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Abstract: Objective: Adiponectin is a hormone that is mainly secreted by fat cells. Adiponectin has anti-inflammatory 
and anti-atherosclerotic effects, and a protective effect against ischemic brain injury, but the level of expression of 
adiponectin in brain tissue is unknown. In the current study, a mouse model of transient cerebral ischemia was used 
to determine the level of expression of adiponectin in ischemic brain tissue. Methods: Sixty CD-1 mice underwent 
transient middle cerebral artery occlusion. The level of expression of adiponectin in mouse brain tissues 1 hour, 
4 hours, 1 day, 3 days, and 7 days, after cerebral ischemia/reperfusion injury were determined using a real-time 
quantitative polymerase chain reaction, Western blot, and immunohistochemistry. Results: The level of expression 
of adiponectin in mouse ischemic brain tissues increased after cerebral ischemia/reperfusion injury and was higher 
in the central area of ischemia than in the peripheral area. The level of expression of adiponectin occurred only in 
vascular endothelial cells. There was no significant change in the level of expression of adiponectin mRNA in brain 
tissue pre- and post-ischemia/reperfusion injury. Conclusion: After cerebral ischemia/reperfusion injury, adiponec-
tin accumulated in the vascular endothelial cells of ischemic brain tissues, and non-endogenous adiponectin was 
generated. Circulating adiponectin accumulated in ischemic brain tissues through its role in adhering to damaged 
vascular endothelial cells.
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Introduction

In recent years, the relationship between adi-
ponectin and ischemic cerebrovascular dis-
ease has received significant attention. Studies 
have shown that hypoadiponectinemia is an 
independent risk factor for ischemic cerebro-
vascular diseases [1, 2]. A lower level of adipo-
nectin level can increases the mortality rate of 
patients after ischemic stroke [3]. In mouse 
models of cerebral ischemia/reperfusion inju-
ry, the cerebral infarction area and degree of 
neurologic damage to mice in the adiponectin 
treatment group have been reported to be sig-
nificantly less than those of mice in the non-
adiponectin treatment group [4]. The cerebral 
infarction area in adiponectin knockout (APN-
KO) mice has been shown to be significantly 
greater than wild-type (WT) mice, while the 
cerebral infarction area in APN-KO mice is sig-
nificantly reduced after adiponectin treatment 
[5]. These findings strongly suggest that adipo-

nectin has a protective effect against ischemic 
cerebrovascular diseases.

However, few studies have focused on changes 
in adiponectin expression in brain tissue during 
cerebral ischemia/reperfusion injury, and these 
data are extremely important in understanding 
the pathological process of brain injury during 
ischemic stroke. Therefore, in the current study, 
we measured changes in the expression time 
course and location of adiponectin expression 
in mouse brain tissue during cerebral ischemia/
reperfusion injury, described the relationship 
between adiponectin expression and ischemic 
brain injury, and provided a theoretical basis for 
future use of adiponectin in the treatment of 
ischemic stroke and treatment time targets.

Subjects and methods 

Sixty healthy 4-week-old CD-1 male mice (25-
30 g) were raised under specific pathogen-free 
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conditions. The breeding room temperature 
was controlled at 20-22°C, with 12-hour light 
and dark cycles. The mice had free access to 
food and water. All operations on animals were 
performed in accordance with requirements of 
the Animal Use and Care Committee of 
Shanghai Jiaotong University.

The following primers were used: adipoq, 
Forward 5’ TGTTCCTCTTAATCCTGCCCA 3’, 
Reverse 5’ CCAACCTGCACAAGTTCCCTT 3’; 
GAPDH, Forward 5’ AGGTCGGTGTGAACGGAT- 
TTG 3’, Reverse 5’ TGTAGACCATGTAGTTGAGGTCA 
3’.

The mice underwent transient middle cerebral 
artery occlusion (tMCAO) surgery and were sac-
rificed for brain tissues 1 hour, 4 hours, 1 day, 
3 days, and 7 days after reperfusion, with 12 
mice randomly selected at each time point. 
Brain tissue slices were stained with hematoxy-
lin and eosin, 3, 3’-diaminobenzidine (DAB), 
and immunofluorescence. The protein concen-
tration was determined by Western blot analy-
sis, and the RNA level was determined using a 
real-time polymerase chain reaction (PCR).

The SPSS13.0 statistical package was used for 
statistical analysis. All statistical tests were 
performed using 2-sided tests; P < 0.05 was 
considered statistically significant. Data nor-
mality was ascertained with the Kolmogorov-
Smirnov statistical test. Quantitative variables 
with a non-normal distribution were log-trans-

formed to achieve a normal distribution. Mea-
surement data were expressed as the mean ± 
standard deviation (

_
X  ± s). Mean values were 

compared between groups using an unpaired 
Student’s t-test. Single-factor analysis of vari-
ance was used to compare the mean values in 
more than three groups.

Results

Mouse models undergoing tMCAO

The mice had varying degrees of signs of neuro-
logic damage in the left middle cerebral artery 
territory after tMCAO, demonstrated as a nar-
rowed left palpebral fissure, weakened right 
forelimb muscle strength, rotation to the right 
when walking, and uncoordinated movement. 
Most mice exhibited symptoms, such as list-
lessness, darkened fur, reduced food intake, 
and weight loss. Three days later, the symp-
toms gradually improved to preoperative levels. 
Eight mice died after surgery, and new samples 
were supplied.

Western-blot semi-quantitative analysis of ex-
pression of adiponectin in mouse brain tissue 
after ischemia/reperfusion injury

The level of expression of adiponectin proteins 
in mouse brain tissues 1 hour, 4 hours, 1 day, 3 
days, and 7 days after cerebral ischemia/reper-
fusion injury was measured. As shown in Figure 
1, adiponectin proteins were strongly expressed 
in the ischemic hemisphere and weakly 
expressed in the non-ischemic hemisphere. 
The intensity of the adiponectin band in the 
ischemic hemisphere increased 1 hour after 
reperfusion, peaked on day 3, and was main-
tained at a higher level on day 7. No significant 
change in the level of adiponectin expression in 
the non-ischemic hemisphere was observed 
compared with the pre-operative value, and the 
expression of adiponectin did not change with 
time during reperfusion.

Immunohistochemical analysis of expression 
of adiponectin in mouse brain tissue after 
ischemia/reperfusion injury

The expression and distribution of adiponectin 
in mouse ischemic brain tissues were observed 
by DAB immunohistochemical staining. Figure 
2 shows the time course of adiponectin expres-
sion in mouse brain tissue; adiponectin was 

Figure 1. Serial changes in adiponectin protein ex-
pression in mouse brain tissues before and after 
transient middle cerebral artery occlusion surgery. 
N, normal brain tissue; I, ischemic hemisphere; C, 
contralateral non-ischemic hemisphere *P < 0.05, 
**P < 0.01.
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minimally expressed in brain tissues before 
MCAO, while adiponectin expression was not 
observed in the non-ischemic brain hemisphere 
at different time points after reperfusion. In the 
ischemic hemisphere, expression of adiponec-
tin in either the central or peripheral area of 
ischemia began to increase 1 hour after reper-
fusion, peaked on day 3, and maintained at a 
high level on day 7. Expression of adiponectin 
in the central area of ischemia was higher than 
the peripheral area of ischemia at each time 
point.

Double immunofluorescence staining was used 
to observe the expression of adiponectin in 
various cells in brain tissue (Figure 3). Cell 
markers, such as von Willebrand factor (VWF), 
glial fibrillary acidic protein (GFAP), and neuron-

specific protein (NeuN), were used to label vas-
cular endothelial, astroglia, and neuronal cells. 
The results showed that adiponectin was co-
expressed with VWF, but not with GFAP or 
NeuN. suggesting that adiponectin expression 
occurred only in vascular endothelial cells in 
ischemic brain tissue.

Real-time PCR analysis of adiponectin mRNA 
expression in mouse ischemic brain tissue

Changes in the level of expression of adiponec-
tin mRNA expression in mouse brain tissues 1 
hour, 4 hours, 1 day, 3 days, and 7 days after 
cerebral ischemia/reperfusion injury were mea-
sured using real-time quantitative PCR (Figure 
4). MCAO before and after operation there is no 
significantly difference at each time point after 

Figure 2. 3, 3’-diaminobenzidine immunohistochemistry photomicrographs of expression time course of adiponec-
tin in ischemic mouse brain tissue. A. Expression time course of adiponectin in central area of ischemia; B. Expres-
sion time course of adiponectin in peripheral area of ischemia; A-a and B-a. Before ischemia; A-b, B-b. 1 hour after 
reperfusion; A-c, B-c. 4 hours after reperfusion; A-d, B-d. 1 day after reperfusion; A-e, B-e. 3 days after reperfusion; 
A-f, B-f. 7 days after reperfusion; bar = 50 μm.
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cerebral ischemia/reperfusion injury compared 
with normal brain tissue, and there was no sig-
nificant difference in the expression of adipo-
nectin mRNA in the ischemic and non-ischemic 
hemispheres.

Discussion

Adiponectin is a bioactive protein hormone 
secreted by fat cells [6]. Adiponectin has many 
important physiologic functions,including pro-
tection against the initiation and progression of 
atherosclerosis [1]. Studies have shown that a 
low level of adiponectin in circulating blood is 
associated with atherosclerotic diseases, such 
as acute coronary syndrome and ischemic 
stroke [7, 8]. Numerous studies have demon-

strated that patients with coronary heart dis-
ease have significant hypoadiponectinemia, 
and patients with acute coronary syndrome 
have lower plasma adiponectin levels [9]. 
Plasma adiponectin levels in patients with coro-
nary heart disease decrease progressively with 
the exacerbation of coronary artery atheroscle-
rosis. The plasma adiponectin levels in patients 
with complex coronary lesions is significantly 
lower than patients with simple lesions, and the 
low level of adiponectin may increase vulnera-
bility of the plaques [10]. In recent years, it has 
also been reported that hypoadiponectinemia 
is associated with incidence of ischemic stroke, 
and lower plasma adiponectin levels can 
increase the mortality of patients after isch-
emic stroke [3]. 

Figure 3. Photomicrographs of double-immunofluorescence staining of adiponectin expression in ischemic brain 
tissue. Red represents adiponectin; the green represents VWF, GFAP, and NeuN; orange represents the overlapping 
of red and green; A, D, G. Adiponectin-specific immunoreactive signals; B. VWF immunoreactive signal; E. GFAP im-
munoreactive signal; H. NeuN immunoreactive signal; bar = 50 μm.
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Chen measured plasma adiponectin levels in 
534 type 2 diabetic and non-diabetic subjects 
with or without cerebral infarctions, and report-
ed that the mean plasma adiponectin level in 
patients with cerebral infarctions was signifi-
cantly lower than patients without cerebral 
infarctions, after correcting for patients’ age, 
gender, body mass index, the waist-to-hip ratio, 
diabetes, and smoking status, and that the 
plasma adiponectin level was negatively corre-
lated with the cerebral infarction area [1]. In 
mouse models of cerebral ischemia/reperfu-
sion injury, the cerebral infarction area and 
degree of neurologic damage in mice in the 
globular adiponectin treatment group were sig-
nificantly lower than the control group [4]. 
These results confirmed that adiponectin is 
important in anti-atherosclerosis and protec-
tion of heart and cerebral vessels. 

Vascular endothelial cells are a target of many 
cardiovascular risk factors and are closely 
associated with the development and progres-
sion of hypertension, atherosclerosis, and car-
diovascular and cerebrovascular events [11]. 
Vascular endothelial cells can synthesize and 
secrete a variety of biologically active sub-
stances and play important roles in the mainte-
nance of smooth vascular walls and normal 
vascular contraction and relaxation by main-
taining unobstructed blood flow and a dynamic 
balance between coagulation and fibrinolysis 

[12]. Impaired vascular endothelial function is 
important in the pathologic process of athero-
sclerosis [13]. Recent studies have shown that 
the antagonistic role of adiponectin in athero-
sclerosis is associated with its roles in protect-
ing vascular endothelium and inhibiting the 
inflammatory response. 

Ouchi found that, when human blood vessels 
are damaged with platelet adhesion and throm-
bus formation, adiponectin is detected in endo-
thelial and subendothelial cells, while adipo-
nectin is not expressed in intact vascular endo-
thelial cells [14]. In a study involving catheter-
induced mechanical vascular injury, Okamoto 
showed that that adiponectin is not expressed 
in intact vascular cells and accumulates in vas-
cular walls without an endothelial cell layer 
[15]. In mouse models of heart ischemia/reper-
fusion injury, expression of adiponectin is 
detected in the ischemic vascular wall [16]. We 
found that in mouse models of cerebral isch-
emia/reperfusion injury, adiponectin accumu-
lated in the vascular walls after ischemia, and 
the expression of adiponectin protein was high-
er in the central area of ischemia than in the 
peripheral area. The results of these studies 
suggest that adiponectin accumulates in vas-
cular walls with a damaged endothelial barrier. 
The endothelial cells regulate endothelial func-
tion and protect the walls by inhibiting vascular 
smooth muscle cell proliferation, the inflamma-
tory response, thrombogenesis, and endotheli-
al cell apoptosis.

We found that adiponectin expression only 
occurs in the vascular endothelial cells of isch-
emic brain tissues. Expression of adiponectin 
in the ischemic hemisphere increased 1 hour 
after reperfusion, peaked on day 3, decreased, 
and increased again by day 7. The expression 
of adiponectin in the central area of ischemia 
was higher than the peripheral area of isch-
emia at each time point after reperfusion. 

In addition to the impairment of endothelial tis-
sue during acute ischemia, the expression of 
adiponectin in endothelial cells began to 
increase and the degree of damage to endothe-
lial cells and the expression of adiponectin 
both peaked. After entering the chronic phase, 
the endothelial cells were gradually repaired 
and the adiponectin level decreased. From the 
site of injury, the degree of damage of endothe-

Figure 4. Serial changes in adiponectin mRNA ex-
pression in ischemic brain tissue. N, normal brain 
tissue; ipsi, ischemic hemisphere; cont, contralateral 
non-ischemic hemisphere.
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lial cells and the expression of adiponectin in 
the central area of ischemia was greater than 
that the peripheral area. Therefore, the level of 
adiponectin expression was consistent with the 
severity of damage to the cerebral vascular 
endothelial tissues after ischemia/reperfusion 
injury, while the adiponectin mRNA expression 
level did not increase after ischemia, indicating 
that no endogenous adiponectin was produced 
in ischemic brain tissue. Adiponectin in circulat-
ing blood accumulates in ischemic brain tis-
sues by adhering, and thus protecting, the 
injured vascular endothelial cells.

Conclusion

The mechanism by which circulating adiponec-
tin accumulates in the damaged vascular endo-
thelial cells is not apparent. Some studies have 
shown that adiponectin is highly homologous 
with collagen VIII and X in terms of structure 
and can be combined with collagen I, III, and V. 
These collagens are components of vascular 
endangium; circulating adiponectin accumu-
lates in injured vascular walls through combina-
tion with these collagen molecules in ischemic 
and injured endothelial cells [15]. After adher-
ing to endothelial cells, adiponectin inhibits the 
production of oxygen-free radicals to reduce 
stress injury, suppress the generation of inflam-
matory cytokines and adhesion molecules, and 
decrease the inflammatory response after isch-
emia. Adiponectin can also induce phosphory-
lation of endothelial nitric oxide synthase 
(eNOS) in ischemic tissues, increase nitric 
oxide levels in blood vessels, dilate blood ves-
sels [17], and protect endothelial function.
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