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Abstract
Objective: To study the influence of bone marrow mesenchymal stem cells (MSCs) transplantation on hypoxic pulmonary hy-
pertension (HPH) in rats.
Methods: MSCs in SD rats were separated, cultivated, identified in vitro, and labeled by the green fluorescence protein (GFP)
adenovirus. Healthy male SD rats were randomly divided into four groups: normal control group (NC group) and HPH group,
with eight rats in each group respectively; HPH + mesenchymal stem cell transplantation group (MSCs group) and HPH +
vascular endothelial growth factor + mesenchymal stem cell transplantation group (VEGF + MSCs group), with twenty-four
rats in each group respectively. In this experiment, intermittent normobaric hypoxia was employed to establish the pulmonary
hypertension rat models, with stem cells transfected and transplanted. The mean pulmonary artery pressure (mPAP) was ob-
served in rats to calculate the right ventricular hypertrophy index (RVHI); the morphological changes of pulmonary arterioles
in each group of rats were observed under the microscope; the distribution and manifestation of MSCs fluorescently labeled by
adenovirus transfection were observed in pulmonary arterioles under the fluorescence microscope at the set time points of 7 d,
14 d and 28 d after the transplantation of stem cells.
Results: For NC group, the mPAP (mmHg) was 15.5 ± 1.5 at 28 d, while the mPAP in HPH, MSCs and VEGF + MSCs groups
were 26.1 ± 1.9, 21.6 ± 2.7 and 20.1 ± 2.9 respectively which were apparently higher than that in NC group (p < .01). Compared
with HPH group (p < .01), the mPAP was obviously decreased in MSCs and VEGF + MSCs groups. There was no significant
difference between MSCs and VEGF + MSCs groups. At 28 d, RVHI for NC group was 0.28 ± 0.02, while the RVHI in HPH,
MSCs and VEGF + MSCs groups were 0.43 ± 0.07, 0.34 ± 0.03 and 0.35 ± 0.01 respectively which were apparently higher than
that in NC group (p < .01). In comparison with HPH group, RVHI was significantly decreased in MSCs and VEGF + MSCs
groups (p < .05). There was no significant difference between MSCs and VEGF + MSCs groups. For HPH group, at 28 d,
pulmonary arterioles were apparently thickened, with luminal stenosis & obliteration and incomplete endothelial cells. Com-
pared with HPH group, pulmonary arterioles in MSCs group became thinning, with the lumen unobstructed and the integrity of
endothelial cells improved. The changes in the manifestation of MSCs and VEGF + MSCs groups were not significant.
Conclusions: The transplantation of MSCs can improve the remodeling of pulmonary arterioles to partially reverse the progress
of HPH; the combined transplantation of VEGF and MSCs doesn’t improve the effect of MSC transplantation.
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Hypoxic pulmonary hypertension (HPH), a common disease
that seriously threatens human health, usually results from
the hypoxic condition caused by chronic obstructive pul-
monary disease (COPD). Hypoxia can disorder the endothe-
lial function of pulmonary blood vessels, with the reactive
constriction of pulmonary blood vessels enhanced, so that
pulmonary blood vessels are remodeled to cause pulmonary
hypertension.[1]

Mesenchymal stem cells (MSCs) were used as seed cells
for tissue engineering, and vascular endothelial growth fac-
tor (VEGF) is a relatively strong, endothelial cell specific,
positively regulatory factor that stimulates the formation of
blood vessels, namely, it can promote the de novo forma-
tion of blood vessels.[2, 3] There are some different reports
on the fact that the combined transplantation of VEGF and
MSCs can enhance their effect on the remodeling and re-
pair of pulmonary blood vessels. This study was designed
to not only establish the HPH rat models, but also cultivate,
separate, purify and identify bone MSCs, in addition, label
MSCs with GFP adenovirus.[4–7] In this experiment, labeled
MSCs and VEGF + MSCs were transplanted by caudal vein
in rats, in order to explore their effect on mean pulmonary
arterial pressure (mPAP), right ventricular hypertrophy in-
dex (RVHI) and pathological changes of pulmonary arteri-
oles in rats with HPH.

1 Materials and methods
1.1 Reagents and instruments

GFP adenovirus and VEGF adenovirus were purchased
from Shanghai Hanbio Biotechnology Co., Ltd., a self-made
normobaric hypoxia cabin (equipped with an oxygen meter,
an electromagnetic valve, a reduction valve, an electric fan)
was also included. The measurement of pulmonary arterial
pressure in rats was made by connecting YP100 type pres-
sure transducer (Beijing Xinhangxingye Technology Trade
Co., Ltd.) to four-channel physiological recorder (Chengdu
Instrument Factory, China). The fluorescent inverted micro-
scope (Leica, Germany) was used to observe the distribution
of MSCs fluorescently labeled by adenovirus transfection in
pulmonary arterioles. The flow cytometer (Becton, Dickin-
son and Company, USA) was applied to the identification of
bone marrow MSCs in SD rats. CD44H PE, CD45 APC and
CD90 FITC antibodies in rats were purchased from Nanjing
Bioedify Biotechnology Co., Ltd.

1.2 Experimental animals and grouping

The experimental animals were provided by Experimen-
tal Center of Inner Mongolia University (Certification No.:
Jingdongzi 8806R011), and they were 64 clean and health
male SD rats, 6 weeks old, weighed 178-249 g. SD rats were
randomly divided into four groups: normal control group

(NC group) and HPH group, with eight rats in each group
respectively; MSCs group and VEGF + MSCs group, with
twenty-four rats in each group respectively. Each group of
rats had free access to food and water. There was no signif-
icant difference in body weight among groups (p > .05).

1.3 Establishment of the HPH rat models

Intermittent normobaric hypoxia was applied to this experi-
ment.[4] In addition to NC group, the rats were placed in the
self-made normobaric hypoxia cabin, in which the nitrogen
was inlet. The oxygen concentration in the cabin was mea-
sured with an oxygen meter and reduced to (10 ± 1)% within
60 min. The anoxic condition was required to be maintained
for 8 h every day, 6 days in a week, for 21 consecutive days.

1.4 Primary culture, separation, purification, iden-
tification and cell labeling of MSCs

Bilateral femora were taken from 6-week old SD rats un-
der the aseptic condition. MSCs in rat bone marrow were
separated by use of density gradient centrifugation and ad-
herence method, and then cultivated. 3 samples were ran-
domly chosen from the cells in the second or third passage,
and surface antigens of MSCs were measured with the flow
cytometer, which were consistent with the positive expres-
sions of CD44 and CD90. The negative expression of CD45
identified those cells as MSCs. After identification, MSCs
were fluorescently labeled with GFP-adenovirus and GFP-
VEGF-adenovirus. Multiplicity of infection (MOI) ranged
from 20 to 50. After 24 h, the condition of cell transfection
was observed under the fluorescent inverted microscope.
When the transfection results met the requirements, these
cells were made into GFP-labeled MSC suspension (24 ml)
and GFP-VEGF-labeled MSC suspension (24 ml) for trans-
plantation use.[5, 6]

1.5 The transplantation of MSCs

After the HPH rat models were established successfully, the
rats in MSCs and VEGF + MSCs groups were slowly in-
jected by caudal vein with 1 ml of GFP-labeled MSC sus-
pension and 1 ml of GFP-VEGF-labeled MSC suspension
(including 3 × 106 cells/ml) respectively. All the rats were
fed in the same way as before. 8 rats were randomly cho-
sen from MSCs and VEGF + MSCs groups at 7 d, 14 d and
28 d, with all relevant indicators measured; for NC and HPH
group, all indicators were measured at 28 d.
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1.6 The measurement of each indicator after the
transplantation of MSCs

1.6.1 General observation

Before and after the establishment of SD rat hypoxic mod-
els and the transplantation, it was required to observe the
changes in general mental status, daily activity, food intake,
the severity of hair loss and body weight of SD rats.

1.6.2 The measurement of mPAP and RVHI

After the rats were weighed at 28 d, they were injected
with 10% chloral hydrate (0.6 ml/kg) by abdominal cav-
ity for anesthesia, with tracheal intubation performed. Be-
sides, they were given intramuscular injection of succinyl-
choline chloride (1.5 mg/kg) to stop spontaneous breath-
ing and given ventilation by HX-200 animal ventilator to
adjust respiratory frequency to about 70 times per minute,
with tidal volume of 6-8 ml and I/E of 1:2. The right heart
catheter was made of polyethylene capillary and inserted
into the pulmonary artery through the jugular vein. Four-
channel physiological recorder was used to record mPAP.
After SD rats were sacrificed, right ventricle (RV) and left
ventricle plus septum (LV + S) were isolated and weighed
to calculate RVHI.

1.6.3 Pathological observation

Pulmonary tissues were taken from the sagittal plane of lung
hilus, dehydrated conventionally, embedded in paraffin, re-
sected and stained with hematoxylin-eosin (HE). Under the
light microscope, 3 fields of view were randomly chosen to
observe the changes in the structure of pulmonary artery.
The distribution of GFP-labeled MSCs and the thickness of
the vascular wall of pulmonary arterioles were observed un-
der the fluorescence microscope.

1.7 Statistical treatment

The experimental data were represented by mean ± standard
deviation (x̄ ± s), and SPSS 13.0 Statistical Software Pack-
age was applied to statistical analysis. Variance analysis was
first performed for multiple groups of data. When the vari-
ance was homogeneous, one way ANOVA was applied to the
comparison and LSD was used in the test; when the variance
was not homogeneous, Dunnett’T3 was used in the test.

2 Results
2.1 Separation, cultivation and identification of

MSCs in rats

MSCs in rats were primary cultured for 24 h and most
of the cells proliferated adherently. After 3 days, the cell
colonies increased rapidly, expanded constantly and merged
with each other. After 1 week, the bottom of the culture bot-
tle was covered with cells, which were to be subcultured. In
the third passage, most of the cells appeared to be fusiform,
triangle, polygon and spindle, were uniformly and orderly
distributed in fibroblastic style, and arranged in swirl (see
Figure 1). After the transfection of cells with adenovirus,
GFP-labeled MSCs in fusiform, triangle, polygon and spin-
dle shape were observed under the fluorescent inverted mi-
croscope (see Figure 2). The results of the flow cytome-
ter were: CD90 and CD44 were positive (the positive rates
were 69.8% and 74.58% respectively), CD45 was negative
(the positive rate was only 1.11%). It was confirmed that the
cultured and transfected cells were MSCs.

Figure 1: MSCs in the 3rd generation of 3 days (× 100)

Figure 2: MSCs in the 3rd generation, transfection images
after 24 hours (× 400)
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2.2 General condition of rats

At 28 d, the rats in NC group had regular hair color, no
hair loss, flexible response, good food intake and weight
gain. In HPH group, rats had severe hair loss, slow response,
less food intake and reduced weight, which was apparently
lower than that in NC group (p < .01). After transplanta-
tion, hair loss was not obvious in rats of MSCs group, and
the body weight was apparently increased than that in HPH
group (p < .01) and decreased than that in NC group (p < .05,
see Table 1). After transplantation, hair loss was not obvi-
ous in rats of VEGF + MSCs group, and the body weight
was apparently increased than that in HPH group (p < .01)
and decreased than that in NC group (p < .05). However,
there was no significant difference in body weight between
MSCs group and VEGF + MSCs group (p > .05, see Table
1).

2.3 mPAP and RVHI

In NC group, mPAP and RVHI were respectively (15.5 ±
1.5) mmHg and 0.28 ± 0.02. In HPH group, mPAP and
RVHI were (26.1 ± 1.9) mmHg and 0.43 ± 0.07 respectively,
which were significantly higher than those in NC group
(p < .01), indicating the successful establishment of HPH
models. In MSCs group, mPAP and RVHl were respectively
(21.6 ± 2.7) mmHg and 0.34 ± 0.03, which were obviously
higher than those in NC group (p < .01), but significantly
lower than those in HPH group (p < .01, p < .05), sug-
gesting that the transplantation of stem cells can partially
improve pulmonary hypertension and RVHI. In VEGF +
MSCs group, mPAP and RVHl were respectively (20.1 ±

2.9) mmHg and 0.35 ± 0.01, which were obviously higher
than those in NC group (p < .01), but significantly lower
than those in HPH group (p < .01, p < .05). However, there
was no significant difference in mPAP and RVHI between
MSCs group and VEGF + MSCs group (p > .05, see Table
2).

Table 1: Comparison in body weight among four groups of
rats before hypoxia and at 28 d after hypoxia stem cell
transplantation (g, x̄ ± s, n = 8)

 

 

Group  Before hypoxia  28 d  

NC  216.0 ± 22.9  318.8 ± 24.2##  

HPH  218.9 ± 24.7  261.0 ± 19.7**  

MSCs  208.9 ± 24.8  296.1 ± 18.5*##  

VEGF + MSCs  216.3 ± 19.9  295.8 ± 18.8*#  

Note. NC: Normal control group; HPH: Hypoxia pulmonary hypertension; 

MSCs: Bone marrow mesenchymal stem cells; VEGF: Vascular endothelial 

growth factor;  
*
p < .05, 

**
p < .01 vs. NC group; 

#
p < .05, 

##
p < .01 vs. HPH 

group  

 
Table 2: The changes in mPAP and RV/LV + S in four
groups of rats with hypoxia and stem cell transplantation
(28 d) (x̄ ± s, n = 8)

 

 

Group  mPAP (mmHg)  RV/LV + S  

NC  15.5 ± 1.5##  0.28 ± 0.02##  

HPH  26.1 ± 1.9**  0.43 ± 0.07**  

MSCs  21.6 ± 2.7**##  0.34 ± 0.03**#  

VEGF + MSCs  20.1 ± 2.9**##  0.35 ± 0.01**#  

Note. NC: Normal control group; HPH: Hypoxia pulmonary hypertension; 

MSCs: Bone marrow mesenchymal stem cells; VEGF: Vascular endothelial 

growth factor; 
**

p < .01 vs. NC group; 
#
p < .05, 

##
p < .01 vs. HPH group  

 

Figure 3: Morphology of pulmonary artery hypertension in each group of rats (HE × 100)
A: Normoxia group; B: Hypoxia group
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2.4 The microscopic observation of pulmonary
blood vessels in rats

Under the microscope, the pulmonary arterioles in NC
group became thinning, with the lumen unobstructed, and
endothelial cells were complete and continuous (see Figure
3A). At 28 d, in HPH group, it was visible that the pul-
monary arterioles became thickened, with luminal stenosis
& obliteration and incomplete endothelial cells (see Figure
3B). At 7 d after transplantation, in MSCs group, it was ob-
served that the labeled MSCs migrated into the pulmonary

arterioles under the fluorescence microscope. The vascular
wall and the lumen were partially improved in comparison
with HPH group (see Figure 4A), and further improved at
14 d (see Figure 4B). At 28 d, the pulmonary arterioles be-
came thinning, with the lumen unobstructed, which was fur-
ther improved in comparison with 7 d and 14 d (see Figure
4C). There was no significant difference between VEGF +
MSCs group and MSCs group. See Figure 5A, 5B and 5C
for the manifestation of VEGF + MSCs group at 7 d, 14 d
and 28 d under the fluorescence.

Figure 4: Morphology of pulmonary artery hypertension in each group of rats (adenovirus transfection fluorescently
labeled × 400)
A: MSCs transplantation after 1 week; B: MSCs transplantation after 2 weeks; C: MSCs transplantation after 4 weeks

Figure 5: Morphology of pulmonary artery hypertension in each group of rats (adenovirus transfection fluorescently
labeled × 400)
A: VEGF + MSCs transplantation after 1 week; B: VEGF + MSCs transplantation after 2 weeks; C: VEGF+ MSCs
transplantation after 4 weeks

3 Discussion

HPH occurs in the process of pulmonary vasoconstriction
and pulmonary remodeling caused by hypoxia due to alti-
tude sickness and COPD, with a high incidence. It seri-
ously affects patients’ survival and life quality. Currently,

there are no effective and safe drugs for pulmonary hyper-
tension. Bone marrow MSCs transplantation is a new tech-
nology emerging in recent years. This type of cells, derived
from mesoderm, are high potential seed cells which are of
high proliferation, self-renewal and multi-directional differ-
entiation. The reason why these cells are considered as seed
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cells is that they have a characteristic of multi-directional
differentiation and in-vitro expression of various exogenous
genes.[7] Besides, MSCs may have an effect on repairing
damaged pulmonary blood vessels and relieving pulmonary
arterial pressure, which makes this technology become a
method for the treatment of pulmonary hypertension. In
this experiment, the transplantation of MSCs was applied
to the treatment of HPH in rats. It was found that after
transplantation, the general condition of the rats was bet-
ter than that in HPH group, but mPAP and RVHI were ob-
viously lower in MSCs group and VEGF + MSCs group
than those in HPH group. In addition, there was no signif-
icant difference in mPAP and RVHI between MSCs group
and VEGF + MSCs group. At 7 d after transplantation, in
MSCs group, it was observed that the labeled MSCs mi-
grated into the pulmonary arterioles under the fluorescence
microscope or the optical microscope. The vascular wall
and the lumen were partially improved in comparison with
HPH group, and further improved at 14 d. At 28 day, the
pulmonary arterioles became thinning, with the lumen un-
obstructed, which was further improved in comparison with
7 d and 14 d. There was no significant difference between
VEGF + MSCs group and MSCs group, which was simi-
lar to the above study. It is indicated that the transplanta-
tion of MSCs can not only dilate, reverse and repair dam-
aged pulmonary blood vessels, but also reduce the remodel-

ing of pulmonary blood vessels in HPH rats and effectively
treat HPH in rats, providing a new idea for the treatment
of pulmonary hypertension. VEGF is a polypeptide growth
factor that can synthesize and release nitric oxide[8] to im-
prove pulmonary artery pressure; promote the division of
endothelial cells and the proliferation of angiogenic factors
to improve pulmonary blood vessels; inhibit multiple factors
that cause the apoptosis of endothelial cells; and increase the
tolerance of endothelial cells to superoxide. However, this
experiment shows that the effect of the combined tranplan-
tation of VEGF and MSCs on HPH in rats is not obvious,
and the specific mechanism needs to be further studied.

The transplantation of MSCs can reduce HPH and partially
reverse the progress of HPH, which can be used as a new
measure to treat pulmonary hypertension. However, the fol-
lowing problems still remain to be solved: the survival time
and differentiation ability in the host after transplantation,
and the safety of transplantation need a further research for
solution. The treatment of HPH by the transplantation of
MSCs will be promising if the corresponding problems are
solved.
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