and sections were observed 
under a fluorescence microscope (80i; Nikon).

2.6  |  Western blotting analysis

P-JAK2 and p-STAT3 protein expression was analyzed by Western 
blotting. The ipsilateral hemisphere was homogenized in lysis buffer 
containing protease inhibitors, as previously described.25 The nu-
clear proteins were lysed using a nuclear protein extraction kit 
(Beyotime), according to the manufacturer's instructions. Protein 
content was determined using a bicinchoninic acid protein assay; 
40 μg of protein was electrophoresed in 8% SDS-PAGE and trans-
ferred to a polyvinylidene fluoride membrane. The membranes were 
probed with p-JAK2, JAK2, p-STAT3 (Tyr705), and STAT3 antibodies. 
All the antibodies were from Cell Signaling Technology. Quantitative 
results were obtained by measuring the optical density of each band 
and expressed as the ratio of each targeted protein to β-actin or 
JAK2 and STAT3 expression.

2.7  |  Immunofluorescence analysis

Sections were treated with either p-JAK2 antibody, p-STAT3 an-
tibody, cyclin D1 antibody (Cell Signaling Technology), CDK6 an-
tibody (Cell Signaling Technology) with neuron-specific nuclear 
protein (NeuN) antibody (Chemicon), glial fibrillary acidic protein 
(GFAP) antibody (Santa), or ionized calcium-binding adapter mole-
cule-1 (Iba-1) antibody (Cell Signaling Technology); either cyclin D1 
antibody or CDK6 antibody with p-STAT3 antibody at 4°C over-
night. The sections were then incubated with a secondary antibody 
(Invitrogen) for 1 h at 22 ± 2°C. The nuclei were stained with DAPI.

For double staining of NeuN, GFAP, Iba-1, cyclin D1, or CDK6 
and TUNEL, slices were incubated with the primary antibodies 
against NeuN, GFAP, Iba-1, cyclin D1, or CDK6, respectively, at 4°C 
overnight, with PBS used as a negative control. Following three 
washes in PBS, the sections were incubated with fluorescent-labeled 
secondary antibodies. Sections were then stained using the TUNEL 
assay kit according to the manufacturer's instructions and counter-
stained with DAPI.

2.8  |  Statistical analysis

The results are reported as the mean ± standard deviation. Statistical 
analysis was performed using SPSS version 20.0 (SPSS). The 
Shapiro–Wilk normality test was used to analyze the normality of 
data, and the data were found to be normally distributed. The differ-
ence between means was evaluated using one-way analysis of vari-
ance (ANOVA) and post hoc least significant difference/Tamhane T2 
tests for multiple comparisons, with p < 0.05 indicating statistically 
significance.
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3  |  RESULTS

3.1  |  RIPC reduced the infarct volume and 
improved neurological dysfunction in ischemic rats

To confirm the neuroprotective effect of RIPC on cerebral ischemic 
injury, we compared the severity of brain damage with or without 
RIPC treatment after 3 and 24 h of reperfusion following ischemia. 
The infarct volume and neurological scores were calculated to meas-
ure brain damage (Figure 1A–D). Quantitative analysis revealed that 
cerebral I/R significantly increased the infarct volume in ischemic 
hemispheres, whereas sham control rats did not exhibit any lesions 
in either hemisphere. RIPC treatment markedly reduced the infarct 
volume in the ischemic hemisphere at 3 and 24 h after reperfusion 
(p < 0.05). This marked reduction in infarct volume could not be at-
tributed to hypothermia or other alterations in physiological param-
eters, such as rectal temperature, mean arterial blood pressure, and 
heart rate, which did not differ between the experimental groups. 
Neurological function was assessed using the Ludmila Belayev and 
Longa scores at 3 and 24 h following ischemia. RIPC treatment sig-
nificantly decreased the scores after ischemic stroke compared with 
those in the vehicle-treated group (p < 0.05), confirming the protec-
tive effect of RIPC on ischemic brain damage in rats. To delineate 
the effect of RIPC on a non-stroke background, the Sham+R group 
was used. There was no significant difference in infarct volume and 
neurological function between the Sham and Sham +R groups.

3.2  |  RIPC reduced neuronal apoptotic death in 
rats following cerebral ischemia

To study the effect of RIPC on apoptosis following transient focal 
cerebral ischemia, TUNEL staining was used to stain apoptotic cells 
in rat brain sections. As illustrated in Figure 1E,F, TUNEL staining 
was not observed in the brains of Sham and Sham+R group rats, 
while the number of TUNEL-positive cells was increased in the 
brains of MCAO group rats at 24 h after reperfusion. Moreover, 
TUNEL-positive cells were largely colocalized with NeuN, a marker 
of neuronal maturation but were not colocalized with astro-
cytes or microglia (Figure  1G), suggesting that cerebral ischemia 
mainly induced neuronal apoptotic death after 24 h of reperfusion. 
Interestingly, fewer TUNEL-positive cells were observed in RIPC-
treated MCAO rats than in MCAO rats after 24 h of reperfusion 

(p < 0.05, Figure 1E,F). This result indicated that 3 days of RIPC be-
fore MCAO ameliorated apoptotic programmed neuronal death fol-
lowing transient focal cerebral ischemia.

3.3  |  RIPC reduced JAK2 and STAT3 
phosphorylation in ischemic brains

To explore the mechanism of RIPC-induced neuroprotection, we 
investigated whether RIPC regulates JAK2 and STAT3 activation in 
MCAO rats. The activation of JAK2 and STAT3 was measured by 
Western blotting and immunofluorescence. As shown in Figure  2, 
p-JAK2 and p-STAT3 in MCAO rats were detected at 15 and 30 min 
after reperfusion (Figure  2A,B), indicating that the JAK2/STAT3 
pathway might be activated in the early stage of reperfusion after 
MCAO. At 3 and 24 h after reperfusion, faint immunoreactivity for p-
JAK2 was detected in the ipsilateral hemisphere after sham surgery 
but was significantly increased in the ischemic hemisphere of rats 
subjected to MCAO (p < 0.05, Figure 2C–F). The level of p-JAK2 in 
the ischemic hemisphere was significantly reduced in RIPC rats com-
pared MCAO rats (p < 0.05, Figure  2A–F). Double immunofluores-
cent staining using NeuN, GFAP, and Iba-1 markers confirmed that 
p-JAK2 and p-STAT3 immunofluorescence was observed in neurons, 
astrocytes, and microglia after cerebral I/R (Figure 3A,B). However, 
TUNEL staining only occurred in neurons after 24 h of reperfusion 
(Figure 1G). Thus, the antiapoptotic effect of RIPC in neurons could 
be achieved by JAK2/STAT3 pathway inhibition in MCAO rats. 
However, pretreatment with 30 μM of AG490, a JAK2-specific inhib-
itor, did not further significantly reduce the ischemia-induced phos-
phorylation of JAK2 at 3 and 24 h after reperfusion compared with 
RIPC treatment (Figure 2C–F). These findings further confirmed that 
the regulatory effect of RIPC on the JAK2/STAT3 pathway is similar 
to that of AG490.

3.4  |  RIPC inhibits the nuclear translocation of p-
STAT3 following cerebral I/R

Upon tyrosine phosphorylation triggered by diverse stimuli, STAT3 
dimerizes and translocates to the nucleus to induce gene transcrip-
tion.29 Its role as a DNA-binding transcription factor depends on its 
ability to enter the nucleus. Therefore, under the present experi-
mental conditions, we extracted the nuclear fraction of MCAO rats 

F I G U R E  1  Remote ischemic pre-conditioning (RIPC) treatment reduces ischemia/reperfusion injury and neuronal apoptosis in middle 
cerebral artery occlusion (MCAO) rats. (A) Cerebral infarction area was measured using 2,3,5-triphenyltetrazolium chloride (TTC) staining. 
(B) RIPC treatment reduces brain tissue loss in MCAO rats. RIPC treatment improves neurobehavioral outcome in MCAO rats as evidenced 
by the Ludmila Belayev score (C) and Longa score (D). (E) Representative staining for terminal deoxyribonucleotide transferase dUTP nick 
end labeling (TUNEL) (red) of brain slices from different groups at 24 h after reperfusion. Bar = 50 μm. (F) Quantification of TUNEL-positive 
cells. Data are presented as the means ± standard deviations. Significant differences were evaluated using one-way analysis of variance 
followed by the Tamhane T2 test. *p < 0.05 vs the sham group; #p < 0.05 vs the vehicle-treated MCAO group. (G) Colocalization of TUNEL 
(red) and neuron-specific nuclear protein (NeuN) (green), glial fibrillary acidic protein (GFAP) (green), or ionized calcium-binding adapter 
molecule-1 (Iba-1) (green) in the ischemic penumbra of MCAO rats at 24 h after reperfusion. Bar = 20 μm. Nuclei were counterstained with 
4′,6-diamidino-2-phenylindole (DAPI) (blue).
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3 and 24 h after reperfusion and determined whether the neuropro-
tection afforded by RIPC was associated with changes in nuclear p-
STAT3 levels in the brains of rats subjected to I/R. Ischemic insult 
significantly increased the levels of STAT3 phosphorylation in the 
nuclear fractions of the ipsilateral ischemic brain hemisphere at 3 
and 24 h after reperfusion (p < 0.05, Figure 4A–D). However, in com-
parison with vehicle-treated animals, RIPC reduced STAT3 phospho-
rylation in the nuclear fraction 3 and 24 h after ischemia (p < 0.05). 
In addition, pre-treatment with AG490 did not further reduce the 

ischemia-induced phosphorylation of STAT3 in nuclear fractions at 
3 and 24 h after reperfusion. Immunofluorescence staining showed 
that there were increased p-STAT3-positive cells in the brain of 
MCAO group rats, which decreased significantly, however, in the 
RIPC group rats at 24 h after reperfusion. In addition, there was no 
significant difference in p-JAK2 and p-STAT3 expression between 
the Sham and Sham + R groups (Figure S1). These results indicate 
that I/R induced the nuclear translocation of p-STAT3 in the ischemic 
hemisphere, which was attenuated by RIPC treatment.

F I G U R E  2  Remote ischemic pre-conditioning (RIPC) treatment reduces the phosphorylation of Janus-activated kinase 2 (JAK2) and signal 
transducer and activator of transcription 3 (STAT3) in the ischemic hemisphere of middle cerebral artery occlusion (MCAO) rats. (A, B) Brain 
tissue was isolated 15 and 30 min after reperfusion and examined for the expression of phosphorylated JAK2 (p-JAK2) and phosphorylated 
STAT3 (p-STAT3) by Western blotting, with β-actin used as a loading control. (C, D) Brain tissue was isolated 3 h and (E, F) 24 h after 
reperfusion and examined for the expression of p-JAK2 by Western blotting, with total JAK2 used as a loading control. Data are expressed 
as means ± standard deviation. Significant differences were evaluated using one-way analysis of variance followed by the post hoc least 
significant difference test (A, B) and the Tamhane T2 test (C–F). *p < 0.05 vs the sham group, #p < 0.05 vs the vehicle-treated MCAO group. 
Ct, contralateral hemisphere; Ip, ipsilateral hemisphere.
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F I G U R E  3  Phosphorylated Janus-activated kinase 2 (p-JAK2) and phosphorylated signal transducer and activator of transcription 3 (p-
STAT3) immunofluorescence-stained cells appear in neurons, astrocytes, and microglia in the ischemic penumbra of middle cerebral artery 
occlusion (MCAO) rats 24 h after reperfusion. (A) Colocalization of p-JAK2 (red) or (B) p-STAT3 (red) with neuron-specific nuclear protein 
(NeuN) (green), glial fibrillary acidic protein (GFAP) (green), or ionized calcium-binding adapter molecule-1 (Iba-1) (green) in the ischemic 
penumbra of MCAO rats. Bars = 20 μm. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue).
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3.5  |  Cell cycle regulators cyclin D1 and CDK6 are 
associated with the phosphorylation of STAT3 in 
ischemic neurons

It has been reported that STAT3 transfers to the nucleus to control the 
transcription of the target downstream gene cyclin D1.30 To deter-
mine whether the JAK2/STAT3 pathway is involved in cell cycle arrest 
in neurons, we utilized double immunofluorescence staining to detect 
cyclin D1/CDK6 positivity and the expression of p-STAT3. Figure 5A 
shows that cyclin D1/CDK6-positive cells were colocalized with p-
STAT3 in the ischemic penumbra of MCAO rats 24 h after reperfusion, 
indicating that the upregulation of cyclin D1/CDK6 is closely associ-
ated with STAT3 phosphorylation. In addition, double immunofluores-
cence staining showed that cyclin D1/CDK6-positive cells colocalized 
with NeuN (Figure  5B), suggesting cyclin D1/CDK6 upregulation in 
neurons after MCAO. These results verified that cell cycle re-entry oc-
curred within neurons after MCAO, and this re-entry was associated 
with the phosphorylation of STAT3 in neurons during ischemia injury.

3.6  |  The upregulations of cyclin D1 and CDK6 is 
associated with neuronal apoptosis in the ischemic 
brain and is suppressed by RIPC

Neuronal cell cycle re-entry is proapoptotic. Cell cycle progression of 
G1/S and G2/M transition is regulated by the synthesis and activity 

of cyclin and CDK complexes in the concerning phase.16 Here, we 
investigated whether MCAO could induce the upregulation of two 
positive cell cycle regulators, cyclin D1 and CDK6, which drive G1/S 
transition, and whether this upregulation could be inhibited by RIPC 
treatment. Immunofluorescence staining identified numerous cyc-
lin D1-positive and CDK6-positive cells in the ischemic penumbra 
of the MCAO group rats. Double immunofluorescence staining re-
vealed that cyclin D1/CDK6 was co-localized with TUNEL-positive 
cells in the penumbral tissue of vehicle-treated MCAO rats after 
90 min of ischemia and 24 h of reperfusion (Figure 6A–D), indicating 
that ischemia-induced neuronal apoptosis is closely associated with 
the upregulation of cyclin D1 and CDK6 expression. RIPC treatment 
reduced the cyclin D1/TUNEL and CDK6/TUNEL double-positive 
fractions in MCAO rats (p < 0.05), while there was no significant 
difference between the Sham and Sham+R groups (Figure  6A–D). 
These results indicate that I/R-induced neuronal apoptotic death is 
associated with the high expression of the cell cycle regulators cyclin 
D1 and CDK6 and that RIPC exerts protective effects by alleviating 
cell cycle re-entry.

4  |  DISCUSSION

The protective function of RIPC in cerebral ischemia is widely 
recognized.31–33 In this study, we used an MCAO model to simulate 
the process of cerebral I/R to verify the effects of RIPC on cerebral 

F I G U R E  4  Remote ischemic pre-conditioning (RIPC) treatment inhibits the nuclear translocation of phosphorylated signal transducer and 
activator of transcription 3 (p-STAT3) in the ischemic hemisphere of middle cerebral artery occlusion (MCAO) rats. (A, B) Nuclear extracts 
were prepared from the cerebral hemisphere of MCAO rats at 3 h and (C, D) 24 h after reperfusion and examined for the expression of 
p-STAT3 by Western blotting, with total STAT3 used as a loading control. Data are expressed as means ± standard deviation. Significant 
differences were evaluated using one-way analysis of variance followed by the Tamhane T2 test. *p < 0.05 vs the sham group, #p < 0.05 vs 
the vehicle-treated MCAO group. Ct, contralateral hemisphere; Ip, ipsilateral hemisphere.
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I/R and explore its mechanism of action. We found that RIPC re-
duces the brain infarct damage and neurological deficits produced 
by focal cerebral I/R injury in rats after 3 and 24 h of reperfusion. 
Accordingly, the number of apoptotic neurons decreased after RIPC. 
Further, p-JAK2 and p-STAT3 levels were significantly elevated in 
the ipsilateral brain hemisphere 15 min to 24 h after reperfusion. 
RIPC treatment inhibits the activation of JAK2/STAT3 signaling 
molecules in the ischemic brain, indicating that the neuroprotective 
effect of RIPC occurs via the modulation of JAK2 and STAT3 phos-
phorylation. In addition, we identified the occurrence of cell cycle 
re-entry in the ischemic penumbra of MCAO rats and provided ini-
tial evidence that RIPC significantly attenuates MCAO-induced cell 
cycle re-entry. Importantly, the cell cycle regulators cyclin D1 and 
CDK6 were found to be closely associated with STAT3 phosphoryla-
tion in neurons.

Studies on ischemia reperfusion injury of the heart,34 liver,35 
kidney,36 and intestines29 have implicated JAK2/STAT3 as a key 
membrane-to-nucleus signaling pathway that responds to diverse 
stresses. Focal ischemia-induced STAT3 phosphorylation was pre-
viously reported to be localized in various cell types, including mi-
croglia/macrophages, astrocytes, and neurons.6–8 In the present 
study, we observed the cellular localization of p-JAK2 and p-STAT3 
in all of these cell types (Figure 3), confirming the results of previ-
ous studies and indicating that I/R injury activates the JAK2/STAT3 
pathway in the central nervous system. P-STAT3 immunoreactivity 
was first detected 3.5 h after reperfusion in each cortical and striatal 
region.37 The present study showed that p-JAK2 and p-STAT3 levels 
were slightly increased at 15 and 30 min after reperfusion; to the 

best of our knowledge, this is the first report of p-JAK2 and p-STAT3 
detection during the initial phase of reperfusion. In our study, the 
expression of p-JAK2 and p-STAT3 increased continuously at 3 and 
24 h after reperfusion. STAT3 phosphorylation is important for its 
function, as the role of STAT3 as a DNA-binding transcription factor 
depends on its ability to enter the nucleus.8 We also explored the 
nuclear p-STAT3 levels in the brain hemisphere. After 3 h of reper-
fusion, p-STAT3 was detected in the nuclei and increased in the nu-
clear 24 h after reperfusion, indicating that p-STAT3 translocation 
occurred soon after cerebral ischemia as an early step of activated 
signal transduction.

Although JAK2/STAT3 pathway activation leads to the increased 
expression of genes associated with cell proliferation, differentiation, 
and survival after cerebral ischemia, the function of activated JAK2/
STAT3 is controversial; some studies have reported an association with 
survival,13,30,38,39 while others have indicated a relationship with cell 
death.13 In the present study, exposure to RIPC significantly reduced 
the number of TUNEL-positive cells in the ischemic brain (Figure 1G), 
whereas p-JAK2 and p-STAT3 were inhibited by RIPC, indicating that 
the JAK2/STAT3 pathway is involved in the process of ischemia-
induced apoptotic cell death. Interestingly, TUNEL-positive cells were 
only detected in neurons following cerebral I/R injury, while neither 
GFAP-positive astrocytes nor Iba-1-positive microglia showed any 
TUNEL immunoreactivity, indicating that neurons are the most sensi-
tive cell type in the ischemic brain and RIPC reduces ischemia-induced 
neuronal apoptosis. We also found that the JAK2-specific inhibitor 
AG490 did not further decrease the ischemia-induced phosphoryla-
tion of JAK2 and STAT3 significantly at 3 and 24 h after reperfusion. 

F I G U R E  5  Cyclin D1- and cyclin-
dependent kinases 6 (CDK6) in neurons 
are associated with the phosphorylation 
of signal transducer and activator of 
transcription 3 (STAT3) in the ischemic 
penumbra of middle cerebral artery 
occlusion (MCAO) rats 24 h after 
reperfusion. (A) Colocalization of 
cyclin D1 (green) or CDK6 (green) with 
phosphorylated STAT3 (p-STAT3) (red) 
in the ischemic penumbra of MCAO 
rats. (B) Colocalization of cyclin D1 
(green) or CDK6 (green) with neuron-
specific nuclear protein (NeuN) (red) in 
the ischemic penumbra of MCAO rats. 
Bars = 20 μm. Nuclei were counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI) 
(blue).
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These data suggest that RIPC treatment exerts the same neuroprotec-
tive effect as the JAK2-specific inhibitor, AG490, and may share the 
same neuroprotective mechanism by blocking the activation of the 
JAK2/STAT3 pathway during ischemic injury.

Ischemia activates JAK2 phosphorylation, which is followed 
by cytoplasmic STAT3 activation. STAT3 transfers to the nucleus 
to control transcription of the target downstream gene cyclin D1, 

which is associated with cell cycle regulation.40 STAT3 plays an 
essential role in the regulation of critical cell cycle components.41 
Further, recent data indicated that JAK2 inhibition could reduce 
cyclin D1 expression.42 Thus, the JAK2/STAT3 pathway is likely 
to be involved in cell cycle arrest. In the present study, double im-
munofluorescence staining showed that cyclin D1 and CDK6 were 
colocalized with p-STAT3 in the ischemic penumbra, indicating 

F I G U R E  6  Remote ischemic pre-conditioning (RIPC) suppresses cyclin D1-/cyclin-dependent kinases 6 (CDK6)-associated cell apoptosis 
in the ischemic penumbra of middle cerebral artery occlusion (MCAO) rats 24 h after reperfusion. (A) Representative double staining 
for cyclin D1 (green) and terminal deoxyribonucleotide transferase dUTP nick end labeling (TUNEL) (red) in the ischemic penumbra of 
MCAO rats. (B) Quantification of cyclin D1/TUNEL positive cells. (C) Representative double staining for CDK6 (green) and TUNEL (red) 
in the ischemic penumbra of MCAO rats. Bars = 20 μm. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). (D) 
Quantification of CDK6/TUNEL positive cells. Data are presented as the means ± standard deviation. Significant differences were evaluated 
using one-way analysis of variance followed by the Tamhane T2 test. *p < 0.05 vs the sham group; #p < 0.05 vs the vehicle-treated MCAO 
group.
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that these cell cycle regulators are associated with STAT3 phos-
phorylation during ischemia.

In terminally differentiated neurons, the cell cycle is quiescent 
and does not express many cell-cycle genes. Evidence for the in-
volvement of cell cycle re-entry in cerebral ischemia injury indi-
cates that neuronal death after ischemia is often associated with 
the upregulation and activation of CDKs and cyclins.43 We have 
previously demonstrated that ischemic postconditioning partially 
reverses cell cycle reactivity following I/R injury.44 Here, we in-
vestigated whether MCAO could induce the upregulation of cyclin 
D1 and CDK6, which drive G1/S transition, and whether this up-
regulation could be inhibited by RIPC treatment. We found that 
ischemia-activated cell cycle progression is involved in the process 
of ischemia-induced cell apoptosis, as evidenced by the colocal-
ization of enhanced expression of cyclin D1/CDK6 and TUNEL by 
immunofluorescence staining and that this increased expression 
was hindered by RIPC treatment. Furthermore, double immuno-
fluorescence staining showed that the majority of cyclin D1- and 
CDK6-stained cells were NeuN-positive in the ischemic penum-
bra, indicating that cell cycle progression occurred in terminally 
differentiated neurons during cerebral I/R injury. Thus, RIPC may 
exert neuroprotective effects by attenuating cyclin D1 and CDK6 
expression in ischemic neurons, which is associated with reduced 
STAT3 phosphorylation.

In conclusion, RIPC treatment inhibits the activation of JAK2/
STAT3 signaling molecules in the ischemic brain and attenuates 
the increases in cyclin D1 and CDK6, which would otherwise guide 
injured neurons into cell cycle re-entry. JAK2/STAT3 pathway in-
hibition may be a potential upstream mechanism by which RIPC 
treatment reduces cyclin D1 and CDK6 expression. These findings 
are the first to demonstrate the inhibitory effect of RIPC treatment 
on the JAK2/STAT3 signaling pathway and cell cycle re-entry in 
neurons, which provides novel insights for better understanding the 
mechanisms responsible for the protective effect of RIPC on cere-
bral ischemic injury.
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