Clin. Cardiol. Vol. 27 (Suppl. 1), 1-14-1-19 (2004)

Phosphodiesterase Type 5 Inhibitor Differentiation Based on Sdlectivity,
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Summary: The mechanism of action of the phosphodi-
edterasetype5 (PDES) inhibitors(i.e., sldendfil, tadal &fil, and
vardendfil) involvesinhibition of the PDES i soenzymel ocated
in penile vascular smooth muscle cells, Sexua stimulation
triggers the release of nitric oxide (NO), stimulating the re-
lease of guanylyl cyclase, leading to anincreaseinintracellu-
lar cyclic guanosine monophosphate (cGM P) concentrations,
adecreaseinintracellular calcium, and ultimately relaxation
of thevascular smooth musclein the corpus cavernosum and
penileerection. The PDES inhibitors have no effect onthe pe-
nisin the absence of sexua stimulation. Although thevarious
PDES inhibitors differ with respect to sdlectivity and pharma-
cokinetic profiles, efficacy and safety of these agentsarecom-
parablein broad populations of menwith erectiledysfunction
(ED), including those with diabetes or those taking multiple
antihypertensive agents. Themost frequently reported adverse
events of the PDES inhibitors are related to their mild va
sodilatory effects and include headache, flushing, dyspepsia,
and nasal congestion or rhinitis. Sideeffectsaregenerdly re-
versible and tend to diminish during continued trestment.
Differences in pharmacokinetic properties among the PDES
inhibitorsinclude thefact that sildenafil and vardenafil havea
shorter duration of action (gpproximately 4 h) compared with
thelonger period of responsivenessobserved with tadal &fil (up
to 36 h). In addition, in the presence of high-fat food, absorp-
tion of sldenafil and vardenafil may be delayed; however, the
rate and extent of tadal afil absorption are unaffected by high-
fat food.
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Introduction

There are 11 families of cyclic nucleotide phosphodi-
esterase (PDE) isoenzymes distributed throughout the body.
The PDEsareessentid for regulating cellular levels of cyclic
adenosine 3,5-monophosphate (CAMP) and guanosine 3,5
monophosphate (cGMP).1. 2 Each PDE contains multipleiso-
forms and has a different level of sdlectivity for cAMP and
cGMP14 Regulation of these PDE isobenzymesisintegral to
controlling a host of physiologic functions. For example,
PDE3isinvolvedinthecontral of cardiac contractility.

Phosphodiesterasetype5isconsidered to be cGM P specif-
ic andisthe mainisoenzymeinvolved in the pathway leading
to penile vascular smooth musclerelaxation and erection. Itis
not localized in the myocytes, endothelia cells, lymphatic
cdls, or cardiac conductiontissues; it is, however, highly con-
centrated in the vascular and penile smooth muscle cells. In
fact, PDES is more concentrated in the penile corpus caver-
nosum than in the systemic vasculature.

Treatment with oral PDES inhibitors is currently consid-
ered to befirst-linetherapy for men with erectile dysfunction
(ED). Sildenéfil, tadalfil, and vardendfil are currently avail-
ableand approved by the Food and Drug Administration.

Inthisarticle, the mechanism of action by whichthe PDE5S
inhibitors produce an erection will be described in detail.
Although there have been no direct comparative sudiesof the
PDE5 inhibitorsto date, efficacy andtolerability datafrom key
clinical studieswith the variousagentswill aso bediscussed.

Phosphodiesterase Type5Inhibitors
Clinical Phar macology

M echanism of Action

The PDES inhibitors enhance erectile function by main-
taining sufficient cellular levels of cGMP in both the corpus
cavernosum and itscontributing vessel sto dilate the corpore-
al sinusoids. Thisalowstheinflux of blood that supports pe-
nileerection.?
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During sexud stimulation, nitric oxide (NO) issynthesized
and released by endothelia cells and nonadrenergic-non-
chaolinergic (NANC) nerves. Nitric oxidethen diffusesintothe
smooth muscle cells of the penis. Thereit activates asoluble
guanylyl cyclase, which raisestheintracellular concentration
of cGMP, asecondary messenger of penileerection. ThePDES
inhibition causesamarked elevation of cGM P concentrations
in the glans penis, corpus cavernosum, and corpus Spongio-
sum. Cyclic GMPtriggersaseriesof other enzymatic reactions
including activation of aprotein kinasethat ultimately reduces
intracdlular calcium levels, enhances smooth muscle relax-
ation, and produces penile erection (Fig. 1).> The PDE5 in-
hibitors have no effect on the penisin the absence of sexua
stimulation, when concentrationsof NO and cGMP arelow.>

Phosphodiesterase Type5 Inhibitors:
Phar macodynamic Properties

Sdlectivity and Effectson Vision

The PDES inhibitors are highly selective for PDES, but
have varying degrees of sdlectivity for the other PDE isoen-
zymesin the body.2 Selectivity is expressed asavalueknown
as the 1Csp, which is the concentration of drug in vitro that
inhibits a given response by 50%.2 The lower the | Cso, the
greater the selectivity. A PDES inhibitor’s selectivity ratio
(i.e., therelative affinity of the drug for the PDES isoenzyme

vs. another PDE) isa so based onthe | Csp valueand may have
clinical implicationsfor itsadverseevent profile. For example,
sildendfil isardatively potent inhibitor of PDE6 (locaizedin
therodsand cones of theretina), which may explainthe color
vision disturbances reported in up to 11% of men receiving
sildenafil . Conversaly, tadal&fil isaweak inhibitor of PDE6
compared with either sildendfil or vardenafil and may account
for therare occurrence of color vision abnormalities (< 0.1%)
with tadal&fil & 7 Taddl&fil is arelatively potent inhibitor of
PDEL11, whichislocalized in skeletal muscle and other tis-
sues. However, the physiologic role and clinicd relevance of
PDEZ11 inhibitionin humanshave not been defined.”

Effectson Sper matogenesis

Hellstrom et al.8 compared the effects of tadalafil 10 or 20
mg/day for 6 months with those of placebo in a group of
hedthy men aged at least 45 yearswho had mild ED. There
werenoclinicaly relevant differencesnoted between tedal &fil
and placebo with respect to sperm concentration, count, mor-
phology, or matility. In addition, tadalafil did not produce
changesin serum levels of reproductive hormones(i.e., folli-
cle-stimulating hormone, luteinizing hormone, testosterone).
Therewas no effect on hormonesrelated to spermatogenesis.
Tadd afil waswell tolerated; side effects (e.g., headache, dys-
pepsia, back pain) were the same as those reported for other
PDE5inhibitors. Theinvestigators concluded that daily dos-
ingwith tadalafil 10 or 20 mg produced no clinically relevant
effect on spermatogenesis.

Penile vascular smooth muscle cell
(sildenafil, tadalafil, vardenafil)

Fic.1 Mechanism of action of phosphodiesterasetype 5 (PDES) inhibitors. During sexual stimulation, nitric oxide (NO) issynthesized andre-
leased by endothelia cellsand nonadrenergic-noncholinergic nerves. Nitric oxide diffusesinto the penile smooth muscle cells, whereit activates
solubleguanylyl cyclase. Intracellular concentrations of cyclic guanosine monophosphate (cGMP) increase and intracellular levels of calcium
decrease, resulting inincreased smooth muscle relaxation and enhanced erection. cAMP = cyclic adenosine monophosphate, cGMP = cyclic
guanosine monophosphate, eNOS = endothelid nitric oxide synthase, GTP = guanosinetriphosphate, NINOS = heurond nitric oxide synthase.

Adapted from Ref. No. 5 with permission.
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TaBLE | PDE5inhibitors: Pharmacokinetics
Parameter Sildendfil Tadd &fil Vardendfil
ACax With

high-fat medl (%) 12 Nochange 118-50
tmax (N) 1* 2 1*
tu2 (h) 35 175 45
* = Median.

Abbreviations: PDES5 = phosphodiesterease type 5, ACmax = change
in maximum plasma concentration in fed (high-fat) vs. fasted State,
tmax = timeto maximum plasmaconcentration, ty> = plasmahaf-life.
Datafrom Refs.No. 6, 7,9, 11, 12.

Phosphodiester ase Type5 Inhibitors:
Phar macokinetic Properties

Results of pharmacokinetic studies have shown that there
are important differences in the absorption and dimination
characteristicswiththe PDES inhibitors. Peak plasmaconcen-
trations, or Cmax, may bereaed to thetherapeutic responseto
aparticular drug. Among the variablesthat can affect Crex are
the presence of comorbid diseases and concomitant medica:
tionsor ingestion of food.2

Adminigtration of sildenafil with a high-fat meal reduces
the Cmax by about 20%® (Table I) and delays the time to
achieve peak plasma concentration, or Tmax, by about 1 h.6
Clinicaly, thismay result in adelayed onset of action for sil-
dendfil. Thisdrug/food interaction is one of thelikely causes
for treatment failure of sildenafil inmenwho are unawarethat
this medication should be administered on an empty stomach
for optimal efficacy. Similarly, taking vardenafil with ahigh-
fat meal decreases the Cmax ranging from 18 to 50% and de-
lays Tmax by about 1 h (Fig. 2).° However, when vardenéfil is
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High-fat breakfast moderately
reduces Cmax by about 18%
and delays tmax by about 1 h.

Fic.2 The effect of food on vardenafil pharmacokinetics. After
consumption of a high-fat breakfast, Cmax decreased and median
tmax increased. The median tmax Was 1 hunder fagting conditionsand
2 h after consumption of ahigh-fat meal. Adapted from Ref. No. 9
with permission.

administered with amoderate-fat meal, no clinically signifi-
cant effectson absorption were observed. Themanufacturer of
vardendfil states that the drug may be taken with or without
food.1? Both the rate and extent of absorption of tadal&fil are
unaffected by the presenceof high-fat food and, therefore, this
medi cation can betaken with or without food (Fig. 3).6. 11
The pharmacokinetic profiles of sildenafil and vardengfil
are similar (Table 11).10. 12718 §j|denafil’s onset of action has
been reported as early as 14-20 minwith amedian of 60 min,
whereas the earliest onset reported with vardendfil is 16 min
with areported median of 25 min. The haf-lives of sildendfil
andvardendfil are3to5hand 4to 5 h, respectively, resultingin
a shortened period of responsiveness (about 4 to 5 h) com-
pared with tadal fil .7 1012 13 The earliest onset of action for
tadd afil hasreportedly occurred at 16 minwithamedian of 45
min. In contrast to sildenafil and vardendfil, tadal&fil has a
longer imination half-life of 17.5 h,” 14 resulting in an ex-
tended period of responsivenessfor upto 36 h(Tablell).”.14-16
Porst et al.15 examined the clinica effects of tadalafil in 348
men and determined that, at 24 h, 53% of intercourse attempts
weresuccessful inthetreatment group versus 29%for menre-
ceiving placebo. The clinical effects of tadalfil continued to
be evident at 36 h after dosing, with 59% of intercourse at-

Tadalafil concentration (ug/l)
-

0 .-'n" EST n

0 24 48 72 96 120 144
Time after administration (h)

Fic.3 The effect of food on tadalefil pharmacokinetics. Con-
sumption of a high-fat meal has no clinically relevant effect on the
rate and extent of tada &fil absorptioninthebody. Therefore, tada &fil
can be administered without regard to food. Adapted from Ref. No.
11 with permission.

TaBLE Il PDESinhibitors: Onset and duration of activity
PDE5 inhibitor Onset (min) Duretion (h)
Sildendfil 14-20* 60" 4t
Tedal&fil 16 457 36+
Vardendfil 16x 257 4

* Home setting; stopwatch recording.

TRigiScan®.

*SEPQ3

Datafrom Refs. No. 10, 11, 12, 13, 14, 15, 16, 17, 18.
Abbreviationsasin Tablel.
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tempts being successful in men receiving tadalafil compared
with 28%intheplacebo group (Fig. 4). Thelonger duration of
action with tadd afil hasthe potentia for increasing flexibility
for engaging in sexud intercourse by removing thetime con-
draints associated with the shorter-acting PDES inhibitors.
Thissignificantly changesthe sexua pattern paradigm, inthat
couples no longer have to plan for intercourse within 4 h of
taking aPDES inhibitor. In another study, agreater number of
men taking tadalafil successfully completed sexua inter-
coursea 4- to 12-, 12- to 24-, and 24- to 36-htimeintervals.16

Efficacy and Toler ability
Efficacy in General Populations

Based on noncomparative clinica study data, efficacy for
thethree PDES inhibitorsfor thetreatment of ED iscompara:
ble.16:19-21 Becausedirect clinical comparisonsof theseagents
have not been conducted to date, no conclusionscan bedrawn
about the rel ative efficacy of the PDES inhibitors. In one 12-
week, randomized, placebo-controlled study with sildenafil 50
mg, 65% of intercourse attempts were successful in sildena
fil-treated patients compared with 20% of men receiving
placebo.’® Resultsfrom another 12-week efficacy study with
tadalafil showed that successful intercourse rates were 61%
withtadalafil 10 mg and 68 to 75% with tadal afil 20 mg, com-
pared with 32% in those receiving placebo.16. 20 In aclinica
study with vardenafil, successful intercourse rates were 65%
for both 10 and 20 mg compared with 32% for placebo at 12
weeks. 2! Therefore, clinical evidence suggests that approxi-
mately two thirds of men receiving aPDES inhibitor will be
ableto have successful intercourseon aper-dosebasis.

Tolerability

Noncomparative clinical data also suggest that tolera-
bility is similar among the three PDES inhibitors (Table

TasLE Il Tolerahility of PDESinhibitors*

100
90 4 11 Placebo

80 4 W Tadalafil 20 mg
70 1
60 538
50 1
40 1
30 1
201
10
0

598

298 288

Successful intercourse attempts* (%)

t t
. 24 Duration (h) 36

N = 38.
T Mean value (range 22-26 h).
* Mean value (range 34-38 h).
§ p<0.001 vs. placebo.

Fic.4 Percentage of successful intercourse attemptsby timeinter-
val after tadalafil dosing. At 36 h after dosing, 59% of menwereable
to have successful intercourse compared with 28% of menreceiving
placebo. Adapted from Ref. No. 15 with permission.

[11).7:10.12, 16,21, 22 The most frequently occurring adverse
effects associated with sildendfil, tadal&fil, and vardendfil in-
cludeflushing, headache, dyspepsia, and nasal congestion or
rhinitis. Thisadverse event profileistypical of agentshaving
vasodilatory action. Back pain and myalgia have reportedly
occurred with sildenafil at higher than recommended dosages
and with tadal&fil at dosages of 10 and 20 mg. In the case of
tadal &fil, pain associated with these conditionswas generaly
reported as mild or moderatein severity, generally occurred
12 to 24 h after dosing, and typically resolved within 48 h
without medical treatment.”

Ingenerd, very few patientsdiscontinuetreatment because
of side effects, which tend to dissipate with time; headache,
myalgia, or back pain can usualy be managed by taking
acetaminophen, aspirin, or nonsteroidal anti-inflammeatory

Sildendfil Vardendfil 1+ Tedd &fil T
Placebo Sildendfil Placebo  Vardendil Placebo Taadfil
Adverseevent (n=725) (n=734) (n=182) (n=188) (n=308) (n=804)
Headache 4 16 4 21 6 14
Flushing 1 10 0 13 2 4
Nasal congestion/rhinitis 2 4 5 17 4 5
Dyspepsa 2 7 <1 6 2 10

*Based on most commonly reported adverse events. Additiona eventsobserved were urinary tract infection (3 vs. 2% for placebo), abnormal vi-
sion(3vs. 0% for placebo), diarrhea(3 vs. 1% for placebo), dizziness (2 vs. 1% for placebo), and rash (2 vs. 1% for placebo) for sildendfil; sinusi-
tis(5vs. 1%for placebo), accidental injury (4 vs. 3% for placebo), and flu syndrome (2 vs. 1% for placebo) for vardendfil; and back pain (6 vs. 5%

for placebo) and myadgia(5vs. 2%) for tada &fil.

T Figures shown are percentages of patientsreporting event.
* Based on vardenafil 20 mg/day dose.

Datafrom Refs. No. 12, 16, 21, 22.
AbbreviationasinTablel.
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agents. For dl practical purposes, the PDES inhibitors are
safe for use in the mgjority of men with ED and the differ-
ences in adverse effects among sildenafil, vardendfil, and
tadal&fil areclinically inggnificant.

Efficacy and Toler ability in Special Populations

Men with diabetes. Erectile dysfunction is three times
more common in menwith than inthosewithout diabetesand
affects approximately 50% of men with diabetes during their
lifetime.23 Whether thisis related to oxidative stress, tissue
fibrosis, or some other factor is unknown. Furthermore, ED
occurs10or 15 yearsearlierinmenwith diabetesthanintheir
age-matched peerswithout diabetes. 23

A correlation between HbA ¢ levels, peripheral neuropa-
thy, and ED in men with diabetes has been demonstrated in
onestudy by Romeo et al.2 The higher the HbA1c levels, the
lower the mean erectile function domain score based on the
I1EF scale. Low erectilefunction domain scoreswereal so pre-
sentinmenwith peripheral neuropathy, whotendedtoberela
tively young.

Vascular neurologic complications render men with dia-
betes more resistant to ED treatment. The PDES inhibitors,
however, appear toimprove erectionsin menwith diabetesand
ED.24 % nonestudy by Rendell et al., 2 the percentage of men
who responded pogitively to the Global Assessment Question
(GAQ)—Did the trestment improve your erections?—was
56%for thed | denafil group versus 10%for the placebo group.
Clinica study resultswith teda &fil and vardendfil usngamore
rigorous measurement, the Sexual Encounter Profile (SEP)
Question 3—Did your erections last long enough for you to
have successful intercourse?—found that the percentage of
successful intercourse attempts averaged 44% in men with di-
abetesreceiving tadalafil 10 mg or 51% in those receiving 20
mg compared with 16% in the placebo group.2> Comparable
results have been reported with vardenafil inmenwith ED and
diabetes. Therate of successful intercourse attempts of 49 and
54% was noted in men with diabeteswho weretaking varde-
nafil 10 and 20 mg, respectively, compared with the 23% rate
observedinthe placebo group.2

To summarize, the use of sildendfil, tadal&fil, or vardenafil
in men with diabetes and ED is effective and well tolerated.
Thetolerability profilesfor al three PDE5 inhibitors are gen-
eraly smilarinmenwith or without diabetes.

Men with cardiovascular disease: The PDE5 inhibitors
have mild systemic vasodilatory propertiesthat may resultin
hemodynamic effects such astransent changesin blood pres-
sureand heart rate. However, ord therapy for ED with PDES
inhibitorsissafeand effectivein mogt patientswith established
cardiovascular disease or risk factors.2” Because patientswith
cardiovascular disease frequently receive multiple drug ther-
apy to control angina, hypertension, and other cardiovascular
conditions, potentia drug interactions between PDES inhib-
itors and agents used for cardiac management are especialy
important. For example, the concomitant use of a PDE5S in-
hibitor with organic nitrates such as nitroglycerin has the po-
tentia for producing clinicdly significant hypotensiveeffects.
Therefore, thiscombinationis contraindicated.”: 10.12.27

Ingeneral, theadministration of PDESinhibitors causeslit-
tle or no augmentation of the hypotensive effects of standard
antihypertensive agents. Effectsare smilar in patientsreceiv-
ing single or multiple antihypertensive therapy. According to
anaysisof datafrom severd placebo-controlled phase 3 sud-
ies of interactions, no differencein theincidence of adverse
cardiovascular eventsin patientstaking tadal il with or with-
out commonly prescribed antihypertensive medications was
observed. 28 |n addition, no statistically significant differences
were observed between the taddafil and placebo groups in
mean changesin blood pressurefrom basdinein patientstak-
ing two or more antihypertensive agents.28

With respect to efficacy, when sl denafil wasgivento patients
with ED who were taking multiple antihypertensive agents,
71% in the sildendfil group reported improved erections com-
pared with 18% of those in the placebo group (p<0.0001).2°
Similarly, when tedalafil was administered to men with ED
who werereceiving antihypertensive agents, analysis of seven
randomized, double-blind, placebo-controlled tridsover a12-
week period showed improved erectionsbased onthe | | EF3°

Tadd &fil dsoincreased therate of successful intercourseat-
tempts, asassessed by SEP Question 3. At the 20 mg dose, the
percentage of successful intercourse attemptswas 65% com-
pared with 24% of men in the placebo group.%° Furthermore,
tadalafil waswell tolerated in this patient popul ation, with the
most frequently occurring side effects being headache, dys-
pepsia, back pain, and flushing. These occurred about asfre-
quently in men taking multiple antihypertensivedrugsasinthe
genera population of menwith ED. Limited dataareavailable
on the efficacy of vardendfil in patients with ED who arere-
ceiving antihypertensive medications.

Conclusions

In response to sexua stimulation, PDES inhibitors en-
hance vasodilation and relaxation of the penile vascular
smooth muscle, resulting inimproved erectile function. The
PDES5 inhibitors (i.e., sildendfil, tada &fil, and vardendfil) are
highly selectivefor the PDES isoenzyme. Thedifferencesin
PDES sdlectivity among these agents suggest that adverse ef -
fects may potentialy vary according to inhibition of other
PDE isoenzymes.

Differentiating propertieswith respect to pharmacokinetic
characterigtics are apparent among the PDE5S inhibitors.
Becausethedimination half-livesof both sildenafil and varde-
nafil aremorerapid thanthat of tadal fil, the duration of action
for tada &fil (up to 36 h) isconsiderably longer than the dura-
tion associated with the other two agents. The extended period
of responsiveness ated with tadal&fil potentialy offers
increased flexihility to patientsand their partners by minimiz-
ing thetime constraints associated with planning sexual activ-
ity when using the shorter-acting PDES inhibitors. Another
important pharmacokinetic differenceamong the PDESinhib-
itors involves the effects on absorption of these agents when
administered in the presence of high-fat food. Reports of de-
creased plasma concentrations and delayed absorption have
been associated with sldenafil and vardengfil, potentidly re-
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sulting in adower onset of action or reduced efficacy. How-
ever, dmilar effectshave not been observed with tadal &fil when
administered with high-fat food. Thislack of drug/food inter-
actionswithtadalafil may resultinincreased dosing flexibility.

Theresultsof noncomparative studies suggest that sildena-
fil, tadal &fil, and vardenafil improve erectile function and the
rate of successful intercourse attemptsin the general popula
tionaswell asinmenwith diabetesand hypertension. Adverse
eventswith these PDES inhibitors are generally mild to mod-
erate, transent, and resolve with continued treatment. The
most commonly reported adverse eventsfor PDES inhibitors
include headache, flushing, and dyspepsia. Inaddition, serious
treatment-related cardiovascular effects did not occur with
these agents, congi stent with their high selectivity for PDEDS.

With the introduction of additional PDES inhibitors into
the therapeutic armamentarium for ED, the differentiating
properties of these agents may confer clinical benefits that
cliniciansaswell ascouplesshould consider when sdectinga
PDE5 inhibitor.
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