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Abstract
Erectile Dysfunction (ED) is the most common male sexual dysfunction presented for treatment,
and the most thoroughly studied sexual dysfunction in men. In the late 20th century, important
discoveries were made regarding both the physiologic processes of penile erection and the
pathophysiology of ED. These discoveries led to the commercial introduction of the
phosphodiesterase type 5 inhibitors (PDE5I), a class of medications which now accounts for the
largest segment of the ED market. While these drugs are highly efficacious for many men, a
relatively large subset of ED patients who do not respond to PDE5I has been identified.
Recognition of this subset of the ED population and the ageing of the population has driven
researchers to investigate novel treatment targets for ED. Increased research efforts have resulted
in the development of several orally available compounds that combine high efficacy with low
rates of adverse events. In this review we report on various compounds that regulate penile
erection both centrally (Clavulanic acid, Dopamine and Melanocortin receptor agonists) and
peripherally (novel PDE5I, soluble and particulate Guanylil Cyclase activators, Rho-kinase
inhibitors and Maxi-K channel openers), and discuss the preclinical and clinical evidence
supporting the development of these emerging drugs for ED.
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1. Background
Erectile Dysfunction (ED) was defined by the NIH Consensus Development Panel on
Impotence as the persistent inability to attain and maintain an erection sufficient for sexual
intercourse.[1] It is the most thoroughly studied sexual dysfunction in men and the most
common sexual complaint of men presenting to their healthcare providers.[2]
Notwithstanding variations in definitions and methodology, various large scale studies (both
cross-sectional and longitudinal) substantiate the global presence of this disease, with an
estimated overall prevalence rate that ranges between 10% and 20% worldwide.[3] There is
a strong correlation between age and ED, with prevalence increasing steadily from 6.5% in
men aged 20–39 years to 77.5% in those 75 years and older.[4] ED is associated with
various comorbidities including psychological factors, cardiovascular diseases, diabetes
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mellitus, metabolic syndrome and smoking. Iatrogenic causes of ED include cavernous
nerve injury during radical pelvic surgery and the use of various medications, particularly
thiazides, some beta-blockers, hormonal blockade, and antidepressants.[5]

Historically, treatment of ED was limited to surgical options and intracavernosal or
intraurethral administration of vasoactive drugs. In the 1980–90s, research on the
mechanisms of corpus cavernosum smooth muscle relaxation led to the discovery of nitric
oxide (NO) as the most important peripheral neurotransmitter in erectile function, which in
turn resulted in the development and introduction of phosphodiesterase-5 inhibitors
(PDE5I).[6–9]

2. Medical need
Despite the huge success of PDE5I, the demand for alternative pharmacotherapeutic options
for ED continues to rise as a result of the increased proportion of elderly in the population,
and increasing recognition that a approximately one-third of ED patients do not respond to
PDE5I.[10] Research continues on compounds that may benefit those men that do not
experience satisfactory results from oral PDE5I. This review article aims to provide a
comprehensive overview of novel compounds that are currently under investigation in both
preclinical and clinical settings for the treatment of ED.

3. Existing treatments
3.1 Selective phosphodiesterase 5 inhibitors

PDE5I are non-hydrolysable analogs of 3′,5′-cyclic-guanosine monophosphate (cGMP) and
exert their beneficial effects on smooth muscle relaxation by competitively binding to the
catalytic site of PDE5, the enzyme responsible for breakdown of cGMP to 5′-guanosine
monophosphate (GMP). By slowing the degradation of cGMP by PDE5, these drugs
produce an intracellular accumulation of cGMP in smooth muscle cells in the corpus
cavernosum and in the walls of the supplying arteries (figure 1). This results in relaxation of
the smooth muscle, increased arterial blood flow, and penile tumescence.[11]

Guidelines on the treatment of ED generally recommend PDE5I as the initial and reference
treatment for ED.[12,13] These recommendations are based on numerous trials which
establish both the efficacy and the safety profile of the PDE5I currently available in the
United States: sildenafil, tadalafil and vardenafil. [14,15] Overall efficacy rates are 60–70%
with on-demand treatment regimens.[10] Of the patients that initially do not respond to
PDE5I, between 30–50% may be converted to responders by counseling the patient and his
partner. Some patients who fail to achieve an erection when taking PDE5I on-demand,
benefit from a daily dosing regimen.[16,17] Furthermore, in the male suffering from ED in
the context of late onset hypogonadism, addition of Testosterone suppletion might enhance
PDE5I-therapy.[18]

As the efficacy of PDE5I depends on the integrity of the NO pathway in producing cGMP, it
is evident that patients in whom this pathway is disturbed or defective will benefit far less
than the general population from PDE5I. Disease states that diminish NO availability
include denervation of the erectile tissue following radical prostatectomy; severe diabetes
with neuropathy and endothelial dysfunction; metabolic syndrome; and downregulation of
nitric oxide synthase (NOS) expression as may be seen in atherosclerosis, ageing and
hypogonadism.[19]

The safety profile of the currently available PDE5I is excellent, based on post-marketing
data and further demonstrated by the recent FDA approvals for daily use of PDE5I.
Sildenafil was approved in daily high dosage for the treatment of pulmonary hypertension,
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and tadalafil at low-dose (up to 5 mg daily) for ED.[2,20] In post-marketing
pharmacological surveillance, no increase in myocardial infarction rates in patients who
received these agents has occurred compared to expected rates in age-matched populations.
[14,20] In spite of these data, there are certain heart-related precautions in the use of PDE5I.
PDE5I are relatively contraindicated in patients with unstable angina pectoris, recent
myocardial infarction, certain arrhythmias, and poorly controlled hypertension. Furthermore,
patients who are treated with nitrates or nitrate-donors should not take PDE5I, and use of
PDE5I with α-blockers may result in postural hypotension.[5] The most common adverse
events from PDE5I are attributable to specific inhibition of PDE5 and vasodilatation in
tissues other than the penis, and include headache, facial and ocular hyperemia, nasal
congestion, myalgia, and back pain. Adverse events account for about 25% of cases in
which PDE5I are discontinued, with the most common reason for discontinuation of PDE5I
being lack of efficacy.[15] There have been rare reports of serious adverse events such as
seizures, nonarteritic ischemic optic neuritis and acute hearing loss. While the role of PDE5I
in causing these disorders remains a controversial issue, the majority of reports on the topic
have been rather anecdotal.[15,20,21] Other adverse events can be attributed to cross-
reactivity with other PDE-isoforms. Vision disturbances, which are believed to result from
cross-reactivity of PDE5I against PDE6 (an isoform of PDE that is abundantly present in the
cones of the retina) have been reported with PDE5I use. Tadalafil has been shown to cross-
react with PDE11 to some extent, although no consequences of this cross-reactivity are
currently known. None of the available PDE5I has shown clinically significant cross-
reactivity with PDE isoforms other than PDE6.[17]

3.2 Apomorphine SL
Apomorphine is a centrally acting non-selective dopamine agonist with more potent D2-like
effects, which acts by binding to dopaminergic receptors of hypothalamic neurons.
Apomorphine has lower efficacy and satisfaction rates compared to PDE5I, and is most
effective in patients with mild to moderate ED.[13] It is rapidly absorbed due to the
sublingual route of administration and erections are achieved in 20 minutes in more than
two-thirds of the patients.[5] The most common adverse events are due to nonspecific
binding to other subtypes of the dopamine receptor and include nausea, headache and
dizziness. Apomorphine is not contraindicated in patients taking nitrates and may therefore
represent first-line oral treatment in this class of patients.[13,22,23] Currently, intranasal
administration of apomorphine (VR-004) is under investigation.[24] In a phase II trial, it
was safe and well-tolerated without serious treatment-related adverse events. The most
common adverse event was headache. The development of the drug for the indication of
male sexual dysfunction has been suspended however until a development partner is found.
[25]

3.3 Yohimbine
Yohimbine is a natural peripherally and centrally acting alpha-blocker. There is little
evidence on its efficacy in the treatment of ED and it is therefore not currently
recommended in most guidelines on the management of ED.[13]

3.4 Intracavernous and intra-urethral administration of vasoactive substances
Penile injection of vasoactive substances has been utilized since the 1980s as a treatment for
ED and provides a good safety profile, and a rapid of onset of action. The most commonly
utilized substance, and currently the only one with US FDA approval as a treatment of ED,
is prostaglandin E1 (PGE1). PGE1 binds to specific G-protein-coupled receptors (GPCR) in
the membrane of smooth muscle cells, and activates adenylyl cyclase (AC). AC facilitates
cleavage of ATP to cAMP, a second messenger with downstream effects analogous to
cGMP in the establishment of smooth muscle relaxation. This effect is independent of the
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NO pathway and is therefore particularly useful as a treatment for ED after radical
prostatectomy. Overall satisfaction rates with intracavernous PGE1 therapy are almost 80%.
[26] Other drugs which are commonly used for intracavernous injection therapy are
phentolamine and papaverine. Vasoactive Intestinal Peptide (VIP) is available for
intracavernous injection therapy in some countries although its efficacy is low and it is
typically only used as a component in combination therapy. These substances can be
injected alone or in combination (so called bimix or trimix). PGE1 is also available for
intraurethral administration (medicated urethral system for erection, MUSE).

The major disadvantages of injection therapy include the risk of priapism, variable degrees
of pain with injection in 50% of patients, and the risk of penile fibrosis after long-term use.
Patients using injection therapy should undergo a thorough training program prior to
initiation of therapy. MUSE may have some side-effects in common with intracavernous
injection of PGE1, and may also be associated with hypotension, syncope, urethral burning
or pain in the patient, and vaginal irritation in the partner.[5] While these therapies provide a
valid alternative for patients who do not respond to oral therapy, the self-injection or urethral
administration is a major drawback for many patients compared to oral therapy.

4. Scientific rationale: physiology of penile erection
Upon sexual stimulation, the hypothalamus is exposed to input of various substances, of
which dopamine appears to be the primary erectogenic neurotransmitter and serotonin the
principle erection inhibiting neurotransmitter.[27] The specific dopamine receptor subtype
responsible for erectogenic effects is unclear. Although it was formerly believed that the
effects were mediated in large part by D2 receptors, recent evidence points toward the D4
receptor subtype as a mediator for the pro-erectogenic effects of dopamine.[28] Dopamine-
containing nerve endings impinge on oxytocinergic cell bodies in the paraventricular
nucleus which project, in turn, to extra-hypothalamic brain areas such as the hippocampus,
the ventral medulla and the spinal cord. Oxytocin has been localized in pathways descending
from the hypothalamus to the brain stem and spinal sacral autonomic centers controlling the
erectile tissues of the penis.[29]

In addition to central pathways, an erectogenic stimulus may originate in the sacral spinal
erection center in response to direct tactile stimulation of the penis, exciting sensory neurons
which synapse in the sacral erection center located in the S2–S4 region. Exiting through the
sacral neural foramina, efferent neurons from the sacral erection center pass anterior and
lateral to the rectum as the nervi erigentes to reach the pelvic plexus. In this location,
preganglionic fibers relay in ganglia, and postganglionic non-adrenergic, non-cholinergic
(NANC) fibers pass in the cavernous nerves to the corpora cavernosa. These nerves run
alongside the posterolateral side of the prostatic capsule and perforate the urogenital
diaphragm to enter the cavernous bodies at the level of the crura.[30] This anatomic
localization makes these nerves particularly susceptible to damage during radical pelvic
surgery.[31]

NO is released from NANC nerve terminals in the corpus cavernosum in response to a
neural stimulus and also from the endothelium in response to 1) the release of acetylcholine
(Ach) by parasympathetic endothelial nerve endings, and 2) by the shear stress elicited by
increased blood flow in the corporeal sinusoids. NO is synthesized in the nerve terminals
and in the endothelium by action of the tissue specific enzyme nitric oxide synthase (NOS),
which catalyzes the production of NO and citrulline from oxygen and L-arginine. NO
passively diffuses into cavernous smooth muscle cells where it binds to the heme moiety of
soluble guanylate cyclase (sGC) and thereby activates this enzyme, which catalyses the
breakdown of guanosine triphosphate (GTP) into cGMP. In turn, cGMP incites a cascade of

Albersen et al. Page 4

Expert Opin Emerg Drugs. Author manuscript; available in PMC 2011 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



protein-kinase G (PKG) mediated intracellular events. Although being the most important
pathway leading to smooth muscle relaxation, it is supported by other pathways with cAMP
as a second messenger, which in turn activates protein-kinase A (PKA). PKG and PKA
activate a series of cellular events via phosphorylation of various targets in the smooth
muscle cell. These events lead to inhibition of the noradrenergic pathway; opening of Maxi-
K channels; and activation of the Ca2+ ATP-ase transporter in the membrane of the
sarcoplasmic reticulum (SR). The principle end result of these processes appears to be a
reduction in intracellular calcium content. (figure 1). When the cytoplasmic calcium
concentration falls below 500 nmol, calcium dissociates from calmodulin (CaM), which in
turn dissociates from myosin light chain kinase (MLCK), thus inactivating it. With its kinase
inactivated and its phosphate moiety removed by smooth muscle myosin phosphatase
(SMPP-1M), the myosin light-chain (MLC) becomes inactive and can no longer bind the
myosin head to actin. This leads to relaxation of the cavernous smooth muscle cell (figure
2). With relaxation of the smooth muscle, vasodilation and enhancement of blood flow into
the cavernosal sinusoids occurs, leading to penile erection. Blood becomes trapped in the
corporal bodies by compression of subtunical venules against the tunica albuginea (full
erection phase) and contraction of the voluntary ischiocavernosus muscle (rigid erection
phase). [30–32]

These pro-erectogenic parasympathetic mechanisms are counterbalanced by sympathetic
input from nerve fibers that also run in the cavernous nerves. The sympathetic nervous
system maintains the penis in a flaccid state by tonic release of norepinephrine from the
nerve terminals which stimulates the α1-adrenergic GPCR on the cavernosal smooth muscle
cells. This activates a cascade of events initiated by phospholipase C (PLC), which splits
phosphatidylinositol bisphosphate (PIP2) into inositol triphosphate (IP3) and diacylglycerol
(DAG). IP3 activates its receptor (IP3-R) on the SR, inducing release of calcium from
internal stores to the cytoplasm, while DAG activates protein-kinase C (PKC), thereby
promoting conduction of Ca2+ into the cell by L-type calcium channels in the cell
membrane. Ca2+ binds to CaM, and this complex activates MLCK. This results in
contraction of the smooth muscle cell and maintenance of penile flaccidity (figure 2).
Supporting pathways in the maintenance of cavernosal flaccidity are the inhibition of PKG
by DAG, and the activation of rho-kinase (ROCK) by the ras homolog gene family member
A (RhoA) which affects the smooth muscle tone by altering calcium-sensitivity. Inhibitory
phosphorylation of SMPP-1M by ROCK leads to sensitization of myofilaments to
intracellular basal calcium and thus to contraction (vide infra).[30,32,33]

5. Current research goals

5.2.1 Central regulation of erection—Recently, increased attention has been given to
the central regulation of the erectile state of the penis. Dopamine and melanocortin-receptors
have been identified as important mediators in the generation of pro-erectile impulses
originating in the CNS.[27,28,34] For both receptors, various subtypes have been identified
and research has focused on means to produce pro-erectile effects without instigating
adverse events by using agents with subtype selective activities at receptors in the CNS.

For centrally acting compounds to be able to enhance erectile function, an intact neuronal
transmission is required, as well as functioning erectile tissue in the penis. Hence, drugs that
act centrally to enhance pro-erectile impulses may be of lesser value in patients with severe
organic ED and tissue defects in the cavernous arteries and corporal bodies. It has been
established that apomorphine is most effective in mild-to-moderate organic ED and
psychogenic ED, and is less effective in patients suffering from severe organic ED.[10,24]
However, preclinical studies have shown synergistic effects when centrally acting drugs are
combined with drugs acting peripherally in the corpus cavernosum. Therefore, central agents
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may be useful for potentiation of peripherally acting drugs as combination therapy for severe
ED, with monotherapy using central agents a valid option in mild and/or psychogenic ED.
[35] Many centrally acting compounds may have beneficial effects on both male and female
sexual dysfunction.[36]

5.2.2 Stimulation of smooth muscle relaxation—A complex interplay between the
mechanisms described above (4) determines the erectile state of the penis. Complex cross-
talk mechanisms within the autonomic nervous system pathways ensure silencing of the
sympathetic pathway when pro-erectogenic stimuli activate the parasympathetic pathway,
and vice versa.[32] Modulation of pathways leading to smooth muscle relaxation and
inhibition of the pathways maintaining smooth muscle contraction have been the focus of
intense research in the past two decades. Methods for direct activation of the cGMP and
cAMP pathways have been studied as a means to bypass the need for endogenous NO
production. This research was based on the finding that certain diseases abolish endogenous
NO production (vide supra). While effective supplementation of exogenous NO has proven
difficult, various compounds directly targeting and activating downstream effectors in the
NO-cGMP cascade are promising therapeutic options.[2] Various substances that do not
depend on NO secretion for modulation of endothelial function have been developed for the
treatment of hypertension and other cardiovascular diseases. These compounds are now
under investigation for their potential as treatments of ED; examples include ROCK-
inhibitors and direct activators of sGC. While some of these compounds are in phase II and
phase III trials for cardiovascular diseases, research focusing on utilization of these drugs for
ED is more preliminary at the current time.

5.2.3 Inhibition of smooth muscle contraction—While a vast body of ED research
focuses on the potentiation of smooth muscle relaxation, certain disease states such as
diabetes and atherosclerosis are known to amplify the adrenergic pathway leading to smooth
muscle contraction, in large part by activation of RhoA and ROCK. A variety of compounds
designed to inhibit this enzyme have been developed; these ROCK-inhibitors have shown
promise as potential treatments for ED.[37–41] Furthermore, research efforts have focused
on directly influencing the polarization state of the smooth muscle cells by targeting ion
channels in the cell membrane. Inducing hyperpolarization and relaxation of the smooth
muscle cell by activating certain ion channels (such as calcium-regulated “Maxi-K”
potassium channels) has been a focus of intense research with promising results in both
pharmacotherapy and gene-therapy.[42–44]

6. Competitive environment
6.1 Centrally acting compounds

6.1.1 Clavulanic acid (Zoraxel™)—Zoraxel (RX-10100) is a tablet containing
clavulanic acid that is being developed as an orally administered treatment for ED.
Clavulanic acid has been shown to inhibit glutamate carboxypeptidase II in the brain,
thereby reducing the release of glutamate, and putatively modulating serotonin and
dopamine release. Clavulanic acid has a stimulatory effect on three aspects of male
sexuality: libido, erection and ejaculation. It might therefore hold promise for hypoactive
sexual desire disorder and for the treatment of certain symptoms of hypogonadism. Indeed,
clavulanic acid was shown to stimulate mounting behavior and decrease ejaculatory latency
time in rats.[45] A 6 month US double-blind, placebo-controlled, dose-ranging Phase IIa
trial in 40 male patients with ED has been completed. Preliminary results showed a dose-
dependent effect on the IIEF baseline score. RX-10100 demonstrated improved erectile
function and significant improvement in the quality of life measures. It was safe and well
tolerated with no serious adverse events. A Phase IIb trial is planned.[25]
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6.1.2 Dopamine receptor agonists (ABT-724 and ABT-670)—ABT-742 is a novel
compound that is currently under preclinical investigation for its potential to selectively
inhibit the D4 receptor. In a rodent study, the drug was administered subcutaneously and
intracavernous pressure (ICP) changes during cavernous nerve electrostimulation were
measured. Mean peak ICPs of 139.6, 134.1 and 92 cmH2O were observed after treatment
with ABT-742 at doses of 0.0025 μmol/kg, 0.025 μmol/kg, and 0 μmol/kg (control)
respectively. There was no direct effect on cavernous smooth muscle contractility in-vitro.
The compound facilitated erectile responses when injected into the cerebral ventricles, but
not when injected intrathecally at the spinal level, suggesting that ABT-724’s pro-erectile
effects are mediated by supraspinal dopaminergic mechanisms.[28] The selectivity of this
compound for the D4 receptor was established in-vitro and in vivo in a conscious ferret
model; ferrets treated with the compound did not develop stereotypical behaviors that
correlate with the sensation of nausea after administration of doses several-fold higher than
the effective dose. The effects of ABT-724 in combination with the PDE5I sildenafil have
been investigated in rats. In the presence of sildenafil, a 10-fold increase in erectile events
was observed. These data suggest that the combination of a centrally acting and a
peripherally acting agent might be beneficial for the treatment of patients suffering from ED.
[28] ABT-670 is a more recent development and is a D4-selective agonist with superior oral
bioavailability compared to ABT-724. Limited in-vivo assays show promising efficacy for
this compound.[46] Company information states that ABT-724 is currently enrolled in phase
II, and ABT-670 is investigated in phase I trials. However, information on the results of
these studies has not been published.[25]

6.1.3 Melanocortin receptor agonists (Melanotan II and Bremelanotide)—
Melanotan II (MT2) was derived from Melanotan I, which was originally developed as a
skin melanin-pigmentation enhancing therapeutic for use in humans. The beneficial effects
of MT2 on sexual function in both male and female subjects were discovered by accident. In
a phase 1 clinical trial to determine the efficacy of MT2 in enhancing skin pigmentation in
human males, it was noted that the peptide invariably induced an erection in nearly all male
participants.[34]

Bremelanotide (PT-141) is a metabolite of MT2 which was developed later in response to
the discovery that MT2 was able to induce erections in men. Bremelanotide appears to act
on melanocortin receptor- 3 (MCR-3) and MCR-4 receptors in the CNS, where it enhances
sexual arousal and penile erections through the release of dopamine.[47] The central actions
of this drug also makes it suitable for the treatment of certain female sexual dysfuntions.[36]
The CNS site of action of these compounds was demonstrated in preclinical experimental
models in which MT2 did not relax rabbit corpus cavernosum strips, and direct
intracavernosal injection of MT2 failed to alter ICP in rats.[48,49] It has been shown in a
double-blind, placebo-controlled study that the subcutaneous administration of MT2 to men
with organic and psychogenic ED induced penile erections in the absence of visual or tactile
sexual stimulation. [50]

From a clinical perspective, the potential utility of MT2 is limited by its route of
administration (subcutaneous) and onset of action (>90 min).[51] Bremelanotide is available
as an atomizer for intranasal administration, and response to the peptide is rather immediate,
initiating a penile response in a matter of minutes. Both phase I and phase II trials have been
completed for bremelanotide. In a 12 week phase IIb trial recruiting 726 non-diabetic men
with ED, IIEF EF domain scores where significantly higher in subjects that received
bremelanotide 5 mg relative to those that received placebo.[52] Bremelanotide also has
efficacy in producing erections in men with diabetes and those who do not respond to
sildenafil.[27,53]
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When used for therapy in ED, both MT2 and bremelanotide are unlikely to enhance skin
pigmentation or cause satiety under normal use as these effects typically require prolonged
dosing.[34] The most common adverse events in phase I and phase II trials were nausea,
flushing, and a stretch-and-yawn response. However, the US FDA had significant concerns
regarding blood pressure increases that were seen in phase I and II trials; plans for a phase
III trial have been delayed because of these concerns.[25]

6.2 Peripherally acting compounds
6.2.1 Compounds stimulating smooth muscle relaxation
6.2.1.1 Novel PDE5I: The development of compounds that are superselective and highly
potent inhibitors of PDE5 continues. Over 400 substances are currently under investigation
for their inhibitory capacity of PDE5.[54] For comprehensiveness of this review, we choose
to discuss only those compounds that have at least completed phase II testing.

6.2.1.1.1 Udenafil: Udenafil has been launched under the name Zydena™ in South Korea
and Russia but is not yet available in Western countries. An ongoing US Phase III trial in
1,120 ED patients is underway. A single multicenter double blind randomized placebo-
controlled phase III trial confirmed that udenafil is effective in a population of Korean men
with ED of varying etiology and severity. There was a mean increase of 7.52 and 9.93 in
IIEF erectile function (EF) domain score in the group receiving 100 and 200 mg of the
compound, respectively, versus a 0.2 point increase in the placebo group.[55] Udenafil’s
pharmacokinetic profile includes a Tmax of 0.8–1.3 hr. and a T½ of 7.3–12.1 hr, which
would confer unique clinical properties of both relatively rapid onset and long duration of
action.[25,55] Udenafil is claimed to have a low cross-reactivity with the other PDE
isoforms. The most common adverse events reported are facial flushing, nasal congestion,
ocular hyperemia and headache. Only 2 out of 110 subjects in the udenafil group withdrew
from the study because of adverse events.[25,55]

6.2.1.1.2 Mirodenafil: Mirodenafil is a novel PDE5I with low cross-reactivity against other
PDE isoforms that has been tested in South Korea. A Phase III multicenter, randomized,
double-blind study was conducted with 223 subjects who were randomized to placebo or
mirodenafil at fixed doses of 50 or 100 mg for 12 weeks on an “on-demand” basis. Only half
of the subjects were actually naïve to PDE5I. This study was performed in a population of
Korean men with ED of varied spectrum etiology and severity, including psychogenic ED.
There was a mean 7.6 and 11.6 point increase in IIEF erectile function domain score in the
group receiving 50 and 100 mg. of the compound, respectively, versus a 3.4 point increase
in the placebo group.[56] Adverse events consisted of facial flushing, headache, nausea, and
ocular hyperemia. Most adverse events were mild, and resolved spontaneously by the end of
treatment. Visual disturbances did not occur. Four subjects terminated the study because of
adverse events.[56] With a Tmax of 1.5 hr. and a T½ of 2.4 hr. it has no clear
pharmacokinetic advantage over the currently available PDE5I but the short-half life may be
useful for subjects who experience bothersome side effects.[57]

6.2.1.1.3 Lodenfil Carbonate: Lodenfil Carbonate is a PDE5I currently under development
in Brazil and is a dimer consisting of two Lodenafil molecules attached to a carbonate
bridge. After ingestion the bridge is broken resulting in the delivery of two molecules of the
active compound. Phase II and III trials have been recently completed. The recently
conducted phase III-trial was performed in Brazil in 350 men and showed good efficacy of
the drugs with a mean increase in the IIEF EF domain score of 0.9, 5.0, and 7.2 in subjects
receiving placebo, 40 mg. and 80 mg. in an on-demand fashion for 4 weeks. Tmax was 1.2
hr. and T½ was 2.36 hr. Adverse effects were relatively common, occurring in 28.7% of
those treated with placebo, 40.9% of those treated with Lodenfil Carbonate 40 mg, and
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49.5% of those treated with Lodenfil Carbonate 80 mg. The incidence of headache, flushing,
visual disorders and dizziness was significantly higher in the Lodenafil Carbonate group
than the placebo group. [58,59]

6.2.1.1.4 Avanafil: Avanafil (TA-1790) is a fast-acting, selective PDE5I inhibitor currently
under development. In preclinical studies, co-administration of avanafil and nitrates caused
less of a decrease in blood pressure than sildenafil and nitrates. In vitro, avanafil showed
greater inhibition of PDE5 than sildenafil. In a US randomized, double-blind, placebo-
controlled Phase III trial (REVIVE) in 646 men with ED, avanafil 50, 100 and 200mg
demonstrated a rapid onset of full effect at 30 min. post-administration, with no restrictions
on food or alcohol consumption. Subjective efficacy was reported by 29%, 67%, 69% and
72% of subjects within 15 min. of treatment with placebo, avanafil 50, 100 and 200 mg,
respectively. The most commonly reported adverse events included headache, flushing and
nasal congestion. The Tmax was 35 min. and the T½ was 60–90 min, making it not only a
fast acting, but also a rapidly metabolized compound. Phase II trials in South Korea are
completed. Phase III trials in patients with diabetes-induced ED and ED following radical
prostatectomy are ongoing.[25]

6.2.1.1.5 SLx-2101: SLx-2101 is converted after ingestion to its metabolite, SLx-2081,
which continues to be active. It is currently under development in the US for the treatment
of ED, endothelial dysfunction and congestive heart failure. It is also under investigation
(phase IIb) as a treatment for hypertension and might therefore be a good choice for the
treatment of ED in hypertensive patients. A Phase IIa trial to assess the safety, tolerability
and efficacy of different single doses in ED patients known to respond to PDE5I was
completed. Interim results confirmed activity 36–48 hr. after a single oral dose of SLx-2101
10mg. The drug had good safety, tolerability, pharmacokinetic and pharmacodynamic
profiles.[11,25] In a double-blind, randomized Phase I trial in 40 healthy male volunteers,
six subjects each received SLx-2101 at 5, 10, 20, 40 or 80 mg and ten subjects received
placebo. There was clinically meaningful erectile activity as documented by RigiScan
plethysmography in these healthy adult males with or without visual sexual stimulation
following single oral doses of SLx-2101 across the dose range of this study. In addition,
there was evidence of improvement in endothelial function, based on RH-PAT index
assessments, following single oral doses of SLx-2101 across the dose range at 9.5 hours and
24 hours post-dose compared with baseline. SLx-2101 was safe and generally well tolerated
at all doses in this study. Headache was the most frequently reported adverse event
following administration of SLx-2101 or placebo. No back pain, myalgia nor painful,
prolonged erections were reported.[11,25]

6.2.1.1.6 Herbal phosphodiesterase inhibitors (Icariin): Numerous herbal substances are
under investigation for their proposed PDE-inhibitory properties.[60] Icariin, a flavonol
glycoside and major constituent of the plant commonly known as “horny goat weed”, is one
such compound. In China, horny goat weed, or Epimedii herba has been used for centuries
to enhance sexual drive and performance. Recently, it was discovered that this enhancement
is due to an inhibitory effect of both PDE4 and PDE5 by icariin.[61,62] The substance has
been shown to enhance erectile function in an in-vivo rat model.[63] In a recent study by our
group, icariin was able to improve erectile function in-vivo, prevent fibrotic alterations in
the corpus cavernosum and was shown to enhance neuroregeneration after cavernous nerve
injury in rats when administered daily by oral gavage.[64] In another study, the beneficial
effects of icariin were potentiated when it was given as part of a herbal combination
preparation, Etana, which also contained Epimedium grandiflorum, a substance known to
promote the release of NO in the erectile tissue.[65]
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6.2.1.2 sGC activators (YC-1, Bay-2272, A-350619): Since PDE5I are NO-dependent,
they have shown unsatisfactory results in various subpopulations of patients who lack
endogenous NO supply. Classical NO donors (i.e. organic nitrates) have shown poor
efficacy in treating ED and carry the risk of side effects secondary to nonspecific interaction
of NO with other biological molecules.[19] Treatment pathways that do not require
endogenous NO production are therefore being explored as potential treatment targets for
ED. One class of molecules under consideration are activators of sGC.[66] The first
molecule of this class that was studied for the treatment of ED is YC-1, a compound
originally identified as an inhibitor of platelet aggregation.[67] In in-vivo experiments in
rats, peak ICP after electrical stimulation of the cavernous nerves was significantly higher in
animals treated with YC-1 than in animals treated with vehicle.[68] Administration of NOS-
inhibitor L-NAME did not impair the erectile response after treatment with YC-1, indicating
that the mechanism of action this drug is not NO-dependent.[68,69] However, the compound
has been shown to enhance the sensitivity of sGC to NO. In corpus cavernosum strips,
relaxation of smooth muscle has been shown to be mediated by an increase in cGMP,
stressing the role of sGC activation by YC-1.[69,70]

YC-1 also inhibits PDE and stimulates the synthesis of NO at therapeutic concentrations.
[19] This property has been identified in other compounds such as NCX-911 (vide infra).
[71] Two newer compounds (BAY41-2272 and A-350619) have been shown to be more
potent activators of sGC than YC-1. These compounds are heme-dependent sGC-stimulators
as they share a crucial dependency on the presence of the reduced prosthetic heme moiety in
the sGC enzyme and strong synergistic enzyme activation when administred with NO. Both
compounds have been investigated in erectile tissue, and have been shown to relax rabbit
cavernosal tissue strips subjected to phenylephrine induced contraction.[19,72–74]
Furthermore, both compounds have been shown to produce penile erection in animal
models. Synergistic effects of sGC activators and organic nitrate donors were observed,
suggesting enhanced activity during sexual arousal.[19,73] Further studies have shown that
BAY41-2272 enhances nitrergic relaxation responses in the anococcygeus muscle of
streptozotocin diabetic rats, a property not observed after treatment with sildenafil.[75]
These suggests that sGC activation may be more efficacious than PDE5I in the treatment of
diabetes-induced ED and in ED related to cavernous nerve injury during radical pelvic
surgery. The newer sGC activators are currently in phase I and phase II for other indications.
To our knowledge their efficacy and safety profiles have not yet been evaluated in men with
ED.

Another group of compounds in this class is the heme-independent sGC activators. The
activation of sGC by these compounds was even stronger after oxidation or removal of the
prosthetic heme group of sGC, indicating a previously unknown mechanism of enzyme
activation. This class of drugs has shown great potential since these drugs target a modified,
oxidized state of sGC that is present in both animal models and in human disease states.[76]
While holding great promise for the treatment of ED, these compounds have yet to be
evaluated for this indication.[74]

6.2.1.3 pGC activators (atrial natriuretic peptide and uroguanylin): Another pathway
that is potentially useful as a pharmacological target for the treatment of ED is the
particulate guanylate cyclase (pGC).[32,77] This membrane-bound enzyme is the target for
endogenous natriuretic peptides such as atrial natriuretic peptide (ANP), brain natriuretic
peptide (BNP), C-type natriuretic peptide, and guanylin peptides such as uroguanylin
(UGN). Three subtypes (A, B and C) have been identified with different affinities for the
various peptides. Both ANP and UGN have been studied in vitro for their human corpus-
cavernosum (HCC) relaxant capacities. Both were able to enhance relaxation of HCC strips
versus vehicle in organ-bath experiments. This relaxant capacity of UGN (this experiment
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was not conducted with ANP) was mediated in large part by a rise in intracellular cGMP and
was not influenced by the addition of L-NAME, a NOS inhibitor, nor by ODQ, a sGC
specific inhibitor.[78] These results may hold promise for the future treatment of ED in
patients who lack endogenous NO supply.

6.2.1.4 Nitric oxide-releasing PDE5I (NCX-911 – Sildenafil Nitrate): NCX-911 is a
recently developed compound that has been shown to possess three erection-potentiating
capacities. NCX-911 and sildenafil citrate have a similar selectivity and potency with
respect to inhibiting PDE5. However unlike sildenafil citrate, NCX-911 has been shown to
release NO spontaneously, and by directly activating sGC and inhibiting PDE5 it causes an
increase in the intracellular cGMP concentration without the need for endogenous NO
supply.[71,79] NCX-911 has a more potent relaxant effect on precontracted HCC strips
relative to sildenafil citrate. [80,81] In in-vivo studies in anesthetized rats, NCX-911 had
more potent proerectile effects than sildenafil citrate when the cavernous nerve was
stimulated submaximally, resembling a disease state with suboptimal neural input.[79]
NCX-911 was similar to BAY 41-2722, but was more potent than sildenafil, in establishing
relaxation of anococcygeus muscle strips of streptozocin-induced diabetic rats in vitro.[75]
Furthermore, the effectiveness of this compound in the cavernous tissue of
hypercholesterolemic rats has been proved in-vitro.[79] These results combined suggest that
NCX-911, like other NO-independent compounds, is a potential candidate for treatment of
conventionally difficult-to-treat ED in patients with comorbidities like diabetes,
hyperlipidemia, and ED patients after radical prostatectomy.

6.2.2 Compounds inhibiting smooth muscle contraction
6.2.2.1 Rho-kinase inhibitors (Y-27632, Fasudil, SAR-407889): A class of molecules that
inhibit ROCK has become a focus of research in the treatment of ED.[39–41,82] The RhoA/
ROCK pathway plays an important role in maintaining the flaccid state of the penis. Binding
of norepinephrine, angiotensin II or endothelin-1 activates GPCRs, resulting in release of a
dissociation inhibitor of RhoA, which then in turn activates ROCK. ROCK phosphorylates
and inactivates SMPP-1M, allowing MLC to stay phosphorylated and consequently actin-
contracted. Inhibition of ROCK thus provides a mechanism of smooth muscle relaxation that
is independent of NO (figure 2).[32] In diabetes, the RhoA/ROCK pathway is hyper-
activated, and suppresses eNOS activity.[37,83] Therefore, it has been speculated that the
development of ED in diabetes is at least partially mediated by ROCK. In atherosclerotic
male rats, elevated cavernosal ROCK activity, decreased total expression of eNOS, and
impaired erectile function were observed.[84]

Inhibition of ROCK by a selective ROCK-inhibitor, Y-27632, was shown to induce
relaxation of rat corpus cavernosum strips in-vitro, and caused an increase in ICP in an in
vivo rat model. The inhibition of ROCK elicited an erectile response by a process that was
not mediated by NO or cGMP.[82] Fasudil (HA-1077), an orally available ROCK-inhibitor,
was used to investigate the role of chronic ROCK-inhibition in the prevention of both pelvic
atherosclerosis and resulting vasculogenic ED in rats, with promising results. The treatment
with fasudil partly but significantly ameliorated the development of pelvic atherosclerosis
and plasma level of von Willebrand factor, in addition to normalizing erectile function,
cavernosal Rho kinase activity, and total eNOS expression.[84] Both Y-27632 and Fasudil
have been investigated in-vitro in the corpus cavernosum of diabetic mice. Diabetic mouse
corpus cavernosum exhibited relaxation similar to what was observed in tissue from non-
diabetic mice in response to the Rho-kinase inhibitors.[85] Therefore, the use of these agents
may provide a therapeutic benefit in diabetic erectile dysfunction.

While Y-27632 is still in a preclinical phase, Fasudil has been launched for other
indications. SAR-407899 is another ROCK-inhibitor under development that has been
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shown to be 8-fold more active than fasudil in the treatment of hypertension.[86] It was
studied for the treatment of ED in a randomized, double-blind Phase II trial in 20 patients
with erectile dysfunction. The results of this phase II trial have, to our knowledge, not been
published at the time of writing of this review.

6.2.2.2 Maxi-K channel openers (NS1619, BMS-223131): Most drugs currently under
investigation for the treatment of ED target second messenger pathways that modulate
intracellular calcium concentration leading to smooth muscle cell relaxation or contraction.
Calcium content may also be modulated by interference in the trans-membrane conductance
of other ions. An ion-channel that has drawn special attention in achieving smooth muscle
cell hyperpolarization is the maxi-K channel, also known as BK channel, which conducts
potassium ions through the cell membrane.[87] These channels are activated (opened) by
changes in membrane electrical potential and/or by increases in concentrations of
intracellular Ca2+. Opening of maxi-K channels results in cell membrane hyperpolarization
and a decrease in cell excitability.[44,87,88] Confirming the role of Maxi-K channels in the
establishment of an erection, knock-out mice lacking this channel are unable to get an
erection. Gene therapy with the maxi-K gene has been shown to restore erectile function in
atherosclerotic monkeys.[43,89] NS1619 is a putative selective Maxi-K channel opener. Its
effectiveness has been confirmed in in-vivo experiments in rats where the compound was
able to produce a physiologically relevant increase, compared to untreated controls, in the
ICP upon submaximal current stimulation of the cavernous nerve.[87] Furthermore, 3-Thio-
quinolinones are under investigation and have shown relaxation of corporal tissue strips in
vitro.[90] BMS-223131, an orally available maxi-K channel opener is being evaluated in
phase 2a study, although the results have not yet been reported.[87]

7. Conclusions
The worldwide market value of ED was $3.2 billion in 2006, with the US market being
responsible for two-thirds of global sales. Given the ageing of the general population and
direct-to-consumer advertising projecting the desire of men of all ages to maintain an active
sexual lifestyle, a market growth rate of 4.9% is expected for the period 2006–2012.[91,92]
Due to increasing demand and prospective market growth, pharmaceutical companies are
competing to develop more potent and better tolerated drugs. In this article we reviewed the
current ED market and important or promising targets for pharmacological therapy for ED.
A wide variety of molecular targets have been identified and special attention has been
given to compounds that bypass the need for endogenous NO production, one of the
principle limitations of currently available oral ED medications.

8. Expert opinion
By influencing targets in different pathways leading to the development of penile erection,
the various compounds that are currently in development will undoubtedly cause a major
change in treatment strategies of ED. Currently available ED guidelines recommend
treatment algorithms that are virtually identical for every patient, regardless of the
underlying pathology causing the ED. We expect future strategies to allow treatment
protocols tailored to the specific needs of each individual patient, taking into consideration
the efficacy of erectile performance enhancement and the potential for adverse events. This
tailored approach may include combination of various emerging drugs to enhance efficacy
in difficult-to-treat patients. Individual tailoring of treatment to the specific needs of the
patient does require an extensive knowledge of the etiology of ED. Careful characterization
and study of these novel compounds by the physician and pharmacologist treating the
increasing population of patients suffering from ED will be essential. We hope this review
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helps not only the sexual medicine specialist or urologist, but also the general practicioner
and pharmacologist in the understanding of emerging drugs for ED.
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Alphabetical index of important abbreviations occuring in figures and/or
text

AC adenylyl cyclase

Ach acetylcholine

AMP 5′-adenosine monophosphate

ANP atrial natriuretic peptide

ATP adenosine-5′-triphosphate

cAMP 3′,5′-cyclic-adenosine monophosphate

cGMP 3′,5′-cyclic-guanosine monophosphate

DAG diacylglycerol

ED erectile dysfunction

G G-protein

GMP 5′-guanosine monophosphate

GPCR G-protein coupled receptor

GTP guanosine-5′-triphosphate

HCC human corpus cavernosum

IP3 inositol triphosphate

MLC myosin light chain

MLCK myosin light chain kinase

NANC non-adrenergic, non-cholinergic

NO nitric oxide

NOS nitric oxide synthase

eNOS endothelial NOS

nNOS neuronal NOS

PDE phosphodiesterase

PDE5I phosphodiesterase 5-inhibitor

PGE1 prostaglandin E1

PIP2 Phosphatidylinositol bisphosphate

PKA PKC, PKG, protein kinase A,C,G

PLC phospolipase C

RhoA Ras homolog gene family, member A
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ROCK rho-kinase

sGC pGC, soluble and particulate guanylyl cyclase

SMPP-1M smooth muscle myosin phosphatase

SR sacroplasmic reticulum

UGN uroguanylin

VIP vasoactive intestinal peptide
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Figure 1. Molecular mechanisms of penile smooth muscle relaxation
Pathways involved in the relaxation of the cavernous smooth muscle cells are explained in
detail in section 3.1 on the physiology of penile erection. Abbreviations are found in the
same section and in the abbreviation index. Tartgets for emerging stimulatory acting drugs
are depicted in italic and blue. Targets for emerging inhibitory acting drugs are depicted in
italic and red.
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Figure 2. Molecular mechanisms of penile smooth muscle contraction
Pathways involved in the maintenance and establishment of contraction of the cavernous
smooth muscle cells are explained in detail in section 3.1 on the physiology of penile
erection. Abbreviations are found in the same section and in the abbreviation index. Tartgets
for emerging stimulatory acting drugs are depicted in italic and blue. Targets for emerging
inhibitory acting drugs are depicted in italic and red.
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Table 1

Compounds currently in clinical development phases.

Compound Company Stage of development Mechanism of action

RX 10100; Zoraxel;
clavulanic acid

Rexahn Pharmaceuticals Phase IIa Enhancement of Dopamine release in
CNS

PT-141; Bremelanotide Palatin Technologies Phase IIb
Phase III delayed

Melanocortin-receptor agonist

Udenafil; Zydena Dong-A pharmaceuticals,
Warner Chilcott (US)

Phase III (US), launched (S-
Korea)

PDE5I t½: 12 hr Tmax: 1–1.3 hr

SK3530; Mirodenafil SK chemical Launched (S-korea) PDE5I t½: 2.4 hr Tmax: 1.5 hr

Lodenafil Carbonate Cristalia productos
Quimicos Pharmaceuticos

Phase III PDE5I t½: 2.36 hr Tmax: 1.2 hr

Avanafil Vivus (US), Mitsubitshi
Tanabe Pharma

Phase IIa PDE5I t½: 1.25 hr Tmax: 0.58 hr

SLX-2101 Surface Logix Phase IIa PDE5I t½: 9–14 hr Tmax:1 hr

Icariin Available in herbal
preparations

PDE4I, PDE5I

HA-1077; Fasudil Asahi Kasei Pharma Launched for other
indications.

ROCK inhibition

SAR-407889 Sanofi-Aventis Phase IIa ROCK inhibition

BMS-223131 Bristol-Myers Squibb Phase IIa Maxi-K channel opener
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