
Constitutive NOS uncoupling and NADPH oxidase upregulation 
in the penis of type 2 diabetic men with erectile dysfunction

Biljana Musicki, PhD and Arthur L. Burnett, MD, MBA
The James Buchanan Brady Urological Institute and Department of Urology, The Johns Hopkins 
School of Medicine, Baltimore, Maryland, USA

Abstract

Erectile dysfunction (ED) associated with type 2 diabetes mellitus (T2DM) involves dysfunctional 

nitric oxide (NO) signaling and increased oxidative stress in the penis. However, the mechanisms 

of endothelial NO synthase (eNOS) and neuronal NO synthase (nNOS) dysregulation, and the 

sources of oxidative stress, are not well defined, particularly at the human level. The objective of 

this study was to define whether uncoupled eNOS and nNOS, and NADPH oxidase upregulation, 

contribute to the pathogenesis of ED in T2DM men. Penile erectile tissue was obtained from 9 

T2DM patients with ED who underwent penile prosthesis surgery for ED, and from 6 control 

patients without T2DM or ED who underwent penectomy for penile cancer. The dimer-to-

monomer protein expression ratio, an indicator of uncoupling for both eNOS and nNOS, total 

protein expressions of eNOS and nNOS, as well as protein expressions of NADPH oxidase 

catalytic subunit gp91phox (an enzymatic source of oxidative stress) and 4-hydroxy-2-nonenal [4-

HNE] and nitrotyrosine (markers of oxidative stress) were measured by Western blot in this tissue. 

In the erectile tissue of T2DM men, eNOS and nNOS uncoupling and protein expressions of 

NADPH oxidase subunit gp91phox, 4-HNE- and nitrotyrosine-modified proteins were 

significantly (p<0.05) increased compared to control values. Total eNOS and nNOS protein 

expressions were not significantly different between the groups. In conclusion, mechanisms of 

T2DM-associated ED in the human penis may involve uncoupled eNOS and nNOS and NADPH 

oxidase upregulation. Our description of molecular factors contributing to the pathogenesis of 

T2DM-associated ED at the human level is relevant for advancing clinically therapeutic 

approaches to restore erectile function in T2DM patients.
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INTRODUCTION

347 million people worldwide, and nearly 26 million Americans (8.3% of the population), 

have diabetes mellitus (DM), with numbers projected to double by 2030 (Wild et al., 2004). 

Type 2 DM (T2DM) accounts for 90-95% of the diabetic population. ED is reported in 75% 

of men with T2DM, occurs at an earlier age in T2DM men than nondiabetic men, and 

increases in incidence with the duration of T2DM (Kalter-Leibovici et al., 2005).

Basic scientific studies indicate that increased oxidative stress and reduced nitric oxide (NO) 

bioavailability are the major derangements underlying the development and progression of 

vasculogenic and neurogenic ED associated with DM (Long et al., 2012; Vernet et al., 1995; 

Luttrell et al., 2008; Carneiro et al., 2010; Elliati et al., 2013; Albersen et al., 2011; Chiou et 

al., 2010; Oger et al., 2014; Kataoka et al. 2014; Musicki et al., 2016; Xie et al., 2007; 

Kovanecz et al., 2009; Chitaley 2009; Nunes et al., 2015; Wingard et al., 2007; Sanchez et 

al., 2012). In diabetic patients ED is similarly related to reduced NOS activity, as evidenced 

by elevated arginase activity (Bivalacqua et al., 2001) and decreased nNOS protein 

expression (Dashwood et al., 2011), nitrate/nitrite (Tuncayengin et al., 2003) and cGMP 

content (Angulo et al., 2010). Penile tissue (Tuncayengin et al., 2003) and blood (El-Latif et 

al., 2006; Hamden & Al-Matubsi 2009; Burnett et al., 2009) from T2DM men with ED 

exhibit increased oxidative stress and reduced antioxidant reserve compared with that of 

nondiabetic men.

Despite understanding that impaired NO signaling and increased oxidative stress are major 

factors in T2DM-associated ED at both the animal and human level, the mechanisms of 

impaired NO signaling and the sources of oxidative stress in T2DM human penis are not 

well undersood. We hypothesized that constitutive NOS uncoupling in the erectile tissue of 

T2DM men with ED may contribute to NOS dysfunction. Under physiologic conditions, 

NOSs are homodimeric heme-containing enzymes that catalyze the conversion of L-arginine 

to NO. However, under pathologic conditions resulting in a loss of functional enzyme's 

dimerization, NOSs can transform into prooxidants, generating predominantly superoxide 

anion rather than NO (‘NOS uncoupling’) (Fostermann & Sessa 2012). We further 

hypothesized that NADPH oxidase (NOX) may be upregulated in the erectile tissue of 

T2DM men with ED, contributing to both the decreased NO bioavailability and increased 

oxidative stress. NADPH oxidases are major sources of oxidative stress. They are multi-

subunits complexes that transfer electrons from NADPH to oxygen, generating superoxide 

(Brandes et al., 2014). In this study we compared erectile tissue of T2DM with ED to that of 

nondiabetic men without ED.

MATERIALS AND METHODS

Study Population and Tissue Collection

Tissue collection and clinical history review were performed with approval by the 

Institutional Review Board of the Johns Hopkins Medical Institutions, and written informed 

consent was obtained from all patients. Human penile specimens (erectile tissue) were 

obtained from a diabetic group comprising 9 patients with T2DM and ED, mean age of 58.4 

years (range 52 to 71), who underwent penile prosthesis surgery, and a control group 
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comprising 6 patients with a mean age of 57 years (range 48 to 73) without severe ED 

(based on erectile function questionnaire, Rosen et al., 1999) or diabetes histories who 

underwent penectomy for penile cancer (n=5) and urethral cancer (n=1). Penile tissue from 

these groups was unassociated with malignancy. All surgeries were performed by the same 

surgeon. One control and one diabetic patient had hypertension, and one diabetic patient had 

hypercholesterolemia. Penile erectile tissue samples were collected at surgery, immediately 

placed in cold saline, and then frozen in liquid nitrogen. Due to limited amount of samples, 

not all samples could be used for all measurements, as detailed in the Results section.

Western blot

Minced penile tissue was homogenized as described (Hurt et al., 2002). Homogenates were 

resolved on 4–20% Tris gels and transferred to polyvinylidene difluoride membrane. 

Membranes were probed with polyclonal rabbit anti-4-hydroxy-2-nonenal (4-HNE) antibody 

(Alpha Diagnostic International, San Antonio, TX, USA) at 1:2,000, rabbit anti-nitrotyrosine 

antibody (Abcam Inc, Cambridge, MA) at 1:2,000, mouse anti-gp91phox antibody at 

1:1,000 (BD Transduction Laboratories, San Diego, CA, USA), mouse anti-eNOS antibody 

(Santa Cruz Biotechnology, Santa Cruz, CA) at 1:1,000, or rabbit anti-nNOS antibody (BD 

Transduction Laboratories) at 1:1,000 dilutions (Musicki et al.,2014). Signals were 

standardized to β-actin (Sigma Chemical, St. Louis, MO). For the analysis of the dimeric 

and monomeric forms of eNOS and nNOS, low-temperature sodium dodecyl sulfate (SDS)-

gel electrophoresis was used with partially purified penile homogenates, as described 

previously (Musicki et al., 2008). Membranes were then probed with anti-eNOS or anti 

nNOS antibodies at 1:1,000 dilutions. Bands were detected by horseradish peroxidase 

conjugated anti-mouse or anti-rabbit antibodies (GE Healthcare, Piscataway, NJ, USA), and 

analyzed using National Institutes of Health Image software. The analysis of 4-HNE and 

nitrotyrosine is a densitometric composite of all proteins in each lane. eNOS and nNOS 

uncoupling were represented inversely as a ratio of active dimers to inactive monomers. All 

results were expressed relative to nondiabetic men.

Statistical Analysis

The data are expressed as the mean ± SEM. Statistical analysis was performed using 

modified Student's t-test. P less than 5% was considered significant.

RESULTS

eNOS and nNOS uncoupling in the erectile tissue of T2DM men

The ratio of eNOS dimers (functional eNOS)/monomers (nonfunctional eNOS), inversely 

related to eNOS uncoupling, was significantly (p<0.05) decreased in the erectile tissue of 

diabetic compared to that of control men (Figure 1A). Similarly, the ratio of nNOS dimers/

monomers was significantly (p<0.05) decreased in the erectile tissue of diabetic men relative 

to levels found in control human erectile tissue (Figure 1B). These results indicate eNOS 

and nNOS uncoupling in the erectile tissue of diabetic men with ED.
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eNOS and nNOS protein expression in the erectile tissue of T2DM men

Protein expressions of eNOS (Figure 2A) and nNOS (Figure 2B) in the erectile tissue of 

diabetic patients did not differ from the values in control men (p=0.731 and 0.491, 

respectively).

Upregulation of NADPH oxidase subunit gp91phox and oxidative stress in the erectile 
tissue of T2DM men

Protein expression of gp91phox, a catalytic subunit of an ROS-producing enzyme NADPH 

oxidase, was increased (p<0.05) in the erectile tissue of diabetic men with ED compared to 

that of control men (Figure 3A). 3-nitrotyrosine, a biomarker for peroxynitrite (the reaction 

product of NO with superoxide, Souza et al., 2008), was increased (p<0.05) in the erectile 

tissue of diabetic compared to that of control men (Figure 3B). 4-HNE, a product of lipid 

peroxidation and a marker and inducer of oxidative stress (Cohen et al., 2013), was also 

increased (p<0.05) in the erectile tissue of diabetic compared to that of control men (Figure 

3C). These results indicate upregulation of NADPH oxidase and increased oxidative stress in 

diabetic human erectile tissue.

DISCUSSION

The results of this study demonstrate that eNOS and nNOS regulatory mechanisms 

associated with penile erection are altered in the penis of T2DM patients with ED, affirming 

that this condition features functionally inactivated constitutive NOSs. Here we show loss of 

functional, dimeric states of eNOS and nNOS by uncoupling and upregulation of NADPH 

oxidase with increase in oxidative stress markers. These findings provide a molecular basis 

for chronically reduced NO bioavailability and oxidative stress in the penis by T2DM. Our 

findings also identify these sources of ROS as potential molecular targets for pharmacologic 

therapies for diabetic ED, although more mechanistic studies will be required to demonstrate 

how they can be therapeutically targeted and modulated.

ED associated with T2DM involves impairments in endothelial and neurogenic components 

of penile erection, mediated by dysfunctional constitutive NOS isoenzymes (Musicki & 

Burnett 2007). Proper catalytic function of eNOS and nNOS requires dimerization. Within 

the NOS enzymes, electrons flow from one monomer to the heme on the other monomer to 

produce NO (Fostermann & Sessa 2012). eNOS and nNOS uncoupling, measured indirectly 

as a decreased ratio of active dimers to inactive monomers, refers to a switch in the enzyme's 

activity from NO-producing to a predominantly superoxide-producing enzyme (Fostermann 

& Sessa 2012). Previous studies demonstrated eNOS uncoupling in the penis of T2DM rats 

(Musicki et al., 2016) and nNOS uncoupling in the rat penile arteries under conditions of 

insulin resistance (Sanchez et al., 2012). We now extend these findings to the erectile tissue 

of T2DM men with ED, showing that both eNOS and nNOS are uncoupled. Uncoupled 

eNOS and nNOS conceivably contribute to increased oxidative stress, reduced NO 

bioavailability, and ED. The precise mechanism by which eNOS and nNOS become 

uncoupled in the human diabetic penis is not known at this time and requires further 

mechanistic studies.
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Oxidative stress plays a significant role in diabetic ED (Musicki & Burnett 2007). Increased 

oxidative stress reduces NO bioavailability by promoting NO inactivation and by decreasing 

NO production (Vanhoutte et al., 2016). The NADPH oxidases are a family of enzymes that 

catalyze electron transfer from cytosolic NADPH to molecular oxygen to generate 

superoxide as its primary product. The prototype NADPH oxidase NOX2/gp91phox 

possesses cytosolic subunits (p47phox, p67phox, or homologues) and membrane-bound 

subunits (gp91phox and p22phox), which form a functional enzyme complex upon 

activation (Brandes et al., 2014). Increased protein expression of NOX2 subunits has been 

demonstrated in the penis of T2DM rats (Long et al., 2012; Musicki et al., 2016) and mice 

(Nunes et al., 2015). We now report upregulated NADPH oxidase catalytic subunit 

gp91phox in the human T2DM penis, implying activated NADPH oxidase as a source of 

oxidative stress. Increased oxidative stress is evident as increased protein expression of 4-

HNE and 3-nitrotyrosine. 4-HNE is a relatively stable end product of lipid peroxidation 

which binds to histidine, lysine, and cysteine residues of proteins forming adducts (Cohen et 

al., 2013). Nitrotyrosine is a product of tyrosine nitration mediated by reactive nitrogen 

species such as peroxynitrite. During NOS uncoupling, when NO and superoxide anions are 

simultaneously produced, their reaction is extremely rapid to form peroxynitrite (Souza et 

al., 2008). eNOS and nNOS uncoupling, together with increased oxidative/nitrosative stress, 

conceivably translates to decreased total NO production in the penis of T2DM men with ED.

In spite of dysfunctional eNOS, decreased NO bioavailability, and increased oxidative stress 

associated with T2DM, eNOS mRNA and protein levels are often maintained or even 

increased in the diabetic vasculature (Li et al., 2002). In our study, we found maintained, 

even slightly elevated levels of eNOS protein expression in the T2DM human penis. These 

findings indicate that sufficient expression of eNOS protein alone does not guarantee 

adequate eNOS function required for proper endothelial function, because the up-regulated 

eNOS is uncoupled. In our study, nNOS protein expression in the human penis was not 

affected by diabetes. Several animal studies (Albersen et al., 2011; Garcia et al., 2010; Chiou 

et al., 2010) and one human study (Dashwood et al., 2011) reported decreased nNOS protein 

expression in T2DM penile tissue. Decreased expression of nNOS and its impairment by 

uncoupling conceivably contribute to deterioration of nitrergic neurons in the penis and 

neurogenic ED in T2DM. While the mechanism of nNOS loss is not fully understood, 

inactive nNOS monomers have been shown to be susceptible to ubiquitination and 

subsequent proteasomal degradation (Sharma et al., 2013). Further studies are needed to 

confirm reduced protein levels of nNOS and the mechanism of its depletion in human 

diabetic erectile tissue.

We acknowledge several limitations of our study. First, the study population alltogether 

comprised a small number of patients. Second, it is recognized that the T2DM patients had 

severe ED in line with their proceeding with penile prosthesis implantation, and a T2DM 

patient group with minimal or no ED may have offered an interesting comparative group. It 

should be noted that obtaining tissue from such a group, however, is practically unfeasible. 

Finally, our study was focused on several select signaling pathways. Future studies at the 

human level may include other possible molecular mechanisms associated with the 

pathophysiology of ED in T2DM, such as the RhoA/Rho-kinase contractile pathway.
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In conclusion, penile tissue from T2DM men with ED exhibits eNOS and nNOS uncoupling 

and NADPH oxidase upregulation, along with overall increased oxidative stress, which 

conceivably provide a molecular basis for chronically reduced endothelial and neuronal NO 

bioavailability in the penis contributing to T2DM-associated ED. Elucidation of the 

molecular mechanisms involved in the pathogenesis of T2DM-associated ED, with 

confirmation at the human level, will conceivably offer new avenues for future treatment of 

T2DM-associated ED,
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Figure 1. 
eNOS uncoupling (A) and nNOS uncoupling (B) are increased in the erectile tissue of 

T2DM men with ED compared to nondiabetic men without ED. Upper panels are 

representative western immunoblots. Lower panels represent quantitative analyses of eNOS 

and nNOS dimers and monomers in the same groups. NOS uncoupling is represented 

inversely as a ratio of active NOS dimers to inactive NOS monomers. Each bar represents 

the mean ± SEM. *p < 0.05. n=5 control and 9 diabetic samples for eNOS uncoupling; n= 6 

control and 7 diabetic samples for nNOS uncoupling.
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Figure 2. 
Total eNOS (A) and nNOS (B) protein expressions in the erectile tissue are not different 

between T2DM men with ED compared to nondiabetic men without ED. Upper panels are 

representative western immunoblots. Lower panels represent quantitative analyses of eNOS 

and nNOS in the same groups. Each bar represents the mean ± SEM. n=6 control and 8 

diabetic samples for eNOS; n= 6 control and 7 diabetic samples for nNOS.

Musicki and Burnett Page 10

Andrology. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Protein expressions of NADPH oxidase subunit gp91phox (A), nitrotyrosine (B), and 4-HNE 

(C) are increased in the erectile tissue of T2DM men with ED compared to nondiabetic men 

without ED. Upper panels are representative western immunoblots. Lower panels represent 

quantitative analyses of the proteins in the same groups. The analyses of nitrotyrosine and 4-

HNE are densitometric composite of all proteins in each lane. Each bar represents the mean 

± SEM. *p < 0.05. n=4 control and 8 diabetic samples for gp91phox; n= 5 control and 8 

diabetic samples for nitrotyrosine; n=4 control and 6 diabetic samples for 4-HNE.
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