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Abstract: Signal transducer and activator of transcription factor 3 (STAT3), a member of the STAT protein family, 
plays a key role in neuroprotective when being activated through phosphorylation. However, the expression pattern 
of phospho-STAT3 (p-STAT3) in ischemic stroke remains poorly understood. Here we investigated the expression pat-
tern and subcellular distribution of p-STAT3 in focal cerebral ischemia reperfusion rat model and oxygen and glucose 
deprivation (OGD) cell model using Western blot analysis and immunofluorescence staining. In Vitro, compared 
to control and sham-operated groups, Western blot analysis revealed that the p-STAT3 protein was significantly 
up-regulated in ischemic side hippocampus after ischemia reperfusion 24 hour. At the same time, immunofluores-
cence staining showed that the distribution of p-STAT3 was shifted from the cytoplasm to the nucleus at ischemia 
reperfusion 7 day. In vivo, the expression of p-STAT3 protein was increased in cultured neurons after OGD treated 1 
hour, and reached its peak at OGD treated 3 hour. Also, OGD treatment promoted nuclear translocation of p-STAT3 
in cultured neurons. Taken together, up-regulated expression of p-STAT3 protein in the ischemia reperfusion rat 
model and OGD cell model suggested that STAT3 was excessively activated by ischemia reperfusion and OGD, and 
p-STAT3 might be involved in the pathogenesis of ischemic stroke. 
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Introduction

Ischemic stroke is one of the most common 
and disability neurological disorders, which is a 
major public health concern in the global. It is 
reported that 15 million people suffer from a 
stroke worldwide each year, of these, nearly 5 
million are left permanently disabled and 
another 6 million die. In addition, in developing 
countries, as the population aging and the 
increase of various kinds of cerebrovascular 
disease risk factors, stroke mortality will be 
increased by three times in the next 2 decades 
[1].

Energy failure and oxygen deprivation that 
occur in ischemic episodes can produce irre-
versible neuronal damage [2]. Signal transduc-
er and activator of transcription factor 3 
(STAT3), a member of the STAT family, is widely 
recognized as being a master regulator of the 
cellular functions and plays a key role in many 
physiological and pathological processes [3]. 

Currently, the research of STAT3 has been made 
significant progress, including the cellular local-
ization, functional regulation, transcriptional 
control and posttranslational modification. 
Besides, as a latent cytosolic transcription fac-
tor, STAT3 can be translocated into the nucleus 
and bind to specific promoter sequences, exert-
ing the transcriptional regulation function. At 
the same time, STAT3 also can be translocated 
into mitochondria, and participate in aerobic 
respiration and apoptosis [4]. In addition, STAT3 
plays an important role in inflammation and 
tumorigenesis by regulating cell proliferation, 
differentiation and metabolism [5, 6]. A growing 
number of studies have reported that STAT3 
has been linked to epilepsy and ischemia-
induced retinopathy [7, 8]. What is more, the 
phosphorylated STAT3 (p-STAT3) protein expres-
sion is increased in ischemic brain tissue [9, 
10] and has played an important neuroprotec-
tive role in ischemia neurons in the acute phase 
of ischemia [11-13]. Based on the physiological 
roles of p-STAT3, it is important to detect the 
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expression of p-STAT3 in focal cerebral isch-
emia reperfusion rat model and oxygen and 
glucose deprivation (OGD) cell model and inves-
tigate whether it is involved in the pathogenesis 
of ischemic stroke.

The present study was designed to determine 
the expression pattern of p-STAT3 in focal cere-
bral ischemia reperfusion rat model and OGD 
cell model using Western blot analysis and 
immunofluorescence staining, and to evaluate 
the role of p-STAT3 in the pathophysiology of 
ischemic stroke.

Materials and methods

Focal cerebral ischemia reperfusion rat model

All animal experimental procedures were per-
formed according to the Institutional Animal 
Care Committee and the Ethical Commission of 
Zunyi Medical College, Zunyi, China. Adult male 
Wistar rats (6-8 weeks and weighing 280-320 
g) were obtained from the Experimental Animal 
Center of Zunyi Medical College, and were ran-
domly divided into five groups, including control 
group, sham-operated group and three focal 
cerebral ischemia reperfusion model sub-
groups stratified by the period of reperfusion 
time: 1, 3, and 7 days (n = 8 in the sham-oper-
ated and model 7 day groups; n = 5 in the 
remaining subgroups). Rats were intraperitone-
ally anesthetized with 3.5% Hydrated Chloral 
(3.5 mg/kg, Sigma), transient right middle cere-
bral artery occlusion (2 h) was established 
using a nylon monofilament suture, and focal 
cerebral ischemia reperfusion was induced as 
described previously [14]. According to the 
Longa’s criteria [14], rats with neurologic defi-
cits at scores 1 to 4 after anaesthesia resusci-
tation were included in the study. While the 
sham-operated rats only underwent vascular 
separation without filament insertion. Model 
rats were sacrificed at 1, 3, and 7 days after 
reperfusion, while the control and sham-oper-
ated rats were sacrificed at day 1, and the brain 
tissues were removed for analysis.

Tissue processing

Twenty five rats (n = 5 for each group) were ran-
domly selected and sacrificed by decapitation 
after intraperitoneally anesthetized at the cor-
responding time points, the ischemia lateral 
hippocampal tissue of rats brain were dissect-

ed and stored in liquid nitrogen for subsequent 
Western blot analysis. The remaining six rats 
from the sham-operated and model 7-day 
groups (3 per group) were intraperitoneally 
anesthetized and perfused with 4% parafor-
maldehyde after saline irrigation, the brains 
were dissected and fixed in 4% paraformalde-
hyde for 24 h, and were dehydrated in 20% and 
30% graded sucrose solution for each 48 h, 
then were sliced into 10-μm thick sections on a 
freezing microtome, followed mounted on poly-
lysine-coated slides, and stored at -20°C for 
immunofluorescence.

Preparation of an OGD cell model

Neurons were cultured as described previously 
[15]. Less than 24 hours old, the neonatal 
Wistar rats were obtained from the Experimental 
Animal Center of Zunyi Medical College, Zunyi, 
China. After sterilizing the skin with 75% alco-
hol, the scalp was opened longitudinally to view 
the whole superior face of the brain. We care-
fully opened the skull along the midline and 
pulled open the two flaps to expose the brain, 
then carefully separated the hippocampus and 
removed the meninges and superficial blood 
vessels under a dissecting microscope (Nikon, 
Tokyo, Japan). We placed the hippocampus into 
a dish with 0°C D-Hanks medium (Sigma, St. 
Louis, MO, USA), sliced the tissue, and then 
added five volumes of 0.125% parenzyme 
(Sigma). We placed the dish into a 37°C, 5% 
CO2 cell culture incubator to digest for 30 min-
utes; the digestion was stopped by adding an 
equal volume of growth medium composed of 
DMEM/F12 (Sigma), B-27 (2%; Gibco, Carlsbad, 
CA, USA), L-glutamine (0.5 mM; Gibco) and FBS 
(0.5%; Gibco). After centrifuging at 1000 rpm 
for 5 min, we discarded the supernatant and 
added growth medium. After blowing the tissue 
by pipette into suspension, we filtered the sus-
pension through a 200-mesh cell-sieve. We 
took 5 ml cell suspension to count cells, and 
then diluted the cell suspension to 5 × 105 cells 
per ml and dispensed 1 ml into each well of a 
24-well plate, into which had been put cover-
slips coated with polylysine (0.1%; Gibco). We 
took 2 ml of the cell suspension into each well 
of a six-well plate. At 24 hours after putting 
these neurons into a 37°C, 5% CO2 cell culture 
incubator, we changed the medium to mainte-
nance medium (DMEM/F12, B-27 (2%), and 
L-glutamine (0.5 mM)). We changed half the vol-
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ume of maintenance medium every three days. 
Neurons were incubated for a minimum of 9 
days before experimentation. On day 9 after 
beginning the incubation, neurons were ex- 
posed to OGD as described previously with lit-
tle modification [16, 17]. Neurons were treated 
with OGD, 4 h in an environment containing 
95% N2, 5% CO2 and D-Hanks medium. Neurons 
were then reverted to maintenance medium. At 
last, neurons were harvested for use in western 
blotting analysis or immunofluorescence.

Immunofluorescence analysis

Cultured neurons were selected randomly from 
the 24 well plates and divided into two groups 
(control and model group). Specimens were col-
lected at 1 hour, 3 hours, 6 hours and 24 hours 
after treatment with OGD medium. In the con-
trol group, neurons were treated with normal 
cell culture fluid all the time. In the model group, 
after four hours of OGD medium exposure, the 
medium was changed to maintenance medium, 
and the cover slips were collected at the corre-
sponding time. Subsequently, immunofluores-
cence was used to detect p-STAT3. Briefly, neu-
rons were washed with PBS for 3-5 minutes, 
fixed in 4% paraformaldehyde for 30 minutes, 
washed with PBS 3-5 minutes, treated with 
0.5% Triton X-100 (Gibco) for 20 minutes at 
room temperature, washed with PBS 3-5 min-
utes, and treated with 10% goat serum for 20 
minutes at room temperature. Neurons were 
incubated with mouse polyclonal anti-p-STAT3 
primary antibody (1:100, Santa Cruz Biotech- 
nology, Santa Cruz, CA, USA) overnight at 4°C. 
Secondary antibody (goat anti-mouse FITC 
1:50, Santa Cruz Biotechnology) was applied 
for two hours at room temperature, and washed 
with PBS for 3-5 minutes. Coverslips were 
mounted with 50% glycerin. For each sample, 
photos were collected using a laser scanning 
confocal microscope (Leica Microsystems, 
Wetzlar, Germany).

Frozen sections of rats were dried at 25°C for 8 
min and fixed in acetone for 15 min, and 
washed with PBS three times (8 min per time), 
then were heated in a microwave oven at 98°C 
for 15 min in 10 mmol/L sodium citrate buffer 
(pH 6.0) for antigen retrieval. Followed, they 
were permeabilized with 0.2% Triton X-100 for 
10 min and blocked in 10% normal goat serum 
for 60 min at 37°C, and were incubated in 
mouse polyclonal anti-p-STAT3 primary anti-

body (1:100, Santa Cruz) overnight at 4°C. On 
the second day, the sections were washed with 
PBS sufficiently (three times, 8 min per time) 
and incubated with secondary antibody (goat 
anti-mouse FITC 1:50, Santa Cruz) for 90 min at 
37°C in the dark, then incubated in 4, 6-diamid-
ino-2-phenylindole (DAPI Beyotime) at 37°C for 
5 min. Finally, the sections were sufficiently 
washed with PBS (four times, 8 min per time) 
and mounted with antifade mounting medium 
(Beyotime). Fluorescence images were collect-
ed under a laser scanning confocal microscope 
(Leica, Wetzlar, Germany). 

Western blotting analysis

The protein levels of p-STAT3 in both control 
and model groups were measured by western 
blotting. Cultural neurons were selected ran-
domly from the six-well plate. Grouping and 
time points were the same as in the immuno-
fluorescence experiment described above. At 
the corresponding time point, the neurons were 
washed with cold PBS and collected by centrif-
ugation. The collected neurons were lysed in 
cell lysis buffer (100 µl) containing Tris-HCl (50 
mM; pH 8.0), NaCl (150 mM), EDTA (1 mM), 
EGTA (1 mM), Triton X-100 (1%), phenylmethyl-
sulfonyl fluoride (1 mM), with freshly added pro-
tease inhibitor cocktail (Calbiochem, San Diego, 
CA, USA) on ice for 30 minutes. Total protein 
was isolated from the ischemia lateral hippo-
campal tissue of rat’s brain using a whole pro-
tein extraction kit (Beyotime). The protein con-
centration was measured by the Enhanced 
Bicinchoninic Acid Protein Assay Kit (Beyotime). 
For western blotting, 50 mg of protein was 
resolved on a 10% polyacrylamide gel and 
transferred to polyvinylidene difluoride (PVDF) 
membrane. PVDF membranes were blocked for 
1 h at room temperature with 5% nonfat dried 
milk in PBS. The PVDF membrane was incubat-
ed with the appropriate primary antibody 
(mouse anti-p-STAT3 at 1:200 or rabbit anti-β-
actin at 1:2500, Santa Cruz Biotechnology) in 
blocking buffer. The blots were washed 3-10 
minutes each with PBS plus Tween-20 (0.1%). 
Next, the blots were incubated with the appro-
priate diluted HRP-tagged secondary antibody 
(1:1000, Santa Cruz Biotechnology) for 1 hour 
at room temperature. Finally, the blots were 
exposed according to the manufacturer’s 
instructions to Super Signal West Pico 
Chemiluminescent HRP substrate (Pierce, 
Rockford, IL, USA), and bands were visualized 
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upon exposure to x-ray film. Band intensities 
were calculated with the Gelwork 4.1 image 
analysis system.

Statistical analysis

Data were expressed as mean ± SEM (
_
x±s). 

Statistical comparisons were made by one-way 
ANOVA with SPSS (version 18) software. P < 
0.05 was considered significance.

Results

Ischemia reperfusion up-regulated the p-
STST3 protein expression of ischemic lateral 
hippocampus 

First, we detected the protein level of p-STAT3 
in the ischemic lateral hippocampus of isch-
emia reperfusion rats using western blot analy-
sis. Compared to the control and sham-operat-
ed groups, p-STAT3 protein expression was up-
regulated at ischemia reperfusion 24 hour, 72 
hour and 7 day (Figure 1A), and it was signifi-

cantly higher than that of control and sham-
operated rats (P < 0.05, Figure 1B), while there 
is no statistical significance between control 
group and the sham-operated group (P > 0.05, 
Figure 1B).

Ischemia reperfusion promoted p-STAT3 shift-
ing from the cytoplasm to the nucleus

In order to determine whether there is influence 
in the subcellular distribution of p-STAT3 in 
ischemia neurons induced by ischemia reperfu-
sion, immunofluorescence staining was per-
formed on the hippocampus of ischemia reper-
fusion rats. In our results, p-STAT3 was mainly 
expressed in cytoplasm of hippocampal den-
tate gyrus neurons of sham-operated rats 
(Figure 2A-C). While in the 7 days of ischemia 
reperfusion rat’s model, p-STAT3 was mainly 
expressed in the nucleus of the ischemia later-
al hippocampal dentate gyrus neurons (Figure 
2D-F).

OGD treatment increased the p-STST3 protein 
expression of cultured hippocampal neurons

To test whether the protein level of p-STAT3 was 
also altered in OGD cell model, we measured 
the dynamic changes of p-STAT3 protein expres-
sion in the OGD treated hippocampal neurons 
using western blot analysis. Compared to the 
control group, p-STAT3 protein expression was 
up-regulated at OGD treated 1 hour, and 
reached its peak at OGD treated 3 hour (Figure 
3A). The p-STAT3 protein expression in the OGD 
treated hippocampal neurons was significantly 
higher than that in the control hippocampal 
neurons (P < 0.05, Figure 3B). 

OGD treatment promoted nuclear transloca-
tion of p-STAT3 in cultured hippocampal neu-
rons

To further verify whether there is nuclear trans-
location of p-STAT3 in OGD cell model, immuno-
fluorescence staining was performed on the 
cultured hippocampal neurons. In the control 
group, p-STAT3 was detected in the cytoplasm 
predominantly (Figure 4A), while in the OGD 
treated neurons, p-STAT3 could be observed in 
both cytoplasm and nucleus (Figure 4B-E). 
Compared to the control group, the absolute 
fluorescence intensity of p-STAT3 was signifi-
cantly increased at OGD treated 1 hour, reached 
to the peak at OGD treated 3 hour, and there 

Figure 1. The p-STAT3 protein expression of right 
lateral hippocampus of rats was detected by west-
ern blot analysis, the relative optical density values 
of p-STAT3 protein bands were normalized to that of 
β-actin. A. p-STAT3 protein expression in right lateral 
hippocampus of ischemia reperfusion, control and 
sham-operated rats. B. The respective bar graph 
shows the p-STAT3 protein level was upregulated in 
the model rats compared with controls (n = 5 for 
each group, *P < 0.05 versus control and sham-op-
erated group, #P > 0.05 versus control group).
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disability, dementia and death worldwide. In 
the ischemia stroke, ischemia-reperfusion inju-
ry of neurons is a complex pathophysiological 
process [18]. Previous study shows that energy 
metabolism disorder initiates a devastating 
cascade and leads to early dysfunction of neu-
ral network signal and ultimately to brain dys-
function [19, 20]. In this study, we applied a 
focal cerebral ischemia reperfusion rat model 
and an OGD cell model to mimic an ischemia 
stroke-like event. Ischemia reperfusion brain 
injury induced by transient middle cerebral 
artery occlusion (tMCAO) and hypoxic ischemia 
neuron injury induced by OGD are characteris-
tic pathophysiological events of ischemic stroke 
[17, 21]. As we all known, the loss of aerobic 
metabolism and limitation of glucose following 
cerebral vascular occlusion has rapid and pro-
found effects on neurons survival. During cere-
bral ischemia, accompanied by limited capacity 
for anaerobic respiration, few alternatives to 
glucose as fuel and the energy metabolism dis-
order, which has been shown to be associated 
with neuronal function damage [1].

Figure 2. Immunofluorescence staining shows p-STAT3-positive cells in the right lateral hippocampal dentate gyrus 
of rats. In the sham-operated rats (A-C), p-STAT3 (green, A) was mainly expressed in the cytoplasm of neurons, but 
did not co-expressed with DAPI-positive nuclei (blue, B). In the 7 days of ischemia reperfusion rats model (D-F), p-
STAT3 (green, D) was co-expressed with DAPI-positive nuclei (blue, E). White arrows: p-STAT3-positive cells. Scale 
bar = 100 μm.

were significant differences between the OGD 
treated and the control groups (Figure 4F, *P < 
0.05).

Discussion

In present study, we described the expression 
pattern of p-STAT3 in focal cerebral ischemia 
reperfusion rat model and OGD cell model. The 
protein levels of p-STAT3 were up-regulated in 
the ischemic hippocampus and OGD treated 
neurons. Meanwhile, ischemia reperfusion inju-
ry and OGD intervention could promote nuclear 
translocation of p-STAT3 in hippocampal neu-
rons and cultured neurons. Based on the find-
ings, we believe that up-regulation the protein 
expression of p-STAT3 and the nuclear translo-
cation of p-STAT3 following ischemia reperfu-
sion injury and OGD intervention may contrib-
ute to the pathophysiology of ischemia stroke.

Ischemia stroke is caused by partial or com-
plete occlusion of cerebral blood flow to the 
brain. Ischemic brain injury is a major cause of 
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The degree of neurologic deficits induced by 
cerebral ischemia is associated with the reduc-
tion number of cortex neurons and hippocam-
pal pyramidal neurons [22]. Although it is a 
common contributor to human morbidity, the 
pathological mechanisms involved in ischemia 
stroke are complex and not yet understood 
clearly. Previous study showed that cerebral 
ischemia could lead to serious brain deficits via 
various pathologic mechanisms, such as signal 
protein synthesis, neuronal apoptosis, and the 
release of neurotoxic substances [23]. In cur-
rent study, the expression of p-STAT3 protein 
was significant up-regulated after ischemia 
reperfusion injury and OGD treatment com-
pared with control group. At the same time, 
immunofluorescence staining suggested that 
p-STAT3 mainly expressed in the cytoplasm 
and axoplasm in the normal cultured hippo-
campal neurons and hippocampal dentate 
gyrus neurons. However, the p-STAT3 protein 
expression could be observed in the neurons 
nucleus after ischemia reperfusion injury and 

OGD treatment, so we speculate that up-regu-
lation of p-STAT3 in the nucleus of OGD treated 
neurons and ischemic hippocampal neurons 
may be associated with the excessive activated 
STAT3.

STATs, a family of transcription factors, play an 
importment role in regulating cell growth, sur-
vival, differentiation, and motility. According to 
the structural features, STATs are divided into 
seven subclass members, including STAT1, 
STAT2, STAT3, STAT4, STAT5a, STAT5b and 
STAT6 [4, 24]. Previous studies identified that 
the STATs have already been clearly shown to 
play critical roles in the multiple systems and 
be correlated to many diseases [25, 26]. 
STAT5a/b was considered as biomarker and 
therapeutic target in prostate and breast can-
cer [27]. p-STAT6 was significantly decreased 
during the early stage of ischemic stroke [28]. 
STAT3, a latent cytosolic transcription factor, 
could mediate a variety of genes expression in 
response to cell stimuli, and play an important 
role in many cellular processes, such as cell 
growth and apoptosis. Recent studies demon-
strate that STAT3 has played neuroprotective 
roles in ischemic injury neurons [11-13, 29], 
such as improving the recovery of neurological 
function through facilitating axon outgrowth 
and angiogenesis [11]. Besides, the excessive 
expression of p-STAT3 has been shown to con-
tribute to maintain axon regeneration and neu-
ronal survival by inhibiting apoptosis [30-35]. In 
this study, we found that up-regulated of 
p-STAT3 protein expression in focal cerebral 
ischemia reperfusion rat model and OGD cell 
model, which was in line with previous studies 
[9, 10]. At the same time, we also found that 
ischemia reperfusion injury and OGD interven-
tion could promote nuclear translocation of 
p-STAT3 in vitro and in vivo experiments, which 
could exert the transcriptional regulation func-
tion through binding to specific promoter 
sequences. So, up-regulated the expression of 
p-STAT3 protein in ischemia reperfusion rat 
model and OGD cell model suggested that 
p-STAT3 might be involved in the pathogenesis 
of ischemic stroke. 

In summary, the connection between ischemia 
stroke and the cell signal transduction pathway 
is complex and diverse, and the effect of STAT3 
on the ischemia stroke is only one of numerous 
factors. The results of this research have pro-
vided a new experimental theory for further 

Figure 3. The protein expression of p-STAT3 in cul-
tured hippocampal neurons was detected by west-
ern blot analysis, the relative optical density values 
of p-STAT3 protein bands were normalized to that of 
β-actin. A. p-STAT3 protein expression in control and 
OGD treated hippocampal neurons. B. The respec-
tive bar graph shows the p-STAT3 protein level was 
upregulated in the OGD treated hippocampal neu-
rons compared with controls (n = 3 for each group, 
*P < 0.05 versus control group).
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study into the underlying mechanism of exces-
sive activated STAT3 in neurons induced by 
ischemia reperfusion and OGD treatment. 
However, more research is needed to deter-
mine whether or not STAT3 can be used as bio-
markers or therapeutic target for ischemic 
stroke.
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