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ABSTRACT: Parkinson's disease (PD) is a progressive neurodegenerative disorder with complicated
pathophysiologic mechanisms. Endoplasmic reticulum (ER) stress appears to play a critical role in the
progression of PD. We demonstrated that basic fibroblast growth factor (bFGF), as a neurotropic factor,
inhibited ER stress-induced neuronal cell apoptosis and that 6-hydroxydopamine (6-OHDA)-induced ER stress
was involved in the progression of PD in rats. bFGF administration improved motor function recovery,
increased tyrosine hydroxylase (TH)-positive neuron survival, and upregulated the levels of neurotransmitters
in PD rats. The 6-OHDA-induced ER stress response proteins were inhibited by bFGF treatment. Meanwhile,
bFGF also increased expression of TH. The administration of bFGF activated the downstream signals
P13K/Akt and Erk1/2 in vivo and in vitro. Inhibition of the PI3K/Akt and Erk1/2 pathways by specific inhibitors
partially reduced the protective effect of bFGF. This study provides new insight towards bFGF translational
drug development for PD involving the regulation of ER stress.
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Parkinson’s disease (PD) is the second most common
neurodegenerative  disorder. It is  characterized
pathologically by the loss of dopaminergic neurons,
primarily in the substantia nigra pars compacta (SNpc),
and by the presence of ubiquitinated protein deposits in
the neuronal cytoplasm. Another pathological feature of
PD is the formation of Lewy bodies, which contain a
variety of proteins including ubiquitin and alpha-
synuclein (a-syn) [1,2]. According to previous studies,

factors such as endoplasmic reticulum (ER) stress,
oxidative stress, and genetic factors may culminate in
dopaminergic neurodegeneration, thus leading to the
neuronal death that occurs in PD [3]. Therefore, these
factors have become the focus of treatment strategies for
PD.

ER stress triggers an adaptive program called the
unfolded protein response (UPR), which may inhibit early
protein synthesis to reduce the load of the ER. However,
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when mis-folded proteins accumulate continuously, they
overload the ER, and apoptotic cell death often ensues [4].
The ER stress response is characterized by changes in
specific proteins (GRP78, ATF6, XBP-1 and apoptosis
protein CHOP and caspase-12), which cause translational
attenuation, induction of ER chaperones, and degradation
of mis-folded proteins [5,6]. The PD-inducing
neurotoxins 6-hydroxydopamine (6-OHDA), 1-methy-I-
4-phenylpyridinium (MPP+) and rotenone have been
reported to induce the UPR in ER chaperones such as BiP,
PDI, calreticulin, IREla, and PErk, indicating that ER
stress plays a causative role in neuronal cell death [7,8].
Accumulation of polyubiquitinated proteins and UPR
activation has been observed in the postmortem brains of
PD patients [9]. Altogether, this evidence suggests that
suppressing ER stress may be beneficial to PD patients.

Basic fibroblast growth factor (bFGF) is a member of
the FGF family, which includes at least 23 members. As a
multifunctional protein, bFGF presents therapeutic
potential in CNS repair, inducing the proliferation and
differentiation of neural progenitor cells, enhancing the
survival and axonal sprouting of neural tissue, and
promoting the survival of neural precursors. Several
studies have focused on the relevance of bFGF in the
dopaminergic nigrostriatal system. Chadi et al. reported
that bFGF promotes dopaminergic cell survival in human
fetal tissue strands transplanted into immunosuppressed
6-OHDA-lesioned rats [10]. Another group showed that
bFGF protects against rotenone-induced dopaminergic
cell death [11]. In our previous study, we found that bFGF
inhibits ER stress-induced neuronal cell apoptosis in
spinal cord injury and brain ischemia/reperfusion injury
[12,13]. Hence, inhibition of ER stress as an underlying
mechanism of bFGF for treatment of PD requires further
investigation.

In the current study, we investigated the effect of
bFGF on ER stress in 6-OHDA-induced PD both in vivo
and in vitro. Our data demonstrates that the
neuroprotective effect of bFGF is related to the inhibition
of ER stress-induced apoptosis in PD. This study
contributes towards elucidating new therapeutic targets
and treatment strategies in PD research.

MATERIALS & METHODS
Animals and treatment paradigm

Young adult male SD rats (280-320 g) were purchased
from the Animal Center of the Chinese Academy of
Sciences and cared for in accordance with the National
Institutes for Health Guide for the Care and Use of
Laboratory Animals. All procedures were approved by the
Institutional Animal Care and Use Committee of
Wenzhou Medical University. The rats were maintained

in a temperature- and humidity-controlled environment
under a 12-h light/dark cycle with ad libitum access to
food and water. The animals were anesthetized with 5%
chloral hydrate and shaved, and the back of their heads
were disinfected. Then, longitudinal cuts were made along
the midline of the back of the head, and the fascia was
removed by means of 30% hydrogen peroxide etching,
thereby exposing the bregma of the skull. The rats were
then fixed to a stereotaxic apparatus (KOPF Company,
Germany). The PD rat model was reproduced by injecting
6-OHDA (10 pl, 1.5 pg/ul, dissolved in 0.2% ascorbic
acid saline solution, Sigma-Aldrich, St. Louis, MO, USA)
unilaterally into the right striatum at a constant rate
(coordinates: A: +0.7 mm from bregma, L: +2.8 mm from
midline and H: +5.5 mm). The sham group rats were
injected with 0.2% ascorbic acid in saline at the same
location.

One week after right striatum stereotaxic injection of
6-OHDA, animals were subjected to rotational behavior
testing. Rats were injection subcutaneously with
apomorphine hydrochloride (0.5 mg/kg), placed in a
round kettle (40 cm diameter), and the number of
contralateral turns in a 30-min period was recorded. The
rats with more than 7 contralateral turns per minute were
used as valid PD pathology animal models. The PD rats
were randomly assigned to two groups, which included
the bFGF (80 pg/kg/day) group and vehicle control group.
A sham-lesion control was also included. bFGF (Grostre
Biotech Co., Wenzhou, China) in distilled water was
injected via the tail vein for 2 weeks. The rotational
behavior testing of rats was repeated at 1, 2, and 3 weeks
after the first bFGF administration.

Primary hippocampal neurons culture and treatment

Primary hippocampal neuron cultures were established
from the brains of neonatal Sprague-Dawley rats (>4 h).
Hippocampi were dissected from the brains and rinsed in
ice-cold dissection buffer. Blood vessels and white matter
were removed, and tissues were treated with 0.125%
trypsin in Hank’s balanced salt solution for 20 min at
37<C. The whole solution was filtered through stainless
steel (200 mesh, hole-width 95 pm). The cell suspension
was centrifuged twice at 2000 rpm for 10 min, and the cell
pellets were resuspended in the DMEM/F-12 with 20%
fetal bovine serum, 100 U/l penicillin, 100 mg/l
streptomycin and 0.5 mM glutamine. Cells were seeded
at a density of 1-5 x<10%/ml in 96-well plates or coverslips
precoated with poly-L-lysine and kept at 37<C in a 5%
COg incubator. The culture medium was changed after 24
h and again every two or three days thereafter.
Arabinosylcytosine (10 mg/l) was added at 72 h to
prevent the growth of non-neuronal cells. All experiments
were performed at 8-11 days after plating. The purity of
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neurons was measured by staining with anti-microtubule
associated protein 2 (MAP-2) antibody (1:50) using
immunofluorescence staining.

Viability assay

Cells were grown in DMEM medium supplemented with
10% fetal bovine serum and 1% antibiotics and then
incubated in a humidified atmosphere containing 5% CO;
at 37 °C. Primary hippocampal neurons were seeded into
96-well plates and treated with 6-OHDA (50, 100, 150,
200 and 400 pM) for 24 h with or without bFGF (10, 20,
40 and 80 ng/mL). After 24 h incubation, cell viability
was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. During the
final 4 h, MTT (600 mM) was added to the media. Cells
were then washed with PBS (pH 7.4), DMSO was added
to solubilize the formazan crystals, and the absorbance
was measured at 570 nm. Optimal conditions of 150 uM
6-OHDA and 20 ng/ml bFGF were used for subsequent
experiments. To further evaluate the effect of PI3K/Akt
and Erk1/2 activation on oxidative injury, cells were
pretreated for 2 h with specific inhibitors LY294002
(20 uM) and U0126 (20 uM) before the addition of bFGF.
Cell signaling and cell survival were then analyzed.
Pretreatment compounds were not removed from the
media before successive treatment conditions. All
experiments were performed in triplicate.

High-Performance Liquid Chromatography Electrolytic
Conductivity Detector (HPLC-ED) Analysis

Three weeks after the first bFGF administration, 10 rats
were selected from each group for measurement of
monoamine neurotransmitters. To collect samples for off-
line analysis, the microdialysis probes were implanted
into the rat striatum and were perfused with Ringer’s
solution. The samples obtained within the first 90 min
from each rat were discarded from analysis. Subsequently,
the samples were collected and immediately frozen.
Before HPLC-ED analysis and injection, the sample was
thawed at 4<C. DA, 3, 4-dihydroxyphenyl acetic acid
(DOPAC), homovanillic acid (HA), 5-hydroxyindole
acetic acid (5-HIAA), 5-hydroxytryptamine (5-HT),
epinephrine (E), and norepinephrine (NE), were
purchased from Sigma-Aldrich Ltd. (St. Louis, MO,
USA). Liquid chromatography experiments were
performed using an Agilent 1100 HPLC (Agilent
Technologies, Santa Clara, CA, USA), with an Agilent
Eclipse XDB-C18 column (2.1 mm x 150 mm, 5 um
particle, Agilent Technologies, Santa Clara, CA, USA).
The working electrode was a glassy carbon disc electrode
(3 mm in diameter) or an acetylene black nanoparticle
(ABN)-modified electrode. The rat’s corpus striatum was

weighed and placed in a centrifuge tube with 10 ml/g of
0.1 M perchloric acid solution and homogenized on ice.
The soluble fraction was obtained by two cycles of
centrifugation at 12,000 rpm for 10 min and 4 °C. Before
HPLC-ED analysis, the sample was thawed at 4 °C prior
to injection. The standard curve was calculated using
Clarity v.2.6.4.402 software for each sample in various
concentrations of neurotransmitters; GraphPad Prism 5.0
was used for the analysis.

Immunohistochemistry

Three weeks after the first bFGF administration, six rats
were selected from each group, their striata were quickly
dissected and placed on ice immediately after euthanasia,
and immunohistochemistry was performed as described
previously [12, 13]. Briefly, the rats were anesthetized
with 4% choral hydrate (10 ml/kg, intraperitoneal, IP) and
then perfused with 4% paraformaldehyde in a 0.1 M
phosphate buffer. Brains were dissected and post-fixed in
the same fixative overnight at 4 °C. The substantia nigra
was embedded in paraffin and sectioned. To prepare for
staining, the tissue was rehydrated, dewaxed, and antigen
retrieval was performed at a high temperature and
pressure. The sections were then incubated with 3%
hydrogen peroxide for 30 min and then with 1% bovine
serum albumin (BSA) for 30 min at room temperature.
Sections were then incubated overnight with primary
antibodies against CHOP (1:150), GRP78 (1:200),
caspase-12 (1:600) and TH (1:300) at 4 °C. The sections
were then washed with PBS three times and incubated
with  horseradish  peroxidase-conjugated secondary
antibodies for 2 h at 37 °C. Finally, the sections were
incubated with 3, 3-diaminobenzidine (DAB, 5% diluted
with PBS) for 5 min. The saline injection group was
considered the negative control. The results were
analyzed by counting the number of positive cells at 40
magnification using a Nikon ECLPSE 80i (Nikon, Tokyo,
Japan). The optical density of CHOP, GRP78, caspase-12
and TH in the substantia nigra was counted in 5 randomly
selected fields per sample.

Flow cytometry analysis

To quantify the number of apoptotic cells in each group,
primary hippocampal neurons were seeded in 60-mm
plates and were incubated with 150 uM 6-OHDA and
20 ng/ml bFGF for 24 h. The cells were then harvested
after incubation. After triple centrifugation and washing
in cold PBS, cells were re-suspended in 1x<binding buffer,
double-stained with PI/Annexin V-FITC kit (Invitrogen,
Carlsbad, CA, USA) for 15 min at room temperature in
the dark, and the apoptosis level was analyzed using a
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FACScan flow cytometer (Becton Dickinson, Franklin
Lakes, NJ, USA).

Western blot analysis

Brain tissues and primary hippocampal neurons were
homogenized in lysis buffer as described previously [13].
The cultured cells were lysed in a protein extraction
reagent with protease and phosphatase inhibitors. The
equivalent of 50 pg of protein was boiled for 10 min and
resolved by SDS-PAGE using 10% Tris/Tricine gel (Bio-
rad, Hercules, CA) and then transferred onto a PVDF
membrane and processed for immunolabeling the proteins
of interest. Membranes were incubated with the following
antibodies: XBP-1 (1:300), CHOP (1:300), GRP78
(1:300), ATF6 (1:300) and caspase-12 (1:1000 Santa Cruz
Biotech, Santa Cruz, CA, USA) overnight at 4 °C. The
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next day, the membranes were washed three times with
TBST, incubated with secondary IgG-HRP antibodies
(1:3000) for 1 h, and then washed again with TBST.
Lastly, immunoreactive protein bands were visualized
with a ChemiDocTM XRS+ Imaging System (Bio-Rad
Laboratories, Hercules, CA, USA), and band densities
were quantified using Multi-Gauge Software of Science
Lab 2006 (FUJIFILM Corporation, Tokyo, Japan).

Statistical analysis

All values are expressed as the mean £SEM. Data from
at least 3 sets of independent experiments were analyzed
by one-way analysis-of-variance (ANOVA) tests,
followed by a Dunnett’s post hoc test. Values of P < 0.05
were considered significant.
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Figure 1. Effects of bFGF infusions on amphetamine-induced rotation and neurotransmitter levels in the striatum of
PD model rats. (A) Effects of bFGF administration on the apomorphine (APO)-induced ipsilateral rotations measured at 1, 2
and 3 weeks after lesion. **P < 0.01 versus sham group, #P < 0.05 and # P < 0.01 versus PD group. (B), (C), (D) The levels
of monoamine neurotransmitters in the striatum detected by HPLC-ED at 3 weeks post-lesion. **P < 0.01 versus sham group,
#P < 0.05 and #P < 0.01 versus PD group. Values are presented as the mean £SD (n = 10).
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RESULTS

bFGF alleviates 6-OHDA-induced motor dysfunction
and increases the levels of neurotransmitters in PD rats

To evaluate the protective effects of bFGF on 6-OHDA-
induced PD rats, they were injected with exogenous bFGF
through the tail vein every day for 14 days. PD makes rats
rotate from the contralateral side to the affected side in
response to apomorphine. As shown in Fig. 1A, both the
PD control rats and bFGF-treated rats demonstrated this
rotational behavior, whereas the sham group did not.
However, the number of turns for bFGF administered rats
decreased remarkably to just 4.56 +0.83 turns/min by day
21, which was significantly less than that for PD control
rats (P < 0.05).
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In addition, to rule out the possibility that bFGF
exerted a beneficial effect by increasing the monoamine
neurotransmitters in the corpus striatum, HPLC-ECD was
performed to detect these levels. Compared with the sham
group, the levels of neurotransmitters in the PD group,
including dopamine, DOPAC, HVA, NE, E, 5-HT, and 5-
HIAA, decreased remarkably (Fig. 1B-1D). However,
treatment with 80 pg/kg/day bFGF resulted in significant
increases in the levels of DA, DOPAC, HVA, NE and 5-
HIAA. It should be noted that levels of E and 5-HT were
not significantly increased by bFGF. Taken together,
these findings indicate that bFGF alleviates 6-OHDA-
induced motor dysfunction and increases secretion of
some neurotransmitters.

PD+bFGF

PD

PD+bFGF

PD  PD+bFGF

Sham PD  PD+bFGF Sham PD  PD+bFGF

p-ERK1/2 | &

ERK1/2

p-AKT

AKT

B GRPT8
B Cleaved caspase-12
. CHOP
. p-AKT/AKT
m p-ERK/ERK

The levels of protein
expression (% of Sham)

PD

PD+bFGF

Sham

PD PD+bFGF

Figure 2. Effects of bFGF on TH levels and ER stress-related proteins at 3 weeks post-lesion in PD rats. (A)
Immunohistochemistry of TH-positive cells in the right and left nigra. (B) TH levels analyzed by Western blot. **P < 0.01
versus sham group, #P < 0.01 versus PD group. (C) Immunohistochemical analysis of GRP78, CHOP and caspase-12 in the
left nigra. (D) GRP78, CHOP and caspase-12 levels analyzed by Western blot. (E) Erk1/2 and Akt analyzed by Western blot.
**P < (.01 versus sham group, *P < 0.05 and #P < 0.01 versus PD group (n = 6).
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bFGF protects TH-positive neurons and inhibits ER
stress-induced cell death in PD rats

TH staining was performed to evaluate the survival of
dopaminergic neurons. As shown in Fig. 2A, the
cytoplasm and fibers of dopaminergic neurons in the sham
group were intensely stained, and the cellular processes
were evident. In contrast, rats in the PD group showed a
marked loss of dopamine-containing substantia nigra
neurons in the right side, but few TH-positive cells were
detected and the cellular processes were absent for most
cells. bFGF administration resulted in a 3-fold increase in
TH-positive cells showing a cell morphology similar to
those in the sham group (Fig. 2B), indicating that bFGF
could protect dopaminergic neurons from 6-OHDA
neurotoxicity in rats.

To determine whether the neuroprotective effect of
bFGF is related to ER stress, we measured the expression
of ER stress-related proteins. Our immunohistochemical
results indicated that very low levels of ER stress-related
proteins CHOP, GRP78, and cleaved caspase-12 were
present in the cells of the right nigral and corpus striatum
region of the sham group. However, in PD rats, the cells
positive for CHOP, GRP78 and cleaved caspase-12 were
significantly increased in the same regions when
compared with the sham group. Moreover, bFGF
treatment suppressed by more than 50% the activation of
these ER stress-related proteins in PD rats (Fig. 2C). The
expression of CHOP, GRP78 and cleaved caspase-12
were also verified by Western blot analysis. Consistent
with the immunohistochemical results, the protein levels
of CHOP, GRP78 and cleaved caspase-12 were
significantly upregulated in the right nigral region in PD
rats, whereas treatment with bFGF reduced the activation
of ER stress-related proteins when compared with the
respective control group (Fig. 2D).

To further understand the underlying mechanism
behind the effect of bFGF on PD model rats, the activation
of PI3K/Akt and Erk1/2 downstream signals were also
analyzed by Western blot. As expected, bFGF treatment
increased the phosphorylation of Akt and Erk1/2 when
compared with controls (Fig. 2E). Taken together, these
results demonstrate that the protective role of bFGF in PD
is related to the inhibition of ER stress through activation
of the PI3K/Akt and Erk1/2 signaling pathways.

Exogenous bFGF inhibits 6-OHDA-induced apoptosis
in primary hippocampal neurons

Primary hippocampal neurons were treated with 6-OHDA
to mimic the PD model in vitro. There was a dose-
dependent decrease in the viability of primary
hippocampal neurons exposed to 6-OHDA (Fig. 3A). Cell

viability significantly decreased by approximately 45%
and 40% after primary hippocampal neurons cells were
treated with 150 uM 6-OHDA for 24 h. Conversely, cells
treated with various concentrations of bFGF prior to the
addition of 6-OHDA significantly increased cell viability.
It should be noted that we did not observe a dose-
dependent effect on cell proliferation with bFGF
concentrations ranging from 10 ng/ml to 80 ng/ml. (Fig.
3B). To confirm the effect of bFGF on 6-OHDA-induced
apoptosis in primary hippocampal neurons, flow
cytometry was performed. After 24 h of incubation with
150 uM 6-OHDA, the percentage of cells showing early
apoptosis markers increased significantly. Although 6-
OHDA-induced apoptosis was reduced by approximately
70% and 50% by treatment with exogenous bFGF (20
ng/ml), bFGF alone did not display an obvious effect (Fig.
3C, 3D). Changes in nuclear morphology were observed
with Hoechst 33258 staining. The normal nuclei showed
homogeneous staining, bearing regular rounded shapes.
However, following exposure to 150 pM 6-OHDA for 24
h, most cells showed asymmetrical, brightly fluorescent
nuclei, and the number of condensed nuclei also
increased. Collectively, these data indicate that bFGF
inhibits 6-OHDA-induced apoptosis in  primary
hippocampal neurons.

Exogenous bFGF inhibits 6-OHDA-induced ER stress
in primary hippocampal neurons

To determine whether the molecular mechanisms of
bFGF are related to the regulation of ER stress in these
two cell types, the protein expression of ER stress-induced
apoptosis was analyzed using Western blot. As shown
in Fig. 4A, the expression of GRP78, XBP-1, ATF-6,
cleaved caspase-12 and CHOP was significantly
increased in the 6-OHDA incubated cells when compared
with the control group. bFGF treatment alone had no
effect on the level of ER stress response proteins.
However, GRP78, CHOP, cleaved caspase-12, XBP-1
and ATF-6 were down-regulated in the group exposed to
6-OHDA plus bFGF. Furthermore, treatment with bFGF
significantly increased the expression of TH, which was
decreased by 6-OHDA. Taken together, the results
suggest that the protective role of bFGF may involve the
inhibition of ER stress-induced proteins.
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Figure 3. Effects of bFGF on 6-OHDA-induced apoptosis in primary hippocampal neurons. (A) Primary hippocampal
neurons were treated with different concentrations of 6-OHDA for 24 h, and then cell viability was assessed by MTT assay.
(B) Primary hippocampal neurons were treated with 6-OHDA (150 M) and different concentrations of bFGF for 24 h, and
then cell viability was assessed by MTT assay. (C) Primary hippocampal neurons were treated with 6-OHDA (150 M)
and bFGF (20 ng/ml) for 24 h, and then cells were stained with annexin V-FITC/propidium iodide and detected by flow
cytometry; the lower right panel indicates the apoptotic cells. (D) Levels of cell apoptosis. *P < 0.05 versus control group,

**P < 0.01, ***P< 0.001, *P < 0.05 versus 6-OHDA group (n =

The activation of PI3K/Akt and Erk1/2 signals is crucial
for the protective role of bFGF

PI3K/Akt and Erk1/2 pathways are the main downstream
signals of bFGF; therefore, we hypothesized that the
PI3K/Akt and Erk1/2 pathways may be involved in the
downstream effects of bFGF-induced inhibition of ER
stress in the 6-OHDA-induced PD model. As shown
in Figure 4C, an increase in p-Akt and p-Erk1/2 was
observed in both primary hippocampal neurons exposed

3).

to 6-OHDA when compared with control cells. Pre-
treatment with bFGF significantly increased the activation
of the PI3K/Akt and Erkl/2 pathways in the primary
hippocampal neurons exposed to 6-OHDA (Figure 4C,
4D). These data suggest that both the PI3K/Akt and
Erk1/2 pathways are involved in the protective effect of
bFGF.

To demonstrate the molecular mechanisms of bFGF
in the ER stress-induced cell apoptosis model, two classic
signal inhibitors, LY 294002 for PI3K/Akt and U0126 for
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Erk1/2, were added to the cell model. Neither of these
inhibitors affected cell death when used. [14,15] The
activation of XBP-1, GRP78, ATF-6 and cleaved caspase-
12 by 6-OHDA treatment was inhibited by the addition of
bFGF; however, this protective effect was abolished by
LY294002 and U0126. The levels of TH, p-Akt and p-
Erk1/2 also increased with bFGF treatment and decreased
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with the addition of the inhibitors (Fig. 5A-5E).
Moreover, as shown in Fig. 6, the addition of LY 294002
or U0126 significantly increased cell apoptosis when
compared with the bFGF group. These results suggest that
the protective effect of bFGF is mediated by both the
PI3K/Akt and Erk1/2 signaling pathways.
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Figure 4. Effect of bFGF on 6-OHDA-induced ER stress and Erk/Akt phosphorylation in primary hippocampal
neurons. (A) Primary hippocampal neurons were treated with 6-OHDA (150 pM) and bFGF (20 ng/ml) for 24 h. Cells were
then collected, and ATF6, GRP78, XBP-1, caspasel2, CHOP were analyzed by Western blot. (B) Optical density analysis
of ER stress-related proteins. (C) p-Erk1/2, Erk1/2, p-Akt and Akt were analyzed by Western blot. (D) Optical density analysis
of p-Erk/Erk and p-Akt/Akt. *P < 0.05 and **P < 0.01 versus control group, *P < 0.05 versus 6-OHDA group (n = 3).
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DISCUSSION

The main pathological features of PD include the
degeneration of the dopaminergic neurons in the SNpc
and the formation of Lewy bodies, which consist of a-
synuclein aggregates. Growing evidence from clinical
studies of PD patients and genetic and toxicology animal
models indicate that ER stress is a common feature of the
disease and contributes to neurodegeneration [16,17]. A
previous study that examined the brains of PD patients
showed higher levels of phosphorylated PErk and
downstream to eIF2a [18]. In another study, 6-OHDA and
MPP+ were found to increase the phosphorylation of UPR
proteins, XBP-1, P-Erk and elF2a in an MN9D cell line
[19]. Grp78 and CHOP are well-known indicators of ER

bFGF

A A ®© B

stress, and their increased levels indicate ER stress
induction; moreover, the CHOP pathway is a major
regulator of ER stress-induced apoptosis, as CHOP~~
cells exhibit a lower frequency of programmed cell death
[20]. CHORP is the initial signal that triggers the apoptosis
pathway, and it represses the promoter of the bcl-2 gene,
which renders cells sensitive to the pro-apoptotic effects
[21,22]. In this study, we investigated ER stress induced
by 6-OHDA in vivo and in vitro. As reported in previous
studies [23,24], we found that exposure to 6-OHDA
decreased TH expression. We also found that cell viability
decreased with increased expression of GRP78, CHOP
and caspase-12, suggesting that ER stress plays a potential
role in 6-OHDA-induced neuron death in PD models.
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Figure 5. Inhibition of PI3K/Akt and Erk1/2 pathways partially attenuates the reduction of the ER stress by bFGF in
primary hippocampal neurons. (A) Primary hippocampal neurons were treated with or without the specific inhibitors
LY294002 (20 pM) and U0126 (20 uM). Cell lysates were then analyzed by Western blotting for the expression of p-Akt,
Akt, p-Erk, Erk, GRP78, XBP-1, ATF6, cleaved-caspase-12, and TH. Bar diagrams of (B) p-Akt/Akt and p-Erk/Erk; (C)
GRP78, XBP-1, and ATF6; (D) cleaved caspase-12 and CHOP; and (E) TH from three Western blot analyses. *P < 0.05

versus control group, #*P < 0.05 versus 6-OHDA group (n = 3).

It should be noted that 6-OHDA can also cause
mitochondrial damage that can trigger many different
cellular pathological pathways, including ER stress. The
possible underlying mechanism of neurotoxicity induced
by 6-OHDA may be related to oxidative stress and

mitochondrial respiratory dysfunction, which is caused by
the production of hydroxyl radicals during autoxidation
[25] and the inhibition of complex I [26], resulting in
excessive oxidative stress and eventually neuronal death.
In fact, ER stress is closely related to oxidative stress [27]
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and mitochondrial damage in PD models. ER stress can
lead to oxidative damage by activating oxidative protein
folding enzymes, such as ERO1, which participates in
protein disulfide bond formation during protein refolding
in the ER to relieve ER stress [28]. ER stress can also
induce mitochondrial damage, resulting in a bioenergetic
deficit and mitochondrial fragmentation. Conversely,

mitochondrial stress can induce ER stress, which is
reflected by the induction of UPR [29]. Therefore, we
focus on 6-OHDA-induced ER stress signaling pathways
in this study. However, further studies are required to
identify the precise function of communication between
the ER and mitochondria in 6-OHDA-induced PD model.
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Figure 6. Inhibition of PI3K/Akt and Erk1/2 pathways partially impairs the protective effects of bFGF in 6-OHDA-induced
primary hippocampal neurons. (A) Primary hippocampal neurons were collected and stained with annexin V-FITC/PI and detected
by flow cytometry; the lower right panel indicates apoptotic cells. (B) Cell apoptosis levels from three separate experiments. ***P <

0.001 versus control group, *P < 0.05 versus 6-OHDA group (n = 3).

With the relationship between ER stress and PD
confirmed, finding new targets for the treatment of PD
based on ER stress-related mechanisms has become a hot
topic for research. In organotypic hippocampal slice
cultures, mithramycin was found to provide resistance to
ER stress-induced neurotoxicity [30]. Takano et al.
demonstrated that methoxyflavones could protect cells
against ER stress caused by neurotoxins in PD models
[31]. We previously showed that bFGF could protect
against oxidative injury or ischemia/reperfusion injury in
stroke and spinal cord injury that were related to the
inhibition of ER stress-induced neurocyte apoptosis [12,
13]. In the present study, the levels of these ER stress-
induced apoptosis proteins were assessed following
dopaminergic neuronal injury to investigate the
mechanistic benefit of bFGF in PD. A suitable
concentration of bFGF also suppressed the upregulation
of ER stress response proteins and significantly decreased

6-OHDA-induced cell apoptosis. We also detected an
increase in the ER stress response proteins GRP78,
CHOP, caspase-12 in the cytoplasm and fibers of
dopaminergic neurons in PD rats. Moreover, treatment
with bFGF demonstrated a protective effect by increasing
TH-positive neuron cells and increasing locomotor
activity in the PD rats. These results indicate that ER
stress was involved in PD and could be inhibited by
exogenous bFGF administration.

In this study, an ABN-modified electrode was used
for HPLC-ED, which has excellent catalytic activity for
the oxidation of monoamine neurotransmitters and their
metabolites, as well as a relatively high sensitivity,
stability, and long life [32]. Our results indicated that 6-
OHDA reduced the levels of neurotransmitters in PD rats.
However, bFGF reduced the down-regulation of
dopamine, DOPAC, HVA, NE and 5-HIAA, suggesting
that bFGF exerts neuroprotective activity in this PD
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animal model. This study provides valuable information
towards performing neurochemical measurements of
monoamine neurotransmitters and their metabolites in the
striatum of conscious and freely moving PD rats. We
found that these levels could be easily assessed when
combined with in vivo microdialysis.

The PI3K/Akt and Erk1/2 pathways are two main
downstream signaling pathways activated by bFGF. The
PI3K/Akt pathway is necessary for mediating the trophic
factor-induced survival of several neuronal cell types
[33]. Activated Erk kinase has also been shown to induce
the neuronal transdifferentiation of dopaminergic neuron
cells [34,35]. For instance, Akt and Erk phosphorylates
the pro-apoptotic Bcl-2 family member Bax and thereby
inhibits its pro-apoptotic functions [36,37]. Although
PI3K/Akt and Erk1/2 signal activation is generally
considered to be prosurvival, the role of the PI3K/Akt and
MAPK/Erk cascades towards the protective effects of
bFGF and ER stress in 6-OHDA-induced PD models
requires further characterization. In the present study,
bFGF showed a neuronal protective effect in a PD rat
model and in 6-OHDA-induced primary hippocampal
neurons via the activation of both PI3K/Akt and Erk1/2
signals, which was consistent with the findings of Hsuan
et al. and Clough et al. [11,38]. To further confirm that
these two pathways are essential for the protective effect
of bFGF, we used the PI3K/Akt inhibitor LY294002 or
the Erk1/2 inhibitor U0126 to treat primary hippocampal
neurons and showed that they abolished the anti-apoptotic
effects of bFGF. We found it interesting that Akt
inhibition greatly upregulated Erk1/2 phosphorylation in
the presence of bFGF (Fig. 5A), and we speculate that Akt
inhibition may provide partial compensation of Erk1/2
signals. Moreover, these inhibitors reversed the levels of
the ER stress response proteins CHOP, cleaved caspase-
12, XBP-1 and ATF-6 attenuated by bFGF in 6-OHDA-
induced primary hippocampal neurons, suggesting that
the activation of Akt and Erk is essential for bFGF
inhibition of ER stress in PD. Some studies suggest that
this may be related to the translocation of Bim to the ER
in response to ER stress, which is an important
mechanism for the activation of caspase-12 and the
initiation of ER stress-induced apoptosis [39]. However,
further studies are necessary to elucidate whether the
protective effect of bFGF and activation of the PI3K/Akt
pathway are also mediated by reduction of Bim
translocation to the ER. ER stress knock-out mice could
help to address this question.

bFGF has generated considerable excitement as a
promising therapy for neurodegenerative diseases,
including PD [11], Huntington’s disease [40] and
Alzheimer’s disease [41]. bFGF appeared to be
efficacious in two Phase Il clinical trials for stroke, but
failed in the large scale Phase 11 trial [42, 43]. The issue

also arises that bFGF is highly unstable and undergoes
rapid enzymatic degradation, resulting in the loss of
biological activity. Our lab used gelatin nanostructured
lipid carriers that mediated intranasal delivery of bFGF to
the brain, and they displayed a good safety profile and an
obvious therapeutic effect in PD [44]. Intravenous bFGF
can penetrate the blood-brain barrier (BBB) in an
ischemia-reperfusion animal model [45], though it may
not cross the BBB in PD model [46]. Thus, our lab used
modified bFGF by covalently attaching polyethylene
glycol (PEG) polymers to improve their superior
pharmacological activity. This addition resulted in greater
permeability through the BBB and better in vivo stability
compared to native bFGF [47]. Additional studies are
needed to explore the appropriate therapeutic window,
dosage, and combinations with other therapeutic agents or
with biomaterials, which may improve the efficacy of
bFGF.

It should be noted that our group also reported that
acidic fibroblast growth factor (FGF-1, aFGF) can
effectively improve monoamine neurotransmitter levels
and improve the symptoms of PD [48]. Administration of
aFGF also significantly reduced damage to 6-OHDA-
induced PD and inhibition of ER stress-induced cell
apoptosis. However, compared with aFGF, bFGF may
play more important roles in PD. First, the volumes of the
substantia nigra were enlarged in both bFGF-/- and in
bFGF transgenic mice, suggesting that bFGF is required
for establishing the proper number of DA neurons and a
normal sized substantia nigra during development [49].
Second, astrocyte-derived bFGF is required for regulation
of DA differentiation of stem cells and may provide a
strategy for targeting astrocytes for the treatment of PD
[50]. Third, the neuroprotective effects of bFGF might be
caused by directly promoting endothelium-derived
upregulation and secretion of neuronal trophic factors,
such as brain-derived neurotrophic factor (BDNF) [51]
and nerve growth factor (NGF). Thus, bFGF
exhibits greater potential for clinical applications in PD
than aFGF.

Conclusion

In summary, the present study demonstrated that bFGF
significantly ameliorated 6-OHDA-induced brain injury,
as evidenced by improvements in the rotational test
(apomorphine-induced circling) and pathological lesions
in TH-positive substantia nigra neurons. Furthermore,
bFGF reduced ER stress-induced apoptosis through
activation of the PI3K/Akt and Erk1/2 pathways. Our
study provides new evidence to support therapeutic
strategies for PD in which bFGF is used to target ER
stress. More effort is required to expound the detailed
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mechanisms and develop an effective drug delivery
system to fully realize the clinical potential of bFGF.
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