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Abstract: Objective: The aim of this work was to explore the therapeutic effect of bone marrow-derived mesenchymal
stem cells transplantation in SD rats’ ischemic hind limb. Methods: Ligation of the abdominal aorta beneath the
renal artery, the lumbar artery and the iliolumbar artery, was performed to obtain the hindlimb ischemia model in fe-
male SD rats. Amplified and purified bone marrow-derived mesenchymal stem cells from male SD rats were injected
into the rectus femoris of the right hind limb of the ischemia rats, while the control group received an injection of
an equal amount of saline. Two, four and six weeks after the injection, a sample of the right rectus femoris was col-
lected for the immunohistochemical detection of the vascular endothelial growth factor and sex-determining region
Y (SRY). Results: Both the capillary number on the right rectus muscle and the vascular endothelial growth factor
positive cell in the transplant group were significantly higher compared to the control group at 2, 4 and 6 weeks
after transplantation (P < 0.01). The SRY positive cells were detected in the capillary walls and scattered in the
muscle tissue of the rectus femoris of the transplanted rats. Conclusion: Bone marrow-derived mesenchymal stem
cell transplantation may increase the vascular endothelial growth factor level in ischemic tissues, participate in the
new capillary formation in the ischemic limbs, promote rapid capillary growth in the ischemic tissue, and improve
the blood supply to the ischemic hind limb.

Keywords: Bone marrow-derived mesenchymal stem cells, mechanism; limb ischemia, SD rats, vascular endothe-
lial growth factor

Introduction disease progression could ultimately lead to
amputation and eventually death.

With the improved living quality and alternative

lifestyle, the incidence of chronic ischemic dis-
ease of the lower extremities, such as lower
extremity arterial occlusive disease, thrombo-
angiitis obliterans, and diabetic ischemic lower
extremity vascular disease, has gradually
increased. Benefited from the constantly
advancing medical technology, the diagnosis
and treatment of the chronic lower limb isch-
emia disease have also been greatly improved
[1-3]. However, the efficacy of the treatments is
still less than ideal in patients with poor blood
circulation at the lower extremity, especially in
older patients, patients with underlying diseas-
es and with severe occlusion of the distal lower
extremities without collateral circulation. The

In the late 1990s, the idea of treating the isch-
emic lower extremity by an angiogenic therapy
was proposed and proved to be feasible by a
large amount of basic research and animal
experiments. Kawamura et al. [4] confirmed
that cells derived from the CD34* bone marrow
could differentiate in vitro into endothelial pro-
genitor cells and induce the formation of the
inner surface of the small blood vessels in vivo.
In addition, the bone marrow stromal stem cells
can secrete basic fibroblast growth factor and
vascular prosthesis lumen endothelial factor to
promote angiogenesis. In clinical practice,
Tateishi-Yuyama et al. [5] were the first to report
the application of autologous bone marrow
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stem cell transplantation in the treatment of
lower limb ischemia and set a precedent in the
clinical application of angiogenesis. Bone mar-
row-derived mesenchymal stem cells isolated
from bone marrow possess multilineage differ-
entiation potential [6-8], and could differenti-
ate into the three types of germ cells. Vascular
endothelial cells, differentiated from bone mar-
row stem cells by artificially induction, can be
used in the treatment of ischemic disease of
lower extremity mediated by the formation of
new blood vessels and in the improvement of
the blood supply to the ischemic tissue.

In recent years, autologous stem cell transplan-
tation has become a novel treatment of isch-
emic disease of lower extremity [9]. The trans-
plantation of autologous bone marrow stem
cells, which can promote the formation of new
blood vessels, improve the ischemic limb blood
flow and accelerate the healing of ulcers of the
skin, bringing new hope for the treatment and
prognosis of patients with chronic ischemic
lower extremity disease. Currently, the mecha-
nism of autologous stem cell transplantation in
promoting neovascularization in ischemic limb,
whether mediated by stimulation of the secre-
tion of related cytokines to induce the growth
factors gene expression or by regulation of the
immune system and to maintain the cell mem-
brane stability, has still been disputed. It is also
possible that they are mediated by some mech-
anism still unknown. In this study, we induced
the hindlimb ischemia model in SD rat and
treated it with transplanted bone marrow-
derived mesenchymal stem cells. Compared
with the saline control group, we explored the
effectiveness and the mechanism of bone mar-
row-derived mesenchymal stem cell transplan-
tation in the treatment of limb ischemia by his-
tological analysis, providing the basis for the
clinical application in the treatment of limb
ischemic diseases.

Materials and methods
Materials

Experimental animals: The experiments were
conducted from June to December 2014 at the
Laboratory Animal Center of the Xinjiang
Medical University. Fifty SD rats from a closed
colony, raised under specific-pathogen-free
(SPF) conditions, were provided by the
Laboratory Animal Center of the Xinjiang
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Medical University [production license number:
SCXK (new) 2011-003; Usage permit number:
SCXK (new) 2011-0001]. The animals use and
the experimental setting were approved by the
Hospital Ethics Committee (Approval number:
New A-0120723004). Animals were housed in
temperature, humidity and wind-controlled
rooms at 20-25°C, 40%-70% and 0.1-0.2 m/s.
respectively, under a cycle of 12 hours light and
12 hours dark. Two 4-week-old male SD rats
with an average body weight of 146.5 g were
used for cell culture. Forty-eight female SD rats
(average age: 5.0 + 0.6 weeks; average body
weight: 156 + 0.6 g) were used for the induc-
tion of the hind limb ischemia.

Reagents and apparatus: L-DMEM culture
medium (Gibco, United States), special-grade
10% fetal bovine serum (Hyclone, United
States), mouse anti-rat CD29, CD34, CD44,
CD45 monoclonal antibodies (Sigma, United
States), rabbit anti-rat SRY polyclonal antibody
(Santa Cruz, United States), rabbit anti-rat vas-
cular endothelial growth factor polyclonal anti-
body (Boshide, Wuhan, China), Leica DMI 4000
B optical microscopes and medical image anal-
ysis system (Leica, Germany), Leic 2135 micro-
tome (Leica, Germany), Leica HI1210 water
bath for paraffin section (Leica, Germany),
HF240CO0, incubator (Likang Biomedical tech-
nology Limited Co. Hong Kong), Jouan BR4 cen-
trifuge (Jouan, France), SW-CJ-2FD two person
one side clean workbench (Sujingantai Air
Technology Limited Co. Suzhou, China), Flow
cytometry (Becton-Dickinson, United States),
OPMI pico p30020001 Surgical microscope
(Carl Zeiss Meditec AG, Germany).

Experimental methods

Bone marrow-derived mesenchymal stem cells
culture: The femurs and tibias from 2 adult
male SD rats were soaked in PBS containing
100 U/mL penicillin and 100 U/mL streptomy-
cin for 15 minutes, and then rinsed twice with
PBS. The metaphysis was removed and the
bone marrow was flushed out by syringe using
5 mL L-DMEM culture media containing 10%
fetal bovine serum, 2 mmol/I I-glutamine, 100
U/mL penicillin and 100 U/mL streptomycin.
Single bone marrow cell suspension was seed-
ed in a plastic Petri dish at a concentration of
6-8 x 10%/L. Half of the culture medium was
changed after 48 hours of culture and subse-
quently every 3 days until the adherent cell
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Figure 1. Flow cytometry detection of bone marrow-derived mesenchymal stem cell surface markers. Note: A: 96.9%

CD29; B: 3.6% CD34; C: 87.1% CD44; D: 0.1% CD45.

reached 80%-90% confluence. The culture
medium was discarded, and the cells were
washed twice with PBS and digested by 0.25%
trypsin solution. The cells were collected and
subcultured at the concentration of 6-8 x
108/L. The fifth generation cells were used for
transplantation and flow cytometry was used to
check the expression of surface markers.

Animal groups: Forty-eight female SD rats were
randomly divided into two groups: the trans-
plant group and the control group, with 24 rats
in each group.

The hind limb ischemia model induction and
post-operation treatment: Rats were anesthe-
tized by an intraperitoneally injection of ket-
amine solution at the concentration of 60 mg/
kg. The rat was kept in a supine position with its
limbs fixed with adhesive tape and the abdo-
men was disinfected by 0.5% iodophor applica-
tion. A 3 cm median abdominal incision was
made upward from the bilateral anterior supe-
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rior iliac spine line plane. The intestine was
pushed on the top-left and the rear peritoneum
was cut to expose the abdominal aorta, the
lumbar artery, and the iliolumbar artery. The
abdominal aorta and the bilateral iliolumbar
arteries below the renal artery were ligated
using a 5-0 silk thread, the lumbar arteries
were ligated using 11-0 silk thread and then the
abdominal cavity was closed. The rat was able
to drink water immediately after recovering
from anesthesia, and was able to eat normally
from the second day onward. Penicillin (2.0 x
108 U/kg) was injected intraperitoneally for 3
consecutive days and the stitches were
removed 5 days after the operation.

Bone marrow-derived mesenchymal stem cell
transplantation: Five days after the operation,
0.25 mL bone marrow-derived mesenchymal
stem cell suspensions at a concentration of 1 x
108 cells were injected into 5 different loca-
tions on the right rectus femoris muscle of the
experimental group rats. Another 0.25 mL
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Table 1. Number of capillaries in the right rectus femoris

muscle in the rats of each group (X £s,n =8)

for variance tests. P < 0.05 was
considered statistically significant.

Group 2 weeks post- 4 weeks post-

6 weeks post-
transplantation transplantation transplantation

Results

Control group 1750 + 4.57 12.63 £ 5.63 12.88 + 7.81 The animal experiment was per-
Transplant group 50.00 + 14.02 52.25+ 10.38 46.13+11.73 formed without any significant
F 38.863 90.148 44.549 technical problems, and no sign of
P 0.000 0.000 0.000 complications was detected.

saline solution was injected into the same loca-
tions in the control group rats.

Main outcome measures: Eight rats from both
the transplant group and the control group
were sacrificed at two, four and six weeks after
transplant, and the right rectus femoris mus-
cles were removed and sectioned. The
Hematoxylin-eosin staining was performed as
follows: Hematoxylin stained for 10 minutes,
washed, then returned to the blue after differ-
entiated with hydrochloric ethanol; Next, Eosin
stained for 15 minutes, washed, made trans-
parent in 2 changes of xylene and sealed at
last. A number of capillaries from 5 randomly
selected fields from each specimen were
counted under an optical microscope with a
400 x magpnification, In order to evaluate the
number of capillaries. The immunohistochemi-
cal staining of vascular endothelial growth fac-
tor was performed as follows. The tissue sec-
tions were baked, dewaxed and hydrolyzed and
the endogenous peroxidase was removed. After
antigen retrieval and serum block, the tissue
section was incubated with the primary anti-
body, and subsequently incubated with the bio-
tinylated secondary antibody. DAB was used to
stain the protein and hematoxylin was used for
counterstaining, then the tissue section was
sealed. The number of vascular endothelial
growth factor positive cells was counted from 5
randomly selected fields of each specimen
under an optical microscope at 400 x magnifi-
cation, in order to evaluate the number of vas-
cular endothelial growth factor positive cells.
The immunohistochemical staining of SRY was
performed following the same procedure
described above. The distribution of the SRY
positive cells was observed under an optical
microscope.

Statistical analysis

SPSS 17.0 software was used for the statistical

analysis. The data were expressed as X + S
(mean + s.d.). Single-factor analysis was used
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Cells surface markers expression
in the transplanted cells

The flow cytometry analysis showed that 96.9%
of the cells were CD29 positive, 87.1% were
CD44 positive, 3.6% were CD34 positive, and
0.1% were CD45 positive. The observed results
were consistent with the typical characteristics
of the bone marrow-derived mesenchymal
stem cells (Figure 1).

Capillary number

Single factor analysis of variance test showed
that the number of the capillaries in the right
rectus femoris muscle of the transplant group
was significantly higher compared with the
number in the control group (P < 0.01) at 2, 4,
and 6 weeks after transplant, indicating that
the ischemia in the transplant rats’ group was
significantly improved compared with the con-
trol group (Table 1; Figure 2).

Vascular endothelial growth factor positive cell

Single factor analysis of variance showed that
the number of the vascular endothelial growth
factor positive cells in the right rectus femoris
muscle of the transplant group were significant-
ly higher compared with the number in the con-
trol group (P < 0.01) at 2, 4 and 6 weeks after
transplantation. The transplant group was sig-
nificantly improved compared with the control
group (Table 2; Figure 3).

Distribution of SRY positive cells

Six weeks after transplantation, some capillary
endothelial cells were positive in the transplant
group and SRY positive cells appeared to be
scattered or in clusters both in and between
the muscle tissues. No SRY positive cells were
observed in the control group (Figure 4).

Discussion

Limb ischemia caused by arterial disease is
associated with a high amputation rate. Drug

Int J Clin Exp Med 2016;9(2):2245-2252
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Figure 2. Hematoxylin-eosin staining of the right rectus femoris muscle of the rats of each group (x 400). Note: A-C:
Transplant group right rectus femoris muscle at 2, 4 and 6 weeks after transplantation, respectively; D-F: Control
group right rectus femoris muscle at 2, 4 and 6 weeks after transplantation, respectively.

Table 2. Vascular endothelial growth factor positive cells in
the right rectus femoris muscle of the rats of each group

plantation for the treatment of limb
ischemia was discussed on the

basis of the histology results.

2 weeks post- 4 weeks post- 6 weeks post-
transplantation transplantation transplantation

Control group 14.63+5.93 15.50+5.10 15.88+4.94
Transplant group 36.50+2.45 36.38+4.03 33.88+3.00
F 93.085 82.477 77.621
P 0.000 0.000 0.000

Group
Our results showed that the num-
ber of capillaries in the muscles of
the ischemic limbs was significantly
increased after the transplantation
of the bone marrow-derived mes-

therapy and surgical intervention can tempo-
rarily ease the patient’s condition, but finally
the amputation is needed. Stem cell transplan-
tation has brought patients’ hope. Currently,
bone marrow stem cells are the most common-
ly used source of stem cells [10]. Bone marrow
stem cells can be used to induce angiogenesis
in the ischemic limb tissues, increase blood
flow, reduce the pain and improve the limb sal-
vage rates [11, 12]. In-depth study of the sur-
vival, tissue regeneration and repair mecha-
nisms of bone marrow stem cells transplant is
very important in the evaluation and applica-
tion of bone marrow stem cell transplantation
in the treatment of lower limb ischemia [13]. In
this study, bone marrow-derived mesenchymal
stem cells were transplanted for the treatment
of SD rat hind limb ischemia and the results
were compared with the saline control group.
The effectiveness and the mechanism of bone
marrow-derived mesenchymal stem cells trans-
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enchymal stem cells. The number

of capillaries further increased two
weeks after the transplantation, indicating that
transplanted bone marrow-derived mesenchy-
mal stem cells can induce a rapid generation of
a large number of capillaries in the ischemic
environment.

Vascular endothelial growth factor represents a
specific and efficient mitogen for vascular
endothelial cells [14]. The main functions of the
vascular endothelial growth factor are: 1).
Induce the synthesis of a large amount of pro-
teolytic enzymes in the endothelial cells and
accelerate the blood vessel formation to pro-
mote angiogenesis [15, 16]. 2) Enhance vascu-
lar permeability [17]. 3) Maintain the normal
state and the integrity of blood vessels.
Transplanted bone marrow-derived mesenchy-
mal stem cells should be injected directly in the
ischemia site [18, 19] to increase the vascular
endothelial growth factor level in the ischemic
limb tissues [20, 21]. In return, the increased

Int J Clin Exp Med 2016;9(2):2245-2252
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Figure 3. Vascular endothelial growth factor positive cell counting in each group by immunohistochemical staining
(x 400). Note: A-C: Transplant group right rectus femoris muscle at 2, 4 and 6 weeks after transplantation, respec-
tively; D-F: Control group right rectus femoris muscle at 2, 4 and 6 weeks after transplantation, respectively.

Figure 4. SRY positive cells distribution in the transplant and control groups 6 weeks after transplantation (x 400).
Note: A: Transplant group; B: Control group.

vascular endothelial growth factor concentra-
tion can also increase the number of bone mar-
row-derived mesenchymal stem cells [22-24].
In this experiment, the number of vascular
endothelial growth factor positive cells in the
transplant group was remarkable increased
compared to the control group, indicating that
bone marrow-derived mesenchymal stem cell
transplantation may significantly increase the
vascular endothelial growth factor level in the
ischemic tissues, although the source of the
increased vascular endothelial growth factors
could not be determined. We speculate that the

2250

vascular endothelial growth factor was secret-
ed by the bone marrow-derived mesenchymal
stem cells as a form of paracrine signal [25].

SRY is a male sex-determining gene which
refers to the gene sequence on the Y chromo-
some that specifically defines male sex. In this
experiment, bone marrow-derived mesenchy-
mal stem cells from male SD rats were trans-
planted into female SD rats with ischemic lower
extremities. The capillary endothelial cells in
the transplanted SD female muscle were SRY
positive, revealing that bone marrow-derived

Int J Clin Exp Med 2016;9(2):2245-2252
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mesenchymal stem cells may differentiate into
vascular endothelial cells in ischemic limbs and
participate in the formation of new capillaries in
the ischemic tissue.

Conclusions

Our study has showed that transplanted bone
marrow-derived mesenchymal stem cells
induced a rapid generation of a large number of
capillaries in the ischemic environment, and
significantly increased vascular endothelial
growth factor levels in ischemic tissues. It is
surmised that bone marrow-derived mesenchy-
mal stem cells differentiated into vascular
endothelial cells in ischemic limbs, thus facili-
tating the formation of new capillaries in the
ischemic tissue. Further studies are needed to
explore the therapeutic potential of using bone
marrow-derived mesenchymal stem cell trans-
plantation in ischemic tissue.
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