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IMPLANTED MUSCLE DERIVED STEM CELLS AMELIORATE 
ERECTILE DYSFUNCTION IN A RAT MODEL OF TYPE 2 
DIABETES, BUT THEIR REPAIR CAPACITY IS IMPAIRED BY 
THEIR PRIOR EXPOSURE TO THE DIABETIC MILIEU

I Kovanecz1,2, D Vernet1, M Masouminia1, R Gelfand1,3, L Loni1, J Aboagye3, J Tsao3, J 
Rajfer1,2, and NF Gonzalez-Cadavid1,2,3

1Division of Urology, Department of Surgery, Harbor-UCLA Medical Center and Los Angeles 
Biomedical Research Institute, Torrance, CA

2Department of Urology, David Geffen School of Medicine at UCLA, Los Angeles, CA

3Department of Medicine, Charles Drew University of Medicine and Science, Los Angeles, CA

Abstract

Introduction—Muscle derived stem cells (MDSC) and other stem cells implanted into the penile 

corpora cavernosa ameliorate erectile dysfunction in type 1 diabetic (T1D) rat models by 

replenishing the lost corporal smooth muscle cells (SMC) and reducing fibrosis. However, no 

conclusive data on this question in T2/D/obesity models is available. Aim. We studied whether: a) 

MDSC from T2D Obese Zucker (OZ) rats at an early stage of diabetes (ED-SC), counteract 

corporal veno-occlusive dysfunction (CVOD) and corporal SMC loss/lipofibrosis when implanted 

in the OZ rats at a late stage of diabetes; b) MDSC from these late diabetes OZ rats (LD-SC) 

differ from ED-SC in their gene transcriptional phenotype and repair capacity.

Methods and Outcomes—ED-SC and LD-SC were compared by DNA microarray assays, and 

ED-SC were incubated in vitro under high glucose conditions (ED-HG-SC). These three MDSC 

types were injected into the corpora cavernosa of late diabetes OZ rats (OZ/ED, OZ/LD, and 
OZ/ED-HG rats respectively). Untreated OZ (OZ/UT) and non-diabetic Lean Zucker (LZ/UT) 

rats were controls. Two months later, rats were subjected to cavernosometry and the penile shaft 

and corporal tissues were subjected to histopathology and DNA microarray assays.

Results—Implanted ED-SC and ED-HG-SC, improved CVOD, counteracted corporal SMC/

collagen decrease and fat infiltration in long-term T2D rats, and upregulated nNOS and eNOS. 

LD-SC acquired an inflammatory/profibrotic/oxidative/dyslipidemic transcriptional phenotype, 

and failed to repair the corporal tissue.
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Conclusions—MDSC from pre-diabetic rats injected into the corpora cavernosa of long-term 

diabetic T2D rats improve CVOD and the underlying histopathology. In contrast, MDSC from 

long-term uncontrolled diabetic T2D rats, are imprinted by the hyperglycemic/dyslipidemic milieu 

with a noxious phenotype associated with an impaired tissue repair capacity. Diabetes-impacted 

stem cells may lack tissue repair efficacy as autografts, and should either be reprogrammed in 

vitro, or substituted by stem cells from allogenic non-diabetic sources.

Keywords

corpora cavernosa; corporal veno-occlusive dysfunction; diabetes; dyslipidemia; fibrosis; 
hyperglycemia; myostatin; obesity; smooth muscle; stem cell damage

INTRODUCTION

Erectile dysfunction is a major complication of type 2 diabetes (T2D), afflicting over 60–

75% of diabetic patients (1,2). It impairs the quality of life of patients and their partners and 

leads to considerable health costs (3,4). Erectile dysfunction is also prevalent in obese and 

metabolic syndrome patients (5–7). The risk factors and the histopathology that underlie 

erectile dysfunction are very similar to those affecting the media smooth muscle in the 

arterial tree in arteriosclerosis and hypertension (8,9). Over 40% of T2D patients with 

erectile dysfunction are refractory to palliative treatment with oral PDE5 inhibitors taken to 

induce an erection (10,11), and there are no convincing evidence that improving glycemic 

control/lifestyle alone reverses erectile dysfunction (12–14). Therefore, new therapies for 

long-term correction of the underlying histopathology of the penile corpora cavernosa are 

needed to ameliorate erectile dysfunction.

The prevalent form of erectile dysfunction in T2D is vasculogenic, presenting mostly as 

corporal veno-occlusive dysfunction (CVOD) (15,16), the loss of compliance of the corporal 

smooth muscle to relax and compress the veins against the rigid tunica albuginea to retain 

the blood during an erection. CVOD is essentially a corporal smooth muscle cell (SMC) 

dysfunction caused by SMC loss or damage, compounded by endothelial damage and 

fibrosis (17).

A novel therapy to repair the penile corporal damage and CVOD induced by T2D is based 

on the corporal implantation of adult stem cells that can differentiate into SMC and other 

cell lineages impaired by the diabetic milieu. Most experimental studies of erectile 

dysfunction in diabetes have been conducted in streptozotocin-induced T1D in rats and mice 

(18), but they do not reflect the impact of obesity and dyslipidemia occurring in T2D, and 

streptozotocin is a toxic agent that damages the pancreas and induces hypoinsulinemia. The 

reports show amelioration of erectile dysfunction with adipose derived, stromal vascular, 

bone marrow mesenchymal, and endothelial progenitor stem cells, either native or modified 

by gene transfer (19).

There is a paucity of studies on rodent models of T2D, metabolic syndrome, or obesity, like 

in the obese Zucker (OZ) rat, that starting at around 4 months of age is considered initially 

as a model of metabolic syndrome, showing insulin resistance, borderline hyperglycemia, 

and mild dyslipidemia and overweight, but that at about 6–7 months of age evolves like in 

Kovanecz et al. Page 2

J Sex Med. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



humans into a model of frank T2D with moderate hyperglycemia, hyperinsulinemia, high 

HbA1C, morbid obesity, and severe dyslipidemia, accompanied by nephropathy and arterial 

media fibrosis (19–23). Stem cell therapy of erectile dysfunction in T2D is limited to a 

report on rat adipose derived stem cells, that however was done in a streptozotocin-induced 

rats and the other is questionable in terms of the origin of the corporal damage corrected by 

the stem cells (see discussion) (24,25). In humans, there is a report of a transient regain of 

morning erections and response to PDE5 inhibitors in seven diabetic patients that were 

awaiting penile prostheses, but before one year all returned to unresponsive erectile 

dysfunction (26)..

Muscle derived stem cells (MDSC) are promising because of the easy access to biopsies and 

their capacity to differentiate into angiogenic, neural, and other lineages (27–30), under 

paracrine and juxtacrine cues from the host tissue. Our group applied them as therapy for 

erectile dysfunction (31,32) and for other conditions (33–35), but they have not been tested 

in T2D. A major obstacle for their clinical translation, as well as for stem cells in general, is 

that if they are used as autologous implants from the same patient they would have been 

subjected in the muscle to the same T2D milieu that in the corpora cavernosa damages the 

SMC and other differentiated cells. Although allergenic implants of stem cells from non-

diabetic subjects may overcome this problem, immunorejection risks have to be controlled.

The purpose of this study was to investigate the hypotheses that: a) intra-corporal 

implantation of MDSC counteracts corporal loss of SMC, lipofibrosis and CVOD in the OZ 

rat, b) the tissue repair capacity of MDSC isolated from long-term diabetes T2D donors is 

impaired by their exposure to the diabetic milieu, and c) this is associated with alterations of 

their global transcriptional gene expression signature in markers of inflammation, fibrosis, 

dyslipidemia, and other noxious changes, that clinically may reduce the effectiveness of 

autografts in T2D patients

METHODS AND MAIN OUTCOME MEASURES

Animals and MDSC isolation

Animals were used and treated according to the ‘Principles of laboratory animal care’ (The 

National Institutes of Health) with an Institutional Animal Care and Use Committee-

approved protocol. Male obese Zucker fa/fa rats (OZ) were used at 3 months of age, when 

they are only mildly hyperglycemic and slightly overweight, as compared to their lean non-

diabetic counterpart rats (LZ) (20–23). Allergenic MDSC were isolated and named “early-

diabetic stem cells” (ED-SC) because they were not exposed long-term to the considerable 

hyperglycemic and dyslipidemic milieu of frankly diabetic aged OZ rats. Another set of 

MDSC was isolated from these older OZ counterparts (7 months old), already severely 

obese and dyslipidemic but with only a moderately higher glycemia (see results). These 

MDSC, in contrast to the ED-SC, were exposed for about 4 additional months to the more 

intense and prolonged T2D milieu, and named “late-diabetic stem cells” (LD-SC).

MDSC were isolated from the hind limb muscles from the two OZ rat groups (n=2/group), 

using the preplating procedure, a validated method for MDSC isolation, as in our previous 

reports for mice and Fisher 344 rats (31–35). Preplate fraction 6 (pP6) is the cell population 
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containing MDSCs, that was subjected to Sca 1 selection and flow cytometry as described. 

Low (5.6 mM) or high (22.2 mM) glucose were used for ED-SC and LD-SC maintenance, 

respectively. To determine the effect of high glucose on the ED-SC, they were incubated for 

1 week in the 22.2 mM medium and named early-diabetic high glucose stem cells (ED-HG-
SC)

Animal procedures

OZ rats at 7 months of age were divided in four groups (n=8/group) that were then named as 

follows: 1) OZ/UT: receiving only intracorporal saline injection (untreated); 2) OZ/ED: 

receiving intracorporal injection of ED-LZ (106 cells); 3) OZ/ED-HG: as group #2 but 

injected with ED-HG-SC; and 4) OZ/LD: as group #2 but injected with LD-SC. An 

additional group, 5) LZ/UT comprised untreated LZ rats. Groups 2–4 were re-injected at 5 

weeks with the respective MDSC types (106 cells) or vehicle, in order for the freshly 

implanted cells to compensate for the putative damage of the initially implanted cells by the 

T2D milieu in the corpora cavernosa.

Eight weeks after the first implantation, cavernosometry was performed under pentothal 

anesthesia (20), to determine: a) basal intracavernosal pressure (ICP) and ICP after 

papaverine administration and b) ‘drop rate’ by recording the fall in ICP from 100 mmHg 

within 1 min after the infusion was stopped.

Immediately before cavernosometry, body weights were determined, and blood was 

extracted from the tail and glucose levels were determined using a blood glucose meter 

(Accu-Chek Active, Roche, Ireland). At sacrifice, the penises were excised, denuded, and 

the penile shaft dissected. Small portions of shaft tissue were fixed overnight in 10% 

formalin, washed in PBS and stored at 4 °C in 70% ethanol. The remainde r of shaft tissue 

(not fixed) was either used for OCT embedding or directly frozen in liquid nitrogen and 

stored at −80 °C.

Quantitative histochemistry

Tissue sections (6–8 µm) were obtained from paraffin-wax embedded penile shaft tissue, and 

adjacent tissue sections were used for Masson trichrome staining (20–23,36) for collagen 

(blue) and SM cells (red). The OCT aliquots of the penile shaft were used for obtaining 

frozen tissue sections that were subjected to Oil Red O staining for detecting fat droplets 

(36). Quantitative image analysis (QIA) was performed by computerized densitometry (20–
23, 36). 40× magnification pictures (4× objective/10X eyepiece) were taken comprising the 

whole cross section of the penile shaft. For all determinations, only the corpora cavernosa 

were analyzed in a computerized grid and expressed as % of positive area vs. total area. At 

least 3 matched sections per animal and 8 animals per group were analyzed.

Quantitative western blots

Penile tissue homogenates were subjected to western blot analysis as described (20–
23,36,39). The primary antibodies used were as follows: a) calponin 1 (Calp 1) mouse 

monoclonal (Santa Cruz Biotechnology, Inc. Santa Cruz, CA); b) α-smooth muscle actin 

(ASMA), mouse monoclonal (Sigma/Aldrich St Louis, MO); c) nNOS rabbit monoclonal 
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(Abcam, Cambridge Ms); d) eNOS, polyclonal (Enzo Life Sciences, Farmingdale, NY), 

1/1000; myostatin (GDF8); e) beta actin, monoclonal as housekeeping protein (Santa Cruz 

Biotechnology, Santa Cruz, California). Densitometric analysis was performed correcting by 

the housekeeping proteins.

Collagen Content

Collagen was estimated in samples of fresh denuded penile shaft tissue homogenates in 

saline as described (23,37) by the hydroxyproline procedure. Values were expressed as µg of 

collagen per mg of tissue.

Global transcriptional profile (signature)

For the multiple mRNA profile, RNA from cultures from the ED-SC and LD-SC, was 

purified using the RNeasy Plus Micro kit (Qiagen), with RNA quality determined by the 

Agilent 2100 Bioanalyzer. Assays (36,38) were performed on a duplicate set of penile tissue 

RNAs by the UCLA DNA microarray core, applying the Affymetrix Rat Gene array for 

29,215 sequences, that yields the baseline gene expression as an arbitrary value for each 

gene, obtained with several sequence region probes, an internal compensation in multiple 

spots, and automatic normalization against multiple housekeeping genes,. Only genes that 

were up- or down-regulated by at least 2-fold were considered unless specifically detailed. 

The impact of the T2D milieu on the LD-SC was expressed as the ratios between the LD-SC 

values for each selected gene and the respective control ED-SC values. These sequence data 

have been submitted to the DDBJ/EMBL/GenBank databases under accession number in 

process.

Statistical analysis

Values are expressed as the mean±SEM. The normality distribution of the data was 

established using the Wilk–Shapiro test. Multiple comparisons were analyzed by single 

factor ANOVA, followed by post hoc comparisons with the Tukey test. Differences among 

groups were considered statistically significant at P < 0.05.

RESULTS

The MDSC are subjected in vivo to milieus of various levels of hyperglycemia, insulinemia, 
and dyslipidemia according to whether they are isolated from short term early T2D or long-
term late T2D, prior to their intracorporal implantation to treat erectile dysfunction

The 7 month old OZ rats (as compared to the same age LZ rats) had frank T2D as indicated 

by a mean non-fasting glycemia of 320 for OZ vs 110 mg/dl for age matched LZ. At 

completion, the 9 month old OZ rats displayed a milder non-fasting hyperglycemia which 

was still much higher than for the LZ rats of the same age (202+/−8 vs 104+/−4 mg/dl, 

respectively). The same pattern was seen for body weight, indicating a severe obesity (745+/

−26 vs 494+/−15 g). MDSC treatment did not induce any significant change in either 

glycemia or body weight.

According to the data from Charles River on our batch of rats, the 7 month old OZ rats used 

for the LD-SC isolation were, in comparison to the 3 months old rats used for the ED-SC 
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isolation, or the 3 month old LZ rats as controls, respectively, severely hyper-insulinemic 

(non-fasting 25,000 vs. 6,500 vs. data not available, pg/ml), and hyper-cholesterolemic (420 

vs. 150 vs. 100 mg/dl), and had very high triacylglycerides (1,650 vs. 700 vs. 100 mg/dl). 

This indicates that the LD-SC had been exposed for a long time to an increasingly 

hyperinsulinemic and dyslipidemic milieu, whereas the ED-SC were exposed for a shorter 

period (4 months less) to a virtually normoinsulinemic and only slightly hyperlipidemic 

milieu. The differences in glycemia were less striking (non-fasting 200–250 for LD-SC 

exposure vs. 150–100 for ED-SC exposure and 100–120 mg/dl for the LZ exposure). No 

non-diabetic MDSC were isolated and tested, since this would require a different non-

allogeneic strain as a source, the LZ rats, thus complicating the comparison and also the 

statistics and the study itself if a sixth experimental group would have been added. So, the 

ED-SC was taken as a control, considering that in addition, the non-diabetic MDSC have 

already been shown by us to ameliorate corporal SMC loss and fibrosis and CVOD in non 

diabetic rats (31,32,47).

The long-term exposure to this T2D milieu causes alterations in the global transcriptional 
expression signature of MDSC for pathways that may affect their tissue repair capacity

RNA was isolated from LD-SC and ED-SC representing respectively the MDSC isolated 

from the skeletal muscle of the late and early diabetic rats, and subjected to DNA microarray 

analysis. About 3% of the DNA sequences (of which many were not known genes) were up-

regulated and 1.5% were down-regulated by factors of >2.0 in LD-SC as compared to ED-

SC, thus keeping the remaining 95.5% sequences that were not different by these criteria as 

conclusive proof of the essential reproducibility of our results. The transcription of genes 

related to selected noxious pathways were modified in the LD-SC as compared to ED-SC 

(Table 1). For instance, some mRNAs related to inflammation were upregulated by a factor 

as high as 68, particularly IL1 that was expressed at very low levels in ED-SC and 

remarkably increased in LD-SC, as well as prostaglandin E synthetase and prostaglandin and 

prostacyclin receptors.

Genes related to fibrosis and SMC loss or contraction, like Edmrb, MMP9, Smad 6 and 9, 

TGFβ1, or myostatin were upregulated from 25- to a modest 1.5-fold, whereas others 

belonging to an opposite defense mechanism against fibrosis and smooth muscle cell loss, 

like FGF7 (also named KGF), follistatin (myostatin binding and inactivation), Smad 7 

(against Smad 3 and 4), decorin (against TGFβ1 and myostatin), were upregulated from 24-

fold to 1.7-fold. Similarly, in the oxidative stress-related genes, xanthine dehydrogenase 

(Xdh), as an oxidative enzyme, and superoxide dismutase (Sod3), for an antioxidant 

enzyme, varied from 5.1- to 4.5-fold.

The imprint of MDSC by the diabetic milieu was also evident on genes related to other 

important pathways (Table 2). For instance, the downregulation of markers of differentiated 

striated muscle cells, such as myosin heavy chain by a factor of 20-fold. Conversely, several 

members of the CD surface marker antigens were upregulated within a range varying 

between 13 and 2.3-fold, such as CD24 or CD93. The CDs provide targets for 

immunophenotyping by acting as receptors or ligands that trigger cell signaling or are 

involved in cell adhesion in processes as diverse as inflammation, adaptive immunity, 
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autoimmune diseases and cancer, There are some CDs that were downregulated by a factor 

of 3.0, such as CD34, precisely a marker of MDSC. Many diabetes-related chemokines were 

upregulated by 21- to 5.4-fold, among them CxCl1 and CC17, and the expression of 

dyslipidemic markers was also altered.

The considerable magnitude of the selected changes and their internal consistency of 

multiple genes within functional gene families related to the multiple biological impact on 

the expected targets of stem cell damage, made unnecessary at this point the RT/PCR 

validation. In this case, it may turn to be arbitrary if only certain genes are selected among 

the scores reported in the tables, but would be of interest for future studies of specific genes.

The ED-SC, and to a lesser extent the ED-HG-SC, improved erectile function and corporal 
SMC/collagen and reduced collagen, when injected into the corpora cavernosa of late 
diabetes OZ rats, but the LD-SC failed to exert these beneficial effects

The long-term (7 month old) diabetic OZ rats were either left untreated or injected twice 

intracorporally with the three types of MDSC for 2 months. The determination of erectile 

function by cavernosometry showed that the OZ/UT rats had CVOD, denoted by the 

reduction of the papaverine response and the increase of the drop rate as compared to the 

LZ/UT rats (Fig. 1). The papaverine response was corrected in the OZ/ED rats but not in the 

OZ/LD rats, in comparison to the OZ/UT and LZ/UT rats, thus supporting the assumption 

that the OZ-ED were effective in ameliorating erectile dysfunction in T2D rats but that the 

long-term exposure of the MDSC to the T2D milieu in the LD-SC had impaired their 

corporal tissue repair ability (Fig. 1). The short-term incubation (1 week) of the ED-SC with 

high glucose slightly reduced, but not significantly the ICP after papaverine, due to a 

variable response of the individual animals within the OZ/ED-HG group. The increased drop 

rate was not significantly modified by any treatment.

The effects on the papaverine response were reflected in the expected changes in the relative 

SMC/collagen content in the corpora cavernosa, a standard way of measuring the corporal 

tissue composition, as determined by quantitative histochemical determination restricted to 

the corpora cavernosa, i.e., excluding the tunica albuginea and the corpus spongiosum (Fig. 

2 top). The SMC/collagen ratio was decreased in the OZ/UT as compared to the LZ/UT and 

normalized in the OZ/ED but not in the OZ/LD, with again no significant difference in the 

OZ/ED-HG as compared to the OZ/ED. In turn Fig. 2 bottom shows collagen content in the 

penile shaft tissue homogenate measured by the hydroxyproline assay, that is increased in 

the OZ/UT control as compared to the LZ/UT. Treatment of the OZ rats with MDSC led to a 

reduction in the control value in the OZ/ED but not in the OZ/LD rats. Altogether, this 

showed that the corporal fibrosis and CVOD caused by T2D was partially compensated by 

the ED-SC but not by the LD-SC, possibly due to the impairment in the MDSC caused by 

the long-term exposure of the stem cells to a diabetic milieu.
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The ED-SC and ED-HG-SC improved the myofibroblast/SMC content when injected into the 
corpora cavernosa of late diabetes OZ rats, but the LD-SC failed to exert these beneficial 
effects and induced myostatin expression and fat infiltration

The western blot analysis of denuded penile shaft tissue of the corporal ratio between the 

protein levels of calponin, as marker of SMC only, and ASMA, as a marker of 

myofibroblasts and SMC, indicated that the OZ/ED, but not the OZ/LD, had a much higher 

ratio than the OZ/UT and even the LZ/UT, with an intermediate value for the OZ/LD-HG 

(Fig. 3 left). This indicates that the SMC/myofibroblast balance is increased by the ED-SC 

but not by the LD-SC.

In previous work we reported the presence and expression in the SMC of corpora cavernosa 

and corpus spongiosum, of a TGFβ family protein, myostatin (39), that increased after 

MDSC implantation in the corpora cavernosa of rats with CVOD caused by cavernosal nerve 

damage. We also observed myostatin in the fibroblasts and myofibroblasts of the tunica 

albuginea. Myostatin is the main inhibitor of skeletal muscle mass and a profibrotic effector 

(40), and we assume that may play a similar role in the smooth muscle, and therefore 

interfere with MDSC action (39). Fig. 3 right shows that neither T2D per se (OZ/UT vs. 

LZ/UT rats), nor intracorporal implantation of ED-SC or ED-HG-SC increase the levels of 

the 25 and 50 KDa forms of the cleaved active myostatin protein and its precursor. However, 

there was a significant increase observed in the 25 kDa form of myostatin induced by the 

treatment of OZ rats with LD-SC (OZ/LD rats)

The immunohistochemical determination of Oil red O, a fat stain, shows that there is a non-

significant trend of fat infiltration in the corpora cavernosa of the OZ/UT versus the LZ/UT 

that is normalized in the OZ/ED (Fig. 4). In contrast, the OZ/LD is significantly richer in fat 

than the LZ/UT. This shows a definite effect of LD-SC in promoting a potentially 

deleterious corporal fat infiltration

The LD-SC, but not the ED-SC, failed to increase corporal nNOS and increased myostatin, 
when injected into the corpora cavernosa of late diabetes OZ rats

Western blot analysis in Fig. 5 top shows that nNOS levels, a protein marker of nitrergic 

neurotransmission in the penile nerve terminals and initiator of erectile function, are not 

significantly decreased by prolonged exposure to T2D in the OZ/UT versus the LZ/UT rats, 

and are increased in the OZ/ED rats although not in the OZ/LD rats. A similar lack of effects 

of T2D on the OZ/UT rats, as compared with the LZ/UT rats, was observed on eNOS, the 

endothelial protein marker partially responsible for the maintenance of corporal relaxation 

(bottom). In this case, the three OZ treated groups had higher eNOS levels than the 

untreated OZ rats. Therefore, the ability of ED-SC to stimulate the expression of nNOS was 

lost in their LD-SC counterparts, resembling their respective effects on SMC content, but 

this impairment did not affect their stimulation of eNOS content.

DISCUSSION

The observed MDSC transcriptional alterations suggest an inflammatory/fibrotic/

chemokine-enriched phenotype of the stem cells exposed to T2D for a long period in the 
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donor tissue of origin. The altered transcriptional expression of certain key genes in the LD-

SC may be a main factor for their impaired ability to repair corporal tissue damage when 

implanted allogenically into the corpora cavernosa of the frankly diabetic 9 month-old OZ 

rats. This may be compounded by the upregulation of myostatin, a muscle mass inhibitor 

and pro-fibrotic factor, that is induced by the implantation of the stem cells themselves, 

specifically the LD-SC, similarly to what we observed in the corporal smooth muscle of rats 

with CVOD caused by cavernosal nerve damage treated with either MDSC or iPS (40,47), 

and in the skeletal muscle of T2D mice with critical limb ischemia treated with MDSC (48).

The report of stem cells treatment of erectile dysfunction in a claimed T2D model (24) was 

conducted on a non-genetically diabetic Sprague Dawley rat. The high fat diet feeding may 

have been insufficient to elicit diabetes since streptozotocin was injected after 28 days thus 

confusing the pathophysiology of the hyperglycemia, and obesity was not reported. In the 

other report, there is uncertainty regarding the origin of the corporal tissue damage 

underlying the reported erectile dysfunction that was treated by the adipose-derived stem 

cells (25), since in this strain we have found normal erectile response to EFS even in a much 

higher hyperglycemia (41). Therefore, we believe that the current work is the first to 

demonstrate the efficacy of stem cells to ameliorate erectile dysfunction, in this case CVOD, 

in an accepted T2D animal model. Both CVOD and the underlying corporal histopathology 

in the OZ-UT are moderate and much milder in comparison to the LZ-UT than the 

alterations seen in TD1 models like the streptozotocin rat. This supports the view that the 

OZ rats represent better the slow progression with age and diabetes exposure of erectile 

dysfunction occurring in human diabetes, instead of the severe fast changes seen in other 

T1D and T2D models, and still defines the corporal tissue repair ability of MDSC and its 

impairment by their long exposure to the T2D milieu.

We consider that the ED-SC are the adequate control for the LD-ES since both stem cells are 

obtained from the same rat strain with identical genetic background, differing only on the 

length and intensity of MDSC exposure to the T2D milieu, which is virtually nil in ED-SC 

but very considerable in LD-SC. As opposed to pharmacologically induced diabetes, 

controls for genetic models can only be those at early stages in diabetes manifestation and 

progression. The use of controls such as MDSC isolated from LZ rats (a related but different 

strain), would have complicated the desired comparison and its extrapolation to humans, 

since it would not represent the effect of T2D on autografts from the same patient. 

Unresolved issues such as whether the stimulation of nNOS levels by the ED-SC is due to a 

neurotrophic or a differentiation effect, or whether eNOS upregulation by all the MDSC 

types occurs by affecting endothelium content, are not crucial for the aim of this study and 

requires further future work.

Our most significant finding is the noxious impact of long-term T2D on the transcriptional 

signature of the MDSC and their ability to repair the corporal tissue, evidenced in the LD-

SC exposed for 4–5 months to moderate hyperglycemia and severe dyslipidemia, As to the 

biological implications, there is increasing interest on the impact of normal aging in 

inducing senescence on stem cells (42), but it is less clear in the case of diabetes where 

causes may be more multifactorial and the damage may be more complex than that operating 

in aging (43). This MDSC impairment may resemble the one caused in differentiated cells 

Kovanecz et al. Page 9

J Sex Med. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that is intended to be counteracted by the injected stem cells. The T2DM impact occurred on 

two locations and cell types: the MDSC in the skeletal muscle niche impairing their repair 

capacity, and the SMC in the penile corpora cavernosa niche, leading to their loss or 

dysfunction and causing CVOD.

Very little is known on whether, and how, long-term exposure to uncontrolled diabetes may 

affect stem cells. Some studies emphasize the effect of hyperglycemia (44), reactive oxygen 

species, specifically H2O2, and oxidative stress on mitochondrial respiration and apoptosis, 

mainly in endothelial progenitor cells, which in fact are not so obvious in the transcriptional 

signature of our LD-SC. However, other T2D milieu factors, such as saturated fatty acids 

and pro-inflammatory eicosanoids are also postulated to impair stem cells (45).

Our previous study had shown that CVOD could be detected as early as 7 months of age in 

OZ rats with a glycemia of only about 200 mg/dl but with morbid obesity and dyslipidemia, 

but not at the same age in ZDF rats with over 500 mg/dl glycemia and only mild overweight 

and lower dyslipidemia than in the OZ rats (20,41). Therefore, we postulated that the 

dyslipidemia, probably in concert with hyperglycemia, and not hyperglycemia alone, was 

the main factor in causing corporal SMC loss, fibrosis and fat infiltration, and therefore 

CVOD. With the same reasoning we are now assuming that long-term exposure of MDSC in 

the skeletal muscle niche to this strongly dyslipidemic albeit moderately hyperglycemic 

milieu (but not to the ZDF hyperglycemic alone milieu), is probably the trigger for the 

transcriptional signature changes and loss of repair capacity observed in LD-SC.

The fact that in vitro incubation of normal ED-SC to culture medium with 25 mM glucose 

did not impair their repair ability in vivo seems to support our assumption, although the in 

vitro exposure time may have been too short. Finally, the overproduction by the implanted 

LP-SC, but not by ED-SC, of myostatin may contribute to the impairment of their tissue 

repair capacity by counteracting their beneficial effects on the host tissue, since myostatin is 

a muscle mass inhibitor and lipofibrotic effector. The focus of this already extensive in vivo 

work did not allow to expand on mechanistic interpretations that are currently ongoing in a 

separate cell culture study.

CONCLUSIONS

Our study has shown for the first time that stem cells, in this case MDSC from an initially 

non-openly diabetic rat, were able to counteract erectile dysfunction, in this case CVOD, in 

a true T2D model, the 7–9 month old OZ male rat, and corrected its underlying corporal 

histopathology by increasing the SMC/collagen ratio and reducing collagen and fat content, 

while inducing higher nNOS and eNOS levels. This report is also the first to establish that a 

noxious tissue milieu affecting the skeletal muscle source of the MDSC, created by a long-

term moderate hyperglycemia and a severe dyslipidemia, imprints the stem cells (MDSC) 

isolated from this tissue in the diabetic rats, the LD-SC, which lose their repair capacity. 

This was evidenced by some drastic changes in their global transcriptional signature, when 

compared with their ED-SC counterparts exposed short term to a more physiological milieu 

under a virtual normoglycemia, and only mild dyslipidemia.
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Our findings may have implications for the use of autologous MDSC from the patient with 

T2D, or stem cells from other tissues, for the therapy of erectile dysfunction or other 

disorders. The potential risk is that stem cells may be as affected by the T2D milieu as the 

damaged or lost differentiated cells they are intended to replace in the host T2D tissues. This 

would suggest that allergenic non-diabetic donors may be preferable despite potential 

immune rejection complications. The alternative is in vitro stemness reprogramming with 

small molecules that “rejuvenate” or “repair” the diabetic stem cells themselves (46), and to 

minimize the initial dyslipidemic stem and differentiated cell damage in vivo by combating 

morbid obesity/T2D.
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Abbreviations

CVOD corporal veno-occlusive dysfunction

ED-SC early diabetes stem cells isolated and cultured in low glucose medium

ED-HG-SC ED-SC incubated in vitro in high glucose conditions

eNOS endothelial nitric oxide synthase or eNOS 3

LD-SC late diabetes stem cells isolated and cultured in high glucose medium;

LZ lean non-diabetic Zucker rats

LZ/UT LZ, untreated

nNOS neuronal NOS or nNOS 1

MDSC muscle derived stem cells

OZ diabetic obese Zucker rats

OZ/ED OZ treated with ED-SC

OZ/ED-HG OZ treated with LD-HG-SC

OZ/LD OZ treated with LD-SC

OZ/UT OZ rats, untreated

SMC smooth muscle cells
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TAKE HOME MESSAGE

Prolonged exposure of muscle derived stem cells to a type 2 diabetic milieu in their tissue 

of origin imprints their gene transcriptional profile, impairing their repair capacity to 

ameliorate erectile dysfunction and the underlying corporal histopathology in a rat model
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Figure 1. Stem cell treatment of long-term T2D rats improved CVOD, but only when the MDSC 
were obtained from the skeletal muscle of rats with early diabetes, and not from rats after long-
term diabetes
Seven-month old rats (n=8/group) were injected intracorporally twice with vehicle or MDSC 

over a 2 month course and subjected to cavernosometry. Top: Five minute recording of the 

response to papaverine (PPV) injection, as mmHg of intracavernosal pressure (ICPAP) in A) 

OZ/UT and B) OZ/ED. Bottom: C) Changes in intracorporal pressure. Left axis, clear 

columns: ICP 5 minutes after papaverine injection; Right axis, diagonal striped columns: 

drop rate; **: p<0.01; *: p<0.05; LZ/UT: lean Zucker non-diabetic rats, untreated; OZ/UT: 
obese Zucker diabetic rats, untreated; OZ/ED: obese Zucker diabetic rats, treated with early 
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diabetes stem cells (ED-SC), isolated in low glucose (1%) medium from the muscle of 3 

month old OZ rats with very mild hyperglycemia/ dyslipidemia; OZ/ED-HG obese Zucker 

diabetic rats, treated with ED-SC that were previously incubated in vitro for 1 week under 

high glucose (25 mM) in the medium (ED-HG-SC), to simulate hyperglycemia; OZ/LD 
obese Zucker diabetic rats, treated with late diabetes stem cells (LD-SC), isolated in high 

glucose (4%) medium from the muscle of 7 month old OZ rats with very frank 

hyperglycemia and considerable dyslipidemia.
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Figure 2. Intracorporally implanted MDSC isolated from the skeletal muscle of rats with early 
diabetes, but not from late diabetes, increased the corporal SMC/collagen ratio and decreased 
the denuded penile shaft collagen content
Top panel. Tissue sections from skin denuded penile shaft tissues were subjected to Masson 

trichrome staining and representative pictures are shown to compare the LZ-UT and OZ-UT 

with the OZ-ED rats (top). Differences are evaluated by measuring the SMC (red)/collagen 

(blue) area within the corpora cavernosa by quantitative image analysis. Bottom panel. Other 

frozen aliquots were used for collagen determinations using a hydroxyproline assay after 

protein hydrolysis. Abbreviations: see Fig. 1. ***: p<0.001; **: p<0.01; *: p<0.05
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Figure 3. Intracorporally implanted MDSC isolated from the skeletal muscle of rats with early 
diabetes increased the denuded penile shaft smooth muscle content, whereas the late diabetes 
MDSC did not affect it and upregulated myostatin levels
Left panel. Frozen tissue aliquots were homogenized and subjected to quantitative western 

blot analysis for calponin 1 as a marker of SMC, and ASMA as a marker of both SMC and 

myofibroblasts. Representative pictures of the bands for calponin 1, ASMA and beta actin 

are presented (top), as well as the densitometric ratios between calponin and ASMA bands, 

corrected by beta actin as housekeeping gene (bottom). Right panel. Representative pictures 

of the bands for myostatin as inhibitor of muscle mass and lipofibrotic effector, and beta 

actin. The 25 kDa band represents the cleaved active myostatin protein, assumed to be as a 

dimer and the 50 kDa band correspond to unprocessed myostatin monomer (top). as well as 

bars for the densitometric ratios between the myostatin bands and beta actin (bottom). 

Abbreviations: see Fig. 1. *: p<0.05
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Figure 4. Intracorporally implanted MDSC isolated from the skeletal muscle of rats with early 
diabetes decreased fat infiltration in the corpora cavernosa, whereas the late diabetes MDSC 
increased it
Tissue sections from skin denuded penile shaft tissues were subjected to Oil Red O staining 

and representative pictures are shown to compare the LZ-UT and OZ-UT with the OZ-ED 

rats (top). Differences are evaluated by measuring the SMC (red)/collagen (blue) area within 

the corpora cavernosa by quantitative image analysis (bottom). Abbreviations: see Fig. 1. *: 

p<0.05
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Figure 5. Intracorporally implanted MDSC isolated from the skeletal muscle of rats with early 
diabetes, increased nNOS and eNOS in the denuded penile shaft, but late diabetes stem cells 
failed to increase nNOS
Aliquots of tissue homogenates used for Fig. 3 were subjected to quantitative western blot 

analysis for nNOS (left panel) as a marker of nitrergic cavernosal nerve terminals and eNOS 

(right panel) as a marker of endothelium, Representative pictures of the bands for nNOS and 

beta actin, and eNOS and beta actin, are presented (top), as well as bars for the densitometric 

ratios for nNOS and eNOS, corrected by beta actin as housekeeping gene (bottom). 

Abbreviations: see Fig. 1. ***: p<0.001; **: p<0.01; *: p<0.05
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