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Endothelial nitric oxide (NO) synthase (eNOS) has an Indispen
sable role In the erectile response. In the penis, eNOS activity
and endothelial NO bloavailabllity are regulated by multiple
post-translational molecular mechanisms, such as eNOS phos
phorylation, eNOS Interaction with regulatory proteins and
contractile pathways, and actions of reactive oxygen species
(ROS). These mechanisms regulate eNOS-mediated responses
under physiologic circumstances and provide various mecha
nisms whereby endothelial NO availability may be altered In
states of vasculogenlc erectile dysfunction (ED). In view of the
recent advances In the field of eNOS function In the penis and its
role In penile erection, the emphasis In this review Is placed on
the mechanisms regulating eNOS activity and Its interaction
with the RhoA/Rho-klnase pathway In the physiology of penile
erection and the pathophysiology of ED. Exp Bioi Med 231:154
165,2006
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Introduction

Penile 'erection is a complex neurovascular process
involving relaxation of the corpus cavemosal smooth
muscle combined with increased arterial inflow into the
penis and restricted venous outflow from the organ. The
nerves, endothelium of sinusoids and blood vessels, and
smooth muscle cel1s in the penis produce transmitters and
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modulators that control the erect versus flaccid state of the
penis.

The nitric oxide (NO) pathway is of critical importance
in the physiologic induction and maintenance of erections
(1,2). The constitutive endothelial NO synthase (eNOS) and
neuronal NO synthase (nNOS) isoforms are tightly
regulated and produce physiological1y relevant levels of
NO in endothelial cel1s and autonomic nerve endings of the
penis. Although neural1y derived NO is wel1 established as a
mediator of penile erection (2), the role of eNOS in penile
erection is becoming increasingly recognized. Recent
advances in the field of penile vascular biology and the
regulatory biology of penile erection indicate that the
regulation of eNOS in the penis involves multiple molecular
mechanisms that act in concert to both positively and
negatively affect the function of this enzyme.

Endothelial NO is an important mediator of both
physiologic and pathologic responses in the penis. In normal
endothelial function, NO has vasodilatory properties and
counterbalances RhoAlRho-kinase-mediated vasoconstric
tion, thus, regulating vascular tissue homeostasis. Con
versely, during pathologic conditions, eNOS uncoupling
and formation of peroxynitrite from the reaction of NO with
superoxide anion results in pro-oxidant effects of NO. The
balance between NO bioavailability, vasoconstrictor func
tion, and vascular generation of reactive oxygen species
(ROS) is crucial for maintaining normal erectile ability.

Regulation of eNOS Activity and Bioavailability

eNOS is controlled through its transcriptional regula
tion and post-translational1y through the regulation of its
activity. The latter mechanisms involve calcium/calmodulin
binding; fatty acid modification (such as myristoylation and
palmitoylation); alterations in intracellular translocation,
.substrate, and cofactor availability; dimerization of the
enzyme subunits; binding to other proteins/cofactors (such
as caveolin-l and heat-shock protein [Hsp]-90); and
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F!gure 1. Major regulators of eNOS activity and endothelial NO
~Ioavailability. Phosphorylation of eNOS at different sites results in
In?reased (j) or decreased (l) enzyme activity. Interaction of Hsp90
Y"lth eNOS positively regulates the enzyme's activity, whereas
Intera?tion of eNOS with caveolin-1 and peroxynitrite (ONOO-)
negatively regulates the enzyme's activity. Superoxide (02- ) pro
duced by NAD(P)H oxidase and other sources may uncouple eNOS
through the formation of ONOO-, which may further increase O2

prod~ction and activate the RhoAlRho-kinase pathway. A negative
f~nctlonal interrelationship exists between eNOS and the RhoAlRho
kinase pathway, whereby each pathway may inhibit the other. eNOS
a?tivation results in NO/soluble guanylyl cyclase/cGMP/protein
kinase G (PKG)-dependent relaxation of vascular smooth muscle.
(-e) denotes inhibitory effect.

phosphorylation. Figure I summarizes the major regulators
of eNOS activity and NO bioavailability.

Positive Regulators of eNOS Activity. Ca/cium/
Calmodulin. The activation of eNOS in response to
agonists such as acetylcholine or bradykinin is induced by
increases in intracellular calcium resulting from activation
of G-protein-coupled receptors or from mobilization from
intracellular calcium stores. Calcium forms a complex with
calmodulin, which subsequently binds to the calmodulin
binding site on eNOS and displaces an adjacent auto
inhibitory loop, promoting nicotinamide adenine dinucleo
tide phosphate (NADPH)-dependent electron flux from the
C-terminal reductase domain of one monomer to the N
terminal oxygenase domain of the other monomer (3). This
classic mode of eNOS activation by calcium/calmodulin
accounts for rapid and transient production of endothelial
NO, as has been well documented in the penis.

Phosphorylation of eNOS at Positive Regulatory
Sites. eNOS can be phosphorylated by several stimuli in
the absence of a sustained increase in intracellular calcium.
The most important physiologic agonist for such eNOS
activation is shear stress, a pressure exerted on endothelial
cells by blood flow in the vessel at a constant flow rate.
Shear stress, as well as several hormones and growth
factors, increase both phosphatidylinositol 3-kinase (PI3-K)/
Akt- and protein kinase A-dependent constitutive endothe
lial NO production after phosphorylation of the endogenous
eNOs at Ser-ll77 (human sequence, equivalent to Ser-1179
of bovine eNOS) by reducing the enzyme's calcium
:equirement and facilitating electron transfer (4-8). Depend
ing on the cellular context and a given stimulus, eNOS (Ser
1177) can be phosphorylated by other protein kinases in
a~dition to Akt and PKA, including AMP-activated protein
kinase, cAMP- and cGMP-dependent protein kinases,

calmodulin II protein kinase, and protein kinase C (PKC;
Ref. 9).

PI3-K/Akt-dependent eNOS activation has recently
been shown to be operative in the penis. In rats and mice,
both neuro- and agonist-induced penile erection produces
rapid increases in phosphorylated Akt and phosphorylated
eNOS at Ser-l177 in the penis, which remain elevated after
the termination of the initial stimulus (10). In addition to
blood flow-related shear stress, vascular endothelial growth
factor (VEGF) also activates eNOS in the penis by
phosphorylation at Ser-II77, but this effect seems to be
independent of Akt activation (11).

In addition to Ser-II77, eNOS can be phosphorylated
at several other sites, including Ser-114, Thr-495, Ser-615,
and Ser-633 (human sequence, equivalent to Ser-116, Thr
497, Ser-617, Ser-635 of bovine eNOS), which increase or
decrease the enzyme's activity directly or by modulating
other regulatory sites on eNOS. Ser-633 and Ser-615
phosphorylation increases the enzyme's activity (7, 12,
13). The roles of these phosphorylation sites on eNOS in
penile erection have only been preliminarily evaluated, as
discussed below in "Diabetes Mellitus."

Trafficking Proteins That Stimulate eNOS Func
tion. The chaperone protein Hsp90 can interact with eNOS
and positively influence its function. The interaction of
Hsp90 with eNOS is stimulated by agonists, such as shear
stress, VEGF, and estrogen. The increase in eNOS
phosphorylation after Hsp90 is recruited to eNOS is
achieved through reduced dephosphorylation of Akt,
increased ability of Akt to phosphorylate Hsp90-bound
eNOS, and calmodulin-dependent disruption of eNOS
binding with caveolin-l (14, 15). The interaction between
the complex of eNOS with Hsp90 and Akt is also regulated
by eNOS phosphorylation on the Ser-615 and Ser-114
residues (7). Hsp90 has also been implicated in the balance
between the production of NO and superoxide by eNOS
(16).

Other proteins associated with increased eNOS activity
or NO release are the intracellular trafficking protein,
dynamin, and the voltage-dependent anion/cation channel,
porin (9).

The role of positive eNOS protein modulators in penile
erection has only started to be investigated. Our preliminary
studies show that Hsp90 and eNOS colocalize in the rat
penis, but the functional significance of this interaction has
not yet been evaluated. 1

Negative RegUlators of eNOS Activity.
Phosphorylation of eNOS at Negative Regulatory
Sites. Phosphorylation of the Thr-495 residue on eNOS,
most probably by PKC, is associated with a decrease in
eNOS activity by increasing the calcium/calmodulin
dependence of the enzyme. Reciprocal dephosphorylation
of Thr-495 and phosphorylation of Ser-ll77 seem to be

I Musicki B, Liu T, Burnett AL. 2005. Unpublished data.
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essential for eNOS activity (17-19). The phosphorylation of
Ser-116 also seems to reduce eNOS function (20).

The roles of these phosphorylation sites on eNOS in
penile erection have only been preliminarily evaluated. In
the rat penis, electrical stimulation of the cavernous nerve
increases phosphorylation of eNOS at Thr-495 (21),
suggesting a role of eNOS in preventing its own over
activation, which would cause an excessive eNOS-depend
ent erection. Mitogen-activated protein (MAP) kinases 1
and 2 (extracellular signal-regulated protein kinase [ERK] 1/
2) also negatively regulate eNOS activity. Sommer et al.
demonstrated that the expression of ERK 1/2 is substantially
greater in the corporal smooth muscle of men with ED
associated with various primary diseases compared with
potent men (22). The mechanism of eNOS inhibition by
ERKI/2 in the penis is not known.

Trafficking Proteins That Inhibit eNOS Function.
eNOS is a membrane-associated NOS isoform. The majority
of eNOS is bound to caveolin-l in caveolae, and the enzyme
activity of eNOS is basally repressed (23). Caveolal
localization of eNOS is mediated by its co-translational N
myristoylation and post-translational cysteine palmitoyla
tion (23). Compartmentalization of eNOS in caveolae is
necessary for its interaction with regulatory proteins and
calcium- and phosphorylation-dependent signal transduction
events that modify the response of the enzyme to
extracellular stimuli. Caveolae are specialized cholesterol
rich domains that compartmentalize signal transduction
molecules (23, 24). Stimuli, such as shear stress, induce
calcium increase, and the calcium/calmodulin complex
displaces eNOS from caveolin-l and leads to the redis
tribution of eNOS from plasma membrane caveolae and
away from its tonic inhibition (24, 25).

The NOS-interacting protein (NOSIP) and the NOS
traffic inducer (NOSTRIN) can also negatively regulate
eNOS localization in the plasma membrane. The C-terminal
Hsp70-interacting protein (CHIP) interacts with Hsp90 and
Hsp70 and negatively regulates eNOS trafficking into the
Golgi complex (9).

Little information is available regarding subcellular
localization of eNOS and its interaction with negative
protein modulators in the penis and its physiologic
significance with respect to penile erection in vivo. Our
preliminary data show that eNOS colocalizes with caveolin
1 in the penis. Electrical stimulation of thy cavernous nerve
decreases the amount of caveolin-l associated with eNOS.
On the contrary, increasing the interaction between eNOS
and caveolin-l by intracavernosal injection of AP-Cav
peptide, a caveolin surrogate that binds to eNOS (26),
decreases the erectile response, suggesting that the eNOS
and caveolin-l interaction diminishes eNOS activation in
the penis and accordingly opposes eNOS-mediated penile
erection.?

2 Musicki B, Liu T. Burnett AL. 2005. Unpublished data.

eNOS Autoinhibitory Element. Another mechanism
that accounts for the tonic inhibition of eNOS is the
presence of an autoinhibitory domain in the reductase
domain of eNOS (residues 604-643 based on the bovine
sequence) that physically impedes the binding of calcium/
calmodulin to eNOS (27). eNOS phosphorylation residues
Ser-617 and Ser-635 are also within this site. Calcium/
calmodulin binding releases the autoinhibitory control
element.

G-Protein-Coupled Receptors. Several G-protein
coupled receptors bind to eNOS and inhibit the enzyme. The
bradykinin B2 receptor, the angiotensin II receptor, and the
endothelin-I receptor reduce eNOS activity (28). Activation
of the B2 receptors by bradykinin in human erectile tissues
leads to a dissociation of the eNOS-B2 receptor complex,
releasing eNOS, and resulting in the relaxation of the corpus
cavernosum (29).

RhoAiRho-Kinase Pathway. Contraction of smooth
muscle is primarily mediated by calcium-dependent activa
tion of myosin light chain kinase, resulting in phosphor
ylation of myosin light chain and actin/myosin assembly.
The calcium-independent increase in vascular smooth
muscle tone, known as calcium-sensitization, is largely
mediated by activation of the small GTPase, RhoA, and its
downstream. effector, Rho-kinase (30). RhoA may be
activated by several signaling pathways, including the
binding of G-protein-eoupled receptor agonists. RhoA
activated Rho-kinase (ex and ~ isoforms) phosphorylates and
inhibits regulatory myosin phosphatase target subunit 1
(MYPTI) of myosin light chain phosphatase at Thr-696 and
inhibits its activity, promoting smooth muscle contraction
(31). An inverse functional relationship exists between the
NO/cGMP/protein kinase G and RhoAlRho-kinase signal
ing pathways within the vasculature. The NO pathway
phosphorylates RhoA at Ser-188, which prevents its trans
location to the membrane and activation (32). In addition, in
human endothelial cells, the RhoAlRho-kinase pathway
inhibits Akt-dependent eNOS activity/phosphorylation at
Ser-ll?? (33), providing an additional means of interaction
between eNOS-mediated relaxant and RhoAlRho-kinase
mediated contractile pathways.

The degree of contraction of the corpus cavernosum
smooth muscle and the functional state of the penis is
determined by the balance between proerectile and anti
erectile mechanisms that operate physiologically in the
penis. Vasoconstriction (evoked by norepinephrine through
ex-adrenergic receptors, endothelins, angiotensins, and
thromboxane A2) , which maintains the penis in the flaccid
state, is mediated, in part, by the RhoAlRho-kinase pathway
(34-36). During erection, this pathway is inhibited, most
likely by NO (37). In addition, RhoAlRho-kinase suppresses
eNOS gene expression and enzyme activity in the penis
(38). The selective Rho-kinase inhibitors Y-27632 and H
1152 (34, 39,40) and.adeno-associated viral gene transfer of
dominant negative RhoA to the penis (41) enhance erectile
function in rats. Figure 2 schematically depicts regulation of
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Vasculogenic ED
ED is the consistent inability to achieve and maintain

penile erection sufficient for adequate sexual relations. It is a
prevalent condition affecting more than 150 million men
worldwide, and is predicted to double within the next 20
years (46).

ED is predominantly a vascular disease. A variety of

eNOS in Penile Erection
The classic concept of nNOS and eNOS activation by

calcium/calmodulin accounts for the rapid and transient
production of NO. As such, calcium-dependent mechanisms
initiate penile erection, whereas calcium-"independent"
production of endothelial NO is responsible for the
achievement and maintenance of full erection, an event
which lasts longer than a transient and short-term increase in
intracellular calcium concentrations. In response to sexual
stimuli, vasorelaxation from neurally derived NO initiates
erection by causing rapid and short-term increases in penile
blood flow and physical expansion of penile vasculature and
sinusoidal spaces. The resulting shear force on the
endothelium of these structures activates PI3-K/Akt/eNOS
(Ser-II77) phosphorylation, causing sustained NO release
(Fig. 3). Consistent with this model, NO production persists
in the penis much longer than the initial stimulus, enabling
continued relaxation and full erection (10).

shifted from L-arginine to molecular oxygen. Enzymes that
degrade ROS, such as superoxide dismutase (SOD),
catalase, and glutathione peroxidase, play an important role
in the cellular protection against ROS. SOD accelerates the
dismutation of superoxide into hydrogen peroxide and
molecular oxygen. Three SOD isoforms have been
identified: a cytosolic copper/zinc-containing form, a
mitochondrial manganese form, and an extracellular iso
form. Endothelial and smooth muscle cells of the penis
contain cytosolic copper/zinc and extracellular isoforms of
SOD (44). The imbalance between the production and
elimination of ROS, a condition known as oxidative stress,
has an important role in the development of endothelial
dysfunction and ED in systemic vascular disorders, such as
diabetes, hypercholesterolemia, hypertension, and aging.

In addition to its effect on eNOS and endothelial NO,
ROS also affect RhoAlRho-kinase signaling. In nonpenile
vascular beds, ROS have been shown to activate the RhoA/
Rho-kinase pathway by promoting increased migration of
RhoA to the plasma membrane and its activation (45), thus,
stimulating vasoconstriction.

eNOS uncoupling and rapid inactivation of NO by ROS
may offer an explanation for seemingly contradictory
findings of compensatory upregulation of eNOS expression
in different vascular beds, including the penis, associated
with several forms of vasculogenic ED, as discussed at the
end of the review in "Complexity of eNOS Function in the
Penis."

===========:;, MLC®
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the contractile pathway in smooth muscle and its interaction
with the NO relaxant pathway in the penis.

ROS. Both eNOS activity and endothelial NO avail
ability are subject to regulation by ROS. Endothelial
dysfunction, which primarily reflects decreased availability
of endothelial NO, arises, in part, because of increased
production of ROS, specifically of superoxide anion.
Superoxide anion is produced in a variety of cells, including
vascular smooth muscle cells and endothelial cells. Potential
vascular sources of superoxide anion include, among others,
uncoupled eNOS, xanthine oxidase, NAD(P)H oxidase, and
mitochondrial electron transport (42). Superoxide anion
may directly inactivate NO and decrease its bioavailability.
Moreover, the reaction of superoxide anion and NO results
in the formation of the highly toxic molecule, peroxynitrite
(43). Peroxynitrite may cause oxidative damage to DNA,
proteins, and lipids; promote release of vasoconstrictors;
increase apoptosis; and cause tissue injury. It may also
oxidize eNOS, resulting in eNOS uncoupling. Oxidation of
the zinc thiolate cluster of eNOS (destabilizing the eNOS
dimer) and the cofactor tetrahydrobiopterin (BH4) by
peroxynitrite, and the decreased availability of the NOS
SUbstrate i.-arginine, lead to a switch from an NO-producing
to a superoxide-producing eNOS, a phenomenon termed
eNOs uncoupling (43). eNOS uncoupling is not only
aSsociated with increased superoxide anion formation,
which reacts with NO, further generating peroxynitrite,
but also reduced NO production, because the electron flux is

/ MLCkinase
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Figure 2. Regulation of smooth-muscle tone; relaxation by NO
versus contraction by RhoA/Rho-kinase pathways. After vasocon
strictor-mediated increases in intracellular calcium levels, calcium/
?almodulin activates myosin light chain (MLC) kinase leading to
Increased phosphorylation of MLC and contraction. Calcium-sensi
tization involves the RhoA/Rho-kinase system. Activated RhoA
activates Rho-kinase, which phosphorylates MLC phosphatase
(MLC Phosphatase-P), inhibiting its activity. Inhibition of MLC
phosphatase increases MLC phosphorylation (MLC-P), which pro
motes the actin-myosin cross bridge cycling rate, resulting in smooth
muscle contraction. NO/cGMP/protein kinase G (PKG) phosphor
ylates RhoA, which prevents its translocation to the membrane and
activation. Inactive RhoA prevents Rho-kinase mediated contraction
and results in smooth muscle relaxation.
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Figure 3. Integrative roles of calcium-dependent activation of nNOS
in the initiation of penile erection, and calcium-"independent," shear
stress-mediated activation of eNOS in the maintenance of penile
erection.

conditions that involve vascular abnormalities, such as
diabetes, aging, hypercholesterolemia, hypertension, seden
tary life style, and cigarette smoking, are associated with the
impairment of penile vascular function and vasculogenic ED
in men and in a number of animal models. Mechanisms that
may be related to a loss in endothelial NO bioavailability in
the penis include decreased eNOS expression and activity,
dysregulation of eNOS phosphorylation, increased NO
scavenging by ROS or oxidized low-density lipoprotein
(LDL), eNOS uncoupling, decreased levels of eNOS
cofactors and substrate, impaired interaction of eNOS with
its regulatory proteins, and increased interaction with a
contractile signaling pathway.

The following subsections pertain to specific molecular
mechanisms involving eNOS in the penis for several
prominent forms of vasculogenic ED.

Aging. The incidence of ED increases with age.
Erectile impairment with aging has been attributed to a
reduction in nonadrenergic noncholinergic nerve fibers in
the penis, decreased endothelium- and neurogenic-mediated
corpus cavemosum relaxation, reduction in NO biosynthesis
caused by decreased NOS expression, decreased eNOS
activity, increased oxidative stress, impaired eNOS phos
phorylation, and increased expression/activity of the RhoA/
Rho-kinase pathway (47-52). In addition, reduced activa
tion of protein kinase G-I by cGMP (53) and increased
expression of phosphodiesterase-S (54), which hydrolyzes
cGMP, has also been described in the aged penis.

Impaired eNOS expression and activity in the penis of
aged rats may be restored with in vivo adenoviral gene
transfer of eNOS to the aged penis. eNOS overexpression
increases eNOS protein level and activity, elevates cGMP
levels, and restores erectile responses without affecting
nNOS expression (52). Another mechanism that accounts

for downregulated NO production in penes from old animals
relates to decreased content of the NOS substrate, L
arginine, and increased activity of arginase, an enzyme that
competes with eNOS for the common substrate, L-arginine.
Impaired endothelium-dependent relaxation of the aged
penis may be normalized in the presence of an arginase
inhibitor or by the supplementation of excess L-arginine (55,
56).

Oxidative stress is an important factor contributing to
endothelial dysfunction associated with aging. The produc
tion of superoxide anion is increased in a number of
vascular beds with advanced age. The association of
oxidative stress in the penis and age-related ED has only
recently been investigated. Penes from old rats exhibit an
increase in nitrotyrosine immunostaining, a specific marker
ofperoxynitrite formation (44, 57). Endothelium and corpus
cavemosal smooth muscle of the aged rat penis produce
high levels of superoxide anion compared with those of
younger animals, without a concomitant increase in SOD to
detoxify it. Accordingly, gene transfer of extracellular SOD
to the penis of aged rats reduces superoxide anion formation
and restores erectile function (44).

Another mechanism underlying age-related ED is
associated with eNOS inactivation through dysregulation
of its phosphorylation. Akt-dependent phosphorylation of a
positive regulatory site (Ser-1177) on eNOS is decreased,
whereas phosphorylation of a negative regulatory site (Thr
495) on eNOS is increased in the aged rat penis.
Phosphorylation of the Ser-l177 residue on eNOS in the
aged rat penis is also decreased in response to shear stress
elicited by electrical stimulation of the cavemous nerve,
presumably because of increased phosphorylation of Thr
495 on eNOS, which prevents Akt-dependent phosphor
ylation of Ser-l177 (21).

In addition to decreased activity of eNOS and
bioavailability of NO, the impairment of corpus cavemosum
relaxation with aging is also caused by an increased release
or activity of vasoconstrictors, which increase contractile
tone in the penile vasculature. RNA and protein levels of
endothelin-l are increased in the penis of aging Brown
Norway rats (58). The activity of Rho-kinase is elevated in
the aged rat penis (54), whereas inhibition of the RhoA/
Rho-kinase pathway with a specific inhibitor, Y-27632,
improves the erectile response in old rats (59).

Diabetes Mellitus. Diabetes mellitus is one of the
major risk factors for ED. The incidence of ED is higher in
diabetic than in age-matched nondiabetic men, and this
difference increases with age. It has been estimated that
50%-75% of diabetic men have ED to some degree (60).

Hyperglycemia is thought to contribute to many
vascular complications and metabolic derangements asso
ciated with both Type I and Type II diabetes, although the
majority of studies apply to Type I diabetes. Diabetes
associated ED has been attributed to a reduction in the
number of NOS-containing nerves, the impairment of NOS
activity, and both neurogenic- and endothelium-mediated
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smooth muscle relaxation (61-63), and also to down
regulation of the mediators downstream from NO, such as
cGMP (64) and cGMP-dependent protein kinase-l (65), in
the corpus cavemosum. Several mechanisms of impaired
endothelial function in the diabetic penis have been
described that contribute to vasculogenic ED. They include
reduced eNOS expression, decreased eNOS activity and
impaired eNOS phosphorylation, increased oxidative stress,
and increased activity of the RhoAlRho-kinase signaling
pathway.

Decreased erectile response in diabetic rats may be
improved by adenovirus-mediated gene transfer of eNOS to
the diabetic rat penis, causing an increase in cGMP
formation (66). Moreover, the combination of eNOS gene
therapy and sildenafil results in a synergistic increase in
erectile response in diabetic rats (64), suggesting the
impairment of NO-mediated responses. Increased activity
and expression of arginase II in diabetic human cavemosal
tissue may also decrease NO availability by competing with
NOS for L-arginine. Inhibition of arginase has been shown
to increase NO production in human diabetic penis (67).
Another explanation for decreased eNOS activity in the
diabetic penis may lie in reduced penile L-arginine content.
Oral administration of L-arginine to diabetic rabbits
increases endothelium-dependent relaxation of cavemosal
tissue by improving NO biosynthesis (68).

Hyperglycemia is an important mediator of increased
production of ROS leading to impaired endothelial function
and structural impairment in the diabetic corpus caverno
sum. The corpus cavemosum of diabetic rats and diabetic
men with ED exhibits increased lipid peroxidation,
upregulation of superoxide anion, and decreased antiox
idants levels, suggestive of oxidative stress (69-71). Several
studies have demonstrated improvement of endothelial
function and erectile ability in diabetes with antioxidant
therapy. Vitamin E and sodium selenate restore neuronal
and endothelial function in the corpus cavemosum (72, 73).
SOD and the metal chelator, trientine, improve relaxation of
diabetic corpus cavernosum (74, 75). Overexpression of
SOD in vivo by gene transfer to the diabetic rat penis
reduces the increased superoxide anion levels and restores
erectile function (69). These studies demonstrate that
oxidative stress has a vital role in the development of ED
aSsociated with diabetes.

Increases in glucose promote the formation of advanced
glycation end products (AGEs) formed between high levels
of glucose, proteins, lipids, and nucleic acids. The action of
AGEs is mostly mediated through cell surface receptors,
Suchas the receptor for AGEs (RAGE), P60/0ST48 protein
(R-l), 80KH phosphoprotein (R-2) and galectin-3 (R-3),
Scavenger receptor II, lactoferrin-like polypeptide, and CD
36 (76). Some of the receptors are likely to contribute to
clearance of AGEs, whereas others may mediate many of
the adverse effects, such as quenching of NO, impairment of
extracellular matrix and tissue remodeling, modification of
cirCUlating proteins, and receptor-mediated production of

ROS. AGEs accumulate in diabetic cavemosal tissue, in
particular, in endothelial and smooth muscle cells (77-80),
and may be important in the pathogenesis of diabetes
induced ED. Inhibition of AGEs formation by amino
guanidine improves endothelium-dependent cavemosal
smooth muscle relaxation in vitro (80) and erectile
responses in vivo (78).

Hyperglycemia and increased oxidative stress in
diabetes activate PKC by increasing de novo synthesis or
accumulation of diacylglycerol. Activation of PKC, primar
ily the Band 0 isoforms, is associated with disordered NO
production and abnormalities in blood flow and perme
ability (81). PKC may have multiple adverse effects on
vascular function, including the activation of superoxide
producing enzymes (such as NAD(P)H oxidase), eNOS
uncoupling, and inhibition of the activity and/or expression
of the NO downstream target, soluble guanylyl cyclase (81).
Corpus cavemosal vascular smooth muscle cells grown in a
high glucose environment exhibit an upregulated PKCB2
isoform, with an associated increase in ROS and a decreased
production of NO, which may be reversed with vitamin E
(82). Inhibition of PKCBI and BII isoforms attenuates
endothelial dysfunction in the corpus cavemosum of
diabetic mice (83). Thus, activation of PKC is associated
with endothelial dysfunction in the diabetic penis, although
the mechanisms are not fully understood.

Another mechanism that accounts for decreased NO
formation in the diabetic penis involves decreased eNOS
phosphorylation on Ser-l177 caused by O-Iinked N
acetylglucosamine (O-G1cNAc) modification of eNOS. This
pathway is triggered by the activation of the hexosamine
biosynthetic pathway, likely through hyperglycemia-in
duced mitochondrial overproduction of superoxide. 0
linked G1cNAc is then attached to Ser and Thr residues of
proteins involved in diverse aspects of cellular physiology,
similarly to phosphorylation. This monosaccharide modifi
cation often competes in a ying-yang fashion with
phosphorylation in the cell's regulatory pathways (84). In
the diabetic rat penis, O-G1cNAc modification of eNOS
decreases phosphorylation of the enzyme at Ser-ll77 (but
does not affect residues Thr-495, Ser-615, and Ser-633)
both at baseline and in response to fluid shear stress stimuli
and VEGF signaling. The diabetes-related deficit in basal
eNOS activity seems to be caused by both O-G1cNAc
modification of the enzyme and a loss of Akt-mediated
phosphorylation of eNOS at Ser-l177 (85).

The specific mechanisms leading to diabetes-induced
vascular complications, and ED in particular, are incom
pletely understood. A unifying concept has recently been
proposed, asserting that hyperglycemia-induced increases in
superoxide production by the mitochondrial electron trans
port chain results in accelerated AGE formation, activation
of PKC, and increased hexosamine flux (86). However, this
has not been investigated in diabetes-associated ED.

In addition to the effects of reduced NOS activity and
NO production, the pathogenesis of diabetic ED is also
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associated with increased erectile tissue contractility medi
ated via the RhoA/Rho~kinase pathway. Corpus cavemosal
tissue obtained from alloxan-induced diabetic rabbits
exhibits increased RhoA and Rho-kinase B expression
(87). The inhibition of RhoA expression in the penis of
streptozotocin-induced diabetic rats by gene transfer of
dominant negative RhoA increases eNOS protein content
and restores erectile function (38), suggesting that upregu
lated Rho-kinase expression in the diabetic penis results
from diminished endothelial NO production.

Hypercholesterolemia. Hypercholesterolemia and
subsequent atherosclerosis is a significant risk factor for
the development of vasculogenic ED. In men, the risk of ED
increases 1.32-fold for every 1 nM increase in cholesterol
(88). Despite numerous studies suggesting that increased
plasma concentrations of LDL impair NO-dependent vaso
dilation, the molecular basis for the eNOS defect in
atherosclerotic vasculature, and specifically the penile
vascular bed, remains largely unknown.

Hypercholesterolemia in men and in cholesterol-fed
animal models impairs endothelium-dependent relaxations
(89-94) and endothelium-independent relaxations (89, 93)
of the corpus cavemosum, decreases eNOS activity and NO
bioavailability in the penis (94), decreases the cavemosal
content of endothelial cells, alters the function of smooth
muscle cells, and increases collagen content (89, 95-97).
Erectile responses are also reduced in LDL receptor-null
mice fed a high-cholesterol diet.' Impairment of the
downstream mediator cGMP or subsequent signal trans
duction pathways has also been described in cavemosal
tissue of hypercholesterolemic animals (98).

Impaired eNOS function and endothelial NO avail
ability in the hypercholesterolemic vasculature has been
mostly attributed to increased vascular superoxide produc
tion. Oxidative stress seems to contribute significantly to
hypercholesterolemia-associated ED. Corpus cavemosal
tissue of cholesterol-fed animals exhibits increased produc
tion of superoxide anion (90, 91, 98), possibly mediated by
an increase in endogenous NAD(P)H oxidase expression or
activity (98). Sildenafil normalizes cavemosal relaxation
from hypercholesterolemic rabbits, in part, through sup
pression of NAD(P)H oxidase activity (98).

Oxidative modification of LDL (oxLDL), the major
carrier of plasma cholesterol, plays a crucial role in
hypercholesterolemia and atherosclerosis development.
LDL can undergo oxidative modification by superoxide
and peroxynitrite, and it accumulates in atherosclerotic
plaques. OxLDL impairs eNOS function by several
mechanisms, as demonstrated in endothelial cells from
nonpenile tissue. It disrupts the organization of caveolae by
removing caveolae cholesterol (99). Depletion of caveolae
cholesterol results in the redistribution of caveolin-l and
eNOS to an intracellular membrane, where the enzyme is

3 Musicki B. Burnett AL. 2005. Unpublished data.

inaccessible to cofactors for its stimulation. OxLDL also
increases the production of caveolin-l and its association
with eNOS (100), and decreases the association of eNOS
with Hsp90 (99, 101), affecting the balance of NO and
superoxide generation by eNOS and uncoupling eNOS
activity. The effect of oxLDL on endothelial dysfunction
has also been attributed to impaired generation of NO from
eNOS because of dysregulation of its phosphorylation. In
cultured endothelial cells exposed to atherogenic conditions,
oxLDL has been reported to stimulate (101), attenuate
(102), or have no effect (103) on phosphorylation of eNOS
on Ser-l177, whereas it decreases phosphorylation on Thr
495 leading to uncoupling of eNOS and generation of
superoxide (103). In human vascular endothelial cells,
oxLDL stimulates oxidative stress via induction of
NAD(P)H oxidase (104).

Besides its effect on endothelial function and its
attenuation of endothelium-dependent vasodilation medi
ated by NO, oxLDL seems to directly affect smooth muscle
cells independent of its effect on endothelial function. For
example, in isolated rabbit aorta, oxLDL stimulates the
RhoA pathway and potentiates Ang Il-induced vasocon
striction (105).

Studies of the effect of oxLDL in ED are insufficient
and inconclusive. Endothelium-dependent relaxation of
rabbit corpus cavemosum strips in vitro was found to be
unchanged (106) or decreased (91, 107) in response to
oxLDL. Limited studies have also evaluated the effect of
oxLDL on cavemosal smooth muscle contraction. OxLDL
has been shown to produce a direct contractile effect (106)
on corporal smooth muscles. No data are available on the
role of the RhoA/Rho-kinase pathway in the penis in
hypercholesterolemia-associated ED.

Hypertension. Essential or primary hypertension
affects 20%-25% of all adults older than the age of 45-50
years. Approximately 30% of hypertension patients have
ED. The degree of erectile impairment is directly correlated
with the severity and duration of hypertension (108).
Despite many epidemiologic studies showing the link
between hypertension and ED, scientific studies are sparse,
and the cellular and molecular mechanisms of impaired
endothelial function in the penis and ED associated with
hypertension are not fully understood.

Hypertension is characterized by increased peripheral
resistance caused by alterations in the vascular endothelium,
the surrounding vascular smooth muscle, and the associated
extracellular matrix. Blood vessels in hypertension manifest
decreased lumen diameter and thickening of the wall (109).
Morphologic changes in the penis of hypertensive animals
involve endothelial and smooth muscle damage, smooth
muscle proliferation, increased collagen deposition, and
thinning of the tunica albuginea (110-113). Functional
impairment of the erectile tissue in hypertensive rats has
been shown to result-from decreased NO bioavailability,
increased oxidative stress, and increased smooth muscle
contraction. Both endothelium-dependent (112, 114), and
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Table 1. Major Common Molecular Mechanisms of eNOS Dysfunction in Vasculogenic ED States."
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eNOS defect
SUbstrate
Phosphorylation
Protein-protein interaction
ROS effect

eNOS regulatory proteins
ROS effect

ROS
Participation
Mechanism of production

RhoA/Rho-kinase
Participation
Interaction with eNOS
ROS effect-

8+, known to some extent; -, not known.

Aging

+
+

+

+

Diabetes mellitus

+
+

+

+
+

Hypercholesterolemia

+
+

Hypertension

+

+

neurogenic NO- and carbon monoxide-dependent relaxa
tion of the corpus cavemosum (115, 116) is decreased in
hypertensive rats. Endothelium-independent relaxation of
the erectile tissue is enhanced in spontaneously hypertensive
rats, possibly as a compensatory mechanism resulting from
defective endothelium-dependent relaxation (112, 114).

Angiotensin II is a potent vasoconstrictor implicated in
the development and maintenance of hypertension. Inhib
ition of angiotensin II with angiotensin-converting enzyme
inhibitors improves erectile function in hypertensive rats
(II?, 118). Within the vascular wall, angiotensin II
stimulates the production of ROS through the activation of
membrane-bound NAD(P)H oxidase (119). ROS generation
is increased in blood vessels of patients with uncontrolled
essential hypertension and different animal models of
hypertension, whereas endothelial NO, SOD, vitamin E,
and long-chain polyunsaturated fatty acids are decreased
(120). Recent studies have shown that the corpus cavemo
sum of spontaneous hypertensive rats exhibits increased
lipid peroxidation and decreased SOD levels (115),
suggesting a role of oxidative stress in the impairment of
penile erection associated with hypertension.

Increased peripheral vascular resistance in hyperten
sion-associated ED is also associated with increased RhoA
expression and Rho-kinase activity in the penis, whereas
PDE5 inhibition and Rho-kinase inhibition synergistically
potentiate the erectile response, implying impairment in NO/
cGMP-mediated relaxation (116, 121). Increased cavernosal
smooth muscle tone has also been attributed to a dysfunc
tional ex-adrenergic contraction and increased cyclooxyge
nase-dependent constriction of the smooth muscle of the
corpora cavemosa (114).

Complexity of eNOS Function in the Penis.
Multiple post-translational levels of regulation of eNOS
activity in the penis regulate eNOS-mediated responses
under physiologic circumstances, and they provide various
mechanisms whereby endothelial NO availability;'may be

altered, leading to ED. It is apparent that certain common
mechanisms underlie vascular pathophysiology in the penis
associated with endothelial dysfunction of different origins.
However, a specific mechanism affecting eNOS function
may predominate in a specific vasculogenic ED state. For
example, although Akt-dependent eNOS phosphorylation is
impaired in both the aged and the diabetic rat penis, the
underlying mechanisms are different: increased phosphor
ylation of a negative regulatory site Thr-495 on eNOS in the
former (21), and increased O-GlcNAc modification of
eNOS in the latter (85). Accordingly, the growth factor
VEGF can rescue impaired erection in aged rats by
stimulating downregulated eNOS phosphorylation at Ser
lIn (21), but it is ineffective in diabetic rats (85).

Conflicting information exists regarding eNOS expres
sion in the penis associated with vasculogenic ED. For
example, eNOS mRNA and protein expression in the aged
penis was reportedly decreased (58) or increased (21, 48,
49), whereas the expression of eNOS in the diabetic penis is
reportedly decreased (38) or unchanged (85, 122). Under
physiologic conditions, an increase in eNOS protein is
usually associated with an increase in the enzyme activity.
However, the impairment of endothelial function is not
necessarily caused by downregulation of eNOS protein. The
elevated levels of eNOS protein in the penis may be
adaptive and serve as a compensatory response to decreased
endothelial NO production in an effort to maintain a certain
level of erectile function, although the active form of eNOS
is reduced. The activity of upregulated eNOS may be shifted
toward increased production of superoxide. This may lead
to uncoupling of upregulated eNOS, with subsequent
potentiation of NO degradation and superoxide formation.
This would result in a decrease in active eNOS, despite an
increase in total eNOS expression. These findings argue
against a simple notion that decreased eNOS gene
expression accounts for endothelial dysfunction in different
vascular beds, including the penis.
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Conclusions
eNOS has an indispensable role in producing and

maintaining a normal erectile response. It is regulated by
multiple molecular mechanisms in the penis that may both
positively and negatively affect its activity. Various
mechanisms may disturb eNOS regulatory function and
endothelial NO bioavailability, resulting in vasculogenic
ED. As molecular mechanisms of normal erectile function
and the pathways leading to vasculogenic ED associated
with eNOS are becoming clearer, it seems that eNOS roles
in the vascular pathophysiology of the penis are complicated
and not always uniform. For example, eNOS phosphor
ylation in the penis is dysregulated with aging and diabetes,
although by different mechanisms. However, increased
oxidative stress in the penis seems to be a common
component of vasculogenic ED, and activation of the RhoA/
Rho-kinase contractile pathway is seen in several vasculo
genic ED states. Table 1 summarizes unstudied or under
studied scientific areas pertaining to dysregulated eNOS
function in the penis associated with vasculogenic ED.
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