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ABSTRACT 

Cardiovascular diseases, which are the leading cause of illness and death in the 

United States, frequently share similar risk factors (hypertension, smoking, aging, etc ... ) 

as erectile dysfunction (ED). Hypertension is an important risk factor for both heart 

failure and ED; hypertension and ED are closely intertwined diseases, which have 

"ascular and endothelial dysfunction as a common cause. Recently it has been shown that 

ED is an independent predictor of cardiovascular diseases (CVD). Thus, studying 

mechanisms of erectile function and ED will be of great importance for developing 

treatments for ED, as well as reducing the burden of CVD. Tn this dissertation, the 

mechanisms of angiotensin II (Angll)-induced ED was investigated. ln addition, we also 

investigated the effect of metformin on erectile function in an Angii-hypertensive model 

of ED. We hypothesized that Angll infusion for 4 weeks results in ED and treatment with 

metformin improves erectile function in the Angll-infused rats. We observed that AngTI 

infusion resulted in ED, which was accompanied by an increased contraction and 

decreased relaxation response of the corpus cavemosum and pudendal arteries. 

Furthermore, it was observed that ERK I /2 activation contributes to ED in the Angll-

hypertensive model of ED. Treatment with metformin restored erectile function in AngTI-

hypertensive rats, with a reversal of the increased contractility and decreased relaxation 



seen in both the corpus cavernosum and pudendal arteries of the hypertensive rats. Our 

data suggest that metformin may have potential therapeutic effects in ED, independent of 

its anti-diabetic effects. 

Additionally we investigated the contribution of nitroxyl anion (HNO), a NO 

congener, to erectile function. We observed that the endothelium mediated relaxation in 

pudendal arteries was partially mediated through I INO, and that this relaxation was 

soluble guanylyl cyclase-dependent (sOC), resulting in activation of voltage-dependent 

potassium channels (Kv) and large conductance calcium-activated potassium channel 

(BKca). The identification of this novel pathway will enhance our understanding of 

erectile function and possibly allow for development of therapeutic agents for the 

treatment of ED. 
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I. INTRODUCTION 

A. Statement of the Problem and Specific Aims 

Decrease in nitric oxide (NO) bioavaitability, increased generation of reactive oxygen 

species (ROS) and inflammation are leading causes of impairment of endothelial and vascular 

smooth muscle function. All are common risk factors for erectile dysfunction (ED) and 

cardiovascular disease (CYD), which also share similar comorbidities such as hypertension, 

diabetes and obesit). Furthermore, ED is considered an independent predictor for subsequent 

development of CYD. One of the most important risJ... factors, and one which probably shares the 

same pathophysiologic pathways as ED, is hypertension. In this research plan, the working 

hypothesis is that angiotensin II (Angll ) increases cavernosal and pudendal artery reactivity to 

contractile stimuli, leading to ED, and that metformin treatment, through activation of AMPK

will reverse the increased cavemosal and pudendal artery reactivity to restore erectile function. 

This work is compelling because it will be the first to study the ability of rnetformin and 

actJvation of AMPK to improve ED under pathological conditions. Ultimately, it may provide an 

alternative therapeutic strategy to treat ED. We will also c:-.plore the involvement and the 

mechanism through \vhich a reduced form of NO (nitrox)l anion or HNO) may contribute to 

erectile function. 
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Thu , we hypothesize that Angll leads to E D by means of increasing contraction and 

decreased relaxation to various stimuli. In addition, metformin treatment, via AMPK 

acth-ation, will improve penile vascular and endothelial function, n-hich will ultimately 

restore erectile function. 

Three specific aims are proposed: 

Specific Aim 1: To test the hypothesis that Angll causes erectile dysfunction by means of 

increased contractility and decreased relaxation of the corpus cavernos um and pudendal 

a rtery. 

Studies have shO\\ n that chronic infusion of Angll leads to the development of ED. This ED may 

result from increased cavernosal and arterial smooth muscle contraction and decreased relaxation 

due to decreases in endothelial nitric oxide synthase (eNOS) activation or NO bioavailability with 

a correlated increase in ROS. However, whether this is associated with alteration of vascular tone 

is not known, and we predict that ED results from increased cavernosal and arterial smooth 

muscle contraction and decreased relaxation. 

Specific Aim 2: To test the hypothesis that trea tment with metformin and activation of 

AMPK will restore erectile function in an Angll-hypcrtcn ive model of ED. 

Given the recently published beneficial effects of metformin on the vasculature- independent of 

its anti-h)'perglycemic effects, we predict that metformin treatment will reverse the abnormal 

pudendal and corpus cavernosum reactivit)' to contractile and rela,ing stimuli, and restore erectile 

function in Angll-treated rats. This is postulated to be via AMPK activation. 

pccific Aim 3: We hypothesize that HNO, a novel ignaling molecule, induces relaxation in 

th e pudendal artery via soluble guanylyl cyclase and poh1ssium channel activation. 
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The role of NO in vascular biology and erectile function has been intensively studied; however, 

there is limited knowledge regarding the role of its reduced congener, HNO, in the vasculature 

and virtually no studies on its role in erectile function. We sought to investigate the potential role 

of HNO as a novel signaling molecule in the erectile function. 

Clearly, studies trying to elucidate the important players governing erectile function, under both 

normal and pathological conditions, are essential for better understanding the role of each in the 

regulation of erectile function. This research plan provides a set of experiments integrating 

physiological, pharmacological and molecular techniques to further our knowledge in the field of 

sexual medicine and may lead to the development of novel therapeutic approaches to treat sexual 

dysfunction. 

B. Brief literature review and discussion of the rationale of the project. 

Physiology of Erection 

Penile arteries and corpus cavernosum 

Penile erection involves multiple neuro-vascular processes, which all 

simultaneously involve the nerves, blood vessels, endothel ium in the sinusoids and 

trabecular smooth muscle cells. Upon sexual stimulation, nerve impulses cause the 

release of neurotransmitters from cavernous nerve terminals, as well as relaxing factors 

from the endothelial cells in the penis. This leads to smooth muscle relaxation in the 

arteries and arterioles, all resulting in an increase of blood flov., to the penis. At the same 

time, relaxation of the trabecular smooth muscle increases the compliance of the 

sinusoids resulting in a rapid filling and expansion of the sinusoidal system. The latter 
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results in a mechanical compression of the emissary veins against a fibrous sheath named 

the tunica albuginea (a tissue that does not expand easily), which impedes their ability to 

drain blood. This process results in an increase in penile volume and intra-penile 

pressure, producing penile rigidity. Erection thus involves arterial dilation, sinusoidal 

relaxation and venous compression 1•2• 

Detumescence results from a cessation of neurotransmitter release (e.g., nitric 

oxide), the breakdown of second messengers (e.g., by phosphodiesterases), and 

sympathetic discharge during ejaculation. The contraction of the trabecular smooth 

muscle, resulting in a slow pressure decrease, allows for a slow reopening of the venous 

channels and restoration of the basal level of arterial flow. This is followed by a fast 

pressure decrease, which occurs when venous outflow capacity is fully restored and the 

trapped blood is expelled, leading to penile flaccidity 1
• 

Neural control of smooth muscle lone in the penis 

The penis is innervated by somatic and autonomic nerve fibers. The 

somatosensory pathway originates at the sensory receptors in the penile skin, glans, 

urethra and within the corpus cavernosum. The nerve fibers from these receptors 

converge to form bundles of the dorsal nerve of the penis, which joins other nerves to 

become the pudendal nerve. Activation of these sensory receptors sends messages of 

pain, temperature, and touch via the dorsal and pudendal nerves, spinal cord, and 

spinothalamic tract to the thalamus and sensory cortex for sensory perception 1
• Recent 

evidence demonstrates that the dorsal nerve is a mixed nerve with both somatic and 

autonomic components that enable it to regulate both erectile and ejaculatory functions 
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3
•
4

. These fibers travel along the sacral nerves to the pudendal nerve to innervate the 

ischiocavernosus and bulbocavernosus muscles. Somatic innervation and stimulation 

produces the rigid erection phase (ischiocavernosus muscles) and ejaculation 

(bulbocavernosus muscle) 1.5. On the other hand, the penis is also innervated by 

autonomic pathways, which comprise both sympathetic and parasympathetic nerves. 

The sympathetic pathway originates from the eleventh thoracic to the second 

lumbar (Tli-L2) spinal segments and reaches the penis via the inferior mesenteric and 

superior hypogastric plexuses, from which fibers travel along the hypogastric nerves to 

the pelvic plexus. The sympathetic innervation causes corporal smooth muscle 

contraction resulting in detumescence. 

The paras) mpathetic pathwa} arises from neurons in the intermediolateral cell 

columns of the second, third and fourth sacral spinal cord segments (S2-S4). The 

preganglionic fibers pass in the pelvic nerves to the pelvic plexus, where the sympathetic 

nerves from the superior hypogastric plexus join them. The parasympathetic innervation 

mediates corporal smooth muscle relaxation resulting in erection. 

Recently, several investigators provided evidence for functional roles of non

adrenergic non-cholinergic (NANC) inhibitory and excitatory nerves, containing 

transmitters and transmitter/modulator-generating enzymes, such as NOS and heme 

oxygenases (I 10). ANC transmitters modulators may be found in adrenergic and 

cholinergic nerves 6. 
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Pudendal Vasculature 

The internal pudendal artery (PA) is an artery that branches off the internal iliac 

artery, providing oxygenated blood to the external genitals. The P A branches into 

cavernous arteries that further branch into tortuous helicine arteries, all feeding the 

cavernous sinuses. In the PA, the absence of capillaries allows for a rapid filling of 

cavemosal sinuses during erection 7
• Although arteries of less than l 00 J.lm diameter 

typically represent the site of resistance in the vasculature, recent studies have shown that 

PAs contribute approximately 70% of total pudendal-penile vascular resistance, whereas 

the intrapenile vasculature contributes less than 25% of total resistance in this bed. In 

addition, it has been demonstrated that optimal erection requires vasodilation of both 

prepenile arteries, such as the PAs, as well as intrapenile arteries 7"
9
. 

Local Physiological Regulation of Pudendal and Penile Smooth Muscle Cell Tone 

The nerves and the endothelium of sinusoids, vessels in the penis and pudendal 

arteries produce and release transmitters and modulators that regulate smooth muscle 

tone resulting in contraction or relaxation. 

Penile and pudendal smooth muscle contraction 

The flaccid state is mainly mediated by release of norepinephrine (NE) from 

adrenergic nerve terminals. NE binds and activates adrenergic receptors and results in a 



7 

contraction that is largely mediated by a 1-adrenegic receptor activation 10
•

11
• This 

activation results in vasoconstriction of the PA and penile arteries and contraction of 

trabecular smooth muscle. This results in a decrease in arterial inflow and increased 

venous blood outflow due to the collapse of the lacunar spaces and decompression of the 

drainage venules from the cavernous bodies. In addition to NE, penile smooth muscle 

tone is under regulation by other factors released from the endothelium [such as 

cndothelin-1, (ET-1 )] or the cavernous tissue (Angii and prostanoids) 10
• Receptor 

activation via a constrictor agonist results in an increase in inositol 1 ,4,5-trisphosphate 

(IP3) and diacylglycerol (DAG) production. IP3 binds to its receptor on the sarcoplasmic 

reticulum resulting in the release of calcium from intracellular stores, as well as 

increasing the opening probability of calcium channels on the smooth muscle cell 

membrane. These processes further increase calcium influx from the extracellular space. 

At elevated levels, calcium binds to calmodulin, facilitating a change in its conformation 

to expose sites of interaction with myosin light-chain kinase (MLCK) causing its 

activation. The resultant activation of MLCK catalyzes phosphorylation of myosin light 

chains (MLC) and triggers cycling of myosin crossbridges along actin filaments; this 

results in the development of force. 

In addition, along with calcium, DAG production activates protein kinase C 

(PKC), which phosphorylates specific target proteins such as L-type calcium channels to 

contribute to the contraction. The increase in intracellular calcium is usually transient, 

followed by a decrease of intracellular calcium concentration to basal levels. However, 

even \\ith the restoration of pre-contractile calcium concentrations, the contraction 

persists. This occurs due to a calcium-sensitizing pathwa}, \\hich takes over. This 
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calcium-sensitizing mechanism is initiated at the same time that phospholipase C (PLC) 

is acti\ated, and it imolves the activation of the small guanosine triphosphate (GTP)

binding protein RhoA, which migrates to the plasma membrane and induces activation of 

Rho-kinase (ROCK). ROCK then phosphorylates the regulatory subunit of smooth 

muscle myosin phosphatase causing its inhibition; thereby, preventing the de

phosphorylation of MLC resulting in the maintenance of the contractile response to a 

constrictor agonist. 

Pharmacological inhibitors of ROCK, such as Y-27632, block its activity by 

competing with the A TP-binding site on the enzyme. ROCK inhibition was shown to 

induce relaxation of smooth muscle in arteries as well as human corpus cavernosum in 

vitro and to induce penile erection 10
•
12

•
15

• This leads to the current concept that the phasic 

contraction of penile smooth muscle is regulated by an increase in intracellular calcium 

concentration, \\hereas tonic contraction is mediated by the calcium-sensitizing 

mechanism. 

The first event in the development of erection is the dilation of pre-penile and 

penile arteries causing an increase in blood flow and pressure into the lacunar spaces. 

Secondary to this dilation, trabecular smooth muscle relaxes leading to its expansion as a 

result of their increased compliance. This relaxation of smooth muscle occurs either as a 

result of the direct action of a relaxing substance circulating in the blood and/or released 

from the nef\CS, the endothelium and possibl) from the smooth muscle cells, or as result 

of the inhibition of the contractile stimulus. 

The endothelium is a key regulator of vascular and erectile physiology. In the 

corpus cavcrnosum, NO is the only mediator of endothelium-mediated relaxation, 
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whereas in penile resistance arteries, endothelium-mediated relaxation was shown to be 

induced, in addition to NO, by endothelium-derived hyperpolarizing factor (EDHF) 16
. In 

addition to the endothelium, NO can be released by the autonomic nerves of the penis. 

The postganglionic parasympathetic nerves release, in addition to acetylcholine (ACh), 

NO as a co-transmitter which is the product of the conversion of L-arginine by neuronal 

NOS (nNOS). These nerves are called nitrergic nerves 17
•
18

• Stimulation of the cavernous 

nerve activates these nitrergic nerves, which release NO and facilitate relaxation of the 

penile smooth muscle cells (PSMC) leading to erection. Accordingly, the erection IS 

blocked by NOS inhibition 19
• In addition, in vitro cavernosal relaxation induced by 

NANC stimulation, is blocked by NOS inhibition 19
• Another source of NO is eNOS, 

which is present in the endothelium of the sinusoids and that of pudendal and penile 

vessels. The contribution of eNOS to erection is controversial, and three theories were 

postulated concerning the role of eNOS in erection. 

First, ACh released from cholinergic nerves results in the release of NO from the 

endothelium. However, although studies have shown that ACh induces a dose-dependent 

relaxation in the corpus cavernosum, the use of atropine (a muscarinic receptor blocker) 

does not block penile erection induced by nerve stimulation. Furthermore, the 

neurogenic relaxation of corpus cavernosum does not require a functional endothelium 10
. 

The second mechanism of eNOS involvement may be a result of shear stress. In fact, 

during erection the expansion of the vasculature and the sinusoids can cause shear stress 

leading to activation of protein kinase B (Akt). Akt is the mediator of a pathway which is 

upstream of eNOS and is known to phosphorylate and activate eNOS, increasing NO 

bioavailability. The third mechanism involves circulating substances, such as bradykinin, 
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which may trigger NO production by the endothelium. As a result, it is widely believed 

that NO derived from nNOS in nitrergic nerves is responsible for the initiation and the 

majority of smooth muscle cell relaxation, whereas NO derived from eNOS contributes 

to the maintenance phase of the erection 10. 

Man} of the relaxing effects of NO are the result of its binding to soluble 

guanylate cyclase (sGC) in smooth muscle cells, resulting in a conformational change 

that activates the enzyme, increasing cyclic guanosine mono-phosphate (cGMP) levels 

and leading to PKG activation. PKG activation can lead to the opening of potassium (K+) 

channels, causing hyperpolarization and relaxation. On the other hand, PKG activation 

also results in inhibition of contractile pathwa)'S in smooth muscle cells. For instance, 

PKG can inhibit IP3 receptors, as well as inhibiting PLC, which also leads to a reduction 

of IP3 
20

·
21

. In addition, PKG activation results in calcium sequestration through 

activation of sarcoplasmic reticulum calcium A TP-ase (SERCA). Kanchan and others 

have shown that RhoA migration is inhibited by cGMP (or PKG), thus decreasing 

intracellular calcium concentration. Moreover, PKG activation inhibits the Rho-NRho

kinase pathway, causing an inhibition of the calcium sensitizing mechanism 22
. 

NO and cGMP have also been demonstrated to directly stimulate K+ channels 

independent of PKG. This process leads to a rela.xation response: however, corpus 

cavernosum from PKG KO mice fail to relax upon activation of the NO-cGMP pathway, 

suggesting that the PKG-independent pathway has a minor contribution to the erectile 

response23
. Finally, termination of relaxation is mediated by the breakdown of cGMP by 

phosphodiesterase. 
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Hypertension, Vascula r Disease and E rectile Dysfun ction 

Hypertension is a multi-factorial disease and although a percentage of 

hypertensi\e population develops it because of lifesty le choices, an overwhelming 

majority has essential hypertension, which currently has no defined etiology. 

I Iypertension is considered a risk factor for a variety of other cardiovascular conditions, 

and has been demonstrated to contribute to the development of ED. In fact, some studies 

showed that while the occurrence of ED in the general population is estimated at 9.6%, 

30% of hypertensive patients have ED?4
•
25 ED is recognized by the World Health 

OrganiLation as a quality of life disorder that needs to be treated.26 ED is now considered 

a disease that goes beyond life satisfaction and frustration: it is a warning sign for 

cardiovascular disease (CVD) and an indicator of overall endothelial dysfunction. Recent 

studies suggest that ED may be a clinical biomarker or a "warning sign" for underlying 

CVD, given that these two conditions frequently co-exist, v.,ith symptoms of ED 

presenting before the discovery of CVD.27
"
30 Other evidence suggests that ED increases 

in prevalence with both aging and severity of CVD.7 

A common denominator in both hypertension and ED is the presence of 

endothelial dysfunction, which is characterized by decreased NO production and/or 

bioavailability, increased superoxide production and a marked decrease in endothelium

dependent vasodilation or increase in contraction.29 31
•
32 Although the vascular 

endothelium is generally capable of self-repairing after sustaining damage, increasing 

\asoconstrictors may still affect the dynamics of vascular tone, impairing normal erection 

or blood pressure. Thus, up-regulation of systemic or local \asoconstrictors such as Angll 

or ET-1 may contribute to hypertension, as well as ED. 
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Role of Angiotensin II in Hypertension-induced Erectile Dysfunction 

Angiotensin II and erectile dysfunction 

AngiL the main effector of the renin-angiotensin-aldosterone system (RAAS), is 

a central player in hypertension, endothelial and vascular dysfunction. Angll is also vital 

to the regulation of salt and water homeostasis, and therefore a main contributor to blood 

pressure regulation. I lowever, increased Angll levels have been shown to induce 

excessive vasoconstriction, endothelial dysfunction and vascular remodeling, and to 

promote insulin resistance. Noticeably, all these characterize a variety of diseases such 

as atherosclerosis, hypertension and diabetes. In addition, new evidence demonstrates a 

role for the RAAS system in penile tissue. In fact, Angll levels are also shovm to be 

increased in the cavernous blood of men with ED as compared \\ith healthy individuals. 

Jin et a/. have shown that Angll infusion in rats causes ED through the activation of 

nicotinamide adenine dinucleotide phosphate (NADPl I) oxidase, resulting in increased 

ROS. ROS arc known to be detrimental to the endothelium and smooth muscle due to the 

direct scavenging of available NO necessary for vasorclaxation. 

ROS can also stimulate the RhoA!Rho-kinasc pathway. Stimulation of the 

RhoA/Rho-kinase pathway results in phosphorylation of the myosin binding subunit of 

MLC phosphatase (MLCP) and inhibits its activity, thus promoting the phosphorylated 

state of MLC that leads to contraction and penile flaccidity. This suggests that Angll 

itself may modulate penile function; and its excessive production and dysfunctional 

signaling may lead to E0.33
•
35 
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Mechanisms of angiotensin II signaling 

Traditionally, Angll was considered to work in an endocrine manner; however, 

paracrine actions of Angll have been discovered, with local tissues and organs producing 

Angll in concert with its cognate receptors, AT1 and AT2.36 Activation of the AT, 

receptor leads to the stimulation of NADPH oxidase. This enzyme is central in the 

production of ROS. ROS is known to contribute to vascular damage.37 ROS can also 

stimulate the RhoNRho-kinase pathway. As mentioned earlier, stimulation of the 

RhoA!Rho-kinase pathway results in phosphorylation of the myosin binding subunit of 

MLCP and inhibits its activity, thus promoting the phospho!) lated state of MLC that 

leads to contraction and penile tlaccidity.38
-4

1 The signaling cascade stimulated by Angll 

via the AT1 receptor is a consequence of the activation of G-protein coupled receptor. 

The A T1 receptor signals through three main pathways: classical PLC signaling leading 

to IP3 and DAG cleavage, phospholipase D (PLD), also culminating in DAG generation; 

and phosphatidylcholine (PC), phosphatidic acid (PA) and phospholipase A2 (PLA2), 

which is responsible for aracrudonic acid (AA) and prostaglandin (PG) production. 

Tyrosine phosphorylation, i.e., mitogen activated protein kinase {MAPK), which is 

distinctive for its role in growth factor and C) tokine activation, has been associated with 

increased levels of A T1 receptor activation. Non-receptor t)rosine kinase activity has also 

been associated \\ith Angll. including but not limited to: the Src family of kinases, 

proline-rich tyrosine kinases (Pyks), extracellular signal-regulated kinascs (ERKs), focal 

adhesion kinase {FAK), phosphoinositide 3 kinase (PI3K) and a Janus kinases/signal 

transducers and activators of transcription (JAK/STA T). In addition, AT1 receptor 

activation is knO\\n to modulate vasoconstriction and induce VSM cell proliferation, 
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inflammation, activation of the sympathetic nervous system and aldosterone secretion. 

Angll also modulates the tone of human penile arteries and trabecular VSM. 

Metformin as a T herapeutic Option for Erectile Dysfunction 

Metformin 

Metformin is an oral biguanide classically used for the treatment of diabetes. Its 

blood glucose lowering effect is a consequence of an amelioration of insulin resistance 

by increasing peripheral glucose disposal by skeletal muscle as well as decreasing 

glucose output by the liver. In addition, metformin was shown to improve ~-cell function 

in type 2 diabetic patients 42
•
43

. However, beyond its anti-hyperglycemic role, clinical 

trials have demonstrated that metformin has therapeutic potential in other pathologic 

conditions including cardiovascular diseases. Indeed, the UK Prospective Diabetes 

Studies (UKPDS) showed that patients treated with metformin showed improved 

cardiovascular outcome when compared to patients not receiving metformin 42
. The 

potential mechanisms of metformin-mediatcd vascular protection can include an 

improvement of lipid profile and reduced adiposity, improved fibrinolysis resulting in a 

decrease in the risk. of intravascular thrombus, and inhibition of glycoxidation by 

inhibiting advanced glycation end-products (AGE) and through its anti-atherogenic 

effects ·n. Studies have shown that metformin lowers blood pressure in hypertensive 

animals and improves vascular and endothelial function44
,..

5
• Furthermore, metformin has 

been suggested to possess anti-inflammatory and anti-oxidative properties 46
.4

7
. It was 

also reported that metformin treatment restores ovarian function in polycystic ovary 
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syndrome 48
•
49

. Its use as an adjuvant treatment for cancer or gestational diabetes, and for 

prevention of diabetes in pre-diabetic population has been recently suggested 49
"
54

. 

Concerning the field of erectile function, an early paper by Kim el a/. has shown that 

metformin treatment restored the penile mRNA expression of eNOS and nNOS in rats 

fed a high fat diet.55 Recently, a clinical study in eugonadal non diabetic men with 

insulin resistance, ED and poor response to sildenafil showed that treatment with 

metformin and sildenafil reduced insulin resistance and improved erectile function56
. The 

cellular and molecular mechanism by which metformin exerts its beneficial effect is still 

under investigation. Although it has been suggested that metformin may exert its positive 

effects through AMP-activated protein kinase (AMPK) activation, some studies showed 

positive actions of metformin independently of AMPK. 

Novel Mechanism for Relaxation: itroxy l Anion 

As previously discussed, hypertension is frequently characterized by a loss in the 

ability of the vasculature to relax, denoted as endothelial dysfunction. [n addition, many 

studies focus on the lack of NO production and/or bioavailability as a cause of 

endothelial dysfunction. Although this is correct, new evidence suggests that a redox 

variant of NO, nitroxyl anion (I fNO), mediates some of the vasodilatory effects 

previously attributed to NO 57
"
59

. 

I fNO is the one electron reduced \ariant of 0, \\hich has been shov.n to have 

distinct pharmacological, biochemical and physiological effects that differentiate it from 

NO. For example, production of HNO has a variet} of different sources. Although 

definitive e" idence of endogenous sources is still under investigation, research has 
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demonstrated that 1 JNO may be produced via: a decomposition reaction with S

nitrosothiols, reduction of nitrites on metal sites and conversion through metal-containing 

enzymes such as xanthine oxidase, manganese super oxide dismutase (MnSOD), as well 

as through NOS 58
·
60

"
63

. Interestingly, although NOS produces IINO, this process is 

thought to occur predominately when NOS is uncoupled or when there is a decrease in 

tetrahydrobiopterin (BII4) 
64

• This is of increasing importance given the high levels of 

ROS in hypertension, as well as other factors which lead to eNOS uncoupling. 

HNO was previously disregarded as a possible mediator of vasodilation by 

Feelisch et a/. in his seminal paper of 1994; however, the plausibility of HNO as an 

endogenous \asoactive molecule was re-evaluated in 2000 b} Wanstall and colleagues 65
. 

They demonstrated that the previously described the endothelium-derived relaxing factor 

(EDRF), described as NO, did not react similarly to acetylcholine-mediated relaxation in 

phenylephrine contracted vessels in the presence of L-cysteine. 66
. This led to the 

hypothesis that EDRF and NO may not be identical in source. More recently, there are 

emerging data which demonstrate HNO as an endogenous mediator of vasorelaxation, an 

activator of voltage-gated (K+ v ), calcium-activated (Kca+2) and A TP-sensitive (KArP) 

potassium channels, as well as capable of producing spreading \ asodilation 57
·
67

-
69

. These 

reports suggest that IINO is an endogenous EDRF and a possible endothelium-derived 

hyperpolarizing factor (EDHF). 

In addition to its possible role as a primary effector of endothelium-mediated 

relaxation responses, I INO also has unique properties suggesting a possible role as a 

vasoprotecti\e molecule. Given the chemistry of I INO, a protonated form in vivo, this 

molecule is expected to be exceptionally resistant to scavenging from RO present in the 
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vasculature 60·63 . Furthermore, an infusion of Angeli' s Salt (an HNO donor) does not lead 

to tolerance, as compared to other organic nitrites 62
. Further investigation of HNO in 

pathophysiological conditions, as well as determining the various mechanisms of HNO

mediatcd relaxation, is important given that this molecule may have possible therapeutic 

options. 
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II. MANUSCRIPT 

A. Mctformin treatment improves erectile function in an angiotensin II model of 

erectile dysfunction. 

Abstract 

Introduction: Increased angiotensin II (Angll) levels cause hypertension, which is a 

major risk factor for ED. Studies have demonstrated that increased Angll levels in penile 

tissue arc associated with ED. A recent study shO\\ed that mctformin treatment restored 

nitric oxide synthase (NOS) protein expression in peni le tissue in obese rats; however, 

whether metformin treatment can be beneficial and restore erectile funct ion in a model of 

ED has not yet been established. 

Aim: The goal of this study was to test the hypothesis that An gil induces ED by means of 

increased corpus cavernosum contraction, and that metlormin treatment will reverse ED 

in Angll-treated rats. 

Methods. Male Sprague-Dawley rats \Vere implanted \\lith mini-osmotic pumps 

containing saline or Angll (70 ng/min, 28 days). Animals \\Cre then treated with 

mctformin or vehicle during the last week of Angll infusion. 

Main Outcome Measures: Angii-induced ED was accompanied with an increase in 

corpus cavernosum contractil ity, decreased nitrergic relaxation and increased ERKl /2 



19 

phosphorylation. Metformin treatment improved erectile function (determined by 

measurement of lCP/MAP) in the AngTI-treated rats by reversing the increased 

contraction and decreased relaxation. Metformin treatment also increased eNOS 

phosphorylation at serll77. 

Conclusions: Metformin treatment increased eNOS phosphorylation and improved 

erectile function in Angll hypertensive rats by re-establishing normal cavernosal smooth 

muscle tone. 

Introduction 

llypertension is considered a risk factor for a \ ariety of other cardiovascular 

conditions, and has been demonstrated to contribute to the development of ED. In fact , 

some studies demonstrated that while the occurrence of ED in the general population is 

estimated at 9.6%, 30% of hypertensive patients have ED24
·
25

• ED is recognized by the 

World I Icalth Organization as a quality of life disorder that needs to be treated 26
. ED is 

now considered a disease which goes beyond life satisfaction and frustration; it is a 

warning sign for cardiovascular disease (CVD) and an indicator of overall endothelial 

dysfunction. Recent studies suggest that ED may be a clinical biomarker or a "warning 

sign" for underl)'ing CVD, given that these two conditions frequently co-exist, with 

symptoms of FD presenting before the discover} of CVD 27
"
30

. Other evidence suggests 

that FD increases in prevalence with aging and se\erity of CVD 7
. A common 

denominator in both hypertension and ED is the presence of endothelial dysfunction, 

which is characterized by decreased nitric oxide (NO) production and/or bioavailability 

and increased superoxide (0"2) production. In addition, there is a marked decrease in 
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endothelium-dependent vasodilation and/or increases in endothelium-dependent 

contraction 29
•
3

1.
32

. 

A central player in hypertension and endothelial and vascular dysfunction is 

angiotensin II (Angll), which is the main effector of the renin-angiotensin-aldosterone 

system (RAAS). AngiJ is vital to the regulation of salt and water homeostasis, and 

therefore a main contributor to blood pressure. Ilowcver, increased Angii levels have 

been shown to induce excessive vasoconstriction, endothelial dysfunction and vascular 

remodeling, and to promote insulin resistance. Noticeably, all these characterize a 

variety of diseases such as atherosclerosis, hypertension and diabetes. In addition, new 

evidence demonstrates a role for the RAAS system in penile tissue, suggesting that Angii 

itself may modulate penile function, with excessive production and dysfunctional 

signaling leading to ED 33
"
35

• 

Traditionally, Angll was considered to work in an endocrine manner; however, 

paracrine actions of Angii have been discovered , with local tissues and organs producing 

Angll in concert with its cognate receptors, AT1 and AT2 
36

. Activation of the AT1 

receptor leads to the stimulation of nicotinamide adenine dinucleotide phosphate 

(NADPII) oxidase. This enzyme is central in the production of reactive oxygen species 

(ROS). ROS are known to be detrimental to the endothelium and smooth muscle due to 

the direct scavenging of available NO necessary for vasorelaxation, as well as its ability 

to contribute to vascular damage 37
. Furthermore, ROS can also stimulate the RheA/Rho

kinase pathway leading to parallel increases in vasoconstriction 38
"
41 . 
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Metformin is an oral biguanide classically used for the treatment of diabetes 70
. In 

addition to its anti-hyperglycemic role, metformin was shown to lower blood pressure in 

hypertensive patients and animals as well as improving vascular and endothelial function. 

Furthermore, metformin has been suggested to possess anti-inOammatory and anti

oxidative properties 4447
•
7 1

. Recently, a paper by Kim et a/. has shown that rnetformin 

treatment restored the penile expression of eNOS and nNOS in rats fed a high fat diet 72
. 

This makes metformin a candidate for use in the treatment of Angll-mcdiated ED. In this 

study, we hypothesize that chronic AngTI treatment leads to ED through increased 

cavernosal contractility, and that treatment with metformin will restore erectile function 

in an Angll model of ED. 

Methods 

Animals 

Male Sprague-Dawley (SD) rats ( 12-14 weeks old, Harlan Laboratories, 

Indianapolis, IN, USA) were used in the present studies. All procedures were performed 

in accordance with the Guiding Principles in the Care and Use of Animals and approved 

by the Georgia I Iealth Sciences University Institutional Animal Care and Usc Committee 

(IACUC). The animals were housed four per cage on a 12-h light/dark cycle and fed a 

standard chow diet with water ad libitum. 

Surgical procedures and osmotic mini-pump (Alzet, Durcct Corp Cupertino, CA, 

USA) implantation were performed using isoflurane anesthesia (4% isoflurane in 10% 

oxygen [02]) under sterile conditions. Rats were infused with Angll (70 ng/minute) for 4 

weeks or sham surgery performed 39
. Each group of rats, Angll-treated and sham, were 
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divided into 2 sub-groups: metformin-treated and vehicle-treated. Metformin (500 

mglkgld) was dissolved in water and administered orally (via gavage) for the last 7 days 

of Angll infusion 39
·'". 

8/ggd (}fucose Measurement 

Rats were fasted for 5-6 hours, and blood was drawn from the tail vein. Glucose 

was measured by a commercially available glucose meter (Accu-Check Active, 

Indianapolis, IN, USA) 73
. 

In vivo measurement o{/ntracavemosal Pressure/Mean A rterial Pressure 

Changes in intracavernosal pressure (ICP) in response to electrical stimulation of 

the major pelvic ganglion were assessed in sham and treated animals, as previously 

described 73
"
75

. Animals were anaesthetized with 4% isoflurane in 10% 02 To monitor 

and calculate mean arterial pressure (MAP) and ICP, the left femoral artery and the right 

crura were cannulated with polyethylene (PE)-1 0 tubing tied with 6-0 silk suture. This 

was fitted to a heparinized saline-filled pressure transducer. The major pelvic ganglion 

was accessed via a midline incision and stimulated with bipolar silver electrodes. ICP 

changes were monitored in response to 0.2-20 I Iz (5 ms pulses at 6 V). The stimulation 

for each frequency lasted 45 s. ICP and arterial pressure were converted from analog to 

digital signals and transmitted to a data-acquisition program (Chart software, version 5.2; 

ADI Instruments, Colorado Springs, CO). The erectile response was calculated using 

maximum ICP response at each stimulation frequency normalized to MAP at the time of 

ICP measurement 73
•
74

. 
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Ftmctional studies in cavem osal strips 

After carbon dioxide (C02) euthanasia, penes were excised, transferred into ice

cold physiological salt solution ([PSS], 130 mM NaCI, 14.9 mM NaHC03, 5.5 mM 

dextrose, 4.7 mM KCI, 1.18 mM KH2P04, 1.17 mM MgS04·71 hO. 1.6 mM CaCh·2H20, 

and 0.026 mM cthylcnediaminetetraacetic acid [EDT A]), and dissected to remove the 

tunica albuginea, as previously described 73 •7~. A single strip preparation was obtained 

from each corpus cavcmosum. Cavernosal strips were mounted in 4-mL myograph 

chambers (Danish Myo Technology, Aarhus, Denmark) containing buffer at 37°C 

continuously bubbled with a mixture of 95% 02 and 5°/o C02• The tissues were stretched 

to a resting force of 3.0 milli-newtons (mN) and allo\ved to equilibrate for 60 minutes. 

Changes in isometric force were recorded using a Pov.erLab 8SP data acquisition system 

(Chart software, version 5.0; ADinstruments, Colorado Springs, CO, USA). After 

stabilization, tissues were contracted with high potassium chloride (KCI) solution ( 120 

mM) to veri!} the contractile ability of the preparations. 

Concentration-response curves (CRC) to phenylephrine (PE) ( l OnM to lOO!lM) 

were performed to determine cavernosal contractility. Electric field stimulation (EFS) of 

cavemosal strips was used to assess nerve-mediated contractility. EFS was applied to 

strips placed between platinum pin electrodes attached to a stimulus splitter unit (Stimu

Splitter II) and connected to a Grass S88 stimulator (Astro-Med West Warwick, RI). 

I· FS was conducted at 20 V, 1-ms pulse width and trains of stimuli lasting 10 sat varying 

frequencies (I to 64 Hz). To evaluate adrenergic nerve-mediated responses, strips were 

incubated v.ith L-NAME (1 0-1 M) plus atropine (I o·6 M) before EFS was performed 73
•
74

. 
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Drugs and solutions 

Atropine, 1\P -nitro-1-arginine methyl ester (L-NAME) and PE were purchased 

from Sigma Chemical Co. (St. Louis, MO, USA). Stock solutions were prepared in 

deionized water, and stored in aliquots at -20°C; dilutions were prepared immediately 

before usc. Metformin was purchased from MP Biomedicals. 

l)ata analysis and statistical methods 

For PE, concentration-response curves (CRC) were fitted using a nonlinear 

interactive fitting program (GraphPad Prism, Graph Pad Software Inc., San Diego CA), 

and values expressed as a difference between basal tone and force generation (in mN). 

Maximum responses are expressed as (Ema,). Curves performed to EFS were plotted as 

force generation (in mN) for each voltage point. Data arc expressed as means±SEM (n), 

\\here n is the number of experiments performed. Statistical analysis of agonist CRCs 

was performed using the F-test for Enta' values obtained from best-fit analysis. Statistical 

analysis of EFS curves was performed by using repeated measures one-way analysis of 

variance (ANOVA), with a post-hoc Bonfcrroni's test, for comparison between the 

groups. ICP/MAP values were assessed for statistical significance using two-way 

ANOVA, with post-hoc Bonferroni's test. Blood glucose, body weight and blood 

pressure were analyzed using one-wa) ANOVA test. Values of p<0.05 were considered 

statistically significant difference. 

Rc ults: 

Effect of A ngll and metformin 011 metabolic parameters and mean arterial pressure: 

Angl I infusion significantly increased blood pressure compared to sham-treated 

rats. Treatment ""ith metformin had no effect on MAP in sham rats. Although AngJI rats 



25 

treated with metformin remained hypertensive, metfonnin treatment significantly 

attenuated MAP in Angll-treated rats, but did not normalize it back to normal levels 

(Figure 1 A). 

Angii infusion caused a mild hyperglycemia in rats treated with Angll for 4 

weeks when compared to sham rats. Treatment with metformin normalized blood glucose 

levels in Angll-treated rats, without significantly affecting blood glucose levels in sham 

rats (Figure 1 B). 

Angll-infused rats exhibited a significant decrease in body weight compared with 

sham animals, an effect which has been shown in previous studies 76
• Also. treatment 

with metformin caused a significant decrease in body weight in sham animals. Previous 

studies have also shown that metformin treatment was associated with decreased body 

weight 45
•
55

. However, metformin did not lead to significant change in body weight in 

Angii-treated rats (Figure I C). 

Metformin treatmeut improves erectilefuu ctiou iu Ang/1-iufused rats: 

Measuring ICP upon stimulation of the pelvic ganglion, which was then 

nonnalized to MAP, was used to assess erectile function 73
•
74

. Upon activation of the 

major pelvic ganglion, NO and other neurotransmitters are released into the vascular 

tissues of the penis, where they interact with smooth muscle cells and endothelium. The 

end result of these concurrent events is relaxation of the blood vessels leading to a 

dramatic increase in penile blood Oow. Concomitantly, relaxation of the trabecular 

smooth muscle increases the compliance of the sinusoids and facilitates rapid filling and 

expansion of the sinusoidal system against the tunica albuginea resulting in a veno

occlusive mechanism preventing venous outOow. The trapped blood within the corpora 
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cavernosa produces the erect state of the penis, which is associated with an increase in 

intracavernous pressure 77. To determine the effects of metformin treatment alone, we 

assessed the erectile function in sham rats treated with metformin; we did not observe any 

differences when compared to sham rats treated with vehicle. These data suggest that 

metformin treatment does not affect erectile function in healthy rats (Figure 2). 

Angll infusion impaired erectile function when compared to animals receiving 

sham surgery, which is in accordance with a previous study published in 2008 by Jin and 

colleagues 39
. This impairment was characterized by a decrease in the maximum 

ICP/MAP response in Angll-treated rats when compared to sham animals. Metformin 

treatment signi licantly increased MaxiCP leading to improvement of the erectile response 

in Angll-treated rats (Figure 2). Metformin treatment alone did not affect either MAP or 

erectile function in sham rats. We next wanted to explore the mechanism through which 

Angll causes ED and how metformin may be improving erection in Angii-treated rats. 

Metformin treatment reversed the Ang/1-iucreased phenylephrine (PE)- and electric 

field stimulation (EFS) -mediated contraction in the corpus cavem osum: 

To determine the mechanism of the Angll-mediated decrease in erectile function, 

cavernosal reactivity was assessed in Angll-treated and sham rats. We first determined 

adrenergic receptor activation in cavernosal smooth muscle cells by performing a CRC to 

PE. In cavernosum from Angll-infused animals, we observed a signilicant increase in 

maximum contraction (Emax) compared to corpus cavernosum from sham rats [Emax5.492 

± 0.332 mN in An gil vs Emax3. 764 ± 0.14 1 in sham (Figure 3A)]. Considering that the 

penile erectile response is under neuronal control, it was important to assess the 

contractile response induced by EFS. Cavcrnosal strips were incubated with the NOS 
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inhibitor, L-NAME (0. I mM), and the muscarinic antagonist, atropine (I llM) to evaluate 

adrenergic nerve-mediated responses. We observed that cavernosal strips isolated from 

Angll-treated rats exhibited a significantly increased contractility when compared to 

corpora cavernosa from sham surgery rats (Figure 38). These data suggest that a 

mechanism by which Angll may cause ED is via increased cavernosal smooth muscle 

contraction. 

Metformin treatment restored contraction of the corpus cavernosum in response to 

PE (Figure 3A) and EFS (Figure 38) to normal levels, returning the responses to sham 

levels. These data suggest that metformin treatment can reverse Angll-induced ED, as 

well as decrease the contractility of the corpus cavemosum smooth muscle. 

Metformin treatment improved NANC relaxation of corpus cavemosum from Angii

treated rats. 

NANC stimulation resulted in a frequcnc) -dependent relaxation in rat corpus 

cavemosum. The nitrergic-mediated relaxation in corpus cavernosum isolated from 

Angll-infused rats in response to electric field stimulation was decreased when compared 

to sham animals (p<0.05). r lowever, when compared to corpus cavernosum isolated from 

Angll-infused rats, treatment with metformin improved and restored the NANC-mediated 

relaxation in corpus ca\emosum. 

ERKJ/2 pltospltorylation is increased in the corpus cavem osum of Ang/1-treated rats. 

Corpus cavernosum isolated from Angfl -infused rats exhibited a significant 

mcrease in phosphorylation of ERK I /2 when compared with that from sham rats. 

ERKI 2 phosphor) lation in Anglf-infused rats tended to decrease with metformin 



28 

treatment, although these results were not statisticaJiy different from the sham and Angll

infused groups (Figure 5). 

Increased AMPK phosphorylation correlates with an increase in eNOS 

phosphorylation with metformin treatment with no effect on nNOS expression 

Interestingly, Angll infusion alone significantly increased phosphorylation of 

AMPK, which has been shown to be upstream of eNOS. Co-treatment with metformin 

also increased AMPK phosphorylation at threonine 172 residue. However, there was no 

significant difference between the Angll only and the Angii + metformin-treated groups 

(Figure 6). Angll treatment did not affect eNOS phosphorylation at serine 1177 in the 

corpus cavemosum; however, co-treatment with metformin significantly increased eNOS 

phosphorylation at ser 1177 (Figure 7). Neither AngiJ alone nor co-treatment with Angll 

and metformin affected nNOS expression in the rat corpus cavernosum. These data 

suggest that metformin treatment leads to the activation of eNOS in the cavemosum, 

possibly increasing NO bioavailability, thus decreasing contractility and increasing 

relaxation. 

Discussion 

In the present study, we investigated the effect ofmetformin on a model of Angll

induced ED. We found that metformin treatment improved erectile function in an Angll 

hypertensive model of ED and reversed Angll-mediated increases in corpus cavemosum 

contractility. Angii infusion caused a significant increase in MAP and treatment with 

metformin attenuated the Angll-induced hypertension in rats, whereas it did not affect 

MAP in the sham rats. These results corroborate other studies showing that metformin 

does not affect arterial pressure in normal subjects 71
•
78

• However, its anti-hypertensive 
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effects have been reported in hypertensive patients and vanous hypertensive animal 

models 44
•
71

·
79

·
80

. In this study, we found that metformin treatment decreased body weight 

in sham rats, which is an effect that has also been well documented in previous 

publications 45
•
55

. Additionally, Angll infusion also resulted in reduced body weight when 

compared to sham rats, which has also been demonstrated by other investigators 76
·
81

. 

llowever, there was no further reduction in body weight in those animals co-treated with 

metformin. Similar results were observed in published clinical trials where a reduced 

blood pressure was observed without a consequent change in bod> weight 79
•
82

. We also 

observed that Angll infusion caused a mild hyperglycemia. In clinical and 

pharmacological studies, investigators ha\e recently shov.n that Angii is a critical 

promoter of insulin resistance and can induce type II diabetes mellitus, which both are 

also risk factors for ED 83
-
86. The proposed mechanism for Angll-induced hyperglycemia 

is \ia actions on insulin-sensitive tissues such as liver, muscle and adipose tissue, where 

it modulates the acti\ity of various signaling molecules downstream of the insulin 

signaling pathway 83
•
85

. We found that metformin treatment was able to restore blood 

glucose to normal levels in Angll-treated rats, in accordance with its anti-hyperglycemic 

and insulin-sensititing action 79
•
87

-
89

. Metformin did not affect blood glucose level in 

sham animals. 

Since metformin treatment did not affect metabolic parameters or MAP, as well 

as having no discernible effects on erectile function, we further investigated the effects of 

metformin treatment in Angll-treated rats. It became important to determine the 

mechanism by v.hich mctformin reversed the Angll-induced ED. Previous studies have 

shown that excessive production of AngiT is associated with ED 34 38
·
39

•
90

. Studies have 
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also shown that Angll levels are increased in the cavernous blood of patients with ED, as 

compared with healthy subjects 34. Jin eta/. demonstrated that Angll infusion (70nglmin 

for 4 weeks) also caused ED in rats, and they proposed a mechanism through which 

AngiJ may lead to ED 39·91 , postulating that increased Angii leads to an increase in 

NADPH oxidase activation and NADPTI oxidase-dependent ROS generation via the AT1 

receptor. Increased ROS generation, in turn, activates RhoNRho-kinase signaling, thus 

inhibiting eNOS. This process results in increased cavernosal smooth muscle contraction, 

contributing to the pathogenesis of ED 91 . llere we reveal that Angll infusion increased 

ERK I /2 phosphorylation, which has been pre\ iously shown to be do·wnstream of AT 1 

receptor activation. Furthermore, active ERK I /2 (phosphor-ERK I /2) was shown to be 

elevated in the corpus cavernosum of patients with ED when compared to those patients 

with normal erectile function 92
. Also, data from our laboratory have suggested a role for 

ERK 112 in increased contractility of corpus cavernosum from DOCA-salt hypertensive 

mice 93. Taken together, the increased ERK l/2 phosphorylation in corpus cavemosum 

from Angii-treated rats may thus provide an explanation to the observed increase in 

corpus cavemosum contractility of the Angll-infused rats. 

Metformin is usually prescribed as an oral anti-diabetic drug; however, recent 

studies have shO\\n that metformin can also be beneficial be}ond its anti-hyperglycemic 

effects 70. Additionally, metformin treatment \'Vas shown to exert an anti-hypertensive 

effect, to improve vascular and endothelial function in diabetic and hypertensive rats, and 

to prevent oxidative stress as well as exhibiting anti-inflammatory and anti-atherogenic 

properties 4447·71 ·79·94. As mentioned pre\ iously, recent literature re\ ealcd that metfonnin 

treatment restored penile nNOS and eNOS expression in a model of high fat-fed obese 
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rats 55
. These new findings led us to our hypothesis that treatment with metformin would 

restore erectile function in an Angri hypertensive model of ED. Indeed, we have 

observed that mctformin treatment improved erectile function in Angri-treated rats 

without affecting normal erectile function in sham rats. Moreover, the increased 

cavernosal contractilit} observed in the corpora cavernosa of Angll-treated rats was 

reduced to sham levels after metformin treatment, further supporting our hypothesis. In 

addition, this study revealed that metformin treatment also improved NANC relaxation. 

To explore molecular mechanisms through which metformin may exert its beneficial 

effect, corpus ca\crnosum from Angii rats treated v.ith metformin showed decreased, 

although not significant, ERKI/2 phosphorylation. Increased phosphorylation level of 

eNOS at serine 1177, which is associated with an increase of eNOS activity, was also 

observed in Angll hypertensive rats treated with metformin when compared with Angll

infused rats. It is widel} accepted that a mechanism of action of met form in is through the 

acti\ation of AMP-acti\ated protein kinase (AMPK) 95
·
96

• AMPK is a serine/threonine 

protein kinase, which is involved in the regulation of cellular and organism metabolism. 

Of late, researchers have demonstrated the importance of AMPK in cardiovascular 

functions.95•
97 Our data showed that Angll infusion surprisingly led to an increase in 

phosphorylated AMPK, increasing the acti\it} of the enzyme, while treatment with 

metformin further increased AMPK phosphorylation, although these results were not 

significantly different from Angll alone. A recent paper by Nagata el a/ has shown that 

Angll induced AMPK activation in vascular smooth muscle cells and their data suggested 

that AMPK sef\cs as a negative feedback s:ystem in Angii signaling by inhibiting the 

MAPKJERK signaling downstream of AT1R 98
• Taken together, the results described 
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suggest that activation of AMPK by Angll seems to be a compensatory mechanism to 

counteract the negative effects of Angl! in smooth muscle cells. This suggests a 

beneficial effect of AMPK on vascular function. 

Kim and colleagues showed that metformin treatment restored the penile 

expression of NOS, v.hich may be associated with AMPK activation 55
. Also, a 

downstream target of AMPK is NOS. In fact, activation of AMPK was shown to increase 

eNOS phosphorylation at serines 1177633, leading to the activation of eNOS, thus 

increasing NO production 99
"

101
• In this study we did not see an effect of Angll or 

metformin on the expression of nNOS; however, treatment with metformin did increase 

the phosphorylation levels of eNOS at ser1177. This phospho!) 1ation site has been 

demonstrated previously to increase enzymatic activity. Taken together, our data suggest 

that treatment with metformin improved erectile function by improving vascular 

reactivity and counteracting the effects of Angl! on penile tissue. In fact, a recent study 

has shov.n that treatment with metformin in patients with ED reduced insulin resistance 

and improved erectile function 102
. 

Even though outside of the scope of this manuscript, there arc other postulated 

mechanisms through \\hich metformin rna} exert beneficial effects on erectile tissue; for 

example, through the reduction of intracellular production of ROS 94
•
103

• Angll-treated 

rats given apocynin, an NAPDH oxidase inhibitor, have reduced ROS generation and 

improved erectile function, suggesting that NADPII oxidase-derived ROS production 

plays a role in Angll-induced ED 39
. Other reports reveal that mctformin treatment 

decreases Angll-mediated ROS generation to lcYcls similar to the effect of apoC}nin 94
• 

Furthermore, a recent stud} showed that mctformin induces suppression of NADPH 
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oxidase activity in podocytes. Similar to previously published work, we demonstrated 

that metformin treatment increases NO generation, which can prevent Rho-kinase 

activation via inhibition of RhoA translocation to the plasma membrane , thus decreasing 

corpus cavernosum contractility. 15
•
10

". ince a confirmed cellular target ofmetformin is 

AMPK, beneficial effects of metformin can be conferred through the suppression of 3-

hydroy-3-methyglutaryl (I IMG)-CoA reductase. This causes inhibition of isoprenoids 

that are necessary for Rho/Rho-kinase pathway activation 105 Furthermore, AMPK 

activation inhibits fatty acid-induced increases in nuclear factor KB (NF-KB) trans

activation and cytokine-induced NF-KB activation in vascular endothelial cells, 

suggesting that it has beneficial effects on endothelial innammation induced by 

deleterious stimuli 106
. Finally, metformin was shown to exhibit sympathoinhibitory 

action. Indeed, it has been demonstrated that metformin treatment reduced arterial 

pressure significant!} in obese, hypertensi\e \vomen, possibly through an associated 

decrease in plasma norepinephrine concentration 87
• Another study confirmed that 

metformin infusion has a sympathoinhibitory action, and concluded that metformin 

inhibits peripheral sympathetic nerve activity by a central nervous system site of 

action. 107 This suggests another mechanism by which metformin may exert its effects; 

through a S) mpathoinhibitory action counteracting the S) mpathoe'\citatory effects of 

Angll. It appears that these mechanisms may work together to prevent Angll-induced 

increases in corpus cavernusom contractility, thus improving erectile function. 

We believe that metformin treatment, possibly through activation of AMPK, may 

represent an alternati\IC therapeutic approach for ED associated '' ith insulin resistance, 

diabetes, h)pertension or other pathological conditions where increased endothelial or 
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vascular dysfunction is present. Future studies which seck to determine the effectors 

through which metformin might exert its anti-EO action are necessary and will help to 

elucidate the important players governing erectile function, under both normal and 

pathological conditions. This will further our knowledge in the field of sexual medicine 

and may lead to the development of safe and novel therapeutic approaches to treat sexual 

dysfunction. 
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Figure I. Changes in metabolic parameters am/mean arterial pressure with Augioteusin II 

and metformiu treatments. 

(A) Angll-infused rats were hypertensive, an effect that was attenuated with metformin treatment; 

however, metformin treatment did not affect mean arterial pressure in sham rats. (B) Angll 

treatment resulted in mild hyperglycemia with blood glucose levels significantly higher than 

sham, while met form in treatment restored normal blood glucose levels in Angll rats \\ ithout 

affecting that of sham animals. (C) Angii-treated rats e\hibited a significant decrease in bod> 

'"eight \\hen compared to sham. Treatment with metformin led to a significant reduction in the 

bod> weight of sham rats; ho\\ ever, it did not affect bod} '"eight in Angll-treated rats. Results 

arc mean± SEM (n=4-14). • p<O.OS vs. sham group;# p<O.OS vs. Angll group. 
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Figure 2. Angiotemin 1/ treatment resulted in a decline of erectile ftmction. 

In vivo assessment of maximal JCP/MAP responses to major pelvic ganglion stimulation v.as 

performed on sham and Angll- treated rats. Metformin treatment improves 

d erectile function in Angll-infused animals, v.ith no observed effects in sham rats. Data are 

represented as maximal ICP/MAP. Values represent mean ~ l:.M (n 4-8). • p<O.OS vs. sham 

group; # p<O.OS vs. Angll group. 
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Figure 3. Metformin treatment reduced the increased contractility seen in corpus cavemosum 

from Angll-treated rats. 

(A) Concentration-response curves (CRCs) to phenylephrine (PE) and (B) contraction to electric 

field stimulation (EFS). Contractility was increased in corpus cavernosum of Angll-hypertensive 

rats. Contraction to PE and EFS was restored to normal levels in corpus cavernosum of AngTl 

hypertensive rats treated with metformin. Values represent mean ± SEM (n= 7-8 per group). * 

p<O.OS vs. sham group;# p<O.OS vs. AngiJ group. 
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Figure 4. Metformill improves uitrergic relaxatiou ill Augioteusiu II-treated corpus 

caveruosum. 

Nitrcrgic rcla'\ation induced by EFS was impaired in corpus cavernosum from Angll-

h}pertensive rats. Animals co-treated with Angll and metformin exhibited an improved EFS-

mediated nitrergic relaxation response in cavernosum. Values represent mean ± SEM (n= 4-8 per 

group). • p<0.05 vs. sham group;# p<O.OS vs. Angll group. 
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Figure 5. Angiotensin II increases corporal ERK 112 activity. 

Western blot analysis of phosphory Ia ted (p )-ERK 1/2 and total ER K I /2 expression in cavernosal 

tissue. Angll significantly increases corporal ERK I 2 phosphorylation, whereas metformin 

treatment tended to decrease ERK I 2 phosphorylation. Representative blot of p-ERK 112, total 

fRK I 2: P-actin is shO\\ n in the top panel. Data arc C\presscd as fold of sham expression (n=5-

6). • p<0.05 v~. sham group. 
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Figure 6. Pllospllorylmetl AMPK increased in cavemosum from angiotensin II- am/ 

metformin-treated rats. 

Both Angll and metformin treatment increased AMPK phosphorylation: western blot analysis 

showed an increase in AM PK phospho!) lation \\ ith An gil infusion and \\ ith co-treatment v. ith 

both Angll and mctformin. A representative blot of p-AMPK and total AMPK, with P-actin as 

loading control is shown in the top panel. Data arc expressed as fold of sham expression (n=7-8). 

• p<O.OS vs. sham group. 
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Figure 7. Metformin treatment increased tile pllospllorylation of eNOS at serl 177 without 

affecting nNOS expression. 

Wc~tcrn blot anal)'sis shov.ed that \\hile Angll did not affect the phosphor} lation of eNOS, co-

treatment with Angtt+metformin significantly increased the phosphorylation of eNOS. Neither 

treatment affected the expression of nNOS. Representative blots arc shown in the top panel. Data 

arc expressed as fold of sham expression (n 6-8). • p<0.05 \'S. sham group; # p<0.05 vs. Angll 

group. 



B. Extracellular signal-regulated kinase 1/2 activation contributes to increased 

contraction and decreased relaxation in pudendal arteries from angiotensin II 

hypertensive rats. 

Abstract 

42 

Introduction: lncreased angiotensin II (AngiJ) levels were shown to be associated with 

hypertension as well as erectile dysfunction (ED). Decreased endothelium-dependent 

vasodilation and enhanced contractility to contractile stimuli is a hallmark of 

hypertension and r ~D. The pudendal artcl) (PA), a major blood supply to the perils, plays 

an important role in erectile function, and inadequate blood Oow to the penis due to 

functional abnormalities associated with hypertension and may contribute to Angll

associated ED. 

Aim: Given the importance of the PA in controlling penile vascular resistance and thus, 

erectile function, the goal of this study is to test the hypothesis that increased circulating 

Angll levels result in diminished relaxation and enhanced contractility of the PA. 

Methods: PA isolated from male Sprague Dawley rats either implanted with mmt

osmotic pumps containing Angii (70 ng/min, 28 days) or undergoing sham surgery were 

mounted in m}ograph chambers. Vascular functional studies \\ere performed to assess 

the contractile and relaxation response to various stimuli. 

Main Outcome Measures: PA isolated from Angll-treated rats exhibit decreased 

relaxation and increased contraction when compared to PA from sham animals. 

Results: Angll infusion resulted in hypertension. PA from Angll-infused rats displayed 

an increased phenylephrine (PE)-mediated contraction, which was partially blocked by 
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ERKl/2 inhibition. Also, PA from hypertensive rats exhibited diminished relaxation to 

acetylcholine as well as the phosphodiesterase 5 inhibitor sildenafil when compared to 

those of sham rats. 

Conclusions: These data suggest that increased circulating Angll levels result in a 

diminished endothelial and vascular function of PA, and this negative effect may result 

from an activation of ER.K I /2 pathway in this vascular bed. 

Introduction 

Hypertension is an important risk factor for ED; in fact, it is estimated that 30% of 

hypertension patients have ED, and the prevalence of hypertension in men with ED is 

41.6% 108
. II} pertension is also considered a risk factor for a variety of other 

cardiovascular conditions and has been demonstrated to contribute to the development of 

ED. Erection is dependent upon circulating neurotransmitters, hormones and 

endothelium-derived factors which play a critical role in modulating smooth muscle tone. 

Hence, disturbance of these factors can lead to increases in smooth muscle tone which 

contributes to ED. 

Angiotensin II (Angll), a bioactive component of the renin-angiotensin system 

(RAS), is an important regulator of erectile function. Angll was shown to be present in 

human cavernosal smooth muscle and endothelial cells, and the Angll type-! receptor 

(A Tl R) was identified in rabbit cavemosal endothelial and smooth muscle cells 35
•
109

. 

This receptor, AT! R, is responsible for typical Angll signaling leading to 



44 

vasoconstriction, vascular remodeling and endothelial dysfunction. It has been 

demonstrated that A T 1 receptor blockade improves erectile function 110
• Furthermore, it 

was shown that Angll levels in the cavernous plasma were higher in the detumescence 

phase than in the rigidity phase, with S}Stemic Angll levels being lower than those 

detected in the cavernous blood 34
. In the penis, Angll modulates not only the tone of 

human penile arteries, but also the trabecular smooth muscle 111
"
112

• A recent study by Jin 

et a/. revealed that Angll-infusion in rats caused ED through the activation of NADPI I 

oxidase, resulting in increased reactive oxygen species (ROS) generation 39
. ROS is 

known to be detrimental to the endothelium and smooth muscle due to the direct 

scavenging of available nitric oxide (NO) necessary for vasorelaxation. 

Numerous studies have focused on the functional and structural effects of 

systemic hypertension, and Angl I in particular, on the end organ \\ hich is the penis; 

however, only a fc\\ studies ha\e focused on the vasculature suppl} ing and controlling 

blood tlo\\ to the penis. Indeed, Manabe e/ a/. have shown that the pudendal artel) 

contributes approximately 70% of the total resistance of the penile vasculature 8
. Despite 

its importance, there are only few studies characterizing the role of pudendal arteries in 

both male and female sexual function 113
•
116

. More studies arc necessary to understand the 

effects of hypertension and other risk. factors such as diabetes on the pudendal arter} 's 

function and how this blood vessel may affect overall erectile function. 

Infusion of Angll \\aS shovm to cause ED in rats, as well as increased contraction 

and decreased rela'\ation of the corpus ca\ ernosum in mice 39
'
117

. However, whether 

Angll infusion affects pudendal artel) function has not been studied. The current stud) 
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sought to elucidate the effects of hypertension, in particular increased circulating levels 

of Angll on pudendal artery function. We hypothesize that the pudendal artery will 

exhibit an increased contractility and decreased relaxation resulting in decreased blood 

flow to the penis, thus contributing to Angll-mediated EO. 

Methods: 

A nimals 

Male Sprague-Oawley (SO) rats ( 14-16 weeks old, Jiarlan Laboratories, 

Indianapolis, IN, USA) were used in these studies. All procedures were performed in 

accordance with the Guiding Principles in the Care and Use of Animals and approved by 

the Georgia llealth Sciences University Institutional Animal Care and Use Committee 

(IACUC). The animals were housed tv.o to three per cage on a 12-h light/dark cycle and 

fed a standard chov. diet with water ad libitum. 

Surgical procedures and osmotic mini-pump (Aizet, Durect Corp Cupertino, CA, 

USA) implantation were performed using isoflurane anesthesia (4% isoflurane in 10% 

oxygen [02]) under sterile conditions. Rats were infused with Angll (70 ng/minute) for 4 

weeks or sham surgery was performed 39
. 

Mean arterial pressure measurement 

At the end of 4 weeks, animals \\ere anesthetized \\ ith 4°/o isoflurane in 10% 0 2 

to monitor mean arterial pressure (MAP) 30 min after stabilization; the left femoral artery 

\\aS cannulated \\ ith polyethylene (PE)-1 0 tubing tied with 6-0 silk suture. This tubing 

was fitted to a heparinized saline-filled pressure transducer. Arterial pressure was 
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converted from analog to digital signals and transmitted to a data-acquisition program 

(Chart software, version 5.2: ADI Instruments, Colorado Springs, CO). 

Functional studies in pudendal arteries 

After carbon dioxide (C02) euthanasia, pudendal arteries were excised, 

transferred into ice-cold physiological salt solution ([PSS], 130 mM NaCI, 14.9 mM 

NaiiC03, 5.5 mM dextrose, 4.7 mM KCI, 1. 18 mM Kl hP04, 1.17 mM MgS04·?H20, 

1.6 mM CaCh·21120, and 0.026 mM ethylcnediaminetctraacetic acid (EDTA), and 

dissected to remove the loose connective tissue and fat as previously described 114
• The 

arteries were then cut into 2mm segments and mounted on wire myographs in 5 ml 

chambers (Danish Myo Technology, mAarhus, Denmark) containing buffer at 37°C 

continuously bubbled with a mixture of 95°/o 0 2 and 5°/o C02• The tissues were stretched 

to a resting force of 2.0 millinewtons (mN) and allowed to equilibrate for 60 minutes. 

Changes in isometric force were recorded using a PowcrLab/8 P data acquisition system 

(Chart software, version 5.0; ADlnstruments, Colorado Springs, CO, USA). Rings were 

allowed to equilibrate for a period of 45 to 60 min. Arterial and endothelial integrity was 

assessed by contracting with the thromboxane agonist U-46619 (I o·6M) followed by 

relaxation with acetylcholine (ACh, I o·5 M). Concentration-response curves (CRC) to PE 

( 10"9M to I 0-4M), ACh ( 10"9M to I 0-4M), sodium nitroprusside (SNP) ( 10"9M to 10-4M) 

and sildcnaftl (I o·9M to 10·5 M) \\ere performed. 

Drugs and Solutions 

Atropine, 1\f' -nitro-1-arginine methyl ester (L-NAME), sildenafil citrate and PE 

\\Crc purchased from Sigma Chemical Co. (St. Louis, MO, USA). Angll was purchased 
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from Phoenix Pharmaceutical. PO 98059 and SB 203580 were purchased from 

Calbiochcm (San Diego, CA, USA). Stock solutions were prepared in deionized water or 

dimethyl sulfoxide and stored in aliquots at -20°C; dilutions were prepared immediately 

before use. Stock solutions originally diluted in DMSO were used with a final 

concentration of less than 0.003% v/v in the muscle bath; this concentration has been 

demonstrated to have no effect on vascular reactivity. 

Data analysis and statistical methods 

For PE concentration-response curves (CRC), data were fitted using a nonlinear 

interactive fitting program (GraphPad Prism, Graph Pad Software Inc., San Diego CA), 

and values expressed as percent of the U-466 19 contraction (in%). Ma'<imum responses 

are expressed as Ernnx or Rmax· Data arc expressed as means±SEM (n), where n is the 

number of rats. tatistical analysis of agonist CRCs was performed using the F-test for 

£013, or R013, and EC~o \alues obtained from best-fit analyses. Body weight and blood 

pressure \\ere anal}zed using Student's /-test for significance. Values of p<0.05 were 

considered a statistically significant difference. 

Results: 

Effect of A ngll on blood pressure and body weight 

At 4 \\ecks after surgery, infusion of Angll significantly increased mean arterial 

pressure in rats infused \\ith Angll \\hen compared to sham rats (175 ± 8 mmHg vs 91 ± 

2 mmllg respectively, P<O.Ol, Figure 8A). At the end of the study, there was an observed 

decrease in body \\eight (BW) of those rats treated with Angii as compared to the sham 

animals (328 II g vs 427 ± 8 g respective!}, p<O.OOOI, Figure 88). 
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Ang/1 treatment increased contractility of the pudendal artery to PE 

PE (I o·9 to I 0"4M) caused a concentration-dependent contraction in pudendal 

arteries from both groups, although the EC50 values were not significantly different 

between groups (FC50 -6.72 ± 0.06 in sham vs -6.67 ± 0.15 in Angll rats), the pudendal 

arteries from Angll infused rats exhibited a significant increase in maximal contraction 

when compared to those from sham animals ( Emax = 519.4 ± 27.18% vs 223.1 ± 4.47% 

respectively, P<O.OOO l, Figure 9). 

p38 MA PK inhibition did not affect the pudendal artery response to PE in both groups. 

Pre\ ious studies have shov.rn that inhibition of p38 MAPK using SB 203580 

prevents Angii-induced augmented contractility in murine corpus cavemosum 117
• To 

investigate whether p38 MAPK may play a role in the increased contractility of pudendal 

arteries from Angll-treated rats, rings were incubated with the p38 MAPK inhibitor SB 

203580. Inhibition of p38 MAPK did not affect maximal contraction in either group (Emax 

= 238.5± 4.2 °/o in sham vs Emax - 242:1.. 5.2 °/o in sham + SB 203580, and Ema' = 519.4± 

27.2 % in Angll vs 486.3 ± 31.6 % in Angll+ SB 203580). There was no significant 

effect of treatment with the SB compound on ECso in any group (ECso -6.75 ± 0.05 in 

sham vs -6.58 ± 0.06 in sham + SB 203580, and ECso -6.67 ± 0.15 in Angll vs -6.19 .±-

0.17 in AngJI ~. B 203580, Figure I 0). 

ERKJ/2 inhibition significantly decreased the contractility of pudendal arteries f rom 

Angll-infused rats 

To investigate the role of other MAPKs in the contractile response to PE, CRC 

\\ere performed in the absence or the presence of the ERK 1 2 inhibitor: PD 98059. A 

significant decrease in maximal contraction to PE was observed when pudendal arteries 
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were incubated with PO 98059 (Emnx 519.4 ± 27.2 % in Angll vs 387.8 ± 18.2% in 

Angll + PO 98059, p<O.OO 1 ); however, there was no significant difference between the 

EC5o values from Angll and Angll + PO 98059 (EC5o -6.67 ± 0.15 vs -6.33 ± 0.13 

respectively). On the other hand, while PD 98059 did not affect maximal contraction to 

PE in pudendal arteries from sham animals (Emax 230.3 ± 5.2 °/o in sham vs 228± 5.9 °/o 

in sham + PO 98059), it significantly decreased the sensitivity to PE (ECso -6.71 ± 0.07 in 

sham vs -6.43± 0.07 in sham+ PO 98059, figure II). 

A ng/1 treatment induced a decrease in endothelium-dependent relaxation 

Increased circulating Angll levels have been shown to affect endothelial function 

in various vascular beds 59
. To investigate whether Angll infusion affected endothelial 

function in pudendal arteries, we performed CRCs to ACh and the NO donor sodium 

nitroprusside (SNP). Pudendal arteries from Angll hypertensive rats exhibited a 

significant decrease in the maximal relaxation to ACh when compared to sham pudendal 

arteries (Rm3,=71.39 ± 2.55% \'S 88.25 ± 2.90% respective!), p<O.OOI), whereas there 

was no difference in the ECso values between the two groups (ECso -6.65± 0.09 vs -6.47 ± 

0.1 0, Figure 12/\). Endothelium-independent vasodilation induced by the NO donor SNP 

was not significant!) different between the t\\O groups (Rma' 70.09 ..1: 5.46 % in sham vs 

Rma' 59.80- 6.24 %in the Angii group). Also, there \\as no significant difference in the 

sensitivity to SNP (EC50 -6.19± 0.08 in sham vs -6.15 ± 0.10 in Angll group, Figure 

128). 
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A ngll treatment decreased relaxation to the PD£5 inhibitor Sildenafil: 

Increased circulating levels of Angll are associated with increased expression and 

activity of PDES, reducing cyclic GMP available for vasorelaxation 118
• Furthermore, it 

was shown that Angll increases PDES expression in vascular smooth muscle cells, and 

this effect was ERKI/2-dependent. To further investigate the effects of Angll on PDES 

activity, CRCs were performed to the PDES inhibitor, sildenafil. CRCs to sildenafil (I o·9 

to l o·4 M) were performed in pudendal arteries isolated from both sham and Angll

hypertensive animals. Pudendal rings from Angll-treated rats exhibited a decreased 

relaxation response to sildenafil v.hen compared to sham rats arteries (Rma,=66.75 ± 2.09 

% vs 86.84 ± 2.19°/o respectively, p<O.OOO l ). However, there was no difference in the 

EC50 values between the groups (ECso -7.82± 0.08 in sham vs -7.95 ± 0. 10 in Angll , 

Figure 13). 

Discussion: 

To date, the vast majority of research investigating the mechanisms of ED has 

focused on the corpus cavernosum. Few studies have focused on the pudendal arteries 

that suppl} the penis with blood. These resistance-like vessels have been shown to 

contribute approximate)) 70°/o of the total resistance in the peni le vasculature 8. In this 

study we observed that pudendal arteries from AngiT hypertensive rats exhibited an 

increased contractility when compared to normotensive rats, and that increased 

contractility may result from an activation of the MAPK pathway. Additionally, pudendal 

arteries from AngH h}pertensive rats also exhibited a parallel decrease in relaxation to 

various stimuli (ACh and sildenafil). Our group and others have shown that Angll 
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infusion results in ED 39
• Toque eta/, recently showed that corpus cavernosurn isolated 

from Angll hypertensive mice displayed a decreased relaxation and an increased 

contractile response to the a.,-adrenergic receptor agonist PE. To the best of our 

knowledge, this study is the first to characterize the effects of chronic Angll infusion on 

the reactivit} of the pre-penile vasculature. 

An gil, the predominate bioactive component of the RAS system, plays a role in 

the maintenance of systemic blood pressure through various mechanisms in the 

cardiovascular and renal systems; indeed, increased circulating levels of Angll were 

shown to cause h} pertension 59 119
. A recent stud} showed that, in addition to 

hypertension, Angll infusion resulted in ED 39
. Furthermore, we and others have shown 

that chronic infusion of Angll is associated with increased contractility in various 

vascular beds as well as in the corpus cavemosum 117
•
119

• In this study, our data 

demonstrate that pudendal arteries from Angll h)'pertensive rats exhibited an increase in 

a. 1-adrenergic receptor stimulation \\hen compared to those from sham animals. 

The mitogen-activated protein kinascs (MAPK) are a group of serine/threonine 

protein kinascs \\hich play an important role in various cellular process 120
. Of the MAPK 

family, ERK I '2 and p38 MAPK arc the best characterized. It is accepted that activation 

of MAPKs b} Angll in vascular smooth muscle cells (VSMC) is associated with 

hypertension 121 • 123• Recently, investigators revealed that Angii- induced activation of 

p38 MAPK contributed to endothelial dysfunction in the corpus cavcrnosum. However, 

in this present stud} we did not obsene an} difTerences in pudendal artery contraction 

after p38 MAPK inhibition with SB 203580, between the Angll and sham groups. These 
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data suggest that p38 MAPK might not play a role in the increased contractility of Angii 

pudendal arteries, in this model. This is different from the result obtained byToque and 

colleagues , possibly due to the fact that p38 MAPK path\\ay may be tissue- (pudendal 

artery vs. corpus cavemosurn) or animal-specific (rats ~·s. mice). 

Active ERK 1/2 was observed to be elevated in the corpus cavemosurn of patients 

with ED when compared to those patients with normal erectile function 92
. Since 

previous work from our laboratory showed a role or ERK 1/2 in increased contractility of 

corpus cavemosum from DOCA-salt hypertensive mice 93
, we examined the role of 

ERK I '2 in increased contractility in pudendal arteries from Angll hypertensive rat. Using 

PO 98059, inhibition of ER.K 1/2 with PD98059 attenuated the increased contractility of 

pudendal arteries from Angll-treated rats as compared \\ith those incubated with vehicle. 

These data suggest a role for ERK 1/2 activation by Angll in the increased contractile 

response of pudendal arteries from h} pertensive animals. fhe mechanism through which 

ERK 1/2 contributes to increased vascular contraction is not fully elucidated. However, 

ERK 1/2 activation was suggested to regulate contraction through interactions with active 

regulatory proteins, such as caldesmon, or by increasing intracellular calcium (Ca2+) 

levels 1 2~ · 125 • Another suggested mechanism through which Angll- associated ERK 

signaling ma) increase smooth muscle cell contractility is through the regulation of 

intracellular pi I (pi J,) via activation or the a -II e:-.changcr. ·1 he latter results in 

intracellular alkaliniLation leading to an increased Ca2 sensitivit) of the actin-myosin 

compte;.,. 125
. 
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FD can be a result of both abnormal production and/or response to contractile 

stimuli, and a decreased production and or responsiveness to vasodilatory mediators. 

During h) pertension, there is a decrease in NO bioavailability due to either decreased 

eNOS expression, eNOS uncoupling or both, as well as an impairment of the NO 

signaling pathway 126
. Endothelium-dependent NO-mediated relaxation to muscarinic 

agonists such as ACh has been shown in multiple vascular tissues 59
•
117

. Our functional 

data showed a reduction in endothelium-dependent relaxation to ACh in pudendal arteries 

from Angll hypertensive rats. Angll plays an important role in the generation of ROS via 

NADPI I oxidase activation in both VSMC and endothelial cells 127
"
129

• Angii was shown 

to mediate NADPI I oxidase- induced superoxide production, \\hich may trigger eNOS 

uncoupling, leading to impaired NO cGMP signaling and to endothelial dysfunction. The 

same study also demonstrated that infusion of Angll significantly decreased the 

expression of both soluble guanylyl cyclase (sGC) subunits a 1 and P1 130
. Additionally, 

previous studies using an Angll model of ED re\ealed that treatment with apocynin, a 

NADPII inhibitor, improved erectile function in Angll hypertensive rats 
39

. These 

findings corroborate our functional data showing a decrease in endothelium-dependent 

relaxation in pudendal arteries. This process will result in decreased blood flow to the 

penis and decreased intracavemosal pressure promoting ED. Another mechanism through 

\\hich Angll may cause endothelial dysfunction and a decrease in NO bioavailability is 

through the upregulation of arginase protein activit} and expression. Arginase is an 

important regulator of NO signaling as it competes \\ith NOS limiting their shared 

substrate: arginine. Increased arginase expression and activity is associated with 
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impotence in diabetic patients 131
• Angll infusion was shown to enhance arginase protein 

expression and activity in both the aorta and corpus cavernosum 117
•
132

• 

Other important regulator of erectile function is the phosphodiesterase (PDE). In 

the pre-penile and penile vessels, increased 0 results in activation of sGC, which 

increases the intracellular level of cGMP. cGMP activates cGMP-dependent protein 

kinase (PKG), which in turn phosphorylatcs a number of protein and ion channels, 

resulting in relaxation and increased penile blood flow producing an erection. Upon the 

cessation of erectile stimuli, the cGMP is hydrolyzed to GMP mainly by PDES. This 

process limits the cGMP necessary for relaxation, thus resulting in decreased blood flo\\, 

followed b) detumescence 77.!33_ In this study, we sought to investigate the effect of the 

PDES inhibitor, sildenaftl, in pudendal arteries from Angll-hypertensive rats. Sildenafil 

caused a dose-dependent relaxation, v.hich \\as impaired in pudendal arteries from Angll 

h> pertensive rats as compared to those from sham rats. This result v.as not surprising as 

Angll has been previously shown to modulate POE activity. A recent study showed that 

chronic Angll infusion was associated with increased PDES mRNA expression and 

activity 118
• Furthermore, treatment of V MC with AngJI resulted in increased PDESA 

mRNA levels, associated with an increase of both PDES protein expression and activity, 

\\hich was f:RK I 2-dcpendent 13
-1. Again, this corroborates our data suggesting increased 

ERK 112 activity in pudendal arteries isolated from Angll hypertensive rats. 

We recogni/e that other mechanisms may contribute to Angll-induced ED. For 

instance, during hypertension, the increase in wall thickness, decrease in lumen diameter 

and increase in collagen deposition contribute structurally to a non-compliant vasculature 
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7 135. In fact, previous studies have shown that during aging pudendal arteries undergo 

pathological remodeling that is associated with an impairment of erectile function 115
• 

Although in this study we did not look at vascular remodeling, we recognize that Angll, 

which was shown to induce vascular smooth muscle cell proliferation, can contribute to 

ED through morphological changes in pudendal arteries. Further studies are crucial to 

study the effect of Angll and hypertension in general, on the morphology of these arteries 

and how these changes may affect erectile function. 

In summary, our data reveal that a chronic infusion of Angll results in up

regulation of the MAPK pathway, v.,hich increased the contractility of pudendal arteries. 

We found that inhibition of this pathway may improve the responsiveness of these 

arteries to contractile stimuli. Also, we observed that increased circulating levels of Angii 

may contribute to endothelial and vascular d}sfunction through interference with the 

NO/cGMP pathway. These processes may lead to decreased blood flow to the penile 

tissue, resulting in ED. 
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Figure 8. Cha11ges i11 mean arterial pressure a11d body weight. 

A) Angll infusion leads to hypertension: Angll animals e:-.hibit an increased mean arterial blood 

pressure \\hen compared to sham (n=4-5). B) Angll-treatcd rats exhibited a significant decrease 

in bod} weight \\hen compared to sham (n 9). Results are mean ± SEM . • p<O.OS vs. sham 

group. 
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Figure 9. Pudendal artery from angiotensin 11-treated rats exhibit an increased contractile 

re'iponse to pltenylepltrine. 

Responses of pudendal artery to increasing concentrations of PF: PA isolated from Angll-treated 

rats e'\hibited an increased contractilit} to PE when compared to sham rats. Data are expressed as 

%contraction of that induced b} U46619.Data represent the mean :1. SEM ofN = 4. •p < 0.05 

compared with vehicle. 
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Figure 10. Inhibition of p38MAPK did not significantly decrease the contractile response to 

phenylephrine in angiotensin Il-treated rats. 

Responses of pudendal artery to increasing concentrations of PE in the presence or absence of the 

p38MAPK inhibitor (SB 203580): PA isolated from Angll-treatcd rats exhibited an increased 

contractility to PE when compared to sham rats. The inhibition of p38\11APK has similar effects 

in both group \\ith no significant decrease in contractility. Data are expressed as% contraction of 

that induced by U46619. Data represent the mean ± SEM of N 4-8. • P < 0.05 compared with 

vehicle. 



59 

-(1) • Sham ,.... 
~ 600 • Sham + PO 98059 
~ * ::J • An gil 

~450 • Angll + PO 98059 - * s 300 # 
:;::: 
0 

E 150 ... c 
0 
() 0 

-9 -8 

Figure 11. Jultibitio11 of ERK1/2 restores tlte iucreased coutractility see11 i11 pude11da1 arteries 

from augiotellfill 11-treated rats. 

Responses of pudendal artery to increasing concentrations of PE in the presence or absence of the 

FR K I /2 inhibitor (PO 98059): PA isolated from Angll-trcated rats exhibited an increased 

contractilit} to PE when compared to sham rats. The inhibition or ERK 1/2 diminished the 

increased contractility toPE observed in PA from Angll rats. Data arc expressed as% contraction 

of that induced by U46619. Data represent the mean ± SEM of N - 4. • P < 0.05 compared with 

vehicle. 
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Figure 12. Pudendal arteries from angiotensin 11-treated rats exhibit a decreased endothelium-

depmdent relaxation response. 

The effect of Angll on endothelium-dependent and -independent relaxation: PA isolated from 

Angll-treated rats eAhibited a decreased relaxation to ACh compared to sham rats. However, 

there was no significant difference in relaxation to the NO donor SNP. Data are expressed as% 

relaxation. Data represent the mean ± SEM ofN 4-5. * P < 0.05 compared with vehicle. 
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Figure 13. Pudendal arteries from augioteusiu-JJ ltyperteusive rats exhibit a decreased 

relaxatiou relpouse to sildeuafil. 

The effect of Angll on the relaxation to the PDE-5 inhibitor sildenafil: PA isolated from Angll-

treated rats e\.hibited a decreased relaxation to sildenalil when compared to sham rats. Data are 

expressed as 0/o relaxation. Data represent the mean ± SEM orN 4-5. *P < 0.05 compared with 

vehicle. 



C: Nitroxy l anion mediated relaxation in pudendal arteries is soluble guanylyl 
cyclase-dependent. 

ABSTRACT 

62 

Nitroxyl anion, which exists protonated in vivo (HNO), has recently emerged as 

apostulated endogenous signaling molecule in the vasculature. Although still 

controversial, there is significant evidence demonstrating a role for IINO in endothelium-

mediated relaxation in conduit and resistance vessels. Indeed, I INO has also been 

suggested to be an endothelium-deri\ed h> perpolarizing factor (ED II F) due to its ability 

to activate a variety of potassium channels (K+), leading to smooth muscle cell 

hyperpolarization and vasorelaxation. I Iowever, no studies have investigated the role of 

HNO in erectile tissue and function. The penis and pudendal arteries (PA) from male, 

Sprague-Oav.le> rats. aged 14-16 weeks were isolated and used to perform functional 

studies in a myograph. We found that the corpus cavernosum (CC) did not exhibit a 

relaxation response to the l-INO donor, Angeli's Salt (AS), in contrast to the PA, which is 

the main resistance vessel supplying the penis. In addition. our data demonstrate that 

HNO-mediated vasorelaxation ofPA is mediated via acti\ation of voltage-gated K+ (Kv ") 

and large conductance calcium-acti\ated K~ (BK) channels. These data support the 

current literature suggesting HNO to be an EDl lF in resistance vessels. Furthermore, we 

also demonstrated a significant dependence upon soluble guanylate cyclase (sOC) in 

HNO-mediated relaxation. These data demonstrate that I !NO-mediated vasorelaxation 

exhibits a regional heterogeneit}. allov.ing for possible therapeutic intenentions in the 

treatment of ED. 
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KEYWORDS: nitroxyl anion, pudendal artery, erectile function, vasoactive molecules, 

vascular reactivity, corpus cavernosum 

INTRODUCTION 

Nitric oxide (NO) is an intracellular messenger and neurotransmitter that plays an 

important role in the modulation of vascular tone. lt is generated by the conversion of L_ 

arginine to NO and citrulline by nitric oxide synthase (NOS). Upon its release, NO 

activates guanylate cyclase (GC), resulting in increased cellular levels of 3',5'-cyclic 

guanosine monophosphate (cGMP). cGMP in turn activates cGMP-dependent protein 

kinase (PKG) resulting in vasorclaxation. Classicall}. it has been thought that the 

vasodilator effects of NO are a result of the uncharged form of NO. Nonetheless, there 

has been a recent emergence of studies investigating one of its redox variants, nitroxyl 

anion (IINO) 63 . IINO, although described as an anion, exists in the protonated state and 

as a conjugated weak acid in vivo. This scenario gives I lNO specific biochemical 

properties distinct from that of NO, including increased stability and resistance to 

scavenging, making this redox variant an important mediator in vascular signaling. The 

direct conversion of NO to HNO is thought to be high!) unlikely, and there are several 

possible sources for endogenous HNO production 136
•
137

. l lNO has been described to be 

a product of NOS, particularly when 1\0S is uncoupled or during periods of decreased or 

absent tctrahydrobiopterin (BH.,) levels 6-1.
138

. Furthermore, IINO can be produced via the 

oxidation of the NOS intermediates, _N'l-hydroxyl-L-argininc and h)droxylamine 
58

·
60

·
139

. 

There arc also postulated non-enzymatic sources for r I NO, such as reactions of S-
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nitrosothiols with thiols, as well as the reduction of NO by mitochondrial cytochrome C, 

xanthine oxidase and hemoglobin 58
•
140

"
142

. Although the exact derivation of endogenous 

IINO is still being debated, there is considerable evidence that demonstrates HNO as an 

endogenous mediator of vascular function. HNO has been shown to induce 

vasorelaxation in a variety of vascular beds, via divergent mechanisms. which is 

indicative of the distinct biochemistry of IINO as compared to NO. II NO is known to be 

sensitive to scavenging by thiols, whereas NO is not. Like NO, I INO is capable of 

crossing cellular membranes 61
. Moreover, IINO has been shown to interact with both 

ferrous and ferric forms of heme, in contrast to NO which is limited to ferrous heme 

143
•
144

. The literature suggests that both NO and IINO elicit endothelium-derived relaxing 

factor (EDRF) responses in both conduit and resistance vessels. In contrast to NO, there 

is also considerable evidence to suggest that IINO elicits vasodilation through calcitonin 

gene-related peptide (CORP). especially in venous dilatation, whereas NO leads to 

increased accumulation of cyclic guanosine mono-phosphate (cGMP) 145
• Interestingly, 

1-INO has been shown to increase cardiac inotropy through a direct interaction with thiols 

of the ryanodinc receptor and sarcoplasmic reticulum. Remarkably, IINO also induces 

increased lusitropy, giving it potential for heart failure therapies W·l·n. Both NO and 

I INO can induce relaxation in a soluble GC (sGC)-dependent manner. Furthermore. 

considerable evidence re\eals HNO to be an endothelium-derived hyperpolarizing factor 

(EOI IF), given that I INO can directly activate potassium channels (K+). Indeed, 

although the mechanism has yet to be defined, various investigators have shown that 

HNO can induce spreading dilatations 'ia K channel activation and gap junctions. which 

is distinct from that of NO 67 In addition. using single cell and vessel 
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electrophysiological techniques, it was revealed that HNO can induce hyperpolarization, 

which is 4-aminopyridine ( 4-AP) sensitive, suggesting that voltage-gated K+ (Kv +) 

channel activation is a mechanism for I INO vasorelaxation. Kv + channels are not the 

only target of fiNO; IINO has been demonstrated to activate A TP-sensitive K+ (KArP) in 

the rat coronary \lasculature 68
. These data suggest that NO may be a possible 

endogenous EDHF, mediating vasorclaxation previously thought to be attributable to NO. 

Although I INO is emerging as a strong modulator of vascular tone, its role in the 

modulation of erectile function, which depends upon corporal smooth muscle relaxation, 

and vasodilation of penile and pre-penile arteries is not yet studied. Recently, it \Vas 

shown that 70°/o of the total resistance of penile vasculature was located in the pudendal 

artery (PA). fn the present study, we examined the role ofiiNO in endothelium-mediated 

relaxation, as well as the mechanisms of HNO-mediated vasodilation in the PA. Thus, 

this stud) adds to our understanding of the role of this signaling molecule and its 

mechanism of action in erection. 

2. MA TERIALS AND METHODS 

Male prague-Oa\\ley rats ( 14-16 weeks old, Harlan Laboratories, Indianapolis, 

. USA) were used in this stud). Rats \\ere maintained on a 12-hour light/dark cycle, 

housed two or three per cage and allowed access to standard chow and water ad libitum. 

All procedures were performed in accordance with the Guiding Principles in the Care and 

Use of Animals, appro\ed by the Georgia 1 lealth Sciences University Institutional 

Animal Care and Use Committee (lACUC). 
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2. 1 Functional Studies 

After euthanasia with C02, the penis and pudendal arteries (PA) were rapidly 

excised and bathed in ice-cold physiological salt solution (P S) (NaCl 120 mM, KCl 4.7 

mM, KH2P04 1.18 mM, NaHC03 14.9 mM, dextrose 5.6 mM, CaCI2 2H20, 0.06 mM 

EDT A). Increased concentrations of EDT A were used in the PSS buffer to aid in 

preventing the extracellular conversion of HNO to NO. The tunica albuguinea was 

carefully removed from the penis, and the corpus cavernosum separated into strips. 

Cavcrnosal strips were then mounted in a myograph (Danish MyoTech, Aarhug, 

Denmark) 93
•
148

. As previously described, PA were carefully removed, cleaned and 

mounted as ring preparations on two stainless steel wires in a small-vessel myograph 

(Danish MyoTech) 113
. Vessels and cavemosal strips were maintained at 37° C and 

continuously aerated with 95% 02, 5% C02. Ca\ernosal strips were allowed to stabilize 

for at least 45 min, at an optimal passive force of 3.0 mN, while PA were stabilized for 

30 to 45 min. at an optimal passive force of 2.0 mN. After stabilization, tissues were 

contracted with KCI ( 120 mM) solution to determine the reactivity of the vascular 

smooth muscle cells. To determine the viability of the endothelium, contraction was 

stimulated via 10 1-1M phenylephrine (PE) followed by relaxation induced by 10 1-1M 

acetylcholine (ACh). Concentration response curves to AChor Angeli's Salt (AS) in PE

contracted Ycssels were performed in the presence of vehicle or the following inhibitors: 

200 1-1M carbox}-PTIO (C-PTIO, nitric oxide scaYenger), 3 mM L-cysteine (L-C)S, 

nitrOX} I anion scavenger), 1 mM 4-aminopyridine ( 4-AP, K \ channel blocker), 0.1 1-1M 

ibcriotoxin (lbx, BK.ca channel blocker), 10 1-1M TRAM-34 (TRAM34, IKca channel 
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blocker), 0.1 J.tM UCL1684 (UCL 1684, SKca channel blocker). Force measurements 

\\Cre collected using ChartTM Software (ADI Instruments, Colorado Springs, CO) for 

PowerLab data acquisition systems (ADI Instruments). 

2.2. Data analysis and statistical methods 

Agonist concentration-response curves were fitted using a nonlinear interactive 

fitting program (GraphPad Prism, Graph Pad Software Inc., San Diego CA), and values 

expressed as percent of maximal relaxation graphed against increasing molar 

concentrations of agonist. Agonist potencies and maximum response are expressed as 

negative logarithm of the molar concentration of agonist producing 50% of the maximum 

response (EC5o) and maximum effect elicited by the agonist (Rmax), respectively. Non

linear regression analysis was used to determine EC5o values, \\here Rmax \\-aS normalized 

to I 00 percent for calculations. Data are expressed as mean:s:SEM (n). Statistical analysis 

of the concentration-response curves (CRC) v.as performed by using the F test for 

comparisons of best-fit data between groups (EC~o and Rmav.). For CRCs where a best-fit 

analysis could not be performed, absolute Rma' values were averaged and Student's t-test 

performed for significance. In analysis comparing Rmcn values between single doses, one

wa} analysis of variance (ANOVA) was performed, with a Bonferroni's post-hoc test. 

2.3. Drugs 

Acct) !choline (ACh), phen} lephrinc (PE), UCL1684, 1-[(2-

chlorophcn) l)diphen} lmethyl)-1 H-pyrazole (TRAM-34 ). .Vw-nitro-L-arginine methyl 

ester h}drochloride (L-NAME) and L-cysteine were all purchased from Sigma Chemical 

Co. (St. Louis, MO, USA). 4-AP and ibcriotoxin (lbx) were obtained from Tocris 

Bioscience (Ellisville, MO, USA). C-PTIO was obtained from Cayman Chemical. Drugs 
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were dissolved in sterile HPLC grade water or dimethyl sulfoxide. Angeli's Salt was 

prepared using a 0.01 M NaOH solution. Stock solutions originally diluted in DMSO 

were used with a final concentration of less than 0.003% v/v in the muscle bath; this 

concentration has been demonstrated to have no effect on vascular reactivity. 

J.RESULTS 

3.1. Nitroxyl anion induces relaxation in PA, but not corpus cavem osum. 

Although it has been shown that I lNO is an effective mediator of relaxation in 

various vascular beds, there have been no studies investigating the role of HNO in 

erectile function. Interestingly, we observed that cavernosal strips did not relax to HNO. 

except nominally at the highest concentrations (Figure 14-a). However, when CRCs to 

AS were performed in PA, relaxation response to HNO (p<O.OO I, Rmnx -2. 73%±4.1 vs. 

81.80%±6.3, Figure 14b) was observed, which suggests a specific and an important role 

for HNO-mediated relaxation in the PA. 

3.2. Nitroxyl anion contributes to acetylcltoline-mediated rela.:-.:ation responses in 

pudendal arteries. 

Recent studies have suggested that liNO is an EDRF and EDIIF that contributes 

to ACh-mediated vasodilation. Since I lNO-mediated vasorelaxation was observed in the 

PA. it was necessary to determine whether a portion of the endothelium-mediated 

relaxation in PA may be via HNO as opposed to NO. CRCs to ACh were performed in 

the presence of the I INO scavenger, L-cys [3 mM], or the NO scavenger, CPTIO [200 

~M]. As shown in Figure 15b, the maximal relaxation responses to ACh, in the presence 

of L-cys, v.ere decreased as compared to vehicle (p<O.OOO 1, Rmu.t 38.8o/o±3.5 vs. 

69.4o/o±5.3, Figure 15b). In addition, when CRCs to ACh were similarly performed in the 



69 

presence of the NO scavenger CPTIO, there was also a decrease in the maximal 

relaxation response (p<0.05 Rma:c 49.7o/o±6.5 vs. 69.4°/0.£.5.3, Figure 15a). These results 

suggest that the endothelium-dependent relaxation response in PA is partially mediated 

by IINO. 

The selectivity of using these two scavengers has been previously described; 

however, we also sought to ensure a similar level of selectivity in these experiments 66
•
149

• 

Using a single application of HNO [ 10 j.!M] to PE-eontracted PA rings in the presence of 

either L-cys or CPTIO, we found that the incubation with L-cys resulted in a significant 

decrease in AS-mediated relaxation (p<O.OO 1, 1 0.27o/o±4.62 vs 66.11 %± 11.11 ); whereas 

incubation with the NO scavenger CPTIO did not affect AS-mediated relaxation in PA 

(69.41%~8.56 vs 66.11°/o:dl.l1) (Figure 16b). These results confirm that L-cys is an 

appropriate and effective scavenger for AS and that NO sea\ enger CPTIO does not 

scavenge its congener I INO. 

3.3. Role of nitric oxide synthase in endothelium-dependent relaxation. 

To further assess the role of I INO as compared to NO, the relative contribution of 

NOS must be determined. CRCs to ACh and AS were performed in the presence of the 

NOS inhibitor, L-NAME. As shown in Figure 17a, there was an almost complete 

inhibition of ACh-mcdiated relaxation in vessels incubated with the NOS inhibitor, while 

no changes were observed in the CRCs to A \\ith L-NAME incubation 

(EC~o -4.74 ±0.11 v.s. -5.25±0.09 in \Chicle and Rnl<l' 102.2°/o-=7.7 \'S. l00.30o/o±4.85 in 

vehicle - Figure 17b). This result suggests that there rna) be AS-mediated relaxation of 

the PA \\hich is NOS-independent. 
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3.4. Potassium channel contributes to nitroxyl anion-mediated relaxation. 

There is a significant amount of data suggesting that, like NO, TTNO may activate 

K ·channels to induce vasorelaxation 57 59
·
68

•
69

. However, literature suggests that a variety 

ofK .. channels may be imohed, and there arc no data suggesting a similar mechanism in 

the PA. Since IINO ""as suggested as an EDIIF, and given that it is well-established that 

the endothelial small (SKca) and intermediate (IKca) Ca2
+ -activated K+ channels are 

significant contributors to EDHF responses in resistance vessels, we tested whether 

HNO contributes to PA relaxation b) activation of these t\vo channels 150
. Thus, using 

specific pharmacological inhibitors for each channel as shO'>'vn in Figure I 8, (a, UCL 

I 684, SKcn inhibitor and b, TRAM 34, I Ken inhibitor), incubation with either UCL or 

TRAM did not affect relaxation in response to AS in the P A. These data demonstrate 

that neither the Kta (ECso -5.36±0. 17 vs. -5.25±0.09 in vehicle and Rma' 95.62o/o±6.95 

vs. 100.30°/o~4. 85 in vehicle, Figure18a) nor IKca channels (EC~o -5.12:±.0.22 vs. -

5.25±0.09 in vehicle and Rm3, 102.2%±7.74 vs.l00.30%±4.85 in vehicle, Figurel8b) 

contribute to J INO-mcdiated vasorelaxation in PA. 

Pre'> ious data from our laboratory and others showed that K v + channels are 

important in A -mediated relaxation 59
•
69

• Also, a recent paper by Yuill et a!., using 

electrophysiological data from both \\hole tissue and single smooth muscle cells, 

revealed that I INO affects dilation by augmenting current flow through both Kv + and 

BKca channels in mesenteric resistance arteries 67
. We tested whether these channels 

mediate the AS-invoked vasorelaxation in PA. CRCs to AS performed in the presence of 

the BKca channel inhibitor (Ibx) which caused a decrease in AS sensitivity (p<O.OO I, 
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ECso -4.74 ±0.11 vs. -5.25 ±0.09, Figure 18c), suggesting a role for large conductance K' 

channels in AS-mediated relaxation responses. Also, CRCs to AS in the presence of 4-AP 

were performed. We observed a significant decrease in the relaxation response to AS 

with Kv channel inhibition, as compared to vehicle (p<O.OO I, ECso -4.45 ±0.17 vs. -5.25 

±0.09, Figure 18d). Taken together, and consistent with other groups' observations, these 

data clearly demonstrate a role for K+ channels, more specifically both Kv + and BKca 

channels, in I INC-mediated vasorelaxation. In addition, these data confirm the role of 

HNO as an EOHF in the PA. 

3.5. Nitroxyl anion relaxation is soluble guanylate cyclase (sGC) dependent in 

pudendal arterieJ. 

Our laboratory and several others have shown a significant role for sGC in AS

mediated relaxation; however the exact mechanisms for sGC activation have yet to be 

determined. Morco\er, sGC was shown to be upstream in the acti\ation of both Kv+ and 

BKca channels. I hus, we wanted to establish whether sGC is contributing to AS

mediated vasorelaxation in PA. CRCs to AS were performed in the presence of ODQ, 

which is a specific sGC inhibitor. As shown in Figure 19, similar to previously published 

data in aorta from our laboratory, there was a complete inhibition of AS-induced 

relaxation. These data suggest a similar role of sGC in AS-mediated relaxation, and 

confirm previously published papers suggesting that HNO directly targets sGC, resulting 

in relaxation. 

4. DISCUSSION 

This stud} is the first to pro\ ide pharmacological evidence that the NO congener 

1 INO, which has been shown to be produced endogenously and to be an EDHF, plays a 
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role in erectile function by modulating PA vascular tone. We showed that: l) 

endothelium-mediated relaxation in PA is partiall) mediated by HNO, 2) HNO-mediated 

relaxation in PAis sOC-dependent and 3) both Kv· and BKca channels contribute to 

HNO-mediated Yasorclaxation in PA. In this paper we sought to fill a gap in the HNO 

field, which is the functional impact and role of IINO in penile vascular relaxation. 

The role of I INO in vasorelaxation has been met with criticism, ever since the 

seminal paper by Feelisch and colleagues, in which IINO was determined to be 

inconsequential and NO to be the EDRF. 66 I Iowever, there has been a recent surge of 

papers demonstrating the role that I INO plays in relaxation of conductance and resistance 

vessels. I INO-mediated relaxation was shown to involve multiple mechanisms. Not only 

docs IINO induce relaxation in a variety of vascular beds, but also each vessel reveals a 

distinct mechanism: strict activation of sGC Yersus direct or indirect activation of 

different K channel sub-types 57
'
63

·
67

'
69

'
151

. Following suit, we wished to determine the 

role of IINO in erectile function via relaxation of cavernosal smooth muscle and the PA, 

which is the main resistance-like vessel supplying the penis. 

Smooth muscle relaxation and increased blood flow, followed by an engorgement 

of the sinusoids in the CC, is necessary to facilitate an erection. It is well established that 

a primary mechanism of erection is via non-adrenergic non-cholinergic (NANC) release 

of 0 resulting in sGC activation and smooth muscle relaxation. Although still 

controversial, we \\ished to determine \\hether II 0 can induce smooth muscle 

relaxation of the CC. Interestingly, we observed no relaxation response in CC strips to 

the I INO donor, AS (Figure 14). To our knowledge, this is the first account of non

responsive smooth muscle to date. Cavernosal tissue contains considerably more veins 
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than small arteries and the role of HNO in the venous systems is less understood than the 

arterial. This may account for the difference in response to AS between the CC and the 

PA, since endothelium-dependent relaxation responses in the venous circulation are 

known to differ from their arterial counterparts 152
"
154

• Given these surprising results, it 

was important to determine \vhether HNO plays any role in erection, thus the experiments 

in PA. 

The PA is a primary resistance-like vessel, which was shown to account for 70% 

of the penile 'ascular resistance, and significantly contribute to erectile function 115
• In 

our experiments, we observed that AS induces a relaxation response in PA rings (Figure 

14). In addition, using selective scavengers of NO and HNO, we performed ACh CRCs 

to determine the relative contribution of I INO and NO in endothelium-mediated 

relaxation. The decreased relaxation to ACh in the presence of the NO scavenger CPTIO 

confirms the important role of NO in PA vascular tone. Remarkably, there was a 

significant contribution of HNO to endothelium-mediated relaxation responses (Figure 

15), as demonstrated by scavenging llNO with L-cys. These results corroborate 

published work by our laboratory and others showing that the endothelium-mediated 

vasorelaxation is partially dependent upon I INO. To assuage any concerns O\er 

specificity of L-c)'s, as compared to CPTIO, we showed that L-cys almost completely 

inhibited the relaxation responses elicited by AS [ l 0 11M] (Figure 16), again similar to 

findings by other investigators 1
•
13

• These data suggest that in vivo, HNO may be 

contributing to responses previously considered to be mediated solely by NO, and that 

I INO rna} pia} an important role in the modulation of PA vascular tone. thus, in the 

regulation of erectile function. 
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To determine the mechanism of IINO-mediated relaxation, a series of subtractive 

experiments were performed in the presence of various inhibitors. HNO was suggested 

to be an EOI1F in resistance arteries. Since SKca and IKta are both known to mediate 

EOIIF responses, we wanted to test whether these K channels may be involved in HNO

mediated relaxation in PA. Blockade of either channel did not affect HNO-mediated 

relaxation, suggesting that neither SKca nor IKca contributes to AS-mediated relaxation in 

PJ\. In addition to SKca and IKca channels, the maxi-K, or BKca channel, has been 

studied previously with regards to EOHF and EDRF-type responses and has also been 

previously demonstrated to be NO-sensitive 155
• In addition, Kca channels were found to 

be important in penile resistance vessels, again supporting our finding that BK channels 

ma}be an important mediator of \asorelaxation of PA 156
. Indeed, we found that 

inhibition of BKca resulted in decreased relaxation to A , suggesting that HNO-induced 

\asorela'Xation is partially mediated via acti\ation of BKta channels. These results are in 

accordance with previously published data suggesting a role of BKca channels in 

mediating dilation in rat mesenteric arteries. 

In 2009, Andrews el a/. revealed that K/ channel activation and 

hyperpolariattion of smooth muscle cells by AS is 4-AP sensitive, demonstrating that 

I INO is an EDHF and activates Kv + channels ~ 7 . In addition, unpublished observations 

from this laboratory also found that isolated aortic smooth muscle cells were excited b) 

AS and that this effect was completel) abolished b} 4-AP. Also, Yuill and colleagues 

haYe demonstrated that in mesenteric arteries, in addition to BKca channels, Kv channels 
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significantly contribute to AS-mediated dilations 67
• In this paper, we showed that 4-AP 

induced a decrease in AS-mediated relaxation in PA, suggesting that both BKca and K/ 

channels contribute to I £NO-mediated relaxation in P A (Figure 18). 

Original studies revealed that NO may activate these K ~ channels directly m 

addition to a sOC-dependent mechanism; hov,:ever, very little data exist v.ith regards to 

I INO. Thus, it was necessary to also verify whether AS-mediated relaxation in PA is 

sOC-dependent, which has been shown to be important in other conductance and 

resistance vessels 57 59
·
65

. There are also data suggesting activation of BKca and Kv 

channels in a cOMP-dependent manner 69
•
157

. Indeed, our data revealed a similar ODQ-

sensitive mechanism for HNO-elecited \asorelaxation (Figure 19). Since in our 

preparations, we found that AS-mediated vasorelaxation is almost completely blocked 

with ODQ, these data suggest that I INO may not interact directly with and activate K+ 

channels; rather there rna} be a large component of K channel activation via a cOMP-

dependent pathv.ay. A possible mechanism through \\hich HNO may cause relaxation in 

PA is through the activation of sOC, which will result in increased levels of intracellular 

cOMP, agreeing with previous studies showing IINO-cGMP-dcpendent Kv+ channel 

acti\ ation69
• Also increased cOMP levels were shown to activate PKO, which in turn 

. BK I. . I . 1 ~7 acttvates ca resu tmg m vasorc axatton . 

5. CONCLUSION AND FUTURE DIRECTIONS. 

This paper is the first to show the contribution of HNO to erectile function by its 

ability to modulate PA tone, and demonstrates a novel role of IINO. FD is believed to be 

an early sign of S} stemic cardiovascular disease. Thus, the importance of studying the 

mechanisms governing erectile function and how risk factors, such as diabetes, aging and 
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hypertension, might affect these mechanisms is crucial. In this paper, we investigated a 

novel pathway that may modulate the tone of PA, \vhich is important for healthy erectile 

function. I Iowe\er, more studies are necessary to improve our understanding of the role 

of I INO in erection. Indeed, one of the most important regulators of erections is nitrergic 

relaxation evoked by stimulation of nitrergic nerves, and studying the role of HNO in 

nitrergic response may give us a better understanding. In fact, nitrergic relaxation was 

shown to involve K+ channels and I fNO in a cGMP-dependcnl manner in urethral smooth 

muscle. Furthermore, an early study by Schcmidt el a/. has suggested HNO, rather than 

NO, to be the primary product of nNOS , and Li et at. postulated that HNO is a better 

candidate than 0 to serve as the nitrergic transmitter 1 ~ 8• 159 . 

1 I 0 donors have been demonstrated to have better potential therapeutic effects 

on the cardiovascular system, including: decreased tolerance to I INO donors, resistance 

to ROS scavenging and decreased superoxide (02") generation, and of course, 

vasodilation 62·63 . Determining whether other regional vascular beds are 1-INO-sensitive 

may allow for more therapeutic targets to be identified. l lowever, future studies are 

necessary to better understand the cellular effects of I INO on erectile tissue and its 

potential use in treatment of ED. 
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Figme 14. Tlte pm/emla/ artery, butuot corpus cavem osum, exhibits a re/axatiou respouse to 

tlte uitroxyl auiou douor, Augeli's Salt. 

The pudendal artery but not the corpus cavernosum exhibits a relaxation response to the HNO 

donor, Angeli's Salt. a. A representative curve for the AS-mediated relaxation in the rat corpus 

cavernosum \'S. the pudendal artery. b) Concentration-response curve (CRC) to AS in 

phenylephrine (PE)-contracted pudendal artery and corpus cavernosum. The pudendal artery 

e:\hibited a rela:-.ation response to AS, \\ hile the corpus cavernosum only relaxed, nominally, at 

the highest dose. Data represented as mean±SEM. (n=4-7); •p<O.OOO I vs corpus cavemosum 
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Figure 15. Endothelium-mediated relaxation responses iu pmlemla/ arteries are partially 

dependent upon nitroxyl anion. 

Pudendal arterie:; (PA) were used to perform concentration-response curves to ACh in PE-

contracted vessels. a) PA incubated \\ ith 1-cysteine (an II NO scavenger, 3 mM) exhibited 

decreased ACh-mediated relaxation when compared to vessels incubated with vehicle. b) NO 

scavenging using carboxy-PTIO (200~M) decreased maximal relaxation to ACh when compared 

to vehicle. Data represented as mean±SEM. (n- 6-9); •p< 0.05 vs. vehicle 
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Figure 16. L-cysteine blocks nitroxyl anion-mediated relaxation responses in pudendal arteries. 

Pudendal arteries were precontracted with PE and relaxed to a single concentration of Angeli's 

Salt (I 0~-tM). a) Representative tracings of relaxations responses to singular dose of AS in the 

presence of vehicle, t.-cys or C-PTIO. b) Vessels incubated with 
1
-cys (an HNO scavenger) 

e:\hibited a significant decrease in the ma'\imal rela:\ation response to a single concentration of 

AS, as compared to C-PTIO and vehicle. Data rcpre cntcd as mean±SEM. (n=4-7); *p< 0.001 vs. 

\chicle, C-PIIO. 
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Figure I 7. Emlotltelium-mediated relaxatiou is depeudeut upou uitric oxide syutltase iu 
pudeudal arteries. 

Pudendal arteries (PA) were used to perfonn concentration response curves (CRC) to AChor AS 

in Ph-contracted vessels. a) PA incubated with L-NAMF (NOS inhibitor, 100 ~M) exhibited 

decreased ACh-mediated relaxation when compared to vessels incubated with vehicle. b) No 

differences in relaxation responses to AS were observed in PA incubated with L-NAME (NOS 

inhibitor, I 00 j.!M) as compared to vehicle. Data represented as rnean±SEM. (n=6-7). *p< 0.05 

vs. vehicle. 
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Figu rc 18. Nitroxyl anion-mediated relaxation is dependent upon voltage-dependent r (K/ ) 

and large conductance calcium-activated (BKnJ c/umnels in pudendal arteries. 

Concentration-response curves (CRC) to AS were performed in PE-contracted PA in the 

presence of: a) UCL 1684 ( an inhibitor of small conductance calcium-activated K. channels or 

SKc1), b) TRAM34 (an inhibitor of intermediate conductance Kca channels or SKca) c) 

lberiotoxin (an inhibitor of large conductance calcium-activated potassium channels or BKca) and 

d) 4-AP (inhibitor of voltage-dependent potassium channels or Kv ). No differences in relaxation 

responses to AS were observed in PA incubated with UCL 1684 (a) or TRAM34 (b). However, 
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incubation \\ith both lbx (c) and 4-AP (d) decreased sensitivity to AS, as compared to vehicle. 

Data represented as mean±SEM. (n=4-7) c and d, *p< 0.05 vs vehicle. 
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Figure 19. Nitroxyl anion-mediated rela.:mtion is soluble guanylate cyclase-dependent in 

pudendal arteries. 

Concentration-response curves (CRC) to AS were performed in PE-contracted PA in the presence 

of the specific soluble guanylate cyclase (sGC) inhibitor, ODQ. Complete inhibition of AS-

mediated rela\ation responses \\as observed. Data represented as mean±SEM. (n=3-7); •p< 

0.000 I vs vehicle. 
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Figure 20. Sc:ltematic illustration of nitroxyl anion-mediated relaxation in pudendal arteries. 

chematic of possible mechanisms b> which HNO rna> mediate vasorelaxation in pudendal 

arteries (PA). Relaxation using the IINO donor, AS, induces relaxation in a soluble guanylate 

cyclase (sGC)-depcndent manner, via diffusion and activation of sGC in vascular smooth muscle 

cells (YSMC), to increase cyclic GMP and activate of K channels. In the endothelium, release 

of IINO through activation of the muscarinic ACh receptor may lead to nitric oxide synthase 

(NOS) activation and HNO production in addition to the generation of NO. 



IV. DISCU SION 

The incidence of ED in men is increasing as a consequence of, on one 

hand, the increase in male life span and, on the other hand, the increased incidence of 

CVD. Furthermore, research demonstrates that both CVD and ED have endothelial 

dysfunction as a common denominator. Thus, ED is no longer recognized only as a 

quality-of-life disorder that needs to be treated to alleviate its impacts on a person's 

satisfaction v.ith life, and with inter-personal relationships. Rather, it goes beyond the 

classic concept of quality of life, extended to the recent concept that ED is a 

pathophysiological disorder, the etiology of which is in common with and is a prior 

indicator of CVD. Furthermore, it is now known that patients with ED symptoms and no 

currently apparent CVD are more likely to develop CVD during a window of 

approximately 3-5 years. In fact, m 2012, the third Princeton Consensus 

recommendations for the management of ED and CVD states that: "Consistent with other 

guidelines. the recommendations of the third Princeton Con.\ensus Panel emphasize an 

approach to risk assessment that integrates multiple a.\pects of cardiometabolic health. 

Sexual function should be incorporated info CVD risk auessmenl for all men, and ED 

may allow identification of at-risk men who require jitrlher cardiovascular evaluation. 

The scientific evidence suggests that a comprehensi\'e approach to cardiovascular risk 
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reduction will improve overall vascular health. including sexual Junction. Similar to the 

first and second Princeton Consensus panels, the third Princeton Consensus also 

provides an approach to ensuring that each man's cardiovascular health is consistent 

with the physical demands of sexual activity before prescribing treatment for ED. Finally. 

the panel encourages a collaborative approach to the management of men 's sexual 

function and cardiowtscular risk, inc:01porating general, urologic, endocrine, and 

cardiologic expertise ". 1 So, since ED and CVD share risk factors, and ED is now 

considered an independent predictor of CVD, the sexual function evaluation should be 

incorporated into the initial cardiovascular assessment of men, regardless of the absence 

or the presence of known CVD. 

As previously discussed, one of the risk factors shared between CVD and ED is 

hypertension. Actually, some studies show that while the occurrence of ED in the general 

population is estimated at 9.6%. 30°/o of hypertensive patients have ED, further 

suggesting commonalit:r and possible common etiology. In fact, although ED can result 

from hypertension, paradoxically, some studies have suggested that ED can also result 

from hypertension treatment. For instance, anti-hypertensive treatments such as diuretics 

and P-blockcrs arc associated with ED. Thus. it is necessary to study hypertension

associated ED to better understand the mechanism(s) leading to its development, thereby 

leadmg to the dc\elopment of better therapeutic agents that would be beneficial for the 

treatment of both hypertension and ED. 

Even though there is an increasing body of knowledge about the mechanism(s) of 

Angll-mediated h} pcrtension in the literature, the role of Angll and Angll-associated 

1 Princeton Consensus, Mayo Clin Proc. 2012 :87:766-788 
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signaling mechanisms in the etiology of ED is still poorly investigated. As such, we 

sought to determine the mechanisms of Angll-induced ED at the cellular (potential 

signaling mechanisms) and the functional level (cavemosal tissue and pudendal arteries), 

and test the hypothesis that metfonnin (a drug shown to be beneficial beyond its anti

hyperglycemic effect) treatment rna) be beneficial for the treatment of ED. We also 

wanted to investigate the role of a novel NO congener, HNO, in erectile function. 

Angll is a major player in the renin-angiotensin-aldosterone system (RAAS) in 

the human body. One of the most important functions of An gil is the regulation of blood 

pressure by modulating salt and water homeostasis. Ho,vever, increased Angll levels 

have also been shO\vn to induce hypertension, associated with excessive vasoconstriction, 

endothelial dysfunction and vascular remodeling, while also promoting insulin resistance. 

In addition, with ne\\ evidence demonstrating a role for the RAAS system in penile 

tissue. Accordingly, Angll itself may modulate penile function and its excessive 

production and d) sfunctional signaling may lead to ED. In our studies, Angll-treated rats 

exhibited an increased cavernosal and pudendal reactivity to contractile stimuli, which 

was accompanied by decreased relaxation responses of both vascular beds. These 

functional changes were associated with deterioration of erectile function resulting in ED. 

However, the molecular mechanism of Angll-mediated ED is not fully elucidated. 

Currently, there is only one pre·dous study in which the authors showed that Angll

mediated ED could result increased ROS generation through NADPI I activation. In our 

studies, we showed that Angll-mediated ED is accompanied by increased 

phosphorylation and acti\ ation of ERK I 2 path\\ a)' in the corpus cavernosum, and that 

inhibition of ERK I 2 reduced the increased contractility observed in pudendal arteries 
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isolated from Angll-hypertensive rats. These results corroborate the previous study by Jin 

el a/., who demonstrated increased ROS, which was shown to be upstream of the MAPK 

signaling pathway. In addition to scavenging NO, activation of this pathway resulted in 

diminished relaxation. ROS also can stimulate and activate MAPK, resulting in 

increased SMC contractilit). Howe\er, we recognize the limitations in our study; whether 

Angll-mediatcd activation of ERK 1/2 was ROS- dependent or independent was not 

addressed and will need to be further investigated. The ERK I /2 mediated-increase in 

SMC contractility is not fully understood. Nevertheless, it has been suggested that 

ERK I 2 rna} increase contractilit) b}: (I) interacting \\-ith active regulatory proteins, 

such as caldesmon, (2) modulating [Ca2 
], or (3) regulating pii,. Although the exact 

mechanism is still unclear, ERKI /2 can modulate inositol 1,4,5-trisphosphate (IP3) 

production, which is a primary mediator of intracellular Ca2t mobilization. Likewise, 

intracellular alkalinization occuring as a consequence ofNa ... -11 exchanger activation can 

then lead to increased activation of Ca2 
.. channels such as voltage-dependent 

Ca2
+ channels. With regards to pl l,; modulation of pi I results in increases 

Ca2+ sensitivity of the actin-myosin complex, leading to changes in SMC contractility. 

Also FRK I 2 activation can lead to decreased SMC relaxation. In fact, ERK I /2 

can, in a positi\c feed-forward manner, activate NADPH oxidase resulting in greater 

release of RO , thus increasing NO scavenging and decreasing its bioavailability. 

Furthermore, increased ROS generation may trigger eNOS uncoupling, leading to 

impaired NO/cGMP signaling and to endothelial dysfunction. In addition, Angii can also 

negative!) regulate the cGMP-PKG signaling pathway in an ERKl 2-dependent manner. 

In fact, recent studies showed that chronic Angll infusion is associated \\ith an increased 
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PDES mRNA expression and activity and that treatment of VSMC with Angll results in 

increased PDESA mRNA levels, associated with an increase of both PDES protein 

expression and activity in an ERKl/2-dependent manner. Thus, ERKl/2 can alter SMC 

contractility, by increasing vascular tone, as well as decreasing the ability of SMC to 

relax, which also increases vascular tone. 

Metformin is an oral biguanide classically used for the treatment of diabetes. In 

addition to its anti-hyperglycemic role, metformin was shown to lower blood pressure in 

hypertensive patients and animals, improve vascular and endothelial function and 

possess anti-innammatory and anti-oxidative properties. Recently, a paper by Kim eta/ 

has shown that metformin treatment restored the penile expression of eNOS and nNOS in 

rats fed a high fat diet. In addition, recent clinical study demonstrated that the addition of 

metformin to sildenaftl treatment of ED in non-diabetic men with insulin resistance and 

poor response to sildenafil resulted in reduced insulin resistance and improved erectile 

function. In this study. we hypothesized that treatment with metformin would restore 

erectile function in an Angll-hypcrtcnsive model of ED. Indeed, our data showed an 

improved erectile function of Angll-hypertensivc rats, with no effect on the erectile 

function in the sham rats. Furthermore, this improvement was accompanied by reduced 

contractility obsened in both corpus cavemosum and pudendal arteries from Angii

treated rats, as well as an improvement in NANC-mediated relaxation in the corpus 

cavernosum. Our data suggest that metformin may be benefteial for reversing the 

negative actions of Angll on erectile function. The mechanism for the beneficial effects 

of metformin treatment is still unclear but it has been proposed that metforrnin may exert 

its positive eiTccts b} AMPK-dependent and independent mechanisms. 
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Activation of the serine-threonine kinase AMPK was shown to suppress the 3-

hydroy-3-mcthyglutaryl (HMG)-CoA reductase causing an inhibition of isoprenoids, 

whjch arc necessary for RhoA!Rho-kinasc pathway activation. Furthermore, AMPK 

activation inhibits fatty acid-induced increases in nuclear factor KB (NF-KB) trans

activation and cytokine-induced NF-KB activation in vascular endothelial cells, 

suggesting that it has beneficial effects on endothelial inflammation induced by 

deleterious stimuli. 

Finally, mctformin was shown to exhibit sympathoinhibitory action. Indeed, it 

has been demonstrated that the blood pressure-IO\\ering effect of metformin treatment is 

associated \\ith a decrease in plasma norepinephrine (NE) concentration. Additionally, a 

study showed that metformin infusion induced sympathoinhibition, inhibiting peripheral 

sympathetic nerve activity through a central nervous system site of action. This suggests 

another mechanism by which metformin may exert its effects: through a 

S}mpathoinhibitol) action counteracting the S}mpathoexcitatol) effects of Angll. It 

appears that these mechanisms may work together to prevent Angll-induced increases in 

corpus cavcrnosal contractility, thus improving erectile function. In our study, the AMPK 

phospho!) lation level \\aS increased b} mctformin treatment. Although not significant 

from Angll, we proposed that the Angll-mcdiated increase in AMPK phosphorylation 

was a compensatory mechanism to inhibit the AngJI-mediated ERK 1/2 signaling. 

Likewise, a downstream target of AMPK is NOS. In fact, activation of AMPK was 

shov.'Tl to increase eNOS phosphorylation at serine (serll77) and (ser633) leading to the 

activation of e OS, thus increasing NO production. In our stud}, metformin treatment 

resulted in an increase in phosphorylation of eNOS at serll77, \\hich is an indirect 
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indicator of increased eNOS activity and would lead to increased NO generation. The 

increase in the latter not only leads to increase SMC relaxation, but also can reduce 

contractility b} preventing Rho-kinase activation via inhibition of the RhoA migration to 

the plasma membrane. And finally, based on the fact that Jin el a/. proposed NADPH 

activation as one of the mechanisms of Angll-associated ED, we do recognize that 

metformin may also confer protection through its suppression of NADPH oxidase 

activity. 

The role of NO in vascular biology and erectile function has been intensively 

studied; however, there is limited knO\\ledge regarding the role of its congener, HNO, in 

the vasculature and no studies on its role in erectile function. HNO has specific 

biochemical properties distinct from those of NO, including increased stability and 

resistance to scavenging by ROS, as well as interaction v.ith both ferrous and ferric forms 

of heme. Although controversial, this is in direct contrast to NO, which is limited to 

ferrous heme. Positive inotropic effects on the heart also distinguish HNO from NO. 

ubsequcntly, I INO has been shown to increase cardiac inotropy through a direct 

interaction with thiols of the ryanodine receptor and sarcoplasmic reticulum versus no 

effects or net negative inotropic effects of NO. 

Rccentl), it was suggested that I INO may be generated endogenously and was 

proposed to contribute to EDRF-mediated dilation. Although no studies have addressed 

the role of I I 0 in mediating erection, sufficient data exist that HNO is a vasodilator in 

'arious 'ascular beds; from rodent to human. In fact, it was determined that HNO 

induces vasodilation in both conductance arteries as well as resistance vessels. In our 

study, we wanted to investigate the role of HNO in erectile function as well as the 
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possible mechanism by which HNO induces relaxation in PA. We showed that: 1) 

endothelium-dependent relaxation in PA is partially mediated by HNO, 2) HNO

mcdiatcd relaxation in PA is sOC-dependent and 3) both Kv and BKca channels 

contribute to HNO-mediated vasorelaxation in P A. This findings suggest that HNO plays 

an important role in erection and more important!}, that a portion of the endothelium

mediated vasodilation thought to be solely mediated via NO, may in fact be mediated 

partially through I INO. Our data corroborates other studies showing that HNO-mediated 

vasodilation through production of cGMP and activation of K+ channels is cGMP

dependent (figure 20). 

The study of HNO-mediated vasodilation in erectile function is important, 

especially given that nitrergic relaxation is a critical mediator of erection and evoked by 

stimulation of nitrergic nerves. Furthermore, since studies suggest that nitrergic 

rcla"Xation was shov.n to involve K+ channels and I I 0 in a cGMP-dependent manner, 

I INO has been considered to be a better candidate than NO to serve as the nitrergic 

transmitter. Further studies trying to elucidate the role of !!NO in the nitrergic response 

mediated erection may give us a better understanding of erectile function and how HNO 

may modulate this response. 
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REVIEW 

-
~URRENT 
~PINION New insights into hypertension-associated 

erectile dysfunction 

Kenia Pedrosa Nunes·, Hicham Labazi·, and R. Clinton Webb 

Purpose of review 
Erectile dysfunction is recognized os o quality-oF-life disorder that needs to be treated. Currently, it is 
estimated to affect as many as 30 million American men. Thirty percent of hypertensive patients complain 
of erectile dysfunction. The understanding of common mechanisms involved in the cause of erectile 
dysfunction associated with hypertension, and the investigation of antihypertensive drugs that impact 
erectile dysfunction, will provide important tools toward identifying new therapeutic targets that will 
improve the quality of life for patients in these conditions. 

Recent findings 
Hypertenston and erectile dysfunction ore closely intertwined diseases, which hove endothelial dysfunction 
as o common bose. During hypertension and/or erectile dysfunction, disturbance of endothelium-derived 
factors con lead to on increase in vascular smooth muscle (VSM) controctton. Hypertension con lead to 
erectile dysfunction as o consequence of high blood pressure (BP) or due to antihypertensive treatment. 
However, growing evidence suggests erectile dysfunction is on early sign for hypertension Also, some 
phosphodiesterase-S inhibitors used to treat erectile dysfunction con improve BP, but the link between these 
conditions has not been totally understood. 

Summary 
This review will discuss the interplay between hypertension and erectile dysfunction, exploring newest 
insights regarding hypertensian-ossocioted erectile dysfunction, as well as the effect of antihypertensive 
drugs ;n erectile dysfunction patients. 

Keywords 
ant hypertensives, endothelial dysfunction, erecltle dysfunction, hypertension 

INTRODUCTION 
Erectile dysfunction is a condition of increasing 
prevalence worldwide, which has been estimated 
to affect 150 million individuals and is supposed 
to impact up to 5<Y\tl of men between the ages of 
40-70 years [1]. Also, it is expected that 322 million 
men will be suffering from erectile dysfunction 
by the year 2025 [2). Erectile dysfunction and 
hypertension, a major factor for cardiovascular 
disease (CVD), are common conditions that possi
bly share pathophysiologic pathways. Compared 
with the general population, hypertensive patients 
have a higher prevalence of erectile dysfunction [3,4). 
l lowever, an important point has been raised as to 
whether the higher prevalence of erectile dysfunc
tion in those patients is the result of hypertension 
per se, of antihypertensive treatment, or as a combi
nation of both. Studies in models of preclinical 
hypertension have suggested that high blood 

pressure (BP) causes morphological modifications 
in the penile vascular bed, contributing to erectile 
dysfunction. Furthermore, much evidence suggests 
that vascular abnormalities such as endothelial 
dysfunction and atherosclerosis play a critical role 
in both conditions [4,5]. Importantly, the concept 
that erectile dysfunction is a prior indicator of CVD is 
growing stronger [6. ). 
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KEY POINTS 

• Is erectile dysfunct1on on early sign for hypertension? 

• Hypertension and erectile dysfunction ore related 
diseases with o common cause: endothelial 
dysfunction. 

• Are antihypertensive drugs o solution for hypertension 
and yet o problem for sexual function? 

• Could erectile dysfunction be used to predict systemic 
vascular disorders such as hypertension? 

Erectile dysfunction is often a disease of vascular 
origin. The penile endothelial bed is considered 
a specialized extension of the peripheral vascular 
system, responding similarly to various stimuli in 
order to maintain homeostasis, playing a particular 
regulatory role in the modulation of vascular 
smooth muscle (VSM) tone, which is crucial for 
normal erectile function 17•1. The small diameter 
of the cavernosal arteries and the high content 
of endothelium and VSM may make the penile 
vascular bed a sensitive indicator of systemic 
vascular disease 18]. Thus, the penis is a vascular 
organ that is sensitive to cha nges in oxidative stress 
and systemic nitric oxide levels. It is also sensitive 
to local modifications in the vasculature, making 
the penis an organ in which changes are supposed 
to precede vascular systemic alterations. Therefore, 
erectile dysfunction has a higher incidence in 
patients with hypertension, a disease that it often 
precedes. In addition, atherosclerotic disease 
associated with hypertension can interrupt normal 
erectile physiology, and it has been proposed that 
erectile dysfunction is not only significantly 
correlated with but is also strongly predictive of 
subsequent atherosclerosis (9. ]. Atherosclerosis is 
characterized by the cross-talk beh..,•een excessive 
inflammation and lipid accumulation. Develop
ment of atherosclerosis and vascular inflammation 
involves the Rho-kinase pathway, in which the 
main function is the regulation of VSM tone po•j. 
Also, Rho-kinase signaling is dysregulated in 
hypertension, as well as, erectile dysfunction. 
Finally, both conditions are interconnected by 
many common agents, such as endothelin (ET-1), 
angiotensin II (Angll) and reactive oxygen species 
(ROS), and its pathways. 

MECHANISMS OF ERECTION 
Lrectile dysfunction is defined as the regular 
inability to reach or maintain a penile erection of 
sufficient quality to perform satisfactory sexual 
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intercourse; it has been progressively associated 
with many comorbidities. There are two main intra
cellular mechanisms for relaxing the cavernosal 
VSM leading to normal erectile function: the 
guanylate cyclase/cyclic guanosine monophosphatc 
(cGMP) and adcnylate cyclase/cyclic adenosine 
monophosphate (cAMP) pathways. Both pathways 
result in rtitric oxide release, which is the main 
factor initiating erection. Nitric oxide is produced 
by endothelial (eNOS) or neuronal nitric oxide 
synthase (nNOS) via acetylcholine or neuronal 
stimulation. Upon its release, nitric oxide diffuses 
locally into adjacent VSM cells of the corpus 
cavcrnosum and binds to guanylate cyclase, which 
catalyzes the conversion of guanosine trisphosphate 
(GTP) to cGMP. Consequently, protein kinase G 
(PKG) is activated, leading to a decrease in cytosolic 
Ca2 by various mechanisms. cGMP also blocks 
Rho-kinase activation. The decay in cytosolic Ca2 

concentration induces relaxation of the VSM cells in 
the penis, leading to dilation of arterial vessels and 
increased blood flow into the corpora cavernosa, 
allowing penile erection. Contributing to penile 
relaxation and reduction of intracellular Ca2 

, other 
substances activate the enzyme adenylate cyclase, 
leading to cAMP production, which in turn activates 
protein kinase A (PKA) [7•]. The erectile process is 
completely dependent on relaxation and intact 
endothelial function, which is also true for vascular 
homeostasis and normal BP maintenance. cGMP 
and cAMP levels arc modulated by phosphodiester
ase (POE) enzymes, which cleave these signaling 
molecules to GMP and AMP, respectively. Phospho
disterase-5 (PDE-5) is a key enzyme in the nitric 
oxide/cGMP signal transduction pathway and 
functions to restrain VSM relaxation and thus the 
erectile process. Another mechanism involved in 
maintenance of the erectile process is the phos
phatidylinositol 3-kinase (Pl3-kinase) pathway that 
activates the serine/threonine protein kinase Akt 
(also known as PKB). PKB causes direct phosphoryl
ation of eNOS, reducing the enzyme's Ca2 require
ment and causing increased production of nitric 
oxide. It has been suggested that rapid, brief 
activation of nNOS initiates the erectile process, 
whereas Pl3-kinase/ Akt-dependent phosphorylation 
and activation of eNOS by augmented blood flow 
and endothelial shear stress lead to sustained nitric 
oxide production and maximal erection [7.]. 

ERECTILE DYSFUNCTION IN 
HYPERTENSION 
In the vasculature, as well in the penile tissue, 
circulating neurotransmitters, hormones and endo
thelium-derived factors play a critical role in 
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modulating the VSM tone. During hypertension, 
disturbance of these factors can lead to an increase 
in VSM tone, which favors contraction. 

Vasoconstrictors in hypertension and erectile 
function 
Although the vascular endothelium is generally 
capable of self-repairing after sustaining damage, 
increasmg vasoconstrictors may still affect the 
dynamic of vascular tone impairing normal erection 
or BP. Thus, uprcgulation of systemic or local vaso
constrictors such as angiotensin II or endothelin 1 
may contribute to hypertension, as well as erectile 
dysfunction. 

Angio t en sin II 
This predominant bioactive component of the 
renin- angiotensin system (RAS) plays a role in 
the maintenance of ~ystemic BP through various 
mechanisms in the cardiovascular and renal 
systems. Angiotensin II (Angll) also plays an import
ant rotc in penile erection. However, an increase in 
ctrculattng levels of Angll can lead to an increased 
VSM contraction and sodium retention, which 
contributes to the pathogenesis of hypertension. 
Some studies have shown that excessive production 
of Angll is associated with erectile dysfunction. 
Angll levels were also shown to be increased in 
the cavernous blood of men with erectile dysfunc
tion as compared with healthy individuals [11,12). 
Angll exerts its biologic effect via activation of either 
one of Its receptors: AT, or AT2. Whereas the AT2 
receptor has been shown to modulate vasodilation 
[13], AT1 receptor activation is known to modulate 
vasoconstriction, and induce VSM cell proliferation, 
inflammation, activation of the sympathetic nervous 
system, and aldosterone secretion. This is in addition 
to its effects on salt and water retention. In the penis, 
Angll modulates the tone of human penile arteries 
and trabecular VSM 114,15"]. AT 1 receptor blockade 
was shown to improve erectile function (16].jin eta/. 
[17] have shown that Angll infusion in rats 
caused erectile dysfunction through the activation 
of NAOPI I oxidase, resulting in increased ROS. ROS 
are known to be detrimental to the endothelium and 
smooth muscle due to the direct scavenging of 
available nitric oxide necessary for vasorelaxation. 
ROS can also sttmulate the RhoA/Rho-kinase 
pathway [111. Stimulation of the RhoA/Rho-kinasc 
pathway results tn phosphorylation of the myosin
binding subunit of myosin light chain (MLC) 
phosphatase and inhibit~ its activity, thus promot
ing the pho~phorylatcd state of MLC that leads to 
contraction and penile flaccidity. 

Hypertension-associated erectile dysfunction Nunes el ol. 

Endothelin 1 
Endothelin 1 (ET-1) is an endothelium-derived 
peptide and one of the most potent endogenous 
vasoconstrictors. E r-1 cellular signaling in the vas
culature is similar to that of Angll. In mammalian 
cells, ET-1 exerts its biologic effect through the 
activation of its receptors: ET-A and ET-B. The 
typical receptor found in the smooth muscle cells 
is ET-A receptor, which mediates a vasoconstrictor 
effect. Pen ile VSM cells arc able to synthesize ET-1, 
as welt as respond to stimulation with ET-1 118). 
In addition, both ET-A and ET-B have been reported 
to be expressed In cavcrnosal tissue [19-22]. In 
the penis, ET-1 induces corpus cavernosum vaso
constriction through the ETA receptor and sub
sequent activation of the inositol triphosphate 
(IP3)/Ca2 

• signaling pathway (Ca2 ·sensitive) and 
the RhoA/Rho-kinasc signaling pathway (Ca2

t inde
pendent) [23]. On the contrary, ET 8 receptor 
activation was shown to induce vasodilation by 
means of n itric oxide release from the cavemosal 
endothelial cell~ [24). 

In some forms of hypertension, ET-1 has been 
demonstrated to contribute to its pathogenesis, 
that is mineralocorticoid hypertension. It was 
shown that salt-sensitive hypertensive animals 
display abnormal vascular responses to ET-1, as well 
as increased tissue ET-1 expression . As mentioned 
previously, ROS arc produced during hypertension; 
these ROS have been shown to also stimulate ET-1 
production by endothelial cells, producing a cycle 
leading to further increases in vasoconstriction. 
Concu rrently, ET-1 was shown to increase ROS 
generation via NADPII oxidase activation. Data 
from our laboratory have shown that ET-1 mediates 
not only penile vasoconstriction but also contrac
tion of the internal pudendal artery, the major 
artery providing blood flow to the penis [22,25). 
We have also revealed that the corpus cavernosum 
from deoxycorticosterone acetate-salt hypertensive 
rats exhibits increased contractile responses to ET-1 
when compared with their normotensive counter
part controls 122]. 

Morphological changes in hypertension and 
erectile dysfunction 
As blood vessels undergo remodeling during hyper
tension, the penile tissue also undergoes mor
phological changes [26,27]. During hypertension, 
increases in wall thickness and collagen deposition, 
with a decrease in lumen diameter are common 
structural changes that can affect the vasculature. 
Studies have shown that hypertension was associ
ated with erectile dysfunction, which may have 
resulted from a decrease in clastic fibers, increase 
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of collagen fibers in the sinusoid, and a thinning of 
the tunica albuginea in the penis of hypertensive 
animals. llypcrtcnsion was associated also with 
endothelial and VSM cell damage and degenerated 
Schwann cells (26). Also shown is an association of 
hypertension with increased VSM and cavernous 
VSM proliferation and fibrosis; moreover, hyper
tensive animals exhibited an increase in surround
ing connective tissue in the amyclinatcd nerves, 
suggesting that the increase in extracellular matrix 
seems to affect not only the interstitium but also the 
neural structure of the penis resulting in erectile 
dysfunction [28]. In addition, the vascular changes 
in hypertension may affect the penile vasculature, as 
well as the pudendal arteries resulting in a decrease 
in blood supply to the penis [29]. 

Vasodilators in hypertension and erectile 
dysfunction 
Erectile dysfunction can result from either an 
increase m the production of or an abnormal 
response to contractile stimuli such as Angll and 
ET-1, or from a decrease in production or response to 
stimuli that favor penile VSM relaxation. These 
arc similar hallmarks of endothelial dysfunction, 
which is defined as a decreased responsiveness 
to vasodllatory med1ators and an increased sensi
tivity to vasoconstrictor molecules. These abnormal 
responses to mediators can affect the normal regu
latory role of peripheral vascular endothelium, 
including the cavernosal arterial and venous 
systems. 

Nitric ox ide 
During hypertension, there is a decrease in nitric 
oxide bioavailability, which may be due to 
decreased eNOS expression or uncoupling, as well 
as a decrease or impairment of the nitric oxide 
signaling pathway [30]. The decrease in nitric oxide 
bioavailability can result from nitric oxide scaveng
ing by ROS, which is increased as result of NADPH 
activation and an alteration of intracellular anti
oxidant enzymes, including superoxide dismutasc 
(SOD) (5,17,31]. Other studies using hypertensive 
animal models also showed an impairment of 
rclaxat1on mediated by neurogenic nitric oxide (32]. 

During h;pcrtension, there is an imbalance 
between pro-oxidant and anti-oxidant mechanisms 
in the endothelial cells resulting in an increase in 
ROS generation. ROS arc known to be very import
ant in the pathophysiology of vascular disease. 
An interaction between ROS and nitric oxide has 
been implicated in many vascular diseases, such as 
atherogenesis, and has been suggested to play an 
important role in erectile dysfunction [33]. One of 
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the most detrimental ROS is superoxlde (Oz ), 
which interacts with nitric oxide decreasing nitric 
oxide bioavailability and resulting in the formation 
of peroxynitrite (ONOO ). In turn ONOO was 
sho\lm to cause damage to the mitochondria, which 
may contribute to apoptotic and necrotic cell death 
(34]. Although ONOO was shown to mediate 
relaxation of rabbit corpus cavernosum, the relaxa
tion to nitric oxide was short-lived with the 
contractile tension returning to its original level, 
whereas relaxation to ONOO was less potent, of a 
slower onset and more prolonged with tissues 
unable to recover tension [35]. These will result 
in an ineffective relaxation in cavernosal tissue 
and may contribute to the pathogenesis of erectile 
dysfunction. 

Hydrogen sulfide 
llydrogcn sulfide (H2S) deficiency contributes 
to hypertension. 1125 is produced from L-cysteine 
through cystathionine 13-synthase (CBS) and cysta
thionine 'Y-Iyase (CSE). CBS is mainly expressed in 
the bram, peripheral nervous system, liver and kid
ney, whereas CSE is mostly found in liver, vascular 
and nonvascular smooth cells. Pharmacological 
inhibition or genetic deletion of the gene respon
sible for 1115 synthesis, CS£, resulted in hypertension 
and a decrease in endothelium-mediated relaxation 
(36). Recent studies have also shown that HzS 
can facilitate erectile function [37]. Interestingly, 
a recent study revealed that human penile tissue 
possesses both CBS and CSE. Both enzymes were 
found to be localized in the muscular trabeculae and 
the smooth muscle component of the penile artery. 
They also showed that human corpus cavernosum 
relaxes to exogenous 1125 as well as L-cysteine in 
a dose-dependent manner [38). Pharmacological 
inhibition of the 112S-producing enzymes was 
shown to decrease intracavernosal pressure in non
human primates, as well as increase electric field 
stimulation-mediated contraction in human corpus 
cavernosum (38,39]. The mechanisms through 
which 1125 may mediate erection and penile smooth 
muscle relaxation are still not well understood and 
further investigation will be necessary to elucidate 
the role that 112S may play in erectile function and/ 
or dysfunction (40",41"). H2S represents a potential 
and prornising therapeutic aimed for the treatment 
of erectile dysfunction 

ANTIHYPERTENSIVE PHARMACOLOGY 
Despite the availability of more than 75 anti
hypertensive agents, BP control in the general popu
lation is, at best, inadequate, making hypertension a 
public health problem with estimated direct and 
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indirect costs of more than USS 93.5 billion per year 
(42]. In addition, combination pharmacotherapy 
is often required in order to reach the currently 
recommended BP goals in the majority of hyper
tensive patients. Drugs used to treat hypertension 
arc classified as: diuretics, sympathoplegic agents, 
direct vasodilators, angiotensin-converting enzyme 
(ACE) inhibitors and angiotensin II receptor anta
gonists (ARB). Erectile dysfunction is considered a 
common side effect of various antihypertensives, 
such as central-acting, r3-blockcrs and diuretics 
(43]. However, newer-generation antihypertensive 
drugs, for example calcium antagonists and ACE 
inhibitors, seem to have neutral effects [44]. The 
first line of drugs for hypertension is 13-blockcrs and 
diuretics. 13-Biockers arc a complex class of drugs 
involving several compounds that differ from 
each other by pharmacological characteristics, such 
as 131 /132 selectivity, intrinsic sympathomimetic 
activity and vasodilatory capacity. In general, they 
lower BP by reducing cardiac output, inhibiting 
renin release, Angll and aldosterone production, 
and decreasing adrenergic outflow from the central 
nervous system (CNS) (45•]. 13-Biockers are indicated 
as a treatment for hypertensive patients with some 
specific organ damage, but they have been outlined 
as one of the leading causes of drug-related erectile 
dysfunction (46). Diuretics act by depleting body 
sodium stores, which in the beginning causes a 
reduction in total blood volume, and consequently 
cardiac output. In turn, this initially causes an 
increase in peripheral vascular resistance, which is 
normalized after 6-8 weeks. 

Direct vasodilators act by relaxing smooth 
muscle of arterioles and sometimes veins, reducing 
systemic vascular resistance. Some of them, such 
as hydralazine and mlnoxidil, have rarely been 
reported to cause erectile dysfunction. Calcium 
channels blockers, which dilate arteries by reducing 
calcium influx into cells, effectivelv lower BP. The 
current!)' available ones mhiblt l-t}pe channels m 
humans and seem to have a neutral effect on erectile 
functiOn (47) . Possibly this is because this channel is 
linked with nNOS activation from cholinergic nerve 
endings into the penis, which is important for nitric 
oxide release and consequently erection. However, 
although this channel is inhibited, nNOS from 
nitrergic nerves will be activated, allowing the erec
tile process to begin. Another class of antihypcr
tensl\·e drugs is the ACF inhibitors. They act by 
mimicking the structure of the ACE substrate, 
directly blocking Angll formation and at the same 
time increasing bradykinin levels. rhc net results 
arc reduced vasoconstriction , decreased sodium 
and water retention, and increased vasodilation 
through bradykinin. 

Hypertension-ossocioted erectile dysfunction Nunes e/ of 

As a future antihypertensive treatment, there is 
theoretical evidence that gene therapy may produce 
long-lasting antihypertensive effects by influencing 
the genes associated with hypertension. Never
theless, the treatment of human essential hyperten
sion requires sustained overexpression of genes and 
identification of target genes can be a challenging 
task, which is necessary for successful results. 
Also, many other problems are encountered in 
reaching a promising gene therapy. Among them 
is low efficiency for gene transfer into vascular cells, 
difficulties in determining how to prolong and con
trol transgcne expression or antisense inhibition, 
lack of selectivity and minimization of adverse 
effects of viral vectors. Despite these concerns, 
animal studies showed that gene therapy may be 
feasible to treat human hypertension. Another 
possibility is the utilization of vaccines as a treat
ment, albeit not in the ncar future 148]. 

TREATMENT OF ERECTILE DYSFUNCTION 
IN HYPERTENSIVE PATIENTS 
Although erectile dysfunction is often a result of 
hypertension, some studies have suggested that 
erectile dysfunction can also result from hyper
tension treatment. Whereas some studies did not 
find a significant influence, other suggested that 
antihypertension drugs, in particular diuretics and 
13-blockers, are associated with erectile dysfunction. 

Given that Angll plays an important role in the 
cause of erectile dysfunction during hypertension, 
the use of ARB and ACE inhibitors was studied 
for their effects on erectile function. Animal studies 
showed that treatment with ARBs improves endo
thelial function in the cavcrnosal tissue. In humans, 
ARBs were shown to increase cavernosal relaxation 
mediated by non-adrenergic, non-cholinergic stimu
lation and sodium nitroprusside 11 s·]. Other studies 
have shown that treatment of hypertensive patients 
\.'>'ith ARBs resulted in improved sexual activity and 
erectile function. Whereas the usc of ACE inhibitors 
in hypertensive animals showed improvement of 
erectile function, studies conducted in humans 
showed neutral to negative effects on sexual activity 
1441. 

As it was shown that ET-1 is a potent vaso
constrictor of corporal smooth muscle cells, some 
studies have focused on £T-A antagonism and its 
effect on erectile function. Current studies did show 
a significant alteration of the erectile response 
despite inhibition of contraction to exogenous 
ET-1 using ET-1 receptor antagonists. ET-1 plays 
an important role in mineralocorticoid hyperten
sion and is directly involved in end-organ damage, 
so FT-1 receptor blockade may provide a therapeutic 
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approach to this hypertensive condition, or other 
clinical conditions in which ET-1 levels arc 
increased such as in diabetes and systemic sclerosis 
[49.]. 

The phosphodiesterase type 5 inhibitors (PDESI) 
are approved treatment for erectile dysfunction. 
PDESI act by inhibiting PDES, the enzyme that 
catalyzes the breakdown of the second messenger 
cGMP. cGMP is the downstream effector in 
the nitric oxide signaling pathway, so, PDE51 arc 
dependent upon the integrity of the nitric oxide 
generating system. In patients in whom the nitric 
oxide pathway is compromised, the benefits of such 
drugs will be lower when compared with others. 
The PDESI are used also for the treatment of 

I 

pulmonary hypertension (PAH). However, patients 
treated with nitrates or nitrate donors or vaso
dilators such as a-blockers should not take PDESI, 
otherwise, combining these drugs will result in 
hypotension [SO]. 

Treatment with 13-blockers is considered to 
cause erectile dysfunction. In fact, studies have 
shown that treatment of hypertensive patients with 
13-blockers is associated with sexual dysfunction and 
impotence. However, the new generation 13-blocker 
nebivolol may have positive effects on erectile 
function. Recent studies showed that nebivolol 
treatment improves endothelial function and 
reverses erectile dysfunction in animals through 
the activation of the nitric oxide/cGMP pathway 
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FIGURE 1. Pathways involved in erectile function. On the right, signaling pathways involved in mediating covernosol smooth 
muscle cell (CSMC) relaxolion On the left, signaling pathway involved in mediating CSMC contraction. During normal 
conditions, there is a balance between proerectile ond proreloxotion signaling pathways resulting in a normal erectile 
function During hypertension, there is on increase in procontractile signohng and/ or decrease tn proreloxotion signaling 
resulttng tn 1ncreosed contractili ty and decrease relaxation o f CSMC, therefore, resulting in erectile dysfunction (ED). Treolment 
with hypertensive drugs resulting in either tncreosrng CSMC reloxot1on (i. e PDEi), or decreasing CSMC contractili ty (i e 
ACEi), which will result in improvement of CSMC funct1on and 1mproving or restorng erectile function Ach, acetylcholine; 
ACE, ongiotensin<onverting enzyme; ACE", ACE inhibitors, CBS, cystothion ine-~·synthose, CSE, cystothtonine gomma~yose; 
DAG, d iacylglycerol, H2S, hydrogen sulfide, IP3, inositol 1,4,5·1rtsphosphote, PIP2, phosphotidylrnosttol 4,5-bisphosphote, 
MLC, myosin light chain, MLCK, myosin light chain kinase, NO, nitric oxide; PLC, phospholipase C, PDE, phosphodiesterase, 
POEt, PDE inhibitors. 
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[51"). In humans, ncbivolol was shown to dilate 
penile arteries and treatment of hypertensive 
patien ts with ncbivolol significantly improved 
erectile function [44). More studies of the new 
generation of ~-blockers are necessary to elucidate 
thei r effects on erectile function . Another treatment 
that was shown to be associated with erectile dys
function is diuretic therapy. Treatment of pa tients 
with diuretics alone or with diuretics added t o their 
therapy was shown to worsen sexual dysfunction 
(44]. 

CONCLUSION 
A common denominato r in hypertension-associ
ated erectile dysfuncti on is endothelial dysfunction . 
Even though erectile dysfunctio n and hyperten sion 
arc both vascular diseases, va rious aspects regarding 
the disruption and modificati ons in the pathways 
(Fig. 1) leading to hyp ertension and erectile 
dysfu nction remain to be elucidated. However, 
it is undeniable that many of the factors leading 
to hypertension also have contributed significantly 
to the erectile dysfunction process, and th e opposite 
is also true. Also, erectile dysfu nction can be a 
conditton pnor to hypertension or an tihypertensive 
drug associated . It ts c \pectcd that pathophysiolog
ical modifications resulti ng in erectile dysfunction 
can be more useful in the fu ture to predict systemic 
vascular disorders such as hypertension . 
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1. Introduction 

ABSTRACT 

Hypertension tS a desorder .-.ffecting millions worldwide, .-.nd is.-. le.-.ding c.-. use of death and debihtattOn 
in the Umted St.Jtes. It IS w1dely accepted that dunng hypertension and other cardiovascular d1se.-.ses the 
vasculature exh1b1ts endothelial dysfuncuon: o~ defictt m the relaxarory abrhry of the vessel, attributed to 
a lack of nitnc oxrde (NO) bioavailabrhty. Recently, the one electron redox variant of NO, nitroxyl anion 
(NO ) has emerged as an endorhelium-denved relaxing factor (EDRF) and a candidate for endothelium
derived hyperpolarizing factor (EDRF). NO 15 thought to exrst protonated (HNO) in vivo, which would 
make thrs spec1es more res1stant to scavenging. However, no studies have investigated the role of th1s 
redox speciesdunng hypertension, and whether the vasculature loses the ability to relax to HNO. Thus, we 
hypothesize that aorta from angiotensin II (Angll)-hypertens1ve mice will exhibu a preserved relaxation 
response to Angeli's Salt, an HNO donor. Male C57816 mice, aged 12-14 weeks were Implanted w1th 
mrn1-osmonc pumps containing Angll (90ng/mm, 14 days plus high so~ It chow) or sham surgery. Aorta 
were excised, cle.1ned and used to perform functional stud1es rna myograph. We found that aorta from 
Angll-hypertensive mice exhibited a significant endothelial dysfunction as demonstrated by a decrease 

1n acetylcholine (ACh)-mediated relaxauon. However, vessels from hypertensive mice exhibrted a 
preserved respome to Angeli's Salt (AS), the HNO donor. To confirm that relaxation responses to HNO 
were maintamed. concentration response curves (CRCs) to ACh were performed in the presence of scav
engers to both NO and HNO (carboxy-PTIO and l-cys. resp.: We found that ACh-medrated relaxarron 
responses were s1gnrficantly decreased in OJOrtOJ from sham and almost completely abolished 10 aorta 
from Angll-treated mrce. Vessels 10cubated wrth L-cys exhrbued .-. modest decrease 10 ACh-medrated 
relaxations responses These data demonstrate that aorta from Angll-treated hypertensive mice exhibit 
a preserved relaxation response to AS, an HNO donor. regardless of a significant endothelial dysfunction. 

C> 2011 Elsevrer ltd. All rights reserved. 

Hypertension ts a leadmg contnbutor to death and d1sabthty m 
the United States and globally. Although a varrety of factors mclud
mg dtabetes. smokrng and other hfe style chotces can be correlated 
with hypertension. there ts still a subset of the population which 

becomes hypertensive without the presence of these risk factors. 
These patients develop what is known as essential hypertension 
and frequently do not respond conststently to commonly used ann
hypertensive medteat1ons. 

Among other factors. it is wtdely accepted that vascular tone 
contributes to vascular resistance. and changes m vascular resis
tance can alter systemic blood pressure. Many investigators have 
demonstrated, usmg different hypertenstve animal models. that 
increased blood pressure can also alter vascular contractility and 
relaxanon through a variety of processes. One such pathway IS 
through a decrease m nttric ox1de (NO) production and/or bloavall
abthty, as NO IS known to be a potent modulator of vascular tone 
[I). NO IS produced through the one electron reduction oft-argmme 
to citrulline and NO by nitric oxide synthase (NOS). Since the dis
covery of an endothehum-derrved relaxmg factor (EDRF) and the 
determmatton of NO to be the EDRF. the vast majonty of research 
has focused on th1s redox spec1es of NO Recent evidence suggests 
that a redox vanant of NO, nitroxyl anton (NO ). may medtate 
relaxatton through potassium (K') channel acttvation and VSM 
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or Georgia. Augusla CA 30912. Unrted Srates Tel : + I 706 721 3547. 
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hyperpolamatlon leading invesllgators to suggest that NO rs an 
endogenously derived EDHF 121. 

Very little research exrsts on the 2 redox vanants of NO; the 
charged nrtrosonium catron (No•) and the one-electron prod
uct. nrtroxyl anion (NO ) 11.3). It was thought that NO would 
exist as an anion (PKa 4.7) at a physiologrcal pH; however. thrs 
assumption was corrected in 2002. when rnvestigators dcter
mrned the actual pKa to be around 11.4 and that at physiologrcal 
pH NO exrsts as HNO 14 6). It was also determrned that thrs 
conJugated weak acrd, HNO, would be able to cross cellular mem
branes,leadrng rnvestigators to drvert research to thrs understudied 
molecule IS). It is now known that the physiology, pharmacol
ogy and btO(hemrstry of HNO are vastly drfferent than that of 
NOI7.81. 

HNO and NO can both be produced through the conversron 
of L-argrnrne to NO by nrtnc oxrde synthase (NOS), rn the pres
ence of requ1red substrates; argrnrne, NADPH and oxygen w1th the 
co-factors calmodulin and tetrahydrobropterin (BH4 ) (for consti
tutive NOS) 19 11 ). However. HNO IS mainly produced when NOS 
rs uncoupled or rn the absence of BH4 II 0,12 IS). Under srmrlar 
condrnons. the product of uncoupled NOS. N-hydroxyi-L-argrnine, 
can also lead to HNO productron (16). Dunng hypoxrc condrtlons. 
NO can be generated vra reduction of nitrites on metal sttes and 
from conversion via xanthrne oxidase (XO). Interestingly, it was 
demonstrated that through a srmrlar, yet aerobrc pathway, HNO rs 
also produced 19.17.181. furthermore, HNO can be generated vra 
reduct ron of NO by mttochondnal cytochrome c (mCyC) and non
enzymatically from the decomposrtion of S-nitrosothiols. Other 
reports suggest HNO productron to be a product of the catalytiC 
turnoverofNOSI1.19 221. 

Moreover. the mechanrsm by which HNO eltcrts rts effects vanes 
from NO Grven the chemtstry of HNO, the production and tar
get srte may be ltmrted to the membrane, suggesting channels 
and other membrane-bound enzymes as possrble downstream tar
gets 19,231. Thrs corroborates reports of HNO S-nrtrosylatrng the 
ryanodrne receptor and myofilaments, causrng both lusrtropy and 
rnotropy rn cardrac trssue 124.25). It has also been shown that 
HNO can activate adenosine trrphosphate (ATP)-sensitive potas
srum channels (KAll') in the coronary vasculature and voltage gated 
potassrum channels (K~) rn mesenteric artenes 11.26,27). ThNe is 
also evidence suggestrng that both NO and HNO can activate solu
ble guanylate cyclase (sGC). whtle accumulatron of cyclic guanosine 
monophosphate (cGMP) has only been shown in large conduit ves
sels 13.28.29). In contrast to NO donors,rnfusion ofHNO donors such 
as Angell's Salt does not lead to an increase rn systemic cGMP, but 
to an increase rn calcitonrn gene-related peptide (CGRP). CGRP is a 
potent vasodrlator released from neurons and has been descrrbed as 
a bromarker ofHNO acttvtty )3,301. Although there rs an rncreasrng 
body of knowledge regarding HNO-medrated relaxation, no current 
stud1es have rnvestigated the relatrve role that HNO plays dunng 
hypenensron. Grven the stabrhry or HNO as compared to NO. the 
abrhty of HNO to marntarn rts abrhty to medrate vasorelaxatlon dur
rng hypertensron may allow HNO to be a possrble therapeutic ,lgent 
to explort. We hypothesi1e that HNO-medrated relaxation wrll be 
preserved in aorta from angrotensrn II (Angll) hypertensrve mtce. 

2. Mater ials and methods 

Male C57bl/6 mice, weighing between 2Sg and 30g were 
obtained from jackson laboratories (Bar Harbor. ME). Mrce were 
maintarned on a 12-h hght dark cycle. housed 5 per cage and 
allowed access to chow and water ad ltbitum. lsonurane ( 10~) 
rn oxygen was used for surgenes wrth carbon dioxrde (C02 ) for 
euthanasra All procedures were performed rn accordance wrth the 
Gurdrng Pnncrples in rhe Care and Use of Anrmals. approved by 

the Georgia Health Sc1ences University Committee on the Use of 
Ansmals 10 Research and Education. 

2.1. Blood pressure telemetry srudres 

Mrce were anestheuzed using rsonuorane and a DSI Data Trans
mitter (Data Sciences International, St. Paul, MN) was rmplanted in 
the left carotid artery, routed and secured sub-scapularly. Anrmals 
were allowed to recover; systollc/drastolic pressures, heart rate and 
actrvrty were collected for 18 h per day/nsght. Data were analyzed 
usrng Power lab (AD Instruments. Colorado Springs, CO). The blood 
pressure data from these mice are shared, as the mesenteric arteries 
and aorta were used in 2 separate articles. 

2.2. Funcnonal studies 

After euthanasra wrth C02• the mesentery was rapidly excrsed 
and bathed 10 ice-cold physrological salt solutron (PSS) (NaCI 
120 mM. KCI 4.7 mM. KH2P04 1.18 mM. NaHC03 14.9 mM. dex
trose 56 mM, CaC12 H20, 0.06 mM EDTA).Increased concentratrons 
of EDTA were used in PSS buffer to aid 10 preventing the extra
cellular conversion of HNO to NO. Aorta were carefully rsolated 
and mounted as nng preparatrons on two stainless steel p10s 10 
a myograph (Danish MyoTech, Aarhus, Denmark). Vessels were 
maintained at37 C and continuously aerated with 95%02. 5% C02 
and allowed to stabilize for at least 45 mrn, at an optimal passive 
force of 5.0 mN. After stab11izanon. ussues were contracted wrth 
KCI ( 120 mM) solunon to determrne the reactivity of the vascular 
smooth muscle cells. To determ10e the vrability of the endothe
lrum. contraction was sumulated v1a phenylephrine (Phe: I J.LM) 
followed by acetylcholine (ACh; I 0 J.LM ). Vessels were then washed 
before performing concentratron response curves (CRC) and after 
each CRC CRCs to ACh or Angeli's Sail (AS. Cayman Chemrcal, Ann 
Arbor, Ml ) rn Phe-contracted vessels was performed rn the pres
ence of vehrcle or the followrng inhtbttors: carboxy-PTIO (CPTIO, 
nitnc oxrde scavenger). L-cysteine(L-cys, nitroxyl anron scavenger), 
4-aminopyndine (4-AP. K~ channel blocker). CPTIO was obtained 
from Cayman Chemical and 4-AP obtained from Tocris Broscrence, 
Elllsvrlle. MO. All other chemrcals and drugs were purchased from 
Sigma Aldnch, St. Lours. MO. Force measurements were collected 
usrng Chart™ Software (ADIInstruments. Colorado Spnngs, CO) for 
Powerlab data acquisition systems (AD! Instruments). 

2.3. Scacrstrcal analysrs 

Agonist concentration-response curves were fitted usrng a non
linear rnteracllve fitllng program (GraphPad Pnsm, Graph Pad 
Software Inc .. San Otego CA). and values expressed as percent of 
maximal relaxation graphed against increasing molar concentra
uons of agonrst. Agonrst potencies and maximum response are 
expressed as negative loganthm of the molar concentratron of 
agonrst producrng 50% of the maxrmum response (ECso) and maxr
mum effect eltcrted by the agonrst (Rm~x). respecttvely. Non-linear 
regressron analysts was used to determ10e EC50 values, where Rmax 
was normalized to I 00% for calculatrons. Data are expressed as 
mean ::1:: SEM (n), where n rs the number of experiments performed. 
Statistical analysis of the concentration-response curves was per
formed by using the F-test for compansons ofbest-fit data between 
groups (ECso and Rm~x). ForCRCs where a best-fit analysts could not 
be performed. absolute Rm~x values were averaged and Student's 
c-rest performed for srgnificance. 

2.4 Drugs 

Carboxy-PTIO was suspended rn DMSO and Angell's Salt was 
prepared usrng a 0.01 M NaOH solution. All other stock solutions 
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Fl&. 1. Aona from Anan hyjXnens1ve m1ce exh1b11 endotheh~l dysfuncuon. Con· 
cenlr~uon response curves to ACh were performed en Phe ( 1 tJ.M) conlracted aona 
ACh·medl~ted relax.lllon responses were assessed en aorta from Anall·lre~ted 
(Analll and sham (Sham) m1ce. Relauuon responses were calculated relat1ve to the 
maximal contracuonehclled by Phe Oatauerepresented as mean ±SEM; n •12- 18, 
p < 0.00 I. EC\o and R., .. values or An all vs. Sham. 

were prepared by us10g water. Stock solutions originally diluted 
in DMSO or ethanol was used w1th a final concentration of less 
than 0.003% (v(v) 10 the muscle bath; th1s concentration has been 
demonstrated to have no effect on vascular reactiVIty. AdditiOn
ally. solutions conta1010g veh1cle levels of ethanol and DMSO were 
also used throughout the experimental protocol to control for non
specific effects 
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3. Results 

3.1. Angiorensin II treated mice exhibited an increase in mean 
arterial pressure, as shown by telemetry 

Before drug treatment, MAP, HR and activity data were obtamed 
dunng a control penod of no less than 4 days in all mice. Mice 
treated with Angll for 2 weeks exhibited a significant 10crease in 
MAP by day 3 (160.:.5mmHg, p<0.05). There were no observed 
changes 10 MAP, HR or act1v1ty for the sham surgery mice, whether 
giVen normal chow or h1gh salt chow. 

3.2. Aorta from Ang/1 mice did not exhibit a decrease in 
AS mediated relaxarion responses despite a reduction in 
ACh mediated relaxation responses 

Aorta from Angll hypertensive mice exhibited a significant 
decrease 10 sens1l1V1ty to ACh as compared to sham aorta (ECso 

5.86 i: 0.18 vs. 6.85 ±: 0.09, p < 0.001 ). There was also a reduc
tion 10 the max1mal relaxation in Angll-treated aorta as compared 
to sham aorta (R.n~x 37.00% .1: 3.66 vs. 72.56% ± 2.46, p < 0.001) 
(F1g. 1 ). However, we observed no change in AS-med1ated relax
ation responses (f1g. 2a and b) 10 Angll-treated m1ce as compared 
to vessels from sham m1ce. S1m1lar results were obtained whether 
aonas were intact (E+, Fig 2a) or denuded (E-. Fig. 2b). 
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Fla. 2. Ansell's Salt med1~1ed relaxallon responses were pre~erved 10 1ntact and denuded aoru from Ansll hypertensive m1ce. Concentra11on response curves to the nuroxyl 
an1on donor, Angell's Sail, were jXrformed 10 Phe ( 1 tJ.M) contracted aorta. Relaxat1on rrspon~<'S to nitroxyl anion were as<essed 10 entact aorta from An&IHreated (Anall.) 
and sham (Sham) mice Ntlroxyl amon·med1ated relaxauon was determ1ned 10 aorta from 10tact. £( • ). (a) Ansll·treated (An&ll) and sham (Sham) m1ce and denuded, E( -) 
( b ~ Relaxauon respon~es were calculated rel~tlve 10 the max1mal contractiOn ehclted by Phe. Data are repre<ented as mean :t SEM; n• 12·16. 
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Fig. 3. Scaven&IOll nltrec ox1de decreases ACh·med1ated relaxation responses tn aorta I rom Anall trealed and sham mece Concentration response curves to ACh were 
performed In Phe (I tJ.Ml contr.lCled aorta from sham (Sham.Xa) and Anall (An&I IXbl In the pre1ence or the nllnc ox1de scavenaer, cuboxy-PTIO (200 tJ.M). Data Me 
represenlrd a< mean .I: SFM: n • 7·9. •p <0.05. ECso and Rmu v~lues of CPTIO vs veh1cle 111 sham, 1p <0.001. Jnd Rm ... values orCPTIO vs. vehiCle 1n Anall 
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3.3. Aorta from Angff hyptl!tnsrvt mrct art dtpendtnt upon 
nrtnc oxrdt for rtlaxauon 

To further anvestagate the role of HNO an vasorelaxation, scav
engers of NO and HNO (CPTIO and L-cys, resp.) were used. 
Aortas were incubated wath CPTIO and CRCs performed to ACh. 
In the presence of CPT10, vessels from sham mice exhibited 
a sagnaficant decrease an both sensitivity (ECso -5.68.t: 0.34 vs. 

6.85 :z 0.09. p < 0.05) and maxamal relaxatron (Rm.tx 22.29% ± 5.48 
vs. 72.56\ 2.46, p < 0.05) (rig. 3a) to ACh. When aortas from An gil 
hypertensave mrce were ancubated wrth CPT10, there was an almost 
complete anhabataon of relaxation to ACh (Rnux p < 0.001 X Fag. 3b). 
As shown an Fag 4, aortas were ancubated wath the HNO scavenger, 
L-cys, whrch has been demonstrated as a mechanism to daffer
entiate between HNO and NO 126.31.32). A significant decrease 
in maximal relaxation was observed an vessels incubated wrth 
L-cys as compared to vehacle an sham (Rmax 58.00% ± 3.43 vs. 
72.56% 1: 2.46, p < 0.00 I ) and Anglltreated mace (Rmax 16.80% ± 3.37 
vs. 36.99% ± 3.66, p < 0.05)(flg. 4b). These data suggest a significant 
dependence upon NO for vasorelaxatron, and that NO bioavailabll
aty as decreased during Angll hypertension. 

3.4. Aorta exhrbir a decrease rn ACh medrated relaxauon with 
voltage-gated potassrum channel blockade 

The Kv channel has been demonstrated to be specifically acti
vated by HNO in rat and mouse mesenterrc artenes. Given this, 
the role of Kv channels an this model of hypertension was anvestl
gated. Aortas were incubated wllh 4-AP, which has been previously 
demonstrated to be a specafic Kv channel blocker 12.26). In Fig. 5, 
aortas were ancubated wtth the Kv channel blocker or vehacle and 
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CRCs to ACh were performed. Vessels from sham animals exhib
ited a nghtward shaft an sensitiVIty to ACh (EC50 - 5.97 ± 0.22 vs. 

6.85 1: 0.09, p < 0.05 ), wllh a sagnaficant decrease an the maxa
mal relaxation responses (Rnux 54.4 1% ± 6.05 vs. 72.56% ± 2.46, 
p < 0.01 ) (Fag. Sa). Aorta from An gil hypenensave mice also exhablted 
a decrease an maxamal relaxation responses (Rnux 21.50% ± I 0.09 
vs. 37.00% ± 3.65, p < 0.01 (Fag. 5b). These data suggest that the K~ 
channel may modulate a portion of endothelium-medaated relax
anon. 

3.5. AS mediated relaxation rs soluble guanylate cyclase 
dependent 

To assrst an determanang the mechanism involved in HNO
medaated relaxation, CRCs to AS were performed in aorta from sham 
and Angll-treated mice. Vessels were incubated with 4-AP, the K~ 
channel blocker, as shown an Fag. Ga. No significant differences in 
sensativuy to AS were observed aorta from sham mice: however, 
vessels from Angll-treated mice exhibited a significant decrease in 
AS-mediated relaxation ( 5.19 ± 0.15 vs. - 6.54 ± 0.16, p < 0.0001). 
In vessels ancubated with ODQ. the sGC inhibitor (Fig. 6b), aorta 
from both sham (Rm.tx 27.0\)and Angll (Rm.tX 11.5%)- treated mice 
exhrbtted almost a complete inhrbation of relaxataon. suggesting 
that an the aorta, AS-medaated relaxation is largely dependent upon 
sGC for relaxataon responses. CRCs to AS were also performed an the 
presence of the NO and HNO scavengers. CPT10 and L-cys. resp. We 
found that vessels from both sham (ECso 5.82 ± 0.08, p < 0.001) 
and Angll-treated (EC;o - 5.18 ± 0.14, p<0.001) mice, mcubated 
wath CPT10 exhabated a signaficantly decreased sensitivity to AS 
(Fig. 7a~ When samalar curves were performed in the presence of 
L-cys, aorta from both sham (ECso -5.89 ± 0.12,p < 0.05) and Angll-

100 
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Fi&. 4 . Nllroxyl an1on dot's not pnm.tnly med1.tlt' endothelium de~ndent voasorelaxauon In aort.t from both ~h.tm .tnd Angll-truled m•ce. Concenlr.tiiOn response curves 
to ACh were pt'rformt'd m Phr (111M) contr.tcted first .tort.t from sh.tm (Sham) (oa ) •nd Angll (Angll ) (b) '" tht' presenct' of I he nuroxyl•mon sc•veng~r. L-cys ( 3 mM). O.tt.t 
u~ representt'd •s m~•n :t SEM. n ·9-11. 'P <0.001. R,... v.tlues of L-cys vs. veh1clt '"sh•m. 'p <0.05, •nd R.,., v•luts or L·cys vs veh1clt In Angll. 
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Fl&, S. Voll~g~ gated potas~lum ch.tnnrl blocko~de decrNses relaxation In aona Concentr•lion rtsponst curves to ACh were performed m Phe (I f.LM) contracted aorta from 
sham (Sham I• (a) and An gil (Angll ) (b) m th~ prtsencr of th~ volt•ged-gatrd poaasslum channel blocktt, 4 ·AP ( 1 mM ). Data .tre representt'd as mean ± SEM; n • 6-9, 'p < 0.05, 
EC~o valuts or 4 AI' vs vehicle 111 sham and R.,.. values of 4-AP vs. veh•cle In Angll. • p <0.01, and R .... , values or 4·AP vs vehiCle m sham. 
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Fla. 6. Rclaxatron responses to the nrtroxyl ~nron donor, Angell's Salt, are medrated through soluble auanylate cyclase Concentrauon response curves to AS were perrormed 
rn Phe (I j.I.M) contracted aorta lrom Angll (Angll) and sham (Sham) rn the presence or the (a) voltage-gated potassium channel blocker. 4-AP (I mM) and the (b) soluble 
guanylate cyclase inhrbrtor, ODQ(l 11M) Data are represented as mean±SEM; n•S 8, p<O.OOOI, EC\0 nlues or 4·Ai> vs. vehicle In Angll, 'p<O.OOOI, and Rmu values or 

ODQ vs vehrcle rn sham and Angll 

treated ( EC50 -5.53 i 0.2 1. p < 0.0 I) mice exhibited a decrease m 
AS-mediated relaxation responses (Fig. 7b). 

4. Discussion 

The free radtcal spectes of nitrogen oxide. NO, is the most well 
known and well-studied, 10 contrast to Its redox congeners: NO · 
and NO'. As mentioned prev1ously. stud1es 10volv10g NO were not 
pursued due to the fact that NO was thought to exist as an amon 
m vivo: however, recently 1t has been determined that NO would 
actually be protonated (HNO) (4-6.33 1. As the protonated spec1es, 
HNO. no channel or ion pore IS needed for Intracellular access, thus 
mak10g HNO a poss1ble med1ator 10 cell signaling pathways (51. 
Stud1es have been performed us10g the HNO/NO donor. AS, which 
decomposes to y1eld NO and N02 to determ10e the mechamsm by 
wh1ch th1s spec1es mediates relaxauon 10 the vasculature (34 -371. 
Although literature shows a definite role for HNO-mediated relax
ation. no studtes to date have 10vesugated the role which HNO plays 
10 vessels from hypertensive ammals. In this study. we set out to 
determine 1f HNO-med1ated relaxation responses would be pre
served in the aorta from Angll hypertensive mice, given that HNO 
IS thought to exhibit decreased reactivity in the presence of reacuve 
oxygen species ( ROS). 

Previous stud1es have demonstrated that AS induces relax
auon 1n vascular and non-vascular smooth muscle includ10g: 
aorta, mesentenc artery, coronary artery, anococcygeus and gas
rric fundus (1,26.31.35.38 40 (. In the present study, we also found 
that the aorta from m1ce exh1b1ted a sim1lar half-maximal relax
anon response to AS. 0.65 1.1-M. when compared to other tissues 
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(Ftg. 2a). What was interesting was our observation that relax
auon responses to AS were maintamed in aorta from Angll-treated 
m1ce, whether the vessels were intact or denuded (Fig. 2). When 
CRCs to ACh were performed, aortas from hypertensive mice exhib
Ited a Slgmficantly decreased sensitiVIty and maximal relaxation 
response, suggesting there IS a profound endothelial dysfunctiOn 
(Fig. 1 ). Th•s study IS the first to demonstrate th1s mamtenance 
of HNO-mediated vasorelaxat1on. and th1s phenomenon was 10 
contrast to other findings from this laboratory showmg that mesen
teric arteries from salt-loaded Angll-hypertensive m1ce exh1b1t a 
decrease tn HNO-med1ated relaxation (41.421. These data demon
strate regional differences 1n vascular reactivity of HNO dunng 
hypertension. 

In responses mediated by ACh, we found that mcubation w1th 
CPTIO (F1g. 3) produced a marked decreased in relaxation, while 
mcubation with L-cys (Ftg. 4) only produced a modest decrease in 
relaxauon responses. These data tnd1cate that endogenous produc
tion of NO. such as by ACh-med1ated mechanisms, is scavenged 1n 
the presence of CPTIO. The presence of CPTIO in CRCs performed to 
ACh reduced the response tn aorta from sham, confirming the role 
that NO plays in aortic vascular tone. Conversely, the almost com
plete abrogauon of ACh mediated relaxation responses in aorta 
from Angll treated mice, when incubated with CPTIO, also signifies 
the loss of NO b1oavaliability for relaxation during Angll hyper
tenSIOn. L-cys incubation produced a modest, though significant 
decrease tn ACh med1ated relaxation in vessels from sham and 
Angll treated, m1ce revealing li ttle reliance upon HNO for relax
auon as compared to NO. When compared to our data using the 
HNO donor, AS. we believe that these data may also suggest that 
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FIJ. 7. Rel~xauon re~pon<es to the n11roxyl ~01011 donor, Angell's S~lt, are reduced wllh n11nc oxrde ~nd nllroxylanron sc~vengtng. Concentr~uon response curves to AS were 
performed In f'he ( 1 ~M) contracted fim aorta from Angll (Angll ) and sham (Sh~m ) rn the prr~ence or the (a) NO scavrnaer. CPTIO (200 11Ml and the (b) HNO scavenger, 
L-cys (3 mM). Data are represented~~ me~n .1. SEM; n •S 8. 'p <0.05. ECso values ofL·Cys vs. vehrclr In sham, •p <0 01 EC~ values orL-cys vs. vehrcle rn Angll , p <0.001, EC50 

value~ orCPTIO v~ vehicle rn sh~m. 'p < 0 0001. and EC\0 values ODQ vs vehicle In 1\ngll 
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there may be dtfferent mechanisms for relaxauon when HNO ts 
produced endogenously versus using a pharmacological donor. 

In order to mvesugate mechanisms for relaxauon, we also per
formed CRCs to AS and ACh m the presence of the sGC inhtbttor, 
ODQ. and the Kv channel blocker. 4-AP. When CRCs to ACh were 
performed in the presence of 4-AP, aorta from sham and Angll
treated mace exhibated a decrease m ACh ·mediated relaxation 
responses (Fig. 5 ). In prehmmary results usmg mesentenc arter
tes, we found that Kv channel blockade has a profound effect 
on endothelium-mediated relaxation. which. given that resistance 
vessels rely heavtly upon EDHF for relaxauon, as expected. Our cur
rent data demonstrates a role forK: channels in modulating aortiC 
vascular tone and passably K~ channels in hypertension. To further 
mvesugate thts role. CRCs were performed to AS m the presence 
of the K~ channel antagomst. wath surpnsmg results. Only vessels 
from Angll hypertenstve mace exhtbtted a decrease m AS-medaated 
relaxation (Fig. 6a). When similarCRCs were performed in the pres 
ence ofODQ. whach mhtbtts sGC, we observed a complete inhtbttion 
of AS-medaated relaxation (Fig. 6b). We believe these data reveal 
that AS-mediated relaxatiOn IS completely dependent upon sGC for 
relaxation. and agam suggesting that endogenously produced HNO 
may dtffer tn mechamsm from exogenously applied HNO. 

All CRCs were performed m the presence of the copper (Cu(ll)') 
chelator. EDTA, m order to prevent or decrease the extracellu
lar conversion of HNO to NO. as shown by other mvesttgators 
127.31.35.43). Usmg NO-sensing probes, Favaloro and colleagues 
demonstrated that Cu' present in the PSS used during experiments 
wall oxidize NO to NO (27(. Although the use of EDTA wtll hmtt 
the extracellular converston of NO to NO. there ts hmited evadence 
regardmg the mtracellular conversion between these 2 molecules. 
In our expenments. we found that both L-cys and CPTIO attenu
ated AS-mediated relaxauon responses an aorta from sham and 
Angll-treated mace. Although this is the first study to investigate 
HNO-mediated relaxatton an aorta from Angll hypertensive mace, 
there are other studaes to demonstrate that both scavengers can 
reduce AS-medtated relaxataon responses. In a study performed 
by Eilts and co-workers. they found that AS medtated relaxattons 
dtfferently m the aorta than in the non-vascular nssue. anococ
cygeus muscle. They also found that CPTIO ttself, oxidizes NO to 
NO. albeit less than 2\ of the total amount of AS added (35). In 
our present study, we also observed a decrease m AS-medtated 
relaxation responses m the presence of CPTIO. Interestingly, the 
scavengmg effect of CPTIO was greater m aorta from rhe Angll 
treated mtce Gaven that a passable mtracellular oxtdatlve effect 
may be mter-converting these 2 molecules, the fact that thts effect 
was mcrcased m aorta from hypertensive mtce gtves us mstght into 
dtffcrcnt posstblc oxtdauve environments of these vessels. Other 
laboratories have shown that there arc mcreascs m supcroxtde dts
mutase (SOD) acttvtty dunng Angll hypertensaon. whtch may also 
explam our findtngs (441. If vascular disease and hypcrtens1on lead 
to mcreases m expresston and/or acttvlly of other metal contaanmg 
enzymes such as xanthme oxtdase (XO). whtch is haghly likely gaven 
the oxtdanvc cnvtronml.'nt dunng thesl.' condtuons, thts would also 
contrtbute to changl.'s m HNOJNO mtl.'rconverston. Addauonally, 
wtth mcrcasmg concentrations of AS (> 10 14M), there have been 
shown to be tncreases 1n NO. along with nltrtte production 127). 
Othl.'r mvcsugators havl.' ruled out a posstbtltty or nitrites to be 
medaatang the vast maJOrtty of effects seen by AS, gaven that mtrtti.'S 
medtatc vascular rl.'laxauon at concentrations much highl.'r than 
what is present with AS decomposition (27.31). We also observed 
a further attenuation of AS-mediated relaxation responses in aorta 
from Angll-treatl.'d mtcl.' when ancubatl.'d with L-cys as compared 
to aorta from sham mace mcubated with L-cys. lnvestagators have 
used bolus doses of AS and found that mcubatlon wtth mtlhmo 
lar levels of t-cys sagntlicantly decreases thl.' maxtmal relaxation 
responses. L-cys, in lower concentrations, 1s suggested to block 

NO-mediated vasorelaxatton. With low concentrations ( <300 ~M) 
of t-cys, Furchgou and Feelisch et al. found that these concen
trations blocked the response to NO and to EDRF, which they 
surmised to be through the formauon or superoxide dunng the 
auto-oxidanon of t-cys 131 .32,45-48). Moreover, data suggest that, 
vta S-mtrosothtol producuon. L-cys may potentiate NO-mediated 
responses in the vasculature when used at htgh concentrauons 
(> 1 mM) (31,32,47). In our preparataon, we dtd not find a potenua
tion of ACh-medtated relaxation responses m the presence of t-cys 
13 mM). This again calls into question the oxidative environment 
of the aorta, as there were observed differences in AS-mediated 
relaxation responses m the presence of L-cys in aorta from sham 
and Angll-treated mace. 

5. Conclusions 

Overall, our data arc the first to dl.'monstrate that aorta from 
Angll-treated hypertensive mtce. whtle dasplaying endothelial 
dysfunction also exhtbtt a preservation of HNO-medtatcd rl.'lax
atton responses. WI.' also demonstrate that there may be a 
dtfferencc m the oxtdauve envaronmcnt of the aorta, as compared 
to other vascular and non-vascular smooth muscle tissues. 
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