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Oxidative Stress and Molecular Reactions in Arteriogenic Erectile Dysfunction
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Vascular disorders are the leading causes of organic erectile dysfunction (ED). Most cases of
arteriogenic ED are associated with vascular risk factors such as hypercholesterolemia, atherosclerosis,
diabetes mellitus, hypertension, and smoking. These conditions impair vascular structure directly or
indirectly by facilitating oxidative damage due to accumulation of reactive oxygen and nitrogen species such
as superoxide (Oz ), hydrogen peroxide (H2O,), hydroxyl radicals and peroxynitrite (O=NOO ). Clinical
studies have shown that the degree of arteriogenic ED cannot be predicted exclusively by the arterial
integrity, suggesting that it involves local changes within penile smooth muscle cells, endothelium, nerves,
and microvasculature. It is thought that arterial occlusion and subsequent lack of erectile tissue perfusion,
nutrient deficiency, hypoxia, and accumulation of waste products constitute an environment hospitable to
free radical formation and detrimental to nitric oxide (NO) bioavailability. Studies of animal and cell culture
models have revealed that exposure to ischemia and hypoxia triggers a cascade of cellular and molecular
changes in the erectile tissue with devastating impact on its structure and function. These alterations
involve cytotoxic radicals, nitric oxide synthase (NOS), eicosanoids, neurotoxic elements, and growth factors
and lead to impairment of NO/cGMP pathway, smooth muscle dysfunction, microvascular damage, and
neurodegeneration. Ultimately, these events lead to erectile tissue fibrosis and the failure of penile
veno-occlusive mechanism. These local changes in the hypoxic erectile tissue may explain the failure of
revascularization surgery to completely cure arteriogenic ED and imply the need for newer therapeutic
strategies to remove cytotoxic and neurotoxic elements from the chronically ischemic penis.
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Introduction

Vascular disorders and persisting erectile tissue ischemia
result in vasculogenic erectile dysfunction (ED) con-
sisting of arteriogenic ED (cavernosal artery insuffi-
ciency) and veno-occlusive ED.'” Although frequently

discussed separately, in reality these two mechanisms
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often coexist in the same patient. Arterial endothelial
injury and subsequent atherosclerotic disease are the
leading causes of arteriogenic ED.”’ Interestingly, car-
diovascular disorders including coronary artery disease
closely correlate with the incidence of ED in patients
with vascular risk factors.*’ Epidemiologic studies have
shown that nearly 75% of men with coronary artery
disease also suffer from ED.*” One explanation may be
that vascular and cavernosal smooth muscle and
endothelial cell dysfunction share the same risk factors.

Therefore, arteriogenic ED may be an early signal of
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impending cardiovascular problems.*’

The development of atherosclerotic lesion and occlu-
sion of the hypogastric-pudendal arterial bed diminish
arterial perfusion pressure, decrease arterial inflow to
the lacunar spaces of the corpora cavernosa, and lead
to progressive impairment of erectile tissue structure
and function.”"? This is evidenced by clinical and basic
research data showing that decreased cavernosal per-
fusion pressure is the initial hemodynamic phenomenon
that leads to a series of deleterious cytotoxic events
with adverse impact on erectile tissue endothelium,
smooth muscle, nerves and microvasculature.”*'® In
this review, we summarize oxidative activities and mole-
cular reactions in arteriogenic ED that result from pro-

longed exposure to ischemia.

The Role of Hypoxia

Oxygen tension in cavernosal blood has been reported
to be decreased in patients with arteriogenic ED and it
is quite likely that oxygen tension acts to regulate
erectile tissue structure and function.'” Under hypoxic
conditions, spontaneous contractile activity was eliminated
in cavernosal muscle strips and basal tissue tension was
reduced to a minimum. In this study, neither electrical
field stimulation nor pharmacological agents could
induce additional relaxation and alpha-adrenergic
agonists produced little or no contraction. In an in
vitro study of rabbit erectile tissue under hypoxic
conditions (pO,=10 mm Hg), contractions elicited by
norepinephrine, endothelin-1 or  potassium  were
attenuated.”® The hypoxia-induced relaxation was not
affected by the removal of the endothelium.

Oxygen tension also regulates the ability of
cavernosal smooth muscle to relax in response to
various stimuli. When human and rabbit corpus
cavernosum tissue strips were exposed to arterial-like
pOy; levels in organ baths, they relaxed in response to
the endothelium-dependent dilator acetylcholine and to

. . . - 1
electrical stimulation of the autonomic dilator nerves."

These NO-mediated

inhibited as a function of decreasing pO; levels. The

responses were progressively
exogenous NO-induced relaxation was not impaired in
a low pO; environment. These results indicate that NO
production is impaired under conditions of low pO;,
thus promoting vasoconstriction."

In organ culture, basal production of prostanoids,
whether relaxant or constrictive, was decreased under
hypoxic conditions.”” Although this inhibition was
reversible with physiologic pO;, the recovery was
delayed, requiring at least 2 hours of exposure to 21%
oxygen to reestablish prostanoid production. When pO;
was increased to 100 mmHg, a rapid increase in
prostaglandin levels was observed. PGE2 levels were
higher than PGF;,, which were higher than PGp;
levels. Thromboxane A2 was undetectable. These data
suggest that the amount and type of prostanoids
produced by cavernosal smooth muscle is exquisitely
sensitive to cavernosal O, tension in the penis. Oxygen
tension may also play a role in regulating erectile tissue
structure by promoting synthesis of transforming growth

factor beta (TGEj), a factor that promotes fibrosis.”'

Oxidative Stress in Penile Ischemia

Oxidative stress occurs when penile oxidative burden
exceeds its antioxidant capacity. The mechanism of
oxidative injury involves free radical incursion and sub-
sequent lipid peroxidation, protein oxidation, and DNA
damage.”” Oxygen free radicals in a NO-containing
environment tend to combine to form peroxynitrite
(O=NOQ ), a highly cytotoxic product of superoxide
(O,7) and NO radical reaction.”” This reaction results
in decreased synthesis and bioavailability of endothelial
and neuronal NO and upregulation of proinflammatory
cytokines, growth factors and tissue-specific recep-
tors.””” In the healthy penis, reactive oxygen species
(ROS) such as O; are tightly regulated by physiologic
homeostatic mechanisms; ROS that are formed are

detoxified by biological antioxidants. In penile ischemia,
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ROS levels exceed the antioxidant capacity of erectile
tissue. ROS accumulation can initiate a chain reaction
of redox sensitive signaling events involving cytokines,
kinases and transcription factors that regulate the
expression of genes and proteins influencing vasocon-
striction, modification of the extracellular matrix and
inflammatory processes.””? It is known that aspects of
the atherogenic process stimulate ROS production,
including vascular endothelial injury, penetration and
accumulation of plaque in the arterial wall, macrophage
activation and release of cytokines and growth factors
that stimulate ROS-producing enzymes.”**® Such changes
may contribute to ROS formation and erectile tissue in-
jury in arteriogenic ED. In addition, arterial insufficiency

may limit antioxidant availability and alteration of
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mitochondrial function may generate excessive ROS in

the ischemic penis.

Molecular Reactions in Penile Ischemia

Penile ischemia in arteriogenic ED triggers a cascade
of molecular reactions involving hypoxia inducible factor
(HIF), NOS subtypes, vascular endothelial growth factor
(VEGF), nerve growth factor (NGF), and transforming
growth factor beta (TGF-beta).'****° HIF upregulation
may be a primary reaction to ischemia that appears to
regulate other hypoxia sensitive genes in the penis. These
molecular reactions lead to profound changes in erectile

tissue structure and function and may play a central
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Fig. 1. This figure shows the effects of ischemia on cavernosal VEGF, VEGF receptor (KDR), nNOS, and TGF-/4 gene expression. The ratio
of the specific gene product and GAPDH is shown at each time point after the induction of cavernosal ischemia in the rabbit, VEGF levels
show approximately a 2-fold increase compared with normal at 8 weeks of ischemia, with a reduction at 16 weeks, KDR levels decrease
initially to half of normal and then gradually increase up to 8 weeks of ischemia, nNOS levels show a 2-fold increase at 6 weeks of ischemia
and it decreases thereafter, TGF/ levels increase at 8 weeks of ischemia, but return to normal levels by 16 weeks, (From Wang et al, Int

J Impot Res 16: 403-411, 2004).
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role to the pathophysiology of arteriogenic ED.
1. Changes in NOS expression

Semi-quantitative RT-PCR of rabbit erectile tissue
has shown that neuronal NOS (nNOS) gene expression
initially increases in response to ischemia (Fig. 1).”’ The
nNOS levels then gradually decrease significantly in a
time-dependent manner over the course of ischemia
(Fig. 1).” The initial upregulation of nNOS in the
ischemic erectile tissue may be a physiologic defense
mechanism to maintain NO levels; however, it seems to
fail after long-term exposure to ischemia.

Western blotting analysis of ischemic rabbit caver-
nosal tissues has shown that nNOS protein levels remain
unchanged in the early stages of ischemia, suggesting
that under the ischemic conditions increased nNOS
transcript levels may not be capable of stimulating
nNOS protein synthesis.">” One possible explanation
may be that at the early stages of ischemia, although
nNOS gene expression is upregulated, the environment
ensuring for stimulating nNOS protein expression may
not be available. Western blotting has shown that both
nNOS and eNOS proteins dramatically decrease after pro-
longed cavernosal ischemia in the rabbit.'? In the later
stages of ischemia, decreased transcript levels was found
to correlate with reduced nNOS protein levels.'>*

Immunohistochemical staining of rabbit erectile tissue
has shown that the localization and abundance of nNOS,
eNOS and inducible NOS (iNOS) in corpus cavernosum
Whereas nNOS

and eNOS expressions decrease over the course of caver-

dramatically change with ischemia.

nosal ischemia, iNOS expression increases.”” Based on
these findings, it appears that while constitutive NOS
(cNOS) is more abundant in healthy erectile tissue, iNOS
dominates the erectile tissue under ischemic/hypoxic
conditions. Such a disproportionate change in NOS iso-
forms may be of great importance in the pathophysiology
of vasculogenic ED. The precise mechanism by which
ischemia inhibits the constitutive NOS while upregu-
lating the inducible form is not known. It is speculated

that such a disproportionate change in iNOS versus

nNOS and eNOS expression may play a role in diabetic
ED. Aging-related ED is also accompanied by increased
iNOS expression in rat erectile tissue. This is believed
to play a role in collagen accumulation and apoptosis of
erectile tissue. Studies with a rat model of Peyronie’s
disease have shown that upregulation of iNOS is accom-
panied by downregulation of cNOS and erectile dysfunc-
tion. Inhibition of iNOS in this model was found to
reduce ED.

2. Changes in VEGF expression

The development and growth of the vascular system,
referred to as angiogenesis and vasculogenesis, are regu-
lated by angiogenic growth factors. VEGF is a potent
angiongenic growth factor that was initially purified from
tumor cell lines as a specific mitogen for endothelial
cells in vitro.

Studies with the rabbit model have shown that ischemia
alters the expression of both VEGF and its receptors in
erectile tissue.”’ Immunohistochemical analysis with anti-
VEGF antibodies have shown that positively stained
areas within the corpus cavernosum are greater in the
early stages of cavernosal ischemia in comparison to
age-matched controls.” After long- term ischemia, how-
ever, the VEGF-positive stained areas within the corpus
cavernosum were found to dramatically diminish. The
number of ischemic endothelial cells that stained
positively for VEGF was similar to the controls.”’

Semi-quantitative RT-PCR analyses of rabbit erectile
tissue have shown that VEGF gene expression initially
increases in response to ischemia and then it gradually
decreases over the course of ischemia reaching to a
level significantly lower than the levels of the early
stages of ischemia (Fig. 1).” This study has shown that
the VEGF receptors may be more sensitive to ischemia
than VEGF. The levels of the VEGF receptor KDR
dramatically reduces to approximately 40% of the con-
trol levels in the early stages of ischemia (Fig. 1).”
Although KDR levels in the ischemic tissues tends to
increase over the course of ischemia, they only reach

60% of the control levels. Accordingly, it was found
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that KDR levels decrease significantly to approximately
40% of the control group after prolonged ischemia
along with the reduction in VEGF levels (Fig. 1).”
These observations suggest that VEGF may be secreted
in order to preserve the erectile tissue vascular function
in response to ischemia.”®’! Prolonged ischemia, however,

appears to overcome this reaction.
3. Changes in TGF-beta expression

In a variety of organ systems and diseases, TGF- /8
has been implicated in fibrosis.” Ischemia and hypoxia
have been shown to induce TGF- A1 protein in blood
vessels, and TGF- 21 mRNA in human corpus caver-
nosum smooth muscle cells.”’ Regardless of the initial
source, TGF- 3 has been shown to autoinduce its own
mRNA and increase either the synthesis or availability
of its receptors in human corpus cavernosum smooth
muscle cells.’* It is suggested that once the process begins,
ischemia-induced fibrosis could proceed unabated.”””*

Clinical studies have shown that cavernosal TGF-
betal expression is significantly greater in vasculogenic
ED patients than in the control subjects or psychogenic
ED patients.” TGF-betal type II receptor expression
was also found to be significantly greater in vasculo-

genic ED compared with control subjects and patients

Antioxidant capacities of various beverages

% free radicals neutralized

with psychogenic and neurogenic ED.” Patients with
vascular risk factors such as hyperlipidemia and athero-
sclerosis were found to have significantly greater degrees
of cavernosal fibrosis than those without these con-
ditions.” Furthermore, this study has shown that the
abundance of collagen fibers closely correlates with both
TGEF-betal and TGF-betal receptor II expression, sugges-
ting a role of TGF-betal and its receptor II in caver-
nosal fibrosis in vasculogenic ED patients.”

Exogenous treatment with TGF-beta has been shown
to induce a 2.5- to 4.5-fold increase in the synthesis of
types I and III collagen.’® This effect was reduced by
adding the eicosanoid PGE1.>* In a rabbit model utilizing
intracavernosal injection of TGF-beta, histomorphometry
showed dose-dependent decreases in the percentage of

corporal smooth muscle with TGF-beta treatment.*®

Potential Role of Antioxidants in
Arteriogenic ED

Antioxidants such as vitamin E and vitamin C have
been used widely in clinical practice to protect the
body from harmful free radicals.”**® Other families of

antioxidants with a more potent free radical scavenging
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Fig. 2. The left panel shows percentage of free radicals neutralized by several beverages known for their antioxidant capacity, The right panel
shows antioxidant effect of pomegranate juice on macrophage (J-774, A1 cell line) oxidative status, Inhibition of cellular oxidative stress was
measured by the DCFH fluorescence assay using the FACS system (From Azadzoi et al, J Urology 174: 386-93, 2005),
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capacities, such as polyphenols, might also be effective
in protecting the cardiovascular system. Indeed, consump-
tion of red wine or pomegranate juice polyphenols by
mice as well as by humans was shown to prevent oxida-
tive stress and delay the development of atherogenesis
and atherosclerotic lesion.”**® Studies of the effects of
dietary antioxidants in an experimental model of ED
promises clinical implication.”” In this study, the antio-
xidant activity of known antioxidant beverages such as
pomegranate juice, red wine, blueberry juice, cranberry
juice, orange juice, and green tea was examined by
spectrophotometry.”’ Pomegranate juice demonstrated the
highest free radical scavenging capacity (Fig. 2). After
this, the effects of long-term pomegranate juice intake
on intracavernosal blood flow and penile erection was
examined in the rabbit model of arteriogenic ED. The
data revealed loss of erectile tissue relaxation, reduced
eNOS and nNOS and increased iNOS expression, and
diffused erectile tissue fibrosis in the arteriogenic ED
model. These changes were associated with increased
cavernosal levels of the oxidatively modified product

isoprostane 8-epi-PGF2 @, suggesting oxidative stress in

CONTROL-PLACEBO

ED-PLACEBO

the ED model. Long-term intake of pomegranate juice
increased intracavernosal blood flow and improved erec-
tile response and smooth muscle relaxation in both ED
and control groups of animals (Fig. 3). Furthermore,
antioxidant therapy reduced erectile tissue fibrosis in
the ED group.”” These observations suggest that antioxi-
dants may neutralize superoxides and allow NO to
linger long enough to exert its biological effects in the
penis.

In addition to effects on NO, antioxidants may also
act via angiotensin II, a key intermediary in vasocons-
triction. Angiotensin II is formed from angiotensin I via
angiotensin converting enzyme (A-C-E).”** This process
is regulated by ROS, and blocked by the addition of
antioxidants. Pomegranate polyphenols have been shown
to significantly inhibit A-C-E in humans. The anti-
fibrosis effect of pomegranate in the ED model is
consistent with the reported efficacy of antioxidants in
attenuating the tubulointerstitial disease in rats with
nephrosis. Oxidative stress and the formation of oxidative
products in arteriogenic ED are presumed to play signi-

ficant roles in erectile tissue fibrosis. Oxidative products
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Fig. 3. This figure shows effects of the antioxidant beverage pomegranate juice (PJ) on erectile response to cavernosal nerve stimulation
in the rabbit model, Long-term antioxidant consumption improved intracavernosal blood flow and erectile response in both arteriogenic ED
and age-matched control animals, Arrows point to the start of electrical nerve stimulation (From Azadzoi et al, J Urology 174: 386-93, 2005).
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are known to stimulate TGF-beta 1 production and
upregulate the gene expression of fibronectin. It is
thought that the newly-produced TGF-beta 1 in response
to oxidative stress stimulates fibronectin expression.”> *
It has been shown that collagen degradation is affected
by ROS. In atherosclerotic rabbits, metalloproteinases
secreted from macrophage foam cells degrade the cellular
matrix. N-acetylcysteine, an antioxidant, prevents this
metalloproteinase release. These observations suggest
that antioxidant therapy may be a promising option in
preventing or reversing erectile tissue fibrosis.

The pathophysiology of arteriogenic ED is more com-
plicated than previously thought, involving intricate
molecular reactions and fundamental changes in erectile
tissue structure and function mediated by hypoxia and
oxidative stress. Oxidative radicals in the ischemic
penis may play a central role in erectile smooth muscle
dysfunction, loss of endothelial cells, neural injury, and
fibrosis. These local changes in the ischemic erectile
tissue may explain why revascularization and, in some
cases, venous leak surgery fail to completely cure vascu-
logenic ED. These observations suggest that hemodynamic
examination alone can-not precisely predict the degree
of vasculogenic erectile dysfunction. Successful pharma-
cological and surgical management of vasculogenic ED
may depend on identifying patients in their early stage
prior to the structural and functional changes of erectile
tissue. Further insight into the cellular and molecular
mechanism of vasculogenic ED may lead to newer pro-
phylactic and therapeutic strategies to prevent, delay or
reverse this problem. Therapeutic strategies to protect
penile smooth muscle, endothelium, and nerves from

free radical injury may enhance the efficacy of surgical

and pharmacologic interventions in arteriogenic ED.
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