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AbstrAct
The efficacy of treatments for diabetes mellitus-induced erectile dysfunction 

(DMED) is quite poor, and stem cell therapy is emerging as a useful method. In 
this study, we used endothelial progenitor cells (EPCs) overexpressing human 
telomerase reverse transcriptase (hTERT) for the treatment of DMED. Rat EPCs were 
transfected with hTERT (EPCs-hTERT). EPCs-hTERT secreted more growth factors and 
demonstrated enhanced proliferation and resistance to oxidative stress. Twenty-four 
male DMED rats were subjected to four treatments: DMED (DMED group), EPCs (EPCs 
group), EPCs transduced with control lentivirus (EPC-control group) and EPCs-hTERT 
(EPCs-hTERT group). A group of healthy rats were used as the normal control group. 
The erectile function in the EPCs-hTERT group was markedly increased compared with 
the EPCs and EPCs-control groups. The EPCs-hTERT group exhibited more growth 
factors, smooth muscle content and retained stem cells in penile tissues. The degree 
of apoptosis and collagen/smooth muscle ratio in penile tissues of the EPCs-hTERT 
group was considerably reduced. Endothelial nitric oxide synthase (eNOS) expression 
increased significantly in the EPCs-hTERT group. Taken together, these data showed 
that the enhanced paracrine effect, resistance to oxidative stress and proliferation of 
EPCs-hTERT may contribute to the improvements of erectile function in DMED rats.

IntroductIon

Diabetes mellitus (DM) is a chronic disease that 
is associated with one of the most significant urological 
complications, erectile dysfunction (ED). Numerous 
studies reported that the prevalence of ED in diabetic 
men varies between 30 and 80%, which is increased 
six-fold compared with men without diabetes [1, 2]. 
The pathogenesis of diabetes mellitus-induced erectile 
dysfunction (DMED) is complex, and it is associated 
with the formation of advanced glycation end products, 
endothelial dysfunction, hypogonadism, peripheral 
neurological changes and decreased nitric oxide 

production [2, 3]. Phosphodiesterase type 5 inhibitors 
are used as a first-line treatment for ED, but these drugs 
are less effective in this population [4]. Therefore, it is 
necessary to explore new therapeutic targets for diabetic 
ED.

Stem cell therapy is one of the promising strategies 
with a demonstrated benefit in the treatment of DMED. 
Several studies reported that stem cells improved erectile 
function after intracavernous application [5, 6]. One of the 
possible mechanisms of stem cell therapy for ED is that 
stem cells incorporate into penile tissues and differentiate 
into smooth muscle or endothelial cells [7, 8]. Stem cells 
also secrete a variety of growth factors that exert protective 
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effects in vivo, including vascular endothelial growth 
factor (VEGF), angiopoietin-1 (Ang-1), basic fibroblast 
growth factor (bFGF), brain-derived neurotrophic factor 
(BDNF), glial cell-derived neurotrophic factor (GDNF), 
and stromal derived factor-1 (SDF-1) [9]. 

EPCs are bone marrow-derived stem cells that 
migrate to sites of damaged endothelium and differentiate 
into vascular endothelial cells. EPCs play an important 
role in endothelial homeostasis and repair[10]. Several 
studies reported that the number of circulating EPCs in 
ED patients was significantly reduced compared with men 
without ED [11, 12], which suggests a role for these cells 
in ED progression. Increasing the number of EPCs may be 
a prospective treatment for ED. Gou et al. demonstrated 
that the transplantation of EPCs overexpressing VEGF165 
restored erectile function in DMED rats via secretion of 
VEGF165 protein and enhanced neovascularization [13].

Human telomerase reverse transcriptase (hTERT) 
is the catalytic component of telomerase with reverse 
transcriptase activity. Stem cells overexpressing hTERT 
maintained proliferation capacity and the ability to 
differentiate into multiple cell lineages in vivo and in vitro 
without signs of malignant transformation [14, 15]. TERT 
plays a clear role in maintaining telomere length, and 
mounting evidence revealed that TERT exhibits telomeric-
independent biological functions, such as enhancing 
survival, promoting proliferation, regulating glucose 
transport and decreasing intracellular reactive oxygen 
species (ROS) [16, 17].

Genetic modification strategies have emerged with 
the development of gene delivery methods and enhanced 
the efficacy of stem cells. Previous studies successfully 
applied genetically modified stem cells for ED treatment 
[13, 18, 19]. However, whether hTERT overexpression 
enhanced EPCs-based treatment of DMED was not 
demonstrated. The present study investigated the efficacy 
of the transplantation of EPCs overexpressing hTERT into 
penile tissues for the treatment of DMED. 

results

characterization of ePcs 

BM-MNCs exhibited a spindle appearance, and 
simultaneously colony-forming units became visible 
after 7 days in culture (Figure 1A). Some adherent cells 
grew into a cobblestone shape and exhibited a smooth 
cytoplasmic outline after 2 weeks (Figure 1B). These cells 
were called late EPCs, and we used late EPCs for further 
studies. EPCs expressed surface markers, such as CD31 
(96.8±0.5%), CD34 (97.2±1.4%), CD133 (92.8±5.3%) 
and VEGFR-2 (91.5±3.7%) (Figure 1C), and this finding 
is consistent with previous studies [20, 21]. EPCs could 
differentiate into adipocytes (Figure 1D) and smooth 

muscle cells (Figure 1E). Endothelial nitric oxide synthase 
(eNOS) was also expressed in EPCs (Figure 1F). EPCs 
showed ability of forming capillary-like tubes (Figure 1G).

Generation of genetically modified rat EPCs

EPCs stably expressing hTERT were created using 
a selectable marker (puromycin) after transduction with 
lentivirus. mRNA expression of hTERT in EPCs-hTERT 
was considerably increased compared with EPCs-control 
and EPCs (P<0.05). The Ct value of hTERT in EPCs and 
EPCs-control was greater than 35, and hTERT was not 
considered expressed in these two cells. mRNA expression 
of rTERT in EPCs-hTERT was not altered compared 
with EPCs-control and EPCs (Figure 2A). TERT is 
evolutionarily conserved in humans and rats, and the 
antibody against TERT binds to both hTERT and rTERT. 
The level of TERT protein expression in EPCs-hTERT 
was significantly increased compared with EPCs and 
EPCs-control (Figure 2B and 2C). Figure 2D demonstrates 
that TERT protein is primarily distributed in the nuclei of 
EPCs and EPCs-control, whereas EPCs-hTERT expressed 
TERT protein in the nucleus and cytoplasm. Flag was 
expressed in the cytoplasm of EPCs-control and EPCs-
hTERT (Figure 2E). These results indicate that hTERT 
was expressed in the cytoplasm of EPCs-hTERT, whereas 
rTERT was expressed in the nucleus. rTERT expression 
was not altered after hTERT overexpression. Telomerase 
activity of EPC-hTERT was significantly increased 
compared with EPCs and EPCs-control (Figure 2F and 
2G). 

effects of htert overexpression on proliferation, 
endogenous ros level, paracrine capacity and 
anti-oxidative stress

The phenotypic profile and differentiation potential 
of EPCs was not altered after transduction with hTERT 
(Supplemental figure 1). Figure 3A and 3B indicates 
that the percentage of EdU-positive cells in the S phase 
of the cell cycle was significantly increased in EPCs-
hTERT compared with EPCs and EPCs-control (P<0.05). 
EPCs and EPCs-control revealed significant increases in 
intracellular ROS compared with EPCs-hTERT (P<0.05, 
Figure 3C and 3D). Western blotting revealed that EPCs-
hTERT secreted more VEGF, insulin-like growth factor-1 
(IGF-1) and bFGF than EPCs and EPCs-control (P<0.05, 
Figure 3E and 3F). We detected the survival of cells 
exposed to oxidative stress induced by hydrogen peroxide. 
CCK-8 assays demonstrated that EPCs-hTERT exhibited 
stronger anti-oxidant capacity than EPCs and EPCs-
control (P<0.05, Figure 3G). 
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erectile function, histological changes and growth 
factors in penile tissues after transplantation

The DMED group exhibited a significant decrease 
in ICP/MAP at all levels of stimulation (2.5, 5.0, and 
7.5 volts) compared with the normal control group (all 
P<0.05). Transplantation of EPCs in DMED rats was 
associated with increased ICP/MAP at all stimulation 
voltages (all P<0.05 vs. DMED group). Similarly, the 
EPCs-control group exhibited increased erectile responses 
compared with the DMED group (all P<0.05). The ICP/
MAP of EPCs-hTERT was significantly increased 
compared with the DMED, EPCs and EPCs-control 
groups (all P<0.05, Figure 4A and 4B). Figure 4C and 
4D revealed that smooth muscle content decreased 
significantly in the DMED group compared with the 
normal control group (P<0.05). Treatment with EPCs or 
EPCs-control significantly improved the smooth muscle 
content of corpus cavernosum compared with the DMED 
group (P<0.05). The content of smooth muscle of the 
corpus cavernosum was increased in the EPCs-hTERT 
group compared with the EPCs group (P<0.05). More flag-

positive cells were identified in the corpus cavernosum of 
the EPCs-hTERT group compared with the EPCs-control 
group (P<0.05) (Figure 4E and 4F). Figure 4G and H 
indicate that the amount of VEGF, IGF-1 and bFGF in 
penile tissues of the DMED group was dramatically 
reduced compared with the normal control group 
(P<0.05). The EPCs and EPCs-control groups exhibited 
slightly increased growth factor levels compared with the 
DMED group (P<0.05). Growth factor levels in the EPCs-
hTERT group were significantly increased compared with 
the EPCs and EPCs-control groups (P<0.05).

effects of ePcs-htert transplantation on 
cavernous fibrosis

The collagen/smooth muscle ratio markedly 
increased in the DMED group compared with the normal 
control group (P<0.05, Figure 5A)). The ratios in the 
treated groups were decreased compared with the DMED 
group. The EPCs-hTERT group exhibited a significantly 
decreased collagen/smooth muscle ratio compared with 
the EPCs and EPCs-control groups (P<0.05, Figure 5B). 

Figure 1: Primary culture and characterization of rat ePcs. (A) Rat BM-MNCs from bone marrow after 7 days in culture 
(100×). (B) Rat BM-MNCs after 14 days of culture (100×). (C) CD31, CD34, CD133 and VEGFR-2 expression was detected using 
immunofluorescence (200×). (D) EPCs differentiation potential into adipocytes was demonstrated using oil red-O staining (100×). (E) 
EPCs differentiation potential into smooth muscle cells was demonstrated using immunofluorescence staining (200×). (F) The expression 
of eNOS in EPCs was identified using Western blotting analyses. Human umbilical vein endothelial cells was used as positive control. 
Cavernous smooth muscle cells was used as negative control. (G) Tube formation assay was examined microscopically (100×).
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Figure 2: htert expression in ePcs after transduction. (A) hTERT and rTERT mRNA expression were detected using real-time 
quantitative PCR analysis. (B ) and (C) Western blotting analysis was used to evaluate TERT protein level in cells. (D) Immunofluorescence 
staining revealed the distribution of TERT protein in EPCs, EPCs-control and EPCs-hTERT (200×). (E) Immunofluorescence staining 
revealed the distribution of flag protein in EPCs, EPCs-control and EPCs-hTERT (200×). (F) and (G) Telomerase activity was detected 
using TRAP. *P<0.05 vs. EPCs.
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Figure 3: characterization of htert-overexpressing rat ePcs. (A) and (B) EdU staining indicates that hTERT overexpression 
increased EPCs proliferation (100×). (C) and (D) Intracellular ROS and fluorescence intensity analysis in EPCs, EPCs-control and EPCs-
hTERT (100×). (E) and (F) The amount of VEGF, IGF-1 and bFGF secretion from EPCs-hTERT was detected using western blotting. (G) 
CCK-8 assay was used to evaluate the anti-oxidant capacity of EPCs-hTERT. *P<0.05 vs. EPCs, # P<0.05 vs. EPCs in oxidative stress.



Oncotarget39307www.impactjournals.com/oncotarget

Figure 4: recovery of erectile function in dMed rats after cell transplantation. (A) Representative ICP and MAP tracings 
in response to cavernous nerve stimulation (5 V, 60 s) in the normal control group, DMED group, EPCs group, EPCs-control group and 
EPCs-hTERT group. (B) The ratio of ICP/MAP was calculated for each group. (C) Smooth muscle in the corpus cavernosum in each 
group using immunofluorescence staining (100×). (D) Percentage of smooth muscle in corpus cavernosum shown as relative expression of 
α-SMA compared with the normal control group. (E) Incorporation of EPCs in the corpus cavernosum after transplantation in EPC-control 
and EPC-hTERT groups was evaluated using immunofluorescence staining (200×). (F) Results of retained cell quantification expressed as 
integrated optical density (IOD) of flag–positive area in the corpus cavernosum. (G) Growth factors in penile tissues were detected using 
Western blotting. (H) Relative quantification of growth factors in penile tissues. *P<0.05 vs. normal control group, # P<0.05 vs. DMED 
group, & P<0.05 vs. EPCs group and EPCs-control group
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Western blotting demonstrated that transforming growth 
factor-β1 (TGF-β1) expression increased markedly in the 
DMED group. EPCs and EPCs-control groups exhibited 
a slightly suppressive effect on TGF-β1 expression. 
Treatment with EPCs-hTERT significantly reduced 
TGF-β1 expression. Differences in Smad2/3 expression 
between the five groups were not significant. However, the 
DMED group exhibited significantly increased Smad2/3 
phosphorylation compared with the normal control group 
(P<0.05). The EPCs and EPCs-control groups exhibited 
slightly decreased Smad2/3 phosphorylation. Treatment 
with EPCs-hTERT significantly suppressed Smad2/3 
phosphorylation (P<0.05, Figure 5C and 5D). 

effects of ePcs-htert transplantation on 
apoptosis in penile tissues

Figure 6A and 6B indicate that the number 
of TUNEL-positive cells in the DMED group was 
significantly increased compared with the normal control 
group (P<0.05). The number of TUNEL-positive cells 
was significantly reduced after EPCs or EPCs-control 

treatment (P<0.05). The number of TUNEL-positive cells 
was decreased in the EPCs-hTERT group compared with 
the EPCs group. B-cell lymphoma 2 (Bcl-2) and Bcl-2-
associated X protein (Bax) expression was measured 
using western blotting to further study diabetes-induced 
apoptosis in penile tissues. Figure 6C and 6D indicate that 
the diabetic state was associated with a significant increase 
in the Bax/Bcl-2 ratio compared with the normal control 
group (P<0.05). This diabetes-induced increase was 
significantly suppressed following treatment with EPCs, 
EPCs-control or EPCs-hTERT (P<0.05).

effects of ePcs-htert transplantation on 
enos and neuronal nitric oxide synthase (nnos) 
expression and nitric oxide (no)-cyclic guanosine 
monophosphate (cGMP) concentration in penile 
tissues

Expression of phospho-eNOS (p-eNOS, ser1177), 
eNOS and nNOS in penile tissues was measured using 
Western blotting. P-eNOS, eNOS and nNOS protein 
levels were dramatically decreased in penile tissues of the 

Figure 5: EPCs-hTERT-induced changes in cavernous fibrosis and TGF-β1 signaling pathway expression. (A) Masson’s 
trichrome staining: collagen fibers are stained blue, and smooth muscle are stained red (100×). (B) Semi-quantitative evaluation of collagen/
smooth muscle ratios. (C) Western blotting was used to detect the expression of TGF-β1, Smad2/3 and p-Smad2/3 in penile tissues of the 
five groups. (D) Bar graphs show the densitometric ratios of TGF-β1 toβ-actin and phosphorylated Smad2/3 to total Smad2/3. *P<0.05 vs. 
normal control group, # P<0.05 vs. DMED group, & P<0.05 vs. EPCs group and EPCs-control group.
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Figure 6: ePcs-htert-induced changes in the apoptotic index and expression of apoptosis-related protein levels. (A) 
Apoptotic cells were stained using the TUNEL method (100×). (B) The apoptotic index represents the percentage of apoptotic cells within 
the total number of cells in a given area. (C) Western blotting was used to evaluate the expression of Bcl-2 and Bax. (D) Bar graph depicts 
the ratio of Bax and Bcl-2. *P<0.05 vs. normal control group, # P<0.05 vs. DMED group, & P<0.05 vs. EPCs group and EPCs-control 
group.

Figure 7: ePcs-htert-induced changes in protein expression of enos and nnos and no-cGMP levels. (A) Western 
blotting was used to detect the expression of eNOS and nNOS. (B) Bar graphs show the relative expression of eNOS and nNOS normalized 
to β-actin levels. (C) Cavernous NO levels were determined. (D) Cavernous cGMP levels were determined. *P<0.05 vs. normal control 
group, # P<0.05 vs. DMED group, & P<0.05 vs. EPCs group and EPCs-control group.
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DMED group compared with the normal control group 
(P<0.05). EPCs or EPCs-control transplantation slightly 
increased eNOS and nNOS protein levels in diabetic ED 
rats. The p-eNOS, eNOS and nNOS protein levels in 
penile tissues of EPCs-hTERT were significantly increased 
compared with the EPCs group and EPCs-control group 
(P<0.05, figure 7A and 7B). Concentrations of NO and 
cGMP were detected to further explore the NO-cGMP 
signaling pathway. Figure 7C and 7D indicate that NO 
and cGMP penile concentrations in the DMED group 
were significantly attenuated compared with the normal 
control group (P<0.05). The EPCs group and EPCs-
control group exhibited slight increases in NO and cGMP 
concentrations, and the EPCs-hTERT group exhibited 
significantly increased NO and cGMP levels compared 
with the DMED group (P<0.05).

dIscussIon

Various reports demonstrated a therapeutic effect 
of stem cells in animal studies of ED [19, 22, 23]. This 
study demonstrated that the overexpression of hTERT 
significantly enhanced the therapeutic effect of EPCs in 
the restoration of electrically induced erectile function in 
DMED rats. 

Increasing evidence suggests that TERT plays 
an important role in mediating cell proliferation and 
antiapoptotic functions against various cytotoxic 
stresses independent of telomerase activity [17, 24-26].
Our study demonstrates that EPCs-hTERT exhibited 
increased proliferative capacity. An increased number of 
cells in S phase and a reduced number of cells in the G1 
phase of the cell cycle may contribute to the enhanced 
cellular proliferation. This effect is associated with 
Cyclin D1, cell division cycle 6 (CDC6) expression, 
and the hyperphosphorylation of retinoblastoma tumor 
suppressor protein (RB) at the molecular level [27]. 
TERT overexpression enhances the expression of growth-
promoting genes and suppresses the expression of growth-
inhibitory genes [28]. The effect of TERT on proliferation 
was also demonstrated in vivo. Upregulation of TERT 
expression in K5-mTert mice promotes epidermal stem 
cell proliferation and hair growth in the absence of 
changes in telomere length [29].

TERT overexpression induces resistance to oxidative 
stress and other genotoxic insults[30]. EPCs-hTERT 
cells were more resistant to oxidative-stress-induced cell 
death. The mechanism of the protective effect depends 
on the catalytic activity of TERT, which antagonizes the 
p53 pathway and binds to mitochondrial DNA [17, 30]. 
Moreover, TERT is excluded from the nucleus under 
increased oxidative stress in a dose- and time-dependent 
manner. Extranuclear TERT improved mitochondrial 
function and decreased retrograde response [17]. We 
found that hTERT protein was primarily expressed in the 
cytoplasm of EPCs-hTERT. The intracellular peroxide 

concentration is significantly reduced compared with 
wild-type cells [27], which implies a greater resistance to 
oxidative stress. Similarly, ROS levels in EPCs-hTERT 
were significantly reduced compared with EPCs and 
EPCs-control.

The multipotency of stem cells was proposed as the 
potential mechanism for the therapeutic effect on restoring 
erectile function in rats. Stem cells transplanted into rat 
corpus cavernous have the potential to differentiate toward 
endothelial cells or smooth cells [31]. However, very few 
stem cells were successfully tracked after intracavernous 
application in a series of studies for ED treatments 
using stem cells [18, 32]. Oxidative stress and other 
irregular microenvironments may contribute to the loss 
of transplanted stem cells. Therefore, we should identify 
novel methods to retain more stem cells in penile tissues. 
Our study demonstrated that more EPCs-hTERT cells were 
retained in penile tissues. The enhanced proliferation and 
anti-oxidant capacity may contribute to the retention of 
stem cells. However, the amount of EPCs-hTERT retained 
in corpus cavernous was still too small to explain the 
therapeutic effect, which was similar to previous studies 
[18, 32] and indicates that other mechanisms may exist. 

The secretion of trophic growth factors emerged 
as the main mechanism to explain the therapeutic effect 
of stem cells in the treatment of ED [33, 34]. Various 
studies demonstrated that stem cells secrete many growth 
factors, including CXCL5, adrenomedullin, bFGF, VEGF, 
nerve growth factor and BDNF [19, 34-36]. These growth 
factors exhibit potent angiogenic and neurotrophic 
activities. Our study found that EPCs secreted VEGF, 
IGF-1 and bFGF, which may contribute to the decreased 
corporal apoptosis and fibrosis and increased NO-cGMP 
signaling pathway. We demonstrated for the first time 
that the amount of trophic growth factors secreted by 
EPCs-hTERT was dramatically increased compared with 
EPCs and EPCs-control in vitro. The enhanced paracrine 
character and greater number of retained cells in penile 
tissues may contribute to the increased amount of growth 
factors in vivo. Adipose-derived stem cells (ADSCs), 
which are immortalized by hTERT combined with SV-
40 or HPV E6/E7, demonstrated an elevated capability to 
secrete hepatocyte growth factor (HGF) and VEGF [37]. 
However, the mechanism for this effect is unclear, but it 
may be associated with hTERT-mediated promotion of the 
expression of trophic factors [38].

There are certain limitations in this work. EPCs 
secreted many types of growth factors. Our study only 
selected VEGF, IGF-1 and bFGF because these three 
growth factors are the most commonly studied for the 
treatment of ED[39]. The relationship of the concentration 
of these growth factors to the therapeutic effect of 
EPCs-hTERT treatment on DMED and the underlying 
mechanisms are not clarified. Further studies are needed 
to understand the exact mechanism.
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conclusIons 

This study demonstrated that hTERT enhanced 
proliferation, anti-oxidant capacity and the paracrine 
character of EPCs. Intracavernous injection of EPCs-
hTERT more efficiently decreased corporal apoptosis and 
fibrosis but increased eNOS and nNOS expression as well 
as NO and cGMP concentrations to promote the recovery 
of DMED. The potential mechanisms of the recovery are 
likely attributed to the greater retention of cells in penile 
tissues and the paracrine effects of EPCs-hTERT.

MAterIAls And Methods

Isolation and culture of ePcs

EPCs were isolated from rat bone marrow as 
previously described [13]. Briefly, bone marrow was 
harvested and density gradient centrifugation with Percoll 
(Sigma-Aldrich, St. Louis, USA) was performed to isolate 
bone marrow-derived mononuclear cells (BM-MNCs). 
Isolated cells were resuspended in EGM-2 (Lonza, 
Walkersville, USA) containing 2% fetal bovine serum 
(FBS) plus growth factors, including bFGF, epidermal 
growth factor (EGF), VEGF and IGF-1. Cells were 
cultured in flasks at 37°C with 5% CO2, and non-adherent 
cells were removed after overnight culture. The medium 
was exchanged every 3 days.

cell differentiation studies

Adipocyte differentiation 

EPCs were seeded at a density of 1×104 cells/cm2 

in 6-well plates and cultured in EGM-2 until the cells 
were confluent. The medium was replaced with low-
glucose Dulbecco’s Modified Eagle’s medium (DMEM) 
containing 10% FBS, 1 mmol/L dexamethasone, 0.5 
mmol/L isobutyl methyl xanthine (IBMX), 50 mg/L 
indomethacin, and 10 mg/L insulin (all from Sigma-
Aldrich). This adipogenic medium was changed every 2 
days. Cells were differentiated for 21 days, washed twice 
with PBS and fixed with 4% paraformaldehyde for 15 
minutes. Lipid staining was performed with a filtered 0.3% 
Oil red-O staining solution.
smooth muscle cell differentiation 

EPCs were cultured at 0.5×104 cells/cm2 in 12-well 
plates and grown for 24 hours in EGM-2. The medium was 
replaced by low-glucose DMEM containing 10% FBS, 
5 μg/L TGF-β1 and 50 μg/mL platelet-derived growth 
factor-BB (PBGF-BB) (all from PeproTech, Rocky Hill, 
United States). The medium was refreshed every 2 days. 

Immunofluorescence and histological analysis

Cells were fixed with 4% paraformaldehyde for 
20 minutes and permeabilized with 1% Triton X-100 in 
PBS for 30 minutes followed by blocking with 1% bovine 
serum albumin (BSA) for 1 hour. The cells were incubated 
for 24 hours with primary antibodies. Antibodies against 
CD31 (1:100, Boster, Wuhan, China), CD34 (1:100, 
Boster), CD133 (1:100, ProteinTech, Chicago, USA), 
VEGF receptor-2 (VEGFR-2, 1:100, Affinity, Zhenjiang, 
China) were used to verify EPCs phenotype. TERT 
(1:200, Affinity) and flag (1:200, Affinity) was used to 
demonstrate the distribution of TERT protein in EPCs-
hTERT. α-smooth muscle actin (α-SMA, 1:100, Boster) 
was used to identify EPCs that were induced into smooth 
muscle cells. Cells were incubated for 24 hours, washed 
extensively with PBS and incubated with the appropriate 
secondary antibodies for 1 hour. Nuclei were stained with 
diamidino-2-phenyl-indole (DAPI).

Rat penile sections were dewaxed in 
dimethylbenzene and washed thrice with PBS. The 
slides were blocked and incubated with the following 
primary antibodies. α-SMA (1:100, Boster) was used to 
evaluate smooth muscle content in penile tissues, and 
flag (1:100, Affinity) was used to detect EPCs retained in 
penile tissues. Slides were incubated with the appropriate 
secondary antibodies. Masson’s trichrome staining was 
performed to determine the ratio of cells to collagen in 
penile tissues of all groups. Digital images were obtained 
using an Olympus DP71 fluorescence microscope.

Western blotting 

Penile tissues or cultured cells were extracted in 
ice-cold lysis buffer. Protein (50 μg) were loaded on 12% 
sodium dodecyl sulfate/polyacrylamide (SDS-PAGE) gels 
and transferred to polyvinylidene difluoride membranes. 
Membranes were blocked with 5% BSA for 2 hours and 
incubated with the following primary antibodies: TERT 
(1:1000, Affinity), VEGF (1:1000, ProteinTech), bFGF 
(1:1000, Affinity), IGF-1 (1:1000, ProteinTech), TGF-β1 
(1:1000, Abcam, Cambridge, UK), Smad2/3 (1:1000, 
Abcam), phospho-Smad2/3 (p-Smad2/3, 1:1000, Abcam), 
Bcl-2 (1:1000, Affinity), Bax (1:1000, ProteinTech), eNOS 
(1:1000, Abcam), p-eNOS (1:1000, CST, Danvers, USA), 
and nNOS (1:1000, Abcam). Membranes were washed 
and incubated with the appropriate secondary antibodies 
(1:5000) for 1 hour at room temperature. Protein bands 
were detected using an enhanced chemiluminescence 
detection system (Pierce; Thermo Fisher Scientific, 
Rockford, USA).
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Tube formation assay of rat EPCs

A matrigel (BD, San Jose, USA) was thawed at 4 
°C overnight and used to pre-coat a 96-well plate. 1×104 

EPCs were placed on the top of the matrigel. After 8 h of 
incubation at 37 °C, networks of tubes were photographed 
using a microscope.

htert transduction of rat ePcs

Third-passage EPCs were cultured in a 6-well 
plate at a density of 2×106 cells for 24 hours. Lentivirus 
with hTERT and flag tags infected EPCs at a multiple of 
infection (MOI) of 50. The medium was removed after 24 
hours, and the EPCs were recultured in normal medium 
for 48 hours. Infected cells were selected using puromycin 
(5 μg/mL) in EGM-2. Surviving cells were noted as first 
passage EPCs-hTERT.

real-time quantitative Pcr analysis

Total RNA was extracted using a multisource 
RNA miniprep kit (Corning, NY, USA) converted to 
cDNA using the PrimeScriptTM RT reagent kit (TaKaRa, 
Dalian, China). Real-time quantitative polymerase chain 
reaction (PCR) was performed using SYBR Premix Ex 
Taq (TaKaRa) on an MX3000P quantitative PCR system 
(Agilent, Santa Clara, USA). The following cycling 
conditions were used: pre-denaturation at 95°C for 30 
seconds; 40 cycles at 95°C for 5 seconds, 60°C for 30 
seconds and 72°C for 30 seconds. The level of β-actin 
mRNA expression was measured as an endogenous 
reference and used for normalization purposes. Relative 
quantification of the expression levels of each transcript 
for each group was calculated using the 2-ΔΔCt method. 
We used the following PCR primers: hTERT_s: 
5’-GACGGTGTGCACCAACACATCTA-3, hTERT_a: 
5’-TTCTTGGCTTTCAGGATGGAG-3’, rat TERT 
(rTERT)_s: 5’-GCTGGACACTCGGACTTTGGA-3’, 
rTERT_a: 5’-ACTTCAACCGCAAGACTGACAAGA-3’, 
β-actin_s: 5’-GACGGTGTGCACCAACATCTA-3’, 
β-actin_a: 5’-TTCTTGGCTTTCAGGATGGAG-3’.

Measurement of telomerase activity

Telomerase activity was evaluated using a telomeric 
repeat amplification protocol (TRAP) telomerase detection 
kit (Zhongxiyuanda, Beijing, China). The procedure was 
performed according to the manufacturer’s instructions. 
Cells were collected and lysed with CHAPS buffer. 
Proteins extracted from cells were used for reaction. 
Polyacrylamide gel electrophoresis was performed, and 
gels were stained using the silver nitrate method.

cell proliferation assay

Cells were plated in 96-well plates at a density of 
2×104/mL and cultured overnight. Cells were incubated 
with 5-ethynyl-2’-deoxyuridine (EdU) for 4 hours 
before fluorescent detection. Cells were fixed with 4% 
paraformaldehyde for 15 minutes at room temperature 
and stained with a Cell-Light™ EdU Apollo®488 In Vitro 
Imaging Kit (RioBio, Guangzhou, China) in accordance 
with the manufacturer’s instructions.

ePcs-htert survival in oxidative stress 

Cells were seeded in 96-well plates at density 
of 1×104 cells/cm2 overnight and cultured in EGM-
2 supplemented with 400 μmol/L hydrogen peroxide 
for 24 hours. The CCK-8 assay was used to detect cell 
survival. Cells were incubated with 10 μL CCK-8 
(Dojindo, Shanghai, China) for 2 hours, and cell density 
was determined using a multiscan MK3 microplate reader 
(Thermo Fisher Scientific, Waltham, USA) at 450 nm. All 
experiments were performed in triplicate and repeated 
independently thrice.

Measurement of intracellular ros

Intracellular ROS was detected using an ROS 
assay kit (Beyotime, Nantong, China) according to the 
manufacturer’s instructions. Cells at passage 10 were 
seeded in a 96-well plate at a density of 2×104 cells/cm2 
overnight and treated with dichloro-dihydro-fluorescein 
diacetate (DCFH-DA, 10 μmol/L) for 30 minutes. Cells 
were washed with PBS and imaged using a fluorescent 
microscope.

Paracrine characteristics

EPCs, EPCs-control, and EPCs-hTERT were 
seeded at a density of 2×106 cells per 175-cm2 flask and 
cultured for 24 hours. Medium was exchanged for serum-
free EGM-2 without growth factors and incubated for 24 
hours. Cell supernatants were collected and concentrated 
to 100 μL using Amicon® Ultra-4 Centrifugal Filter Units 
(Merck Millipore, Darmstadt, Germany). Western blotting 
was used to evaluate paracrine characteristics. 

Establishment of DMED rat models

Animal studies were performed in accordance with 
relevant guidelines and regulations. The Tongji Hospital, 
Tongji Medical College, Huazhong University of Science 
and Technology Animal Care and Use Committee 
approved the protocols. Forty 8-week-old male Sprague-
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Dawley (SD) rats were intraperitoneally injected with 
streptozotocin (STZ, 60 mg/kg, Sigma-Aldrich)[45]. 
Rats with blood glucose concentrations greater than 
16.7 mmol/L 3 days after STZ injection were considered 
diabetes. Diabetic rats were selected 8 weeks later using 
the apomorphine (APO) test[46]. Briefly, each rat received 
a subcutaneous injection of APO (80 mg/kg, Sigma-
Aldrich) in the loose skin of neck. Erectile responses, 
including back arching, pelvic thrusting followed by 
integral movements of the engorged glans penis and 
shaft, and immediate grooming of the genital area, were 
recorded for 30 minutes. Rats that did not exhibit an 
erectile response were considered DMED rats.

transplantation of ePcs to dMed rat corpus 
cavernous

Twenty-four DMED rats were randomly divided 
into four groups: DMED rats without treatment (DMED 
group), DMED rats treated with EPCs (EPCs group), 
DMED rats treated with EPCs-control (EPCs-control 
group), and DMED rats treated with EPCs-hTERT 
(EPCs-hTERT group). The normal control group 
included six normal rats. DMED rats were anesthetized 
via intraperitoneal injections of sodium pentobarbital (40 
mg/kg) and placed in a supine position. The penis was 
exposed, and an elastic band was placed at the base of the 
penis. A total of 5×105 cells was dissolved in 70 μL PBS 
and injected into the corpus cavernous. The elastic band 
was removed 3 minutes after the injection.

In vivo evaluation of erectile function

Erectile function was evaluated 2 weeks after cell 
transplantation using electric stimulation as previously 
described[45]. Briefly, rats were anesthetized using 
sodium pentobarbital (40 mg/kg). A PE-50 tube was 
cannulated into the left carotid artery and connected to a 
data acquisition system (AD Instruments Powerlab/4SP, 
NSW, Australia) to continuously record arterial blood 
pressure (ABP). The cavernous nerves were exposed at 
the posterolateral aspect of the prostate on both sides. 
A 25-gauge needle was inserted into the right crus to 
continuously monitor ICP. Stimulation of the cavernous 
nerve was performed through a bipolar electrode at 15 
Hz frequency for 1 minute, and the erectile response was 
measured at different voltages (2.5, 5.0 and 7.5 volts) with 
a 3-minute interval between stimulations. The ratio of 
maximal ICP and MAP was calculated to evaluate erectile 
function.

tunel assay

Penile sections were stained using an In Situ Cell 
Death Detection kit (Roche Applied Science, Indianapolis, 
USA). Briefly, sections were deparaffinized, rehydrated, 
and treated with nuclease-free proteinase K (20 mg/L) 
for 20 minutes. Sections were washed in PBS and 
incubated with the TUNEL reaction mixture containing 
terminal deoxynucleotidyl transferase and dUTP for 1 
hour in a humidified chamber at 37°C. After washing in 
PBS, sections were incubated in converter peroxidase-
conjugated anti-fluorescein (POD) antibodies and stained 
with diaminobenzidine (DAB) solution.

cGMP measurement

The cGMP concentration measurement was perform 
with an enzyme-linked immunosorbent assay kit (Westang, 
Shanghai, China) according to the manufacture’s 
instructions.

no measurement

The NO concentration was measured using total 
nitric oxide assay kit (Beyotime) according to the 
manufacture’s instructions.

statistical analysis

Data are presented as the means ± standard 
deviation (SD). Statistical significance was assessed using 
Student’s t-test for comparisons of two groups or one-
way analysis of variance followed by a post hoc (Tukey) 
test for comparisons between multiple groups. Intergroup 
differences were considered statistically significant at a 
P-value<0.05.

AcknowledGMents

This work was supported by Natural Science 
Foundation of Hubei province (NO. 2013CFB094) 
and National Natural Science Foundation of China 
(NO.81070484 and 81270690).

conFlIcts oF Interest

The authors declare that they have no conflict of 
interest.

Authors’ contributions

Z.C. designed and supervised experiments. Y.Z., 
T.W., R.L. and J.Y. performed experiments and data 



Oncotarget39314www.impactjournals.com/oncotarget

analysis. S.W., J.L. and Z.Y contributed to data analysis. 
Y.Z. wrote the manuscript with contributions of all 
authors.

reFerences

1. Ma RC, So WY, Yang X, Yu LW, Kong AP, Ko GT, 
Chow CC, Cockram CS, Chan JC and Tong PC. Erectile 
dysfunction predicts coronary heart disease in type 2 
diabetes. J Am Coll Cardiol. 2008; 51:2045-2050.

2. Phe V and Roupret M. Erectile dysfunction and diabetes: 
a review of the current evidence-based medicine and a 
synthesis of the main available therapies. Diabetes Metab. 
2012; 38:1-13.

3. Redrow GP, Thompson CM and Wang R. Treatment 
strategies for diabetic patients suffering from erectile 
dysfunction: an update. Expert Opin Pharmacother. 2014:1-
10.

4. Francis SH and Corbin JD. PDE5 inhibitors: targeting 
erectile dysfunction in diabetics. Curr Opin Pharmacol. 
2011; 11:683-688.

5. Qiu X, Lin H, Wang Y, Yu W, Chen Y, Wang R and Dai 
Y. Intracavernous transplantation of bone marrow-derived 
mesenchymal stem cells restores erectile function of 
streptozocin-induced diabetic rats. J Sex Med. 2011; 8:427-
436.

6. Qiu X, Sun C, Yu W, Lin H, Sun Z, Chen Y, Wang R 
and Dai Y. Combined strategy of mesenchymal stem cell 
injection with vascular endothelial growth factor gene 
therapy for the treatment of diabetes-associated erectile 
dysfunction. J Androl. 2012; 33:37-44.

7. Nolazco G, Kovanecz I, Vernet D, Gelfand RA, Tsao J, 
Ferrini MG, Magee T, Rajfer J and Gonzalez-Cadavid NF. 
Effect of muscle-derived stem cells on the restoration of 
corpora cavernosa smooth muscle and erectile function in 
the aged rat. BJU Int. 2008; 101:1156-1164.

8. Song YS, Lee HJ, Park IH, Lim IS, Ku JH and Kim SU. 
Human neural crest stem cells transplanted in rat penile 
corpus cavernosum to repair erectile dysfunction. BJU Int. 
2008; 102:220-224; discussion 224.

9. Wang X, Liu C, Li S, Xu Y, Chen P, Liu Y, Ding Q, Wahafu 
W, Hong B and Yang M. Hypoxia precondition promotes 
adipose-derived mesenchymal stem cells based repair of 
diabetic erectile dysfunction via augmenting angiogenesis 
and neuroprotection. PLoS One. 2015; 10:e0118951.

10. Condorelli RA, Calogero AE, Vicari E, Duca Y, Favilla 
V, Morgia G, Cimino S and La Vignera S. Endothelial 
progenitor cells and erectile dysfunction: a brief review on 
diagnostic significance and summary of our experience. 
Aging Male. 2013; 16:29-32.

11. Maiorino MI, Bellastella G, Petrizzo M, Della Volpe 
E, Orlando R, Giugliano D and Esposito K. Circulating 
endothelial progenitor cells in type 1 diabetic patients with 

erectile dysfunction. Endocrine. 2015; 49:415-421.
12. Esposito K, Ciotola M, Maiorino MI, Giugliano F, 

Autorino R, De Sio M, Jannini E, Lenzi A and Giugliano 
D. Circulating CD34+ KDR+ endothelial progenitor cells 
correlate with erectile function and endothelial function in 
overweight men. J Sex Med. 2009; 6:107-114.

13. Gou X, He WY, Xiao MZ, Qiu M, Wang M, Deng YZ, 
Liu CD, Tang ZB, Li J and Chen Y. Transplantation of 
endothelial progenitor cells transfected with VEGF165 to 
restore erectile function in diabetic rats. Asian J Androl. 
2011; 13:332-338.

14. Bocker W, Yin Z, Drosse I, Haasters F, Rossmann O, 
Wierer M, Popov C, Locher M, Mutschler W, Docheva D 
and Schieker M. Introducing a single-cell-derived human 
mesenchymal stem cell line expressing hTERT after 
lentiviral gene transfer. J Cell Mol Med. 2008; 12:1347-
1359.

15. Piper SL, Wang M, Yamamoto A, Malek F, Luu A, Kuo 
AC and Kim HT. Inducible immortality in hTERT-human 
mesenchymal stem cells. J Orthop Res. 2012; 30:1879-
1885.

16. Bennaceur K, Atwill M, Al Zhrany N, Hoffmann J, 
Keavney B, Breault D, Richardson G, von Zglinicki T, 
Saretzki G and Spyridopoulos I. Atorvastatin induces T cell 
proliferation by a telomerase reverse transcriptase (TERT) 
mediated mechanism. Atherosclerosis. 2014; 236:312-320.

17. Haendeler J, Drose S, Buchner N, Jakob S, Altschmied 
J, Goy C, Spyridopoulos I, Zeiher AM, Brandt U and 
Dimmeler S. Mitochondrial telomerase reverse transcriptase 
binds to and protects mitochondrial DNA and function from 
damage. Arterioscler Thromb Vasc Biol. 2009; 29:929-935.

18. Liu G, Sun X, Bian J, Wu R, Guan X, Ouyang B, Huang Y, 
Xiao H, Luo D, Atala A, Zhang Y and Deng C. Correction 
of diabetic erectile dysfunction with adipose derived stem 
cells modified with the vascular endothelial growth factor 
gene in a rodent diabetic model. PLoS One. 2013; 8:e72790.

19. Nishimatsu H, Suzuki E, Kumano S, Nomiya A, Liu M, 
Kume H and Homma Y. Adrenomedullin mediates adipose 
tissue-derived stem cell-induced restoration of erectile 
function in diabetic rats. J Sex Med. 2012; 9:482-493.

20. Cheng Y, Guo S, Liu G, Feng Y, Yan B, Yu J, Feng K and 
Li Z. Transplantation of bone marrow-derived endothelial 
progenitor cells attenuates myocardial interstitial fibrosis 
and cardiac dysfunction in streptozotocin-induced diabetic 
rats. Int J Mol Med. 2012; 30:870-876.

21. Zhang SH, Xiang P, Wang HY, Lu YY, Luo YL and Jiang 
H. The characteristics of bone marrow-derived endothelial 
progenitor cells and their effect on glioma. Cancer Cell Int. 
2012; 12:32.

22. Kim JH, Lee HJ, Doo SH, Yang WJ, Choi D, Won JH 
and Song YS. Use of nanoparticles to monitor human 
mesenchymal stem cells transplanted into penile 
cavernosum of rats with erectile dysfunction. Korean J 
Urol. 2015; 56:280-287.



Oncotarget39315www.impactjournals.com/oncotarget

23. Kim Y, de Miguel F, Usiene I, Kwon D, Yoshimura N, 
Huard J and Chancellor MB. Injection of skeletal muscle-
derived cells into the penis improves erectile function. Int J 
Impot Res. 2006; 18:329-334.

24. Cao Y, Li H, Deb S and Liu JP. TERT regulates cell 
survival independent of telomerase enzymatic activity. 
Oncogene. 2002; 21:3130-3138.

25. Gorbunova V, Seluanov A and Pereira-Smith OM. 
Expression of human telomerase (hTERT) does not prevent 
stress-induced senescence in normal human fibroblasts 
but protects the cells from stress-induced apoptosis and 
necrosis. J Biol Chem. 2002; 277:38540-38549.

26. Sarin KY, Cheung P, Gilison D, Lee E, Tennen RI, Wang 
E, Artandi MK, Oro AE and Artandi SE. Conditional 
telomerase induction causes proliferation of hair follicle 
stem cells. Nature. 2005; 436:1048-1052.

27. Yang C, Przyborski S, Cooke MJ, Zhang X, Stewart R, 
Anyfantis G, Atkinson SP, Saretzki G, Armstrong L and 
Lako M. A key role for telomerase reverse transcriptase unit 
in modulating human embryonic stem cell proliferation, cell 
cycle dynamics, and in vitro differentiation. Stem Cells. 
2008; 26:850-863.

28. Armstrong L, Saretzki G, Peters H, Wappler I, Evans J, 
Hole N, von Zglinicki T and Lako M. Overexpression of 
telomerase confers growth advantage, stress resistance, and 
enhanced differentiation of ESCs toward the hematopoietic 
lineage. Stem Cells. 2005; 23:516-529.

29. Flores I, Cayuela ML and Blasco MA. Effects of telomerase 
and telomere length on epidermal stem cell behavior. 
Science. 2005; 309:1253-1256.

30. Lee MK, Hande MP and Sabapathy K. Ectopic mTERT 
expression in mouse embryonic stem cells does not affect 
differentiation but confers resistance to differentiation- and 
stress-induced p53-dependent apoptosis. J Cell Sci. 2005; 
118:819-829.

31. Song YS, Lee HJ, Park IH, Kim WK, Ku JH and Kim SU. 
Potential differentiation of human mesenchymal stem cell 
transplanted in rat corpus cavernosum toward endothelial or 
smooth muscle cells. Int J Impot Res. 2007; 19:378-385.

32. He Y, He W, Qin G, Luo J and Xiao M. Transplantation 
KCNMA1 modified bone marrow-mesenchymal stem cell 
therapy for diabetes mellitus-induced erectile dysfunction. 
Andrologia. 2014; 46:479-486.

33. Lin CS, Xin Z, Dai J, Huang YC and Lue TF. Stem-cell 
therapy for erectile dysfunction. Expert Opin Biol Ther. 
2013; 13:1585-1597.

34. Ouyang B, Sun X, Han D, Chen S, Yao B, Gao Y, Bian J, 
Huang Y, Zhang Y, Wan Z, Yang B, Xiao H, Songyang Z, 
Liu G and Deng C. Human urine-derived stem cells alone 
or genetically-modified with FGF2 Improve type 2 diabetic 
erectile dysfunction in a rat model. PLoS One. 2014; 
9:e92825.

35. Sun C, Lin H, Yu W, Li X, Chen Y, Qiu X, Wang R and 
Dai Y. Neurotrophic effect of bone marrow mesenchymal 
stem cells for erectile dysfunction in diabetic rats. Int J 
Androl. 2012; 35:601-607.

36. Zhang H, Ning H, Banie L, Wang G, Lin G, Lue TF and 
Lin CS. Adipose tissue-derived stem cells secrete CXCL5 
cytokine with chemoattractant and angiogenic properties. 
Biochem Biophys Res Commun. 2010; 402:560-564.

37. Balducci L, Blasi A, Saldarelli M, Soleti A, Pessina A, 
Bonomi A, Cocce V, Dossena M, Tosetti V, Ceserani V, 
Navone SE, Falchetti ML, Parati EA and Alessandri G. 
Immortalization of human adipose-derived stromal cells: 
production of cell lines with high growth rate, mesenchymal 
marker expression and capability to secrete high levels of 
angiogenic factors. Stem Cell Res Ther. 2014; 5:63.

38. Hartwig FP, Nedel F, Collares TV, Tarquinio SB, Nor JE 
and Demarco FF. Telomeres and tissue engineering: the 
potential roles of TERT in VEGF-mediated angiogenesis. 
Stem Cell Rev. 2012; 8:1275-1281.

39. Hakim L, Van der Aa F, Bivalacqua TJ, Hedlund P and 
Albersen M. Emerging tools for erectile dysfunction: a role 
for regenerative medicine. Nat Rev Urol. 2012; 9:520-536.

40. Yang J, Wang T, Rao K, Zhan Y, Chen RB, Liu Z, Li MC, 
Zhuan L, Zang GH, Guo SM, Xu H, Wang SG, Liu JH and 
Ye ZQ. S-allyl cysteine restores erectile function through 
inhibition of reactive oxygen species generation in diabetic 
rats. Andrology. 2013; 1:487-494.

41. Heaton JP, Varrin SJ and Morales A. The characterization 
of a bio-assay of erectile function in a rat model. J Urol. 
1991; 145:1099-1102.


