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Abstract: Objectives: Mesenchymal stem cells (MSCs) represent a powerful tool in regenerative medicine because 
of their differentiation and migration capacities. We aimed to investigate the possibility of Flk-1+Sca-1- mesenchymal 
stem cells (Flk-1+Sca-1- MSCs) transplantation to repair erectile function in patients suffering from diabetes mellitus 
(DM)-associated erectile dysfunction (ED). Methods: In this study, we isolated Flk-1+Sca-1- MSCs from bone marrow 
(bMSCs). Then, newborn male rats were intraperitoneally injected with 5-ethynyl-2-deoxyuridine for the purpose of 
tracking endogenous Flk-1+Sca-1- MSCs. Eight weeks later, 8 of these rats were randomly chosen to serve as normal 
control (N group). The remaining rats were injected intraperitoneally with 60 mg/kg of streptozotocin (STZ) to induce 
DM. Eight of these rats were randomly chosen to serve as DM control (DM group) while another 8 rats were subject 
to Flk-1+Sca-1- MSCs treatment (DM+MSC group). All rats were evaluated for erectile function by intracavernous 
pressure (ICP) measurement. Afterward, their penile tissues were examined by histology. Results: Flk-1+Sca-1- MSCs 
could differentiate into skeletal muscle cells and endothelial cells in vivo and in vitro. Engrafted Flk-1+Sca-1- MSCs 
were shown to home to injured muscle, participate in myofibers repair and could partially reconstitute the sarco-
lemmal expression of myocardin and ameliorate the level of related specific pathological markers. Conclusion: Flk-
1+Sca-1- MSCs could be used in the treatment erectile function in diabetes mellitus associated erectile dysfunction 
by promoting regeneration of nNOS-positive nerves, endothelium, and smooth muscle in the penis. 

Keywords: Flk-1+Sca-1- mesenchymal stem cells (Flk-1+Sca-1- MSCs), diabetes mellitus (DM), erectile dysfunction 
(ED), myocardin, nNOS

Introduction

Bone marrow-derived mesenchymal stem cells 
(bMSCs) offer the potential to open a new fron-
tier in medicine [1]. Regenerative medicine 
aims to replace defective cells under a broad 
range of conditions associated with damaged 
cartilage, bone, muscle, tendons and ligaments 
[2]. Diabetes mellitus (DM) is a major risk factor 
for the development of erectile dysfunction 
(ED) [3]. The prevalence of ED is higher in the 
diabetic male population compared with non-
diabetic men [4]. Also, ED in men with diabetes 
is more severe4, with poor response to phos-
phodiesterase 5 inhibitors compared with non-
diabetic patients [5-7]. Stem cell therapy is one 
of the strategies for ED treatment currently 
being investigated.

In a previous study, we isolated an Flk1+Sca-1- 
mesenchymal stem cell subset from adult bone 

marrow (bMSCs) and found they had not only 
the three germ layers of cell differentiation 
potential [5], but significant immunomodulatory 
capacity [6, 7]. A large number of studies [8-12] 
have shown that bone marrow-derived adher-
ent cell has a large capacity for self-renewal 
while maintaining its multipotency which helped 
to recover the pathogenesis changes in ED from 
DM patients. bMSCs exert a potent immuno-
suppressive effect in vitro, and thus may have a 
therapeutic potential in T cell-dependent path- 
ologies. It has been demonstrated that mouse, 
non-mouse primate, and mouse bMSCs can 
inhibit T cell proliferation induced either in a 
MLR or by non-specific mitogens [13]. This sup-
pression occurs regardless of the MHC of 
bMSCs, and the stimulator and responder lym-
phocytes [14]. The immunoregulatory effect of 
bMSCs appears to be, at least in part, mediated 
by the production of cytokines such as TGFβ-1 

http://www.ijcep.com


Flk-1+Sca-1- MSCs: functional characteristics and regenerative capacity

9876 Int J Clin Exp Pathol 2015;8(9):9875-9888

and hepatocyte growth factors, and is indepen-
dent of the induction of apoptosis [15]. These 
immunosuppressive properties of bMSCs open 
attractive possibilities in the fields of organ 
transplantation and repair therapy [16]. 

Thus, in this study, we aimed to establish a pre-
clinical mouse model to evaluate the therapeu-
tic potential of bMSCs on the treatment of dia-
betes mellitus-associated erectile dysfunction. 
We aimed to detect the functional characteris-
tics of bMSCs and establish whether bMSCs 
could be used to control erectile dysfunction, a 
major side effect of DM.

Material and methods

Animals

Female C57BL/6 mice (H-2kb) aged 6-8-weeks-
old were purchased from the Animal Center of 
the Chinese Academy of Medical Sciences 
(Beijing, China). Male BALB/c mice (H-2kd) aged 
6-8-weeks-old were purchased from the Animal 
Center of the Medical College of Beijing 
University (Beijing, China). All animals were 
bred and maintained under specific pathogen-
free conditions. All animal handling and experi-
mental procedures were approved by the 
Animal Care and Use Committee of Beijing 
Hospital.

Flk-1+Sca-1- bMSC preparation

Isolation and culture of bone marrow-derived 
MSCs were performed as described previously 
with some modifications [7]. Briefly, mononu-
clear cells were separated by a Ficoll-Paque 
gradient centrifugation (specific gravity 1.077 
g/mL; Nycomed Pharma AS, Oslo, Norway) and 
the sorted cells were plated at concentration of 
1 cell/well by limiting dilution in a total of 96 × 
10 wells coated with fibronectin (Sigma, St 
Louis, MO) and collagen (Sigma) for each 
patient. Culture medium was Dulbecco modi-
fied Eagle medium and Ham F12 medium 
(DF12) containing 40% MCDB-201 medium 
complete with trace elements (MCDB) (Sigma), 
2% fetal calf serum (FCS; Gibco Life 
Technologies, Paisley, United Kingdom), 1 × 
insulin transferrin selenium (Gibco Life 
Technologies), 10-9 M dexamethasone (Sigma), 
10-4 M ascorbic acid 2-phosphate (Sigma), 20 
ng/mL interleukin-6 (Sigma), 10 ng/mL epider-
mal growth factor (Sigma), 10 ng/mL platelet-

derived growth factor BB (Sigma), 50 ng/mL 
fetal liver tyrosine kinase 3 (Flt-3) ligand 
(Sigma), 30 ng/mL bone morphogenetic pro-
tein-4 (Sigma), 100 U/mL penicillin and 100 
µg/mL streptomycin (Gibco Life Technologies) 
at 37°C and a 5% CO2 humidified atmosphere. 
Culture media were changed every 4 to 6 days. 

Phenotypic analysis of bMSCs

Cultured bMSCs were harvested and flow 
cytometry was performed to analyze the phe-
notype after Sca-1 micromagnetic bead purifi-
cation. Cells were washed with PBS containing 
0.5% BSA, and incubated with mAbs for 30 
minutes at 4°C. For intracellular antigen detec-
tion, cells were fixed in 2% paraformaldehyde 
for 15 minutes at 4°C, and then permeabilized 
with 0.1% saponin (Sigma) for 1 hour at room 
temperature. mAbs included a FITC-conjugated 
Sca-1 mAb, PE-conjugated Ter119 mAb, FITC-
conjugated CD34 mAb, FITC-conjugated CD45 
mAb, FITC-conjugated streptavidin, and biotin-
conjugated mouse anti-mouse H-2kd mAb, 
FITC-conjugated mouse anti-mouse I-Ad mAb, 
FITC-conjugated CD29 mAb, FITC-conjugated 
CD44 mAb, FITC-conjugated CD13 mAb, FITC-
conjugated goat anti-rat IgG, and anti-mouse 
Flk-1 mAb (Rat, IgG). Same species and isotype 
IgG was used as the negative control (all mAbs 
were purchased from Becton-Dickinson, San 
Jose, CA, USA). Analysis was performed on a 
FACScan (Becton-Dickinson) using CellQuest 
software. Dead cells were excluded by gating 
out low forward scatter plus high propidium 
iodide-retaining cells.

MLR

Mouse splenocytes were prepared and sus-
pended in RPMI 1640 medium supplemented 
with 10% (v/v) FCS, 2 mM L-glutamine, 0.1 mM 
nonessential amino acids (Life Technologies, 
Grand Island, NY, USA), 1 mM sodium pyruvate, 
100 U/mL penicillin, 100 μg/mL streptomycin, 
1% HEPES buffer, and 10 μM 2-mercaptoetha-
nol. Responder cells from treated or normal 
C57BL/6 mice (5 × 105 splenocytes/well) 
together with lethally irradiated (30 Gy) stimula-
tor cells from BALB/C mice (5 × 105 spleno-
cytes/well) in a total volume of 0.2 mL medium 
were plated in triplicate at 37°C with 5% CO2 in 
96-well U-bottom culture plates (NUNC, 
Roskilde, Denmark). Cultures were pulsed with 
1 μCi/well [3H]-TdR (Shanghai Nucleus Research 
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Institute, Shanghai, China) on day 4, and har-
vested after 18 hours with a Tomtec (Wallac, 
Gaithersburg, MD, USA) automated harvester. 
Thymidine uptake was quantified in a liquid 
scintillation and luminescence counter (Wallac 
TRILUX). Results were expressed as the stimu-
lation index (cpm of treated mice/cpm of nor-
mal mice).

Endothelial differentiation

The culture-expanded clonal cells, 2 × 104/cm2, 
were plated on fibronectin in serum-free expan-
sion medium with 30 ng/mL VEGF (Sigma-
Aldrich) and 10 ng/mL bFGF (Gibco), then cul-
tured for 2 weeks. To demonstrate endothelial 
differentiation, we used immunohisto-chemi-
cal, immunogold, and Western-blot methods. 
For immunohistochemical study, we used the 
labeled streptavidin-biotin-immunoperoxidase 
system (Dako, Carpinteria, Calif) to visualize 
proteins. Cells were fixed with 4% paraformal-
dehyde at 20°C, and endogenous peroxidase 
activity was quenched with 3% peroxide for 10 
minutes. Slides were incubated sequentially 
with rabbit monoclonal antibody against CD31 
and mouse monoclonal antibody against vWF 
(1:150) for 30 minutes, followed by biotin-
labeled anti-rabbit IgG or anti-mouse IgG anti-
body and peroxidase-conjugated streptavidin, 
and then visualized with the use of diaminoben-
zidine staining (Sigma-Aldrich). For immunogold 
labeling, we fixed cells with 2% glutaraldehyde 
for 5 minutes, washed them with PBS and incu-
bated them in 0.05 mol/L NH4Cl for 15 min-
utes. After being thoroughly washed with PBS, 
the cells were exposed to mouse monoclonal 
antibody against vWF at a 1:100 dilution over-
night at 4°C. Next we washed the cells with 
PBS and exposed them to biotinylated anti-
mouse IgG (Amersham, Piscataway, NJ) and 
streptavidin-gold (Biocell Laboratories, Rancho 
Doninguez, Calif). Finally we processed the 
cells for electron microscopy. For Western blot-
ting, we prepared protein extracts from loga-
rithmically growing cells (before and after dif-
ferentiation) by subjecting them to lysis in buf-
fer (25 mmol/L Tris-HCl, pH 7.4; 0.15 mol/L 
NaCl, 1% Nonidet P-40, 1 mmol/L EDTA, and 2 
mmol/L EGTA). Next the protein lysates were 
separated on a sodium dodecyl sulfate 7.5% 
polyacrylamide gel (Bio-Rad, Hercules, Calif) 
and transferred onto nitrocellulose membrane. 
After blocking, blots were incubated with 
mouse monoclonal antibodies against vWF and 
-actin at a dilution of 1:100 in the blocking solu-

tion for 1 hour at room temperature. The blots 
were washed and incubated with a sheep anti-
mouse horseradish peroxidase-conjugated IgG 
(E. I. du Pont de Nemours, Mass) at a dilution of 
1:5000 for 1 hour. We performed immunode-
tection using the enhanced-chemilumines-
cence method (Amersham) in accordance with 
the manufacturer’s instructions.

Western blot analysis

SDS-PAGE was performed as described for 
zymography with the modification, that the gel 
was polymerized on Net-Fix for PAG (Serva, 
Heidelberg, Germany) in the absence of gelatin. 
3-fold for MMP-9 detection by the use of 
microsep ultrafiltration devices (Pall Filtron, 
Dreireich, Germany). Samples (40 ml) were 
mixed with loading buffer and separated either 
under reducing conditions in the presence of 
DL-DTT with prior boiling or under nonreducing 
conditions without boiling. After electrophore-
sis, proteins were transferred to polyvinyl diflu-
oride membranes (Pall Filtron) using a semidry 
blotting apparatus (Pharmacia) and probed 
with mouse monoclonal antibodies to s-ICAM-1 
(0.4 mg/ml) or MMP-9 (0.2 mg/ml), followed by 
incubation with peroxidase-labeled secondary 
antibodies (all antibodies were purchased from 
Amersham, Braunschweig, Germany). Detection 
was performed by the use of an chemilumines-
cence system (Amersham) according to the 
manufacturer’s instructions.

Flow cytometry

Cells were collected by centrifugation and 
washed with cold PBS and supernatant were 
depleted with litter fluid left, then fixed with 
-20°C preserved 70% alcohol overnight and 
then washed 3 times with phosphoric acid. 
When dissolved with 0.5 mg/ml RNase A for 30 
minutes, they were dyed with 65 µg/ml PI for 1 
hour. Analysis was performed in a FACS flow 
cytometer analyzer (BD Biosciences). Values 
are given as percentages of positive cells and 
relative intensity of fluorescence, which is an 
indication of the level of expression.

Statistics

Statistical analysis was performed with SPSS 
10.0 software. The paired-sample t-test was 
used to test the probability of significant differ-
ences between samples. Statistical signifi-
cance was defined as P < 0.05.
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Figure 1. Phenotypic characteristics, morphology and multi-lineage differentiation of mouse Flk-1+ bMSCs. A. Phe-
notypic analysis of bMSCs showed they were all persistently negative for CD34 and CD31 but positive for Flk1, 
CD29, CD44 and CD105. B-a. bMSC morphology (magnification, × 100). B-b. Osteogenic differentiation (von-Kossa 
staining; magnification, × 100). B-c. Adipogenic differentiation (Oil Red-O staining; magnification, × 100). B-d. Chon-
drogenic differentiation (lycopene-O staining). C. Effect of bMSCs on T or B cell proliferation. bMSCs and splenocytes 
from normal C57BL/6 mice (H-2Kb) and normal BALB/c (H-2Kd) mice were co-cultured at different proportions 
(bMSCs:splenocytes = 1:5, 1:10, and 1:100). The proliferation reactions were significantly inhibited at lower propor-
tions of co-culture in a dose-dependent manner. The inhibitory effect was most obvious at 1:5, and the inhibition 
rate was 87.4%. At 1:100, no significant inhibition was observed in syngeneic or allogeneic groups.

Figure 2. Effects of Flk-1+Sca-1- bMSCs on splenic mononuclear cells proliferation and in vitro myogenic differ-
entiation. A. Flk-1+Sca-1- bMSCs inhibited the in vitro proliferation of splenic mononuclear cells. When the ratios 
of bMSCs to responder cells were 1:50, 1:20, 1:10, and 1:1, the inhibitory rates were 25.12, 56.72, 80.97, and 
93.21, respectively (P < 0.01). B. When the ratios of bMSCs to allogeneic antigen-stimulated syngeneic splenocytes 
were 1:50, 1:20, 1:10, and 1:1, the inhibitory rates were 26.43, 57.12, 86.75, and 92.27, respectively (P < 0.01). 
C. bMSCs suppressed the proliferation of allogeneic antigen-stimulated splenocytes in a dose-dependent manner. 
Co-culture with bMSCs decreased the proliferation rates of splenocytes from ConA-induced syngeneic C57BL/6 and 
allogeneic BALB/c mice, which positively correlated with the number of splenocytes. At 1:1, the inhibitory effect was 
most obvious. D. When the ratios of bMSCs to syngeneic splenocytes were 1:50, 1:20, 1:10, and 1:1, the inhibi-
tory rates were 25.72, 45.71, 72.27, and 89.72, respectively (P < 0.01). When the ratios of bMSCs to allogeneic 
splenocytes were 1:50, 1:20, 1:10, and 1:1, the inhibitory rates were 17.21, 45.72, 73.52, and 91.21, respectively 
(P < 0.01). E. Flk-1+Sca-1- bMSCs formed multinucleated myotubes at 4 weeks after myogenic induction. The myo-
genic differentiation was demonstrated by positive MHC staining (red). Nuclei were stained blue by Hoechst 33342 
staining. F. The myogenic gene expression of Flk-1+Sca-1- bMSCs was detected by SQ-real-time RT-PCR analysis with 
GAPDH as the internal control. Logarithmic scale expression values were normalized to mouse fetal skeletal muscle 
(ref = 1, n = 5). Values below E-3 were not regarded as expressed. G. Western blot of Myf5, MyoD, Myogenin, and 
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Results

Phenotype of Flk-1+Sca-1- bMSCs

bMSCs were generated by culturing bone mar-
row-derived mononuclear cells that had been 
depleted of CD45+ and Ter119+ cells by immu-
nomagnetic beads. We found that 91.57% of 
the harvested cells were positive for Flk-1, a 
marker of primitive stem cells. Flow cytometric 
analysis showed that they were positive for 
CD29 (98.02%), CD44 (98.97%), partly positive 
for CD13 (18.89%), but negative for CD34, 
H-2kd, I-Ad, Sca-1, Ter119, and CD45 (Figure 
1A).

Multi-lineage differentiation of Flk-1+Sca-1- 
bMSCs

The results showed that Flk-1+Sca-1- bMSCs 
persistently displayed a fibroblast-like morphol-
ogy and could differentiated into bone, fat and 
cartilage cells, indicating that the isolated cells 
had stem cell properties (Figure 1B).

Inhibition of T and B cell proliferation by Flk-
1+Sca-1- bMSCs 

To study the effects of Flk-1+Sca-1- bMSCs on T 
and B cell proliferation, we conducted a ConA-
stimulated T or B cell proliferation reaction. 
bMSCs and splenocytes from normal C57BL/6 
mice (H-2Kb) and normal BALB/c (H-2Kd) mice 
were co-cultured at various proportions 
(bMSCs:splenocytes = 1:5, 1:10, and 1:100). 
The proliferation reactions were significantly 
inhibited at lower proportions of co-cultured 
cells in a dose-dependent manner. The inhibi-
tory effect was most obvious at 1:5, and the 
inhibition rate was 87.4%. At 1:100, no signifi-
cant inhibition was observed in syngeneic or 
allogeneic groups as shown in Figure 1C. These 
results indicated that the inhibitive effects of 
bMSCs on T and B cell proliferation were not 
restricted by MHC and were in a dose depen-
dent manner of bMSCs.

Flk-1+Sca-1- bMSCs inhibit the proliferation of 
splenic mononuclear cells

We used allogeneic mouse splenocytes as the 
allogeneic antigen stimulus and allogeneic or 
syngeneic bMSCs and splenocytes as the 
responders. The results indicated that Flk-

1+Sca-1- bMSCs led to a decrease of the prolif-
erative response of allogeneic antigen-stimu-
lated syngeneic splenocytes and the decrease 
corresponded positively with the number of 
bMSCs. When the ratios of bMSCs to respond-
er cells were 1:50, 1:20, 1:10, and 1:1, the 
inhibitory rates were 25.12, 56.72, 80.97, and 
93.21, respectively (P < 0.01) (Figure 2A). 
Furthermore, Flk-1+Sca-1- bMSCs inhibited the 
proliferative response of allogeneic antigen-
stimulated syngeneic splenocytes accordingly. 
When the ratios of Flk-1+Sca-1- bMSCs to 
responder cells were 1:50, 1:20, 1:10, and 1:1, 
the inhibitory rates were 26.43, 57.12, 86.75, 
and 92.27, respectively (P < 0.01) (Figure 2B). 

Flk-1+Sca-1- bMSCs suppress the proliferation 
of allogeneic antigen-stimulated splenocytes in 
a dose-dependent manner

We used ConA as the antigenic stimulus, and 
when bMSCs were co-cultured with spleno-
cytes from ConA-induced syngeneic C57BL/6 
or allogeneic BALB/c mice, the proliferation 
rates were decreased in a dose-dependent 
manner of splenocytes. When bMSCs and sple-
nocytes were co-cultured at a ratio of 1:1, the 
inhibitory effect was most obvious. When the 
ratios of bMSCs to syngeneic splenocytes were 
1:50, 1:20, 1:10, and 1:1, the inhibitory rates 
were 25.72, 45.71, 72.27, and 89.72, respec-
tively (P < 0.01) (Figure 2C). When the ratios of 
bMSCs to allogeneic splenocytes were 1:50, 
1:20, 1:10, and 1:1, the inhibitory rates were 
17.21, 45.72, 73.52, and 91.21, respectively (P 
< 0.01) (Figure 2D).

Flk-1+Sca-1- bMSCs undergo myogenic differen-
tiation in vitro

Flk-1+Sca-1- bMSCs formed multinucleated 
myotubes at 4 weeks after myogenic induction. 
The myogenic differentiation was demonstrat-
ed by positive MHC staining (red). Nuclei were 
stained blue by Hoechst 33342 staining (Figure 
2E). The myogenic gene expression of Flk-
1+Sca-1- bMSCs (Figure 2F) was detected by 
SQ-real-time RT-PCR analysis with GAPDH as 
the internal control. Logarithmic scale expres-
sion values were normalized to mouse fetal 
skeletal muscle (ref = 1, n = 5). Values below 
E-3 were not regarded as expressed. Further- 
more, Western blot of Myf5, MyoD, Myogenin, 

MHC expression of Flk-1+Sca-1- bMSCs before myogenic induction (lane 2), and 7 d (lane 3), 21 d (lane 4) after 
myogenic induction. Mouse fetal skeletal muscle biopsy was used as the positive control (lane 1). β-actin was used 
as the loading control.



Flk-1+Sca-1- MSCs: functional characteristics and regenerative capacity

9881 Int J Clin Exp Pathol 2015;8(9):9875-9888

and MHC expression of Flk-1+Sca-1- bMSCs 
before myogenic induction (lane 2), and 7 d 
(lane 3), 21 d (lane 4) after myogenic induction 
(Figure 2F). Mouse fetal skeletal muscle biopsy 
was used as the positive control (lane 1). 
β-actin was used as the loading control.

Flk-1+Sca-1- bMSCs undergo endothelial differ-
entiation in vitro

The cell morphology of Flk-1+Sca-1- bMSCs at 
12 h (Figure 3A, × 200) and 48 h (Figure 3B, × 

100) after endothelial induction. Immuno- 
fluorence: endothelial differentiation of Flk-
1+Sca-1- bMSCs was demonstrated by vWF 
(red) staining (× 200). The nuclei were revealed 
by Hoechst 33342 staining (blue) as shown by 
Figure 3C. RT-PCR analysis of mRNA for endo-
thelial markers of Flk-1+Sca-1- bMSCs before 
induction (lane 1) and 48 h after induction 
(lane 2). EOMA was used as a positive control 
(lane 3). β-actin was used as a loading control 
(Figure 3D).

Figure 3. Flk-1+Sca-1- bMSCs undergo endothelial differentiation in vitro. A, B. The cell morphology of Flk-1+Sca-1- 
bMSCs at 12 h (A, × 200) and 48 h (B, × 100) after endothelial induction. C. Immunofluorence: endothelial dif-
ferentiation of Flk-1+Sca-1- bMSCs was demonstrated by vWF (red) staining (× 200). The nuclei were revealed by 
Hoechst 33342 staining (blue). D. RT-PCR analysis of mRNA for endothelial markers of Flk-1+Sca-1- bMSCs before 
induction (lane 1) and 48 h after induction (lane 2). EOMA was used as a positive control (lane 3). β-actin was used 
as a loading control.
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Culture-expanded Flk-1+Sca-1- bMSCs differen-
tiated into myogenic cells and endothelial cells 
in vivo 

Immunohistochemistry staining of mouse β2M 
(brown) in CTX-injured TA muscles at 24 hours 
(Figure 4A) and 3 days (Figure 4B) after trans-

plantation. Mouse β2M+ (green), Flk-1+Sca-1- 
bMSCs-derived MHC+ (red) immature myofibers 
were characterized by centrally located nuclei 
at 2 weeks after transplantation (Figure 4C). 
Flk-1+Sca-1- bMSCs-derived mature myotube 
were characterized by peripheral nuclei at 4 
weeks after transplantation (Figure 4D). Double 

Figure 4. Culture-expanded Flk-1+Sca-1- bMSCs differentiated into myogenic cells and endothelial cells in vivo. (A) 
(B) Immunohistochemistry staining of mouse β2M (brown) in CTX-injured TA muscles at 24 hours (A) and 3 days 
(B) after transplantation (I.V.). (C) Mouse β2M+ (green), Flk-1+Sca-1- bMSCs-derived MHC+ (red) immature myofibers 
were characterized by centrally located nuclei at 2 weeks after transplantation (I.V.). (D) Flk-1+Sca-1- bMSCs-derived 
mature myotube were characterized by peripheral nuclei at 4 weeks after transplantation (I.V.). (E) Double IF stain-
ing of mouse β2M (green) and vWF (red) in CTX-injured TA muscles at 4 weeks after transplatation. The nuclei were 
revealed by Hoechst 33342 staining (blue). The arrow and the arrowhead show donor-derived and host vascular 
endothelium, respectively. Scale bar, 100 µm. (F) SQ-RT-PCR analysis of Flk-1+Sca-1- bMSCs-injected, regenerative 
(CTX-treated) TA muscles of C57BL/6 mice at 12 h (lane 3), 1 d (lane 4), 3 d (lane 5), 7 d (lane 6), 14 d (lane 7) and 
28 d (lane 8) after injection of Flk-1+Sca-1- bMSCs. TA muscles containing mouse cells were equalized to the expres-
sion of mouse GAPHD. TA muscles of CTX-treated mice (with no mouse cells) were used as the control for species 
specificity of the primers for mouse cDNAs (lane 1). Flk-1+Sca-1- bMSCs and a mouse fetal skeletal muscle biopsy 
were used as the negative control (lane 2) and the positive control, respectively (lane 9).

Figure 5. Transplantation of Flk-1+Sca-1- bMSCs restored myocardin expression and partially corrected muscular 
pathology in mdx mice. (A-C) Double IF staining of mouse β2M (green) and myocardin (red) in CTX-injured TA muscle 
at 2 weeks (A) and 4 weeks (B) after transplantation, and 2 weeks after the second CTX-treatment (C) (6 weeks after 
Flk-1+Sca-1- bMSCs transplantation). All nuclei were revealed by Hoechst 33342 staining (blue). Scale bar, 100 µm. 
(D) The percentage of CN myofibers of TA muscles was not significantly different between the Flk-1+Sca-1- bMSCs-
injected group (red) and the control group (blue) at 2 weeks after transplantation (84.5% ± 4.4% vs. 83.2% ± 3.6%, 
n = 5, P > 0.8), but it was significantly lower in the Flk-1+Sca-1- bMSCs-injected group at 4 weeks (48.1% ± 6.2% vs. 
72.8% ± 2.3%, n = 5, P < 0.05) and 12 weeks (43.3% ± 5.7% vs. 74.2% ± 1.9%, n = 5, P < 0.05) after transplanta-
tion. (E) At 7 days after Flk-1+Sca-1- bMSCs transplantation, serum CK levels were markedly elevated in the control 
and the treated groups, compared with normal C57BL/6 mice (12712.8 ± 4091.67 and 11589.6 ± 3455.97 vs. 
1735.6 ± 390.79 Ul-1, n = 5, P < 0.005). After 12 weeks, CK concentrations of the treated mice were significantly 
decreased, compared with the controls (5321.6 ± 1289.75 vs. 13746.8 ± 5373.75 Ul-1, n = 5, P < 0.005). C57BL/6 
concentrations were 1678.8 ± 352.97 Ul-1 (red).
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IF staining of mouse β2M (green) and vWF (red) 
in CTX-injured TA muscles at 4 weeks after 
transplantation. The nuclei were revealed by 
Hoechst 33342 staining (blue). The arrow and 
the arrowhead show donor-derived and host 
vascular endothelium, respectively. Scale bar, 
100 µm (Figure 4E). SQ-RT-PCR analysis of Flk-
1+Sca-1- bMSCs -injected, regenerative (CTX-
treated, Figure 4F) TA muscles of C57BL/6 
mice at 12 h (lane 3), 1 d (lane 4), 3 d (lane 5), 
7 d (lane 6), 14 d (lane 7) and 28 d (lane 8) 
after injection of Flk-1+Sca-1- bMSCs. TA mus-
cles containing mouse cells were equalized to 
the expression of mouse GAPHD. TA muscles of 
CTX-treated mice (with no mouse cells) were 
used as the control for species specificity of the 
primers for mouse cDNAs (lane 1). Flk-1+Sca-1- 
bMSCs and a mouse fetal skeletal muscle biop-
sy were used as the negative control (lane 2) 
and the positive control, respectively (lane 9).

Transplantation of Flk-1+Sca-1- bMSCs re-
stored myocardin expression and partially cor-
rected muscular pathology in mdx mice

Double IF staining of mouse β2M (green) and 
myocardin (red) in CTX-injured TA muscle at 2 
weeks (Figure 5A) and 4 weeks (Figure 5B) 
after transplantation, and 2 weeks after the 

± 4091.67 and 11589.6 ± 3455.97 vs. 1735.6 
± 390.79 Ul-1, n = 5, P < 0.005). After 12 weeks, 
CK concentrations of the treated mice were sig-
nificantly decreased, compared with the con-
trols (5321.6 ± 1289.75 vs. 13746.8 ± 5373.75 
Ul-1, n = 5, P < 0.005). C57BL/6 concentrations 
were 1678.8 ± 352.97 Ul-1 (red). (Figure 5E).

Flk-1+Sca-1- bMSCs improves erectile function 
in diabetic rats

Flk-1+Sca-1- bMSCs treatment significantly im- 
paired erectile function as seen in the sharp 
decline of the ICP/MAP value in DM rats versus 
normal control (Figure 6). Flk-1+Sca-1- bMSCs 
treatment significantly restored erectile func-
tion to levels similar to normal control (at set-
tings of 1.0 and 1.5 mA, Figure 6).

Flk-1+Sca-1- bMSCs promotes nerve regenera-
tion 

Flk-1+Sca-1- bMSCs treatment caused signifi-
cant decreases of nNOS-containing nerves in 
the penis (Figure 7). Flk-1+Sca-1- bMSCs treat-
ment partially but significantly restored these 
nNOS-positive nerves in the sinusoids, around 
the dorsal arteries, and within the dorsal 
nerves (Figure 7).

Figure 6. Evaluation of erectile function. Rats in N group (n = 8) were 
normal control. Rats in DM group (n = 8) were diabetic. Rats in DM+MSC 
group (n = 8) were diabetic and treated with shockwaves. Their erectile 
function was evaluated as response in ICP to electrostimulation of cavern-
ous nerves at three different amperages (0.5, 1.0, and 1.5). *Denotes P 
< 0.05 when compared to the DM group.

second CTX-treatment (Figure 
5C). 6 weeks after Flk-1+Sca-1- 
bMSCs transplantation). All nu- 
clei were revealed by Hoechst 
33342 staining (blue). Scale bar, 
100 µm. The percentage of CN 
myofibers of TA muscles was not 
significantly different between 
the Flk-1+Sca-1- bMSCs -injected 
group (red) and the control group 
(blue) at 2 weeks after trans-
plantation (84.5% ± 4.4% vs. 
83.2% ± 3.6%, n = 5, P > 0.8), 
but it was significantly lower in 
the Flk-1+Sca-1- bMSCs -injected 
group at 4 weeks (48.1% ± 6.2% 
vs. 72.8% ± 2.3%, n = 5, P < 
0.05) and 12 weeks (43.3% ± 
5.7% vs. 74.2% ± 1.9%, n = 5, P 
< 0.05) after transplantation 
(Figure 5D). At 7 days after Flk-
1+Sca-1- bMSCs transplantation, 
serum CK levels were markedly 
elevated in the control and the 
treated groups, compared with 
normal C57BL/6 mice (12712.8 
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Figure 7. Evaluation of nNOS expression. Rats from penile tissues were examined by IF staining for nNOS expres-
sion. The results are shown in the representative histological images with red, green, and blue stains indicating 
nNOS-positive nerves, smooth muscle, and cell nuclei, respectively. For clarity, the histological images are divided 
into the dorsal nerves (panels A-C), the dorsal arteries (panels D-F), and the sinusoids (panels G-I). White arrows 
point at representative nNOS-positive dots. Quantitative data of nNOS expression in these three tissue compart-
ments are shown in the bar chart with the asterisk denoting P < 0.05 when compared to the DM group.
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Discussion

As with other types of stem cells, MSCs have a 
high capacity for self-renewal while maintaining 
their multipotency [17, 18]. Thus, MSCs have an 
enormous therapeutic potential for tissue 
repair [19, 20]. MSCs have been shown to be 
capable of differentiating into multiple cell 
types including adipocytes, chondrocytes, 
osteocytes, and cardiomyocytes [21-24].

Despite tremendous advances in the manage-
ment of ED in the past decade [25], DM- 
associated ED remains difficult to treat. To 
overcome this obstacle, one of the proposed 
therapeutic strategies is stem cell therapy, 
which has been actively pursued in several clin-
ical and preclinical trials [26]. Another lesser-
known strategy is MSC, which has been tested 
in clinical trials, but in sharp contrast to stem 
cell therapy, has not been investigated at the 
preclinical level. Thus, the present study was 
designed to provide, for the first time, a mecha-
nistic basis for Flk-1+Sca-1- bMSCs’ therapeutic 
effects by using a well-established STZ-induced 
DM-ED rat model.

STZ-induced diabetic rats have been consis-
tently shown to have poor erectile function [27]. 
In the present study we further confirmed this 
observation, and more importantly, we showed 
that Flk-1+Sca-1- bMSCs significantly improved 
erectile function in STZ-induced diabetic rats. It 
has also been known that STZ treatment 
caused a significant loss of nNOS-positive 
nerves in rat penis [28], and a recent study also 
identified a significant reduction of nNOS posi-
tive nerves in the penis of diabetic patients 
[29]. In the present study we showed that, 
when compared to DM rats, shockwave-treated 
rats displayed significantly higher numbers of 
nNOS-positive nerves in different compart-
ments of the erectile tissue, including the dor-
sal nerves, around the dorsal arteries, and in 
the corpora cavernosa. This preservation of 
nNOS-positive nerves thus appears to be an 
underlying mechanism for Flk-1+Sca-1- bMSCs’ 
therapeutic effects on diabetic patients.

Endothelial injury and dysfunction in cavernous 
tissue have been consistently identified in dia-
betic men with ED and in diabetic animal mod-
els [30]. Specifically, a reduced cavernous 
endothelial content is one the most consistent 
features of STZ-induced diabetic rats [31]. In 
the present study we found that the endothelial 
contents in both the cavernous sinusoids and 

arteries were significantly reduced in STZ-
treated rats. More importantly, we also found 
that Flk-1+Sca-1- bMSCs was able to significant-
ly restore the endothelial contents in both of 
these two tissue compartments. Thus, protec-
tion or regeneration of the endothelium repre-
sents another possible underlying mechanism 
for Flk-1+Sca-1- bMSCs’ therapeutic efficacy in 
diabetic patients. In addition, it has also been 
shown that diabetic men and animals have 
reduced cavernous smooth muscle content 
[22, 26, 27]. In the present study we confirmed 
this finding in the STZ-treated rats, and more 
importantly, we showed that Flk-1+Sca-1- bMSCs 
was able to significantly restore the smooth 
muscle content.

In all ED-related stem cell studies that have 
performed histological examination of the erec-
tile tissue, restoration of nNOS-positive nerves, 
the endothelium, and the smooth muscle has 
also been consistently observed [32]. In addi-
tion, these studies also invariably pointed out 
that the beneficial tissue effects were likely 
mediated by stem cell’s paracrine capacity 
[33]. On the other hand, in non-ED fields, the 
involvement of stem cells in the therapeutic 
effects of Flk-1+Sca-1- bMSCs has been 
observed in two instances. In one study of a rat 
model of bone defects, Flk-1+Sca-1- bMSCs was 
found to result in the recruitment of MSCs and 
increased expression of TGF-β and VEGF in the 
defect tissues [34-37]. In another study of a rat 
model of chronic hind limb ischemia, Flk-
1+Sca-1- bMSCs was also found to enhance 
recruitment of endothelial progenitor cells in 
the ischemic tissue [38-40]. Thus, it is conceiv-
able that the tissue effects of Flk-1+Sca-1- 
bMSCs as observed in the present study might 
have a stem cell component.

In summary, the present study showed that 
STZ-induced DM is associated with ED and 
reduced erectile components (nerves, endo-
thelium, and smooth muscle), and Flk-1+Sca-1- 
bMSCs was able to partially but significantly 
restore these function and tissues. Fur- 
thermore, we also showed that these beneficial 
effects of Flk-1+Sca-1- bMSCs were possibly 
mediated by increased recruitment of MSCs 
into the erectile tissue.
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