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Abstract Introduction: Over the past 15 years, the discovery and development of
oral medications that selectively inhibit the enzyme phosphodiesterase type 5
(PDE5) have revolutionised the treatment of erectile dysfunction (ED). Currently,
three PDE5 inhibitors are widely available clinically, i.e., sildenafil, vardenafil and
tadalafil. New PDE5 inhibitors, including avanafil and udenafil, are now in clinical
use in a few countries, and other compounds are under development.

Methods: We describe the current use and future direction of PDE5 inhibitors in
the treatment of ED.

Results and conclusion: Each PDE5 inhibitor has an excellent and comparable
efficacy and tolerability. These drugs are highly effective for ED of various causes,
and are effective in preventing ED after radical prostatectomy. However, whilst
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terase type 5 (inhibi-
tors);
IIEF, International
Index of Erectile
Function;
SHIM, Sexual Health
Inventory in Men;
NO, nitric oxide;
sGC, soluble guanylyl
cyclase;
cGMP, cyclic guano-
sine monophosphate;
GTP, guanosine tri-
phosphate;
FDA, USA Food and
Drug Administration;
Cmax, maximum
serum concentration;
Tmax, time to Cmax;
RCT, randomised
controlled trial
being at least 60% effective, PDE5 inhibitors are still ineffective in at least 30% of
patients, prompting current research into other pharmacological targets for ED.

ª 2013 Production and hosting by Elsevier B.V. on behalf of Arab Association of
Urology.
The epidemiology of erectile dysfunction (ED)

ED is defined as the recurrent inability to obtain and
maintain an erection for sexual function [1]. Clinically,
the diagnosis of ED is based mostly on the patient’s re-
port, which can be quantified using well-validated ques-
tionnaires including the International Index of Erectile
Function (IIEF) and the shorter Sexual Health Inven-
tory in Men (SHIM) [2,3]. In addition, laboratory and
physiological studies can supplement the patient’s his-
tory and physical examination, to aid the clinician in
determining the cause and severity of ED. These include,
but are not limited to, serum testosterone levels, penile
Doppler ultrasonography, combined intracavernous
injection and stimulation, and monitoring nocturnal pe-
nile tumescence. However, the use of these tests has de-
clined significantly with the advent of medications that
are effective for all causes of ED [4].

ED is a common problem worldwide, especially
among ageing men. Using a meta-analysis of over 24
international studies, the prevalence of ED in men in
their 40s was 2–9%. This increased to 20–40% in men
in their 60s, and by the age of 80 years, 75% of men re-
port ED [5]. In 1995 there were >152 million men
worldwide who experienced ED, and this total is esti-
mated to reach 322 million by 2025 [6]. In the USA
the crude incidence rate of ED in white men is estimated
at 26/1000 man-years. This rate increases with each dec-
ade (per 1000 man-years) to 12.4 for 40–49 years, 29.8
for 50–59 years and 46.4 for 60–69 years [7].

The age-adjusted risk (per 1000 man-years) of ED
was higher for men with diabetes mellitus (50.7 cases),
treated heart disease (58.3 cases), and treated hyperten-
sion (42.5 cases). Using these data and the known
population of the USA, it was estimated that there are
617,715 new cases of ED per year in those aged 40–
69 years [8]. Some authors predict that continuing public
education about ED and phosphodiesterase type 5
inhibitors (PDE5i) will increase the patient-reported
incidence of this disease [9].

In Middle Eastern countries there is comparatively
little information about the overall disease burden of
ED, and how it compares to western countries. How-
ever, one study using random questionnaires via the
website Facebook� showed that among younger Arab
men (mean age 35 years) there is a high prevalence of
mild ED, based on the SHIM score, and a low willing-
ness to treat this with PDE5i due to a high distrust of
these medications [10]. The authors of this study suggest
that this distrust might be due to a mass media cam-
paign focusing on the overestimated side-effects of these
medications.

The physiology and pathophysiology of ED

Erectile function depends on a complex interplay of
psychological sexual stimulation, sensory feedback,
peripheral neurotransmitter release, smooth muscle cell
relaxation, and vascular engorgement of the corporal
penile tissue, resulting in erection. After sexual stimu-
lation, postsynaptic neurones and endothelial cells in
the penis release various erectogenic substances, the
most important of which is nitric oxide (NO). Despite
its very short half-life, this gaseous molecule can dif-
fuse quickly across the smooth muscle cell membrane
to activate a signalling cascade that ultimately results
in arteriolar smooth muscle relaxation, vascular
engorgement, and erection. NO activates soluble
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Figure 2 The multifactorial causes of ED.
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guanylyl cyclase (sGC) which produces cyclic guano-
sine monophosphate (cGMP) from guanosine triphos-
phate (GTP). Cyclic GMP is the second messenger
that sets in motion vascular smooth muscle relaxation.
The enzyme PDE5 enzymatically inactivates cGMP to
GMP, resulting in decreased downstream erectogenic
signalling. Thus, PDE5i promote erections by increas-
ing the stability of cGMP and potentiating the NO/
cGMP-dependent signalling cascade (Fig. 1). However,
without sexual stimulation and the production of NO,
there is no signal to potentiate, which explains why
PDE5i do not cause erections in the absence of sexual
stimulation [11].

It is nowwell accepted that, inmost cases, ED is caused
by several simultaneous factors, including psychogenic,
vasculogenic, neurogenic, anatomical, endocrinological,
and pharmacological causes (Fig. 2). Psychogenic causes,
including performance anxiety, stress, depression, and
relationship factors, are very important and are probably
a significant component in most cases. In fact, ED from
organic causes can lead to decreased sexual confidence,
anxiety, and/or depression, with further worsening of
ED (see Fig. 3).

As erections are ultimately a neurovascular event, car-
diovascular and neurological diseases are common causes
of ED. Both hypertension and current smoking status in-
crease the risk ofEDby 60%, anddiabetesmellitus carries
an adjusted odds ratio of 2.9, an expected finding given its
role in peripheral neuropathy, peripheral vascular dis-
ease, and endothelial dysfunction (Table 1). Furthermore,
medications used in the treatment of hypertension and
depression are well-recognised causes of ED.

Finally, the treatment of prostate cancer, either
through damage of the neurovascular structures supply-
ing the penis, or through ablation of the androgen axis,
can result in profound ED that is particularly refractory
to treatment.

Historical and alternative treatments for ED before

PDE5i, and the discovery of PDE5i

Before the discovery of PDE5i the medical treatments
for ED were prone to inefficacy and side-effects. Be-
cause of this, effective treatments were limited to rela-
tively invasive therapies such as urethral suppositories,
intracorporeal injectable medications, penile vacuum
pumps, or penile prosthetic surgery. The ineffective
medications included yohimbine (which is unlikely to
be more effective than placebo), apomorphine (which
has not been approved in the USA due to its side-effect
profile), and trazadone (which, despite a well-known
side-effect of priapism, has not been shown to reliably
improve erectile function) [12–14].

Before the discovery of oral PDE5i, nonselective
PDEi were used for treating ED. Papaverine is an inject-
able PDEi with a half-life of 1–2 h, that is 55% effective
in achieving an erection when injected directly into the
corpora. However, its side-effect profile, including a
35% risk of priapism, has led to a near abandonment
of this medication as a monotherapy [15]. Non-selective
PDEi, such as caffeine and pentoxifylline, have been
shown to have minimal efficacy in vasculogenic ED [16].

In this context there was understandably great excite-
ment in 1998 when Pfizer received the first USA Food
and Drug Administration (FDA) approval for sildenafil
(Viagra�), the first oral medication approved for treating
ED.Given its activity as a vasodilator, sildenafilwas actu-
ally developed as an antihypertensive and anti-anginal
agent, but the lack of clinical efficacy for these endpoints,
combined with a common side-effect of erections, led the
company to quickly pursue ED as its primary indication.
Five years later, in 2003, vardenafil and tadalafil received
FDA approval for use in ED, providing three medica-
tions in the same class for treating ED.



Table 2 The selectivity of PDE5i for PDE isoforms, com-

pared to PDE5 (PDE5 = 1). Larger values denote a lower

binding affinity.

Isoform PDE isoenzyme

Sildenafil Tadalafil Vardenafil

PDE1 80 >4000 690

PDE2 >19,000 >4000 62,000

PDE3 4628 >4000 40,000

PDE4 2057 >4000 47,000

PDE6 11 188 35

PDE7 6100 >14,000 >300,000

PDE8 8500 >14,000 >300,000

PDE9 750 >14,000 5800

PDE10 2800 >14,000 30,000

PDE11 780 6 1620

Table 3 The common side-effects of PDE5i (>2% incidence).

Adverse event (%) Sildenafil Tadalafil Vardenafil

Headache 16 15 15

Flushing 10 3 11

Nasal congestion 4 3 9

Dyspepsia 7 8 4

Abnormal vision 3 – –

Sinusitis – – 3

‘Flu syndrome – – 3

Diarrhoea 3 – –

Myalgia – 3 –

Figure 3 The molecular structures of clinically available PDE5i.

Table 1 Risk factors for ED.

Condition Multivariate adjusted odds ratio

Antidepressant use 9.1

Antihypertensive use 4.0

Diabetes mellitus 2.9

Obstructive urinary symptoms 2.2

Current cigarette smoking 1.6

Hypertension 1.6

Benign prostatic enlargement 1.6

Obesity 1.5

Physical inactivity 1.5

Cardiovascular disease 1.1
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The pharmacology of PDE5 inhibition and adverse events

Pharmacologically, the PDE5i are very similar, but
slight differences in their chemical selectivity and bio-
availability and/or metabolism can explain the slightly
different side-effect profiles and the timing of the clinical
response after dosing. There are 11 subtypes of PDEs
that are expressed in a wide variety of tissues throughout
the body. As a class, they function in the modulation of
second messengers of signalling cascades, and their
downstream cellular and physiological effects are broad.
Nearly all PDEs are expressed in erectile tissue, but
PDE5 is by far the most important for degrading cGMP
in corporal smooth muscle cells. Conversely, PDE5 is
expressed in vascular beds outside of the penis, including
pulmonary arterioles, and in the smooth muscle cells of
the bladder neck and prostate, which explains its clinical
effectiveness in the treatment of primary pulmonary
hypertension and BPH, respectively. Fortunately, the
extreme selectivity of PDE5i results in few ‘off-target’ ef-
fects (Table 2). PDE6 is only expressed in photorecep-
tors, and sildenafil and vardenafil (and tadalafil to a
lesser extent) inhibit PDE6. This results in a dose-related
impairment of blue–green colour discrimination, and
leads to the blue vision that <2% of patients report.
Tadalafil inhibits PDE11 more strongly than the other
drugs, although the clinical importance of this inhibition
has not yet been shown.

Post-marketing studies have confirmed that PDE5i
are extremely well tolerated, and the side-effects are
minimal and similar between agents (Table 3). Most ad-
verse events are the result of the vasoactivity of these
agents, and the presence of PDE5 in vascular beds out-
side of the corpora cavernosa. These include headache,
flushing, nasal congestion and dyspepsia. Perhaps the
most clinically important side-effect is the additive vaso-
dilation of PDE5i in patients taking nitrate medications,
which can result in significant and potentially cata-
strophic hypotension. For this reason, in the manage-
ment of patients with acute chest pain, it is
recommended to delay nitrate administration for 24 h
after sildenafil/vardenafil dosing, and 48 h after tadalafil
dosing.
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This issue has led in the past to the concern that
PDE5i might be unsafe in patients with cardiac comor-
bidities. This has been shown not to be the case. The
Princeton Consensus Guideline Conference II reported
a careful review of the risks, adverse events, and safety
of PDE5i in patients with cardiac comorbidities, and
showed no increased risk of cardiac events [17]. In fact,
several studies reviewed in this meta-analysis showed
that patients taking PDE5i had fewer cardiac events
than those not taking PDE5i, which could be expected
when considering that sildenafil was initially developed
as an anti-anginal agent.

Pharmacokinetics

Each of the three PDE5i have different pharmacokinet-
ics, and their absorption is differentially affected by co-
administration with fatty meals. An onset of action as
early as 11 min with sildenafil and 14 min with vardena-
fil and tadalafil has been reported [18,19]. However, suc-
cess at this early stage occurs in <40% of patients, and
counselling patients to wait a full hour to allow for max-
imum serum accumulation, and to avoid early sexual
activity after dose administration, can avoid perfor-
mance anxiety, loss of confidence, and treatment failure.
The most significant difference in the three medications
is the serum half-life; whilst that of sildenafil and varde-
nafil are similar, at 4 h, that for tadalafil is �20 h. This
has led to more frequent ‘on demand’ dosing with silde-
nafil and vardenafil, and more frequent daily dosing
with tadalafil.

Co-administration of these medications with fatty
meals can delay their absorption and result in failure.
When taken with a fatty meal, sildenafil has a reduction
in the maximum serum concentration (Cmax) of 29%,
with a delay in the time to maximum serum concentra-
tion (Tmax) of up to 1 h [20]. Similarly, vardenafil taken
with a fatty meal will reduce the Cmax by 18% and delay
Tmax by 1 h. These effects are not seen with tadalafil,
probably because of its long half-life, and can be over-
come by instructing patients to delay sildenafil or varde-
nafil administration by 1–2 h after eating, or to take
with a reduced-fat meal.

Clinical outcomes

The evaluation of the clinical outcomes of the various
PDE5i is aided by numerous high-quality, well-de-
signed, blinded, randomised controlled trials (RCTs)
comparing the various agents both to placebo and to
the other agents. A recent meta-analysis that evaluated
the outcomes of over 100 studies, including over
31,000 patients, showed each of the PDE5i to be highly
effective over placebo, with tadalafil showing a very
slight advantage against the other agents, followed by
vardenafil [21]. The outcomes in this meta-analysis were
based on questionnaire scores, including the IIEF, and
the Global Assessment Questionnaire. These effects
were seen in all questionnaires evaluated, and the overall
end-study improvement of the IIEF questionnaire was
7.5 points for tadalafil vs. placebo, 7 points for vardena-
fil vs. placebo, and 6 points for sildenafil vs. placebo.
Compared directly, tadalafil showed a 1.5 point advan-
tage over sildenafil, and a 0.4 point advantage over var-
denafil. Whether these small interclass differences in
questionnaire outcomes represent true differences in
clinically important outcomes is currently under debate.

Overall, in placebo-controlled RCTs, all three agents
show a clinical response rate in �65% of patients, com-
pared to �30% for placebo [18,22,23]. Importantly, all
of these studies included diverse groups of patients,
and it is clear that all three agents are effective in the
treatment of ED, whatever the cause or severity. More-
over, even in refractory cases of ED, PDE5i were shown
to be effective.

Diabetes

Because of its many deleterious effects on both the neu-
ronal and vascular supply to the penis, diabetes can be
an especially challenging cause of ED to treat. Sildenafil,
tadalafil and vardenafil have all been shown to be effec-
tive treatments for diabetic ED. The Sildenafil Diabetes
Study Group was a RCT of men with diabetic ED, and
showed a 56% improvement of reported erections in the
sildenafil group, compared to 10% in the placebo group,
after 12 weeks of treatment. In addition, 61% of men
randomised to sildenafil reported successful sexual inter-
course, compared with 22% of controls (P < 0.001)
[24]. A similar study comparing vardenafil to placebo
for 12 weeks showed a significant increase in the erectile
function domain score of the IIEF of 5.9 for men ran-
domised to vardenafil at a dose of 10 mg, and 7.8 for
a dose of 20 mg, compared to 1.4 for placebo
(P < 0.001) [25]. Finally, tadalafil at a dose of 10 or
20 mg significantly improved the IIEF erectile function
domain score by 6.4 and 7.3, respectively, compared
with 0.1 for placebo (P < 0.001) [26].

ED after prostatectomy or radiotherapy

Prostatectomy and radiotherapy for prostate cancer
both cause damage to the neurovascular structures sup-
plying the penis, that can lead to severe and refractory
ED. The bilateral nerve-sparing approach to prostatec-
tomy, when oncologically appropriate, can help to re-
duce the rate of ED, but despite this surgical advance,
significant numbers of patients still have ED after
prostatectomy.

Fortunately, PDE5i have been shown to be effective
in significant numbers of these patients. Whilst patient
satisfaction rates with early postoperative sildenafil ther-



Phosphodiesterase type 5 inhibitors as a treatment for erectile dysfunction 227
apy have been shown to be low, i.e., 26% at 0–6 months
after nerve-sparing prostatectomy, this increases to 60%
satisfaction at 18–24 months [27]. Vardenafil treatment
has shown more encouraging results. In 440 men with
ED after nerve-sparing prostatectomy, treatment with
vardenafil for 12 weeks significantly enhanced erectile
function compared to placebo. Patients taking vardena-
fil reported improved erections (65% vs. 13% of con-
trols, P < 0.001), successful vaginal penetration (48%
vs. 22%, P < 0.001), and successful intercourse (34%
vs. 10%, P < 0.001) [28].

Tadalafil has shown perhaps the most encouraging
results in the treatment of ED after surgery. In a dou-
ble-blind RCT of 303 men with ED 1–4 years after bilat-
eral nerve-sparing prostatectomy, tadalafil at a dose of
20 mg for 12 weeks significantly enhanced erectile func-
tion, with patients on tadalafil reporting improved erec-
tile function (62% vs. 23%, P < 0.001) and successful
sexual intercourse (41% vs. 19%, P < 0.001) compared
to controls [29]. The benefits of tadalafil therapy in this
study were most pronounced in patients who had some
detectable penile tumescence after surgery. In this
group, 71% of patients on tadalafil reported improved
erections, compared with 24% of controls, and 52% of
men were able to have successful intercourse
(P < 0.001).

PDE5i treatment failure

Despite initial success in 65–70% of patients, 30–40%
do not respond to PDE5i alone, and alternative strate-
gies must be considered to enhance the response rate.
Most importantly, realistic expectations should be set,
and patients should be encouraged to give the medica-
tions a chance to work. In some patients who have
had prolonged ED, more than six doses of sildenafil
might be required before there is a satisfactory response
[30]. Patients should be counselled to avoid high fat
meals, especially with sildenafil and vardenafil, and to
delay sexual stimulation for at least 1 h after administra-
tion. If a particular PDE5i continues to be ineffective, a
trial of another agent might result in positive response
rates in 60% of cases [31].

If a patient continues to be poorly responsive to
PDE5i in the absence of risk factors, he should be eval-
uated for hypogonadism. PDE5i require NO-dependent
increases in cGMP to be effective, and a lack of libido
associated with hypogonadism will result in low NO lev-
els. Normalisation of testosterone levels with replace-
ment therapy significantly improves the response rates
to PDE5i. In a RCT comparing sildenafil and testoster-
one combined therapy vs. sildenafil and placebo, the
combined therapy group showed an increase in the IIEF
erectile function domain of 4.4 points, compared with
2.1 points in the placebo group. In addition, these pa-
tients showed an improvement in ejaculatory function
[32]. Of course, if patients are on hormone ablation ther-
apy for prostate cancer, testosterone replacement is not
an option, and the ED is particularly refractory to
PDE5i [33].

Indications other than ED

PDE5i have also been used in the prevention of long-
term ED after prostatectomy. After neurovascular dam-
age due to radical surgery, the incidence of nocturnal
erections decreases, and the corpora undergo a relatively
irreversible fibrosis that results in ED and penile short-
ening. Padma-Nathan et al. [34] showed that daily silde-
nafil after bilateral nerve-sparing prostatectomy
improved the erectile function sevenfold compared to
controls. Similar effects have been shown for tadalafil
[35]. Unfortunately, the high ‘out-of-pocket’ cost to pa-
tients has prevented adequate adherence to these regi-
mens, despite their proven benefit [36].

Interestingly, there is a high co-prevalence of ED with
BPH and urinary obstruction, even after controlling for
a-blocker therapy. This has led to clinical trials that
have resulted in FDA approval for the use of PDE5i
in the treatment of LUTS associated with BPH. Two
studies showed that on-demand dosing with sildenafil
can improve the IPSS and patient’s bother due to uri-
nary symptoms [37,38]. Similar results with daily dosing
of tadalafil have been reported, despite no significant
change in urinary flow rate [39].

PDE5i have been evaluated and approved for various
non-urological conditions. In 2005, sildenafil (Reva-
tio�) was approved by the FDA for treating pulmonary
arterial hypertension, followed by tadalafil (Adcirca�)
in 2009. In RCTs, both increased the 6-min walking dis-
tance (the primary endpoint of the studies) significantly
more than did placebo [40]. In a similar disease process,
sildenafil and tadalafil have also been shown to improve
the symptoms due to acute high-altitude pulmonary oe-
dema and chronic high altitude pulmonary hypertension
[41]. Whilst not yet approved by the FDA for the treat-
ment of Raynaud’s disease, the results of clinical trials
have been promising. Vardenafil has been shown to im-
prove digital blood flow in 70% of patients and improve
clinical symptoms in 68%, whilst sildenafil has been
shown to significantly reduce the frequency of Ray-
naud’s attacks [42]. Finally, after encouraging preclini-
cal studies, PDE5i are currently under investigation
for the treatment of congestive heart failure [43].

Future studies and directions

The future of PDE5i in the treatment of ED is exciting,
and researchers remain focused on providing a more ra-
pid clinical onset with a more flexible clinical response,
whilst improving the clinical efficacy. Avanafil was re-
cently approved by the FDA in the USA for treating
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ED in early 2013, based on a RCT that showed that
doses of 50, 100, and 200 mg had a rapid onset of full
erection at 30 min after administration, with no restric-
tions on fatty food or alcohol consumption. The
subjective efficacy was �70%, and the most commonly
reported adverse events were headache, flushing, and
nasal congestion. It is a fast-acting molecule with a
Tmax of 35 min, but is also rapidly metabolised, with a
half-life of 60–90 min [44]. This would make this
compound particularly useful in cases where patients
found it effective but wished to minimise the duration
of side-effects.

Udenafil has recently undergone phase III trials and
has been approved for use in Russia and Korea, with
approval expected in the USA. In a single-centre pla-
cebo-controlled trial of Korean men, there was an
average increase in IIEF erectile function domain score
of 8.5 points, vs. 0.2 points in the placebo group [45].
Its pharmacokinetic profile mirrors that of tadalafil,
with a combination of rapid onset and long duration
of action, with a Tmax of 0.8–1.3 h, and a half-life of
7.3–12.1 h.

NCX-911, also referred to as sildenafil nitrate, is a re-
cently developed compound that acts both as a potent
inhibitor of PDE5 and an effective NO-dependent acti-
vator of sGC. It aims to improve erections in patients
with difficult-to-treat ED due to conditions such as dia-
betes, atherosclerosis, and after prostatectomy, that re-
sult in decreased endogenous NO levels [46]. Pre-
clinical studies have been encouraging and future clini-
cal trials are eagerly awaited.
Conclusion

Oral PDE5i have revolutionised the treatment of ED
due to their desirable combination of efficacy and toler-
ability. They currently represent the first line treatment
for all causes of ED, according to the Sexual Medicine
Society guidelines [47]. Results from randomised trials
suggest that no one agent is more effective than the oth-
ers, and certain pharmacological qualities of each med-
ication are desirable to certain patients. However,
PDE5i for ED are still ineffective in 30% of patients.
As these medications depend on sexual stimulation
and intact NO signalling, current research is underway
to develop medications that provide erections through
NO-independent mechanisms.
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