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Abstract

Introduction—Nitric oxide (NO) signaling can be mediated not only through classical cGMP,
but also through S-nitrosylation. The impact of S-nitrosylation on erectile function and in NO
regulation and oxidative stress in the penis, however, remains poorly understood.

Aims—To characterize the role of GSNOR, a major regulator of S-nitrosylation homeostasis, on
erection physiology and on eNOS function and oxidative/nitrosative stress in the penis.

Materials and Methods—Adult GSNOR-deficient and WT mice were used. Erectile function
was assessed in response to electrical stimulation of the cavernous nerve. Total NO in penile
homogenates was measured by Griess reaction. Protein S-nitrosylation, endothelial NO synthase
(eNOS) phosphorylation on Ser-1177 (positive regulatory site), eNOS uncoupling, and markers of
oxidative stress (4-hydroxy-2-nonenal [4-HNE], malondialdehyde, and nitrotyrosine) in the penis
were measured by Western blot.

Main outcome measures—Erectile function, eNOS function and oxidative stress in the penis
of GSNOR-deficient mice.

Results—Erectile function was intact in GSNOR-deficient mice. Total S-nitrosylated proteins
were increased (p<0.05) in the GSNOR™~ compared to WT mouse penis. While eNOS
phosphorylation on Ser-1177 did not differ between the GSNOR™~ and WT mouse penis at
baseline, electrical stimulation of the cavernous nerve increased (p<0.05) P-eNOS in the WT
mouse penis, but failed to increase P-eNOS in the GSNOR ™~ mouse penis. Total NO production
was decreased (p<0.05), while eNOS uncoupling, 4-HNE, malondialdehyde, and nitrotyrosine
were increased (p<0.05) in the GSNOR-deficient mouse penis compared to that of WT mice.
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Conclusion—Transnitrosylation mechanisms play an important role in regulating NO bioactivity
in the penis. Deficiency of GSNOR leads to eNOS dysfunction and increased oxidative damage,
suggesting that homeostatic eNOS function in the penis is governed by transnitrosylation.
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Introduction

Penile erection is a complex process involving neurogenic, psychogenic and hormonal
mechanisms with nitric oxide (NO) generally accepted to be the main mediator [1].
Traditional views of NO signaling in the penis suggest that NO is released by endothelium
and neurons in penile tissue and binds to the heme group of soluble guanylyl cyclase to
increase production of 3’,5’-cyclic guanosine monophosphate (cGMP), which in turn
activates protein kinase G. cGMP/protein kinase G regulates intracellular signaling, which
causes the relaxation of smooth muscle in the corpora cavernosa and penile erection [1].

Recent evidence demonstrates that many actions of NO can be mediated independently of
cGMP signaling and are controlled enzymatically through S-nitrosylation. S-nitrosylation is
a non-enzymatic reversible reaction consisting of the covalent attachment of a NO moiety to
a reactive cysteine residue to form S-nitrosothiols (SNOs), which include S-nitrosylated
proteins and low-molecular-weight S-nitrosoglutathione (GSNO). In addition, S
nitrosylation may occur through transnitrosylation involving GSNO and an acceptor thiol [2,
3]. GSNO, the most abundant endogenous SNO, serves as a stable intracellular reservoir of
NO. Immunological detection of SNOs suggests that the NO synthase (NOS) isoforms,
endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS), may be
included among S-nitrosylatable proteins existing in diverse tissues ranging from
endothelium to developing neurons and throughout blood vessel walls [4].

A key mechanism for regulating the action of S-nitrosothiols involves the enzyme alcohol
dehydrogenase 111, also known as S-nitrosoglutathione reductase (GSNOR) [5, 6]. GSNOR
selectively metabolizes GSNO and thereby indirectly depletes the levels of S-nitrosylated
proteins, which are in a dynamic equilibrium with GSNO [5]. GSNOR deficiency results in
markedly increased levels of both GSNO and S-nitrosylated proteins [7, 8]. Thus, changes in
GSNOR activity affect the entire S-nitrosothiol pool and thereby may modulate cellular
signaling [5, 6].

We have previously shown GSNOR localizations in penile nerves as well as in vascular
endothelium and smooth muscle cells of penile blood vessels [9]. However, the significance
of transnitrosylation in erection physiology and in NO regulation and oxidative stress in the
penis requires elucidation. In this study, we used GSNOR-deficient mice to characterize the
role of GSNOR in erectile function and in eNOS function and oxidative/nitrosative stress in
the penis.
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Materials and Methods

Animals

Adult male (3-5 months old) homozygous GSNOR-deficient (GSNOR™") and age-matched
wild-type (WT) mice (C57BL/6, The Jackson Laboratory, Bar Harbor, ME, USA) were
used. Animals were cared for and housed under strict guidelines and all procedures were
approved by the Johns Hopkins University School of Medicine Animal Care and Use
Committee.

In Vivo Erection Studies

NO Assay

Mice were anesthetized with 100 mg/kg Ketamine + 10 mg/kg Xylazine by intraperitoneal
injection. To monitor mean arterial pressure (MAP), the right carotid artery was cannulated
with polyethylene (PE) tubing filled with heparinized saline (100 U/ml). To monitor changes
in intracavernosal pressure (ICP), the penis was denuded of skin and fascia and a 30-gauge
needle connected via PE tubing to a pressure transducer was inserted into the right crus. The
cavernous nerve was affixed with a bipolar electrode attached to a Grass Instruments S48
stimulator (Quincy, MA, USA) and stimulated at 1, 2, and 4 volts at 16 Hz with a 5
millisecond square-wave duration for 1 minute [10]. ICP was recorded using the DI-190
system (Dataq Instruments, Akron, OH, USA) from the start of electrical stimulation until
60 seconds after stimulation ended. Erectile function was represented by the normalized
maximal ICP/MAP (max ICP) and total area under the curve/MAP (total ICP). Results were
analyzed using the MATLAB program (Mathworks, Natick, MA, USA).

Griess reaction measuring total amount of nitrite and nitrate was performed with the
commercially available kit (Oxford Biomedical Research, Rochester Hills, MI) on penile
tissue collected at baseline, as previously described [11]. This kit employs metallic cadmium
for quantitative conversion of nitrate to nitrite before quantitation of nitrite using the Griess
assay, therefore providing for accurate determination of total NO (NOx) production. For
Griess assays, absorbance was measured at 540 nm using a 680 microplate reader (Biorad,
Hercules, CA).

Western Blot Analysis

For measurements of basal and stimulated levels of P-eNOS (Ser-1177), penes were
collected at baseline and 1 min after a single electrical stimulation of the cavernous nerve at
4V for 60 sec, respectively. Penes were immediately snap frozen in liquid nitrogen and
homogenized, as described previously [10]. NOS was partially purified and probed with
polyclonal rabbit anti-P-eNOS (Ser-1177) antibody (Cell Signaling Technology, Beverly,
MA, USA) at 1:450 dilution; the membrane was then stripped and probed with polyclonal
rabbit anti-eNOS antibody (BD Transduction Laboratories, San Diego, CA) at 1:1,000
dilution [12]. In a separate group of mice, penes were removed from animals at baseline for
measurements of eNOS uncoupling, protein S-nitrosylation, and markers of oxidative stress.
For the analysis of dimeric and monomeric forms of eNOS, low-temperature sodium
dodecyl sulfate (SDS)-gel electrophoresis was used with partially purified penile
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homogenates, as described previously [13]; membranes were then probed with polyclonal
rabbit anti-eNOS antibody at 1:1,000 dilution. For the analysis of oxidative stress markers
and S-nitrosylated proteins, membranes were probed with polyclonal rabbit anti-4-
hydroxy-2-nonenal (4-HNE) antibody (Alpha Diagnostic International, San Antonio, TX) at
1:5,000 dilution, polyclonal rabbit anti-S-nitrocysteine, polyclonal rabbit anti-
malondialdehyde (MDA), and monoclonal mouse anti-nitrotyrosine antibodies (Abcam Inc,
Cambridge, MA) at 1:500, 1:500, and 1:2,000 dilutions, respectively [14]. Signals were
standardized to B-actin (monoclonal mouse antibody at 1:7,000 dilution; Sigma Chemical,
St. Louis, MO). 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. P-eNOS density was normalized relative to those of
eNOS in partially purified samples. eNOS uncoupling was represented inversely as a ratio of
active eNOS dimers to inactive eNOS monomers. The analysis of 4-HNE, MDA,
nitrotyrosine, and protein-SNO was a densitometric composite of all proteins in each lane.
All results were expressed relative to WT data.

Statistical Analyses

Statistical analyses were performed using two-way repeated measures ANOVA and Student
t-test (SigmaStat Windows Version 3.00). In order to compare samples on western blots
performed on different membranes, a modified t-test was used to compare GSNOR ~~mice
to their control (% expression relative to WT mice). The data were expressed as the mean +
standard error of the mean (SEM). A value of p < 0.05 was considered to be statistically
significant.

Results

Intact erectile function in GSNOR ™~ mice

Erectile function, expressed as maximal ICP/MAP and total ICP/MAP (ICP area under the
curve), was not changed at all voltages in GSNOR ™~ mice compared to age-matched control
WT mice (Figure 1).

Increased protein S-nitrosylation in the GSNOR™~ mouse penis

Total S-nitrolysated proteins are increased (p<0.05) in the GSNOR™~ penile tissue (p<0.05)
compared with that of WT mice (Figure 2).

Decreased NO levels in the GSNOR™~ mouse penis

Total NO,, formation was significantly (p<0.05) decreased in GSNOR ™~ penile tissue
compared with that of WT mice (Figure 3). This suggests the importance of GSNOR as a
regulatory S-nitrosylation/denitrosylation mechanism of NO bioactivity in the penis.

Decreased stimulated P-eNOS (Ser-1177) in the GSNOR™~ mouse penis

At baseline, eNOS phosphorylation on Ser-1177 did not differ between the GSNOR™~ and
WT mouse penis. While electrical stimulation of the cavernous nerve increased (p<0.05) P-
eNOS in the WT mouse penis, it failed to increase P-eNOS in GSNOR™~ mouse penis
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(Figure 4). These results suggest that GSNOR is involved in regulating agonist-stimulated
eNOS phosphorylation on Ser-1177 in the penis.

Increased eNOS uncoupling in the GSNOR™~ mouse penis

The ratio of functional eNOS dimers to nonfunctional eNOS monomers was significantly
(p<0.05) decreased in the penis of GSNOR ™~ compared to that of WT mice (Figure 5),
indicating increased eNOS uncoupling.

Increased oxidative stress in the GSNOR™~ mouse penis

Compared with that of the WT mouse penis, the amount of 4-HNE-modified proteins, MDA,
and nitrotyrosine was significantly (p<0.05) increased in the GSNOR™~ mouse penis
(Figure 6). These results suggest that GSNOR serves to control oxidative stress in the penis.

Discussion

Our results show that transnitrosylation operates in the penis. GSNOR-deficient mice
manifest increased levels of S-nitrosylated proteins, as well as altered NO functions in the
penis by way of eNOS dysregulation, decreased NO production and increased markers of
oxidative/nitrosative stress, despite apparently normal erectile function. These results
demonstrate the importance of transnitrosylation mechanisms in the penis and indicate that
uncontrolled S-nitrosylation leads to reduced physiologic NO signaling. Preserved erectile
function in the face of eNOS dysfunction and increased oxidative stress in the penis suggests
that NO reserves exist, sufficient to maintain penile erection.

GSNOR deficiency has been associated with increased nitrosative stress [5, 7], impaired
cardiovascular function [15], tissue damage, and increased mortality in mouse models of
sepsis [7]. In endothelial cells, S-nitrosylation inhibits eNOS function and NO/cGMP
signaling at several steps: it inhibits soluble guanylate cyclase [16], cGMP
phosphodiesterase [17], Akt [18], binding of eNOS to its positive regulatory protein heat
shock protein 90 [19], and eNOS itself [20, 21]. In resting endothelial cells, eNOS is
tonically inhibited by S-nitrosylation [21]. Upon agonist stimulation, eNOS is rapidly and
transiently denitrosylated concomitant with the increase in eNOS phosphorylation at
Ser-1177 and enzyme activation. As eNOS returns to resting activity levels, it is
progressively renitrosylated, corresponding to the decline in eNOS Ser-1177
phosphorylation. We found unchanged levels of P-eNOS (Ser-1177) at baseline in the penis
of GSNOR™~ mice, implying maintained penile vascular homeostasis in the face of un-
opposed S-nitrosylation; however, insufficient denitrosylation in GSNOR-null mice resulted
in the failure of eNOS to be phosphorylated in response to shear stress-associated penile
blood flow generated by electrical stimulation of the cavernous nerve. These findings
suggest that in the penis, denitrosylation is required for shear stress-induced eNOS activation
by phosphorylation. Our results confirm in vitro data in isolated endothelial cells and further
show in vivo the reciprocal regulation of eNOS by phosphorylation and S-nitrosylation.

S-nitrosylation of cysteine residues on proteins is dependent on intracellular redox state, and
this posttranslational modification both occurs in the presence of elevated oxidative stress
and induces oxidative stress [22]. Excessive S-nitrosylation of arginase has been implicated
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in eNOS uncoupling in arteriosclerotic vessels [23]. Furthermore, nitrosylation of 3
cysteines on eNOS (cysteines 93, 98, and 443), which comprise the eNOS dimer interface
and are involved in the formation of eNOS functional dimer, has been associated with dimer
collapse and eNOS uncoupling [20, 24, 25]. The loss of eNOS dimers in the penis of
GSNOR™~ mice, observed in this study, implies that tight control of SNO levels is required
for eNOS to be in its dimeric, functional state. Uncoupled eNOS conceivably contributes to
increased oxidative/nitrosative stress. Increased oxidative/nitrosative stress in the penis of
GSNOR™~ mice is evident by increased protein expression of 4-HNE, a product of lipid
peroxidation [26], MDA, a product of ROS-induced degradation of polyunsaturated lipids
[27], and nitrotyrosine, a product of tyrosine nitration mediated by reactive nitrogen species
such as peroxynitrite [28]. These results indicate that in the penis, eNOS function is
controlled by S-nitrosylation and that GSNOR protects against oxidative/nitrosative stress by
keeping S-nitrosylation in check. Impaired agonist-stimulated eNOS phosphorylation and
eNOS uncoupling, together with increased oxidative/nitrosative stress, apparently translate
to decreased total NO production in the penis of GSNOR-deficient mice.

In spite of these molecular changes in the penis affecting eNOS function and NO
production, erectile function was preserved in GSNOR-deficient mice. It is possible that
neuronally-mediated penile erection is not affected by transnitrosylation, insofar as
cavernous nerve-stimulated penile erection was intact. Alternatively, it is possible that an
NO pool associated with available GSNO drives penile erection upon nerve stimulation
despite dysfunctional eNOS. By virtue of GSNOR deficiency, these mice possibly store
bioavailable NO in the form of GSNO, which can be donated to thiol groups forming
vasoactive S-nitrosothiols [29]. This notion is consistent with the beneficial effect of
GSNOR deficiency on cardiac repair [30] and ventricular systolic and diastolic function and
tissue oxygenation [31] in a mouse model of myocardial injury. Similarly, pharmacological
inhibition of GSNOR reduces vascular resistance and augments blood flow-mediated
vasodilation in hypertensive rats [32], while targeted S-nitrosylation reduces neointimal
hyperplasia and infarct size in animal models of carotid artery injury [33] and ischemia-
reperfusion injury [34]. S-nitrosylation is thought to provide cardioprotection, in part, by
modulating the activity of target proteins and by preventing the irreversible oxidation of
critical cysteine residues that may occur with oxidative stress [35].

Although erectile function is preserved in GSNOR—-/- mice, we hypothesize that S
nitrosylation-induced increased oxidative stress and deranged eNOS function in the penis
predispose to erectile function loss upon further insult, such as additional oxidative/
nitrosative stress. Consistent with this proposal, a nitrosylating agent S-nitrosothiol CysNO
was found to impair mitochondrial function in bovine aortic endothelial cells, but complete
loss of ATP and cell death occurred only after the cells were exposed to additional oxidative
stress [36]. It is conceivable that heightened oxidative/nitrosative stress associated with
vascular insults such as aging, diabetes, or hypercholesterolemia, may result in earlier
vascular dysfunction in the penis and erectile dysfunction if transnitrosylation proceeds
unchecked.

There are several potential limitations associated with our study. First, we did not directly
measure eNOS S-nitrosylation. However, eNOS S-nitrosylation has been measured directly
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in human clitoral tissue [37], suggesting that eNOS may be nitrosylated similarly in penile
tissue. Second, we measured total NO production, produced by all 3 NOS isoforms. Future
studies are needed to distinguish NO production selectively by constitutive eNOS and nNOS
versus inducible NOS. Third, as mentioned above, further studies are warranted to elucidate
the presence and extent of S-nitrosylation in the penis in the context of pathological
conditions, such as diabetes or hypercholesterolemia. Further research directions may serve
to confirm these results in human corpus cavernosum and characterize nNOS nitrosylation in
the penis.

In conclusion, unregulated S-nitrosylation in the penis resulted in reduced NO
bioavailability, eNOS dysfunction, and increased oxidative/nitrosative stress, although
erectile function was retained. Our results suggest that, in addition to traditional NO
signaling involving cGMP, transnitrosylation plays an important role in regulating NO
bioactivity in the penis.
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Figure 1.
Erectile function is not impaired in GSNOR™~ mice compared to that in WT mice.

Electrical stimulation of the cavernous nerve was performed at increasing voltages (1, 2, and
4 volts) at 16 Hz with square wave duration of 5 milliseconds for 1 minute. Erectile response
to electrical stimulation of the cavernous nerve is indicated by maximal ICP/mean arterial
pressure (MAP, A) and total ICP/MAP (B). Each bar represents the mean + SEM. n = 9.
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Figure 2.

Protein S-nitrosylation is increased in GSNOR™~ compared to WT mouse penis. The upper
panel displays representative Western immunoblots. The lower panel displays quantitative
analysis of protein-SNO over p-actin. The analysis applies a densitometric composite of all
proteins in each lane. Each bar represents the mean + SEM. *p < 0.05vs WT.n=7.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Musicki et al.

Page 12

50 -

40 -

30 - *

20 -

10 1

NO, (total pmols)

0
WT GSNOR'-

NO levels are decreased in GSNOR™~ compared to WT mouse penis. Each bar represents
the mean + SEM. *p < 0.05 vs WT. n=5.
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Stimulated levels of P-eNOS (Ser-1177) are decreased in GSNOR™~ compared to WT
mouse penis. The upper panel displays representative Western immunoblots. The lower
panel displays quantitative analysis of P-eNOS (Ser-1177) over eNOS in the same groups.
Each bar represents the mean + SEM. *p <0.05 vs WT. n = 5.
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eNOS uncoupling is increased in GSNOR™~ compared to WT mouse penis. The upper panel
displays a representative Western immunoblot. The lower panel displays quantitative
analyses of eNOS dimers and monomers in the same groups. eNOS uncoupling is
represented inversely as a ratio of active eNOS dimers to inactive eNOS monomers. Each

bar represents the mean + SEM. *p < 0.05 vs WT. n = 6.
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Protein expressions of oxidative stress markers nitrotyrosine (A), 4-HNE (B), and MDA (C),
are increased in GSNOR™~ compared to WT mouse penis. The upper panels display
representative Western immunoblots. The lower panels display quantitative analyses of the

proteins in the same groups. The analysis applies a densitometric composite of all proteins in
each lane. Each bar represents the mean £ SEM. *p < 0.05vs WT.n=7.
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