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Mechanisms of action of PDE5 inhibition in erectile dysfunction
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A spinal reflex and the L-arginine–nitric oxide–guanylyl cyclase–cyclic guanosine monophosphate
(cGMP) pathway mediate smooth muscle relaxation that results in penile erection. Nerves and
endothelial cells directly release nitric oxide in the penis, where it stimulates guanylyl cyclase to
produce cGMP and lowers intracellular calcium levels. This triggers relaxation of arterial and
trabecular smooth muscle, leading to arterial dilatation, venous constriction, and erection.
Phosphodiesterase 5 (PDE5) is the predominant phosphodiesterase in the corpus cavernosum.
The catalytic site of PDE5 normally degrades cGMP, and PDE5 inhibitors such as sildenafil
potentiate endogenous increases in cGMP by inhibiting its breakdown at the catalytic site.
Phosphorylation of PDE5 increases its enzymatic activity as well as the affinity of its allosteric
(noncatalytic/GAF domains) sites for cGMP. Binding of cGMP to the allosteric site further
stimulates enzymatic activity. Thus phosphorylation of PDE5 and binding of cGMP to the
noncatalytic sites mediate negative feedback regulation of the cGMP pathway.
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Introduction

In recent years, a deeper understanding of the
regulation of penile smooth muscle has led to
greater insight into the physiology of normal erectile
function and erectile dysfunction (ED) as well as the
introduction of phosphodiesterase (PDE) inhibitors
for the treatment of ED. The oral PDE5 inhibitor—
sildenafil—has proved to be a safe and effective
treatment for this disorder and has fostered further
research into the underlying mechanisms of such
drugs. This article will review the biochemical
pathways involved in erection, the role of PDE5 in
these pathways, and the molecular mechanisms
involved in PDE activity.

Penile erection results from the relaxation of
smooth muscle in the penis. The process is
mediated by a spinal reflex and incorporates sensory
and mental stimuli. The balance between factors
that stimulate contraction and relaxation determines

the tone of penile vasculature and the smooth
muscle of the corpus cavernosum.

In primates, including humans, the L-arginine–
nitric oxide–guanylyl cyclase–cyclic guanosine
monophosphate (cGMP) pathway is the key me-
chanism of penile erection1–4 (Figure 1). Nitric oxide
(NO) is produced from oxygen and L-arginine under
the control of nitric oxide synthase (NOS). Sexual
arousal stimulates neural pathways that result in
the release of NO from nerves and endothelial
cells directly into the penis. NO penetrates into
the cytoplasm of smooth muscle cells and binds to
guanylyl cyclase. The interaction of NO with
guanylyl cyclase causes a conformational change
in this enzyme, which results in the catalytic
production of 30-50–cyclic guanosine monopho-
sphate from guanosine 50-triphosphate. Cyclic GMP
is the intracellular trigger for penile erection. Cyclic
GMP activates cGMP-dependent protein kinase
(PKG), which in turn phosphorylates several pro-
teins. These protein kinase interactions result in
reduced intracellular calcium levels and a conse-
quent relaxation of arterial and trabecular smooth
muscle, leading to arterial dilatation, venous con-
striction, and the rigidity of penile erection.

Since cGMP plays a key role in this process,
potential interventions for inadequate smooth
muscle relaxation include increasing the level of
intracellular cGMP. PDE5 normally inhibits penile
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erection by degrading cGMP. This degradation
occurs at the catalytic site in the presence of bound
zinc. PDE5 inhibitors lower the activity of PDE5 by
competing with cGMP and consequently raise the
level of cGMP. In the absence of stimulation of the
NO pathway, PDE5 inhibition is ineffective. In
isolated strips of corpus cavernosum, sildenafil
relaxes the smooth muscle by amplifying the effects
of the normal, endogenous cGMP-dependent relaxa-
tion mechanisms but produces little effect in the
absence of a NO donor.5

Since sexual arousal stimulates this pathway
specifically in the penis, PDE5 inhibitors have a

relatively small effect on smooth muscle in other
tissues.

PDE5 is the predominant phosphodiesterase in
the corpus cavernosum. However, at least 11 fami-
lies of PDE have been identified in mammals6–9

(Figure 2, Table 1). Some PDE types are associated
with more than one gene and some mRNAs exhibit
two or more splice variants; the result is more than
50 species of PDE. Some types of PDE are specific for
either cyclic adenosine monophosphate (cAMP) or
cGMP, and some degrade both. PDE11, for example,
degrades both cAMP and cGMP, whereas PDE4 is
specific for cAMP, and PDE5 is specific for cGMP.
The crossreactivity of PDE inhibitors can be attrib-
uted largely to similarities of their homologous
catalytic domain. Messenger RNA has been detected
in human corpus cavernosum tissue for the human
PDE isoforms—_PDE1A, PDE1B, PDE1C, PDE2A,
PDE3A, PDE4A, PDE4B, PDE4C, PDE4D, PDE5A,
PDE7A, PDE8A, and PDE9A.10 Most mammalian
PDEs are dimers, but the functional significance of
this dimerization is unknown. Some, like PDE5,
have two identical subunits (homodimers), and
some, like PDE6, have two different subunits
(heterodimers).

The PDEs also differ in the nature of the regulatory
domain of the enzyme and in the role of phosphor-
ylation. In all cases, the catalytic domain is located
toward the carboxyl terminus, and the regulatory
domain is located toward the amino terminus. A
PDE5 monomeric fragment retains the essential
catalytic features of the dimeric, full-length enzyme.11
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Figure 1 Nitric oxide–cGMP pathway for relaxation of smooth
muscle.
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Figure 2 Phosphodiesterase families.
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The regulatory domains differ among subtypes. For
example, in PDE1, calcium binding regulates the
enzyme. Phosphorylation is important for some,
including PDE5. Some have one or more GAF
domains, which bind cGMP in PDE5 and thus
represent allosteric (noncatalytic) sites. In addition
to its cGMP-selective catalytic site, PDE5 contains
two potential allosteric cGMP-binding sites and at
least one phosphorylation site for PKG on each
subunit12,13 (Figure 3). cGMP can bind to allosteric
binding sites of PDE5, and cGMP occupation of one
or both of these sites stimulates the catalytic site for
cGMP. Occupation of the allosteric binding site by
cGMP alters the conformation of PDE5, which
exposes a phosphorylation site (serine-92 in the
bovine enzyme, serine-102 in the human enzyme).
Phosphorylation of PDE5 by protein kinase G (PKG)
augments the enzymatic activity as well as the
affinity of PDE5 allosteric sites for cGMP.14,15 The
level of enzymatic activity has been shown to
increase in parallel with phosphorylation, and the
increase in activity is typically about 1.6-fold.

In rat aorta and human smooth muscle cells,
activation of PKG by 8-Br-cGMP leads to phosphor-
ylation and activation of PDE5, whereas 8-Br-cAMP
has no effect.16,17 This represents negative feedback
control in smooth muscle cells, since elevation of
cGMP stimulates cGMP degradation. Blockade of
this negative feedback mechanism by occupation
of the catalytic site is partly responsible for the effect
of PDE5 inhibitors on penile erection.

Since they raise the level of cGMP, PDE5 inhibi-
tors potentiate their own actions since cGMP
binding to the allosteric site stimulates further
PDE5 inhibitor binding to the catalytic site. Each
PDE5 inhibitor is thought to exhibit the same
mechanism, but this has not been established.

Several negative feedback mechanisms come into
play to lower the level of cGMP when it is elevated.
Increased degradation occurs simply by mass action
effect (ie, increased substrate availability for PDE5.)
Also, PKG phosphorylates PDE5, causing its activa-
tion. This results in even greater degradation of
cGMP. Phosphorylation also increases PDE5 allos-
teric site binding of cGMP, which makes less cGMP
available for activating PKG. Finally, increased
binding of cGMP to the allosteric site stimulates
cGMP degradation by the catalytic site of PDE5 and
further increases phosphorylation of this enzyme.

In conclusion, specific molecular and pharmaco-
logic properties endow individual PDE5 inhibitors
with unique characteristics. Owing to these distinc-
tions, selective PDE5 inhibitors hold promise for
innovative pharmacologic applications. However,
important questions about the properties and func-
tion of PDE inhibitors still need to be answered. For
example:

� Does phosphorylation of PDE5 affect the binding
of inhibitors, such as vardenafil and tadalafil?

� Does inhibitor binding to the PDE5 molecule
increase when PDE5 is phosphorylated?

� Does inhibitor binding to the PDE5 molecule
increase when cGMP binds to its allosteric sites?
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Figure 3 PDE5 structure.

Table 1 Substrate specificities and distributions of PDE families

PDE
family

Substrate Tissue localization

1 cGMP4cAMP Brain, heart, kidney, liver, skeletal muscle, vascular and visceral smooth muscle
2 cAMP and cGMP Adrenal cortex, brain, corpus cavernosum, heart, kidney, liver, visceral smooth muscle, skeletal

muscle
3 cAMP and cGMP Corpus cavernosum, heart, platelets, vascular and visceral smooth muscles, liver, kidney, adipose

tissue
4 cAMP Kidney, lung, mast cells, brain, heart, skeletal muscle vascular and visceral smooth muscle,

thyroid, testis, neural tissue
5 cGMP Corpus cavernosum, platelets, skeletal muscle, vascular, airway and visceral smooth muscle
6 cGMP Retina
7 cAMP Skeletal muscle, heart, lymphocytes, putamen, caudate, nucleus, pancreas
8 cAMP Testes, ovaries, small intestine, colon
9 cGMP Spleen, small intestine, brain

10 cAMP and cGMP Striatum, testes, thyroid
11 cAMP and cGMP Corpus cavernosum, pitutary, liver, kidney, prostate, skeletal muscle, thymus, testes
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� Is clearance of PDE5 inhibitors from smooth
muscle cells delayed by the tight binding of these
inhibitors to PDE5 in the cells?

References

1 Boolell M et al. Sildenafil: an orally active type 5 cyclic GMP-
specific phosphodiesterase inhibitor for the treatment of
penile erectile dysfunction. Int J Impot Res 1996; 8: 47–52.

2 Boolell M, Gepi-Attee S, Gingell JC, Allen MJ. Sildenafil, a
novel effective oral therapy for male erectile dysfunction. Br J
Urol 1996; 78: 257–261.

3 Rajfer J et al. Nitric oxide as a mediator of relaxation of the
corpus cavernosum in response to nonadrenergic, noncholi-
nergic neurotransmission. N Engl J Med 1992; 326: 90–94.

4 Trigo-Rocha F et al. Intracellular mechanism of penile erection
in monkeys. Neurourol Urodyn 1994; 13: 71–80.

5 Chuang T, Strauss JD, Murphy RA, Steers WD. Sildenafil, a
type-5 cGMP phosphodiesterase inhibitor, specifically ampli-
fies endogenous cGMP-dependent relaxation in rabbit corpus
cavernosum smooth muscle in vitro. J Urol 1998; 160:
257–261.

6 Beavo JA. Cyclic nucleotide phosphodiesterases: functional
implications of multiple isoforms. Physiol Rev 1995; 75:
725–748.

7 Fisher DA et al. Isolation and characterization of PDE8A, a
novel human cAMP-specific phosphodiesterase. Biochem
Biophys Res Commun 1998; 246: 570–577.

8 Soderling SH, Bayuga SJ, Beavo JA. Identification and
characterization of a novel family of cyclic nucleotide
phosphodiesterases. J Biol Chem 1998; 273: 15553–15558.

9 Fawcett L et al. Molecular cloning and characterization of a
distinct human phosphodiesterase gene family: PDE11A. Proc
Natl Acad Sci USA 2000; 97: 3702–3707.

10 Kuthe A et al. Expression of different phosphodiesterase genes
in human cavernous smooth muscle. J Urol 2001; 165:
280–283.

11 Fink TL et al. Expression of an active, monomeric catalytic
domain of the cGMP-binding cGMP-specific phosphodiester-
ase (PDE5). J Biol Chem 1999; 274: 34613–34620.

12 Thomas MK, Francis SH, Corbin JD. Substrate-and-kinase-
directed regulation of phosphorylation of a cGMP-binding
phosphodiesterase by cGMP. J Biol Chem 1990; 265: 124971–
124978.

13 Liu L et al. Specific cGMP binding by the cGMP binding
domains of cGMP-binding cGMP specific phosphodiesterase.
Cell Signal 2002; 14: 45–51.

14 Gopal VK, Francis SH, Corbin JD. Allosteric sites of phospho-
diesterase-5 (PDE5). A potential role in negative feedback
regulation of cGMP signaling in corpus cavernosum. Eur J
Biochem 2001; 268: 3304–3312.

15 Corbin JD, Turko IV, Beasley A, Francis SH. Phosphorylation
of phosphodiesterase-5 by cyclic nucleotide-dependent pro-
tein kinase alters its catalytic and allosteric cGMP-binding
activities. Eur J Biochem 2000; 267: 2760–2767.

16 Wyatt TA, Naftilan AJ, Francis SH, Corbin JD. ANF elicits
phosphorylation of the cGMP phosphodiesterase in vascular
smooth muscle cells. Am J Physiol 1998; 274: H448–H455.

17 Rybalkin SD et al. Regulation of cGMP-specific phosphodies-
terase (PDE5) phosphorylation in smooth muscle cells. J Biol
Chem 2002; 277: 3310–3317.

PDE5 inhibition for erectile dysfunction
JD Corbin

S7

International Journal of Impotence Research


