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Abstract Ischemia/reperfusion (I/R) injury after middle cere-
bral artery occlusion (MCAO) induces detrimental processes
such as oxidative stress, inflammation, and apoptosis. All
parts of the neurovascular unit are involved in these patholog-
ical processes. Fibulin-5 is a 66-kD glycoprotein secreted by
various vascular cells, including vascular smooth muscle cells
(SMCs), fibroblasts, and endothelial cells. As an extracellular
matrix protein involved in cell adhesion, fibulin-5 has been
widely studied in tumor growth and invasion. However, the
effects of fibulin-5 on brain injury following ischemia/
reperfusion have not been reported. In this study, we examined
the effect of overexpressed fibulin-5 on reactive oxygen spe-
cies (ROS) production. Fibulin-5 overexpression attenuated
ROS expression, which in turn decreased apoptosis and
blood–brain barrier (BBB) permeability following MCAO
and reperfusion. Fibulin-5 also improved neurological deficits
but had no effect on infarction volume. T2-weighted MRI and
electron microscopy further confirmed brain edema reduction
and decreased BBB disruption in fibulin-5 overexpression
recombinant adenovirus (Ad-FBLN) treated rats. In addition,
tight junction protein occludin was significantly degraded and
matrix metalloproteinase 9 (MMP-9) immunoreactivity was
significantly increased. Fibulin-5-mediated ROS decrease

was not due to increased total superoxide dismutase levels
but was instead correlated with the activation of Rac-1 path-
way. The findings highlight the importance of antioxidant
mechanism underlying cerebral ischemia/reperfusion.
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Introduction

Ischemic stroke and ischemia–reperfusion (I/R) injury can
lead to the damage of the blood–brain barrier (BBB) and result
in brain vasogenic edema [1, 2]. The process include oxidative
stress, inflammation, apoptosis, excitotoxicity, and intracellu-
lar calcium overload. The BBB impedes influx of most com-
pounds from the blood to brain, which is comprised of endo-
thelial cells, pericytes, astrocytes, neurons, and the extracellu-
lar matrix, collectively known as the neurovascular unit [3].
Oxidative stress caused by post I/R can be broadly defined as
excessive levels of reactive oxygen species (ROS), which im-
pairs protein synthesis, causes deleterious DNA mutations,
and ultimately results in brain cell apoptosis [4–6]. Consider-
able experiments indicate that ROS increases permeability of
the BBB by activating matrix metalloproteinases (MMPs),
degrading tight junction (TJ) proteins and impairing endothe-
lial cells [7–10]. Therefore, protection of the BBB is one of the
important targets of stroke treatment.

The focus of the research of stroke pathophysiology has
recently shifted from conventional vascular concepts to the
complex interplay of molecular mechanisms involving the
neurovascular unit [11]. Specifically, extracellular matrix
(ECM) proteins have been of interest. Fibulin-5 is a 66-kD
glycoprotein secreted by various vascular cells, including
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vascular smooth muscle cells (SMCs), fibroblasts, and endo-
thelial cells [12, 13]. Fibulin-5 has been widely studied in
tumor growth and invasion due to its inhibitory effect on the
angiogenesis, proliferation, and migration of tumor cells
[14–17]. The upregulation of fibulin-5 has been observed in
vascular injury, such as atherosclerotic plaques and neointimal
balloon injury, as well as in vascular endothelial cells induced
by hypoxic stress [18–21]. Marie K. Schluterman et al. (2010)
has reported that fibulin-5 prevents ROS production by
blocking the interaction between fibronectin and β1 integrins
[22], while fibronectin-α5β1 integrin is strongly upregulated
in the vessels of the CNS ischemic penumbra [23, 24]. In
addition, fibulin-5 has been identified as a novel binding pro-
tein for extracellular superoxide dismutase (ecSOD) to pro-
mote O2·

− scavenging in the vascular extracellular space and
to regulate the vascular redox state [25]. Therefore, we hy-
pothesize that overexpression of fibulin-5 may help reduce
production of ROS following cerebral ischemia and may
thereby be neuroprotective.

In this study, we detected the effects of overexpressed
fibulin-5 on blood–brain barrier and brain edema after
ischemia/reperfusion injury in middle cerebral artery occlu-
sion (MCAO) rats.

Materials and Methods

Animals and Groups

Ninety-five male Sprague-Dawley rats weighing 200 to 250 g
were randomly divided into five groups to determine the op-
timal viral titer for the adenovirus experiments. Animals were
divided into NS control (n=19), empty carrier recombinant
adenovirus (Ad-HK) (n=19), low titer fibulin-5 overexpres-
sion recombinant adenovirus (Ad-FBLN) (n=19), medium
titer Ad-FBLN (n=19), and high titer Ad-FBLN groups (n=
19). All samples in this section were collected at 3 or 7 days
after injection.

Male Sprague-Dawley rats weighing 200 to 250 g were
randomly assigned into four groups: sham (n=50), ischemia/
reperfusion (I/R) (1 day (1d), n=50; 3 days (3d), n=37), Ad-
FBLN treatment (1d, n=50; 3d, n=37), or Ad-HK (1d, n=50;
3d, n=37). All samples and variables in this study were col-
lected at 1 or 3 days after reperfusion. All protocols for animal
experiments were approved by the Administrative Panel on
Laboratory Animal Care of Chongqing Medical University.

Recombinant Adenovirus

Fibulin-5 overexpression recombinant adenovirus (Ad-
FBLN) and empty carrier recombinant adenovirus (Ad-HK)
were purchased from the Shanghai Neuron Biotech Co., Ltd.
The virus was amplified in human embryo kidney 293

(HEK293) cells and purified by Sartorious Vivapure Adeno
PACK 20. The 50 % tissue culture infectious dose (TCID50)
method was applied to detect viral titer [26].

Stereotactic Surgery

We chose three different titers of Ad-FBLN and Ad-HK to
stereotactically inject into the right cortex of rats. The injected
rats underwent dextral MCAO/reperfusion 7 days post-injec-
tion. The bregma was selected as stereotaxic zero and injec-
tions performed at 1.0 mm rostral to the bregma and 2.0 mm
lateral to the midline, 1.2 mm ventral to the dura and 3.0 mm
caudal to the bregma, and 1.5 mm lateral to the midline and
1.2 mm ventral to the dura [27]. A total volume of 2 μl was
injected at a rate of 0.2 μl/min at each microinjection site, and
the microinjector was kept immobile for 5 min before
withdrawal.

Middle Cerebral Artery Occlusion/Reperfusion Model

Right cerebral middle artery occlusion was induced by
intraluminal suture. MCAO model with 90 min of ischemia
was followed by reperfusion as described in a previous report
[28]. Briefly, rats were anesthetized with 3.5 % chloral hydrate
(350 mg/kg). Right external carotid artery (ECA), internal
carotid artery (ECA), and common carotid artery (ECA) were
exposed through a midline neck incision with careful conser-
vation of the vagus nerve. ECAwas coagulated, and a nylon
filament suture coated with paraffin wax at the head end was
introduced into ICA through the ECA stump. The suture was
advanced about 18 mm from the carotid bifurcation until mild
resistance was felt. After 90 min of occlusion, the rats were re-
anesthetized and the filament was withdrawn from ICA to
induce reperfusion. Animals in the sham group were treated
similarly, except that the filament was not advanced to the
origin of the MCA. Body temperature was maintained at 37
±0.5 °C with heating pads until recovery from surgery. Rats
without neurological deficit or that suffered subarachnoid
hemorrhage after reperfusion were excluded from the present
study. Physiological parameters were monitored during the
whole process. A laser Doppler flow (LDF; Periflux system
5000; Perimed) was used to measure regional cerebral blood
flow (rCBF) during surgery to confirm the successful occlu-
sion of MCA.

Detection of Virus Delivery

Virus delivery was determined through observing green
fluorescent protein (GFP) under the microscope [29].
Transfection efficiency was defined as the ratio of
GFP-positive cells to total cells. To determine the most
optimal therapeutic viral titer, RT-PCR and western-
blotting were used to verify the level of fibulin-5
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expression after transfection. Inflammation around the
injection sites was examined by ELISA kit of IL-1β.

MRI Examination

Edema of post-ischemia brain was examined in a 1.5-Tesla (T)
MRI animal scanner (Magnetom Trio with TIM system, Sie-
mens, Erlangen, Germany). At 1 and 3 days after reperfusion,
the rats in each group underwent MRI by placing it in a
custom-made Bbirdcage coil^ (inner diameter of 30 mm) for
signal excitation and detection. MRI parameters were set at
TE=92 ms, TR=3620 ms, FOV=8×8 cm, M=256×256,
NA=2, thickness=2 mm, and gap=0 mm. After the optimal
adjustment of contrast, hemisphere intensity was examined by
Image J 1.42q software (National Institutes of Health, Bethes-
da, MD, USA) by measuring the Bmean gray value.^ Similar
to a previous report [30], the intensity percentage of the ipsi-
lateral hemisphere against the contralateral hemisphere was
calculated and then statistically analyzed.

Evans Blue Leakage

According to the previous description [31], Evans blue dye
(Sigma-Aldrich, St. Louis, MO, USA, 4 %, 3 ml/kg) in 0.9 %
saline was injected into the tail vein. Two hours after injection,
rats were anesthetized with 3.5 % chloral hydrate (350 mg/kg)
and transcardially perfused with 200–250 ml physiological
saline. Then, brains were removed and each hemisphere was
weighed. The samples were cut up and soaked in formamide
(1 ml/100 mg) at 60 °C for 24 h. Before measuring the optical
density (OD) values, the samples were centrifuged at 5000×g
for 20 min, and then the supernatant was centrifuged at 10,
000×g for 10 min at 4 °C. The fluorescence of extracted dye
was determined at 620 nm.

Infarct Volume and Neurological Scores

2,3,5-Triphenyltetrazoliumchloride (TTC) staining is the clas-
sic method used to measure infarct volume [32]. Coronal sec-
tions of brain were obtained via a brain slicer (Activational
Systems, Warren, MI, USA) in 2-mm spacing. Slices were
then immersed in 2 % TTC at 37 °C in the dark for 30 min
and photographed. The infarct size was measured according to
the method described by Kawamata and colleague [33].

Neurological scores were used to evaluate deficit after sur-
gery as previously described [34]. The scoring system was
defined as follows: 0=no deficit, 1=flexion of contralateral
torso and forelimb upon lifting of the whole animal by the tail,
2=circling to the contralateral side when held by tail with feet
on floor, 3=spontaneous circling to contralateral side, and 4=
no spontaneous motor activity. Scoring of each rat was per-
formed within 1 min and repeated three times. Any score
higher than 0 was considered a behavioral deficit.

Immunofluorescence Staining and Confocal Microscopy

Coronal fresh frozen sections with 10-μm thickness were
chosen on which to perform immunofluorescence staining.
When slices were completely air-dried, they were treated
with 0.01 mol/l sodium citrate buffer (pH 6.0) in a micro-
wave oven for 20 min at 95 °C for antigen retrieval and then
washed with phosphate-buffered saline (PBS) three times.
After that, the slices were treated with 10 % normal donkey
serum to block non-specific binding sites at 37 °C for
30 min. Slices were then incubated with primary antibodies
including occludin (1:25, Invitrogen, USA) and RECA-1
(1:100, AbD Serotec, UK), which were diluted in PBS
and kept overnight at 4 °C. After rewarming at room tem-
perature and washing with PBS, the slices were incubated at
37 °C for 90 min with secondary antibodies, including Goat
anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor®
350 conjugate (1:200, Thermo Fisher Scientific Inc., USA),
and Goat anti-Mouse IgG (H+L) Secondary Antibody,
Alexa Fluor® 647 conjugate(1:100, Thermo Fisher Scien-
tific Inc., USA). The coverslipped slices were analyzed and
photographed under a laser scanning confocal microscope
(A1R, Nikon, Japan; TCS SP2, Leica, Germany).

Quantitative Real-Time PCR

RNA samples were extracted from brain tissue using Trizol
reagent (Takara, Japan). According to the manufacturer’s
instructions, the procedures were as follows: frozen tissue
was homogenized in RNAiso plus and then chloroform was
added at one fifth of total volume. After centrifuging, the
supernatant was transferred into isopropyl alcohol to pre-
cipitate RNA. The samples were then washed with 75 %
ethanol and dissolved in RNAase free water. The concen-
tration and purity of RNAwere determined at 260/280 nm.
Reverse transcriptase kit (Takara, Japan) was used to re-
verse transcribe total RNA into cDNA. Real-time fluores-
cent detection PCR (RT-PCR) analysis was performed with
Thermal Cycler Dice Real Time System (Thermo, USA)
and the SYBR PrimeScript PCR kit (Takara, Japan). Quan-
titative RT-PCR (qPCR) was performed via a Bio-Rad
CFX96 instrument (Bio-Rad, USA). The following PCR
protocol was used: 30 s at 95 °C, followed by 40 cycles of
denaturation at 95 °C for 5 s, and annealing plus extension
at 60 °C for 30 s. The level of fibulin-5 messenger RNA
(mRNA) was normalized to β-actin. The primers were as
follows: fibulin-5 forward primer 5′-GCCCTACTCCAA
TCCCTACTCT-3′, reverse primer 5′-TACCCTCCTTCC
GTGTTGATAC-3′; and actin forward primer 5′-CACCCG
CGAGTACAACCTTC-3′, reverse primer 5′-CCCATACC
CACCATCACACC-3′. The results were expressed as fold
induction relative to controls.
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Western Blot

The isolated ischemic cerebral cortex was homogenized in
ice-cold lysis buffer containing 1 ml Radio Immunoprecipita-
tion Assay Lysis Buffer and 5 μl of 100 μg/ml Phenylmethyl
Sulphonyl Fluoride (Beyotime, China), 5 μl phosphatase in-
hibitor, and 1 μl proteinase inhibitor mixture for purifying
proteins according to the manufacturers’ instructions. Protein
concentration was determined using the bicinchoninic acid
(BCA) method (Pierce, Rockford, IL). Equal amounts of pro-
tein per lane (50 μg) were loaded onto an 10 % polyacryl-
amide gel and separated by electrophoresis at 80 V for 90min.
Proteins were then transferred to a PVDF membrane
(Millipore, USA) at 250 mA for 70 min and the membrane
was blocked with 5 % nonfat dried milk/0.05 % Tween 20 in
Tris-buffered saline. The membrane was then incubated over-
night at 4 °C with primary antibodies: anti-fibulin-5 (1:900,
Millipore, USA), anti-occludin (1:200, Invitrogen, USA),
anti-MMP-9 (1:200, Santa Cruz, CA, USA), anti-p-Akt
(1:1000, Cell Signaling Technology, USA), and anti-
caspase-3 (1:1000, Abcam, USA). Following washing, the
membranes were incubated with peroxidase conjugated rabbit
anti-goat IgG or anti-mouse IgG in blocking solution for 1 h at
37 °C. The Western blot results were quantified by densitom-
etry. Relative optical density of protein bands was measured
following subtraction of the background.

Ultrastructure Examination

Transmission electron microscopy was used to detect BBB
ultrastructure. At 24 h after 2 % glutaraldehyde in 0.1 mol/l
phosphate buffer reperfusion, approximately 1 mm3 of ische-
mia penumbra cortex was taken and fixed in fresh prepared
3 % glutaraldehyde overnight at 4 °C. The tissue was washed
with 0.1 mol/l phosphate buffer three times and then was post-
fixed in 1 % osmium tetroxide for 2 h at 4 °C. Grade acetone
and Epon 812 were used to dehydrate and embed samples.
The ultrathin sections of cortex were stained with uranyl ace-
tate and lead citrate. All specimens were processed as above
procedures and then examined under a scanning electron mi-
croscope (JSM-5600LV, JEOL, Tokyo, Japan).

TUNEL Staining

Paraffin brain sections were prepared to perform TUNEL
staining to examine nuclear DNA fragmentation according
to the manufacturer’s instructions (Roche Applied Science,
Indianapolis, IN). Stained sections were imaged by fluores-
cent microscopy under a Leica DM5000B microscope and
LEI-750 camera (Leica Microsystems, Germany). Hoechst
dye and a cube were used to stain and visualize all nuclei
(blue). CD31 were used to stain vessels (red). Dead cells were
labeled visible green using the L5 cube. The additional

sections on TUNEL staining were continued with AP convert-
er (Roche Applied Science, Indianapolis, IN) and BM purple
AP substrate (Roche Applied Science, Indianapolis, IN). Con-
focal fluorescence microscope (TCS SP8, Leica, Germany)
was used for brightfield detection of stained sections [35].

ELISA

Brains were collected at 1 and 3 days after ischemia reperfu-
sion and kept at −80 °C for measuring ROS generation with a
rat ROS-horseradish peroxidase (HRP) conjugate ELISA kit
(Cusabio, Inc.) according to the manufacturer’s instructions
[36]. A standard curve was constructed from the standards
provided by the manufacturers. Antibody specific for ROS
was pre-coated onto a microplate. After washing, avidin-
conjugated HRP was incubated with the supernatant of the
samples. Then, a substrate solution was added to the wells
for color development. Finally, the optical density of each well
was measured using a microplate reader (Mss, Thermo, USA)
at 450 nm.

Transfected brains in different adenovirus titer at 7 days
after injection were similarly prepared for measuring IL-1β
level with an ELISA kit (Neobioscience Technology Compa-
ny, Shanghai) according to the manufacturer’s protocol.

Rac1 Assay

Rac activation assays were performed using Rac Activation
Assay Biochem kit (BK035, Cytoskeleton, Denver, CO).
Magnesium-containing lysis buffer was used to wash precip-
itated complexes three times, and the complexes were boiled
in sample buffer. SDS-PAGE was used to fractionate proteins,
which were then subjected to western blot analysis using the
anti-Rac1-specific antibody supplied by the kit [37].

Determination of SOD

The level of SOD in all groups was measured 1 and 3 days
after ischemia reperfusion using a kit (Nanjing JianCheng
Biological Engineering Institute, Nanjing) following the man-
ufacturer’s protocols. After the reaction, the optical density
(OD) of samples was measured at 550 nm for SOD activity
in a microplate reader (Mss, Thermo, USA). SOD was calcu-
lated with the formula provided in the manufacturer’s
instructions.

Statistical Analysis

SPSS 16.0 for windows was used to perform statistical anal-
yses. All results were presented as means±standard deviation
(SD). Statistical differences between the control and each
group of ischemia were analyzed using one-way analysis of
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variance (ANOVA) followed by post hoc Tukey tests. P value
<0.05 was considered statistically significant.

Results

Titers, Delivery Efficacy, and Toxicity of Recombinant
Adenovirus

The three titers of Ad-FBLN used were 4.75×1010 pfu/ml (low
titer), 9.5×1010 pfu/ml (medium titer), and 1.9×1011 pfu/ml
(high titer). The titer of Ad-HK used was 4.0×1010 pfu/ml.
GFP-positive cells were observed in the cortex as well as lateral
ventricle and choroid plexus 7 days after injection of all three
titers of Ad-FBLN and Ad-HK (Fig. 1a). The transfection effi-
ciency of medium titer injection (60.12±10.34 %) and high titer
injections (62.51±9.71 %) were similar (P>0.05) as determined
byGFP expression relative to total cell expression, and bothwere
better than that of the low titer group (20.54±4.35 %, P<0.01).

The mRNA and protein expression of fibulin-5 were used to
further confirm transfection efficiency at 7 days after injection.
The expression of mRNA and protein in all three titers of Ad-
FBLN groups was higher than that of the Ad-HK group
(P<0.05). Expression in the medium and high titer groups was
significantly higher than the low titer group (P<0.05, Fig. 1b, c).

The inflammatory response after adenovirus injection was
estimated with IL-1β with an ELISA kit (Fig. 1d). The level of
IL-1β increased at 3 days after injection in the high titer group
(62.60±12.36 pg/mg), medium titer group (34.21±3.70 pg/mg),
low titer group (33.86±4.70 pg/mg), and Ad-HK group (32.17±
4.30 pg/mg) as compared to the NS control group (19.17±2.80,
P<0.01). IL-1β in the high titer group (121.00±23.77 pg/mg)
was significantly increased at 7 days after injection compared to
the NS control group (23.18±2.70 pg/mg, P<0.01), Ad-HK
group (35.30±3.80 pg/mg, P<0.01), low titer group (33.40±
6.20 pg/mg, P<0.01), and medium titer group (35.17±5.20 pg/
mg, P<0.01). There was no statistically significant difference of
IL-1β between the Ad-HK, low titer, and medium titer groups.
Therefore, the medium titer (9.5×1010 pfu/ml) dose was chosen
as the most optimal one for treatment. The titer of Ad-HK was
increased to 1.7×1011 pfu/ml through CsCl gradient centrifuga-
tion(30,000 rpm, 4 °C,16 h) and then regulated to the medium
titer (9.5×1010 pfu/ml).

Overexpression of Fibulin-5 Showed no Effect
on Infarction Volume but Improved Neurological Deficits

Infarct volume was detected by TTC staining 1 day after
MCAO. Normal brain tissue was stained red, while the infarct
lesion remained white (unstained) (Fig. 2a). Brain infarct size
was significantly increased in I/R 1d (0.32±0.07), I/R+Ad-
FBLN (0.32±0.07), and I/R+Ad-HK (0.31±0.04) groups
when compared with the sham group (P<0.01). However,

no significant differences were found between I/R 1d, I/R+
Ad-FBLN, and I/R+Ad-HK groups (P>0.05, Fig. 2b). There-
fore, the intervention did not reduce infarct volume.

Neurological score was conducted to evaluate neurological
behavior impairment in the different groups (Fig. 2c). Rats in
I/R 1d and I/R 3d groups exhibited severe neurological defi-
cits as compared to the sham group (6.00±0.41 vs 14.63±0.48
or 7.50±1.47 vs 14.50±0.58, P<0.01). In the I/R 1d+Ad-HK
(5.75±0.65) and I/R 3d+Ad-HK (7.75±1.32) groups, the neu-
rological deficits were not significantly different from the I/R
1d and I/R 3d groups (P>0.05). However, overexpression of
fibulin-5 prevented neurological impairment after I/R 1d
(10.50±0.41, P<0.01) and 3d (11.50±1.29, P<0.05).

Overexpression of Fibulin-5 Attenuated Apoptosis
Following I/R

TUNEL staining was used to determine if overexpression
fibulin-5 prevented tissue cells from undergoing transient
ischemia-induced apoptosis (Fig. 3). A few apoptotic cells
were scattered in the cortex in the sham group, while there
were many TUNEL-positive cells in I/R and I/R+Ad-HK
groups. Intervention with Ad-FBLN reduced the number of
positively stained cells, suggesting that fibulin-5 overexpres-
sion attenuated cortical cell apoptosis. In addition, Ad-FBLN
greatly decreased the apoptosis of endothelial cells after I/R
compared with I/R and I/R+Ad-HK groups.

To further detect differences in apoptosis among all groups
at 1 day following I/R, apoptosis-related proteins (Caspase-3
and p-Akt) were measured with Western blot. Increased
cleaved caspase-3 protein expression was observed in I/R
and I/R+Ad-HK groups as compared to the I/R+Ad-FBLN
group (Fig. 4a). Decreased p-Akt protein expression was also
observed in I/R and I/R+Ad-HK groups as compared to the
I/R+Ad-FBLN group (Fig. 4b).

Overexpression of Fibulin-5Decreased Post-stroke Edema
and Reduced Evans Blue Extravasation

To examine brain edema induced by I/R, we performed T2-
weighted MRI. Rats in all groups were evaluated for cerebral
edema (Fig. 5a). No edema was detected in the sham group at
both examined time points. In contrast, edema was found in the
I/R 1d group (170.39±21.54) versus I/R 1d+Ad-HK(170.66±
21.88) and in the I/R 3d (163.99±14.33) versus I/R 3d+Ad-HK
group(159.79±20.27) without significant differences (P>0.05).
However, with overexpression of fibulin-5, the cerebral edema-
tous area was significantly reduced at 1d (117.61±25.05) and 3d
(118.43±13.57) (P<0.05). Quantitative analysis ofMRIwas con-
ducted based on intensity analysis of the images (Fig. 5b).

The amount of Evans blue dye extravasation in the I/R 1d
(6.87±0.69) and I/R 3d (5.79±0.77) groups was distinctly
increased compared to the sham group (1.62±0.55 and 1.35
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±0.55, P<0.01) (Fig. 6a, b). Similarly, the I/R 1d+Ad-HK
(7.39±1.05) and I/R 3d+Ad-HK (5.87±1.10) groups had in-
creased Evans blue dye extravasation compared to the sham
group(P<0.01). There was no difference between the I/R 1d,
I/R 1d+Ad-HK, I/R 3d, and I/R 3d+Ad-HK groups(P>0.05)(-
Fig. 6a, b). In contrast, intervention of Ad-FBLN significantly
decreased the extravasation of Evans blue dye in the I/R 1d+
Ad-FBLN (3.79±0.93, P<0.01) and I/R 3d+Ad-FBLN (3.34
±0.85, P<0.05) groups.

Collectively, these data demonstrate that overexpression of
fibulin-5 attenuated BBB permeability induced by I/R.

Effect of Overexpression of Fibulin-5 on Ultrastructure
Alterations of BBB

BBB ultrastructure was examined. As shown in Fig. 7, the base-
ment membrane and the tight junctions of the BBB were
disrupted in all I/R and I/R+Ad-HK groups, and greater contin-
uous basement membrane and tight junctions were observed in
I/R+Ad-FBLN groups, indicating higher BBB integrity.

Overexpression of Fibulin-5 Suppressed Expression
of MMP-9 and Reversed the Reduction of Occludin
Degradation

Confocal microscopy revealed that occludin, a tight junction
protein, localized between endothelial cells as continuous lines

in sham group. These continuous distributions were disrupted in
all I/R groups and became intermittent lines, as well as becoming
unstained, which suggests degradation of occludin induced by
I/R. Ad-FBLN treatment attenuated occludin degradation
(Fig. 8a). Results were confirmed by Western blot (Fig. 8b, e).

In order to gain insight into the role of overexpression of
fibulin-5 in maintaining BBB integrity, MMP-9 expression
was detected. As shown in Fig. 8b, d, it is upregulated in the
I/R 1d and I/R 3d groups compared to sham (P<0.01). Mean-
while, no significant difference was found between I/R 1d and
I/R 1d+Ad-HK(P>0.05) or I/R 3d and I/R 3d+Ad-
HK(P>0.05). However, administration of Ad-FBLN signifi-
cantly decreased the expression of MMP-9 compared to other
control groups (P<0.05). These results suggest that overex-
pression of fibulin-5 attenuates BBB permeability after I/R by
interfering with MMP-9 expression.

Overexpression of Fibulin-5 Reduced the Level of ROS
by Inhibiting Expression of Activated Rac-1

Since it has been reported that fibulin-5 competes with fibro-
nectin for β1 integrin binding to downregulate ROS produc-
tion, we examined ROS levels. Groups receiving I/R had
higher levels of ROS via ELISA as compared to sham (3.58
±0.40 vs 1.55±0.39 or 2.84±0.24 vs 1.31±0.22, P<0.01). No
difference was found between I/R and I/R+Ad-HK groups at 1
or 3 days following I/R (P>0.05). Consistent with previous

Fig. 1 Adenovirus delivery in
peri-infarct cortex 7 days after
injection. a GFP-positive cells are
observed in NS, Ad-HK, and
three different titers of Ad-FBLN
groups (×200). A few GFP-
positive cells are localized in the
ischemic cortex and observed
with medium (9.5×1010 pfu/ml)
and high titer (1.9×1011 pfu/ml)
groups. Scale bars: 150 μm. b
mRNA expression of fibulin-5
mRNA in the cortex is increased
with all three titers of Ad-FBLN.
c Fibulin-5 protein is increased in
the cortex of all three Ad-FBLN
groups. Bars represent the relative
density of fibulin-5 to β-actin in
the cortex. *P<0.05, **P<0.01
versus NS group, #P<0.05,
##P<0.01 versus Ad-HK group,
♦P<0.05, ♦♦P<0.01 versus low
titer group, ●P<0.05, ●●P<0.01
versus medium titer group
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data, Ad-FBLN intervention significantly reduced the produc-
tion of ROS at both examined time points as compared to non-
treated groups (2.45±0.36 and 2.04±0.38, P<0.01 and
P<0.05) (Fig. 9a).

To gain insight into the mechanism of ROS reduction by
overexpression of fibulin-5, Rac-1 assay was performed to detect
GTPase Rac-1 activation (Fig. 9c). Paola Chiarugi et al. reported
that integrin-induced ROS production required functional Rac-1
[38]. Enhanced levels of GTP Rac-1 was detected in the I/R 1d
group compared to the sham group(P<0.01), and there were
statistical significant differences between the I/R 1d+Ad-FBLN
and I/R 1d groups(P<0.05) (Fig. 9d). Similar results were ob-
served in all groups at 3 days following reperfusion (P<0.05)
(Fig. 9d). The total level of Rac-1 was unchanged at both time
points examined following reperfusion.

Overexpression of Fibulin-5 Reduces the Level of ROS
Without Influencing SOD Content

Total SOD content was analyzed to determine its role in the
balance of oxidative stress (Fig. 9b). All I/R groups had

increased SOD levels as compared to sham (39.21±13.63 vs
81.06±7.88 or 42.90±8.72 vs 77.56±10.76, P<0.05 and
P<0.01). However, there was no significant difference be-
tween I/R 1d and I/R 1d+Ad-HK groups (37.54±13.70,
P>0.05). Similar results were also observed in I/R 3d and
I/R 3d+Ad-HK groups (37.95±13.72, P>0.05). Interestingly,
overexpression of fibulin 5 did not significantly change SOD
levels (44.04±13.70 or 42.31±13.89, P>0.05). It might indi-
cate that total SODwas not involved in the fibulin-5-mediated
ROS decreases.

Discussion

Fibulin-5 plays a key role in the physiological process of tis-
sue development, remodeling, and reparation [20, 39–41]. It
has a direct effect on the efficiency of the vasculature because
it is required for maturation of elastic fibers and it supports the
blood vessel wall [18]. Williamson and colleagues have
showed that fibulin-5 favored endothelial cell attachment to
the ECM to preserve an intact endothelial cell monolayer

Fig. 2 Overexpression of fibulin-
5 does not reduce brain injury but
improves neurological outcome. a
Photographs of rat brain TTC
staining in the four groups. b
Quantitative analysis of infarct
size in four groups. c
Neurological scores of animals in
different groups. *P<0.05,
**P<0.01 versus sham; #P<0.05,
##P<0.01 versus I/R; ♦P<0.05,
♦♦P<0.01 versus I/R+Ad-FBLN
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structure and its functional characteristics [12]. Upregulation
of fibulin-5 induced by hypoxic stress is considered an adap-
tive survival response of vessel endothelial cells [19]. In

addition, a previous study has demonstrated that the interac-
tions of the endothelial cell–matrix via the adhesion receptor
β1-integrins (vertical adhesion) can directly affect TJ

Fig. 3 Overexpression of fibulin-
5 reduces brain cell apoptosis,
especially vascular endothelial
cells after I/R. The three-color
labeled immunofluorescent
staining of CD31 (red), 4,6-
diamidino-2-phenylindole
(DAPI) (blue), and nuclear DNA
fragmentation of apoptotic cells
(green) was used to detect the
dead vascular endothelial cells
and nuclei. Scale bar=25 μm
(Color figure online)

Fig. 4 Overexpression of fibulin-5 rescues the expression of caspase-3
and p-Akt in the cortex induced by ischemia. a Western blot analysis
shows the expression of caspase-3 in the cortex. Bars represent the
relative density of caspase-3 to β-actin. **P<0.01 versus sham group;
##P<0.01 versus I/R group; ♦P<0.05 versus I/R+Ad-FBLN group. b

Western blot analysis shows the expression of p-Akt in the cortex. Bars
represent the relative density of p-Akt to Akt. *P<0.05, **P<0.01 versus
sham group; ##P<0.01 versus I/R group; ♦P<0.05 versus I/R+Ad-FBLN
group

Mol Neurobiol



expression and inter-endothelial cell attachments (horizontal
cohesion), thereby altering brain microvascular permeability
[42]. Therefore, we chose the rat cerebral focal ischemia re-
perfusion model with overexpressing fibulin-5 to examine this
effect in vessel endothelial cells and BBB structure.

Recombinant adenoviral vector has been used for interven-
tion in CNS injury due to its safety and stability [43–45].
Given the side effects caused by an immune response to the
recombinant adenovirus and its gene products, the early in-
flammatory response marker IL-1β was evaluated by ELISA
around the injection site. Thus, both transfection efficiency
and inflammation are typically taken into account to deter-
mine the best titer for intervention. Similar to previous re-
search results, the medium titer group (9.5×1010 pfu/ml)
was determined to be the optimal titer for intervention in the
present study.

In the present study, overexpression of fibulin-5 did not
show a significant change in the cerebral infarct volume after
I/R at 1 day, even though it significantly decreased expression
of Akt and caspase-3. This is the first report showing a pro-
tective effect of fibulin-5 on neurovascular endothelium. We
further found that ROS production in the Ad-FBLN group
was significantly reduced after I/R. In addition, there was a

significantly increased level of activated Rac-1 (GTPase Rac-
1) at 1 day after reperfusion, but the level was lower in the Ad-
FBLN group as compared to the I/R and I/R+As-HK groups.
These results are consistent with previous reports, which show
a rapid and significant elevation of GTPase Rac-1 after cere-
bral ischemia reperfusion [37]. Therefore, we postulate that
the anti-apoptotic effect of increased fibulin-5 can be achieved
by the activation of Rac-1 and reduction ROS production.

Our data also show that overexpression of fibulin-5 im-
proved post-stroke edema as detected by MRI examination.
Evans blue extravasation was also reduced, suggesting a po-
tential protective effect on the BBB. Massive brain edema
induced by the leakage of BBB is the main cause of death in
acute stroke [46]. Many reports show that brain edema is
maximal 1–3 days after the onset of ischemia and then starts
to decrease. We found fibulin-5 to be a promising intervention
for decreasing post-stroke edema and protecting the BBB.
BBB damage often involves increased expression of MMP-9
and the degradation of tight junction proteins. Our results
show that expression of MMP-9 and degradation of occludin
were suppressed by fibulin-5 overexpression. Similarly, lower
levels of GTPase Rac-1 and ROS production were noted.
Therefore, we postulate that increased fibulin-5 reduces

Fig. 5 T2-weighted MRI images
of rat brains. a Representative
MRI from rats in groups
examined 1 day (1d) and 3 days
(3d) after reperfusion,
respectively. b Quantitative
analysis of the MRI signal
intensity in groups examined 1
and 3d after reperfusion,
respectively. Ordinate: percentage
of MRI intensity in ipsilateral
hemisphere versus the
contralateral hemisphere.
*P<0.05, **P<0.01 versus sham
group; #P<0.05 versus I/R group;
♦P<0.05, ♦♦P<0.01 versus I/R+
Ad-FBLN group
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post-stroke edema and BBB damage under the control of ROS
production after I/R. Collectively, our results support the no-
tion that overexpression of fibulin-5 has no effect on infarct

volume after I/R, but it does protect brain and vascular endo-
thelial cells from apoptosis at the cellular level. It is therefore
likely that decreased cerebral edema and BBB extravasation

Fig. 6 Overexpression of fibulin-
5 reduces Evans blue leakage in
rats. a Representative images of
brain Evans blue leakage in all
groups. b Quantitative analysis of
Evans blue leakage. *P<0.05,
**P<0.01 versus sham group;
#P<0.05, ##P<0.01 versus I/R
group; ♦P<0.05, ♦♦P<0.01
versus I/R+Ad-FBLN group

Fig. 7 Effect of increased
fibulin-5 on blood–brain barrier
ultrastructure in cortex. Normal
basement membrane (arrow) and
tight junctions (arrowhead) are
visible in sham group. The
basement membrane and tight
junctions are disrupted in I/R and
I/R+Ad-HK groups. More
continuous basement membrane
and tight junctions are observable
in I/R+Ad-FBLN group. Scale
bar=1 μm
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are responsible for the neuroprotective effects of
overexpressed fibulin-5.

Beyond the enhanced physical combination of endothelial
cells and basement membrane assisted by fibulin-5, we also an-
alyzed its unique ability to alter cell-ECM signaling and directly
regulate proliferation, adhesion, andmigration,which is achieved
by its RGD-motif binding integrin such as αvβ3, αvβ5, and
α5β1 [12, 14, 47–49]. It must be noted that fibulin-5 also regu-
lates ROS production in endothelial cells and fibroblasts [22].
The α5β1 integrin serves as the primary fibronectin receptor.
The binding of this integrin to fibronectin can stimulate down-
stream signaling, leading to ROS generation [8]. However,
fibulin-5 competes with fibronectin for β1 integrin binding to
prevent ROS production, since fibulin-5 functions as a blocking
protein to control intracellular signalingwithout inducing integrin
activation [8]. In the developing CNS, angiogenic capillaries
express high levels of fibronectin and its receptor α5β1 integrin,
and this expression is developmentally downregulated. On the
other hand, fibronectin and its associated endothelial receptors
α5β1 andαvβ3 integrins are strongly upregulated on angiogen-
ic vessels in the ischemic penumbra following cerebral ischemia

and the hypoxic CNS [23, 24]. Therefore, under the condition of
cerebral ischemia reperfusion, the production of ROS will ac-
cordingly increase with the upregulated expression of fibronectin
and integrin receptors. Increased expression of fibulin-5 follow-
ing ischemia/reperfusion can be used as a promising mechanism
to control ROS production.

GTPase Rac-1 modulates both LOX and NADPH oxi-
dases, which are the sources of ROS [50]. At the same time,
the small GTPase Rac-1 acts as the central component of the
signaling machinery downstream of adhesion molecules [51,
52]. Integrin-induced ROS production requires Rac-1 activa-
tion [38]. Our experimental results are consistent with this
mechanism. Under the intervention of overexpressed fibulin-
5, the level of activated Rac-1 declined, suggesting that acti-
vated Rac-1 is involved in the fibulin-5-controlled integrin-
induced ROS production following cerebral ischemia reperfu-
sion. This finding helps elucidate the molecular mechanism of
fibulin-5 in controlling ROS production.

The role of superoxide dismutase (SOD) enzymes is to
prevent excessive ROS production. Cu/ZnSOD, MnSOD,
and extracellular superoxide dismutase (ecSOD) are three

Fig. 8 Effect of increased
fibulin-5 onMMP-9 and occludin
expression. a Representative
immunofluorescence confocal
images of occludin. The
distribution of occludin is
localized at the periphery of
endothelial cells with marker
RECA-1 (rose red). The
continuous distribution of
occluding (indigo) in cortical
microvessels is visible in sham
group. The distribution of
occludin is disrupted in I/R and
I/R+Ad-HK groups. However,
enhanced normal occludin
staining is noticeable in the Ad-
FBLN group. Scale bars=50 μm.
bWestern blot was used to detect
the expression of fibulin-5,MMP-
9, and occludin proteins at 1d and
3d after reperfusion. C.D.E.
Western blot analysis shows the
expression of fibulin-5, MMP-9,
and occludin in the cortex,
respectively. Bars represent the
relative density of various
proteins to β-actin. *P<0.05,
**P<0.01 versus sham group;
#P<0.05, ##P<0.01 versus I/R
group; ♦P<0.05, ♦♦P<0.01
versus I/R+Ad-FBLN group
(Color figure online)

Mol Neurobiol



isoforms of SOD that assist in the breakdown and clearance of
ROS and their intermediates from tissues. The balance of ox-
idative stress should include two aspects: source and removal
of the ROS. Our study assessed not only the source of ROS
but also the SODs for ROS removal. The results showed that
total SOD content in the treatment group had no significant
difference compared to the other groups. It is possible that
total SOD is not involved in the fibulin-5-mediated ROS pro-
duction. Nguyen et al. has reported that fibulin-5 facilitates the
localization of ecSOD to endothelial cells to modulate O2

levels in the vasculature[25]. Levels of esSOD need to be
analyzed to draw further conclusions.

The present study has demonstrated the novel notion that
overexpression of fibulin-5 can reduce the generation of ROS
in a cerebral ischemia reperfusion model. Moreover, its specific
mechanism is the activation of the Rac-1. The damage of in-
creased ROS to blood brain barrier after cerebral ische-
mia and reperfusion has been widely reported and con-
firmed [7, 8, 53]. ROS destroy the BBB not only by
influencing the MMP-9 and TJ proteins but also by

directly influencing the endothelial cell. Hence, fibulin-
5 has the role of rescuing vascular endothelial cells
from apoptosis and alleviating BBB damage.

There are several limitations in the present study. First, the
potential protective effect of fibulin-5 to oxidative stress after
I/R was only tested under the condition of overexpression. Sec-
ond, the fibulin-5-controlled ROS production was achieved by
the activation of Rac-1 after I/R; other mechanisms remains un-
clear. Building on the present study of the SOD, it is necessary to
determine the role of ecSOD under the intervention and the
downstream mechanism of the integrin pathway in the future.

In conclusion, the present study investigated the mecha-
nisms of neuro-protection following I/R. The results of pres-
ent study show that the increased expression of fibulin-5 fol-
lowing cerebral ischemia reperfusion plays an important role
in controlling ROS production, reducing brain cell apoptosis
and vessel endothelial cells and BBB extravasation. Fibulin-5
may also play a role in adjusting the oxidative stress status,
which opens a new window in the study of antioxidant mech-
anisms underlying cerebral ischemia reperfusion.

Fig. 9 Overexpression of fibulin-5 reduces ROS production by
inhibiting the activation of Rac1 and does not affect SOD levels. a ROS
production is significantly increased in I/R, I/R+Ad-FBLN, and I/R+Ad-
HK groups as compared to sham group, and relatively reduced in I/R+
Ad-FBLN group compared to I/R and I/R+Ad-HK groups. *P<0.05,
**P<0.01 versus sham group; #P<0.05, ##P<0.01 versus I/R group;
♦P<0.05 versus I/R+Ad-FBLN group. b SOD is significantly reduced

in I/R, I/R+Ad-FBLN, and I/R+Ad-HK groups as compared to sham
group. There are no significant difference between I/R, I/R+Ad-FBLN,
and I/R+Ad-HK groups. *P<0.05, **P<0.01 versus sham group. c Rac1
activation is attenuated with fibulin-5 overexpression. **P<0.01 versus
sham group; #P<0.05 versus I/R group; ♦♦P<0.01 versus I/R+Ad-FBLN
group
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