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Abstract

BACKGROUND: Stem cell transplantation has a certain effect in the treatment pulmonary arterial hypertension.
OBJECTIVE: To investigate the effect of bone marrow mesenchymal stem cells transplantation on the
treatment of pulmonary arterial hypertension and to discuss the mechanism.

METHODS: Bone marrow mesenchymal stem cells were in vitro cultured, purified and amplified by density
gradient centrifugation method, and labeled with the fluorescent dye for preparation. Puimonary arterial
hypertension model was established by subcutaneous injection of monocrotaline. One week after modeling, the
rats were randomly divided into three groups. Rats in the stem cell transplantation group and pulmonary arterial
hypertension group received subcutaneous injection of monocrotaline to establish the pulmonary arterial
hypertension model. One week later, the rats in the stem cell transplantation group received sublingual vein
injection of bone marrow mesenchymal stem cell solution, the rats in the pulmonary arterial hypertension group
were injected with the culture medium without stem cells, and the rats in the control group were injected with the
normal saline in the same dose.

RESULTS AND CONCLUSION: At 2 weeks after transplantation, compared with the mesenchymal-induced
pulmonary arterial hypertension rats, the hemodynamic parameters and the ratio of right ventricular/body weight
of the rats in the stem cell transplantation group were significantly improved (P < 0.05); the degree of pulmonary
vascular remodeling was significantly reduced (P < 0.05). Fluorescence microscope observation showed that
the transplanted bone marrow mesenchymal stem cells could alive at least 2 weeks in the stem cell
transplantation group, and part of the stem cells could differentiate into pulmonary vascular endothelial cells.
The results show that bone marrow mesenchymal stem cell transplantation can significantly improve the
pulmonary vascular and right ventricular structural impairments in the rats with mesenchymal-induced
pulmonary arterial hypertension.

Subject headings: monocrotaline; hypertension, pulmonary; cell transplantation; stem cell transplantation;
stem cell research
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vasculature!’. Many therapies have been

Lu Yan, Master, Attending
physician, Department of
Medicine, Hospital of Beijing
University of Aeronautics and
Astronautics, Beijing

100191, China
ymlly@qg.com

Corresponding author: Zhang
Zhao-hua, M.D., Attending
physician, Department of
Pediatrics, the Second
Hospital of Shandong
University, Jinan 250033,
Shandong Province, China
zhaohuaz1972@126.com

Received: 2012-07-26
Accepted: 2012-09-05
(20120613006/W J)

INTRODUCTION

Pulmonary arterial hypertension is a
progressive disorder characterized by
abnormally high blood pressure in the
pulmonary artery. One of the most important
mechanisms is to increase the pulmonary
vascular resistance by functional and
structural change in the pulmonary
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proved useful in decreasing pulmonary
arterial pressure, but an effective therapy of
the long-term outcome in this disorder is

lacking®?.

Bone marrow mesenchymal stem cells are
multi-potential progenitor cells derived from
the fetal bone marrow, which have the
ability to differentiate into bone, cartilage,
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muscle, bone marrow stroma, endothelial cells, and
vascular smooth muscle cells and other connective
tissues®. Studies also have showed that bone marrow
mesenchymal stem cells can secrete a variety of growth
factors, such as vascular endothelial growth factor.
Recently, bone marrow mesenchymal stem cell
transplantation has become a potential therapy for
pulmonary arterial hypertension.

In our previous research, intravenous implantation of
bone marrow mesenchymal stem cells improved the
progression of right ventricular impairment caused by

monocrotaline-induced pulmonary arterial hypertension'.

The aim of this study was to further explore the effect of
bone marrow mesenchymal stem cell transplantation on
the model of pulmonary arterial hypertension induced by
monocrotaline and discuss the mechanism.

MATERIALS AND METHODS

Design
A randomized controlled animal experiment.

Time and setting

The experiment was conducted in the Second Hospital
of Shandong University between January 2011 and
April 2012.

Materials

Thirty-three SPF healthy Sprague-Dawley rats
weighing 200-250 g were purchased from the Animal
Experimental Center of Shandong University. Animal
license was SCXK(Lu)20030004. During the
experiment, the free drink, feeding feed and mixed feed
were provided by Shandong University Animal
Experiment Center, the room temperature was 18-
25 C, relative humidity was 62%-72%. The study
protocol was reviewed and approved by the
Institutional Animal Care and Use Committee, the
Second Hospital of Shandong University, and the
experiments were conducted according to the
Guidelines of the American Physiological Society.

Chemicals and reagents are as follows:

Chemicals and reagents Source

Monocrotaline, ficoll, penicillin, streptomycin,  Sigma-Aldrich, USA
CD44, CD29, CD34, and CD90 antibody
Dulbecco’s modified Eagle’s medium/F-12,

fetal bovine serum
Chloromethylbenzamido-1,1'-dioctadecyl-3,3, Invitrogen, USA
3',3'-tetramethylindocarbocyanine perchlorate
Vascular endothelial growth factor,

von Willebrand factor anti-body

Gibco-BRL, USA

Abcam, English
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Methods

Establishment and evaluation of pulmonary arterial
hypertension model

Monocrotaline was prepared as described and was
dissolved in 1 mol/L HCI, neutralized to pH 7.4 with
0.5 mol/L NaOH, and diluted with saline just before
injection®?!. One week after monocrotaline injection®,
the rats were anesthetized and inserted with a
3F-Miller microtip catheter via the right jugular vein
into the right ventricle to obtain baseline
measurements of hemodynamics, such as right
ventricular systolic pressure, mean right ventricular
pressure, and mean pulmonary arterial pressure. The
rats were euthanized after hemodynamic
measurements, the lung and heart were quickly
harvested and fixed in situ via the trachea cannula
with buffered 4% formaldehyde, and then were
embedded in paraffin. The sections were cut into 4-
5 um slices and were stained with streptavidin
peroxidase and hematoxylin-eosin. According to the
results of hemodynamic parameters, right ventricular
hypertrophy and pulmonary arterial pathological
changes were used to evaluate if the model of
pulmonary arterial hypertension was successful
establishment.

Isolation, culture and labeling of bone marrow
mesenchymal stem cells

Bone marrow cells were isolated by flushing the cavity
of femurs and tibias and transferred to a tissue culture
dish with 90 mm in diameter. The bone marrow
mesenchymal stem cells and other cells were
separated with the ficoll (1.077) density gradient
centrifugation method as previously report®.

Flow cytometry immunophenotyping was performed by
using methods reported previously: 5x10° cells were
suspended with trypsin and washed two times in PBS.
After centrifugation, the cells were incubated with
primary against human CD44, CD29, CD34, and CD90
antibodies for 30 minutes at4 C.

Before implantation, the cells were labeled with the
cross-linkable membrane dye

Cells were labeld according to the protocol of the
supplier as previously described. Briefly, (1-5)x10°
cells were incubated for 5 minutes at 37 “C, and then
for an additional 15 minutes at4 °C.

After labeling, 1x10° cells were being washed with PBS
and resuspended in 100 uL saline and then kept on ice
before transplantation, the labeling-efficiency reached
more than 80%.
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Groups of experimental animals

The male Sprague Dawley rats were randomly divided
into three groups (n=10) as follows. Control group:
animals received a sublingual vein injection of 0.9%

saline instead of bone marrow mesenchymal stem cells.

Pulmonary arterial hypertension group: animals
received a subcutaneous injection of 50 mg/kg
monocrotaline. Bone marrow mesenchymal stem cells
group: animals received a sublingual vein injection of
(1-5)x10° labeled bone marrow mesenchymal stem
cells.

Evaluation of hemodynamic parameter and right
ventricular impairment induced by monocrotaline
Two weeks after stem cell transplantation, the rats were
anesthetized and inserted with a 3F-Miller microtip
catheter via the right jugular vein into the right ventricle to
obtain base line measurements of hemodynamics such
as right ventricular systolic pressure, mean right
ventricular pressure, and mean pulmonary arterial
pressure®®. The ratio of right ventricular to body weight
was determined to measure the right ventricular
hypertrophy®.

Analysis of pulmonary vascular structural change
The morphometric analysis of pulmonary arteries was
performed as described previously!'®. The structural
changes in pulmonary vascular wall were observed by
microscope, and the media thickness, extra-large
diameter, pulmonary vessel area, and total vascular
area were measured to calculate the ratio of media
thickness/ extra-large diameter (%) and pulmonary
vessel area/total vascular area (%). The ratio of right
ventricular to body weight was determined to measure
the right ventricular hypertrophy.

Analysis of cell differentiation by
immunohistochemistry

Two weeks after cell transplantation, the rats were
anesthetized and the lung was inflated with optimal
cutting temperature compound, and then quickly frozen
in liquid nitrogen and stored at -80 C. Sections were
cut into 4 um slices and fixed in acetone for 10 minutes
at-20 °‘C. Survival of mesenchymal stem cells was
demonstrated by observing the presence of

1, 1’-dioctadecyl-3, 3, 3’, 3'-
tetramethylindocarbocyanine perchlorate(Dil)-labeled
cells. Immunofluorescence was then carried out with
goat anti-mouse monoclonal surfactant associated
protein C (1:100) IgG antibody, rabbit anti-human von
Willebrand factor (1:100) antibody and vascular
endothelial growth factor (1:100) anti-body. Fluorescein
isothiocyanate-conjugated goat anti-mouse IgG
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antibody was used as a secondary antibody. Two
weeks after bone marrow mesenchymal stem cell
implantation, the labeled red fluorescence-positive
cells were observed by fluorescence microscope.
The engraftment and integration of transplanted
undifferentiated cells were identified through
observing the distribution of red fluorescent-positive
cells. The sections stained with von Willebrand factor,
then the vascular endothelial growth factor and
surfactant associated protein C presented as green
fluorescence, and the merged images staining were
yellow color.

Main outcome measures

The analysis of animal determination of hemodynamic
data; right ventricular weigh and pulmonary vascular
structural induced by monocrotaline; characterization
of cultured bone marrow mesenchymal stem cells; the
identification of the transplanted bone marrow
mesenchymal stem cells; effect of bone marrow
mesenchymal stem cells on the hemodynamic data
and right ventricular impairment; the effect of bone
marrow mesenchymal stem cells on pulmonary artery
wall.

Statistical analysis

Statistical analysis was performed with one-way
analysis of variance followed by Bonferroni test or t-test
when appropriate by using SPSS 13.0 statistical
software. Differences were considered significant at

P < 0.05, and presented as meanzSD unless otherwise
stated.

RESULTS

Characterization of cultured bone marrow
mesenchymal stem cells

After being primary cultured for 24 hours, the bone
marrow mesenchymal stem cells appeared as colonies
of spindle-like cells. Three days after being
sub-cultured, the cells were attached to the culture dish
tightly and proliferated rapidly in the culture medium.

Effect of bone marrow mesenchymal stem cells on
hemodynamic data and right ventricular
impairment

At 2 weeks after bone marrow mesenchymal stem cell
administration, right ventricular systolic pressure, mean
right ventricular pressure, mean pulmonary arterial
pressure and the ratio of right ventricular to body
weight were significantly lower in stem cell
transplantation group when compared with pulmonary
arterial hypertension group (P < 0.05; Table1).
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Table 1 Effect of bone marrow mesenchymal stem cells on
hemodynamic data and right ventricular weight

(xxs, n=10)

Item Control PAH BMSCs
RVSP (mm Hg) 35.17+1.86 56.84+1.54° 43.83+2.13°
MPAP (mm Hg) 20.36+2.13 41.37+2.24° 26.82+3.42°
MRVP (mm Hg) 19.74+5.23 41.686.17° 28.34+1.98°
RV/BW 0.47+0.034 0.61+0.07° 0.55+0.04°

2P < 0.05, °P < 0.01, vs.control group; "P < 0.05, °P < 0.01, vs. PAH
group. RVSP: right ventricular systolic pressure; MRVP: mean right
ventricular pressure; MPAP: mean pulmonary arterial pressure; RV/RW:
ratio of right ventricular to body weight; PAH: pulmonary arterial
hypertension; BMSCs: bone marrow mesenchymal stem cells;

1 mm Hg=0.133 kPa.

Effect of bone marrow mesenchymal stem cells on
pulmonary artery structure (Table 2, Figure 1)

Table 2 Effect of bone marrow mesenchymal stem cells on

pulmonary artery wall (xts, n=10, %)
Item Control PAH BMSCs
MT 12.08+1.30 45.21+4.37° 20.83+5.49"
VA 42.3114.39 20.36+6.81° 38.27+3.48"

P < 0.01, vs. control group; °P < 0.05, vs. PAH group. MT: media
thickness; ED: extra-large diameter; VA: pulmonary vessel area; TAA:
total vascular area; MT%(=MT/ED); VA%(=VA/TAA; PAH: pulmonary
arterial hypertension; BMSCs: bone marrow mesenchymal stem cells.

s U Y

A: Control group

group

C: Stem cell transplantation group

The intima thickening and luminal stenosis in stem cell transplantation
group were significantly lighter than those in the pulmonary arterial
hypertension group (arrows)

Figure 1  Effect of bone marrow mesenchymal stem cells
on pulmonary artery wall (Hematoxylin-eosin
staining, x100)
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Hematoxylin-eosin staining results demonstrated that
the intima thickening and luminal stenosis were
significantly decreased in the stem cell transplantation
group when compared with the pulmonary arterial
hypertension group. The ratios of media
thickness/extra-large diameter (%) and pulmonary
vessel area/total vascular area (%) of muscular arteries
was significantly improved in the stem cell
transplantation group as compared with pulmonary
arterial hypertension group, respectively (P < 0.05).

Differentiation of transplanted bone marrow
mesenchymal stem cells (Figure 2)

Transplanted BMSCs showed red fluorescence (A, D); sections
stained with vascular endothelial growth factor (VEGF) (B) and von
Willebrand factor (WF) (E) showed green fluorescence; merged
image of Dil with VEGF (C) and VWF (F) staining respectively showed
yellow fluorescence

Figure 2 Differentiation of 1,1-dioctadecyl-3,3,3’,
3'-tetramethylindocarbocyanine perchlorate
(Dil)-labeled bone marrow mesenchymal stem
cells (BMSCs) by fluorescence microscope (x400)

Two weeks after cells transplantation, Dil-labeled
positive cells were observed at the transplanted area in
bone marrow mesenchymal stem cell group. In many
regions, the red fluorescence cells were observed
coincident with the green fluorescence spots of
vascular endothelial growth factor and vWiFanti-body,
but not surfactant associated protein C anti-body,
which suggested that the intravenous implantation of
bone marrow mesenchymal stem cells could differentiate
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into vascular endothelial cells in vivo although they did
not actively survive as lung cells. There was no evidence
of red and green fluorescence in the control and
pulmonary arterial hypertension groups.

DISCUSSION

The structural changes in pulmonary vascular wall
were observed by microscope, and media thickness,
extra-large diameter, pulmonary vessel area, and total
vascular area were measured to calculate ratios of
media thickness/extra-large diameter (%) and vessel
area/total vascular area (%). Pulmonary artery
hypertension is a progressive disorder characterized by
progressive increase of pulmonary arterial pressure and
resistance, eventually leading to right heart failure and
death in patients with refractory disease!".

Although in the past ten years, the treatment of PAH had
apparent progress, but the prognosis is still poor.
Therefore, for further experimental studies, looking for
reasonable and safe method of treatment of pulmonary
arterial hypertension has become an urgent problem to
be solved.

Bone marrow mesenchymal stem cells can secrete a
variety of growth factors to promote angiogenesis, such
as vascular endothelial growth factor. Transplantation
of endothelial progenitor cells into the monocrotaline-
injured lung could improve the impairment, but the
treatment effect is not ideal. The reports about bone
marrow mesenchymal stem cell transplantation for the
treatment of pulmonary hypertension are very small. In
our previous research, intravenous implantation of
Bone marrow mesenchymal stem cells could improve
the progression of right ventricular impairment caused
by monocrotaline-induced pulmonary arterial
hypertension. In the present study, we also found that 2
weeks after sublingual vein administration of bone
marrow mesenchymal stem cells to pulmonary arterial
hypertension rats, the pulmonary arterial pressure was
significantly lower in the stem cell transplantation group
when compared with the non-treated pulmonary
arterial hypertension group. Right ventricular systolic
pressure, mean right ventricular pressure and mean
pulmonary arterial pressurefluorescein isothiocyanate
were significantly lower in the stem cell transplantation
group when compared with pulmonary arterial
hypertension group, the ratio of right ventricular to body
weight was significantly lower in the stem cell
transplantation group when compared with pulmonary
arterial hypertension group. On the other hand, 2
weeks after injection, hematoxylin-eosin staining
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results demonstrated that the intima thickening and
luminal stenosis in the stem cell transplantation group
were significantly improved than that in the pulmonary
arterial hypertension group. The ratio of media
thickness/extra-large diameter (%) muscular arteries
was significantly decreased and the ratio of vessel
area/total vascular area (%) was significantly increased
in the stem cell transplantation group as compared with
pulmonary arterial hypertension group, respectively.

Although the underlying mechanism are complicated
and not yet determined, several factors are expected to
be contributed, such as the role of stem cell
differentiation, para-secretion effects, and so on!"?"?!.
Our experiments also demonstrated that the red
fluorescence-positive cells were observed coincident
with the green fluorescence spots of vascular
endothelial growth factor and vVWF anti-body but not
surfactant associated protein C anti-body in many
regions. These results suggested that the intravenous
implantation of mesenchymal stem cells have the
ability to differentiate into vascular endothelial cells in
vivo but not lung cells. Therefore, transplantation of
bone marrow mesenchymal stem cells by homing to
the lung and transforming into vascular endothelial
cells may create a wide range of collateral circulation,
increase the total area of pulmonary vascular bed,
improve pulmonary blood supply and effectively reduce
the pulmonary hypertension.

In conclusion, our results showed that intravenous
implantation of mesenchymal stem cells may improve
the lung and the heart impairment caused by
monocrotaline-induced pulmonary hypertension.
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