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Abstract
A previous in vivo study demonstrated that intracerebroventricular injection of basic fibroblast growth factor (bFGF) in middle
cerebral artery occlusion rats increased the expression of caveolin-1 (cav-1) and vascular endothelial growth factor (VEGF) in
cerebral ischemia penumbra. Because astrocytes are the largest population in the brain, the aim of this in vitro study was to
investigate the influence of bFGF on cav-1 and VEGF expression in rat astrocytes following oxygen glucose deprivation/
reoxygenation (OGD/R). For this, an ischemic model in vitro of oxygen glucose deprivation lasting for 6 h, followed by 24 h
of reoxygenation was used. Primary astrocytes from newborn rats were pre-treated with siRNA targeting bFGF before OGD/R.
Cell viability was measured by a CCK-8 assay. The protein and mRNA expressions of bFGF, cav-1, and VEGF were evaluated
by western blotting, immunofluorescence staining, and reverse transcription-quantitative polymerase chain reaction. The results
showed that OGD/R reduced cell viability, which was decreased further following bFGF knockdown; however, restoring bFGF
improved cell survival. A cav-1 inhibitor abrogated the effect of bFGF on cell viability. The expression levels of bFGF mRNA,
bFGF protein, cav-1 mRNA, cav-1 protein, and VEGF protein were higher in OGD/R astrocytes. bFGF knockdown markedly
decreased the expression levels of cav-1 mRNA, cav-1 protein, and VEGF protein, which were effectively reversed by exoge-
nous bFGF treatment. Moreover, exogenous bFGF treatment significantly increased the expression levels of cav-1 mRNA, cav-1
protein, and VEGF protein in OGD/R astrocytes; however, a cav-1 inhibitor abolished the effect of bFGF on VEGF protein
expression. These results suggested that bFGF may protect astrocytes against ischemia/reperfusion injury by upregulating
caveolin-1/VEGF signaling pathway.
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Introduction

Stroke is the most common cause of death in China and the
major cause of morbidity and mortality worldwide. Because
only a small group of stroke patients benefit from thrombolytic
therapy, recent investigations into stroke have concentrated on
regenerative therapies and neuroprotective treatment (Lee et al.
2011; Yamashita et al. 2006). Many studies have demonstrated
that several endogenous growth factors such as basic fibroblast

growth factor (bFGF) and brain-derived neurotrophic factor
(BDNF) promote neurogenesis and rescue cell death after ische-
mic stroke (Bethel et al. 1997; Kalluri and Dempsey 2008).
bFGF, mainly secreted from astrocytes in the adult brain, is an
efficient mitogen that promotes the proliferation and differenti-
ation of a wide range of neuron-ectodermal andmesodermal cell
types (Basilico andMoscatelli 1992). Several studies have dem-
onstrated that bFGF induces the neuronal differentiation of stem
cells derived from various mesenchymal tissues, including en-
dometrial (Noureddini et al. 2012), skeletal muscle (Kang et al.
2013), and adipose tissues (Jang et al. 2010). Studies have also
shown that bFGF strongly facilitates the proliferation and differ-
entiation of neural stem/progenitor cells (NSPCs) in the
subventricular zone (SVZ) and circumventricular organs
(CVOs) as well as several other new sites along the third and
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fourth ventricles after stroke (Lin et al. 2015), and that bFGF
dominates NSPC differentiation into neurons instead of astro-
cytes (Li et al. 2012; Li et al. 2016). Moreover, under various
injury conditions, bFGF improved the function of the blood-
nerve barrier and blood-brain barrier (Proia et al. 2008;
Shimizu et al. 2011). These reports indicate that bFGF plays
an important role in neurogenesis and neuroprotection after
stroke, which indicate it might be a potential drug for stroke
treatment.

Caveolin-1 (cav-1), an iconic structural protein of caveolae,
regulates cellular signal transduction, transcytosis, endocytosis,
molecular transport, normal tissue growth, embryonic vessel
development, and pathological processes (such as tumor
growth, ischemia) (Liu et al. 2002; Mundy et al. 2002;
Navarro et al. 2004). Vascular endothelial growth factor
(VEGF) has a crucial role in angiogenesis (Hansen et al. 2008;
Zhang and Chopp 2002). VEGF protected neurons from ische-
mic insults and promoted neurogenesis after cerebral ischemic
injury (Ma et al. 2012; Pignataro et al. 2015). Our previous
in vivo studies used a cav-1 inhibitor to demonstrate that tread-
mill training in a rat model of middle cerebral artery occlusion
(MCAO) decreased cerebral infarct volume, promoted neuro-
logical recovery, and facilitated angiogenesis and neurogenesis
through upregulating the caveolin-1/VEGF signaling pathway
(Gao et al. 2014; Zhao et al. 2017). Other studies have also
shown that cav-1 gene ablation in mice leads to increased cere-
bral infarction volume, increased cell death, decreased VEGF
expression, and impaired angiogenesis (Chidlow and Sessa
2010; Jasmin et al. 2007). These studies indicate that the cave-
olin-1/VEGF signaling pathway plays a significant role in the
functional recovery of cerebral ischemic stroke.

Based on the above, we previously showed that the in vivo
intracerebroventricular injection of bFGF in MCAO rats in-
creased cav-1 and VEGF expression in the ischemia penum-
bra of rat brain. A recent study has also demonstrated that
bFGF improved the functional recovery in rats with spinal
cord injury by increasing the expression of cav-1 and reducing
the expression of matrix metalloproteinase-9 (Ye et al. 2016).
Therefore, we hypothesized that bFGF functions as the up-
stream molecule of the caveolin-1/VEGF signaling pathway
in stroke recovery. Astrocytes are major cells of the central
nervous system (CNS) and play a vital role in regulating neu-
ral stem cell proliferation and differentiation (Li et al. 2014;
Yang et al. 2014). In response to cerebral ischemia, astrocytes
become activated and release various growth factors, includ-
ing bFGF (Yang et al. 2014) and VEGF (Koyama et al. 2012;
Lafuente et al. 2012), which are beneficial for stroke recovery.
In addition, astrocytes universally express cav-1. The current
study generated an in vitro model of oxygen glucose
deprivation/reoxygenation (OGD/R) to mimic cerebral
ischemia/reperfusion (I/R) injury in vivo, and then investigat-
ed whether bFGF closely affected cav-1 and VEGF expres-
sion in primary cultured astrocytes, by using bFGF

knockdown, exogenous bFGF treatment and cav-1 inhibitor
treatment. Our results showed that bFGF significantly in-
creased cav-1 and VEGF expression in primary astrocytes
under OGD/R conditions, and a cav-1 inhibitor abolished
the effect of bFGF on VEGF expression. Furthermore, bFGF
protected astrocytes against OGD/R-induced injury, and a
cav-1 inhibitor abrogated the protective effect of bFGF. This
indicates that bFGF may protect astrocytes from I/R injury by
upregulating the caveolin-1/VEGF signaling pathway.

Materials and Methods

Extraction and Culture of Primary Astrocytes

All neonatal Sprague-Dawley rats (1–2 day old, male or fe-
male) in this study were obtained from the Animal Experiment
Center of Wenzhou Medical University (Wenzhou, China).
All animal procedures were approved by the Ethics
Committee of Wenzhou Medical University (Wenzhou,
China) and followed NIH guidelines. The number of rats used
in this study and their pain during experiments was
minimized.

Primary astrocyte cultures were extracted from the cerebral
cortex of 10 neonatal Sprague-Dawley rats as described pre-
viously (Lv et al. 2015; McCarthy and de Vellis 1980). The
cortex tissue was digested with 0.125% trypsin at 37 °C for
5 min, and the cultures were grown in high-glucose DMEM
medium (Gibco, USA) containing 10% fetal bovine serum
(Gibco, USA), 100 units/mL penicillin, and 100 mg/mL strep-
tomycin in culture bottles previously coated with poly-L-ly-
sine (0.1 mg/mL; Sigma) overnight. They were cultured in a
5% CO2 incubator (Thermo Fisher Scientific, Inc.) at 37 °C,
and the medium was changed every 3 days. When the cells
reached 80% confluence at approximately 10–12 days, the
mixed cultures were shaken at 37 °C, 200 rpm for 18 h to
remove oligodendroglia and microglia. The purified astro-
cytes were then trypsinized and subcultured. Astrocytes were
identified by their typical morphology and positive staining
for glial fibrillary acidic protein (GFAP), a specific marker of
astrocytes. Results showed that cells had a paving stone mor-
phology after 10–12 days of primary culture and more than
95% of the cultured cells were astrocytes as identified by
immunofluorescent staining for GFAP (data was not shown).

Groups and Cell Treatment

Astrocytes were randomly divided into nine groups: (1) con-
trol group, astrocytes without treatment; (2) NC siRNA group,
astrocytes transfected with negative lentivirus for 72 h,
(LVCON053): 5′-TTCTCCGAACGTGTCACGT-3′; (3)
sibFGF group, astrocytes transfected with a lentivirus carrying
siRNA targeting bFGF for 72 h, LV-Fgf2-RNAi: 5′-TCAA
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GGGAGTGTGTGCGAA-3′; (4) OGD/R group, astrocytes
subjected to OGD/R; (5) NC siRNA + OGD/R group, astro-
cytes subjected to OGD/R after 72 h of transfection with
LVCON053; (6) sibFGF + OGD/R group, astrocytes subject-
ed to OGD/R after 72 h of transfection with LV-Fgf2-RNAi;
(7) OGD/R + bFGF group, astrocytes subjected to OGD/R
after 72 h of treatment with 20 ng/ml bFGF; (8) NC
siRNA + OGD/R + bFGF group, astrocytes subjected to
OGD/R after 72 h of transfection with LVCON053 and treat-
ment with 20 ng/ml bFGF; and (9) sibFGF + OGD/R + bFGF
group, astrocytes subjected to OGD/R after 72 h of transfec-
tion with LV-Fgf2-RNAi and treatment with 20 ng/ml bFGF
(recombinant rat FGF-basic, 400-29, PeproTech, USA).

To further study, astrocytes were divided into another two
groups: (1) OGD/R + bFGF group, as mentioned above and
(2) OGD/R + bFGF + cav-1 inhibitor group, astrocytes sub-
jected to OGD/R after 72 h of treatment with 20 ng/ml bFGF
and 100 μmol/L daidzein (S1849, Selleckchem, USA).

Construction of sibFGF Lentivirus and Cell
Transfection

The construction of the lentiviruses was performed by
Shanghai Genechem Co. Ltd. (Shanghai, China). The
lentiviral vector number is GV115, the element order is
hU6-MCS-CMV-EGFP, and the cloning sites are AgeI and
EcoRI. Because the lentiviruses stably express green fluores-
cent protein (GFP), the optimal multiplicity of infection
(MOI) and infection duration were determined according to
the expression level of GFP under fluorescence microscopy
(Olympus, Japan) using different concentration gradients of
lentivirus. The MOI was calculated as follows: MOI = (viral
titer × virus volume) / cell number. Briefly, the cells were
inoculated in six-well plates at a concentration of 5 × 104

cells/ml with corresponding media. Then, 24 h after cultiva-
tion, they were transfected with either LV-Fgf2-RNAi or
LVCON053 for 12 h at a MOI of 20. LVCON053 served as
the negative control. The medium was then changed with
corresponding media. At 72 h following lentivirus transfec-
tion, the transfection efficiency was observed under a fluores-
cence microscope, and the efficiency of bFGF knockdown
was determined by reverse transcription-quantitative polymer-
ase chain reaction (RT-qPCR).

Establishment of OGD/R Model

After lentivirus transfection, cells were washed two times with
phosphate-buffered saline (PBS) and cultured in glucose-free
DMEM medium (Gibco) in a hypoxic chamber (Thermo
Fisher Scientific, Inc.) containing 94% N2, 5% CO2, and 1%
O2 at 37 °C for 6 h. After OGD, the glucose-free DMEM
medium was changed with normal medium and the cells were
immediately transferred into a 5% CO2 incubator for 24 h of

recovery at 37 °C. The cells in the first three groups were not
treated with OGD.

Cell Viability Assay

The number of surviving astrocytes following OGD/R and/or
lentivirus transfection was determined by a CCK-8 assay.
Astrocytes were plated in 96-well plates (3 × 104 cells/ml in
100 μL medium) with corresponding media. After lentivirus
transfection and OGD/R treatment, 10 μL of CCK-8 solution
(DOJINDO, Japan) was added to each well, and the cells were
then incubated for another 30 min at 37 °C. Optical density
(OD) values weremeasured at a wavelength of 450 nm using a
multimode reader (ECX 800, BIO-TEK, USA). A linear rela-
tionship between the OD values and viable cell density was
obtained. The assay was repeated at least three times and each
assay was performed in triplicate. The calculation formula of
cell survival rate was below: cell survival rate = (OD
experiment − OD blank) / (OD control − OD blank) × 100%.

RNA Extraction and RT-qPCR

RT-qPCR was performed to examine the mRNA expression
levels of bFGF and cav-1. Total RNA was extracted from
astrocytes with TRIzol Reagents (Invitrogen) according to
the manufacturer’s protocol and was subsequently reverse-
transcribed into cDNA using a RevertAid First Strand
cDNA Synthesis kit (Thermo Fisher Scientific, Inc.) at
42 °C for 1 h, 25 °C for 5 min, and 70 °C for 5 min. The
products of reverse transcription were used for real-time
qPCR. The primer information is listed in Table 1.
LightCycler 480 SYBR Green I Master (Roche, USA) was
used for PCR reactions. The setting of the thermocycling pro-
gram was as follows: initial denaturation at 95 °C for 5 min;
45 cycles of denaturation at 95 °C for 10 s, annealing at 60 °C
for 10 s and extension at 72 °C for 10 s; and a final extension
at 40 °C for 30 s. The data of quantification cycle (Cq) was
collected by LightCycler®480 Software release 1.5.0 SP4
(Roche, USA). All samples were read in triplicate, and the
values were normalized to Tubulin 3 expression. The
2−ΔΔCqmethodwas used to analyze the relative quantification
of mRNA expression. The calculation formula for fold change
in target gene cDNA relative to reference gene cDNAwas as
f o l l o w s : f o l d c h a n g e = 2 − Δ Δ C q ,
ΔΔCq = (CqSample − CqTubulin 3) − (CqControl − CqTubulin 3).

Cell Proteins Extraction and Western Blotting

Lysis in RIPA buffer was used to extract proteins from prima-
ry astrocytes (Beyotime Biotechnology, China). An Enhanced
BCA Protein Assay kit (Beyotime Biotechnology, China) was
used to determine the protein concentration of samples. Equal
amounts of protein extracts (30 μg) were separated by
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e lec t rophores i s in 12% sodium dodecylsu l fa te -
polyacrylamide gels (SDS-PAGE) and then transferred to
0.45-μm PVDF membranes. The membranes were blocked
with 5% non-fat milk in Tris-buffered saline with Tween 20
(TBST; Solarbio) at room temperature for 2 h. After blocking,
the membranes were incubated overnight at 4 °C with the
following primary antibodies: bFGF (SC-79, 1:500, Santa
Cruz Biotechnology, Inc.), cav-1 (ab2910, 1:1000, Abcam,
UK), VEGF (ab46154, 1:1000, Abcam, UK), and Tubulin
(AT819, 1:1000, Beyotime Biotechnology, China). After three
washes in TBST, the membranes were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies
(goat anti-mouse IgG, 1:5000, Jackson, USA; goat anti-
rabbit IgG, 1:5000, Jackson, USA) for 2 h at room tempera-
ture, followed by another three washes. Enhanced chemilumi-
nescence (ECL) reagents (ThermoScientific, Inc.) were used
to detect the blots. Signals were collected with a DNR
MicroChemi System. The Quantity One software (version
4.6.2; Bio-Rad Laboratories, Inc.) was used to quantify the
results. The protein loading control was Tubulin. The relative
expression levels of bFGF, cav-1, and VEGF were calculated
as a percentage of Tubulin expression.

Immunofluorescence Staining

Astrocytes were fixed with 4% paraformaldehyde (PFA) for
30 min and washed three times with PBS. Next, the astrocytes
were incubated with 0.5% Triton X-100 at room temperature
for 20 min. Following three washes in PBS, the cells were
incubated with 5% bovine serum albumin (BSA) or 10% goat
serum at room temperature for 30 min. Then, samples were
incubated with anti-GFAP antibody (ab68428, 1:200, Abcam,
UK), anti-bFGF antibody (ab8880, 1:200, Abcam, UK), anti-
cav-1 antibody (ab2910, 1:500, Abcam, UK), and anti-VEGF
antibody (ab46154, 1:50, Abcam, UK) overnight at 4 °C.
After three washes in phosphate-buffered saline with Tween
20 (PBST), samples were incubated with Alexa Fluor 594
AffiniPure goat anti-rabbit IgG (33112ES60, 1:200, Yeasen
Biotechnology, China) and Alexa Fluor 488 AffiniPure goat
anti-rabbit IgG (A-11034, 1:200, ThermoScientific, Inc.) at

37 °C for 1 h, followed by another three washes. The nucleus
was stained with DAPI for 5 min at room temperature. Nikon
ECLIPSE Timicroscope (Nikon, Tokyo, Japan) was used to
capture all images. Image-Pro Plus (IPP) software (version
6.0, Media Cybernetics Inc., USA) was used for quantitative
analysis of immunofluorescence staining.

Statistical Analysis of Data

All data were expressed as the mean ± standard error of mean.
Prism Software 5.0 (GraphPad Software Inc., San Diego, CA,
USA) was used for statistical analysis. Statistical comparisons
for different groups (more than two groups) were performed
using one-way analysis of variance (ANOVA) followed by
post hoc Bonferroni tests. A Student’s t test was used for
comparative analysis between two groups. The correlation
analysis of two variables was performed using Pearson prod-
uct moment correlation analysis. P values <0.05 were defined
as statistically significant.

Results

Efficiency of bFGF Knockdown in Astrocytes

The efficiency of lentivirus transfection was measured by
fluorescent microscopy. Results showed that more than 80%
of the astrocytes were successfully transfected by lentivirus
(data not shown). RT-qPCR was performed to detect the effi-
ciency of bFGF knockdown. As shown in Fig. 1a, bFGF
mRNA expression in the sibFGF group was reduced by
50 ± 8.96 and 43 ± 9.89%, compared with the control group
and NC siRNA group, respectively.

RT-qPCR analysis was also performed to study the effect of
OGD/R on bFGF mRNA expression and the inhibitory effect
of sibFGF on the increased expression of bFGF induced by
OGD/R in astrocytes. bFGF mRNA expression levels in the
OGD/R group and NC siRNA + OGD/R group were in-
creased by 112 ± 32.4 and 92.4 ± 41.4%, compared with those
in the control group and NC siRNA group, respectively.

Table 1 Primer sequences used for real-time qPCR

Gene Gene ID Primer sequence (5′–3′) Product length (bp)

bFGF NC_005101.4 F: TCCATCAAGGGAGTGTGTGC 139
R: TCCGTGACCGGTAAGTGTTG

cav-1 NM_031556.3 F: ATCTGGGCAGTTGTACCGTG 144
R: CGTGCTGATGCGGATATTGC

Tubulin 3 NM_139254.2 F: CCGCCTGCCTCTTCGTCT 131
R: GGTCTATGCCATGCTCGTCAC

bFGF and cav-1 were the target genes in this study. Tubulin was used as a reference gene

F forward, R reverse
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However, treatment with bFGF siRNA abrogated these in-
creases by 55.8 ± 7.7 and 46.2 ± 4.7%, respectively. In addi-
tion, under OGD/R conditions, treatment with bFGF siRNA
and exogenous bFGF concurrently increased the bFGF
mRNA expression levels by 53.1 ± 19.2%, compared with
astrocytes treated with bFGF siRNA alone. These results sug-
gested that OGD/R obviously elevated the mRNA expression
levels of bFGF, which were effectively inhibited by bFGF
knockdown, and that decreased bFGF mRNA expression
levels by bFGF knockdown were efficiently reversed by ex-
ogenous bFGF. Furthermore, compared with astrocytes in the
OGD/R group and NC siRNA + OGD/R group, exogenous
treatment with bFGF increased the bFGF mRNA expression
levels by 8.7 ± 12.6 and 15.4 ± 12.8%, respectively, although
this was not significantly different (Fig. 1a).

We also measured the protein expression levels of bFGF by
western blot analysis, which showed that the protein levels of
bFGF in the OGD/R group and NC siRNA + OGD/R group
were increased by 26.2 ± 20.7 and 26.7 ± 17.3%, compared
with those in the control group and NC siRNA group, respec-
tively. This effect was abolished by pre-treatment with bFGF
siRNA (38.1 ± 5.4 and 33.8 ± 7.5%, respectively), and the
decreased protein levels of bFGF by bFGF knockdown were
reversed by 62.7 ± 35.0% by treatment with exogenous bFGF.
These results were consistent with the RT-qPCR results.
However, there was a significant difference in protein levels

of bFGF between the OGD/R + bFGF group and OGD/R
group (increased by 25.1 ± 20.0%) as well as between the
NC siRNA + OGD/R + bFGF group and NC siRNA +
OGD/R group (increased by 30.7 ± 26.7%), which was dif-
ferent from the RT-qPCR results (Fig. 1b). As shown in Fig. 2,
the results of immunofluorescence staining for bFGF were
consistent with the western blotting results.

bFGF Knockdown Decreases Cell Viability of Astrocyte
after OGD/R

To investigate the effect of bFGF on the survival of astrocytes
after OGD/R, a CCK-8 assay was performed. The results of
the CCK-8 assay (Fig. 3a) demonstrated that the cell viability
of astrocytes in the OGD/R group and NC siRNA + OGD/R
group was markedly reduced compared with that in the con-
trol group and NC siRNA group (0.69 ± 0.12 versus
1.00 ± 0.00; 0.59 ± 0.08 versus 0.91 ± 0.13, respectively).
The cell viability of astrocytes pre-treated with bFGF siRNA
prior to OGD/R was decreased compared with that in the
OGD/R group and NC siRNA + OGD/R group (0.39 ± 0.08
versus 0.69 ± 0.12 and 0.59 ± 0.08, respectively). However,
the cell viability of astrocytes in the sibFGF +OGD/R + bFGF
group was significantly increased compared with that in the
sibFGF + OGD/R group (0.62 ± 0.04 versus 0.39 ± 0.08).
These results indicated that the cell damage in astrocytes

Fig. 1 aRelative mRNA expression levels of bFGF in primary astrocytes
measured by RT-qPCR. Results were normalized to Tubulin 3 gene
expression and expressed as fold change versus the control group. b
Relative protein expression levels of bFGF in primary astrocytes
examined by western blotting. Tubulin was used as the loading control.
Values were calculated as a percentage of Tubulin expression and

expressed as the relative optical density. (★P < 0.05; ★★P < 0.01;
★★★P < 0.001 vs. no OGD/R groups, ▲P < 0.05; ▲▲P < 0.01;
▲▲▲P < 0.001 vs. sibFGF groups, ●P < 0.05; ●●P < 0.01;
●●●P < 0.001 vs. no bFGF groups. All data are the mean ± SEM of six
independent experiments)
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Fig. 2 Upper
immunofluorescence staining for
bFGF. First column, astrocytes
without treatment; second
column, astrocytes transfected
with NC siRNA; third column,
astrocytes transfected with
sibFGF; first line, astrocytes
cultured under normoxic
conditions; second line, astrocytes
subjected to OGD/R; third line,
astrocytes pre-treated with
exogenous bFGF prior to OGD/
R. Red represents bFGF, blue
represents DAPI. Scale bar is
50 μm. Lower quantitative
analysis of bFGF
immunofluorescence staining.
Fluorescence intensity was
calculated by the integrated
optical density. ★P < 0.05;
★★P < 0.01; ★★★P < 0.001 vs. no
OGD/R groups, ▲P < 0.05;
▲▲P < 0.01; ▲▲▲P < 0.001 vs.
sibFGF groups, ●P < 0.05;
●●P < 0.01; ●●●P < 0.001 vs. no
bFGF groups. All data are the
mean ± SEM of five independent
experiments

Fig. 3 a. The effects of OGD/R, bFGF knockdown and exogenous bFGF
protein on cell survival rate of astrocytes evaluated by CCK-8 assay.
★P < 0.05, ★★P < 0.01, ★★★P < 0.001 vs. no OGD/R groups;
▲P < 0.05, ▲▲P < 0.01, ▲▲▲P < 0.001 vs. sibFGF groups; ●P < 0.05,

●●P < 0.01, ●●●P < 0.001 vs. no bFGF groups. b. The effect of cav-1
inhibitor on cell survival rate of astrocytes evaluated by CCK-8 assay.
☆P < 0.05, ☆☆P < 0.01, ☆☆☆P < 0.001 vs. OGD/R+bFGF group. (All
data are the mean ± SEM of five independent experiments)
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following OGD/R was aggravated by bFGF knockdown;
however, it was reduced by exogenous bFGF. Moreover, the
cell viability of astrocytes in the OGD/R + bFGF group and
NC siRNA + OGD/R + bFGF group was increased compared
with that in the OGD/R group and NC siRNA + OGD/R
group, but both were not significantly different (0.86 ± 0.14
versus 0.69 ± 0.12; 0.74 ± 0.09 versus 0.59 ± 0.08,
respectively).

To investigate whether bFGF affected cell viability via the
cav-1 signaling pathway, we performed another experiment,
which showed that the cell viability of astrocytes in the OGD/
R + bFGF + cav-1 inhibitor group was significantly reduced
(0.64 ± 0.20 versus 1.23 ± 0.34), compared with that in the
OGD/R + bFGF group (Fig. 3b).

bFGF Knockdown Inhibits Increases in cav-1 and VEGF
Expression Following OGD/R

RT-qPCR, western blotting, and immunofluorescence staining
were performed to study the association between bFGF, cav-1,
and VEGF.

The RT-qPCR results showed that OGD/R enhanced the
mRNA expression levels of cav-1 in the control group and
NC siRNA group by 185.4 ± 74.9 and 160.3 ± 77.9%, respec-
tively, which were partly abrogated by bFGF knockdown
(33.0 ± 16.3 and 35.8 ± 30.9%, respectively), and the de-
creased cav-1 mRNA expression levels by bFGF knockdown
were reversed by 55.0 ± 61.1% by treatment with exogenous
bFGF. Furthermore, cav-1 mRNA expression levels in the
OGD/R + bFGF group and NC siRNA + OGD/R + bFGF
group were increased by 41.1 ± 45.1 and 29.7 ± 37.2%, com-
pared with those in the OGD/R group and NC siRNA +OGD/
R group, respectively (Fig. 4a).

The results of western blotting showed that OGD/R in-
creased the protein levels of cav-1 (by 50.3 ± 34.7 and
45.8 ± 28.0%, respectively) and VEGF (by 54.3 ± 30.9 and
41.2 ± 28.0%, respectively) in the control group and NC
siRNA group, which were abolished by treatment with
bFGF siRNA (cav-1, 30.9 ± 14.7 and 21.8 ± 12.5%, respec-
tively; VEGF, 39.9 ± 15.0 and 28.8 ± 13.2%, respectively),
and the decreased protein levels of cav-1 and VEGF by bFGF
knockdown were reversed (cav-1, 45.4 ± 31.8; VEGF,
47.5 ± 35.4%) by treatment with exogenous bFGF.
Moreover, the protein levels of cav-1 and VEGF in the
OGD/R + bFGF group and NC siRNA + OGD/R + bFGF
group were both increased (cav-1, by 27.5 ± 24.0 and
39.0 ± 32.8%; VEGF, by 30.5 ± 18.6 and 41.8 ± 26.1%),
compared with those in the OGD/R group and NC siRNA +
OGD/R group, respectively (Fig. 4b, c). Furthermore, immu-
nofluorescence staining for cav-1 and VEGF was consistent
with the western blotting results (Figs. 5 and 6).

These results suggested that the increased expression of
bFGF induced by OGD/R elevated cav-1 and VEGF

expression, and bFGF knockdown inhibited the increased
cav-1 and VEGF expression following OGD/R; however, ex-
ogenous bFGF rescued the effect of bFGF knockdown on cav-
1 and VEGF expression under OGD/R conditions.

To clarify whether the expression of cav-1 and VEGF were
closely related to bFGF expression, a correlation analysis be-
tween them was performed. Pearson product moment correla-
tion analysis was used, which showed a significant positive
correlation between bFGF protein expression and cav-1 pro-
tein expression (r = 0.8492, P < 0.01, n = 54), between bFGF
protein expression and VEGF protein expression (r = 0.7559,
P < 0.01, n = 54), and between bFGF mRNA expression and
cav-1 mRNA expression (r = 0.7320, P < 0.01, n = 54). Of
note, western blotting was used to perform correlation analy-
sis of the protein expression between bFGF and cav-1 as well
as between bFGF and VEGF (data was not shown).

cav-1 Inhibitor Abolished the Effect of bFGF on VEGF
Expression in Astrocytes under OGD/R Conditions

Based on the above, we performed another experiment using a
cav-1 inhibitor. As shown in Fig. 7, the protein expression
levels of cav-1 and VEGF in the OGD/R + bFGF + cav-1
inhibitor group were decreased (cav-1, by 39.0 ± 17.6%;
VEGF, by 25.2 ± 5.9%), compared with those in the OGD/
R + bFGF group. However, there was no significant difference
between the protein expression levels of bFGF in the OGD/
R + bFGF + cav-1 inhibitor group and the OGD/R + bFGF
group.

Discussion

Cerebral ischemia has a high disability and mortality rate.
Recent studies have concentrated on the self-remodeling of
brain tissue and functional recovery after ischemia. In this
study, we found that bFGF expression was markedly in-
creased in primary astrocytes subjected to OGD/R injury,
which resulted in the higher expression of cav-1 and VEGF.
In contrast, bFGF knockdown not only significantly reduced
the expression of bFGF, but also markedly decreased the ex-
pression of cav-1 and VEGF in OGD/R astrocytes. However,
exogenous treatment with bFGF reversed the decreased ex-
pression of bFGF, cav-1, and VEGF in sibFGF + OGD/R
astrocytes. Moreover, exogenous bFGF treatment significant-
ly increased the expression of cav-1 and VEGF in OGD/R
astrocytes. These results suggested that bFGF positively mod-
ulates cav-1 and VEGF expression in astrocytes under hypox-
ic conditions. We also found that a cav-1 inhibitor significant-
ly reduced VEGF expression in astrocytes pre-treated with
20 ng/ml bFGF prior to OGD/R, which indicated that the
cav-1 inhibitor abolished the effect of bFGF on VEGF expres-
sion. Thus, cav-1 mediated the effect of bFGF on VEGF

J Mol Neurosci



expression in astrocytes under hypoxic conditions. The results
of the CCK-8 assay in this study showed that bFGF knock-
down aggravated the injury of OGD/R on primary astrocytes;
however, restoring bFGF by exogenous bFGF treatment im-
proved the survival of astrocytes. A study performed by Qiao
et al. (2016) showed that bFGF significantly attenuated
hypoxia-induced apoptosis in bone marrow-derived mesen-
chymal stromal cells (BMSCs). These results indicated that
bFGF has a protective role in cell injury. Furthermore, a cav-1
inhibitor abrogated the effect of bFGF on the cell viability of
astrocytes. Therefore, we suggest that bFGF may protect as-
trocytes fromOGD/R-induced injury by upregulating the cav-
eolin-1/VEGF signaling pathway.

Recent studies have shown that bFGF is upregulated and
plays an indispensable role in the proliferation and differenti-
ation of stem cells after ischemic insults (Yang et al. 2014),
especially NSPCs in the SVZ of the lateral ventricles and
CVOs (Lin et al. 2015). bFGF expression is also induced
under many other injury conditions, such as spinal cord injury
(Jia et al. 2014) and trauma (Rotschafer et al. 2013; Xiang
et al. 2014), and is beneficial for functional recovery. Our
previous in vivo studies found that the intracerebroventricular
injection of exogenous bFGF protein in a MCAO rat de-
creased cerebral infarct volume, promoted neurological recov-
ery, and facilitated angiogenesis and neurogenesis through
upregulating the caveolin-1/VEGF signaling pathway (Gao
et al. 2014; Zhao et al. 2017). This present in vitro study
preliminarily demonstrated that bFGF protected astrocytes
from injury induced by OGD/R via the caveolin-1/VEGF sig-
naling pathway. Thus, we suggest bFGF may play a crucial
role after cerebral ischemic injury partly by upregulating the
caveolin-1/VEGF signaling pathway in astrocytes. In addition

to the roles of the caveolin-1/VEGF signaling pathway in
angiogenesis and neurogenesis, it may be also involved in
astrogliosis, astroglial scar formation and neuroinflammation
after cerebral ischemia. Studies have demonstrated that neu-
tralizing antibodies to VEGFR1, which is predominantly
expressed by astrocytes in the CNS, or the downregulation
of VEGF significantly decreased the formation of reactive
astrocytes and gliosis after cerebral ischemia (Krum et al.
2008; Na et al. 2015). In addition, cav-1 was reported to sup-
press neuroinflammatory responses in ischemic stroke by di-
rectly interacting with Toll-like receptor 4 (Niesman et al.
2014; Xu et al. 2016). Xu et al. (2017) reported that VEGF
suppressed neuroinflammation and ischemic brain injury by
inhibiting SR-A expression. Thus, further research is required.

cav-1 is a multifunctional membrane protein that has an
important role in regulating cell functions, including cellular
repair after stroke (Liu et al. 2002; Mundy et al. 2002; Navarro
et al. 2004). Studies performed by Head et al. (2008) and
Jasmin et al. (2007) showed that cav-1 protected neurons from
ischemic injury through the NMDAR/SFK/ERK1/2 signaling
pathway, and that cav-1 plays an active role in regulating
synaptic remodeling after injury in the CNS (Gaudreault
et al. 2005). Several studies also showed that cav-1 gene ab-
lation in mice leads to increased cerebral infarction volume,
increased cell death, and impaired angiogenesis (Chidlow and
Sessa 2010; Jasmin et al. 2007). These studies suggest that
cav-1 functions as a positive regulator participating in the
functional recovery of cerebral ischemic stroke. However,
some studies reported that cav-1 has a negative role in
neurogenesis and/or neuroprotection. For example, cav-1
gene ablation increased the proliferation of neural stem cells
in the SVZ of adult mouse brain (Jasmin et al. 2009). cav-1

Fig. 4 a Relative mRNA expression levels of cav-1 in primary astrocytes
measured by RT-qPCR. Results were normalized to Tubulin 3 gene
expression and expressed as fold change versus the control group.
Relative protein expression levels of cav-1 (b) and VEGF (c) in
primary astrocytes examined by western blotting. Tubulin was used as
the loading control. Values were calculated as a percentage of Tubulin

expression and expressed as the relative optical density. (★P < 0.05;
★★P < 0.01; ★★★P < 0.001 vs. no OGD/R groups, ▲P < 0.05;
▲▲P < 0.01; ▲▲▲P < 0.001 vs. sibFGF groups, ●P < 0.05;
●●P < 0.01; ●●●P < 0.001 vs. no bFGF groups. All data are the
mean ± SEM of six independent experiments)
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inhibited the neuronal differentiation of NSPCs through the
downregulation of VEGF and the p44/42MAPK signaling
pathway (Li et al. 2011), and cav-1 blocked the formation
and growth of neurites (Kang et al. 2006). One explanation
might be that, in the present study, we selected rat astrocytes as
the experimental subject, and the mechanisms of action of
cav-1 may be different in various cells and/or under different
conditions, such as hypoxia and normoxia.

The mechanisms of the upregulation of the caveolin-1/
VEGF signaling pathway by bFGF in astrocytes under hyp-
oxic conditions are unclear. Studies have shown that hypoxia-
induced VEGF expression is directly regulated by hypoxia
inducible factor 1 (HIF-1), a heterodimeric transcription factor
comprised of an α subunit and a constitutively expressed β
subunit. Shi et al. (2007, 2005) found that bFGF augmented
hypoxia-induced HIF-1α and VEGF expression through the
MEK1/ERK and PI3K/Akt signaling pathways, which was

abrogated by a FGFR1 inhibitor. This indicated that FGFR1
mediates the effects of bFGF. Studies performed by Feng et al.
(2012) and Ye et al. (2016) reported cav-1 was involved in the
regulation of FGFR1, largely owing to their co-localization on
cell membranes. The study by Ye et al. (2016) also showed
that bFGF treatment did not reverse the inhibitory effect of
cav-1 siRNA on FGFR1 expression and its co-localization
with cav-1. Thus, we suggest an interaction between cav-1
and FGFR1 might be essential for the protective effect of
bFGF in astrocytes, but the interaction mechanism of cav-1
and FGFR1 needs to be studied further. In this study, we found
that downregulation of endogenous bFGF and the addition of
recombinant bFGF, respectively, reduced and increased the
expression of cav-1 and VEGF in OGD/R astrocytes, which
indicates that cav-1 and VEGF expression are modulated by
endogenous bFGF as well as by exogenous bFGF under hyp-
oxic conditions. Considering the autocrine function of bFGF

Fig. 5 Upper
immunofluorescence staining for
cav-1. Red represents cav-1, blue
represents DAPI, and the scale
bar is 50 μm. Lower quantitative
analysis of cav-1
immunofluorescence staining.
Fluorescence intensity was
calculated by the integrated
optical density. ★P < 0.05;
★★P < 0.01; ★★★P < 0.001 vs. no
OGD/R groups, ▲P < 0.05;
▲▲P < 0.01; ▲▲▲P < 0.001 vs.
sibFGF groups, ●P < 0.05;
●●P < 0.01; ●●●P < 0.001 vs. no
bFGF groups. All data are the
mean ± SEM of five independent
experiments
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Fig. 6 Upper
Immunofluorescence staining for
VEGF. Red represents VEGF,
blue represents DAPI, and the
scale bar is 50 μm. Lower
quantitative analysis of VEGF
immunofluorescence staining.
Fluorescence intensity was
calculated by the integrated
optical density. ★P < 0.05;
★★P < 0.01; ★★★P < 0.001 vs. no
OGD/R groups, ▲P < 0.05;
▲▲P < 0.01; ▲▲▲P < 0.001 vs.
sibFGF groups, ●P < 0.05;
●●P < 0.01; ●●●P < 0.001 vs. no
bFGF groups. All data are the
mean ± SEM of five independent
experiments

Fig. 7 Relative protein expression levels of bFGF (a), cav-1 (b), and
VEGF (c) in primary astrocytes examined by western blotting. Tubulin
was used as the loading control. Values were calculated as a percentage of

Tubulin expression and expressed as the relative optical density.
☆P < 0.05; ☆☆P < 0.01; ☆☆☆P < 0.001 vs. OGD/R + bFGF group. All
data are the mean ± SEM of nine independent experiments
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(Seghezzi et al. 1998), we believe that the upregulation of cav-
1 and VEGF expression by endogenous bFGF requires the
release of bFGF from cells and interactions with cell mem-
brane receptors such as FGFR1. A recent study demonstrated
that a low concentration of bFGF, from 10 to 50 ng/mL, in-
duced the activation of astrocytes via the regulation of the
TLR4/NF-κB signaling pathway, which in turn enhanced en-
dogenous bFGF expression in vitro (Ye et al. 2015). This may
be why bFGF expression was increased in all bFGF-treated
groups under OGD/R conditions. Of note, bFGF mRNA ex-
pression was increased in astrocytes pre-treated with 20 ng/ml
bFGF prior to OGD/R, compared with that in OGD/R astro-
cytes, although this was not significantly different. Studies
have shown that mRNA stability often opposes transcription,
that is, mRNAs with high transcription levels are not stable
(de Sousa Abreu et al. 2009). The transcription levels in the
sibFGF + OGD/R + bFGF group may be lower than those in
the OGD/R + bFGF group or NC siRNA + OGD/R + bFGF
group; thus, bFGF mRNA in the sibFGF + OGD/R + bFGF
group may be more stable than that in the OGD/R + bFGF
group or NC siRNA + OGD/R + bFGF group. This may
explain why exogenous bFGF increased bFGF mRNA levels
in the sibFGF + OGD/R + bFGF group, but did not increase
levels of bFGF mRNA in the OGD/R + bFGF group and the
NC siRNA + OGD/R + bFGF group.

Many other signaling molecules may take part in the mech-
anisms of bFGF after cerebral I/R injury. For instance, high-
mobility group box 1 (HMGB1), which is mainly released
from astrocytes, promoted neurovascular remodeling during
stroke recovery by activating endothelial progenitor cells
(EPCs) (Hayakawa et al. 2012) and upregulating VEGF ex-
pression (Biscetti et al. 2010). In addition, studies reported
that cav-1 increased the expression of HMGB1 (Wang et al.
2014). Thus, further experiments are necessary to clarify the
complex regulatory mechanisms of bFGF involved in stroke
recovery.
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