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Abstract Pulmonary arterial hypertension (PAH) is
characterized by a progressive increase in pulmonary
arterial pressure and vascular resistance. Despite advances
in therapy for PAH, its treatment and prognosis remain
poor. We aimed to investigate whether the transplantation
of bone marrow mesenchymal stem cells (MSCs) over-
expressing hepatocyte growth factor (HGF), alone or in
combination with granulocyte colony-stimulating factor
(G-CSF), attenuates the development of experimental
monocrotaline (MCT)-induced PAH. Three weeks after
MCT administration, rats were divided into the following
groups: (1) untreated (PAH); (2) HGF treated; (3) MSCs
administered; (4) HGF-MSCs treated; and (5) HGF-MSCs
plus G-CSF treated. After 3 weeks, hemodynamic changes,
histomorphology, and angiogenesis were evaluated. To

Yinghua Guo, Longxiang Su, and Yinghui Li contributed equally to
this work.

Y. Guo - L. Su - N. Guo - D. Zhang - X. Zhang - H. Li -

G. Zhang - Y. Wang - C. Liu (IX)

Nanlou Respiratory Disease Department, Chinese PLA General
Hospital, Chinese PLA Postgraduate Medical School,

Beijing 100853, People’s Republic of China

e-mail: liucht301@163.com

L. Su
Medical School, Nankai University, Tianjin 300071,
People’s Republic of China

Y. Li

State Key Laboratory of Space Medicine Fundamentals and
Application, Chinese Astronaut Research and Training Center,
Beijing 100853, People’s Republic of China

L. Xie

Respiratory Disease Department, Chinese PLA General
Hospital, Beijing 100853, People’s Republic of China

@ Springer

elucidate the molecular mechanisms of vascular remodel-
ing and angiogenesis, serum levels of transforming growth
factor (TGF)-f and endothelin-1 (ET-1) were measured,
and the gene and protein expression levels of vascular cell
adhesion molecule-1 (VCAM-1) and matrix metallopro-
teinase-9 (MMP-9) were determined. Compared with the
PAH, MSC, and G-CSF groups, the HGF and HGF+G-
CSF groups exhibited significantly reduced right ventric-
ular hypertrophy and mean pulmonary arterial pressure
(P < 0.05). Histologically, vessel muscularization or
thickening and collagen deposition were also significantly
decreased (P < 0.05). The number of vessels in the
HGF+G-CSF group was higher than that in the other
groups (P < 0.05). The TGF-B and ET-1 concentrations in
the plasma of pulmonary hypertensive rats were markedly
lower in the HGF and HGF+G-CSF groups (P < 0.05).
Furthermore, HGF induced the expression of VCAM-1,
and HGF treatment together with G-CSF synergistically
stimulated MMP-9 expression. Transplanted HGF-MSCs
combined with G-CSF potentially offer synergistic thera-
peutic benefit for the treatment of PAH.

Keywords Pulmonary arterial hypertension -
Hepatocyte growth factor - Granulocyte colony-
stimulating factor - Bone marrow mesenchymal stem
cells

Introduction

Pulmonary arterial hypertension (PAH) is a progressive
disease caused by a variety of pulmonary and/or cardiac
disorders, and is characterized by a progressive increase in
pulmonary arterial pressure and vascular resistance that
leads to right ventricular failure. Idiopathic PAH is the
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most severe form, characterized by uncertain etiology and
features, including pulmonary precapillary lesions [1, 2]
that lead to right heart failure and death within a median of
2.8 years after diagnosis [3, 4]. At present no effective drug
intervention exists, and despite significant advances in drug
therapies for PAH during the last decade, the prognosis of
idiopathic PAH remains poor. Vascular contraction,
microvascular occlusive remodeling, inflammation, and
thrombosis have been shown to contribute to the patho-
genesis of PAH [5-9].

Evidence from animal and human lung specimens indi-
cates that endothelial dysfunction may play a central role in
the development of PAH [10]. Pulmonary vasoconstriction
and vascular smooth muscle cell proliferation are strongly
linked to endothelial cell dysfunction [11]. Several lines of
evidence suggest that endothelial progenitor cells (EPCs)
are involved in the process of endothelial repair [12, 13].
Moreover, these precursors may participate in postnatal
neovascularization and re-endothelialization [12-16].
Granulocyte colony-stimulating factor (G-CSF), already
widely used in the clinical setting, regulates the recruitment
of stem cells and progenitor cells from the bone marrow into
the peripheral circulation. G-CSF has been reported to
enhance angiogenesis by increasing total marrow and cir-
culating levels of EPCs immediately after G-CSF admin-
istration, lasting for at least 1 week [13]. Maruyama et al.
[17] demonstrated that G-CSF prevented the progression of
monocrotaline (MCT)-induced PAH in rats by promoting
vascular regeneration. Hepatocyte growth factor (HGF), a
pleiotropic growth factor, has been shown to have mito-
genic, morphogenic, and antiapoptotic activities in various
cell types [9]. The pluripotent activities of HGF are medi-
ated by a membrane-spanning tyrosine kinase receptor
encoded by the proto-oncogene c-Met [18]. c-Met has been
shown to be expressed in pulmonary arterial smooth muscle
cells in MCT-induced PAH rats, and a number of studies
have shown that HGF improves pulmonary hemodynamic
parameters and recovery from right ventricular and pul-
monary remodeling in pulmonary hypertension (PH) mod-
els [19, 20]. Furthermore, HGF is involved in the adhesion
of stem cells to microenvironmental components [21]. HGF
has been reported to mobilize and recruit Lin-c-kit"Sca-
17CD34" progenitor cells from the bone marrow to the
injured organ [22], and we have previously shown that HGF
creates an adhesive microenvironment after stem cells are
recruited by G-CSF [23]. Therefore, we hypothesized that
the combination of G-CSF and HGF may have a significant
beneficial effect and would increase the efficacy of PH
treatment. In this study, we transplanted bone marrow
mesenchymal stem cells (MSCs) overexpressing HGF alone
or in combination with G-CSF to determine whether either
treatment can attenuate the development of experimental
MCT-induced PAH in rats.

Materials and methods
Animals

All animal studies and procedures were approved by the
Institutional Animal Care Committee of the Chinese PLA
General Hospital, Chinese PLA Postgraduate Medical
School, China (approval No. 20101201). All adult male
Sprague-Dawley (SD) rats (250-300 g) and younger rats
(80-100 g) were obtained from the experimental animal
department of the Chinese PLA General Hospital (Beijing,
China). The investigation conformed to the Guidelines for
the Care and Use of Laboratory Animals, as published by
the National Academy Press (NIH Publication No. 85-23,
revised 1985). The number of animals needed for the study
was minimized.

MCT (Sigma Chemical, St Louis, MO, USA) was
peritoneally injected into the rats at a dose of 60 mg/kg.
Three weeks later, the rats were randomly divided into five
groups: the PAH group (n = 10); the MSC group (trans-
plantation of 5 x 10° MSCs transfected with an empty
adenovirus vector (Ad), n = 10); the G-CSF group (peri-
toneal injection of 100 pg/kg G-CSF daily for 5 days, n =
10); the HGF group (transplantation of 5 x 10° MSCs
transfected with Ad-HGF into the jugular veins, n = 10);
and the HGF+G-CSF group (transplantation of 5 x 10°
MSC:s transfected with Ad-HGF into the jugular veins and
peritoneal injection of 100 pg/kg G-CSF daily for 5 days,
n = 10). Upon euthanasia or in cases of accidental death,
the rats were replaced by new experimental rats to maintain
a consistent number of animals, following the original
experimental design.

Preparation of mesenchymal stem cells

Bone marrow cells were aspirated from the femur and tibia
of SD rats weighing 80-100 g. The cell suspension was
loaded onto a 20—60 % Percoll gradient (Sigma) and cen-
trifuged at 900 g for 30 min. The top two-thirds of the total
volume was transferred into a separate tube and washed
with phosphate-buffered saline (PBS; Sigma) to remove the
Percoll. The cells were cultured in Dulbecco’s modified
Eagle’s medium (Gibco, Carlsbad, CA, USA) containing
10 % (v/v) fetal bovine serum (Hyclone, Logan, UT, USA)
and streptomycin (10,000 IU/100 ml). The cells were cul-
tured for 24 h in an incubator maintained at 37 °C in a
saturated humidified atmosphere with 5 % CO,, after
which the non-adherent debris was removed and the
remaining adherent cells were maintained in culture.
Flow cytometry was performed to assay for the cell
surface antigens CD29, CD34, CD44, and CD45 in rat
MSCs, as described previously [24, 25]. The cells were
collected in a solution containing 0.25 % (w/v) trypsin and
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1 mM ethylenediaminetetraacetic acid (Sigma). The cells
5 x 10° ) were then washed in 3 ml PBS. After centrifu-
gation, the pellet was resuspended in 200 pl primary
antibody solution for 30 min at room temperature in the
dark. The cell analysis was performed with a FACSCalibur
flow cytometer (Becton-Dickinson Immunocytometry
Systems, San Jose, CA, USA).

MSCs were seeded on coverslips in six-well plates and
cultured in complete medium to 100 % confluence. At
confluence, the cells were transferred to an adipogenic
medium (OriCell SD Rat Mesenchymal Stem Cell Adipo-
genic Differentiation Medium; Cyagen Biosciences, Sun-
nyvale, CA, USA), an osteogenic medium (OriCell SD Rat
Mesenchymal Stem Cell Osteogenic Differentiation Med-
ium; Cyagen), or a chondrogenic medium (OriCell SD Rat
Mesenchymal Stem Cell Chondrogenic Differentiation
Medium; Cyagen) to allow for the selection of adipocytes,
osteocytes, and chondrocytes, respectively. The cells were
further cultured according to the manufacturer’s specifi-
cations. Prior to light microscopy and imaging, the adipo-
genic, osteogenic, and chondrogenic cultures were stained
with fresh Oil Red-O working solution, Alizarin Red
working solution, and Alcian Blue working solution,
respectively.

Adenoviral vectors, and gene transfection
and expression

The HGF construct (Ad-HGF) was generated by the Chi-
nese Academy of Military Medical Sciences and is a rep-
lication-deficient recombinant adenovirus vector carrying
human HGF [26-28]. Passage-5 MSCs, which are undif-
ferentiated, were infected with the recombinant replication-
defective adenovirus at different multiplicities of infection
(MOI) in the range of 0-200. Infection efficiency was
determined by flow cytometry. An MOI of 150 was ideal
for infection of MSCs with high efficiency and low toxicity
[29]. Therefore, the MSCs were transfected with Ad-HGF
at an MOI of 150 in all of the subsequent experiments.

Hemodynamic measurements and measurement of right
ventricular hypertrophy

PAH rats were anesthetized with chloral hydrate (2.5 mg/
kg; Chinese PLA General Hospital) 3 weeks after MSC
transplantation. The right jugular veins were cannulated
with a 2 % (v/v) heparin-saline-filled polyethylene catheter
(PES0; 0.97 mm outer diameter, 0.58 mm inner diameter)
connected to a pressure transducer and polygraph system
(RM-6240; Instrument Plant of Chengdu, Chengdu, China)
to measure hemodynamics [30]. Hemodynamics, meaning
literally “blood movement,” is the study of blood flow or
the circulation. It explains the physical laws that govern the
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flow of blood in the blood vessels. Hemodynamic param-
eters include blood pressure (BP), mean pulmonary arterial
pressure (mPAP), aortic systolic pressure (AoSP), and right
ventricular systolic pressure (RVSP). These data were
recorded using a polyethylene catheter inserted into the
ascending aorta via the right carotid artery. After hemo-
dynamic measurements, the rats were euthanized. The
weights of the right ventricle (RV) and left ventricle (LV)
plus the septum (S) were measured to evaluate right ven-
tricular hypertrophy. The RV/LV+S weight ratio and the
RVSP/A0SP pressure ratio were considered as indices of
RV hypertrophy.

Gene-expression detection

Total RNA was extracted from lung tissue using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). Reverse tran-
scription was performed using SuperScript III (Invitrogen).
The polymerase chain reaction (PCR) was performed using
the iCycler Thermal Cycler (Bio-Rad, Hercules, CA,
USA). The primer sequences were as follows: human HGF,
forward primer 5'-ATG ATG TCC ACG GAA GAG GAG
A-3', reverse primer 5'-CAC TCG TAA TAG GCC ATC
ATA GTT GA-3’; GAPDH, forward primer 5'-CCA TCA
CTG CCA CTC AGA AGA C-3, reverse primer 5-TCA
TAC TTG GCA GGT TTC TCC A-3'; matrix metallo-
proteinase-9 (MMP-9), forward primer 5'-AAG TAT TTG
TCA TGG CAG AAA TAG GC-3/, reverse primer 5'-CCA
GAG CGT TAC TCG CTT GG-3’; and vascular cell
adhesion molecule-1 (VCAM-1), forward primer 5'-ACA
CCT CCC CCA AGA ATA CAG-3/, reverse primer 5'-
GCT CAT CCT CAA CAC CCA CAG-3'.

Histologic analysis

The tissue specimens obtained from the left lung were fixed
in ethanol, embedded in paraffin, and sectioned (4-pum
sections). The tissue sections were stained with hematox-
ylin and eosin. The sections were also immunostained with
antibodies against human HGF (Abcam, Cambridge, UK).
The capillary density was determined as described previ-
ously [31]. Medial wall thickening was assessed as the
percent medial wall thickness measured using an o-actin
antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and Sirius Red in saturated carbazotic acid staining,
as described previously [32]. A blinded observer measured
all of the vessels with perceptible media (>35 muscular
arteries/rat) under x200 magnification. To evaluate the
pulmonary arterial lumen, the internal and external areas of
nine to ten pulmonary arteries (100-150 pum external
diameter) in each rat were measured using a Microanalyzer
(BX-45; Olympus, Tokyo, Japan). The percentage of the
internal area of the pulmonary artery (vascular lumen ratio)
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was calculated using the following formula: vascular
lumen ratio (%) = internal area/whole (external) area of
pulmonary artery x 100.

Enzyme immunoassays

We measured the levels of transforming growth factor-f§
(TGF-B) and endothelin-1 (ET-1) in blood serum from
pulmonary hypertensive rats 3 weeks after MSC trans-
plantation. Serum was purified from whole blood samples
by centrifugation and added to a 96-well microplate for
enzyme-linked immunosorbent assay analysis using
commercial kits for TGF-B (R&D Systems, Minneapolis,
MN, USA) and ET-1 (Cayman Chemical, Ann Arbor, MI,
USA).

Western blot detection for MMP-9 and VCAM-1
expression in injured lungs

Small lung specimens for Western blotting were carefully
dissected from the right lung and snap-frozen in liquid
nitrogen. Total protein was extracted from the samples
using RIPA Lysis Buffer (Applygen Gene Technology,
Beijing, China), and total protein concentration was
quantified using the bicinchoninic acid method. Immuno-
blotting was performed using antibodies against MMP-9
(1:500; Santa Cruz Biotechnology) and VCAM-1 (1:500;
Santa Cruz Biotechnology). Detection was performed
using an ECL kit (Applygen Gene Technology), and
quantification was performed using the AlphaEaseFC
Image program (Alpha Innotech, San Leandro, CA, USA)
in a blinded fashion.
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Fig. 1 The characterization of bone marrow mesenchymal stem cells
(MSCs). The same field viewed under a an inverted microscope and
b a fluorescence microscope (x400). ¢ Phenotypic characterization of
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MSCs. MSCs were positive for CD29 and CD44 but negative for
CD34 and CD45. d Adipogenic induction, osteogenic induction, and
chondrogenic induction of rat bone marrow MSCs
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Statistical analysis

All data are expressed as the mean =+ standard error of the
mean. SPSS 16.0 software was used for all analyses. Val-
ues of P < 0.05 were considered statistically significant.
The significant differences among the five groups were
evaluated by one-way analysis of variance followed by
Fisher’s protected least significant difference test.

Results
Characterization of bone marrow MSCs

Bone marrow MSCs were imaged using light (Fig. 1a) and
fluorescence microscopy (Fig. 1b). Flow cytometry data
demonstrated that these cells were positive for CD29 and
CD44 but negative for CD34 and CD45 (Fig. 1c). Bone
marrow MSCs were differentiated in vitro using adipo-
genic, osteogenic, and chondrogenic induction media (Fig.
1d). In terms of morphology, marker expression, and cell
differentiation capacity, the cells used in this study were
classified as bone marrow MSCs.

Engraftment of MSCs into the lung and the expression
of exogenous human HGF in vivo

Three days after transfection, PCR revealed significant
pulmonary expression of the human HGF gene in the
HGF and HGF+G-CSF groups (Fig. 2a). Human HGF
gene expression was observed in only the HGF and
HGF+G-CSF groups. Likewise, 3 days after transfec-
tion, immunohistochemical examination using an anti-
human HGF polyclonal antibody revealed the
expression of human HGF in the HGF and HGF+G-
CSF groups (Fig. 2b). To determine whether MSCs
engrafted in the lung expressed HGF, we examined
vascular endothelial cells by immunohistochemistry to
identify green fluorescent protein (GFP)-positive MSCs
3 days after the transplantation of MSCs transfected
with Ad-GFP. Indeed, GFP-positive MSCs (green
fluorescence) were observed in the endothelial cell
zone of the lung (Fig. 2c¢).

Improvement in the hemodynamic parameters

To determine the effect of HGF and G-CSF on the
hemodynamic parameters, rats with PAH were catheter-
ized, and systemic BP and mPAP were investigated after 3
weeks of treatment (Fig. 3). The HGF and HGF+G-CSF
groups had lower PASP and mPAP values than the other
groups (P < 0.05), particularly the HGF+G-CSF group,
which had the lowest PASP values.

@ Springer

Fig. 2 The expression of exogenous human hepatocyte growth factor
(HGF) in vivo. a Electrophoresis results of human HGF transfection.
Gene expression in the HGF-only group (a) and the HGF +
granulocyte colony-stimulating factor (G-CSF) group (b). The G-CSF
group (c), the mesenchymal stem cells (MSC) group (d), and the
pulmonary arterial hypertension (PAH) group (e) all show no
expression of the human HGF gene. GAPDH glyceraldehyde
3-phosphate dehydrogenase. b Representative photomicrographs of
immunohistochemical staining for HGF at 3 days after HGF-MSC
administration (x200). ¢ Representative photomicrographs of immu-
nofluorescence staining for green fluorescent protein at 3 days after
adenovirus vector-GFP administration. GFP-positive MSCs (green
fluorescence) were observed in the endothelial cell zone of the lung.
Nuclei were stained with diamidino-2-phenylindole (blue fluores-
cence; arrow) (x400)

Assessment of right ventricular hypertrophy

Three weeks after MCT administration, transplantation,
and/or treatment, right ventricular hypertrophy was
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BP

Fig. 3 The hemodynamic parameters of the pulmonary arterial
hypertension (PAH), bone marrow mesenchymal stem cells (MSC),
granulocyte colony-stimulating factor (G-CSF), hepatocyte growth
factor (HGF), and HGF+G-CSF groups, including blood pressure
(BP), mean pulmonary arterial pressure (mPAP), and right ventricular
systolic pressure (RVSP)/aortic systolic pressure (AoSP). There were
no differences in BP among the PAH, MSC, G-CSF, HGF and
HGF+G-CSF groups (P > 0.05). There were no differences in mPAP
among the PAH, MSC, and G-CSF groups (P > 0.05). Compared with

Fig. 4 The assessment of right
ventricular hypertrophy.

a Images of hearts showing
thickening of the right ventricle
in different groups. b Weight
ratio of right ventricle/left
ventricle + septum (RV/LV+YS).
Compared with the PAH group,
the MSC group and the G-CSF
group, the HGF+G-CSF group
had significantly less right
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had lower mPAP (P < 0.05). No significant difference was observed
in mPAP between the HGF group and the HGF+G-CSF group (P >
0.05). Compared with the PAH group, the MSC group, and the G-CSF
group, the HGF+G-CSF group had a significantly lower pressure
ratio of RVSP/AoSP (P < 0.05). There were no differences in
pressure ratio among the PAH, MSC, and G-CSF groups. *P < 0.05
vs PAH group or MSC group or G-CSF group; *P < 0.05 vs HGF+G-
CSF group
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assessed by the RVSP/AoSP pressure ratio (Fig. 3) and the
RV/LV4S weight ratio (Fig. 4). The results showed that
the MSC group, the G-CSF group, and the HGF+G-CSF
group all had significantly less right ventricular hypertro-
phy than the PAH group (P < 0.05).

HGF+G-CSF
group

MSCs group G-CSF group HGF group

Inhibition of pulmonary arteriole remodeling
We evaluated the effects of HGF and G-CSF on MCT-

induced PAH in rats using histologic analyses (Fig. 5a). In
the HGF+G-CSF group, vessel muscularization or thick-
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Fig. 5 Inhibitory effects on
pulmonary arteriole remodeling.
a Representative
photomicrograph of
hematoxylin—eosin staining (/),
o-actin antibody staining (2),
and Sirius Red in saturated
carbazotic acid staining (3) in
rats 3 weeks after treatment.
Vascular occlusion and the
inflammatory response were
also obvious by microscopy.
The PAH, MSC, and G-CSF
groups (a) showed similar
morphologic features; b HGF
group; ¢ HGF+G-CSF group.
b Representative wall thickness
of the pulmonary artery. In the
PAH, MSC, and G-CSF groups,
vessel muscularization and
thickening, as well as collagen
accumulation leading to
vascular medial thickness and
marked pulmonary arterial
stenosis, were observed.
However, the vascular medial
thickness and collagen
deposition was attenuated, and
the vascular lumen ratio was

o g

significantly decreased in the

HGF+G-CSF group (PAH 30 -
group = 32.95 % £ 4.96 %;

MSC group = 33.54 % + 3.90

%; G-CSF group = 31.84 % + 20 -

2.81 %; HGF group = 29.77 %

+ 4.97 %; HGF+G-CSF group

=25.69 % + 5.14 %). *P < 0.05

-
(=]
1

vs the PAH group, MSC group,
and G-CSF group; *P < 0.05 vs

vascular lumen ratio

the HGF+G-CSF group

ening and collagen deposition were decreased. Moreover,
there was an increase in the vascular lumen ratio and a
marked decrease in the medial wall thickness (Fig. 5b). In
addition, light microscopy revealed an obvious vascular
occlusion and inflammatory response, particularly in the
PAH group.

Changes in serum TGF-3 and ET-1 concentrations
The TGF-B concentrations in the plasma of pulmonary

hypertensive rats were markedly lower in the HGF
(2513.32 £ 1255.156 ng/ml) and HGF+G-CSF (1869.94 +

@ Springer

1317.297 ng/ml) groups than in the other groups (PAH
group = 3347.31 £ 1873.32 ng/ml; MSC group = 3674.31
4 1690.80 ng/ml; G-CSF group = 4410.79 £ 1375.43 ng/
ml). There was no statistically significant difference
between the HGF and HGF+G-CSF groups; however,
there was a decrease in the HGF+G-CSF group (Fig. 6a).
The concentration of ET-1 levels in the plasma of pul-
monary hypertensive rats was significantly lower in the
HGF+G-CSF group (15.16 &£ 6.52 pg/ml) than in the PAH
(28.37 &+ 4.40 pg/ml), MSC (31.65 + 7.74 pg/ml), G-CSF
(40.42 + 19.12 pg/ml), and HGF (25.07 £ 6.77 pg/ml)
groups (Fig. 6b).
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Fig. 6 Changes in a transforming growth factor-B (TGF-f) and
b endothelin-1 (ET-1) levels in the blood serum 3 weeks after the
transplantation of MSCs. *P < 0.05 vs the PAH group, MSC group
and G-CSF group; P < 0.05 vs the HGF+G-CSF group

Angiogenesis promotion

To evaluate the effect of HGF on endothelial cells, we
calculated the number of blood vessels observed follow-
ing immunohistochemical staining with the o-actin anti-
body and Sirius Red in saturated carbazotic acid (Fig. 7a).
We found a significant increase in the capillary density of
the lung in the HGF+G-CSF group (P < 0.05), which
was approximately 1.2-fold greater than that in the HGF
group and 1.6-fold greater than that in the control group
(Fig. 7b).

MMP-9 and VCAM-1 expression in lung tissue

To examine the mechanisms underlying the synergistic
effect of HGF and G-CSF, we investigated gene and pro-
tein expression in the lung (Fig. 8). VCAM-1 expression
was significantly induced by HGF+G-CSF (P < 0.05).
There was no difference in the expression of VCAM-1
among the PAH, MSC, G-CSF, and HGF groups (P >
0.05). Both the HGF group and the HGF+G-CSF group
showed increased MMP-9 expression in the lung compared
with the other three groups. However, there was no dif-
ference in MMP-9 expression between the HGF group and
the HGF+4-G-CSF group (P > 0.05).

Discussion

PAH is characterized by the deregulated proliferation of
pulmonary arterial endothelial and intimal smooth muscle
cells, resulting in progressive pulmonary vascular remod-
eling and an increase in pulmonary arterial pressure. At
present, the treatment for PH is limited and has poor effi-
cacy. Although the subcutaneous injection of G-CSF
mobilized CD34" cells from the bone marrow to the
peripheral circulation, bone marrow stimulation with
G-CSF alone is unlikely to yield sufficient pulmonary-
specific targeting of EPCs [23]. HGF is a mediator of stem
cell homing to the bone marrow, and has been shown to
induce the recruitment of EPCs in an ischemic heart model
and a valvular heart disease model [33, 34]. However, there
is little information available in the literature regarding the
combination of G-CSF and HGF in the treatment of PH. In
this study, we investigated the physiologic and therapeutic
value of HGF and G-CSF combination therapy. Our study
demonstrated that the expression of HGF following the
transplantation of genetically modified MSCs, combined
with the subcutaneous injection of G-CSF, ameliorates
pulmonary hemodynamics in MCT-induced PAH rats by
attenuating adverse pulmonary vascular remodeling and
enhancing neovascularization.

In this study, we found that implanted MSCs could be
incorporated into the lung and express human HGF, which
suggests that MSC vectors could be used to maintain HGF
at relatively high levels. The combination of G-CSF and
HGF had a significant effect. Our results indicate that both
hemodynamics and right ventricular hypertrophy were
better preserved in the HGF4-G-CSF group than in any of
the other groups studied (Figs. 3 and 4). The histologic
improvements following the addition of G-CSF may be
attributed to the ability of G-CSF to stimulate and mobilize
stem cells [35, 36].

Furthermore, our findings demonstrate that the mecha-
nisms responsible for the beneficial effects of HGF+4G-
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Fig. 7 Representative vascular
densities. a Representative
photomicrograph of a-actin
antibody staining (/) and Sirius
Red in saturated carbazotic acid
staining (2) in rats 3 weeks after
treatment. a The PAH, MSC,
and G-CSF groups exhibit
similar morphologic features;

b HGF group; ¢ HGF+G-CSF
group. b The number of vessels
of the HGF+4G-CSF group was
higher than that in the other
groups (P < 0.05). The number
of vessels in each group was as
follows: HGF+G-CSF group =
4.97 + 1.94 per mm?, HGF
group = 4.06 £+ 1.9 per mm?,
PAH group = 2.88 £ 1.89 per
mm?, MSC group = 2.78 + 0.53
per mm?, and G-CSF group =
3.31 & 0.81 per mm?. There was
no significant difference in
density between the PAH and
MSC group or between the
G-CSF and HGF group. *P <
0.05 vs the PAH group, MSC

group, G-CSF group, and HGF
group

CSF included improved effects on pulmonary arteriole
remodeling and angiogenesis. EPCs play an important role
in endothelial repair and thus inhibit pulmonary vascular
remodeling caused by endothelial dysfunction [10, 12, 14,
37, 38]. Laboratory evidence suggests that these precursors
participate in postnatal neovascularization and re-endo-
thelialization [12-16]. Xia et al. [39] reported that EPCs
from PAH beagles were sluggish and senescent, and that
the reduction and functional impairment of EPCs played a
critical role in the onset of PAH. G-CSF has been shown to
mobilize EPCs to the peripheral circulation, whereas HGF
recruits EPCs to the injured organ [39]. In the present
study, we found that the combination of G-CSF and HGF
maintained endothelial homeostasis and inhibited pul-
monary arteriole remodeling. In the combined-therapy
group, vascular medial thickness and inflammatory cell
infiltration were attenuated, and the vascular lumen ratio
was significantly increased (Figs. 4 and 5).

Our study showed that the overexpression of HGEF,
together with G-CSF treatment, inhibited TGF-3 expres-
sion in the pulmonary hypertensive lung (Fig. 6a). TGF-f

@ Springer

is well established as a critical molecule involved in cell
proliferation, vascular remodeling, and lung fibrosis. The
inhibition of TGF-f expression may be another mechanism
that prevents pulmonary vascular remodeling. In fact, his-
tologic analysis of the pulmonary arteries in the HGF+G-
CSF group showed better suppression of vessel muscular-
ization or thickening and collagen deposition in the pul-
monary arteries than did any of the other groups. These
data indicate that combination therapy with HGF and
G-CSF induces a hemodynamic effect via the inhibition of
pulmonary arteriole remodeling.

Endothelial dysfunction could result in an imbalance
between vasodilators and vasoconstrictors, and this imbal-
ance is crucial in the progression of PAH [12]. ET-1, a
vasoconstrictor produced by endothelial cells, plays an
essential role in the pathogenesis of PAH by enhancing
vasoconstriction and hypertension. Haug et al. [40] showed
that HGF inhibited ET-1 release in cultured human coronary
artery endothelial cells. In our study, we found that HGF
inhibited ET-1 expression in the serum and that combination
therapy with HGF and G-CSF could further decrease ET-1
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Fig. 8 Matrix metalloproteinase-9 (MMP-9) and vascular cell
adhesion molecule-1 (VCAM-1) expression in lung tissue. A represents
the gene expression of MMP-9 and VCAM-1 using electrophoresis;
B and C represent the relative gene expression of MMP-9 and
VCAM-1, respectively. a represents the protein expression of MMP-9

expression. The suppression of ET-1 may contribute, in part,
to the inhibition of PH remodeling (Fig. 6b).

Furthermore, our findings demonstrate that the mecha-
nisms responsible for the beneficial effects of HGF4-G-
CSF are involved in angiogenesis. In advanced PH,
decreased pulmonary blood flow becomes evident and
leads to lung hypoxia. Under ischemic conditions, paren-
chymal destruction is further aggravated, and this damage
is associated with the expansion of interstitial fibrotic
spaces [1-4]. Therefore, strategies to increase pulmonary
blood beds should be considered for stopping these path-
ologic cycles. We have established successful techniques

a PAH MSCs G-CSF HGFHGF+G-CSF
group group group group group

MMP-9 S S S S s 9> KD

VACM-1 " s S R S 110-KD

GAPDH #4404 4  43-KD

T

30

Relative MMP-9
Protein Expression

(7]

Relative VCAM-1
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and VCAM-1 using Western blotting; b and ¢ represent the relative
protein expression of MMP-9 and VCAM-1, respectively. *P < 0.05
vs the PAH group, MSC group, and G-CSF group; P < 0.05 vs the
HGF+G-CSF group

for inducing angiogenesis in lung tissue using HGF and
G-CSF combination therapy. In the present study, the
number of lung vessels was significantly increased after
HGF and G-CSF combination therapy, concomitant with
the enhanced proliferation of endothelial cells (Fig. 7).
Thus, HGF-mediated angiogenesis in PH could be
responsible for not only a decline in peripheral blood
pressure but also improved hypoxia.

Integrin a4B1 (CD49d/CD29) is a receptor for VCAM-
1. In stem cells, HGF has been reported to induce VCAM-1
expression and promote the coexpression of CD49d and
CD34, which have been shown to be mobilized by G-CSF
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in an ischemic hind limb model [41]. Consistent with these
data, we found that VCAM-1 expression was significantly
induced by HGF in the lungs of PH rats (Fig. 8). These
findings suggest that one mechanism accounting for this
enhanced expression is that the circulating CD49d+
CD34+ cells mobilized by G-CSF adhere to VCAM-1,
which is induced by the local expression of HGF in the
pulmonary hypertensive lung.

MMPs, a family of Zn*" proteases, are able to degrade a
wide spectrum of extracellular matrix proteins. Among
these proteases, MMP-9 (gelatinase B) plays a specific role
in angiogenesis [42]. MMP-9 has been shown to stimulate
angiogenesis, not only by degrading the endothelial base-
ment membrane and the interstitial matrix that enhances
endothelial cell migration and that promotes the ability of
endothelial cells to form tubes on Matrigel [43], but also by
promoting the mobilization and recruitment of EPCs [44].
Our results demonstrated that G-CSF treatment signifi-
cantly enhanced the migration of bone marrow cells into the
lungs of pulmonary hypertensive rats and increased MMP-9
expression (Fig. 8). These findings suggest that G-CSF not
only recruits bone marrow cells into the peripheral blood
but also affects their migration and phenotype in the lung.
Our study also showed that HGF overexpression by itself
did not enhance MMP-9 expression. However, the overex-
pression of HGF together with G-CSF treatment stimulated
MMP-9 expression in the lung. The enhanced MMP-9
expression stimulates angiogenesis by promoting endothe-
lial cell migration through the degradation of the endothe-
lial basement membrane and interstitial matrix. In fact, the
G-CSF+HGF group had higher vascular densities than any
of the other groups studied.

In summary, HGF-MSC transplantation combined with
G-CSF treatment is able to offer a therapeutic benefit.
Future basic experimental studies including a larger sample
size and a different PAH model will be needed to define the
utility of this combination therapy.
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