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Abstract
Objective: To investigate whether irisin could protect against blood–brain barrier 
(BBB) dysfunction following focal cerebral ischemia/reperfusion in rats.
Methods and Materials: Seventy‐two adult male Sprague Dawley rats weighing 280–
320 g were randomly divided into three groups: sham operation group (S), focal cer‐
ebral ischemia/reperfusion group (FC), and irisin group (IR). Focal cerebral ischemia 
was induced by improved thread occlusion of right middle cerebral artery (MCAO) for 
2 hr followed by reperfusion for 24 hr in rats. After 24 hr of reperfusion, the neuro‐
logical evaluation was performed by the method of Longa's score. The histopatholog‐
ical changes were observed by HE staining. The brain water content was determined 
by detecting the wet weight and dry weight. The BBB permeability was assessed by 
fluorescence spectrophotometer and fluorescence microscopy for Evans blue (EB) 
extravasation. The activity and expression of matrix metalloproteinase‐9 (MMP‐9) in 
different groups were detected by immunohistochemical staining, Western blot, and 
gel gelatin zymography.
Results: After MCAO, the neurological deficit scores, the infarct volume, the brain 
water content, and the EB content were higher in the FC group than those in the 
S group (p  <  .05). While after irisin treatment, these indicators mentioned above 
were lower than those in the IR group (p < .05). Moreover, the protein expression of 
MMP‐9 in the cortex increased significantly after MCAO, while irisin treatment could 
decrease the protein expression of MMP‐9 in the cortex (p < .05).
Conclusion: Our data suggest that irisin can attenuate brain damage both morpho‐
logically and functionally and protect BBB from disruption after focal cerebral is‐
chemia/reperfusion, which is highly associated with the inhibition of the expression 
and activity of MMP‐9 in the brain tissue.

K E Y W O R D S

blood–brain barrier, cerebral ischemia/reperfusion, irisin, matrix metalloproteinase‐9

www.wileyonlinelibrary.com/journal/brb3
https://orcid.org/0000-0002-7736-4932
mailto:﻿
http://creativecommons.org/licenses/by/4.0/
https://publons.com/publon/10.10.1002/brb3.1425
mailto:zhaoqiuzhongnan@163.com


2 of 9  |     GUO et al.

1  | INTRODUC TION

Acute ischemic stroke (AIS) is one of the main reasons for morbid‐
ity and death worldwide, especially during perioperative period, 
and the incidence of AIS is generally 0.08%–0.4% in surgeries and 
anesthesia (Froehler et al., 2017; Wu, Guo, Jin, & Ke, 2018; Wu, 
Tang, Tai, & Yao, 2018). AIS is such an important cause for the 
deterioration of diseases and the rise of patients' mortality that 
it has grown to be a big concern of the medical community and 
society.

Acute ischemic stroke can lead to neurons damage. Worse 
still, restoring blood flow to the ischemic areas will partly aggra‐
vate ischemic brain damage and thus worsen the condition, and 
this pathological process is known as cerebral ischemia/reperfu‐
sion (Rosenberg, Estrada, & Dencoff, 1998). Cerebral ischemia/
reperfusion is a complex and multifactorial process whose mech‐
anism remains unclear at present. However, relevant studies have 
revealed that the destruction of blood–brain barrier (BBB) plays a 
vital role in the pathophysiology of cerebral ischemia/reperfusion 
(Fujimura et al., 1999; Kamada, Yu, Nito, & Chan, 2007; Reeves, 
Prins, Zhu, Povlishock, & Phillips, 2003; Strbian et al., 2008). 
Specifically, as the permeability of BBB increases, it promotes the 
formation of cerebral edema, which then expands brain volume, 
increases intracranial pressure, and fosters cerebral hernia and 
other adverse effects. Meanwhile, it aggravates inflammation re‐
action and apoptosis after cerebral ischemia by means of facil‐
itating the inflammatory cells and inflammatory factors to pass 
BBB. This leads to deterioration of the disease and greatly influ‐
ences clinical prognosis (Gardner & Ghorpade, 2003; Kamada et 
al., 2007; Strbian et al., 2008). Therefore, it is one of the most 
important measures to protect BBB and relieve cerebral edema 
for brain protection.

Matrix metalloproteinases (MMPs), the most important ECM‐
degrading enzyme in vivo, plays an influential part in cerebral isch‐
emia/reperfusion, especially when the expression and activity of 
matrix metalloproteinase‐9 (MMP‐9) increases in ischemic brain tis‐
sue. If so, MMP‐9 raises the permeability of BBB by degrading ECM 
so as to promote vasogenic cerebral edema, increase inflammatory 
cell infiltration, and promote inflammatory reaction and apopto‐
sis, which aggravates cerebral ischemia/reperfusion (Fujimura et 
al., 1999; Kamada et al 2007; Reeves et al., 2003; Rosenberg et 
al., 1998). As a consequence, BBB dysfunction and ischemic brain 
damage can be alleviated partly by inhibiting the expression and 
activity of MMP‐9.

Irisin, a hormone accessible to the blood circulation, consists of 
a sequence of 112 amino acid residues. It is not only a compound 
muscle factor medium, but also a fat factor (Kim et al., 2018). An 
increasing proportion of evidence has shown that irisin regulates 
glucose and lipid metabolism in skeletal muscle and adipose tissue 
(Lee et al., 2015; Xin et al., 2016). In addition, previous studies have 
also confirmed that it also plays an important role in the pathophys‐
iological development of pathological obesity, insulin resistance, 
type 2 diabetes, and metabolic diseases (Chen, Li, Liu, & Jia, 2016; 

Choi et al., 2013; Crujeiras et al., 2014; Moreno‐Navarrete, Ortega, 
Serrano, & Fernandez‐Real, 2013). Moreover, metabolic dysfunc‐
tion is also associated with the pathogenesis of cardiovascular 
diseases. Our research team recently found that the irisin concen‐
tration levels in the serum of patients with ischemic stroke changed 
significantly from the early stage of stroke to postdischarge. We 
were equally shocked at the finding that the irisin content in the 
serum of patients with cerebral apoplexy was significantly statis‐
tically correlated with patients' prognosis (mainly from a cognitive 
perspective). Specifically, if patients with cerebral apoplexy had 
higher irisin concentration level in their serum, they would be ex‐
pected with better prognosis and cognitive function. Contrarily, 
stroke patients with lower irisin concentration level in their serum 
had poor prognosis and cognitive function recovery (Wu, Guo, et 
al., 2018; Wu, Tang, et al., 2018). In this perspective, it is reasonable 
for us to speculate that treatment of irisin can exert certain impact 
upon the occurrence and development of cardiovascular and cere‐
brovascular diseases.

Based on the previous studies, this study is intended to explore 
the effects of irisin treatment on BBB permeability after focal ce‐
rebral ischemia/reperfusion in rats, and to explore its possible 
mechanism.

2  | METHODS

2.1 | Animals

Seventy‐two adult male Sprague Dawley rats, weighing 280–
320 g, were obtained from Experimental Animal Center of Wuhan 
University. The rats were housed in a controlled environment 
(21 ± 2°C, 55 ± 5% relative humidity, 12‐hr light/dark cycle). Food 
and water were freely available to all rats throughout the experi‐
ment. Irisin was purchased from Cayman Chemical Company. All 
experimental procedures were performed under the National 
Institutes of Health Guidelines for the Care and Use of Laboratory 
Animals and approved by the Animal Care and Use Ethics Committee 
of Wuhan University.

2.2 | Induction of focal cerebral ischemia/
reperfusion

The improved thread occlusion of right middle cerebral artery 
(MCAO) model was carried out according to the previously de‐
scribed method with slight modification (Liu, Wang, Wang, & Zhu, 
2014; Wu, Wang, Guo, & Shang, 2012; Zhai & Feng, 2018). In brief, 
rats were anesthetized with pentobarbital (50 mg/kg, i.p.). A midline 
cervical incision was made. Then, the right external carotid artery 
was located with its branches ligated. The induction of ischemia was 
performed by occluding right internal carotid artery with a thread. 
After 2  hr of transient MCAO, the nylon thread was removed to 
allow the reflow of blood through the right internal carotid artery 
(reperfusion). During this surgical procedure, the temperature was 
maintained at 37 ± 0.5°C by heated surgical platform. Rats in the S 
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group received the same surgical procedure, except the right internal 
carotid artery was not occluded.

2.3 | Experimental groups

Rats were randomly divided into three groups: (a) sham operation 
group (S), a healthy control group that subjected to sham operation; 
(b) focal cerebral ischemia/reperfusion group (FC), a FC group that 
underwent the occlusion of right middle cerebral artery (MCAO) for 
2 hr followed by reperfusion for 24 hr; and (c) irisin group (IR), an IR 
group that underwent MCAO injury at 30 min after pretreatment 
with 10 μg/kg irisin intravenously.

2.4 | Neurological deficit tests

Neurological evaluation (n = 24 in each group) was performed by the 
same examiner, who was blinded to the group assignment at 24 hr 
after reperfusion. The Longa test was used for this evaluation (Ye et 
al., 2010): grade 0, symptoms without neurological impairment (nor‐
mal); grade 1, inextensibility of its left forepaw when lifting the rats' 
tail(mild); grade 2, circling to the left side while walking (moderate); 
grade 3, walking hard and leaning to the left (severe); and grade 4, 
cannot walk spontaneously (very severe).

2.5 | Infarct volume measurement

The infarct volume measurement was carried out according to 
the previously described method after 24 hr of reperfusion (Wu 
et al., 2012; Ye et al., 2010). The brain tissue of rats (n  =  6 in 
each group) was cut into coronal sections 2.0 mm thick. And 2% 
TTC (2,3,5‐triphenyltetrazolium chloride; Sigma) was used for 
staining these sections at 37°C for 20 min. Then, the sections 
were immersed in 4% paraformaldehyde overnight. The infarct 
area was divided and analyzed by the software system. The in‐
farct tissue and noninfarct tissue were distinguished, and then, 
the total infarct volume was calculated by integrating the lesion 
area of all six measured sections. The size of infarct regions was 
expressed as the percentage of infarct volume to total brain 
volume.

2.6 | Brain water content

The determination of the brain water content was evaluated by 
wet/dry method as described previously (Liu et al., 2014). At 24 hr 
after reperfusion, the rats (n = 6 in each group) were decapitated 
and its brains were removed quickly. The wet weight of ischemic 
hemispheres(right) was weighed using an electronic analytic bal‐
ance, incubated in an oven at 110°C for 24 hr, and then reweighed 
immediately for the dry weight. The formula for calculating the 
brain water content is as follows:

2.7 | Evaluation of BBB permeability

The evaluation of BBB integrity (n = 6 in each group) was carried 
out by Evans blue (EB) content at 24 hr after reperfusion. EB dye 
(2% in saline, 4 ml/kg) was injected through the left femoral vein 
1 hr before the brain was collected. Removal of intravascular dyes 
was performed by perfusion of precooled saline via left ventri‐
cle in rats. Then, bilateral cerebral hemispheres were separated 
quickly on ice and weighed separately and homogenized in 1.5 ml 
50% trichloroacetic acid solution. After centrifugation (13,600 g, 
20 min), the supernatant was diluted in anhydrous ethanol four 
times. The absorbance value was measured by fluorescence spec‐
trophotometer (excitation wavelength 620  nm, emission wave‐
length 680  nm). The content of EB in brain tissue extract was 
quantified by microgram per gram of brain tissue. The leakage of 
EB dye was also observed with blue excitation light under a fluo‐
rescence microscope.

2.8 | Expression and content of MMP‐9

2.8.1 | MMP zymography

The expression of MMP‐9 in the ischemic hemisphere was evaluated 
by the zymography method according to the manufacturer's instruc‐
tion. Briefly, the prepared protein samples (40 μg) were loaded and 
separated on a 10% Tris‐glycine gel with 0.1% gelatin as a substrate. 
After electrophoresis, the gels were washed with distilled water and 
incubated for 24  hr at 37°C. After development, Coomassie bril‐
liant blue staining solution was used to stain the gel. The gels were 
scanned by scanning densitometry, and the integral optical density 
(IOD) values were analyzed.

2.8.2 | Western blot

The prepared protein samples were extracted from the homogen‐
ate of the cortex of the ischemic hemisphere at 24 hr after reper‐
fusion (n = 6 in each group). And then, the proteins were separated 
by Tris‐glycine SDS‐PAGE and transferred onto a nitrocellulose 
membrane. Membranes were blocked with 5% nonfat dry milk in 
TBS at 4°C overnight and then incubated with the primary anti‐
bodies against MMP‐9 (Abgent; 1:500). After incubation with the 
secondary antibodies at room temperature for 60 min, membranes 
were washed four times with TBS‐T. The protein expression for 
each sample was analyzed with the Quantity One image analysis 
software.

2.8.3 | Immunohistochemistry

Paraffin sections of brain tissue (n  =  6 in each group) were taken 
and operated according to the instructions of immunohistochemi‐
cal kit. Then, the results were analyzed. Five nonoverlapping visual 
fields around the infarct were randomly selected under 400‐fold 
light microscopy. Integral optical density (IOD) was measured 

(wetweight−dryweight)

wetweight
×100%
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by HMIAS‐2000 automatic medical color image analysis system 
(Champath Imaging Technology).

2.9 | Statistical analysis

Data were expressed as mean  ±  SD using GraphPad 6 software 
(GraphPad Software). Data were analyzed by one‐way analysis of 
variance (ANOVA) followed by LSD multiple comparison tests as a 
post hoc comparison. A p value <.05 was considered statistically sig‐
nificant. Statistical Program for Social Sciences (SPSS) 19.0 was used 
in the study.

3  | RESULTS

3.1 | Neurological scores and Brain water content

After focal cerebral ischemia/reperfusion injury(MCAO), rats ex‐
hibited significant neurological deficit that is manifested as ele‐
vated neurological deficit score compared with that in the S group 
(2.54 ± 1.10 vs. 0.00 ± 0.00), while treatment of irisin significantly 
reduced neurological deficit score compared with the FC group 
(1.58 ± 0.83 vs. 2.54 ± 1.10; Figure 1a).

Compared with the S group, the brain water content signifi‐
cantly increased in the FC group (85.00 ± 5.83 vs. 74.67 ± 5.09). 
After treatment of irisin, the brain water content decreased in the 
IR group compared with that in the FC group (80.00  ±  5.93 vs. 
85.00 ± 5.83; Figure 1b).

3.2 | Infarction volume

As shown in Figure 2, the infarcted regions in these sections were 
represented by the white‐colored areas. The cerebral infarcted 
regions were confined to the frontal cortex, parietal cortex, and 
temporal cortex in the right hemispheres, and the infarct size was 
calculated according to the ratio of the corrected infarct volume to 
the whole brain volume. The S group exhibited no damage, while in 
the FC group, an infarcted area was obviously observed. More than 
that, infarcted region of IR group narrowed down noticeably com‐
pared with the FC group (23.00 ± 5.40 vs. 34.83 ± 6.05; Figure 2a,b).

3.3 | Evaluation of BBB permeability

Evans blue was seen in the ischemic hemisphere of the coronal sec‐
tion of brain tissue (Figure 3a). EB can be seen as a red spot when 

F I G U R E  1   Effects of irisin on 
neurological deficit score and brain water 
content. (a) Comparison of neurological 
deficit score in different groups (n = 24). 
(b) Comparison of brain water content in 
different groups (n = 6). FC, focal cerebral 
ischemia/reperfusion group; IR, irisin 
group; S, sham operation group. Data are 
presented as the means ± SD. *p < .05 
versus S group, #p < .05 versus FC group

F I G U R E  2   Effects of irisin on infarct 
volume. (a) Comparison of the slices with 
the largest infarct size infarction volume 
by TTC staining in different groups. 
(b) Comparison of the infarct volume 
in different groups. FC, focal cerebral 
ischemia/reperfusion group; IR, irisin 
group; S, sham operation group. Data 
are presented as the means ± SD (n = 6). 
*p < .05 versus S group, #p < .05 versus 
FC group
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irradiated by a blue laser under a fluorescence microscope (excitation 
wavelength 620 nm). It can reflect the leakage of EB in brain tissue 
according to the size and amount of the red spot. At 24 hr after reper‐
fusion, a lot of red spots could be seen in the FC group and the EB con‐
tent significantly increased compared with the S group (15.33 ± 2.25 
vs. 2.95 ± 1.13), while after irisin treatment, the red spots were signifi‐
cantly reduced, and the EB content also followed this trend compared 
with the FC group (7.57 ± 1.11 vs. 15.33 ± 2.25; Figure 3b,c).

3.4 | Expression and content of MMP‐9

Immunohistochemical staining of brain section showed that MMP‐9 
was mainly expressed in the cytoplasm and the positive cells were 
brown (Figure 4a). The amount of positive cells in the peripheral is‐
chemic area in the FC group and IR group increased compared with 
that in the S group (Figure 4a). This increased expression of MMP‐9 
was also confirmed by IOD analysis (4.23  ±  0.89 vs. 1.68  ±  0.33, 
3.32 ± 0.64 vs. 1.68 ± 0.33; Figure 4b), while in the IR group, the num‐
ber of positive cells decreased compared with that in the FC group 
(Figure 4a), which was also consistent with the decreased expression 
of MMP‐9 done by IOD analysis (3.32 ± 0.64 vs. 4.23 ± 0.89; Figure 4b).

At 24  hr after reperfusion, Western blot analysis showed that 
the expression of MMP‐9 increased in the FC group and IR group 
compared with the S group. Meanwhile, the treatment of irisin sig‐
nificantly downregulated the expression of MMP‐9 compared with 
the FC group (p < .05; Figure 5a,c).

At 24  hr after reperfusion, our zymography analysis revealed 
that the expression of activated MMP‐9 increased in the FC group 
and IR group, while the treatment of irisin significantly lightened the 
intensity of the MMP‐9 band. There was no significant change in 
MMP‐2 expression activity in three groups (p < .05; Figure 5b,d).

4  | DISCUSSION

Irisin, a hormone released from skeletal muscle, has recently been 
illustrated to be a polypeptide 24 of 112 amino acids secreted by 
skeletal muscle cells during skeletal muscle movement. As skeletal 
muscle moves, the transcription factor PPAR7 in skeletal muscle 
cells assists activating factor 1α (PGC‐1α) and enhances its activ‐
ity. This enhances gene expression activity of FNDC5 (fibronectin 
type III domain protein), and irisin is just the extracellular segment of 
FNDC5. When irisin exfoliates and is released into blood, it then ex‐
erts various effects. It was found that the irisin can reduce the blood 
sugar level of diabetic mice and improve the vasodilatation ability 
of mice (Lee et al., 2015; Moreno‐Navarrete et al., 2013; Xin et al., 
2016). Clinical studies indicated that the serum levels of irisin in pa‐
tients with type 2 diabetes were 30% lower than the normal level, 
so the irisin becomes a highlight and anticipation in the treatment of 
type 2 diabetes (Choi et al., 2013; Crujeiras et al., 2014). Due to the 
correlation among cerebrovascular diseases, pathological obesity, 
and diabetes, we intend to observe how the exogenous treatment 

F I G U R E  3  Effects of irisin on blood–brain barrier permeability. (a) Representative gross appearance of Evans blue (EB)‐stained brains 
from rats at 24 hr after reperfusion.(b) The leakage of EB in brain tissue observed by a fluorescence microscope. (c) Quantitative analysis of 
EB leakage in brain tissue. FC, focal cerebral ischemia/reperfusion group; IR, irisin group; S, sham operation group. Data are presented as the 
means ± SD (n = 6). *p < .05 versus S group, #p < .05 versus FC group
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of irisin will influence the permeability of BBB after focal cerebral 
ischemia/reperfusion in rats in the present study.

The method of middle cerebral artery occlusion (MCAO) was 
used in this study to establish a middle cerebral artery ischemia and 
reperfusion model in rats. It is a classical and commonly used ani‐
mal model for ischemic cerebrovascular disease. It is advantageous 
in many aspects; that is, it is easy to operate, brings small wounds 
to animals, has high repeatability, and produces cerebral ischemic 
lesions with severe BBB destruction and significant brain edema (Liu 
et al., 2014). Therefore, the MCAO model is suitable for this study.

Currently, the key treatment of AIS and other ischemic stroke 
is to restore the blood flow to the ischemic brain tissue in time, but 
reperfusion can also lead to reperfusion injury, leading to cerebral 
hemorrhage and brain edema (Yang & Betz, 1994). The destruction of 
BBB brought by ischemia/reperfusion is one of the essential reasons 
for reperfusion injury. The mechanism remains unclear. By studying 
the expression of gelatinase in the brain from the sixth hour to 30th 
day after cerebral ischemia, Romanic, White, Arleth, Ohlstein, and 

Barone (1998) found that the expression of MMP‐9 increased signifi‐
cantly at 12 hr after ischemia, peaked at 24 hr, and lasted for several 
days. Such expression majorly occurred in the ischemic areas and 
in the neutrophils and endothelial cells around the ischemic periph‐
eral regions. Five days later, it appeared in macrophages in the in‐
farcted area and decreased to zero after 15 days. The administration 
of neutralizing MMP‐9 monoclonal antibody significantly reduced 
cerebral infarction. This suggests that the increase in early MMP‐9 
has a close correlation with cerebral ischemic injury. Compared with 
MMP‐9, the expression of MMP‐2 lagged behind and peaked on the 
fifth day after ischemia. This is basically consistent with the cycle of 
brain edema after ischemic stroke in patients. Related clinical studies 
have found that the expression of MMP‐9 in the infarcted area and 
its surrounding area significantly increased after cerebral infarction 
in patients. It was also found that MMP‐9 was mainly expressed in 
perivascular areas, infiltrating neutrophils and activated microglia in 
the infarct center. In comparison, in the peripheral region of infarc‐
tion, MMP‐9 was mainly expressed in macrophages. This suggests 

F I G U R E  4   Effects of irisin on the 
expression of matrix metalloproteinase‐9 
(MMP‐9) by immunohistochemical 
staining. (a) Comparison of the slices 
with the expression of MMP‐9 by 
immunohistochemical staining in different 
groups. (b) Quantitative analysis of the 
MMP‐9 expression in different groups. 
FC, focal cerebral ischemia/reperfusion 
group; IR, irisin group; S, sham operation 
group. Data are presented as the 
means ± SD (n = 6). *p < .05 versus S 
group, #p < .05 versus FC group

F I G U R E  5   Effects of irisin on 
expression of matrix metalloproteinase‐9 
(MMP‐9) by different analytical 
method. (a, c) Comparison of the 
expression of MMP‐9 by Western blot 
in different groups. (b, d) Comparison 
of the expression of MMP‐9 by gelatin 
zymography in different groups. FC, focal 
cerebral ischemia/reperfusion group; IR, 
irisin group; S, sham operation group. Data 
are presented as the means ± SD (n = 6). 
*p < .05 versus S group, #p < .05 versus 
FC group
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that MMP‐9 has a close correlation with ischemic brain injury and 
secondary cerebral edema (Rosell et al., 2006). At the second week 
since onset, MMP‐9 expression decreased to the basic level. This 
indicates that MMP‐9 is associated with clinical course and that 
MMP‐9 is expected to be a target for clinical treatment and help 
determine the prognosis of patients with ischemic cerebrovascular 
disease (Romanic et al., 1998; Rosell, Cuadrado, Ortega‐Aznar, & 
Joan, 2008). It is found that active MMP‐9 existed in the brain of 
mice appeared at 3 hr after reperfusion, which is consistent with the 
opening of BBB (Fujimura et al., 1999). Further studies found that 
the opening of BBB after cerebral ischemia was bidirectional. The 
first‐time opening of BBB may be related to the expression level of 
MMP‐2, and the second one was mainly related to the rise of MMP‐9 
level. BB‐1101, the inhibitor of MMP, inhibits the first opening of 
BBB and the development of cerebral edema, suggesting the high 
correlation between MMPs and the opening of BBB together with 
the formation of cerebral edema (Rosenberg et al., 1998). Evidences 
found that the expression and activity of MMP‐9 in the ischemic 
brain tissue increased significantly in the early stage of cerebral isch‐
emia/reperfusion, while MMP‐2 showed no significant change (Liu, 
Hendren, Qin, & Liu, 2009). It is thus speculated that the degradation 
of extracellular matrix caused by MMP‐9 is an important mechanism 
of BBB destruction in cerebral ischemic injury.

The destruction of BBB is an important pathological basis of ce‐
rebral ischemia/reperfusion injury (Fujimura et al., 1999; Kamada, 
Durukan, Pitkonen, & Tatlisumak, 2008; Kamada et al., 2007). The 
destruction of BBB leads to its increased permeability so as to pro‐
mote the formation of vasogenic cerebral edema and is conducive 
to inflammatory cells and harmful substances into the brain tissue. 
Therefore, it is an important factor leading to the deterioration of the 
disease, affecting clinical prognosis (Kamada et al., 2008; Rosell et al., 
2008). This can explain why reducing BBB permeability and improv‐
ing brain edema is one of the key measures for clinical treatment. 
EB is a small molecule indicator. Normally, it fails to pass BBB after 
it binds to plasma proteins. Only in the pathological state where the 
BBB is destructed and its permeability increases, EB is able to enter 
the brain parenchyma through the damaged BBB. Most noteworthy, 
the EB content in the brain tissue is positively correlated with the 
degree of destruction of BBB. So, the degree of BBB damage can be 
ensured by measuring the EB content in brain tissue (Kaya, Gulturk, 
Elmas, & Sivas, 2004). In this study, the results showed that the EB 
content in brain tissue of rats in the FC group increased compared 
with that in the S group at 24 hr after reperfusion. The finding indi‐
cates that at that moment, the plasma protein leaked out in the brain 
tissue and that BBB was obviously damaged, resulting in the signif‐
icant increase in its permeability. This is consistent with the results 
of the BBB injury after the cerebral ischemia/reperfusion of rats in 
previous studies (Guo, Cox, Mahale, & Ding, 2008).

Results of this study showed that rats appeared to be in obvious 
neurological deficit at 24  hr after reperfusion. The results of TTC 
showed clear‐bordered pale infarct focus in the right frontal, parietal, 
and caudate nucleus of the brain in the FC group. The quantitative 
results of cerebral infarction volume increased and that the water 

content and the EB content in the brain tissue increased significantly 
in the FC group. These findings suggest that the rat model of focal 
cerebral ischemia/reperfusion is successful in this study. They also 
indicate that BBB was severely damaged, and thus, its permeability 
significantly increased, causing brain edema at 24  hr after reper‐
fusion. Meanwhile, the neurological deficit score decreased, the 
volume of infarction decreased, the interstitial edema significantly 
alleviated, and the water content and EB content in brain tissue de‐
creased significantly in the IR group. These findings suggest that iri‐
sin can improve the neurological function and reduce the BBB injury.

Matrix metalloproteinase‐9, also known as gelatinase B, can 
be expressed in a variety of cells, such as neurons, endothelial 
cells, activated astrocytes, microglia, and infiltrating neutrophils 
(Candelario‐Jalil, Yang, & Rosenberg, 2009). During cerebral isch‐
emia/reperfusion, increased expression and activity of MMP‐9 
is one of the vital mechanisms that destruct BBB, promote the 
formation of brain edema, and aggravate ischemic brain damage 
(Fujimura et al., 1999; Kamada et al., 2007). Asahi et al. (2001) 
found that MMP‐9 knockout mice showed significantly lower 
permeability of BBB, lower white matter damage, and smaller in‐
farct volume in cerebral ischemia/reperfusion than wild mice. The 
mechanism may be correlated with inhibiting the degradation of 
tight junction proteins and myelin basic proteins between endo‐
thelial cells. Hu et al. (2009) employed gene silencing technology 
to inhibit the expression and activity of MMP‐9 in the brain. They 
found that it could significantly reduce the infarct volume, brain 
water content, mortality, and accompanied neurological deficit 
after cerebral ischemia in rats. All these studies directly confirmed 
that the destruction of BBB is closely related to MMP‐9. That is, 
the inhibition of MMP‐9 expression and activity protects BBB, 
reduces vasogenic cerebral edema and infarct volume, and pro‐
motes neurological recovery. The immunohistochemical results of 
this study showed that the amount of MMP‐9 positive cells was 
very low in rat brain tissue of the S group. Meanwhile, the amount 
of MMP‐9‐positive cells was abundantly existed in neurons, endo‐
thelial cells, gliacytes, and infiltrating neutrophile granulocytes in 
the FC group, which is consistent with the results of Rosenberg, 
Cunningham, Wallace, and Gearing (2001), while treatment of 
irisin significantly reduces the number of MMP‐9‐positive cells 
in the IR group. The results showed that the activity of MMP‐9 
and MMP‐2 was quite low in the S group by the method of gelatin 
zymography. The activity of MMP‐9 was significantly enhanced 
after MCAO, but the activity of MMP‐2 had no significant change. 
Treatment of irisin noticeably inhibited the activity of MMP‐9. The 
results of Western blot showed that the expression of MMP‐9 in 
the brain tissue of the S group was very low, while the expression 
of MMP‐9 in the FC group was higher than that in the S group at 
24 hr after reperfusion. After treatment with irisin, the expression 
of MMP‐9 significantly decreased, which was consistent with the 
changes in the BBB permeability and the brain water content. All 
these results suggest that irisin may alleviate the damage of BBB 
and cerebral edema by inhibiting the expression and activity of 
MMP‐9.
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In conclusion, the present study indicates that irisin can protect 
BBB against disruption and alleviate brain edema after focal isch‐
emia/reperfusion injury. The mechanism underlying these neuropro‐
tective effects may be associated with affecting BBB permeability 
by regulating the expression and activity of MMP‐9. Based on the 
results of previous studies, these findings may provide a theoretical 
basis for clinical diagnosis and treatment of AIS.

CONFLIC T OF INTERE S T

None declared.

DATA AVAIL ABILIT Y S TATEMENT

The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID

Peipei Guo   https://orcid.org/0000-0002-7736-4932 

R E FE R E N C E S

Asahi, M., Wang, X., Mori, T., Sumii, T., Jung, J. –C., Moskowitz, M. A., … Lo, 
E. H. (2001). Effects of matrix metalloproteinase‐9 gene knock‐out on 
the proteolysis of blood–brain barrier and white matter components 
after cerebral ischemia. The Journal of Neuroscience, 21(19), 7724–
7732. https​://doi.org/10.1523/JNEUR​OSCI.21-19-07724.2001

Candelario‐Jalil, E., Yang, Y., & Rosenberg, G. A. (2009). Diverse 
roles of matrix metalloproteinases and tissue inhibitors of metal‐
loproteinases in neuroinflammation and cerebral ischemia. 
Neuroscience, 158(3), 983–994. https​://doi.org/10.1016/j.neuro​
scien​ce.2008.06.025

Chen, N., Li, Q., Liu, J., & Jia, S. (2016). Irisin, an exercise‐induced 
myokine as a metabolic regulator: An updated narrative review. 
Diabetes/Metabolism Research and Reviews, 32(1), 51–59. https​://doi.
org/10.1002/dmrr.2660

Choi, Y.‐K., Kim, M.‐K., Bae, K. H., Seo, H.‐A., Jeong, J.‐Y., Lee, W.‐K., … 
Park, K.‐G. (2013). Serum irisin levels in new‐onset type 2 diabetes. 
Diabetes Research and Clinical Practice, 100(1), 96–101. https​://doi.
org/10.1016/j.diabr​es.2013.01.007

Crujeiras, A. B., Zulet, M. A., Lopez‐Legarrea, P., de la Iglesia, R., Pardo, 
M., Carreira, M. C., … Casanueva, F. F. (2014). Association between 
circulating irisin levels and the promotion of insulin resistance during 
the weight maintenance period after a dietary weight‐lowering pro‐
gram in obese patients. Metabolism, 63(4), 520–531. https​://doi.
org/10.1016/j.metab​ol.2013.12.007

Froehler, M. T., Saver, J. L., Zaidat, O. O., Jahan, R., Aziz‐Sultan, M. A., 
Klucznik, R. P., & Mueller‐Kronast, N. H. (2017). Interhospital trans‐
fer before thrombectomy is associated with delayed treatment and 
worse outcome in the STRATIS registry (systematic evaluation of pa‐
tients treated with neurothrombectomy devices for acute ischemic 
stroke). Circulation, 136(24), 2311–2321. https​://doi.org/10.1161/
CIRCU​LATIO​NAHA.117.028920

Fujimura, M., Gasche, Y., Morita‐Fujimura, Y., Massengale, J., Kawase, M., 
& Chan, P. H. (1999). Early appearance of activated matrix metallo‐
proteinase‐9 and blood–brain barrier disruption in mice after focal 
cerebral ischemia and reperfusion. Brain Research, 842, 92–100. 
https​://doi.org/10.1016/S0006-8993(99)01843-0

Gardner, J., & Ghorpade, A. (2003). Tissue inhibitor of metalloproteinase 
(TIMP)‐1: The TIMPed balance of matrix metalloproteinases in the 
central nervous system. Journal of Neuroscience Research, 74, 801–
806. https​://doi.org/10.1002/jnr.10835​

Guo, M., Cox, B., Mahale, S., & Ding, Y. (2008). Pre‐ischemic exercise re‐
duces matrix metalloproteinase‐9 expression and ameliorates blood‐
brain barrier dysfunction in stroke. Neuroscience, 151, 340–351. 
https​://doi.org/10.1016/j.neuro​scien​ce.2007.10.006

Hu, Q., Chen, C., Yan, J., Yang, X., Shi, X., Zhao, J., … Zhou, C. (2009). 
Therapeutic application of gene silencing MMP‐9 in a middle cere‐
bral artery occlusion‐induced focal ischemia rat model. Experimental 
Neurology, 216(1), 35–46. https​://doi.org/10.1016/j.expne​urol.2008. 
11.007

Kamada, D., Durukan, A., Pitkonen, M., & Tatlisumak, T. (2008). The 
blood‐brain barrier is continuously open for several weeks following 
transient focal cerebral ischemia. Neuroscience, 153, 175–181. https​
://doi.org/10.1016/j.neuro​scien​ce.2008.02.012

Kamada, H., Yu, F., Nito, C., & Chan, P. H. (2007). Influence of hyper‐
glycemia on oxidative stress and matrix metalloproteinase‐9 acti‐
vation after focal cerebral ischemia/reperfusion in rats: Relation to 
blood‐brain barrier dysfunction. Stroke, 38, 1044–1049. https​://doi.
org/10.1161/01.STR.00002​58041.75739.cb

Kaya, M., Gulturk, S., Elmas, I., & Sivas, A. (2004). The effects of magne‐
sium sulfate on blood‐brain barrier disruption caused by intracarotid 
injection of hyperosmolar mannitol in rats. Life Sciences, 26, 201–212. 
https​://doi.org/10.1016/j.lfs.2004.07.012

Kim, H., Wrann, C. D., Jedrychowski, M., Vidoni, S., Kitase, Y., Nagano, 
K., … Spiegelman, B. M. (2018). Irisin mediates effects on bone and 
fat via αV integrin receptors. Cell, 175, 1756–1768.e17. https​://doi.
org/10.1016/j.cell.2018.10.025

Lee, H. J., Lee, J. O., Kim, N., Kim, J. K., Kim, H. I., Lee, Y. W., … Kim, H. S. 
(2015). Irisin, a novel myokine, regulates glucose uptake in skeletal 
muscle cells via AMPK. Molecular Endocrinology, 29, 873–881. https​
://doi.org/10.1210/me.2014-1353

Liu, W., Hendren, J., Qin, X. J., & Liu, K. J. (2009). Normobaric hyper‐
oxia attenuates early blood‐brain barrier disruption by inhibit‐
ing MMP‐9‐mediated occluding degradation in focal cerebral 
ischemia. Journal of Neurochemistry, 108, 811–820. https​://doi.
org/10.1111/j.1471-4159.2008.05821.x

Liu, Y., Wang, D., Wang, H., & Zhu, Y. (2014). The protective effect of 
HET0016 on brain edema and blood–brain barrier dysfunction after 
cerebral ischemia/reperfusion. Brain Research, 1544, 45–53. https​://
doi.org/10.1016/j.brain​res.2013.11.031

Moreno‐Navarrete, J., Ortega, F., Serrano, M., & Fernandez‐Real, J. 
(2013). Irisin Is expressed and produced by human muscle and ad‐
ipose tissue in association with obesity and insulin resistance. The 
Journal of Clinical Endocrinology & Metabolism, 98(4), E769–E778. 
https​://doi.org/10.1210/jc.2012-2749

Reeves, T. M., Prins, M. L., Zhu, J., Povlishock, J. T., & Phillips, L. L. (2003). 
Matrix metalloproteinases inhibition alter functional and structural 
correlates of deafferentation‐induced sprouting in the dentate gyrus. 
Journal of Neuroscience, 23, 10182–10189. https​://doi.org/10.1523/
JNEUR​OSCI.23-32-10182.2003

Romanic, A. M., White, R. F., Arleth, A. J., Ohlstein, E. H., & Barone, F. 
C. (1998). Matrix metalloproteinase expression increases after ce‐
rebral focal ischemia in rats. Stroke, 29(5), 1020–1030. https​://doi.
org/10.1161/01.STR.29.5.1020

Rosell, A., Cuadrado, E., Ortega‐Aznar, A., & Joan, M. (2008). MMP‐9‐
positive neutrophil infiltration is associated to blood‐brain barrier 
breakdown and basal lamina type Ⅳ collagen degradation during 
hemorrhagic transformation after human ischemic stroke. Stroke, 39, 
1121–1126. https​://doi.org/10.1161/STROK​EAHA.107.500868

Rosell, A., Ortega‐Aznar, A., Alvarez‐Sabín, José, Fernández‐Cadenas, I., 
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