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Abstract
Objectives ‒ Hypoxic–ischemic brain damage (HIBD) is
a major cause of brain injury in neonates. Bone marrow
mesenchymal stem cells (BMSCs) show therapeutic poten-
tial for HIBD, and genetic modification may enhance their
neuroprotective effects. The goal of this studywas to inves-
tigate the neuroprotective effects of hepatocyte growth
factor (HGF)-overexpressing BMSCs (BMSCs-HGF) against
HIBD and their underlying mechanisms.
Methods: ‒ BMSCs were transfected with HGF using
adenoviral vectors. HIBD models were established and
then BMSCs were transplanted into the brains of HIBD rats
via intraventricular injection. 2,3,5-Triphenyltetrazolium
chloride (TTC) staining was used to measure cerebral infarc-
tion volumes. In vitro, primary cultured cortical neurons
were co-cultured with BMSCs in a Transwell plate system.
Oxygen–glucose deprivation (OGD) was applied to imitate
hypoxic–ischemic insult, and PD98059 was added to the
culture medium to block the phosphorylation of extracel-
lular signal-regulated kinase (ERK). Cell apoptosis was
determined using TUNEL staining. The expression of HGF
was measured by immunofluorescence, real-time quantita-
tive PCR (RT-qPCR), and western blots. The expression of
phosphorylated ERK (p-ERK) and B-cell lymphoma-2 (Bcl-2)
was measured by western blots.
Results ‒ HGF-gene transfection promoted BMSC prolif-
eration. Moreover, BMSCs-HGF decreased HIBD-induced

cerebral infarction volumes and enhanced the protective
effects of the BMSCs against HIBD. BMSCs-HGF also
increased expression of HGF, p-ERK, and Bcl-2 in brain
tissues. In vitro, BMSC-HGF protected neurons against
OGD-induced apoptosis. Inhibition of ERK phosphoryla-
tion abolished the neuroprotective effect of BMSCs-HGF
against OGD.
Conclusions ‒ BMSCs-HGF is a potential treatment for
HIBD and that the ERK/Bcl-2 pathway is involved in the
underlying neuroprotective mechanism.
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1 Introduction

Neonatal hypoxic–ischemic brain damage (HIBD) can be
detrimental to the neonatal central nervous system both
in full-term infants and in preterm infants [1]. To date,
many neuroprotective strategies have been proposed, but
only therapeutic hypothermia has been approved to treat
moderate or severe HIBD [2]. Moreover, neonates with
mild HIBD or with a gestational age <35 weeks, who are
still at risk of brain injury, do not meet the current criteria
for therapeutic hypothermia [3]. Additionally, therapeutic
hypothermia is only partially neuroprotective in some
severe cases [4]. Therefore, further research is still
required to explore more feasible and effective treatment
strategies for HIBD.

As known, HIBD ismainly caused by perinatal asphyxia,
which would reduce cerebral blood flow, disrupt the delivery
of oxygen and glucose to the brain, and lead to anaerobic
metabolism. This leads to a cascade of reactions, such as
adenosine triphosphate depletion, glutamate and free radi-
cals release, ion pump, and mitochondrial dysfunction [5,6].
Eventually, neurons are subjected to apoptosis and necrosis,
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leading to neurological deficits. Therefore, reducing neuronal
death and promoting neuronal survival could be a promising
strategy for improving HIBD sequelae.

Stem cell therapy is emerging as a promising thera-
peutic approach for various diseases, including HIBD,
due to their abilities to self-renew and differentiate [7].
Mesenchymal stem cells (MSCs) are a subset of multipo-
tent stem cells that are present in both adult and neonatal
tissues and fluids, such as bone marrow, placenta, adi-
pose tissue, umbilical cord tissue, and umbilical cord
blood. Bone marrow mesenchymal stem cells (BMSCs)
are among the most commonly used stem cells for ther-
apeutic purposes, because they are easily isolated and
exhibit a high survival rate after transplantation due to
their relatively low immunogenicity [8,9]. Previous stu-
dies have indicated that BMSC-based treatments have
protective effects against HI injury [10–13]. There is evi-
dence that BMSCs can be induced to differentiate into
neurons and migrate to damaged regions [14,15]. More-
over, their ability to activate endogenous neural stem
cells, promote local angiogenesis and vascular remod-
eling, modulate immunity, and secrete trophic factors
may further contribute to their protective potential in
brain injury [16–20]. However, the death of BMSCs after
transplantation is a major limitation of cell-based thera-
pies. During HI insults, the hypoxic and glucose-deficient
environment may have detrimental effects on BMSCs after
transplantation [21]. Genetical modification of BMSCs appears
to be a suitable strategy to enhance cell survival and improve
their therapeutic applicability.

Hepatocyte growth factor (HGF) is a potent pleio-
tropic cytokine with multiple functions, including pro-
moting mitogenesis, morphogenesis, angiogenesis, and
anti-apoptosis, so HGF is highly involved in tissue regen-
eration [22]. By binding to its specific receptor, c-Met,
HGF activates several downstream signaling pathways,
including the extracellular signal-regulated kinase (ERK)
pathway, andmodulates cell proliferation, apoptosis, migra-
tion, and angiogenesis of endothelial cells. Therefore, HGF
plays a neuroprotective role by regulating neurogenesis,
anti-apoptosis, and angiogenesis [23,24], with the potential
to be a candidate gene for BMSC modification.

To elucidate the neuroprotective effects of HGF-over-
expressing BMSCs on HIBD, a neonatal HIBD rat model
was used. In the present study, BMSCs genetically engi-
neered to overexpress HGF were injected into the brains
of HIBD rats, in order to investigate the neuroprotective
effects and possible mechanisms of HGF-overexpressing
BMSCs on HIBD. Furthermore, the underlying mecha-
nisms were verified in primary cortical neurons, which
were co-cultured with BMSCs in a Transwell plate system.

2 Materials and methods

2.1 Isolation and culture of rat BMSCs

BMSCs were harvested from 4 week-old male Sprague–
Dawley (SD) rats (n = 4) as previously described [25]. In
brief, the bone marrow was rinsed out from hind limbs
using Dulbecco’s modified Eagle’s medium (DMEM;
Thermo Fisher Scientific, Waltham, MA, USA). Then, the
bone marrow filtrate was collected and centrifuged (400×g
for 3min). Cells were suspended in DMEM containing 10%
fetal bovine serum (FBS; Thermo Fisher Scientific) and
incubated at 37°C with 5% CO2 for 24 h (1 × 104 cells per
well), and nonadherent cells were removed by rinsing with
phosphate-buffered saline (PBS). Then, fresh medium was
added and replaced every 3 days. After 7 days of growth,
the adherent cells become confluent, and this stage was
designated as primary passage P0. Further, P0 cells were
passaged at a ratio of 1:2. BMSCs at passage P3 were har-
vested and used for further experiments.

2.2 Flow cytometry

BMSCs were characterized by flow cytometry analysis.
Cultured cells were trypsinized and resuspended in PBS
containing 1% bovine serum albumin (Thermo Fisher
Scientific). Cell suspensions were incubated with Alexa
Fluor 647-conjugated antibodies against a cluster of dif-
ferentiation (CD)29, CD90, and CD45 (1:100, all from
Santa Cruz Biotechnology, Dallas, TX, USA), respectively,
at room temperature (RT) for 30min in the dark. Isotype-
matched IgG served as negative controls. Labeled cells
were resuspended in PBS and analyzed by flow cytometry
(BD Biosciences, Franklin Lakes, NJ, USA).

2.3 Adenoviral vectors and gene
transfection of BMSCs

The recombinant adenovirus carrying rat HGF gene, pDC316-
mCMV-EGFP-HGF (Ad-HGF), and control adenovirus with
the reporter gene of green fluorescent protein (GFP),
pDC316-mCMV-EGFP (Ad-GFP), were purchased from
Western Biomedical Technology (Chongqing, China). Ad-
HGF and Ad-GFP were amplified in 293A cells. P3 BMSCs
were infected with the recombinant adenovirus by incuba-
tion for 24 h at a multiplicity of infection (MOI) of 150.
BMSCs infected with Ad-HGF were defined as BMSCs-
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HGF, while BMSCs infected with Ad-GFP were termed
BMSCs-GFP and represented the negative control.

2.4 Cell counting Kit-8 (CCK-8) assay

Cell proliferation was evaluated using the CCK-8 (Dojindo,
Osaka, Japan) following the manufacturer’s instructions.
BMSCs were seeded onto the 96-well plates (5 × 104 cells
per well) and 10 μL of the CCK-8 reagent was added to each
well. The optical density (OD) at a wavelength of 450 nm
was measured using a microplate reader (Bio-Rad, Hercules,
CA, USA). CCK-8 assays were performed once daily for 5 days
after transfection to determine the proliferation of BMSCs.

2.5 Enzyme-linked immunosorbent assay
(ELISA)

The protein level of HGF in the cultured BMSC, BMSC-
GFP, and BMSC-HGF supernatant was assessed using an
ELISA Kit (R&D Systems, Minneapolis, MN, USA), per-
formed following the manufacturer’s protocols at 48 h
after transfection with adenoviral vectors. Absorbance at
450 nm was measured with a microplate reader (Bio-Rad).

2.6 Establishment of HIBD rat model and
BMSC transplantation

The HIBD rat model was established from 7 day-old SD
rats (total number of rats was 60, n = 15 per experimental
group) as previously described [26,27]. Rat pups were
anesthetized by 3% isoflurane inhalation and the right
carotid arteries were ligated. After a 2 h recovery from
anesthesia and surgical procedure, the pups were placed
in a hypoxia chamber under 8% O2 and 92% N2 for a 2.5 h
hypoxic exposure. After the hypoxic–ischemic (HI) insult,
pups were randomly divided into an HI group, a BMSC-
HGF group, and a BMSC-GFP group. Under stereotactic
guidance, rats in the BMSC-HGF group and the BMSC-
GFP group received slowly right lateral ventricular injec-
tion of BMSC-HGF and BMSC-GFP, respectively (1 × 106

cells in 3 μL of DMEM). The HI group received a right lat-
eral ventricular injection of 3 μL of DMEM without cells.
Rat pups in the Sham group only were subjected to expo-
sure to the right carotid artery and right lateral ventricular
injection of 3 μL of DMEM without cells and hypoxia. The
lateral ventricular injection was performed under stereotactic

guidance, and the injection coordinates were as follows:
0.5mm caudal to bregma, 2 mm right of bregma, and
2.5mm in depth.

2.7 Immunofluorescence staining

At 24 h after BMSCs-HGF or BMSCs-GFP transplantation,
rats were deeply anesthetized with 3% isoflurane and
transcardially perfused with 4% paraformaldehyde. Then,
brains (n = 3 per experimental group) from different experi-
mental groups were harvested, subjected to gradient hydra-
tion with 15, 20, and 30% sucrose solutions, and embedded
in OCT. Next, 10 μm brain slices were sectioned coronally
for immunofluorescence. The sections were incubated
with primary antibody anti-HGF (1:200; Santa Cruz
Biotechnology) at 4°C overnight. After being rinsed with
PBS 3 times, the sections were incubated with secondary
IgG Alexa Fluor 647 antibody (1:800; Abcam, Cambridge,
MA, USA) at 37°C for 1 h. The cell nuclei of brain slices
were stained with 4′,6-diamidino-2-phenylindole, dihy-
drochloride (DAPI, Beyotime, Shanghai, China) at RT for
15 min. All images were captured using a fluorescence
microscope (Nikon, Tokyo, Japan).

2.8 2,3,5-Triphenyltetrazolium chloride
(TTC) staining

The cerebral infarct volume was assessed using TTC
staining at 72 h post-BMSC transplantation. Brains (n = 4
per experimental group) were cut into 2mm coronal slices
and incubated in a 1% TTC solution (Sigma-Aldrich, St. Louis,
MO, USA) at 37°C for 30min. White- and red-stained areas
indicated ischemic and nonischemic tissues, respectively. The
relative cerebral infarct volume in the brain tissue was ana-
lyzed using ImageJ software (NIH).

2.9 Primary cultures of rat cortical neurons

Primary cortical neurons were prepared as previously
described [28]. The cortical tissue was obtained from
the brains of SD rat embryos (E15–16), then minced into
small pieces. After being digested with 0.125% trypsin
(Beyotime) at 37°C for 20 min, the cell suspension was
centrifuged (400×g for 3 min) at 4°C. Cells were sus-
pended in a DMEM supplement containing 10% FBS
and plated on plates coated with 0.1 mg/mL poly-D-lysine
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(all obtained from Thermo Fisher Scientific). The cultures
were incubated with 5% CO2 at 37°C for 4 h and then the
DMEM supplement was replacedwith a neurobasalmedium
with 2% B27 supplements, 2mM glutaMAX, and 100U/mL
penicillin/streptomycin (all obtained from Thermo Fisher
Scientific). Half of the medium was replaced every 3 days.

2.10 Transwell co-culture and
oxygen–glucose deprivation (OGD)

Cultured neurons were used on days 7–10 for following
experiments, which were randomly divided into five groups:
(i) control; (ii) OGD; (iii) OGD + BMSCs-GFP; (iv) OGD +
BMSCs-HGF; and (v) OGD + BMSCs-HGF + PD98059.

Neurons in the control group were cultured normally,
without OGD or co-culture with BMSCs. Neurons in the
OGD group were subjected to OGD solely, without co-
culture with BMSCs. Neurons in OGD + BMSCs-GFP and
OGD + BMSCs-HGF were co-cultured with BMSCs-GFP
and BMSCs-HGF, respectively, and then subjected to OGD.
Neurons in OGD + BMSCs-HGF + PD98059 were co-cultured
with BMSCs-HGF and then subjected to OGD with 20 µM
PD98059 (Sigma-Aldrich), the inhibitor of the extracellular
signal-regulated kinase (ERK)-activating kinase.

Co-cultures of neurons and BMSCs were grown in a
24-well Transwell plate system (0.4 μm pore size; Millipore,
Billerica, MA, USA). Briefly, neurons (2 × 105) were seeded
in the lower compartment of a 24-well Transwell system,
while BMSCs (1 × 105) were cultured in the insert according
to the experimental group. After 24 h co-culture, neurons
were subjected to OGD.

OGD was performed to initiate the HI insult in vitro.
Neurons were washed with glucose-free medium (125 mM
NaCl, 24mMNaHCO3, 2.8mMKCl, 2mM CaCl2, 2mMHEPES,
1.5mM MgCl2, 0.83mM NaH2PO4, 0.05mM MgSO4) 3 times,
and then placed in an anaerobic incubator containing 95%
N2 and 5% CO2 at 37°C for 4 h in the same glucose-free
medium. PD98059 (20 µM, Sigma-Aldrich) was added in
the medium of the OGD + BMSCs-HGF + PD98059 group.
After OGD, neurons were incubated in a normal culture
medium with 5% CO2 for 4 h at 37°C and then collected for
follow-up experiments.

2.11 Western blotting

Protein was extracted from total brains (n = 4 per experi-
mental group, at 72 h after the transplantation of BMSCs)
and cultured cortical neurons (at 4 h after OGD insult).

A 50µg protein aliquot was subjected to 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels and blotted
onto polyvinylidene difluoride membrane (Millipore). After
blocking with 5% fat-free milk at RT for 2 h, blots were
incubated with primary antibodies at 4°C overnight. The
following primary antibodies were used: anti-HGF (1:500),
anti-p-ERK (1:500), anti-B-cell lymphoma-2 (Bcl-2, 1:500),
and anti-β-actin (1:500) (all obtained from Santa Cruz
Biotechnology). After washing, the blots were incubated
with secondary antibodies (1:200, Santa Cruz Biotechnology)
at RT for 2 h. Finally, membranes were washed and specific
bands were detected with an enhanced chemiluminescence
system (ECL, Pierce, Rockford, IL, USA). Data from protein
densitometry were quantitatively analyzed using Labworks
Analysis Software (Upland, CA, USA) and normalized to levels
of the housekeeping protein, β-actin.

2.12 Real-time quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was extracted from BMSCs (at 48 h after trans-
fection with adenoviral vectors) and brains (n = 4 per
experimental group, at 72 h after the transplantation of
BMSCs), respectively, using TRIzol (Thermo Fisher Scientific).
cDNA was obtained using the Takara Reverse Transcription
Kit (Takara Bio, Kyoto, Japan) following the manufacturer’s
protocols. RT-qPCR was conducted using SYBR Green PCR
Master Mix (Bio-Rad). The total volume of the mixture was
50 µL, and the RT-qPCR conditions were: 95°C for 4min,
followed by 35 × 3-temperature cycles (95°C for 20 s, 60°C
for 30 s, and 72°C for 30 s). β-Actin was used as the internal
control. Relative expression was calculated using the 2−ΔΔCq

method. The following specific primer pairs were used in this
study:

(i) HGF: sense, 5′-CGCAAATGGGCGGTAGCGTG-3′;
antisense, 5′-GCGAATCCCAACGCTGACACGGA-3′;
(ii) β-Actin: sense, 5′-CCCATCTATGAGGGTTACGC-3′;
antisense, 5′-TTTAATGTCACGCACGATTTC-3′.

2.13 Terminal deoxyribonucleotidyl
transferase-mediated
dUTP–digoxigenin nick-end labeling
(TUNEL) staining

TUNEL staining assay (Roche, Basel, Switzerland) was
applied to determine apoptotic neurons. Briefly, following
fixation in 4% paraformaldehyde at RT for 20min and
incubation in a permeabilization solution (0.1% Triton
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X-100 in 0.1% sodium citrate) at 4°C for 2 min, slices were
incubated with the TUNEL reaction mixture reagent at
37°C for 1 h. Subsequently, the slices were stained with
DAPI at RT for 5min. A number of TUNEL positive cells
and the total number of cells in five adjacent visual fields
in one slice were counted, and the percentage of TUNEL
positive cells was calculated. Four different cultures of
each group were counted.

2.14 Statistical analysis

SPSS 22.0 software was used to analyze the experimental
data. All data were expressed as the mean ± standard
deviation (SD). Statistical differences between multiple
groups were analyzed using one-way analysis of variance
(ANOVA) followed by the least significant difference (LSD)
t-test. P < 0.05 was considered as the threshold for statis-
tical significance.

Ethical approval: The research related to animals’ use has
complied with all the relevant national regulations and
institutional policies for the care and use of animals. All
animal procedures were in compliance with the National
Institutes of Health (NIH) Guidelines for the Care and Use
of Laboratory Animals and with local laws. This study was
approved by the Ethics Committee of Chengdu Women’s
and Children’s Central Hospital.

3 Results

3.1 Culture and characterization of BMSCs

BMSCs were isolated and cultured from the bone marrow
of rats, exhibiting a spindle-shaped or partly spiral-like

morphology after 7 days of culture (Figure 1a). Cultured
BMSCs were characterized by flow cytometry as positive
for CD29 and CD90, and the negligible CD45 expression,
thus confirming their identity (Figure 1b).

3.2 BMSCs-HGF show enhanced HGF
expression and proliferation compared
to nontransfected BMSCs

BMSCs were transfected with Ad-HGF (BMSCs-HGF) and
Ad-GFP (BMSCs-GFP), respectively. To optimize the effi-
ciency of adenovirus infection in BMSCs, we calculated
the percentage of GFP-positive cells in BMSCs-HGF and
BMSCs-GFP at different MOIs. Figure 2a shows that high
transfection efficiency and low toxicity could be achieved
by Ad-HGF and Ad-GFP at an MOI = 150, at which trans-
duction efficiency was more than 90%. Therefore, BMSCs
were transfected with Ad-HGF and Ad-GFP at an MOI of
150 in the subsequent experiments.

Expression of HGF was evaluated by RT-qPCR and
ELISA at 48 h after transfection. As shown in Figure 2b,
RT-qPCR analysis revealed that the HGF mRNA level was
significantly increased in BMSCs-HGF compared with
BMSCs-GFP and nontransfected BMSCs, respectively (both
P < 0.001). Next, we determined the protein content of HGF
in the supernatant from the cultured BMSCs by ELISA
(Figure 2c). Similar to the results of RT-qPCR, the ELISA
results showed that the HGF concentration in BMSCs-HGF
was at a higher level than those in BMSCs-GFP and non-
transfected BMSCs, respectively. CCK-8 assay was per-
formed to determine the proliferation of BMSCs. As shown
in Figure 2d, Ad-HGF promoted the proliferation of BMSCs,
compared with that of the nontransfected BMSCs (P < 0.05),
while Ad-GFP did not affect the HGF expression or prolif-
eration of BMSCs (both P > 0.05).

Figure 1: Culture and identification of BMSCs. (a)Morphology of BMSCs after 7 days of culture under a light microscope. Scale bar = 10 μm.
(b) Representative flow cytometry plots of CD29, CD90, and CD45 levels in cultured BMSCs. Red and green curves represent the isotype
controls and markers, respectively. Flow cytometry showed the positive CD29 and CD90 expression and the negligible CD45 expression.
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3.3 Transplantation of BMSCs-HGF
attenuates HIBD in newborn rats

To assess the extent of the infarct area at 72 h after HI insult,
brainswere sliced and stainedwith TTC. As shown in Figure 3,
HI insult induced brain infarction (82.45% ± 5.91%), while the
infarct volume was significantly reduced in the BMSCs-GFP
and BMSCs-HGF groups, respectively (both P < 0.001).
Interestingly, an additional, significant reduction of the
infarct volume was observed in the BMSCs-HGF group
compared with the BMSCs-GFP group (39.70 ± 5.68% vs
64.18 ± 5.98%; P < 0.001). These results demonstrate that
BMSCs exerted neuroprotective effects and that HGF
overexpression increases the ability of BMSCs to protect
against HI injury.

3.4 HGF expression in the brains of newborn
rats submitted to HI

At 72 h after the transplantation of BMSCs, HGF expres-
sion in the brain was evaluated by immunofluorescence
staining. As shown in Figure 4a, the HI insult increased
HGF-specific immunofluorescence signals, compared to
Sham rats. BMSCs-HGF rats exhibited the strongest red
fluorescence, indicating elevated HGF overexpression.
Notably, BMSC-specific green fluorescence was detected
in the BMSCs-HGF group, indicating the migration of
BMSCs-HGF after transplantation. HGF expression in the
brain was also quantified by RT-qPCR. Specifically, in HI
model rats, a 2.5-fold increase in the level of HGF mRNA
was measured at 72 h after the HI insult, compared with

Figure 2: Ad-HGF transfection enhances HGF expression and proliferation in BMSCs. (a) GFP expression in BMSCs transfected with Ad-HGF
(BMSCs-HGF) and Ad-GFP (BMSCs-GFP) at MOI = 150 by fluorescence microscopy, respectively. Scale bar = 25 µm. (b) After 48 h of HGF gene
transduction, the level of HGF mRNA in BMSCs was determined by RT-qPCR. (c) The protein level of HGF in the cultured BMSC supernatant
was measured using ELISA. (d) CCK-8 assays were performed at 1, 2, 3, 4, and 5 days after transfection to determine the proliferation of
BMSCs. Ad-HGF transfection promoted the proliferation of BMSCs compared with BMSCs-GFP and nontransfected BMSCs (P < 0.05). Ad-GFP
transfection did not affect the proliferation of BMSCs (P > 0.05). Data are expressed as the mean ± SD. ((a) P < 0.001 vs BMSCs; (b) P < 0.001
vs BMSCs-GFP).
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that in Sham animals (P < 0.001; Figure 4b). This result
implies that HI insults were able to induce a slight eleva-
tion in HGF expression. However, there was no difference
in HGF mRNA expression between the HI model and

BMSCs-GFP groups at 72 h after HI insult (P > 0.05;
Figure 4b), indicating that transplanted BMSCs did not
affect the brain HGF expression. HGF mRNA expression
was highest in the BMSCs-HGF group and was more

Figure 3: Evaluation of the cerebral infarct volume using TTC staining in different experimental groups. (a) Representative images of TTC-
stained brain sections at 72 h after BMSC transplantation. The infarct area is white, while normal tissues are stained in red. (b) Histograms
representing the relative quantitative evaluation of the cerebral infarct volume. Data are expressed as the mean ± SD. ((a) P < 0.001 vs
BMSCs; (b) P < 0.001 vs BMSCs-GFP).

Figure 4: Expression of HGF in different experimental groups after BMSC transplantation. (a) Cerebral expression of HGF determined by
immunofluorescence at 24 h after BMSC transplantation. Blue: DAPI; red: HGF; green: GFP (also indicated by arrows). Scale bar = 50 µm.
(b) Determination of relative HGF mRNA expression by RT- qPCR. (c) Determination of relative HGF protein expression by western blotting.
Data are expressed as the mean ± SD. ((a) P < 0.001 vs Sham; (b) P < 0.001 vs HI; (c) P < 0.001 vs BMSCs-GFP).
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than 4-fold higher in the latter group compared with Sham
rats (P < 0.001; Figure 4b). To further verify the differences
in HGF expression, western blotting was used to examine
HGF protein levels (Figure 4c) and yielded similar
results to the RT-qPCR analysis. Our findings suggest
that transplantation of HGF-overexpressing BMSCs is
effective and increased HGF expression, mainly secreted
by BMSCs-HGF.

3.5 Transplantation of BMSCs-HGF
modulates the ERK pathway

To further investigate the mechanisms responsible for
BMSCs-HGF-induced neuroprotection, we focused on the
downstream ERK pathway that was mediated by HGF
signaling. We measured levels of phosphorylated ERK
(p-ERK) and of the antiapoptotic protein Bcl-2 in brain
tissues in the different experimental groups (Figure 5).
We found that p-ERK was slightly upregulated after HI
(P < 0.001 vs Sham), while Bcl-2 was significantly down-
regulated (P < 0.001 vs Sham). BMSCs-HGF implantation
increased levels of p-ERK and Bcl-2, while BMSCs-GFP
implantation had comparatively less of an impact on
expression levels of these proteins. These results indicate
that the ERK signaling pathway is probably involved in
the mechanisms underlying the neuroprotective effects
of HGF-overexpressing BMSCs.

3.6 Inhibition of the ERK pathway abolishes
the neuroprotective effect of BMSCs-HGF
against OGD

To further explore the neuroprotective effects and the
underlying mechanisms of BMSCs-HGF against HI insults,
we cultured BMSCs-HGF with cortical neurons using a co-
culture model in a Transwell plate system and simulated
the HI insult using OGD. Cell apoptosis was determined
using TUNEL staining (Figure 6a and b). The results
demonstrated that co-culture with BMSCs decreased the
apoptosis induced by OGD. Compared to co-culture with
BMSCs-GFP, overexpression of HGF enhanced the protect-
ive effects of BMSCs on cortical neurons against OGD.
Administration of PD98059, a selective antagonist that
inhibits the phosphorylation and activation of ERK,
reversed the neuroprotective effect induced by co-cul-
ture with BMSCs-HGF.

Similar to the results in the animal models, the wes-
tern blotting analysis (Figure 6c) showed that Bcl-2 was
downregulated in cortical neurons after OGD. However,
BMSC transplantation increased Bcl-2 levels in cortical
neurons, with overexpression of HGF further enhancing
the upregulation of Bcl-2 mediated by BMSCs. Moreover,
inhibiting phosphorylation of ERK using PD98059 abol-
ished the upregulation of Bcl-2 induced by BMSCs-HGF
(Figure 6c). Collectively, these data suggest that overex-
pression of HGF in BMSCs regulates Bcl-2 expression via
ERK phosphorylation.

Figure 5: Expression of p-ERK and Bcl-2 in different experimental groups after BMSC transplantation. (a) Representative western blots
showing expression of p-ERK and Bcl-2 protein in neonatal rat brains. β-Actin served as the loading control. (b) Histograms representing the
relative quantitative evaluation of p-ERK protein. (c) Histograms representing the relative quantitative evaluation of Bcl-2 protein. Data are
expressed as the mean ± SD. ((a) P < 0.001 vs Sham; (b) P < 0.001 vs HI; (c) P < 0.001 vs BMSCs-GFP).
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4 Discussion

In this study, neuroprotective effects of gene-modified
BMSCs in neonatal HIBD were investigated. The HGF
gene was transferred into BMSCs by adenoviral vectors
to conduct HGF-modified BMSCs. The HGF gene was
stably expressed in BMSCs-HGF with higher levels of
mRNA and protein than those in nontransfected BMSCs.
Then, BMSCs-HGF were administered intraventricularly
in a neonatal HIBD rat model. We found that transplanta-
tion of BMSCs-HGF significantly elevated HGF levels in
the recipient's brains, and there was no difference in HGF
expression between the BMSCs-GFP group and HI group.
These results suggested HGF-modified BMSCs could sus-
tain HGF overexpressing after transplantation and BMSC

itself did not increase HGF expression in vivo. However,
further investigations are still needed to explore the
underlying mechanisms of the increased HGF secretion
in brain tissues after transplantation of HGF-modified
BMSCs, such as “Where did the increased HGF come
from? From HGF-modified BMSCs directly? Or from other
types of cells in the recipient brain modulated by HGF-
modified BMSCs?”.

Notably, HGF levels in brain tissues of the HI group
were slightly increased after HIBD. We speculated that HI
insult activated the endogenous HGF secretion in the
brain for self-repair. Compared with BMSCs-GFP, BMSCs-
HGF significantly decreased infarct volumes in recipient's
brains, indicating overexpressing HGF by HGF-gene modi-
fication enhanced the neuroprotective effects of BMSCs.

Figure 6: Blocking the phosphorylation of ERK abolishes the effects of BMSCs-HGF on neurons. (a) Apoptosis of neurons induced by OGD in
different experimental groups was determined using TUNEL staining. Blue: DAPI; red: TUNEL. Scale bar = 25 µm. (b) Histograms representing
the percentage of TUNEL positive neurons by quantitative analysis. (c) Upper panel: representative western blots showing expression of
Bcl-2 protein in neurons. Lower panel: histograms representing the relative quantitative evaluation of Bcl-2 protein. Data are expressed as
the mean ± SD. ((a): P < 0.001 vs Sham; (b) P < 0.001 vs OGD; (c) P < 0.001 vs BMSCs-GFP; (d) P < 0.001 vs BMSCs-HGF).
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Similar results, BMSCs decreased neuronal apoptosis induced
by OGD and HGF overexpressing amplified the neuroprotec-
tive effects of BMSCs, were also found in an in vitro study.

HGF and its receptor, c-Met, are widely expressed in
the central nervous system and play potent neuroprotec-
tive effects. Shimamura et al. found HGF alleviated brain
ischemic injury without exacerbating cerebral edema
through promoting angiogenesis and inhibiting neuronal
apoptosis [23]. Moreover, HGF could promote neural stem
cell proliferation and self-renewal, and HGF could enhance
neurogenesis by stimulating the proliferation of neural pre-
cursor cells and protecting them against hypoxic injury
[29,30].

As a pleiotropic growth factor, HGF exerts mitogenic
and anti-apoptotic properties through binding to the
c-Met receptor and activating multiple downstream sig-
naling pathways, including ERK/Bcl-2 signaling pathway
[31]. After binding with HGF, two tyrosine residues (Y1234
and Y1235) in c-Met undergo autophosphorylation and
their intrinsic kinase activities are activated. This leads
to the phosphorylation of Y1349 and Y1356 of c-Met, ERK
phosphorylation in tyrosine, and activation of the ERK
pathway [32,33]. ERK pathway is widely involved in cell
proliferation, differentiation, migration, and apoptosis
[34]. ERK phosphorylation upregulates Bcl-2 [35]. Bcl-2
is a proto-oncogene that belongs to a family of apoptosis-
modulating proteins and plays an important anti-apop-
totic function. It has been associated with inhibiting
apoptosis by inhibiting cytochrome C release from the
mitochondria, regulating calcium flux, and maintaining
the integrity of the mitochondrial membrane [36–39].

In the present study, using western blots to detect
ERK activation, we found that BMSCs-HGF transplanta-
tion markedly increased the level of p-ERK, consistent
with an increased level of Bcl-2. Suppression of ERK phos-
phorylation using a specific inhibitor, PD98059, reversed
the upregulation of Bcl-2 and the protective effects against
HI. Overall, the results of this study revealed that BMSCs-
HGF-mediated ERK/Bcl-2 pathway modulation correlated
with anti-apoptotic effects on neurons.

It is reported that more than 20% of survivors present
with long-term neurological disabilities, including cere-
bral palsy, epilepsy, and mental retardation [40]. How-
ever, we mainly focused on the protective effects of
BMSCs-HGF on neuronal injury; long-term neurological
outcomes with BMSCs-HGF transplantation were not evalu-
ated in the current study. Moreover, the actual mechanisms
underlying HIBD relate to multiple factors. For example,
after HIBD, the ultrastructure of the blood–brain barrier
changes, leading to the development of brain edema [41].
Doeppner et al. found that HGF stabilized the integrity of the

BBB by inactivating matrix metalloproteases [30]. All of the
findings indicate that HGF is a potential candidate for HIBD
treatment. However, it is still necessary to identify the appro-
priate administration methods, dose, and timing, and
address the risk of tumorigenesis; however, gene therapy
may solve the issue of HGF degradation. Using BMSCs as
the host cells for gene transfer is not only safer than using
viral vectors but also offers the advantages of cell trans-
plantation, enhancing the therapeutic effects on HIBD.
Importantly, further studies are still needed to explore
the protective effects of BMSCs-HGF on HIBD more thor-
oughly, including the potential side effects and the impacts
on long-term neurological outcomes. These investigations
will provide more clues and evidence regarding the efficacy
and safety of BMSCs-HGF for therapeutic applications in the
clinic.

5 Conclusion

In summary, our findings indicate that transfection with
Ad-HGF upregulates HGF expression and cell prolifer-
ation in BMSCs and that transplantation of BMSCs over-
expressing HGF protects the HIBD model neonatal rats
against neuronal damage. Moreover, modulation of the
ERK/Bcl-2 signaling pathway byHGFmight be themechanism
underlying this neuroprotective effect. However, further stu-
dies are required to explore the best way to address several
issues, including the mode of administration, the risk of onco-
genesis, and the impacts on long-term prognosis and on other
organs.
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