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Phosphodiesterase 5 (PDE-5) inhibitors are selective block-
ers of PDE-5, which catalyzes the hydrolysis of cyclic
guanosine monophosphate (cGMP) to its corresponding
monophosphates. cGMP is a potent vasodilator and nitric
oxide donor. Since PDE-5 is widely distributed in the body,
it was hypothesized that inhibition of its actions could lead
to significant vasodilation, which could benefit patients
with coronary artery disease. This hypothesis led to the
development of PDE-5 inhibitors, the first being sildenafil
citrate. Studies of sildenafil in patients with coronary artery
disease demonstrated a modest cardiovascular effect but
a potent action on penile erection in men, resulting in
sildenafil becoming first-line treatment of erectile dysfunc-
tion. Two more PDE-5 inhibitors are now US Food and

Drug Administration–approved (vardenafil and tadalafil) for
the treatment of erectile dysfunction. Recent studies have
demonstrated several beneficial pleiotropic cardiovascular
effects of PDE-5 inhibitors in patients with erectile dysfunc-
tion and multiple comorbidities, including coronary artery
disease, heart failure, hypertension, and diabetes mellitus.
Treatment of these conditions with PDE-5 inhibitors has
been very effective, safe, and well tolerated. Drug interac-
tions have been minimal with the exception of nitrates,
where coadministration may result in severe vasodilation
and hypotension. These beneficial pleiotropic and safe
cardiovascular effects of PDE-5 inhibitors will be discussed
in this concise review. J Clin Hypertens (Greenwich). 2012;
14:644–649. �2012 Wiley Periodicals, Inc.

The phosphodiesterases (PDEs) are a super family of
enzymes that catalyze the hydrolysis of the nucleotide
monophosphates, cyclic adenosine monophosphate
(cAMP), and cyclic guanosine monophosphate (cGMP)
to the corresponding nucleoside monophosphates.1

Several of the PDEs have already been identified and
characterized, including PDE-5, PDE-6, PDE-8, PDE-
9, PDE-10, and PDE-11, to name a few.2–4,6 However,
the major interest of research was focused on PDE-5
because of its specificity in catalyzing the hydrolysis of
cGMP.1,7,8 PDE-5 is expressed in various tissues of the
body, such as the corpora cavernosa of the penis, the
systemic arteries and veins, the pulmonary arteries, the
skeletal muscles, and the platelets.8,9 It was hypothe-
sized that blocking the action of PDE-5 will result in
an increase in the intracellular levels and prolongation
of action of cGMP, which is a nitric oxide (NO)
donor and potent vasodilator. Thus, the initial
research concentrated on discovering PDE-5 blockers
for the treatment of coronary artery disease (CAD).
The discovery in 1989 of sildenafil citrate, a highly
selective PDE-5 inhibitor, was the result of extensive
research on chemical agents targeting PDE-5 inhibitors
that might, potentially, be used for the treatment of
CAD. Interestingly, initial studies with sildenafil in
patients with CAD were not promising for the treat-
ment of CAD, but they demonstrated a ‘‘beneficial
side effect’’ in male participants by enhancing penile

erection. This observation led to further studies in
patients with erectile dysfunction (ED). These studies
resulted in the approval by the US Food and Drug
Administration (FDA) in 1998 of sildenafil citrate for
the treatment of ED. Since the approval of sildenafil,
two more PDE-5 inhibitors, vardenafil and tadalafil,
were developed and approved by the FDA for the
treatment of ED. It is now well recognized that ED is
a vascular disease, is quite common, and is age and
disease dependent. It accounts for 39% of men 40
years old and for 67% of those 70 and older and
affects about 30 million men in the United States and
more than 100 million worldwide.10 Since ED coexists
with cardiovascular diseases, hypertension, heart fail-
ure (HF), and diabetes mellitus (DM), the treatment of
ED has important clinical functional and safety impli-
cations related mostly to the interactions of PDE-5
inhibitors with other drugs these patients might be
taking. Recent studies have also indicated that PDE-5
inhibitors possess several beneficial pleiotropic cardio-
vascular effects in addition to their action on ED. All
of these actions will be discussed in this review in the
context of the American College of Cardiology ⁄ Ameri-
can Heart Association (ACC ⁄ AHA) guidelines11 and
the recent developments in this field.

Mechanism of Action of PDE-5 Inhibitors
The vascular tone, systemic vasodilation, and circula-
tion are principally regulated through the endothelial
production of NO from the systemic arteries and
veins. After its production, NO diffuses into the adja-
cent smooth muscle cells and enhances the production
of cGMP, which, in turn, increases the production of
NO and leads to both vascular smooth muscle relaxa-
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tion and an increase in systemic vasodilation. Since
cGMP is catabolized by the PDE-5 enzyme, its inhibi-
tion by the PDE-5 inhibitors (sildenafil, vardenafil, and
tadalafil) will result in an increase in the intracellular
levels of cGMP and prolong the duration of its action.
The chemical structures of the three PDE-5 inhibitors
approved by the FDA are depicted in Figure 1. The
chemical structures of sildenafil and vardenafil are very
similar, their half-lives are approximately 4 hours and
their action is dissipated 24 hours later. In contrast,
the chemical structure of tadalafil is different, wherein
its half-life is longer (approximately 17.5 hours) and
its action is dissipated 48 hours later.12 These actions
of PDE-5 inhibitors could have clinical implications in
patients with ED and CAD receiving nitrates, which
are also NO donors and could lead to significant vaso-
dilation and lowering of blood pressure (BP). In addi-
tion, they could have interactions with other drugs
taken by patients with CAD, hypertension, HF, and
DM. These drug interactions are important to know
by physicians managing these patients. In the past,
patients with ED were treated exclusively by urolo-
gists, but due to recent developments and understand-
ing of the pathophysiology of ED, the care of these
patients has now been shifted to the general physicians
and cardiologists, putting more burden on their
knowledge and understanding of the treatment of ED.
The several pleiotropic effects of PDE-5 inhibitors on
various disease states will be discussed in subsequent
sections of this review.

Cardiovascular Disease
Several clinical and experimental studies have demon-
strated a cardioprotective effect of PDE-5 inhibitors.
In experimental animal studies, sildenafil provided a
cardioprotective effect given immediately,13 at 30 min-
utes,14 at 24 hours,14,15 and at 4 weeks before coro-

nary artery occlusion16 or reperfusion.17 Likewise,
vardenafil18 and tadalafil19 reduced infarct size when
given 30 to 120 minutes before coronary artery occlu-
sion in animal models. In addition to reducing infarct
size, PDE-5 inhibitors have been shown to increase the
endothelial and inducible NO synthase in animals, to
reduce cardiac hypertrophy and apoptosis to preserve
myocardial fractional shortening, and to improve
survival.20

In studies of patients with ED and stable CAD, the
administration of sildenafil 50 mg to 100 mg21 or
vardenafil 10 mg22 while the patients were off nitrates
was well tolerated and improved cardiac function and
ED significantly more than placebo. These patients
were previously exercised on a Bruce protocol to
symptom-limited exercise and �1 mm ST depression
and also to a level of exercise equivalent to the effort
produced by sexual activity. In one study, the tests
were repeated 1 hour after the administration of var-
denafil.22 Compared with placebo, vardenafil did not
alter the exercise time (P=.39) or time to awareness of
angina (P=.59), but it significantly prolonged the time
to ischemic threshold (P=.0004) as depicted in Fig-
ure 2. In addition, at peak exercise, vardenafil did not
significantly affect BP, heart rate (HR), or rate pres-
sure product relative to placebo. The most common
side effects from the administration of sildenafil and
vardenafil were facial flushing and headache, which
were mild to moderate in severity and were short-
lived. Similar findings have been reported by other
investigators.23,24 In one study, the hemodynamic
effects of sildenafil 100 mg and isosorbide mononitrate
(ISMN) 40 mg were compared against placebo in 31
men with ED and stable CAD.25 Compared with base-
line, sildenafil increased slightly, the cardiac and stroke
indices by 0.29 L ⁄ min ⁄ m2 and 4.4 mL ⁄ min ⁄ m2,
respectively compared with ISMN, which decreased

FIGURE 1. The chemical structure of phosphodiesterase 5 inhibitors sildenafil, vardenafil, and tadalafil. The chemical structures of sidenafil and
vardenafil are similar, whereas that of tadalafil is different. Adapted with permission from Zusman.10
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these indices by )0.12 L ⁄ min ⁄ cm2 and )5.4 mL ⁄
min ⁄ cm2, respectively. The mean arterial pressure was
decreased more with ISMN than sildenafil ()22 vs
)10 mm Hg, respectively). The systemic and pulmo-
nary vascular resistance was decreased more with silde-
nafil than ISMN. Since the PDE-5 inhibitors and
nitrates are both NO donors, their combination could
produce large decreases in BP with dire consequences
and therefore their coadministration is prohibited in
patients with ED and CAD.11

Hypertension
Several lines of evidence suggest that there is an
increased prevalence of ED in hypertensive patients
compared with normotensive controls, which has
been estimated to be between 15% and 46% depend-
ing on the characteristics of the studied popula-
tions.26 Endothelial dysfunction, which is present in
hypertension, represents a major pathologic process
that leads to abnormal vasoreactivity and vasocon-
striction that affects the balance between vasodilating
and vasoconstrictive factors. The reduced bioavail-
ability of NO in hypertension presents a link between
the pathophysiology of hypertension and ED, since
ED is considered a vascular disease and NO is a
major mediator of smooth muscle relaxation neces-
sary for penile erection. Besides hypertension itself,
ED is a common adverse effect of antihypertensive
drugs, among which the most important are the
diuretics, central sympatholytics, peripheral sym-
patholytics, aldosterone antagonists, and b-blockers.
Calcium channel blockers (CCBs), angiotensin-con-
verting enzyme (ACE) inhibitors, and angiotensin
receptor blockers (ARBs) are rarely implicated as a
cause of ED.27,28 Efficacy data were analyzed from
4274 patients 18 years and older with hypertension
and ED from 18 different double-blind, placebo-con-
trolled studies.29 Of these patients, 2881 were not

taking any antihypertensive medication and were ran-
domized to sildenafil 50 mg to 200 mg (n=1837) or
placebo (n=1044). The other 1094 patients were tak-
ing �1 antihypertensive drug and were also random-
ized to sildenafil 50 mg to 200 mg (n=704) or
placebo (n=390). All patients were followed for
6 weeks to 6 months. The drug classes involved in
these studies were diuretics, b-blockers, a1-blockers,
ACE inhibitors, and CCBs. All patients included in
these studies were in a stable relationship with a
female partner and did not have any anatomic defects
of their penis. Patients with BP >170 ⁄ 110 mm Hg or
<90 ⁄ 50 mm Hg at screening were excluded from par-
ticipation. The incidence rates of treatment-related
adverse events in patients taking sildenafil in combi-
nation with antihypertensive drugs were not different
from patients taking sildenafil with placebo. These
adverse events included hypotension (<1%) and (0%)
for cardiovascular events.29 With respect to ED, the
success rate was 70% vs 72% for those taking com-
bination therapy with sildenafil or placebo with silde-
nafil, respectively (P=.93). Similar results have been
reported from a review of 19 studies of hypertensive
patients with multiple comorbidities on various treat-
ment regimens randomized to sildenafil, vardenafil, or
tadalafil.30 In this meta-analysis, PDE-5 inhibitors
were shown to be effective, safe, and well tolerated
regardless of the cause and severity of comorbid con-
ditions. In another study, 371 hypertensive patients
taking single or multiple antihypertensive drugs ran-
domized to tadalafil 10 mg or placebo31 did not
show any adverse events or BP reductions different
than placebo (Table I). In addition, in another dou-
ble-blind, placebo-controlled, multicenter trial, 568
hypertensive patients with ED taking single or multi-
ple antihypertensive drugs were randomized to silde-
nafil 50 mg to 100 mg (n=281) or placebo (n=281)
and were followed for 12 weeks.32 Sildenafil signifi-

FIGURE 2. The effects of vardenafil (V) on exercise parameters of total exercise time, time to angina, and time to �1-mm ST depression in patients
with stable coronary artery disease. PLA indicates placebo. Adapted with permission from Thadani et al.22
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cantly improved patient ED and was not associated
with any serious adverse events that were different
from placebo.

In a proof of concept study, the acute effects of sil-
denafil 50 mg given alone or in combination with
ISMN 10 mg on brachial and central BP were tested
in 6 patients with resistant hypertension taking �3
antihypertensive drugs.33 The baseline brachial and
central BPs were 169 ⁄ 93 mm Hg and 135 ⁄ 82 mm Hg.
The addition of sildenafil to baseline treatment
resulted in further reductions in mean brachial and
central BP of 10 ⁄ 8 mm Hg and 8 ⁄ 7 mm Hg compared
with placebo (P<.05). The greatest reductions in bra-
chial and central BPs were seen with the combinations
of sildenafil and ISMN, accounting for a mean reduc-
tion in brachial and central BP of 20 ⁄ 14 mm Hg and
22 ⁄ 14 mm Hg (P=.002) compared with placebo. The
HR-adjusted augmentation index and the arterial wave
reflection were both significantly reduced with the
combination of the two drugs (P<.0020). There was
no significant effect on HR and pulse wave velocity
with sildenafil alone or its combination with ISMN.
Also, there were no significant adverse effects noted
with either drug alone or in combination.

Heart Failure
The prevalence of ED is high in patients with conges-
tive HF (CHF) and yet PDE-5 inhibitors are not given
in these patients. The reason for this is the fear of
complications from these drugs due to the lack of
experience from large, long-term, placebo-controlled
clinical trials regarding the safety of these drugs in
such patients. However, several small, short-term stud-
ies have demonstrated a beneficial effect of PDE-5
inhibitors with respect to ED and cardiac function in
such patients.34,35 In one small study, 20 patients aged
48 to 88 years with stable CHF and an ejection frac-
tion <35% were randomized to sildenafil 50 mg or
placebo in a double-blind, two-way crossover study
after a 7-day interval between the two phases of the
study while the patients were off their regular therapy
for at least 12 hours.35 Sildenafil improved the cardiac
index by 0.37 L ⁄ min ⁄ m2 from a baseline of
2.3 L ⁄ min ⁄ m2 (P<.0001) as well as the other study
parameters (Table II). Also, in other small studies,
sildenafil reduced systemic vascular resistance and
aortic stiffness and improved exercise time, 6-minutes
walk distance, and quality of life.36,37 Interestingly,
the presence of PDE-5 enzyme is minimal in the nor-
mal myocardium and is upregulated in the diseased
myocardium.37 In this study, myocardial PDE-5
enzyme expression and its cellular distribution were
determined in left ventricular samples from patients
with end-stable CHF and from normal heart donors.
Compared with the donor hearts, the myocardial PDE-
5 protein was increased about 4.5-fold in heart sam-
ples from patients with CHF and the PDE-5 enzyme
expression was significantly correlated with the expression
of myocardial oxidative stress markers of 3-nitrotyro-
sine and 4-hydroxynomenal. In these studies, histologi-
cal examination showed that the PDE-5 enzyme was
mainly expressed in the vascular smooth muscle of the
normal donor hearts, but its expression in CHF hearts
was increased in both the cardiac myocytes and vascu-
lar smooth muscle.38

The beneficial effects of PDE-5 inhibitors in patients
with CHF have been attributed to the increased
production of cAMP. In diseased hearts, the protein

TABLE II. Hemodynamic Effects of Sildenafil 50 mg and Placebo in Patients With Congestive Heart Failure

Baseline Parameters

(Mean�Standard Deviation) Study Parameters (Difference)

P ValueSildenafil Placebo Sildenafil Placebo

Arm SBP, mm Hg 131 130 )8.6 +4.9 <.0001

Arm DBP, mm Hg 67 67 )4.8 +3.8 <.0001

Aortic SBP, mm Hg 117 117 )7.5 +6.4 <.0001

Aortic DBP, mm Hg 67 67 )5.1 +4.0 <.0001

Augmentation pressure mm Hg 14 13 )0.8 +2.1 <.0001

AIx, % 27 26 )0.7 +2.9 <.0001

SVR, dynes ⁄ s ⁄ cm5 1705 1660 )326 +153 <.0001

Abbreviations: AIx, augmentation index; DBP, diastolic blood pressure; SBP, systolic blood pressure; SVR, systemic vascular resistance. Revised
from Hirata et al.34

TABLE I. Mean Changes From Baseline in SBP and
DBP With Tadalafil or Placebo in Patients Taking �1
Antihypertensive Drug

One Drug Tadalafil (n=140) Placebo (n=59)

Baseline SBP, mm Hg 143 142

Mean change, mm Hg )5.7 )3.4

Baseline DBP, mm Hg 83 85

Mean change, mm Hg )2.2 )2.1

�2 Drugs Tadalafil (n=140) Placebo (n=137)

Baseline SBP, mm Hg 126 44

Mean change, mm Hg )2.6 +0.9

Baseline DBP, mm Hg 83 82

Mean change, mm Hg )2.7 )2.2

Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood
pressure. Adapted and modified from Kloner et al.31
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kinase G activity induced by cGMP is inhibited, so
cGMP shifts its action preferentially to the production
of cAMP, which activates protein kinase A, leading
to increased intracellular calcium and myocardial
contractility. In addition, sildenafil induces other
mechanisms that prevent the adverse cardiovascular
remodeling in a myocardial infarction mouse model.39

Compared with placebo, sildenafil preserved left ven-
tricular function and decreased fibrosis, apoptosis, and
left ventricular hypertrophy. These beneficial effects
were mediated through inhibition of the RhoA ⁄ Rho-
kinase pathway. This pathway is a pathogenic one and
its inhibition has been associated with improved ath-
erosclerosis, post–myocardial infarction remodeling,
and cardiac hypertrophy.40

In all of these short-term human studies, PDE-5
inhibitors were well tolerated, caused minimal adverse
effects, and improved cardiac function, ED, and qual-
ity of life. In chronic CHF studies, the best results
were seen in patients with CHF and secondary pulmo-
nary hypertension; however, this subject is beyond the
scope of the current review.

DISCUSSION
From the data presented in the previous sections of
this paper, it appears that the PDE-5 inhibitors silde-
nafil, vardenafil, and tadalafil are effective and safe for
the treatment of ED in men with multiple comorbidi-
ties and therapies.21–37 These studies have served to
alleviate some of the anxiety produced by the
ACC ⁄ AHA consensus document regarding the use of
PDE-5 inhibitors in patients with cardiovascular dis-
eases and multiple therapies and especially the coad-
ministration of PDE-5 inhibitors and nitrates in
patients with CAD.11 The prevalence of ED is quite
high, accounting for 10 to 30 million men in the Uni-
ted States and more than 100 million worldwide and
is age-, disease-, and treatment-dependent.10 It has
been estimated that the prevalence of ED is 39% and
67% in men aged 40 to 70 years, respectively.10 In
addition, the treatment of ED has shifted lately from
the urologists to the primary care physicians, which
requires an understanding on their part on its
management, mainly with respect to the interactions
of PDE-5 inhibitors and the drugs that these patients
might be taking. The PDE-5 inhibitors exert their ben-
eficial effects in patients with ED through inhibition of
catabolism of cGMP, which is a potent NO donor that
leads to vasodilation and increased blood flow to the
corpora cavernosa of the penis, which facilitate penile
erection. Since nitrates are also NO donors, their co-
administration with PDE-5 inhibitors could cause
severe vasodilation and severe decrease of BP with dire
consequences. For this reason, their coadministration,
especially in patients with ED and CAD, is prohibited.11

However, they can be safely administered 24 hours
after the administration of sildenafil or vardenafil and
48 hours after the administration of tadalafil.12 Admit-
tedly, these restrictions can be serious in the need of

emergent administration of nitrates. On the other
hand, in the absence of nitrate administration, PDE-5
inhibitors can be safely administered to patients taking
other drugs, with some precaution in those taking a1-
blockers or other vasodilators, since these drugs are
not NO donors and the additional BP-lowering effect
of PDE-5 inhibitors is modest and not significantly dif-
ferent from placebo.29–32 In these studies, the success
rate on ED improvement was independent of disease
or treatment, and in patients with hypertension while
taking �1 antihypertensive drug, it was 70% com-
pared with 72% in those taking no drugs or placebo
(P=.93). Recent studies have also shown that PDE-5
inhibitors, besides their effects on ED, possess several
pleiotropic effects that might benefit patients with
CAD,7,13–19 CHF,34–39 and hypertension.20,26–32 In
addition to these studies, they have also been very
effective in improving ED in patients with DM with-
out disturbing blood glucose control.40 In treating
patients with these comorbidities and treatments, cau-
tion should be exercised with respect to baseline BP
levels and whether some of the medications they are
taking are metabolized through the cytochrome P450
3A4 pathway because they might increase the blood
levels of PDE-5 inhibitors, since these drugs are also
metabolized through the same pathway.11 With
respect to baseline BP, this should be >90 ⁄ 50 mm Hg,
because in most studies with PDE-5 inhibitors,
patients with a baseline BP �90 ⁄ 50 mm Hg were
excluded from participation. In a proof of concept
study in patients with resistant hypertension, the addi-
tion of sildenafil 50 mg alone or in combination with
ISMN 10 mg to baseline treatment resulted in further
significant reduction in brachial and central BP. In
addition, the augmentation index was significantly
decreased with sildenafil alone and in combination
with ISMN. These effects of PDE-5 inhibitors are
significant, especially regarding central BP, since
central BP is more directly responsible for the cardio-
vascular and stroke complications of hypertension.
Thus, a long-term study evaluating these effects of
PDE-5 inhibitors will be of great scientific and clinical
interest.

CONCLUSIONS
The PDE-5 inhibitors are still considered first-line
treatment for men with ED and are effective, safe, and
well tolerated. In addition, they can be safely adminis-
tered in patients with multiple comorbidities and ther-
apies without fear of causing serious clinical or
metabolic adverse events, with the exception of
patients who have CAD taking long-acting nitrates. In
such patients, the administration of PDE-5 inhibitors
is prohibited. In patients with CAD not taking nitrates
on a regular basis, their administration in case of need
should be 24 hours after the administration of sildena-
fil or vardenafil and 48 hours after the administration
of tadalafil.
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