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Abstract. Global cerebral ischemia (GCI) is a leading cause 
of mortality worldwide and remains the primary cause of 
long‑term neurological disability. Astrocyte over‑activation 
and extensive neuron loss in the ischemic brain are the 
characteristic pathological features of cerebral ischemia. 
Rosiglitazone (RSG) is a peroxisome‑proliferating activating 
receptor‑γ agonist known for its anti‑inflammatory activity. 
Previous studies have suggested that RSG is able to exert 
neuroprotection in numerous acute and chronic brain injury 
models. However, whether RSG treatment is involved in 
astrocyte over‑activation and inflammatory reaction in the 
cortex remains unclear. The aim of the present study was 
to investigate whether RSG treatment improved functional 
impairment induced following GCI and protected against 
cortex neuron loss, and to elucidate the potential mechanisms 
underlying these functions. Rats were randomly divided into 
three groups: Sham‑operated, GCI and RSG treatment groups. 
The RSG treatment group was treated with 2 mg/kg RSG 
immediately following GCI. The results demonstrated that 
RSG treatment significantly reduced infarct volume and 
neuron survival rates in addition to increasing function 
recovery. Furthermore, these results correlate with a reduc-
tion in astrocyte over‑activation and inflammatory cytokines 
in the rat cortex. However, no significant changes in glutamate 
transporter‑1 expression levels were observed following RSG 
treatment compared with the GCI rats. The results of this 
investigation provide in vivo evidence that RSG significantly 
protected rats against ischemia‑reperfusion‑induced brain 

injury. In addition, RSG may exert neuroprotective effects by 
inhibiting astrocyte over‑activation, and thereby reducing the 
levels of inflammatory cytokines in the GCI‑injured brain. 
All data revealed that RSG may be a potential neuroprotec-
tive agent for cerebral ischemia.

Introduction

Global cerebral ischemia (GCI), one of the consequences of 
surgical procedure and cardiac arrest, is a leading cause of 
disability and the second leading cause of mortality world-
wide (1). Previous studies have revealed that intracellular 
calcium overload, oxidative stress, and post‑ischemic gluta-
mate and inflammatory cytokine release may be involved in 
the pathological process of GCI‑induced brain injury (2‑5). 
A complex interplay between various factors and signaling 
cascades leads to neuronal cell injury and death following 
ischemia (6,7). Although significant progress has been, made 
with extensive animal research into GCI treatment such as 
calcium channel blockers, radical scavengers, glutamate 
receptor antagonists and anti‑inflammatory agents (7), few 
of these have been translated into clinically effective thera-
pies (8).

As the most abundant cell type in the brain, astrocytes 
represent an attractive cellular candidate for GCI treat-
ment (9). During the pathological process of GCI, astrocytes 
are able to protect neurons from injury via housekeeping 
mechanisms (9). Conversely, astrocytes are able to aggra-
vate brain injury by releasing pro‑inflammatory molecules 
and glutamate, thereby exacerbating the formation of brain 
edema  (10,11). However, few studies have investigated 
the effect of directly targeting astrocytes in the setting of 
GCI (10).

Rosiglitazone (RSG) is a peroxisome proliferating 
activating receptor‑γ (PPAR‑γ) agonist known for its 
anti‑inflammatory effects (12). Previous studies have demon-
strated that treatment with RSG can exert neuroprotection 
in animal models of a number of conditions, including 
Alzheimer's disease, traumatic brain injury, spinal cord 
injury, and ischemia stroke  (13‑16). In addition, a recent 
study suggested that administration of RSG provided benefi-
cial effects in the hippocampus of the rat brain following 
GCI (17); however, whether RSG treatment is involved in the 
astrocyte over‑activation and inflammatory reaction in the 
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cortex remains to be elucidated. Therefore, the present study 
aimed to investigate whether RSG treatment was able to 
improve functional impairment induced following GCI and 
protect against cortex neuron loss, in addition to elucidating 
the potential mechanisms underlying these functions.

Materials and methods 

Animals and GCI model. A total of 180 rats adult female 
Sprague‑Dawley rats (Wuhan University Animal Center, 
Wuhan, China), weighing 250‑300 g and aged 3 months, 
were used in the present study. All procedures were approved 
by the Animal Care Welfare Committee of Zhongnan 
Hospital, Wuhan University for ethical experimentation 
on animals. All rats were provided with ad libitum access 
to food and water prior to the surgical procedure under 
optimal conditions (12‑h light/dark cycle, 22˚C). Female rats 
were bilaterally ovariectomized, and 1 week later, GCI was 
induced by 4‑vessel occlusion as described previously (18). 
Briefly, the rats were anesthetized with 10% chloral hydrate 
(350 mg/kg, intraperitoneally; Beijing Solarbio Science & 
Technology Co., Ltd., Beijing, China), the vertebral arteries 
were electrocauterized and the common carotid arteries 
(CCA) were exposed. Following 24 h, the rats were anesthe-
tized using 0.6 ml/kg isoflurane (intraperitoneally; Beijing 
Solarbio Science & Technology Co., Ltd.) and the CCA 
were re‑exposed and clipped using artery clips for 10 min 
followed by reperfusion. Rats that lost their righting reflex 
within 30 sec, those that had dilated pupils, and those that 
lost response to light during ischemia were selected for the 
experiments. Rectal temperature was maintained at 37±0.5˚C 
using a thermal blanket during ischemia. Sham‑operated 
animals underwent the same surgical procedures without 
occlusion of the CCA.

Group and drug administration. A total of 180 rats were 
randomly assigned to three groups: Sham‑operated group 
(Sham, n=60); GCI group that received only equal volumes 
of 0.9% saline solution (GCI, n=60); and a group treated with 
2 mg/kg RSG (Cell Signaling Technology, Inc., Danvers, 
MA, USA) following GCI (RSG, n=60). RSG was dissolved 
in 0.9% saline and stored at 4˚C. Following GCI, RSG was 
immediately injected intraperitoneally in the rats of the RSG 
group following GCI (2 mg/kg). All tests were blinded, and 
the animal codes were revealed only at the end of the behav-
ioral and histological analyses.

Measurement of the neurological deficit and infarct volume. 
Neurological deficit was evaluated 24 h following reperfu-
sion according to the method described by Longa et al (18). 
Rats were anesthetized with 50 mg/kg sodium pentobarbital 
(i.p; Beijing Solarbio Science & Technology Co., Ltd.) prior 
to sacrifice via exsanguination. The brains of the rats were 
then dissected and sectioned into five 2‑mm coronal sections, 
that were incubated in 2% 2,3,5‑triphenyltetrazolium chlo-
ride (TTC; Amresco, LLC, Solon, OH, USA) for 15 min 
at 37˚C, as previously described (19) with minor modifica-
tions. The tissue sections were subsequently immersed and 
fixed in 4% paraformaldehyde (Beijing Solarbio Science & 
Technology Co., Ltd.). The images of TTC‑stained tissue 

sections were captured using an Olympus FE4000 digital 
camera (Olympus Corporation, Tokyo, Japan), and the digital 
images were analyzed using ImageJ image analysis software 
(version 1.41; National Institutes of Health, Bethesda, MA, 
USA). Infarct areas were measured and then compiled to 
obtain the infarct volume (mm3) for each brain tissue sample.

Immunofluorescence. Coronal sections were incubated with 
10% normal donkey serum for 30 min at room temperature in 
phosphate‑buffered saline (PBS) and 0.1% Triton X‑100 (all 
Beijing Solarbio Science & Technology Co., Ltd.) followed 
by incubation with appropriate primary antibodies overnight 
at 4˚C in the same buffer. The frozen tissue sections were 
incubated with mouse anti‑neuron‑specific nuclear protein 
(NeuN) polyclonal antibody (1:100; sc‑31154) and mouse 
anti‑glial fibrillary acidic protein (GFAP) monoclonal  immu-
noglobulin  (Ig)G1 (F7) antibody (1:100; sc‑166458; both 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight 
at 4˚C. The following day, the tissue sections were incubated 
with mouse FITC monoclonal IgG1 (1:1,000; sc‑69871; Santa 
Cruz Biotechnology, Inc.) for 2 h at 37˚C in the dark. Images 
were captured using a laser scanning confocal microscope 
(Olympus FV1000; Olympus Corporation, Tokyo, Japan). 
Primary antibodies were replaced with PBS in the negative 
control group.

Western blot analysis. Western blot analysis was conducted 
according to standard protocols  (20). Rats were anes-
thetized using 50  mg/kg  sodium pentobarbital and were 
intracardically perfused with 0.1 mol/l PBS (pH 7.4). The 
cortex region of the brain was rapidly isolated, homogenized 
(BestBio Biotechnology, Beijing, China), and total proteins 
were extracted using protein extraction reagent (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA), according to manu-
facturer's protocol. Protein concentration was determined 
using a bicinchoninic acid assay (Beijing Solarbio Science 
& Technology Co., Ltd.). Briefly, 35 µg  total protein was 
separated by 20% SDS‑polyacrylamide gel electrophoresis 
and electroblotted onto polyvinylidene fluoride membranes 
(EMD Millipore, Billerica, MA, USA) prior to being blocking 
with 5% fat‑free dry milk for 1 h at room temperature. The 
membranes were subsequently incubated with the following 
primary antibodies overnight at 4˚C: Rabbit anti‑interleukin 
(IL)‑1β polyclonal antibody (1:500; sc‑7884), rabbit anti‑IL‑6 
polyclonal antibody (1:500; sc‑7920), rabbit anti‑glutamate 
transporter (GLT)‑1 polyclonal antibody (1:500; sc‑15317), 
rabbit anti‑tumor necrosis factor‑α (TNF‑α) polyclonal 
antibody (1:500; sc‑7895), mouse anti‑β‑actin polyclonal 
antibody (1:500; sc‑376421; all Santa Cruz Biotechnology, 
Inc.). Membranes were subsequently washed twice with 
Tris‑buffered saline with Tween‑20 (TBST) for 20 min and 
prior to incubation with horseradish peroxidase‑conjugated 
anti‑rabbit IgG (1:5,000; sc‑2027) and anti‑mouse IgG 
(1:5,000; sc‑2025; both Santa Cruz Biotechnology, Inc.) for 
2 h at room temperature. Membranes were washed four times 
with TBST for 40 min. Protein bands on the membrane were 
visualized using an enhanced chemiluminescent reagent 
(EMD Millipore) and densitometric signals were quantified 
using ImageJ software (version 1.41; National Institutes of 
Health).
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Statistical analysis. All data were expressed as the mean ± stan-
dard error of the mean. One way analysis of variance was 
used to assess statistical differences among the groups using 
SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). Significant 

differences between groups at each time point were assessed by 
Student's t‑test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Treatment with RSG attenuates GCI‑induced neurological 
deficits. Fig. 1 shows the changes in neurological deficit scores 
in the three groups. Post‑injury administration of RSG signifi-
cantly (P<0.05) improved neurological function recovery.

Treatment with RSG attenuates cerebral infarct volume. 
Ischemia/reperfusion produced marked infarction,  as demon-
strated in the serial coronal brain tissue sections (Fig. 2A). RSG 
treatment significantly (P<0.05) reduced the infarct volume, as 
compared with the GCI group at 24 h post‑GCI (Fig. 2B).

Treatment with RSG suppresses neuronal death in the cortex 
following GCI. The neuronal survival rate in the rat cortex 

Figure 1. Effects of RSG on GCI‑induced neurological deficits. Bars repre-
sent mean ± standard error (n=5 per group). GCI caused a significant increase 
in neurological deficits. Administration of RSG significantly attenuated 
neurological deficit scores. *P<0.01 vs. the Sham group; **P<0.05 vs. the GCI 
group. GCI, global cerebral ischemia; RSG, rosiglitazone.

Figure 2. Effects of RSG on cerebral infarct volume. (A) TTC‑stained 
brain sections showing the infarction area in three groups. (B) Bars rep-
resent mean ± standard error (n=5 per group). GCI caused a significant 
increase in cerebral infarct volume. RSG treatment decreased the cerebral 
infarct volume significantly. *P<0.01 vs. the Sham group; **P<0.05 vs. the 
GCI group. GCI, global cerebral ischemia; RSG, rosiglitazone; TTC, 
2,3,5‑triphenyltetrazolium chloride.

Figure 3. Effects of RSG on the neuronal survival in cortex tissue samples 
at 24  h. Neuronal survival was observed using NeuN immunostaining 
(magnification, x400). Quantitative summary of the data shows the number 
of surviving neurons/1 mm. Bars represent mean ± standard error (n=5 per 
group). GCI caused a significant increase in neuron loss. The survival of 
neurons increased significantly following treatment with RSG. *P<0.01 vs. 
the Sham group; **P<0.01 vs. the GCI group. GCI, global cerebral ischemia; 
RSG, rosiglitazone; NeuN, neuron‑specific nuclear protein.
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was assessed using anti‑NeuN antibody at 24 h post‑GCI. 
As shown in Fig. 3, GCI caused significant (P<0.01) neuron 
loss compared with the Sham group; however, this effect was 
partly reversed by treatment with RSG.

Treatment with RSG attenuates astrocyte over‑activation 
induced by GCI. It was next examined whether RSG treat-
ment affected astrocytes in the rat cortex by using anti‑GFAP 
antibodies as a marker for activated astrocytes. As shown 
in Fig. 4, GCI induced marked astrocyte over‑activation. 

However, RSG caused a marked attenuation of astrocyte 
activation compared with the GCI group.

Treatment with RSG attenuates IL‑1β expression in the rat 
cortex following GCI. The expression levels of IL‑1β in the 
cortex at 24 h were measured by western blotting (Fig. 5). 

Figure 5. (A) Western blot analysis shows the expression of IL‑1β in the cortex 
tissue samples of the three groups. (B) The quantitative results of IL‑1β were 
expressed as the ratio of IL‑1β to β‑actin band density. Means ± standard 
error (n=5 per group). *P<0.01 vs. the Sham group; **P<0.01 vs. the GCI group. 
GCI, global cerebral ischemia; RSG, rosiglitazone; IL‑1β, interleukin‑1β.

Figure 6. (A) Western blot analysis shows the expression levels of IL‑6 in the 
cortex of the three groups. (B) The quantitative results of IL‑6 were expressed 
as the ratio of IL‑6 to β‑actin band density. Means ± standard error (n=5 per 
group). *P<0.01 vs. the Sham group; **P<0.01 vs. the GCI group. GCI, global 
cerebral ischemia; RSG, rosiglitazone; IL‑6, interleukin‑6.

Figure 7. (A) Western blot analysis shows the expression of TNF‑α in the cortex 
of the three groups. (B) The quantitative results of TNF‑α were expressed as 
the ratio of TNF‑α to β‑actin band density. Means ± standard error (n=5 per 
group). *P<0.01 vs. the Sham group; **P<0.01 vs. the GCI group. GCI, global 
cerebral ischemia; RSG, rosiglitazone; TNF‑α, tumor necrosis factor.

  A
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  B
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  B

Figure 4. Astrocyte activation was observed using GFAP immunostaining 
(n=5 per group) (magnification, x400). GCI caused marked astrocyte activation 
compared with the Sham group. Astrocyte activation significantly reduced in 
the RSG treatment group compared with the GCI group. GCI, global cerebral 
ischemia; RSG, rosiglitazone; GFAP, glial fibrillary acidic protein.
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IL‑1β expression levels were significantly elevated in the 
GCI group, as compared with the Sham group. However, 
treatment with RSG induced a significant (P<0.01) reduction 
in IL‑1β expression levels.

Treatment with RSG attenuates IL‑6 expression levels in the 
cortex following GCI. The expression levels of IL‑6 in the 
cortex at 24 h were measured by western blotting (Fig. 6). 
IL‑6 expression levels were significantly increased (P<0.01) 
in the GCI group, as compared with the Sham group. However, 
treatment with RSG significantly (P<0.01) decreased IL‑6 
expression levels, as compared with the GCI group.

Treatment with RSG attenuates TNF‑α expression levels in 
the cortex following GCI. The expression levels of TNF‑α 
in the cortex at 24 h were measured by western blotting 
(Fig. 7). TNF‑α expression levels were significantly (P<0.01) 
elevated in the GCI group, as compared with the Sham 
group. However, administration of RSG induced a signifi-
cant (P<0.01) reduction in the GCI‑induced upregulation of 
TNF‑α expression levels.

No significant changes in GLT‑1 expression levels were 
observed in the cortex tissue samples following RSG treat‑
ment. GLT‑1 protein expression levels in the cortex were 
analyzed by western blot analysis at 24 h (Fig. 8). Significant 
(P<0.01) downregulation in GLT‑1 expression levels was 
detected in the GCI group, as compared with the Sham 
group. However, treatment with RSG induced no significant 
(P>0.05) changes in GLT‑1 expression levels.

Discussion

GCI is a leading cause of mortality worldwide and remains 
the primary cause of long‑term neurological disability (21). 
Astrocyte over‑activation as well as extensive loss of neurons 
in the ischemic brain are the characteristic pathological 
features of ischemia stroke (22). One reason for the failure 
to translate successful results in animal experiments to 
clinical therapies may be due to the complexity of signaling 
responses which reduce the likelihood that altering a single 
target will be effective (6,7). The present study investigated 
the efficacy of the PPAR‑γ agonist, RSG, as a therapeutic 
strategy for the treatment of GCI. The results demonstrated 
that RSG treatment immediately following GCI significantly 
reduced infarct volume and neuron survival rate, in addition 
to increasing functional recovery. Furthermore, these results 
correlated with a reduction in astrocyte over‑activation and 
inflammatory cytokines in the rat cortex. Previous studies 
have demonstrated that RSG provides neuroprotective effects 
in numerous acute and chronic brain injury models, including 
amyotrophic lateral sclerosis, Alzheimer's disease, traumatic 
brain injury, spinal cord injury and ischemia stroke (13‑16). 
The data of the present study were concordant with those 
of previous investigations, and to the best of our knowledge 
reported for the first time that post‑GCI administration of 
RSG provided neuroprotective effects via attenuation of 
astrocyte over‑activation in the cortex.

An important delayed mechanism beginning within 
hours of the onset of GCI‑induced brain injury is the inflam-
matory response in the ischemic tissue (22). In particular, 
cerebral ischemia rapidly elevated inflammatory responses 
in the rat brain, thereby contributing to blood brain barrier 
disruption and delayed neuronal death  (5,22). Therefore, 
therapeutic strategies targeting the delayed inflammatory 
response may inhibit the progression of the tissue damage, 
which would provide an extended therapeutic window for 
neuroprotection on GCI. However, during the response to 
ischemic injury, microglia and astrocytes are activated in the 
brain (23). Astrocytes are sensitive to the increased release 
of these immunomodulatory peptides and therefore severe 
ischemia also compromises astrocytic function  (23,24). 
Following GCI, astrocytes rapidly become over‑activated 
and undergo morphological transformations, accompanied 
by functional changes such as increasing expression levels 
of cytokines, including TNF‑α, interleukins (IL‑1β, IL‑4, 
IL‑6, IL‑10), chemokines and interferons (25). Subsequently, 
the accumulation of pro‑inf lammatory factors further 
exacerbates ischemic damage (26‑28). In the present study, 
the result demonstrated that ischemic injury resulted in 
over‑activation of astrocytes, and thereby significantly 
elevated the expression levels of IL‑1β, IL‑6, and TNF‑α 
in the cortex. Furthermore, it is worth noting that treatment 
with RSG was able to inhibit astrocyte over‑activation, and 
reduce the levels of these inflammatory factors. Although the 
role of anti‑inflammatory factors in stroke patients remains 
to be fully elucidated, the majority of the existing studies 
have demonstrated that RSG is able to exert neuroprotection 
via its anti‑inflammatory activity in numerous animal models 
of neurological disorders  (13‑16). Therefore, the results 
herein suggest that RSG exerts its neuroprotective effects by 

Figure 8. (A) Western blot analysis shows the expression of GLT‑1 in the 
cortex brain tissue samples of the three groups. (B) The quantitative results 
of GLT‑1 were expressed as the ratio of GLT‑1 to β‑actin band density. 
Means ± standard error (n=5). A significantly downregulation in GLT‑1 
expression levels were observed in the GCI group. *P<0.01 vs. the Sham 
group. RSG caused on significantly changes of GLT‑1 expression. GCI, 
global cerebral ischemia; RSG, rosiglitazone; GLT‑1, glutamate trans-
porter‑1.
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inhibiting astrocyte over‑activation, and thereby attenuating 
inflammatory cytokine release.

Astrocytes protect against glutamate excitotoxicity via 
glutamate transporters, and GLT‑1 is responsible for ~90% 
of all glutamate transport in adult brain tissue (29). Previous 
studies have demonstrated that Ceftriaxone treatment, which 
induces astrocytic glutamate uptake via elevated GLT‑1, exerted 
neuroprotection effects in numerous models of neurological 
disease (30‑32). Similarly, selective overexpression of GLT‑1 
in astrocytes also provided neuroprotection following focal or 
global cerebral ischemia (33). However, in the present study, no 
significant changes in GLT‑1 expression levels were observed 
following RSG treatment compared with the GCI rats, which 
suggested that the neuroprotective effect of RSG does not appear 
to be mediated by the modulation of GLT‑1 protein expression 
levels in the rat model of GCI.

In conclusion, the present investigation demon-
strated that RSG significantly protected rats against 
ischemia‑reperfusion‑induced brain injury. In addition, RSG 
may exert neuroprotective effects by inhibiting astrocyte 
over‑activation, and thereby reduces the levels of inflammatory 
cytokines in the GCI‑injured brain.
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