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Transplantation of endothelial progenitor cells
transfected with VEGF165 to restore erectile function in
diabetic rats

Xin Gou, Wei-Yang He, Ming-Zhao Xiao, Ming Qiu, Ming Wang, Yuan-Zhong Deng, Chao-Dong Liu,
Zao-Bing Tang, Jie Li and Yong Chen

The present study investigated the effect of transplanting endothelial progenitor cells (EPCs) transfected with the vascular endothelial

growth factor gene (VEGF165) into the corpora cavernosa of rats with diabetic erectile dysfunction (ED). A rat model of diabetic ED was

constructed via intraperitoneal injection of streptozotocin. After streptozotocin treatment, pre-treated EPCs from each of three groups

of rats were transplanted into their corpora cavernosa. Our results, following intracavernosal pressure (ICP) monitoring, showed that ICP

increased significantly among rats in the trial group when compared to the results from rats in the blank-plasmid and control groups

during basal conditions and electrical stimulation (P,0.01 for both comparisons). Histological examination revealed extensive

neovascularisation in the corpora cavernosa of rats in the trial group. Fluorescence microscopy indicated that many of the transplanted

EPCs in the trial group survived, differentiated into endothelial cells and integrated into the sites of neovascularisation. Based on the

results of this study, we conclude that transplantation of VEGF165-transfected EPCs into the corpora cavernosa of rats with diabetic ED

restores erectile function.
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INTRODUCTION

Penile erection is a complicated physiological event that involves many

psychological, neural, vascular and endocrine factors. Erectile dys-

function (ED) is one of the major complications of diabetes mellitus.1

Burke et al.2 studied 2115 white male diabetic patients, aged 40–79

years, and reported that approximately 50% had ED. Recent studies3,4

have revealed that direct injection of the vascular endothelial growth

factor (VEGF) gene or protein into the corpora cavernosa restored

erectile function in rabbits with hypercholesterolemia-induced ED

and rats with traumatic arteriogenic ED. However, the viral vectors

that are used for transduction may undergo recombination with endo-

genous viruses and may also cause cancer and elicit immune res-

ponses, restricting the extensive application of this method. In

recent years, the use of ex vivo-transfected stem cells as vectors for

gene therapy has largely solved this problem. Bivalacqua et al.5 trans-

planted ex vivo endothelial nitric oxide synthase gene-modified

mesenchymal stem cells into the corpora cavernosa of geriatric rats

and was able to restore their erectile function. However, there are few

reports regarding the use of ex vivo VEGF gene-modified endothelial

progenitor cells (EPCs) to treat diabetic ED in rats.

Our hypothesis was that the transplantation of ex vivo VEGF gene-

modified EPCs into the corpora cavernosa of rats with diabetic ED

would restore their erectile function by facilitating the expression of

VEGF and promoting neovascularisation.

MATERIALS AND METHODS

Materials

M199 medium, pcDNA3.1(1), pCR2.1-TOPO-VEGF165 vector and

Lipofectamine 2000 were obtained from Invitrogen (Carlsbad, CA,

USA); Ficoll was purchased from TBD (Shanghai, China); foetal

bovine serum was obtained from Gibco (Shanghai, China); and

VEGF was purchased from R&D (Atlantic, FL, USA). Rabbit anti-rat

CD34 and CD133 antibodies were purchased from Beijing Boaosen

(Beijing, China); rabbit anti-rat KDR antibody was obtained from

Santa Cruz (Santa Cruz, CA, USA); the VEGF ELISA Kit was pur-

chased from Xinbosheng (Beijing, China); streptozotocin, fibronectin

and apomorphine were purchased from Sigma (St Louis, MO,

USA); the RT-PCR Kit was obtained from TaKaRa (Dalian, China);

2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI) was pur-

chased from Biyuntian (Shanghai, China); and the DNA Extraction

Kit was obtained from the Omega Company (Houston, TX, USA). The

fluorescence microscope was supplied by Olympus (Tokyo, Japan),

and the instantaneous bio-signal recorder was supplied by Chengdu

Taimeng (Chengdu, China).
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Animals were supplied by the Laboratory Animal Center of

Chongqing Medical University (Chongqing, China). All animal pro-

tocols were approved by Institutional Animal Care and Use

Committee of Chongqing Medical University.

Methods

Isolation of EPCs. Femurs and tibias were removed from 2-week-old

Sprague–Dawley rats under sterile conditions. Their bone marrow

cavities were rinsed with 5–10 ml of 0.01 mol l21 phosphate-buffered

saline, precooled to 4 uC. The rinsing solution was then mixed thor-

oughly and transferred into Ficoll-supplemented centrifuge tubes fol-

lowed by centrifugation at 358g and 20 uC for 20 min.6–8 The

mononuclear cells remaining in the intermediate layer were then care-

fully aspirated and transferred to new centrifuge tubes. Mononuclear

cells were rinsed with phosphate-buffered saline and precipitated by

centrifugation twice, and then resuspended in M199 medium and

distributed into 100 ml culture flasks and 12-well plates at a concen-

tration of 13106 cells ml21. Two hours before cell seeding, cover slips

were placed at the bottom of the 12-well plates and the flasks and plates

were coated with fibronectin at a density of 5 mg cm22. Seeded cells

were cultured at 37 uC in a humidified incubator containing 5% CO2.

Immunohistochemical analyses were conducted to characterize the

expression of CD34, KDR and CD133 on adherent cells.

Construction of the pcDNA3.1(1)/VEGF165 expression vector9,10.

Plasmid pCR2.1-TOPO-VEGF165 was restriction digested with

HindIII and XhoI, and the resultant 580-bp (VEGF165) fragment

was purified. The pcDNA3.1(1) plasmid was also double-digested

with HindIII and XhoI. The VEGF165 fragment was then ligated into

the digested pcDNA3.1(1) fragment to construct the expression vec-

tor pcDNA3.1(1)/VEGF165. The recombinant vectors were trans-

formed into the competent Escherichia coli strain DH5a for

amplification. Next, the plasmids were extracted and characterized

by sequencing, restriction analysis and PCR.

EPC transfection and the detection of VEGF165 gene or protein levels in

EPCs. Transfection was conducted according to the instructions of the

Lipofectamine 2000 Mammalian Transfection Kit. Briefly, once EPCs

reached 50% confluence and were refreshed with serum-free M199

medium, they were transfected with either the expression vector

pcDNA3.1(1)/VEGF165 or the unmodified plasmid pcDNA3.1(1)

(the plasmid/liposome ratio was 1 : 3) in 24-well plates. The serum-

containing medium was refreshed 24 h after transfection. The

VEGF165 gene-modified EPCs were then selected using 600 mg ml21

G418. Selected EPCs were harvested and transferred into M199 medium

containing 20% foetal bovine serum. The supernatants were harvested

at days 1, 3, 5, 7, 9, 11 and 13 post-transfection. Following harvest,

samples were centrifuged and then stored at 270 uC. A human VEGF

ELISA Kit was used to detect the concentration of VEGF165 protein in

the supernatants in accordance with the manufacturer’s instructions.

The total RNA content of the harvested EPCs was extracted using the

conventional TRIzol method, and RT-PCR was conducted to detect

the expression of the VEGF165 gene. Primers were designed using the

guidance of the NIH GenBank and their sequences are listed as below:

1. VEGF165 (GenBank, AB021221) primers: upstream primer 59-

AAGCTTGCCACCATGAACTTTCTGCTGT-39; downstream

primer 59-CTCGAGTCACCGCCTCGGCTTGTC-39;

2. (2) Internal control b-actin primers: upstream primer 59-

CCGTAAAGACCTCTATGCCAAC-39; downstream primer 59-

ACTCATCGTACTCCTGCTTGCT-39.

Creation of a rat model of diabetic ED. A rat model of diabetic ED was

created as described.11,12 A total of 60 8-week-old male Sprague–

Dawley rats, weighing 230–260 g, underwent intraperitoneal injection

of 1% streptozotocin solution (65 mg kg21) in their lower left quad-

rants after a 12-h fast during which they were only allowed access to

water. A total of 72 h after injection, blood was aspirated from the tail

vein of each rat for random blood glucose measurements. Rats with

blood glucose concentrations higher than 16.7 mmol l21 were diag-

nosed with diabetes. Rats that met this criterion and continued feeding

for 14 weeks had another random blood glucose measurement taken

from their tail veins. Later, apomorphine solution was prepared and

injected into the soft skin on the necks of the rats at a dose of

100 mg kg21. The duration of erections during a 30-min period were

recorded. Rats that had a blood glucose concentration greater than

7.2 mmol l21 and a negative response to apomorphine induction were

considered to be appropriate models of diabetic ED. In total, 35 rat

models of diabetic ED were successfully generated.

EPC transplantation. Rats were randomized into three treatment

groups as follows: (i) trial group: EPCs transfected with

pcDNA3.1(1)/VEGF165 were transplanted into 13 rats; (ii) blank-

plasmid group: EPCs transfected with blank pcDNA3.1(1) were

transplanted into 12 rats; and (iii) control group: EPCs that had not

been transfected were transplanted into 10 rats. Before transplanta-

tion, the EPCs of each group were labelled with DAPI (for blue fluor-

escence). The EPCs (0.2 ml at a concentration of 13107 cells ml21)

were then injected into the base of the penis.

Intracavernosal pressure (ICP) measurement. ICP was measured as

described.13–17 Twenty-one days after EPC transplantation, rats were

anesthetized with an intraperitoneal injection of 3% pentobarbital

sodium and fixed in the supine position. We then performed a midline

incision of the lower abdomen. The pelvic ganglia and cavernous

nerves were exposed using a surgical microscope (310 magnification).

A bipolar electrode connected to an electrical pulse stimulator was

placed onto the cavernous nerves. Next, an additional oblique incision

was performed to allow dissection and exposure of the corpora penis.

A 23-gauge butterfly needle connected to a pressure recorder (to allow

recording of the ICP values) was then inserted into the crus penis.

Before needle insertion, sterilized heparin (100 U heparin/ml) was

aspirated into the needle to prevent occlusion due to blood coagu-

lation. The cavernous nerves were then stimulated by sustained elec-

trical pulses with a pulse width of 0.5 ms, a frequency of 16 Hz and an

intensity of 10 V. A single stimulation lasted for a total of 60 s, and the

interval between two single stimulations was 2–3 min. After an addi-

tional intraperitoneal injection of pentobarbital, the ICP values for

each stimulation were recorded. After an additional intraperitoneal

injection of pentobarbital, the ICP values for each stimulation were

recorded.

Detection of in vivo VEGF165 gene and protein levels via ELISA and RT-

PCR. At days 1, 4, 7, 14 and 21 post-EPC transplantation, the peri-

pheral blood of each rat was sampled and centrifuged. The superna-

tants were then stored at 270 uC. A VEGF ELISA Kit was used to

measure the concentration of VEGF165 protein in accordance with

the manufacturer’s instructions. A total of 21 days after EPC trans-

plantation, rats were killed by administration of an overdose of 3%

pentobarbital sodium. The total RNA content of the corpora caver-

nosa of the rats was extracted by the conventional TRIzol method, and

RT-PCR was performed to detect the expression of the VEGF165 gene.
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Visualisation of blood vessels in the corpus cavernosum via immuno-

histochemistry. The corpora cavernosa of each rat was fixed with

10% neutral formalin buffer for 24 h, rinsed with phosphate-buffered

saline and stored in 75% ethanol. The fixed sections were then stained

with haematoxylin and eosin (HE). Rabbit anti-CD34 antibody was

used for subsequent immunohistochemical staining, in accordance

with the manufacturer’s specifications, in order to label the blood

vessels in the corpora cavernosa. Five randomly selected microscopic

visual fields for each stained section were examined. All CD34-positive

structures were determined to be capillary vessels and based on the

CD34 staining pattern, the number of capillary vessels was determined

and the microvessel density was calculated. All morphometric evalua-

tions were performed by two examiners who were blinded to the

treatments the rats had received.

Examination of the corpus cavernosum via histological fluorescence.

Tissue sections of the corpora cavernosa from the rats included in

the study were observed by fluorescence microscopy. The DAPI-

labelled EPCs produced a blue signal under the fluorescence micro-

scope, and the degree and intensity of blue fluorescence reflected the

cellular content and degree of proliferation of EPCs in the corpora

cavernosa of the rats.

Statistical methods. The SPSS 13.0 statistical software (SPSS Inc.,

Chicago, IL, USA) was used for data analysis. We performed variance

analysis on our quantitative data using an a level of 0.05. P,0.05 was

considered statistically significant.

RESULTS

Isolation of EPCs

The isolated EPCs were initially small and round. After 24 h, a few cells

began to adhere and grew larger. After 4 days in culture, adherent EPCs

began to proliferate. The EPC colonies included round cells in the

middle and fusiform cells in the periphery, similar to the morphology

exhibited by these cells in embryonic blood islands. As shown in

Figure 1, EPCs exhibited endothelium-specific cord-like structures

and reached approximate confluence after 12 days in culture. After

they were transferred into a new culture medium, the EPCs continued

to grow, and the fusiform EPCs arranged themselves in an end-to-end

conformation that resembled a capillary. Figure 2 shows that CD34,

KDR and CD133 were all expressed by adherent EPCs (based on our

immunohistochemical assays). The expression of these factors is char-

acteristic of that by EPCs.18

Construction of the pcDNA3.1-VEGF165 expression vector

The recombinant plasmid DNA fragments were amplified in E. coli,

extracted and double-digested by HindIII and XhoI. The resulting

DNA fragments were then separated by gel electrophoresis. Gel image

analysis revealed the presence of a bright band between 500 and 600 bp

in length, which was consistent with VEGF165 cDNA (Figure 3a). PCR

was conducted using the recombinant plasmid extract as a template.

Gel image analysis of the PCR products showed a bright bands of

about 576 bp in length (Figure 3b) and the results of sequencing

(Shanghai Yingjun, Shanghai, China) showed that this band’s

sequence was consistent with the GenBank VEGF165 sequence.

VEGF165 gene and protein levels in EPCs

The results of this study indicate that EPCs transfected with a recom-

binant plasmid containing the VEGF165 gene expressed significantly

more VEGF165 protein than those that were transfected with a blank

plasmid or were not transfected at all (Figure 4a). Gel image analysis of

the RT-PCR products from these three groups showed bands of vary-

ing brightness that were between 500 and 700 bp in length (Figure 4b).

The EPCs that had been transfected with blank plasmids or that had

not been transfected exhibited weaker bands than EPCs transfected

with recombinant plasmid because the EPCs from the former two

groups secreted only small amounts of VEGF165.

ICP measurements

The mean basal ICP values of the trial group, blank-plasmid group and

control group were 9.3263.23, 6.4761.56 and 6.1462.16 cmH2O,

respectively. The mean basal ICP of the trial group was notably higher

than those of the other groups (P,0.01). After electrical stimulation,

the ICP values of the trial group, blank-plasmid group and control

group were 56.2269.56, 20.4664.67 and 20.2465.48 cmH2O,

respectively. This result indicated that the mean electrical stimulus-

induced ICP value of the rats in the trial group was also notably higher

than those of the other groups after VEGF165 gene-modified EPC

transplantation (P,0.01) (Figure 5).

In vivo VEGF165 gene and protein levels

The results in Figure 6a show that the trial group had remarkably

higher in vivo VEGF165 levels than the blank-plasmid group and con-

trol group (P,0.05). The VEGF expression peaked at 7 days after

transplantation and then gradually declined. The results of the RT-

PCR analysis indicated that the VEGF165 gene was abundantly

expressed in the corpora cavernosa of the trial group 21 days after

a b c

Figure 1 Microscopic images of EPCs (340 magnification). (a) A total of 24 h after initial isolation, EPCs were small and round, with only a few adherent cells and larger

cells. (b) After 4 days of culture, EPCs demonstrated colony formation. (c) After 12 days of culture, fusiform EPCs were arranged in an end-to-end conformation,

resembling the morphology of a capillary. Bar520 mm. EPC, endothelial progenitor cell.
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a b c

Figure 2 Fluorescence microscopy images of EPCs (3200 magnification). (a) CD34-positive; (b) KDR-positive; (c) CD133-positive cells. Bar5100 mm. EPC,

endothelial progenitor cell.

a b

Figure 3 Construction of the pcDNA3.1-VEGF165 expression vector. (a) Characterisation of recombinant pcDNA3.1-VEGF165 via enzyme digestion. Lane 1: The

DNA fragments that were present after double digestion by HindIII and XhoI, including a bright band that was between 500 and 600 bp in length; M: DNA marker.

(b) Characterisation of recombinant pcDNA3.1-VEGF165 via PCR. Lanes 1–3: PCR-amplified products of the VEGF165 insert that were between 500 and 700 bp in

length; M: DNA marker. VEGF, vascular endothelial growth factor.
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EPC transplantation and that there were lower levels of expression in

the blank-plasmid group and the control group at this time point

(Figure 6b).

Neovascularisation in the corpus cavernosum

The results of HE staining (Figure 7a) and CD34 vascular staining

(Figure 7b) in the corpora cavernosa revealed numerous sites of

neovascularisation in the rats in the trial group but fewer sites

in the blank-plasmid group and the control group rats. The

number of capillaries in the corpora cavernosa of rats in the trial

group (110.2614.5 mm22) was significantly higher than that in

blank-plasmid group (62.069.8 mm22) and control group

(50.4613.1 mm22) (P,0.01).

Examination via fluorescence microscopy of the corpus

cavernosum after EPC transplantation

EPCs exhibited blue fluorescence under the fluorescence microscopy

(Figure 8a) because the DAPI staining of the nuclei of the original

EPCs was transferred into daughter cells via cell division. Thus, the

fluorescence granules reflected the numbers of EPCs and endothelial

cells (ECs) that were present in the corpora cavernosa of rats receiving

transplants. Three weeks after EPC transplantation, the number of

fluorescence granules in the trial group (219.6621.5/highpower

field) was significantly higher than that in blank-plasmid group

(106.8611.9/highpower field) and control group (119.8610.1/high-

power field) (P,0.01) (Figure 8b).

DISCUSSION

EPCs are a type of precursor cells that differentiate into vascular ECs.

EPCs induce ECs to repair blood vessels, create collateral circulation

systems and restore the blood supply to ischemic tissues or organs.19,20

EPCs have exhibited certain characteristics that make EPC trans-

plantation a promising potential treatment strategy for ischemic car-

diomyopathy.21 Foresta et al.22 reported that there were remarkably

fewer EPCs in the peripheral blood of patients with ED than in the

blood of normal controls. They believed that EPC concentration in the

peripheral blood could be a marker of ED, indicating that EPCs are

involved in the pathogenesis of ED.

VEGF is a specific type of cytokine that plays an important role in

angiogenesis. Specifically, it binds to particular receptors on ECs to
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facilitate angiogenesis, enhance vascular permeability and maintain vas-

cular function.23,24 In various types of ED, the levels of VEGF and its

receptors have been shown to be reduced.25–27 In recent years, VEGF

gene-modified EPCs have been successfully transplanted into patients

with ischemic heart diseases or limb ischemia diseases to facilitate

revascularisation, repair injured tissues and improve cardiac function.18

In this study, we found that 21 days after EPC transplantation, the

mean basal ICP value of the trial group was remarkably higher than

those of the blank-plasmid and control groups (P,0.01). VEGF165

gene-modified EPCs, therefore, significantly enhanced resting blood

flow in the corpus cavernosa of rats with diabetic ED. Additionally,

after electrical stimulation, the mean ICP of the trial group remained

remarkably higher than those of the blank-plasmid and control groups

(P,0.01), indicating that the intracavernosal injection of EPCs trans-

fected with the VEGF165 gene restored the erectile function of rats

with diabetic ED.

In this paper, we found that the VEGF165 expression level of EPCs

transfected with a recombinant plasmid containing a VEGF165

expression cassette was significantly higher than that of EPCs trans-

fected with a blank-plasmid or untransfected EPCs. This indicated that

while EPCs themselves secrete limited amounts of VEGF165, transfec-

tion with the VEGF165 gene was able to enhance VEGF165 secretion of

EPCs (P,0.05). A total of 21 days after EPC transplantation, serum

levels of the VEGF165 protein were also found to be remarkably

enhanced. In this paper, we assayed EPCs in culture and in the corpora

cavernosa 3 weeks after EPC transplantation and observed enhanced

expression of VEGF165 both in vitro and in vivo, which was consistent

with the results of the ELISA assay.

Twenty-one days after EPC transplantation, fluorescence micro-

scopy showed that the EPCs had proliferated and incorporated into

the new endangium of the corpora cavernosa of the rats. This phe-

nomenon was especially notable for EPCs that had been transfected

a

b

Figure 7 The results of HE staining and CD34 vascular staining in the corpora cavernosa. (a) Microscopic image of the corpus cavernosum after HE staining (3200

magnification). The number of capillaries in the corpora cavernosa of rats in the trial group (110.2614.5 mm22) was significantly higher than that in blank-plasmid

group (62.069.8 mm22) and control group (50.4613.1 mm22) (P,0.01). (b) Microscopic image of the corpus cavernosum after CD34-labelled vascular staining.

The vessels in the penile tissues of the trial group (I), blank-plasmid group (II) and control group (III) were dyed yellow-brown. There are obviously more vessels present

in the trial group than in the blank plasmid or control groups. Bar520 mm. HE, haematoxylin and eosin.

a b b b

Figure 8 Examination via fluorescence microscopy of the corpus cavernosum after EPC transplantation. (a) DAPI-labelled EPCs (3200 magnification). The nuclei of

EPCs were labelled by DAPI and exhibited blue fluorescence when examined with a fluorescence microscope. (b) An image of the corpus cavernosum (3200

magnification) obtained via fluorescence microscopy. The DAPI-labelled EPCs were transplanted into the corpora cavernosa and then proliferated, differentiated and

incorporated into sites of neovascularisation that exhibited blue fluorescence when examined with a fluorescence microscope. I, trial group; II, blank-plasmid group;

III, control group. Bar580 mm. DAPI, 2-(4-amidinophenyl)-1H-indole-6-carboxamidine; EPC, endothelial progenitor cell.
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with pcDNA3.1(1)/VEGF165 prior to transplantation. Previous stud-

ies have demonstrated that during the process of neovascularisation of

ischemic tissues, EPCs bind to the walls of new vessels, proliferate and

differentiate into vascular ECs that participate in angiopoiesis.21 Some

studies have shown that intracavernosal injection of VEGF into dia-

betic ED rat models is greatly protective for ECs. Because VEGF facil-

itates mitosis, it can induce endothelial hyperplasia and hypertrophy

to resist the EC apoptosis that often occurs in ED.28 Our study con-

firmed this finding in a rat model of diabetic ED. In addition, we

believe that the differences in the number of cavernosal EPCs that were

present between the trial group and other groups reflects the role of

VEGF165 in inducing EPCs to proliferate and incorporate into the

new endangium. At 21 days after EPC transplantation, the vascular

density of the corpora cavernosa of the rats differed between the study

groups; the vascular density of the trial group was higher than those of

the other two groups, indicating that VEGF165 gene-modified EPCs

could induce neovascularisation of the corpora cavernosa in rats with

diabetic ED. There is evidence suggesting that both the VEGF gene and

EPCs play a role in facilitating the neovascularisation of the corpora

cavernosa of rats with diabetic ED.29 However, our study indicated

that VEGF and EPCs acted synergistically and had a stronger facilita-

tory effect on neovascularisation than either entity did alone, resulting

in improved blood circulation in the corpora cavernosa.

Intracavernosal injection of EPCs transfected with the VEGF165

gene can restore the erectile function of rats with diabetic ED. The

mechanism for this improvement is as follows: (i) EPCs transfected

with the VEGF165 gene enhance the expression of the VEGF165 pro-

tein; (ii) the synergy between VEGF165 and EPCs facilitates the pro-

cess of neovascularisation; and (iii) EPCs incorporate into the

endangium to improve the function of ECs. However, more studies

should be performed regarding whether EPCs derived from rats with

diabetic ED have the same function as those from healthy rats.
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