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Abstract Focal cerebral ischemia results in an increased

expression of matrix metalloproteinase-9 (MMP-9), which

induces vasogenic brain edema via disrupting the blood–

brain barrier (BBB) integrity. Recent studies from our

laboratory showed that baicalin reduces ischemic brain

damage by inhibiting inflammatory reaction and neuronal

apoptosis in a rat model of focal cerebral ischemia. In the

present study, we first explored the effect of baicalin on the

neuronal damage, brain edema and BBB permeability, then

further investigated its potential mechanisms. Sprague–

Dawley rats underwent permanent middle cerebral artery

occlusion (MCAO). Baicalin was administrated by intra-

peritoneally injected twice at 2 and 12 h after the onset of

MCAO. Neuronal damage, brain edema and BBB perme-

ability were measured 24 h following MCAO. Expression

of MMP-9 protein and mRNA were determined by western

blot and RT–PCR, respectively. Expression of tight junc-

tion protein (TJP) occludin was detected by western blot.

Neuronal damage, brain edema and BBB permeability

were significantly reduced by baicalin administration fol-

lowing focal cerebral ischemia. Elevated expression of

MMP-9 protein and mRNA were significantly down-reg-

ulated by baicalin administration. In addition, MCAO

caused the decreased expression of occludin, which was

significantly up-regulated by baicalin administration. Our

study suggested that baicalin reduces MCAO-induced

neuronal damage, brain edema and BBB permeability,

which might be associated with the inhibition of MMP-9

expression and MMP-9-mediated occludin degradation.
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Introduction

The blood–brain barrier (BBB), which is consisted of

cerebral microvascular endothelial cell via connecting with

tight junction complex, is critical to control the exchange

of materials between the peripheral circulation and the

central nervous system (CNS), and to maintain the

homeostasis and proper function of CNS tissue [1, 2]. Tight

junctions form a metabolic and physical barrier to restrict

the paracellular permeability. Occludin, the most important

tight junction protein, is considered to seal the tight junc-

tions, and degradation of occludin alone is enough to

enhance the BBB permeability [3, 4].

Abundant evidence demonstrates that cerebral ischemia-

induced BBB disruption contributes to vasogenic brain

edema and neutrophil infiltration, eventually aggravating

the ischemic brain damage [5, 6]. Matrix metalloprotein-

ases (MMPs), a family of proteolytic enzymes, are reported

to degrade important structures in the microvascular wall,

resulting in an increase of the microvascular permeability

and BBB disruption [7, 8]. Among the MMPs, MMP-9

expression is up-regulated after ischemic stroke and indu-

ces the degradation of occludin, leading to BBB leakage,

brain edema, brain hemorrhage and secondary brain dam-

age [9, 10].

Recent studies from our laboratory have shown that

baicalin reduces ischemic brain damage by inhibiting
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inflammatory reaction and neuronal apoptosis [11, 12]. In

the present study, we, for the first time, explored whether

baicalin reduces ischemia-induced brain edema and BBB

permeability, and further investigated the effect of baicalin

on the expression of MMP-9 and occludin.

Materials and Methods

Middle Cerebral Artery Occlusion Model

Adult male Sprague–Dawley rats (weighing 250–300 g,

provided by Shanghai Laboratory Animal Center, Chinese

Academy of Sciences, Shanghai, China) were used in this

study. The surgical procedures were carried out according

to the NIH Guide for the Care and Use of Laboratory

Animals. Permanent middle cerebral artery occlusion

(MCAO) was induced by intraluminal filament occlusion

method in rats as described in our previous report [13].

Briefly, rats were anesthetized with an intraperitoneal

injection of chloral hydrate (300 mg/kg), the right common

carotid artery (CCA), external carotid artery (ECA) and

internal carotid artery (ICA) were exposed. A monofila-

ment suture (0.32 mm diameter at the tip) was introduced

from the ECA into the ICA, and then into the circle of

Willis to occlude the origin of the right MCA. The filament

was inserted 18–20 mm from the carotid bifurcation,

confirmed with mild resistance. The sham-operated rats

underwent the same surgery except that the filament was

inserted only 10 mm and withdrawn a minute later.

Drug Administration and Experimental Groups

Baicalin (Sigma, with a purity [95%), was dissolved in

normal saline and intraperitoneally injected twice at 2 h and

12 h after the onset of ischemia. Rats were divided into three

groups as follows: (a) sham control group, which underwent

sham operation and received vehicle; (b) MCAO group,

which was subjected to permanent MCAO and received

vehicle; (c) Baicalin administration group, which was sub-

jected to permanent MCAO and intraperitoneally adminis-

trated with baicalin 100 mg/kg. The dosage of baicalin was

determined according to the previous report [11], in which

showed that baicalin intraperitoneally administrated at

100 mg/kg could produce the best protective effect on the

brain of rats subjected to permanent focal cerebral ischemia.

Rats were treated with normal saline as the vehicle control at

the same volume and time point as baicalin.

Histological Examination

To confirm the effect of baicalin on neuronal injury pro-

duced by focal cerebral ischemia, we used light microscope

to observe the morphological characteristic of neurons in

ischemic brain according to hematoxylin and eosin (HE)

staining. Briefly, rats were deeply anesthetized and per-

fused with 4% paraformaldehyde in phosphate-buffered

saline (PBS, pH 7.4). Then the brains were removed, fixed,

and embedded in paraffin. Coronal sections (4 lm thick)

were obtained from embedded paraffin and deparaffinized

with xylene and rehydrated with graded alcohol for HE

staining and immunohistochemical analysis. For HE

staining, coronal sections were counterstained with hema-

toxylin and eosin. The sections were visualized with a light

microscope (Olympus, Japan).

Assessment of Brain Edema

Brain edema was evaluated on the basis of cerebral water

content. Briefly, rats were killed 24 h following focal

cerebral ischemia, and the brains were quickly removed.

The ischemic hemispheres were gently blotted with filter-

paper and weighed on electronic balance, as the wet

weights (WW), and then dried to constant weight to obtain

the dry weights (DW). Cerebral water content was calcu-

lated according to the following formulation: H2O

(%) = (WW - DW)/WW 9 100%.

Measurement of Blood–Brain Barrier Permeability

Endogenous IgG immunostaining was performed to

determine the BBB permeability. Briefly, the paraffin-

embedded coronal sections (4 lm thick) were deparaffi-

nized with xylene and rehydrated with graded alcohol.

After washing in PBS, sections reacted, respectively, and

successively with a biotinylated anti-rat IgG antibody,

horseradish peroxidase-streptavidin (1:200, Boster Bio-

logical Technology, LTD, Wuhan, China) and 0.05% di-

aminobenzidine (Zhongshan Biotechnology CO. LTD,

Beijing, China). The IgG positive areas of coronal sections

were analyzed with a computer using image analysis

software. The percentage of IgG immunoreactivity in the

sections was determined according to the following for-

mula: IgG positive area in ischemic hemisphere/contralat-

eral hemisphere area 9 100%.

Reverse Transcription-Polymerase Chain Reaction

(RT–PCR)

Brain samples were homogenized and the total RNA was

extracted by Trizol reagents (Invitrogen) and reverse-

transcribed to obtain single-strand cDNA using a Reverse

Transcription System (Promega) in accordance with the

manufacturer’s protocol. Single-strand cDNA was ampli-

fied by PCR in a 100 ll reaction mixture containing

50 mM KCl, 10 mM Tris–HCl (pH 9.0), 2 mM MgCl2,
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200 lM dNTPs, 0.5 lM sense and antisense primers and

2.5 units Taq DNA polymerase (Promega). The primer

sequences used in this study were as follows: MMP-9

(primers, sense 50-AAG GAT GGT CTA CTG GCA C-30;
antisense 50-AGA GAT TCT CAC TGG GGC-30, product

size 279 bp), b-actin as an internal standard (primers, sense

50-TCA TGA AGT GTG ACG TTG AC-30; antisense 50-
CCT AGA AGC ATT TGC GGT GC-30, product size

285 bp). The reactions were initially heated at 94�C for

4 min; then at 94�C for 40 s, 60�C for 40 s and 72�C for

50 s, totally 40 cycles; finally stopped at 72�C for 7 min.

PCR products of 10 ll were separated by 2% agarose gel

electrophoresis and visualized by ethidium bromide stain-

ing. The optical density of DNA band was measured by

UVP gel analysis system (Quantity One, Bio-Rad).

Western Blot

Brain samples were homogenized and the total proteins were

extracted by RIPA lysis buffer (Beyotime Biotech. CO.,

China). Different samples with an equal amount of protein

(50 lg) were separated on 10% SDS polyacrylamide gels,

transferred to nitrocellulose membranes, and blocked in 5%

nonfat dry milk buffer overnight at 4�C. The membranes

were then incubated overnight at 4�C with a rabbit poly-

clonal antibody against MMP-9 (1:500, Santa Cruz, USA),

or a rabbit polyclonal antibody against occludin (1:1000,

Santa Cruz, USA) followed by incubation with horseradish-

peroxidase conjugated secondary antibodies (1:2000, KPL

Inc). Protein expression was detected with an enhanced

chemiluminescence detection system (KPL Inc) and

exposed on an X-ray film. GAPDH was used as a loading

control. The optical densities of MMP-9, occludin and

GAPDH protein bands on the X-ray film were quantitatively

analyzed with Quantity One software (Bio-Rad).

Statistical Analysis

Experimental results were presented as mean ± SD. Sta-

tistical significance was assessed by one-way ANOVA

followed by Bofferoni’s test. A value P \ 0.05 was con-

sidered to be significant.

Results

Morphological Characteristic

HE staining showed the morphological changes of neuronal

cells in the surrounding penumbra from sham control,

vehicle-treated and baicalin-treated rats. There was no

neuronal damage in sham control (Fig. 1a). MCAO caused

an obvious increase of necrotic neuronal death in the

ischemic hemisphere (Fig. 1b), which was attenuated by

baicalin administration (Fig. 1c).

Effect of Baicalin on Brain Edema

The surface areas of the ischemic hemisphere in rat brains

were increased 24 h following MCAO, indicating ische-

mia-induced brain edema (Fig. 2a, b). Brain edema was

determined by assessing the content of cerebral water.

MCAO caused an increase of cerebral water content in

ischemic hemisphere, which was significantly attenuated

by baicalin administration (P \ 0.05 vs. vehicle-treated

group, Fig. 2c).

Effect of Baicalin on Blood–Brain Barrier Permeability

Blood–brain barrier permeability was determined accord-

ing to assessing the area of endogenous IgG immunore-

activity by the method of immunohistochemical study. The

area of endogenous IgG immunoreactivity was obviously

increased 24 h following MCAO, which was significantly

reduced by baicalin administration (P \ 0.01 vs. vehicle-

treated group), indicating the inhibitory effect of baicalin

on blood–brain barrier permeability (Fig. 3).

Fig. 1 Morphological characteristic of neuronal cells following

MCAO was determined by HE staining. Representative microphoto-

graphs of neuronal damage from sham control (a), vehicle-treated

(b) and baicalin-treated (c) rats after 24 h of MCAO were present.

Cerebral ischemia caused an obvious increase of necrotic neuronal

death characterized with eosinophilic cytoplasm and triangulated

pyknotic nuclei in ischemic brain, which was attenuated by baicalin

administration. Scale bar 50 lm
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Effect of Baicalin on the Expression of MMP-9

MCAO caused the elevated expression of MMP-9 protein

and mRNA in ischemic hemisphere, both of which were

significantly down-regulated by baicalin administration

(P \ 0.05 and P \ 0.01 vs. vehicle-treated group, Fig. 4).

Effect of Baicalin on the Tight Junction Protein

Occludin

Expression of occludin was significantly decreased 24 h

following MCAO (P \ 0.01 vs. sham control), which was

significantly up-regulated by baicalin administration

(P \ 0.01 vs. vehicle-treated group, Fig. 5).

Discussion

Stroke is at least the third most common cause of death and

the leading cause of adult neurological disability world-

wide [14, 15]. Cerebral ischemic damage produced by

focal cerebral ischemia develops a series of complicated

pathophysiological events including ion homeostasis

imbalance, free radical injury, BBB disruption, inflamma-

tory reaction and neuronal apoptosis [16]. In experimental

ischemic stroke, a great deal of potential neuroprotective

drugs targeted at different pathophysiological mechanisms

of cerebral ischemic damage have been investigated [17].

The previous studies from our laboratory demonstrated

that baicalin, a flavonoid compound isolated from Scutel-

laria baicalensis Georgi, exits a neuroprotective role in a rat

model of permanent focal cerebral ischemia, and this

neuroprotection might be attributed to its anti-inflamma-

tory and anti-apoptotic properties [11]. The experimental

results also showed that the neuroprotective and anti-

inflammatory role of baicalin in ischemic stroke might be

associated with the inhibition of toll-like receptor 2/4

(TLR2/4) signaling pathway [12]. Similarly, baicalin is

also considered to protect brain from cerebral ischemia–

reperfusion by down-regulating the expression of nucleo-

tide-binding oligomerization domain protein 2 (NOD2) and

TNF-a [18]. Furthermore, baicalin is reported to attenuate

ischemic brain damage through inhibiting NF-jB p65

activation [19]. In addition, baicalin protects SH-SY5Y

cells from oxidative injuries induced by Ab1-42 aggrega-

tion through decreasing H2O2 production [20]. To our best

knowledgement, however, it is never known that whether

baicalin could improve the cerebral ischemia-induced BBB

disruption.

The present study first demonstrated that baicalin

attenuates neuronal damage produced by cerebral ischemia,

indicating baicalin’s neuroprotection against ischemic

brain damage. Next, the alleviated effect of baicalin on

brain edema was examined. The results showed that, 24 h

of cerebral ischemia, the cerebral water content of ischemic

hemisphere in baicalin-treated group was lower compared

with vehicle-treated group (P \ 0.05). Similarly, our

experimental results showed that the IgG-positive area of

ischemic hemisphere in baicalin-treated group was smaller

compared with vehicle-treated group (P \ 0.01), suggest-

ing the alleviation of BBB permeability by baicalin

administration. Since cerebral ischemia-induced BBB dis-

ruption contributes to vasogenic brain edema and eventu-

ally to ischemic brain damage [21], we presumed that the

baicalin’s neuroprotection in ischemic stroke was at least

partly attributed to the alleviation of BBB permeability.

In order to provide the molecular mechanisms under-

lying the baicalin’s neuroprotection against MCAO-

induced BBB disruption, we determined the inhibitory

effect of baicalin on the gene and protein expression of

MMP-9. The experimental results showed that, 24 h of

cerebral ischemia, both the mRNA and protein expression

of MMP-9 of ischemic hemisphere in baicalin-treated

group were significantly down-regulated compared with

vehicle-treated group. Since that the over-expression of

Fig. 2 Effect of baicalin on the cerebral ischemia-induced brain

edema. The surface areas of the right (ischemic) hemisphere were

increased compared with the contralateral (non-ischemic) hemisphere

following MCAO, indicating cerebral ischemia-induced brain edema

(a, b). Moreover, the surface area of ischemic hemisphere in (b) was

obviously smaller than that in (a), suggesting the inhibitory effect of

baicalin on ischemic brain edema. Baicalin reduced the cerebral water

content of ischemic hemisphere, but not the non-ischemic hemi-

sphere, and the results were summarized (c). IS, ischemic hemisphere;

NIS, non-ischemic hemisphere. n = 5, *P \ 0.05 compared to

vehicle-treated rats
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MMP-9 induces the disruption of BBB integrity, then

enhances BBB permeability, leading to brain edema, brain

hemorrhage and secondary brain damage [22], we pre-

sumed that, in acute ischemic stroke of the present study,

the alleviation of BBB permeability by baicalin adminis-

tration was at least partly attributed to the down-regulated

expression of MMP-9.

Recent experimental data showed that the over-expres-

sion of MMP-9 could degrade the tight junction protein

occludin, which disrupts the integrity of tight junction in

the BBB, eventually leading to an increased BBB perme-

ability, vasogenic brain edema and brain damage [23, 24].

In the present study, therefore, we further investigated the

inhibitory effect of baicalin on the expression of occludin.

The experimental results showed that, 24 h after cerebral

ischemia, the expression of tight junction protein occludin

of ischemic hemisphere in baicalin-treated group were

significantly decreased compared with vehicle-treated

group. Accordingly, we also could presume that the alle-

viation of BBB permeability by baicalin in ischemic stroke

might be partly attributed to the up-regulated expression of

TJP occludin.

Taken together, the reduction of ischemic neuronal

damage and brain edema by baicalin administration might

be attributed to the improvement of BBB integrity, and the

attenuation of BBB permeability by baicalin administration

Fig. 3 Effect of baicalin on the

blood–brain barrier

permeability following focal

cerebral ischemia.

Immunohistochemical analysis

of endogenous IgG-positive

area from sham control (a),

vehicle-treated (b) and baicalin-

treated (c) rats after 24 h of

MCAO were present, and the

results were summarized in (d).

Representative image of

endogenous IgG

immunoreactivity was shown in

(e, arrowhead). n = 5,

**P \ 0.01 compared to

vehicle-treated rats. Scale bar
50 lm

Fig. 4 Effect of baicalin on the protein and mRNA expression of

MMP-9 following focal cerebral ischemia. Representative bands of

MMP-9 protein expression in ischemic brain following MCAO were

detected by western blot (a), and the results were summarized in (b).

Representative bands of MMP-9 mRNA expression in ischemic brain

following MCAO were detected by RT–PCR (c), and the results were

summarized in (d). n = 5, **P \ 0.01 compared to sham control,

#P \ 0.05 and ##P \ 0.01 compared to vehicle-treated rats
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might be associated the inhibition of MMP-9 and the

enhanced tight junction in BBB indicated by the expression

of TJP occludin (Fig. 6). Our experimental results further

support that baicalin might be used as a neuroprotective

drug for acute ischemic stroke. This study also implies that

MMP-9-mediated occludin degradation may be a potential

and promising therapeutic target for acute ischemic stroke

in future.
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