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Fibroblast growth factors (FGFs) are a family of structurally related heparin-binding proteins with diverse
biological functions. FGFs participate in mitogenesis, angiogenesis, cell proliferation, development, differ-
entiation and cell migration. Here, we investigated the potential effect of FGF10, a member of FGFs, on
neuron survival in oxygen–glucose deprivation (OGD) model. In primary cultured mouse cortical neurons
upon OGD, FGF10 treatment (100 and 1000 ng/ml) attenuated the decrease of cell viability and rescued
the LDH release. Tuj-1 immunocytochemistry assay showed that FGF10 promoted neuronal survival.
Apoptosis assay with Annexin V + PI by flow cytometry demonstrated that FGF10 treatment reduced
apoptotic cell proportion. Moreover, immunoblotting showed that FGF10 alleviated the cleaved
caspase-3 upregulation caused by OGD. FGF10 treatment also depressed the OGD-induced increase of
caspase-3, -8 and -9 activities. At last, we found FGF10 triggered heme oxygenase-1 (HO-1) protein
expression rather than hypoxia-inducible factor-1 (HIF-1), AMP-activated protein kinase (AMPK) signal-
ing and extracellular signal-regulated kinases 1/2 (ERK1/2) signaling. Knockdown of HO-1 by siRNA
partly abolished the neuroprotection of FGF10 in OGD model. In summary, our observations provide
the first evidence for the neuroprotective function of FGF10 against ischemic neuronal injury and suggest
that FGF10 may be a promising agent for treatment of ischemic stroke.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Fibroblast growth factors (FGFs) are a family of structurally
related heparin-binding polypeptides with potent mitogens and
chemoattractants in various cells [1]. In human, FGF gene family
consists of at least 23 different members (FGF1–23) [1]. FGFs are
grouped into six subfamilies based on the similarities and differ-
ences among their structural and functional characteristics [1].
FGFs interact with FGF receptors, which are a family of tyrosine
kinase membrane bound receptors with extracellular ligands, and
trigger transducing extracellular cues to elicit diverse biological
responses such as mitogenesis, angiogenesis, cell proliferation,
development, differentiation and cell migration. According to the
current literature, FGFs participate in physiopathological processes
of numerous diseases, including cardiovascular diseases, diabetes,
obesity, kidney diseases and cancer [1].

FGF10 is a member of FGFs. It was cloned from rat embryos in
1996 and is required for embryos development [2]. Moreover,
FGF10 is indispensable for adipose, limb, lung and prostate devel-
opment [3–5]. FGF10 is a mitogen for many types of cells. FGF-10
promotes epithelial cell motility, differentiation and migration [6],
and induces keratinocytes proliferation and differentiation [7]. The
activation of FGF receptor 2 and mitogen-activated protein kinase
pathways might be one of major mechanisms of FGF10 action [8].
FGF10 also induces the prompt phosphorylation of ERK1/2 and
consequently stimulate DNA synthesis [8]. It was reported that
FGF10 does not activate Akt, protein kinase C, and signal trans-
ducer and activator of transcription-3 in human endometrial carci-
noma cells [8]. FGF10 activates branch morphogenesis and
epithelial stem cells [9,10], suggesting a key role of FGF10 in regen-
erative medicine [11].

Currently, it is well-accepted that FGFs play important roles in
ischemic diseases. FGF2, also known as basic FGF (bFGF), improves
vascularization in skin flap ischemia [12] and chronic myocardial
ischemia [13]. Intracoronary administration of recombinant FGF-
2 is effective, safe and well tolerated in human with ischemic heart
disease [14]. Serum levels of FGF23 was associated with early
mortality in cardiogenic shock [15]. FGF2 was upregulated and
released from the liver and adipose tissue in myocardial injury,
contributing to myocardial protection [16,17]. In cerebral ischemic
rodent model, FGF2, FGF13 and FGF18 are neuroprotective by
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reducing infarct volumes and behavioral deficits [18–20]. How-
ever, whether FGF10 has biological functions in ischemia-induced
physiopathological changes has not been studied previously. In
this study, we tested the effect of FGF10 on primary neurons and
PC12 neuron cell line with oxygen–glucose deprivation (OGD)
stimuli, which is a common model for studying molecular mecha-
nisms of ischemic stroke injury in vitro.
2. Materials and methods

2.1. Reagents

Recombinant human FGF10 (catalog: 345-FG-025) was pur-
chased from R&D Systems (Minneapolis, MN). Antibodies against
heme oxygenase-1 (HO-1), hypoxia-inducible factor-1 (HIF-1),
AMP-activated protein kinase (AMPK), extracellular signal-regu-
lated kinases 1/2 (ERK1/2) and tubulin were purchased from
Abcam (Cambridge, MA). Antibody against caspase-3 was
purchased from Cell Signaling Biotechnology (Danvers, MA). LDH
cytotoxic kit was purchased from Promega (Medison, WI). Cell via-
bility assay (Cell Counting Kit-8) was from Dojindo Molecular
Technologies Inc. (Kumamoto, Japan). Caspase-3, -8 and -9 activi-
ties kits were purchased from Beyotime Institute of Biotechnology
(Haimen, China). Dichloro-dihydro-fluorescein diacetate (DCFH)
was purchased from Sigma (Carslbad, CA). Superoxide O2

� and
Fig. 1. FGF10 ameliorates OGD induced cell injury and oxidative stress in cortical neurons
OGD-treated primary cultured neurons. ⁄P < 0.05 vs Ctrl (control), #P < 0.05 vs OGD, n = 8
(C), superoxide O2

� (D) and MnSOD (E). ⁄P < 0.05 vs Ctrl (control), #P < 0.05 vs OGD, n = 8
MnSOD kits were purchased from Cell Biolabs (San Diego, CA).
Annexin V + PI kits were purchased from Life Technologies Inc.
(Gaithersburg, MD).

2.2. Cell culture

Primary mouse cortical neurons and PC12 neuronal cells were
used in this study. Male C57BL/6 mice were purchased from
Sino-British SIPPR/BK Lab Animal Ltd. (Shanghai, China). All exper-
iments were performed in adherence with the National Institutes
of Health guidelines on the use of laboratory animals and were
approved by the Scientific Investigation Board of the Second Mili-
tary Medical University. Primary mouse neuronal cells were pre-
pared from the cerebral cortex of E17 or E18 mouse embryos as
described previously [21,22]. Briefly, the dissociated cortical cells
were added to poly-L-lysine-coated culture plates and maintained
in Neurobasal medium supplemented with 2% B27. Glial growth
was suppressed by addition of 5-fluoro-2-deoxyuridine and uri-
dine (10 lM), yielding cultured cells with >90% neurons, which
was confirmed by NeuN staining. After 6 days in vitro (DIV), the
neurons were used for experiments. PC12 neuronal cells were pur-
chased from ATCC (American Type Culture Collection, Manassas,
VA) and used in experiments with siRNA transfection. PC12 cells
were maintained in DMEM media supplemented with 10% FBS,
penicillin (100 U/ml) and streptomycin (100 U/ml) at 37 �C in a
humidified atmosphere of 5% CO2/95% air.
. (A and B) Effect of FGF10 (1–1000 ng/ml) on cell viability (A) and LDH release (B) in
per group. (C–E) Effect of FGF10 (100 and 1000 ng/ml) on intracellular levels of ROS
per group.



Fig. 2. FGF10 promotes survival of cortical neurons upon OGD condition. (A) Tuj-1 staining was performed to evaluate the effect of FGF10 (100 and 1000 ng/ml) on neuron
survival upon OGD (4 h). (B) Quantitative analysis of Tuj-1 positive neurons after OGD challenge. ⁄P < 0.05 vs Ctrl (control), #P < 0.05 vs OGD, n = 8 per group. (C) Apoptosis
was evaluated by flow cytometry with FITC-Annexin V + PI assay. Annexin+/PI� cells were considered as early stage apoptotic cells while Annexin+/PI+ cells were considered
as late stage apoptotic cells. ⁄P < 0.05 vs Ctrl (control), #P < 0.05 vs OGD, n = 3 per group.
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2.3. Oxygen–glucose deprivation (OGD) model and FGF10 treatment

OGD model was prepared as described previously [23]. Briefly,
the cultured neurons were washed three times and incubated with
glucose-free Earle’s balanced salt solution (EBSS) and placed within
chamber with <1% oxygen for 2 or 4 h to establish OGD conditions.
Control neurons were placed in EBSS containing glucose (25 mM)
and incubated under normal culture conditions for the same per-
iod. For FGF10 treatment, FGF10 dissolved in saline was added into
culture disks to reach final concentration (1, 10, 100 and 1000 ng/
ml). Saline was used as vehicle control.

2.4. Cell viability assay

Cell viability was evaluated by a non-radioactive cell counting
kit-8 (CCK-8) assay as described previously [24]. Cells were treated
with OGD or OGD + FGF10 for 4 h. Then, cells were incubated with
10 ll of CCK-8 solution for 1 h at 37 �C. The optical density at
450 nm was analyzed in a microplate reader (Tecan, Durham,
NC). Experiments were performed in duplicate.

2.5. LDH release assay

Cytotoxic activity was determined by a lactate dehydrogenase
(LDH) release assay as described previously [25]. Briefly, the LDH
in the culture medium (released LDH) was quantified according
to the instructions of manufacturer. The relative amount of
released LDH was used to reflect the cell injury.

2.6. Annexin V + PI assay

Annexin V + PI was performed as described previously [26].
Cells were subjected with OGD stimuli with or without FGF21
incubation for 4 h. Then, 5 � 105 cells were harvested and washed
with Phosphate Buffered Saline (PBS). Cells were suspended in
500 ll binding buffer and then incubated for 5 min at room
temperature in the dark with 10 ll Annexin-V-FITC and 10 ll PI
additions. Flow cytometry analysis was performed in FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA). The Annexin V+/
PI� cells were considered as apoptotic cells.

2.7. Immunoblotting

Immunoblotting analyses of cell-extracts were performed as
described previously [27]. Cells were lysed with RIPA buffer with
protease inhibitors. Samples were separated in 12% SDS–PAGE,
and transferred onto PVDF membranes at 100 V for 1–2 h. After
blocking by 5% evaporated milk, membranes were incubated with
primary antibodies (HO-1, 1:1000; tubulin, 1:3000) diluted in TBS
containing 1% w/v bovine serum albumin and followed by



Fig. 3. FGF10 suppresses the activation of pro-apoptotic cascades in cortical neurons under OGD condition. (A) Representative images and quantitative analysis of
immunoblotting assay on the cleaved caspase-3 in neurons upon OGD stimuli. Tubulin was used as a loading control. ⁄P < 0.05 vs Ctrl (control), #P < 0.05 vs OGD, n = 3 per
group. (B–D) Effect of FGF10 (100 ng/ml) on activities of caspase-3, -8 and -9. ⁄P < 0.05 vs Ctrl (control), #P < 0.05 vs OGD, n = 6 per group.
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HRP-labeled secondary antibody. The signal of immunoblotting
was detected using the enhanced chemiluminescence system.

2.8. Assays for reactive oxygen species (ROS), superoxide O2
� and

MnSOD

Cells were challenged by OGD with or without FGF10 treatment
for 4 h and then incubated with the DCFH probe for 1 h. After
washing 3 times by PBS, the fluorescence intensity was measured
by microplate reader at an excitation wavelength of 488 nm to
reflect the intracellular ROS level [28]. Intracellular superoxide
O2
� and MnSOD were measured as described previously [29,30].

Cells were lysed and the MDA and MnSOD concentrations of each
sample were detected according to the manufacturer’s instruction.

2.9. siRNA-mediated knockdown

To knock down HO-1, PC12 cells were transfected with siRNA
targeting to HO-1 (catalog: sc-35554, Santa Cruz Biotechnology)
or siRNA-Ctrl (scramble) using Lipofectamine� LTX & Plus Reagent
(Invitrogen) following the manufacturer’s instructions. After 72 h,
the efficiency of HO-1 knockdown was tested by immunoblotting.
The siRNA-transfected cells were challenged by OGD stimuli with
or without FGF10 for 4 h. Then, the following biological examina-
tions were performed.

2.10. Statistical analysis

Data are expressed as mean ± SEM. Differences were evaluated
by two-tailed Student’s t test or ANOVA followed by Tukey’s
post-hoc test with GraphPad Prism 5.0 version. Statistical signifi-
cance was set at P < 0.05.
3. Results

3.1. FGF10 treatment ameliorates OGD induced cell injury and
oxidative stress in mouse cortical neurons

OGD treatment (4 h) induced potent cell injury in primary cor-
tical neurons, evidenced by the decreased cell viability (Fig. 1A)
and enhanced LDH release (Fig. 1B). FGF10 ranging from 1 to
1000 ng/ml was added into culture medium. FGF10 had no effect
on cell viability at 1 and 10 ng/ml, but significantly attenuated
the OGD-induced decrease of cell viability at 100 and 1000 ng/ml
(Fig. 1A). FGF10 also did not rescued the LDH release at 1 ng/ml,
but retarded LDH releases at 10, 100 and 1000 ng/ml (Fig. 1B). So
we used FGF at 100 or 1000 ng/ml in the following experiments.
As expected, OGD stimuli significantly increased intracellular ROS
(Fig. 1C) and superoxide O2

� levels (Fig. 1D). OGD also reduced
MnSOD level (Fig. 1E), which is a nuclear-encoded mitochondrial
antioxidant enzyme [31]. FGF10 treatment (100 and 1000 ng/ml)
partly blocked these changes induced by OGD (Fig. 1C–E).

3.2. FGF10 treatment promotes neuronal survival in mouse cortical
neurons upon OGD challenge

Next, Tuj-1 immunocytochemical staining was used to detect
live neurons after OGD challenge (Fig. 2A). OGD treatment for 4 h
caused a remarkable reduction of neuron survival, whereas
FGF10 treatment (100 and 1000 ng/ml) significantly rescued



Fig. 4. HO-1 upregulation contributes to the neuroprotection of FGF10. (A) Effect of FGF10 on protein levels of HIF-1, p-AMPK, p-ERK1/2 and HO-1. ⁄P < 0.05 vs without FGF10,
n = 4 per group. (B) siRNA mediated knockdown of HO-1 in PC12 neuronal cells. ⁄P < 0.05 vs siRNA-Ctrl, n = 4 per group. (C and D) The neuroprotection of FGF10 on cell
viability (C) and ROS production (D) was impaired in siRNA-HO-1 transfected cells. ⁄P < 0.05 vs without OGD; #P < 0.05 vs without FGF10; &P < 0.05 vs siRNA-Ctrl, n = 6 per
group.
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neuronal survival (Fig. 2B). Annexin V/PI assay showed that OGD
for 2 h induced obvious apoptosis (Annexin V+/PI� cells + Annexin
V+/PI� cells, Fig. 2C). FGF10 treatment reduced the proportion of
apoptotic cells (Fig. 2C).

3.3. FGF10 treatment suppresses the activation of pro-apoptotic
signaling cascades in cortical neurons upon OGD challenge

Caspase cascades activation is a critical step in the initiation of
apoptosis in diverse biological systems [32]. We investigated the
cleavage of caspase-3, a well-characterized apoptotic molecular
marker. OGD treatment induced caspase-3 cleavage in neurons,
which was partly blocked by FGF10 treatment (Fig. 3A). Activities
of caspase-3, -8 and -9 were also measured. As expected, OGD
stimuli induced activities of caspase-3 (Fig. 3B), caspase-8
(Fig. 3C) and caspase-9 (Fig. 3D). FGF10 treatment attenuated the
induction of activities of caspase-3 (Fig. 3B), caspase-8 (Fig. 3C)
and caspase-9 (Fig. 3D) by OGD.

3.4. FGF10 induces HO-1 to protect neuron against OGD injury

We examined the influences of FGF-10 on several stress respon-
sors, including HIF-1, AMPK, ERK1/2 and HO-1. OGD treatment did
not alter p-ERK1/2 level, but enhanced HIF-1, p-AMPK and HO-1
levels (Fig. 4A). However, FGF-10 did not modulate HIF-1 and
p-AMPK levels; it only increased HO-1 expression (Fig. 4A). Inter-
estingly, we found that FGF10 treatment upregulated HO-1 even
in control condition (Fig. 4A). HO-1, one of the major intracellular
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anti-oxidant enzymes, is a stress response protein [33–35]. These
changes raised the possibility that HO-1 upregulation might con-
tribute to the neuroprotection of FGF10. We tested this hypothesis
in PC12 neuronal cells, a widely used neuronal cell line for study-
ing of molecular mechanisms because conventional transfection
techniques have been of limited effectiveness in primary culture
neurons. We successfully knocked down HO-1 in PC12 neuronal
cells using siRNA (Fig. 4B). The neuroprotection of FGF10 on cell
viability (Fig. 4C) and ROS level (Fig. 4D) in HO-1 knockdown
PC12 cells was significantly lower than that in control cells
(siRNA-Ctrl transfected cells). However, FGF10 still partly rescued
cell viability (Fig. 4C) and reduced ROS level (Fig. 4D) in HO-1
knockdown PC12 cells, suggesting that the HO-1 upregulation by
FGF10 is not the only molecular mechanism for its
neuroprotection.
4. Discussion

According to our knowledge, this is the first report of the
neuroprotective effect of FGF10. In the present study, we demon-
strated that treatment of FGF10 was able to promote cell survival,
decrease apoptosis and depress ROS increase upon OGD stress in
neurons. Moreover, we revealed a molecular mechanism of
neuroprotection of FGF10 that FGF10 protected neurons against
OGD-induced ischemic injury via upregulating HO-1, a well-known
antioxidant molecule.

The first important finding of our study is that FGF10 treatment
protects neurons from ischemic stress induced injury. Previously,
some other members of FGFs, such as FGF2, FGF13 and FGF18, have
been demonstrated to be neuroprotective in rodent cerebral ische-
mic models [18–20]. FGF2 is one of the most studied members in
FGFs. FGF2 was mainly located in astrocytes and increased after
focal cerebral ischemia in rats [36]. Even post-ischemic administra-
tion of FGF2 was sufficient to improve sensorimotor function,
reduce infarct size and enhance neurogenesis in middle cerebral
artery model [37,38]. Moreover, transplantation of FGF-2 gene-
transferred bone marrow stromal cell intracerebrally 24 h after
transient MCAO improved neurological functional recovery com-
pared with MSCs transplantation alone [39]. FGF13 and FGF18 also
exhibited neuroprotection in rodent cerebral ischemic models [18–
20]. However, the role of FGF10 in ischemia-related diseases is still
unknown. In this study, we demonstrated that FGF10 treatment at
100 and 1000 ng/ml displayed a remarkable neuroprotection.
These results suggest that FGF10 may be a promising therapy for
cerebral ischemic damage. Nevertheless, our results were obtained
from in vitro model. Whether FGF10 would be effective in vivo or
even in human needs more studies in future.

The second important finding of our study is that FGF10 induces
HO-1 expression in neurons. HO-1 is a heme-catabolizing enzyme
that not only catabolizes the hemoglobin-heme into biliverdin,
carbon monoxide and iron, but also acts as an anti-inflammatory
protector against oxidative injurious stimuli [33,34,40]. The endog-
enous HO-1 upregulation upon cerebral ischemia was considered
as an adaptive response against ischemia-induced oxidative injury
[30,33]. Furthermore, it seems that HO-1 can activate intracellular
pro-survival signaling pathways such as Akt [41]. Previously, FGF1
was found to increase HO-1 in spinal cord astrocytes and improve
motor neuron survival [42]. We found FGF10 is able to induce
HO-1 protein expression in primary cortical neurons under both
normal and OGD conditions. Additionally, knockdown of HO-1
compromised the neuroprotective effect of FGF10. It should be
noted that the neuroprotective effect of FGF10 was not totally
blocked in HO-1-knowdown neuron cells. We consider that the
induction of HO-1 may be not the only molecular mechanism
contributes to the neuroprotective effect of FGF10. Some pro-sur-
vival mechanisms, such as Akt pathway, may participate in this
process.

In conclusion, we demonstrate that FGF10 protects against cell
injury, suppresses ROS level and inhibits apoptosis in OGD model.
The upregulation of HO-1 induced by FGF10 is important for the
neuroprotection of FGF10. These results indicate that FGF10 treat-
ment may be a promising agent for cerebral ischemic injury.
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