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Abstract: Brain injury secondary to birth asphyxia is the major cause of death and long-term disability in newborns.
Intranasal drug administration enables agents to bypass the blood-brain barrier (BBB) and enter the brain directly.
In this study, we determined whether intranasal basic fibroblast growth factor (bFGF) could exert neuroprotective
effects in neonatal rats after hypoxic-ischaemic (HI) brain injury and assessed whether attenuation of endoplasmic
reticulum (ER) stress was associated with these neuroprotective effects. Rats were subjected to HI brain injury via
unilateral carotid artery ligation followed by 2.5 h of hypoxia and then treated with intranasal bFGF or vehicle imme-
diately after Hl injury. We found that the unfolded protein response (UPR) was strongly activated after HI injury and
that bFGF significantly reduced the levels of the ER stress signalling proteins GRP78 and PDI. bFGF also decreased
brain infarction volumes and conferred long-term neuroprotective effects against brain atrophy and neuron loss
after HI brain injury. Taken together, our results suggest that intranasal bFGF provides neuroprotection function
partly by inhibiting HI injury-induced ER stress. bFGF may have potential as a therapy for human neonates after
birth asphyxia.
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Introduction

An alarming rise in neonates suffer from birth
asphyxia has created a substantial health and
economic burden worldwide [1]. An estimated 4
to 9 million new-borns are diagnosed as
asphyxia each year, along with approximately
1.2 million deaths and the same number of
infants with severe disabilities [2, 3]. Hypoxic-
ischemia (HI) encephalopathy is one of the
leading causes of neurological disabilities.
Several long-term neurological or cognitive dis-
abilities related to HI encephalopathy include
cerebral palsy, epilepsy and mental retardation
[4-6]. However, an effective therapeutic app-
roach mitigating HI encephalopathy, especially
in the developing countries, has not been
established.

The endoplasmic reticulum (ER) is an intracel-
lular organelle, characterized a network of
membrane-enclosed sacs and tubules, found in
eukaryotic cells. Both physiological and patho-
logical functions of ER have been studied exten-
sively. While ER is responsible for production of
proteins and lipids, ER stress induces activa-
tion of the unfolded protein response (UPR),
which resets ER homeostasis by enhancing pro-
tein folding, reducing protein translation and
increasing ER associated degradation [7].
Several physiological triggers, such as HI [8],
depletion of ER Ca?* stores [9], free radicals
[10], and elevated unfolded or misfolded pro-
tein levels [11], have been identified to activate
the UPR. It is important to understand that the
UPR is triggered to allow the cells to restore
homeostasis by regulating cell growth, differen-
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tiation and apoptosis. Previous studies have
demonstrated that ER stress-induced injury is
associated with activation of glucose-regulated
protein 78 (GRP78), protein disulfide isomerase
(PDI), EBP homologous transcription factor
(CHOP), X-box binding protein 1 (XBP-1), and
transcription factor-6 (ATF-6) [12-15]. If the ER
stress is chronically prolonged and the adap-
tive mechanism fails, tissue injury manifested
by cellular dysfunction and cell death often
occurs during HI [16, 17]. Thus, it has been
hypothesized that the ER stress initiates exten-
sive neuronal cell death and malfunction, and
this pathological mechanism may contribute to
the neonatal HI injury.

Basic fibroblast growth factor (bFGF or FGF-2) is
a member belongs to the fibroblast growth fac-
tor family, which is implicated in a diverse bio-
logical function, including cellular proliferation,
differentiation and survival during development
[18-20]. Several lines of evidence had highlig-
hted that bFGF played an essential role in neu-
rotropic activities, including neural stem cell
maintenance and proliferation, in the subven-
tricular zone of neonatal rat brains [21]. Fur-
thermore, neural stem/progenitor cell trans-
plantation improved brain function after cere-
bral ischaemic injury, and such protective effect
was further enhanced by bFGF, in which inc-
reased NSCs/neural progenitor cell prolifera-
tion and functional recovery were observed in
transplanted rats [22]. Although the beneficial
effect has been well documented, the molecu-
lar mechanisms underlying the therapeutic
effects of bFGF in neonatal HI recovery are still
undefined. In this study, we sought to examine
the molecular mechanisms by which bFGF miti-
gated ER stress-induced brain injury in neona-
tal rats.

Materials and methods
Reagents and antibodies

Dulbecco’s modified Eagle medium (DMEM)
and foetal bovine serum (FBS) were purchased
from Invitrogen (Invitrogen, Carlsbad, CA). Re-
combinant human basic fibroblast growth fac-
tor (bFGF) was purchased from Key Laboratory
of Biotechnology and Pharmaceutical Engin-
eering, Zhejiang, China. Hyaluronidase and 2,
3, b-triphenyltetrazolium chloride (TTC) (dis-
solved in PBS) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Primary antibodies
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against ATF6, GRP78, PDI, XBP-1, ATF4, cas-
pasel2 and caspase3 were purchased from
Abcam (Cambridge, MA, USA). Anti-actin, CHOP,
microtubuli associated protein 2 (MAP-2) and
myelin basic protein (MBP) were acquired from
Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The appropriate secondary antibodies
were obtained from Santa Cruz Biotechnology
or Abcam.

Animals and surgical procedures

Sprague-Dawley (SD) rats were purchased from
the Animal Centre of the Chinese Academy of
Sciences. Adult rats were crossed to give new-
borns for subsequent studies. All animal work
was performed under the animal use and care
protocol conformed to the Guide for the Care
and Use of Laboratory Animals from the
National Institutes of Health and Wenzhou
Medical University. The day of delivery was con-
sidered day O for the pups. Neonatal rats were
maintained in an environment of constant tem-
perature and regular 12-h day, 12-h night cycles
with access to food and water. The model used
in this study was adapted from the study by
Vannucci R.C. et al [23]. On postnatal day 7
(P7), the pups underwent unilateral ligation of
the left common carotid artery via a midline
neck incision after anaesthesia with diethyl
ether. After ligation, the wound was sutured,
and they were allowed to recover for 2 h before
exposed to humidified nitrogen-oxygen mixture
(92% and 8%, respectively, delivered at 3-4 L/
min) for 2.5 h. The chamber was partially sub-
merged in a 37°C water bath to maintain a con-
stant thermal environment. Sham animals
received anaesthesia, and their common carot-
id arteries were exposed but were not subject-
ed to ligation. After the neonatal HI model was
established, pups were administered bFGF or
saline and returned to their dams for subse-
quent experiments.

Intranasal administration

Neonatal rats were randomly assigned to the
treatment group receiving intranasal bFGF or
the sham group receiving saline. bFGF was pre-
pared by dissolving in 0.9% saline solution (100
pg/ml) and stored at -20°C for future use. bFGF
or saline was administered as drops to the nos-
trils (100 ng/g) immediately after HI injury.
Before bFGF administration, each neonatal rat
was given hyaluronidase (Sigma-Aldrich) to
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increase the permeability of bFGF to the CNS.
Each rat was held ventral-side up, and a small-
modified 27-French catheter was inserted into
either nare. bFGF or saline was slowly adminis-
tered, and the rats were held for 1-2 min to
ensure absorption. Then, bFGF or saline was
administered twice a day until postnatal day 14
(P14).

Cell culture

PC12 cells were purchased from the Type
Culture Collection of the Chinese Academy of
Sciences, Shanghai, China. Cells were grown in
DMEM supplemented with 10% FBS and 1%
antibiotics and then incubated in a humidified
atmosphere containing 5% CO, at 37°C. PC12
cells were pretreated with bFGF (50 ug/ml) for
2 h. All experiments were performed in
triplicate.

Immunohistochemistry and antibodies

Freshly cut, free-floating brain sections (5 ym
thick) from P14 rats were prepared. Sections
were incubated with 3% H,O, in methanol for
10 min, followed by blocking with 5% BSA in
PBS at 37°C for 30 min [24, 25] and incubating
with primary antibodies (1:200 for MAP-2 or
1:200 for MBP) at 4°C overnight. Sections were
then washed with PBS and incubated with an
appropriate secondary antibody donkey anti-
rabbit (1:1000; Abcam) or donkey anti-goat
(1:300; Santa Cruz, CA, USA) at 37°C for 1 h
[26]. Nuclei were counterstained with 4, 6-di-
amidino-2-pheny-lindole (DAPI) [27]. The imag-
es of MAP-2 and MBP were visualized using a
Nikon ECLIPSE Ti microscope (Nikon, Tokyo,
Japan). The extent of tissue damage was deter-
mined by calculating the amount of surviving
tissue in each section. Briefly, brain damage
was analyzed using the ImageJ software (http://
imagej.nih.gov/ij/) by outlining both hemi-
spheres on full section images. The ipsilateral
MAP-2 area loss was measured as [1-(area ipsi-
lateral MAP-2 staining/area contralateral
MAP-2 staining)] x100. The MBP area was
determined as same as the calculation method
of the MAP-2 area loss.

Measurement of infarct ratio

TTC staining was used to measure infarct vol-
umes as previously described [28]. In brief, ani-
mals were perfused with saline under deep
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anaesthesia at 24 h after HI brain injury. Brains
were isolated, sectioned into 2 mm slices, and
then immersed in 1% TTC solution at 37°C for
15-20 min, followed by 4% paraformaldehyde.
Images were captured, and infarct volumes
were analyzed using the Image) software
(http://imagej.nih.gov/ij/) by outlining both he-
mispheres on full section images.

Haematoxylin-eosin and Nissl staining

For HE and Nissl staining, brain sections from
the P14 rats were hydrated using a Haemato-
xylin-eosin (HE) Staining Kit (Beyotime) or Nissl
staining solution (Beyotime) for 10 min at room
temperature. After being rinsed with double
distilled water, sections were dehydrated and
mounted with Mowiol. Images of the cortex and
CA1 area of the hippocampus were captured
accordingly. Quantitation was performed by
counting the number of normal neurons in five
randomly chosen fields within each slide at
400x magnification using a Nikon ECLIPSE Ti
microscope. The average cell density was cal-
culated as the ratio of the overall normal neu-
rons number to the total area of the chosen
field.

Apoptosis assay

For in vivo studies, DNA fragmentation was
detected using an In Situ Cell Death Detection
Kit (Roche, South San Francisco, CA, USA).
According to the standard protocol, brain sec-
tions from the P14 rats were deparaffinized
and rehydrated, which followed by an incuba-
tion with proteinase K (20 pg/ml) at 37°C for
15 min. For in vitro studies, cells were incubat-
ed in 3% H,0, for 2 min with subsequent wash-
es with PBS for three times. After washing, sec-
tions were incubated with TUNEL reaction
mixture with terminal deoxynucleotidyl trans-
ferase (TdT) at 37°C for 60 min under humidi-
fied condition, and nuclei were stained with
DAPI. Negative controls were obtained by omit-
ting the TdT enzyme. Images were captured by
using a Nikon ECLIPSE Ti microscope and were
analysed by using Imagel software. Apoptotic
cells were characterized by green fluorescence
of the nucleus and nuclear membrane accord-
ing to the manufacturer’s protocol. Quantitation
was performed by counting the number of posi-
tive cells in five randomly chosen fields within
each slide at 400x maghnification. The index of
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Figure 1. bFGF protects against brain infarction and improves histological recovery after neonatal Hl injury. A. TTC
staining of the sham rats, HI rats and Hl rats treated with bFGF. B. Quantification of the TTC content of the brain (%).
C. HE staining of the cortex and hippocampus on the lesioned (ipsilateral) and unlesioned (contralateral) sides in HI
rats and Hl rats treated with bFGF at 1 week after HI. “represents P<0.05 versus the sham group, and *represents

P<0.01 versus the HI group. All data represent the mean value + SEM, n=4.

apoptosis was calculated as the ratio of the
overall number of apoptotic cells to the total
number of cells.

Immunofluorescence staining

Brain sections obtained at 24 h after HI were
incubated with 5% BSA at 37°C for 30 min in
PBS. Sections were then incubated with the
appropriate primary antibody overnight at 4°C
in the same buffer. Nuclei were stained with
DAPI for 5 min at room temperature and mount-
ed with Mowiol [24, 25]. For ER stress detec-
tion, brain sections were prepared as previous-
ly described, and primary antibodies against
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GRP78 (1:500, Abcam) and PDI (1:500, Abcam)
were used. After primary antibody incubation,
sections were washed and then incubated for 1
h with the appropriate secondary antibody
(1:1000; Invitrogen Corporation, Carlsbad, CA,
USA) [26]. Images were captured by using a
Nikon ECLIPSE Ti microscope at 600x magnifi-
cation and were analysed by using Imagel
software.

Western blot analysis

PC12 cells were lysed in protein extraction
reagent with protease and phosphatase inhibi-
tors. For in vivo studies, animals were eutha-
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Figure 2. bFGF inhibits neuronal cell death after HI brain injury. Coronal brain sections were obtained from the sham
group, HI group and bFGF-treated group at 1 week after HI. A. Nissl staining pictures of the cortex and hippocampus
of the lesioned (ipsilateral) side are shown. B. Analysis of neuron numbers in the boxes of the cortex in different
groups. ‘represents P<0.01 versus the sham group, and *represents P<0.05 versus the HI group. C. Analysis of
the neuron numbers in the sections of the hippocampus in different groups. “represents P<0.01 versus the sham

group. All data represent the mean value £ SEM, n=4.

nized at 24 h after hypoxia and were subjected
to perfusion with ice-cold 0.9% NaCl after
decapitation. Total proteins were isolated from
the hippocampus using mammalian tissue
extraction reagent according to the manufac-
turer’'s protocol. An equal amount of protein
was fractionated by 12% SDS-PAGE and trans-
ferred onto a PVDF membrane (Bio-Rad, Her-
cules, CA). Membranes were blocked with 5%
skim milk for 1.5 h at room temperature and
were subsequently incubated with the primary
antibodies, including GRP78 (1:1000), ATF6
(1:1000), PDI (1:1000), ATF4 (1:1000), XBP-1
(1:1000), CHOP (1:300), caspasel?2 (1:1000)
and caspase3 (1:1000) at 4°C overnight. In the
following day, membranes were washed with
TBST for 3 times and incubated with appropri-
ate HRP-conjugated secondary antibodies at
room temperature for 1 h [29, 30]. Proteins
were detected by the ChemiDocTM XRS+
Imaging System (BioRad) and signal intensities
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were densitometrically quantified by Image J
software (National Institutes of Health, Be-
thesda, MD, USA).

Statistical analysis

Data are expressed as the mean + SEM from
three independent experiments. Statistical sig-
nificance was determined using Student’s t-test
if comparing only two experimental groups or
one-way ANOVA followed by Dunnett’s post hoc
tests if analysing more than two groups.
Differences were considered to be statistically
significant when P<0.05.

Results

bFGF-induced brain recovery is associated
with increased neuronal survival after HI brain
injury in rats

We first examined whether treatment of bFGF
protected against neonatal Hl-induced brain

Am J Transl Res 2017;9(2):275-288
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Figure 3. bFGF attenuates neuronal apoptosis and the caspase cascade in the injury areas of rats after HI. A. TUNEL
immunofluorescence (green) and DAPI (blue) staining of sections from the cortical area of the lesioned side in each
group. B. Protein expression levels of cleaved caspase3 in the brains of the sham rats, HIl rats and HI rats treated
with bFGF. C. Optical density analysis of cleaved caspase3 protein. “represents P<0.01 versus the sham group, and
*represents P<0.05 versus the HI group. D. Quantitative analysis of TUNEL staining data from A. The percentage
of TUNEL-positive cells was expressed as the number of TUNEL-stained nuclei divided by the total number of DAPI-
stained nuclei. “represents P<0.01 versus the sham group, and #represents P<0.05 versus the HI group. All data

represent the mean value + SEM, n=4.

injury in vivo. bFGF was administered immedi-
ately after hypoxia, and the severity of brain
injury was determined at 24 h after HI by evalu-
ating the infarct volume via TTC staining.
Treatment of bFGF significantly attenuated
post-HI brain infarction, reducing the infarct vol-
ume by 13% in bFGF-treated HI animals as
compared to their vehicle-treated Hl littermates
(P<0.05, Figure 1A, 1B). While extensive tissue
damages in the ipsilateral cerebral cortex and
hippocampus were noticed in the HI group 7
days after brain injury, no observable tissue
injury was found in contralateral cerebral tis-
sue. When compared with the HI group, treat-
ment of bFGF significantly reduced necrosis,
nuclear pyknosis and fragmentation, and infil-
tration of polymorphonuclear leukocytes and
macrophages, which mediated a neuroprotec-
tive effect against brain injury in neonatal rats
(Figure 1C).

Previous studies had shown that Hl-induced
brain injury was associated with an extensive
neuronal death occured in different areas of
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the brain, such as the cortex and hippocampus
[31, 32]. We showed that bFGF attenuated
brain infarction after HI injury, thus we postu-
lated that such protective effect was attributed
to reduced neuronal loss. Nissl staining was
used to study morphology and pathology
changes of neuronal tissue. It showed that
healthy neurons which were characterized by
round, pale-stained nuclei with scattered Nissl-
stained bodies were throughout the cerebral
cortex and hippocampus in the sham group.
However, HI injury induced pyramidal neuron
death in the cerebral cortex and hippocampus
CA1 regions 7 d after injury, which was signifi-
cantly reduced by bFGF treatment (Figure 2A).
These findings suggest that bFGF administra-
tion protects neuronal survival and mediates
tissue recovery in the brain after Hl-induced
injury.

Treatment of bFGF attenuates neuronal cell
death after HI-induced brain injury in rats

Neuronal cell apoptosis was quantified by TU-
NEL staining. As shown in Figure 3A, increased

Am J Transl Res 2017;9(2):275-288
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Figure 4. The effects of bFGF on ER stress-related proteins in the brains of rats after Hl injury. A. Immunofluores-
cence staining of GRP78 in the cortical region in the sham group, HI group and bFGF-treated group at 1 week after
HI. The nuclei were labelled by DAPI. B. Optical density analysis of GRP78 in each group. “represents P<0.01 versus
the sham group, and #represents P<0.05 versus the HI group. C. Protein expression levels of the ER stress markers
ATF-6, GRP78, XBP-1, ATF-4, CHOP and caspase12 in the sham rats, Hl rats and HlI rats treated with bFGF. D. Quan-
tification of western blot data from C. “represents P< 0.05 versus the sham group, and #represents P<0.05 versus
the HI group. All data represent the mean value + SEM, n=4.

TUNEL-positive neuronal cell were detected in
the ipsilateral cerebral cortex at 7 d post-HlI
brain injury in neonatal rats as compared with
the sham group (P<0.05). bFGF administration
significantly decreased TUNEL-positive cells in
the brain sections of the bFGF-treated HI group
(P<0.05). Increased neuronal apoptosis was
further corroborated by western blotting analy-
ses and showed that the protein level of cleaved
caspase3 was decreased significantly in the
bFGF-treated group as compared with the HI
group treated with vehicle (Figure 3B). Our data
support that bFGF administration reduces neu-
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ronal apoptosis and decreases the activation
of caspase 3 protein.

Treatment of bFGF inhibits ER stress-related
protein expression in neonatal rats after HI-
induced brain injury

Based on the results obtained from aforemen-
tioned results and previous studies, we hypoth-
esized that the neuroprotective effects of bFGF
were mediated by inhibition of ER stress. We
measured ER stress proteins by western blot-
ting and immunofluorescence staining. Our
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resentative western blot and quantification data of the ER stress marker PDI in the sham group, HI group and HI
bFGF-treated group. “represents P<0.05 versus the sham group, and *represents P<0.05 versus the HI group. C.
Optical density analysis of PDI from A. “represents P<0.01 versus the sham group, and #represents P<0.01 versus

the HI group. All data represent the mean value + SEM, n=4.

results indicated that protein levels of ATF-6,
GRP-78, XBP-1, ATF-4, CHOP and cleaved cas-
pasel2 were significantly up-regulated in the
brains of HI rats. However, bFGF treatment
markedly decreased expression of these pro-
teins suggesting the ER stress was down-regu-
lated in the Hl rat brains (Figure 4C). These find-
ings were consistent with immunofluorescen-
ce results which demonstrated that abundant
GRP78-positive and PDI-positive cells were
observed in the cortex of vehicle-treated HI
rats, while significantly reduced GRP78 and PDI
staining was found in the same regions of the
brain sections from bFGF-treated rats (Figures
4A, 5A). These results demonstrate that bFGF
effectively attenuates the ER stress in neonatal
rats after HI injury.

Intranasal bFGF treatment preserves the brain
structure in neonatal rats after Hl-induced
brain injury

We showed that bFGF provided short-term (1
day) protection against HI brain injury in neona-
tal rats. To examine whether bFGF treatment
improve long-term outcomes in neonatal rats
after Hl-induced brain injury, the brain struc-
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ture was studied at 7 d post-HI injury. Severe
degree of brain atrophy and subsequent loss of
brain mass were occurred in the left cerebral
hemisphere in neonatal rats at 7 d after Hl
(Figure 6A). Interestingly, intranasal adminis-
tration of bFGF twice a day for 7 consecutive
days significantly reversed these injuries. Our
immunohistochemical staining also revealed
that MAP-2, a biomarker of neuronal damage or
grey matter injury, and MBP, a measure of oligo-
dendrocyte loss or white matter injury, were
rarely found in the brain of HI group, but intra-
nasal administration of bFGF significantly
reduced neuronal loss (vehicle group 53+10.7
vs. bFGF group 26+11.1, P<0.05) and oligoden-
drocyte loss (vehicle group 50+9.7 vs. bFGF
group 27+10.8, P<0.05) at 7 d after HI. Taken
together, these results demonstrate potent
neuroprotective effects of bFGF and it could be
used to treat Hl injury in rats.

Treatment of bFGF reduces oxygen-glucose
deprivation (OGD)-induced cell death and ER
stress in PC12 cells

TUNEL assay was used to characterize cell
death in OGD-treated PC12 cells. As shown in

Am J Transl Res 2017;9(2):275-288
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Figure 6. bFGF exerts long-term protective effects on brain structures after neonatal Hl injury. Rats were treated with
bFGF twice a day for 7 d after HI, and their brains were obtained at 1 week post-HI. A. Representative brain images
of the sham rats, HI rats and HI rats treated with bFGF. B. Representative images of immunohistochemical staining
for MAP-2 and MBP. C. Quantification of ipsilateral MAP-2 area loss. “represents P<0.01 versus the sham group, and
*represents P<0.05 versus the HI group. D. Quantification of ipsilateral MBP area loss. “represents P<0.01 versus
the sham group, and #represents P<0.05 versus the HI group. Area loss was measured as 1-(ipsi-/contralateral
MAP-2-positive or MBP-positive area). All data represent the mean value + SEM, n=4.

Figure 7A, there were few apoptosis-positive
cells in the sham group, but the number of
apoptotic cells was markedly increased after
24 h of the OGD challenge. Less TUNEL-positive
PC12 cells in the OGD+bFGF group suggested
that bFGF reduced cell death in vitro. Fur-
thermore, protein level of cleaved caspase3
decreased significantly in the bFGF-treated
group when compared with the OGD group
(Figure 7B). To further investigate whether
bFGF mitigated the ER stress in PC12 cells, the
ER stress proteins were measured via western
blot analyses in PC12 cells at 24 h after OGD
stimulation. As expected, protein levels of
GRP78, CHOP, ATF-4 and PDI were significantly
higher in the OGD group as compared to the
control group. Moreover, treatment of bFGF can
effectively down-regulated these ER stress-
related protein levels (Figure 8). Taken togeth-
er, our data suggest that the protective effects
of bFGF may involve inhibition of ER stress-
related proteins.

Discussion

Neonatal HI brain injury is a leading cause of
morbidity and mortality. Current therapeutic
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options for this disease are rather limited, as
many drugs have disappointed us in human tri-
als although they were shown to be effective in
preclinical animal studies. In this study, we
sought to demonstrate that intranasal bFGF is
a promising therapeutic strategy to protect
against Hl-induced brain injury in neonatal rats,
which may provide further insight in developing
an effective therapeutic approach treating neo-
natal HI brain injury in humans. One of the big-
gest hurdles is that most systemic medications
do not cross the blood-brain barrier (BBB) to
the CNS. Nevertheless, intranasal administra-
tion has emerged as a non-invasive alternative
route for drug delivery into the CNS [34-36],
and clinical trials incorporating this method
have shown encouraging results [37]. Specifi-
cally, intranasal drug delivery allows rapid dis-
tribution of molecules to the CNS via bulk flow
through the olfactory and trigeminal perivascu-
lar channels and slower delivery via olfactory
bulb axonal transport. Olfactory neurons are
the only first-order receptor cells with special-
ized processes that are directly exposed in the
upper nasal passage, while the other parts of
the neurons project to the olfactory bulb [38].

Am J Transl Res 2017;9(2):275-288
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Figure 7. bFGF inhibits apoptosis induced by OGD in PC12 cells. A. Detection of apoptotic cells by TUNEL (green) and
DAPI (blue) staining assay. Bright green dots were deemed apoptosis-positive cells. B. Protein expression of cleaved
caspase3 in the sham, OGD and bFGF-treated group. C. Optical density analysis of cleaved caspase3 protein. ““rep-
resents P<0.01 versus the sham group, and *represents P<0.05 versus the OGD group. D. Analysis of apoptosis
in the sham, OGD and bFGF-treated group. “represents P<0.01 versus the sham group, and *represents P<0.01
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Moreover, drug molecules are transported into
olfactory neurons via endocytosis and are fur-
ther delivered to the olfactory epithelium via
extracellular flow through intercellular clefts.
Drug molecules reached the olfactory epitheli-
um effectively diffuse into the subarachnoid
space [33]. In the present study, we clearly
demonstrate, for the first time, that intranasal
treatment of bFGF attenuates neonatal HI brain
damage, which leads to improved neurological
outcomes in neonatal rats.

Hl is one of the major pathological factors caus-
ing neonatal brain injury, which leads to neuro-
degeneration and neuronal cell death as a
result. In developing brain, the cerebral cortex
and the hippocampal CA1 and CA3 subregions
in particular, is vulnerable to insults mediated
by HI [39, 40]. Previous studies have shown
that extensive neuronal cell apoptosis is found
in the brain of newborn with HI brain injury, sug-
gesting that cell apoptosis may be the mecha-
nism underlying the onset of neurological dis-
abilities associated with HI [41, 42]. Several
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lines of evidence reinforces the finding of neu-
ronal cell apoptosis triggers subsequent brain
dysfunctions in the early phase of Hl brain inju-
ry and its detrimental effects could last for
days or even weeks [43]. Nevertheless, the
extent of neuronal cell death in neonatal death
associated with HI brain injury remains unclear
[44-46]. In this study, our results clearly indi-
cated that treatment of bFGF significantly
decreases the number of TUNEL-positive cells
induced by HI, suggesting that bFGF improves
neuronal cell death in the cortical and hippo-
campal subregions of the neonatal rats after HI
brain injury.

The ER stress pathway, also known as the UPR,
is a defensive cellular response characterized
by the accumulation of unfolded proteins in the
ER to preserve organelle function. The UPR
pathway can be activated by various cellular
stress processes and triggers programmed cell
death [47]. Previous studies have shown that
activation of the UPR pathway is commonly
observed in neurodegenerative diseases relat-
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Figure 8. bFGF inhibits OGD-induced ER stress in PC12 cells. A. The western blotting results for GRP78, CHOP, ATF-
4, and PDI. B. Optical density analysis of GRP78. C. Optical density analysis of CHOP. D. Optical density analysis of
PDI and ATF-4. ““represents P<0.01 versus the sham group, and #represents P<0.05 versus the OGD group. All data

represent the mean value + SEM, n=4.

ed to ageing, such as Alzheimer’s disease,
Parkinson’s disease, or diabetes and cardio-
vascular diseases. Furthermore, the UPR path-
way also plays a major role in the acute symp-
toms associated with ischemia or exposure to
hypoxic conditions [48]. In our study, we exam-
ined whether treatment of bFGF mitigates the
ER stress, which in turn inhibits the UPR path-
way in neonatal rats after HI brain injury. GRP78
is an ER chaperone representing an indicator of
ER stress [49]. PDI presents within the lumen
of the ER, is known to catalyse the post-transla-
tional protein modification. In the quiescent
state, a scarce amount of neurons are express-
ing GRP78 and PDI. However, when exposed to
the HI insult, up-regulation of GRP78 and PDl is
observed in injured neurons [50]. In our study,
we found that GRP78 and PDI expression was
significantly increased in the cortical and hip-
pocampal regions of the brain in neonatal rats
at 24 h after HIl injury. Intranasal treatment of
bFGF decreased the levels of ER stress-related
proteins and inhibited neuronal cell apoptosis.
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These results indicated that the protective role
of bFGF in neonatal Hl injury was related to sup-
pression of ER stress. Further study was need-
ed to determine whether inhibition of ER stress-
induced apoptosis by bFGF also leads to
reversal of the UPR pathway and subsequently
reactivates innate immunity, metabolism and
cell differentiation. Our results were consistent
with previous studies suggesting that bFGF
attenuated ER stress in different animal mod-
els of Hl injury. For instance, treatment of bFGF
inhibited ER stress induced by ischaemic oxida-
tive injury via activation of the PI3K/Akt and
ERK1/2 pathways [49]. Similar findings were
also observed in others studies investigating
myocardial ischaemia/reperfusion injury [51]
and spinal cord injury [52]. Thus, it is conceiv-
able that bFGF may play an important role in ER
stress induced by neonatal Hl injury.

bFGF is highly expressed in the nervous system
where it has multiple roles and exogenous
bFGF has been shown to have neuroprotective
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function in brain injury. However, it is no doubt
that the limitations of bFGF in HI injury therapy
still need further investigations and improve-
ments. For example, it is increasingly clear that
exploiting a single pathophysiological pathway
might not be sufficient to combat neonatal Hl
brain injury. Promising neuroprotective drugs
should be studied in combination with hypo-
thermia, because temperature change can
greatly alter the pharmacokinetics and phar-
macodynamics of various drugs. Moreover,
bFGF has a short biological half-life due to the
presence of degrading enzymes in vivo. There-
fore, future work focuses on developing a deliv-
ery system that increases bFGF stability may
bolster its therapeutic function for treating
infants with HI brain injury.
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