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ffect of tadalafil on cytochrome P450
A4–mediated clearance: Studies in vitro
nd in vivo

Objectives: Tadalafil was examined in vitro and in vivo for its ability to affect human cytochrome P450 (CYP)
3A–mediated metabolism.
Methods: Reversible and mechanism-based inhibition of CYP3A by tadalafil was examined in human liver micro-
somes. The ability of tadalafil to influence CYP3A activity was also examined in primary cultures of human
hepatocytes. The effect of tadalafil on the pharmacokinetics of CYP3A probe substrates was evaluated in human
volunteers before and after coadministration with either a single dose or multiple doses of tadalafil (10 or 20 mg).
Results: Negligible competitive inhibition of CYP3A was observed in vitro. Mechanism-based inhibition of
CYP3A was detected, albeit with a low potency. In human hepatocytes, exposure to 1 �mol/L or greater of
tadalafil resulted in increased CYP3A protein expression; however, as with a combined effect of induction and
inhibition, a corresponding increase in CYP3A activity did not occur. The clinical pharmacokinetics of
midazolam and lovastatin, probe substrates of CYP3A, were unaffected by up to 14 days of tadalafil
administration (90% confidence intervals for the ratio of least squares means for the pharmacokinetic
parameters of tadalafil were contained within the no-effect boundaries of 0.7 to 1.43).
Conclusions: In vitro results suggested that tadalafil would have little effect on the pharmacokinetics of drugs
metabolized by CYP3A. Clinical studies demonstrated that the pharmacokinetics of 2 different CYP3A
substrates, midazolam and lovastatin, were virtually unchanged after tadalafil coadministration. Thus ther-
apeutic concentrations of tadalafil do not produce clinically significant changes in the clearance of drugs
metabolized by CYP3A. (Clin Pharmacol Ther 2005;77:63-75.)
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Tadalafil (Cialis) is a potent reversible phos-
hodiesterase-5 (PDE5) inhibitor used for the treatment
f erectile dysfunction.1-3 The recommended starting
ose of tadalafil is generally 10 or 20 mg taken before
nticipated sexual activity. The pharmacokinetic profile
f tadalafil has been determined from dose-normalized
ata pooled across 13 single-dose studies of 10 or 20
g tadalafil in healthy subjects. Peak concentrations of

adalafil are achieved over a range of 0.5 to 6 hours

rom Eli Lilly and Company
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009-9236/$30.00
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median time to reach peak concentration, 2 hours). The
alf-life of tadalafil is 17.5 hours, with an apparent oral
learance (Cl/F) of 2.48 L/h.4 Within 5 days of once-
aily dosing, steady-state plasma concentrations are
ttained and exposure is approximately 1.6-fold greater
han after a single dose.5

Physiologically, in response to sexual stimulation,
itric oxide is released into the smooth muscle of the
orpus cavernosum of the penis, resulting in elevation
f cyclic guanosine monophosphate (cGMP) levels and
elaxation of the smooth muscle to produce an erec-
ion.6,7 Because PDE5 inactivates cGMP, inhibition of
DE5 by tadalafil increases the intracellular levels of
GMP in the corpus cavernosum, facilitating the erec-
ile response. Patients who are treated for erectile dys-
unction are likely to take additional medications for

re-existing conditions such as cardiovascular disease
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nd diabetes mellitus.8 Therefore the potential for
adalafil to cause metabolism-based drug-drug interac-
ions was assessed in vitro and in vivo.

The human cytochromes P450 (CYPs) are the major
amily of enzymes involved in the oxidative metabolism
f drugs. In this family of enzymes, CYP3A is the dom-
nant CYP in terms of both expression levels in the liver
nd the number of drugs metabolized.9 As a result of the
road substrate specificity exhibited by CYP3A and the
olypharmacy often used by patients, alterations in
YP3A activity by induction or inhibition can result in
etabolically based drug-drug interactions. To evaluate

he potential for tadalafil to cause drug-drug interactions,
n vitro studies were performed examining the ability of
adalafil to alter metabolism mediated by CYP3A (and
YP1A2) in primary cultures of human hepatocytes or

eversibly inhibit metabolism mediated by CYP3A (and
YP2D6, CYP2C9, CYP1A2, and CYP2C19) in human

iver microsomes. In addition, tadalafil was examined for
ts ability to cause mechanism-based inhibition of
YP3A-mediated reactions in human liver microsomes.
echanism-based inhibition occurs when the drug is con-

erted to a metabolite that binds irreversibly to the en-
yme active site, permanently inactivating the enzyme.
he inactivated enzyme must be replaced by newly syn-

hesized CYP to regain activity; thus recovery is slowed
fter mechanism-based inactivation as compared with re-
ersible inhibition.10 Tadalafil was examined as a
echanism-based inhibitor because of the presence of a
ethylenedioxyphenyl functional group in its struc-

ure.11,12

The in vitro results led to the conduct of clinical
tudies evaluating the effect of 2 dose levels of tadalafil
n the pharmacokinetics of coadministered drugs that
re metabolized by CYP3A. These in vivo studies were
esigned to examine the impact of a single dose (to
nvestigate competitive inhibition) and multiple doses
to investigate mechanism-based inhibition and/or in-
uction) of tadalafil on the pharmacokinetics of 2 well-
ecognized, sensitive probe substrates of CYP3A, mi-
azolam and lovastatin.13 In the clinical studies
eported, 2 separate probes were tested to provide con-
lusive evidence concerning the effect of tadalafil on
YP3A-mediated clearance. This was thought to be
specially valuable because the in vitro signals, which
riggered the initial midazolam study, did not correlate
ith a clinical effect.

ETHODS
aterials
Tadalafil and [13C2H3]-tadalafil were obtained from
illy ICOS LLC (Indianapolis, Ind, and Bothell, w
ash). Midazolam for in vitro studies was obtained
rom Hoffmann-La Roche (Nutley, NJ). Bufuralol, 1=–
ydroxy (OH)–bufuralol, 1=-OH-midazolam, S-me-
henytoin, and 4=-OH-mephenytoin were obtained from
ltrafine Ltd (Manchester, United Kingdom). Midazolam

or the clinical bioanalytic assay was obtained from Ra-
ian International (Austin, Tex). For in vitro bioanalytic
tudies, 1=-OH-[13C5]-midazolam was biologically de-
ived from [13C5]-midazolam synthesized at Eli Lilly and
ompany, and for clinical bioanalytic assays, [13C3]-
idazolam was purchased from Bridge Organics (Vicks-

urg, Mich). Diclofenac, phenacetin, NADPH, flunitraz-
pam, rifampin (INN, rifampicin), 3-methylcholanthrene,
etoprolol, and salicylamide were purchased from Sigma
hemical Co (St Louis, Mo). 4=-OH-diclofenac was ob-

ained from BD Gentest (Woburn, Mass). Acetaminophen
as obtained from Kodak (Rochester, NY). Trolox and
=-OH-phenytoin were obtained from Aldrich Chemical
o (Milwaukee, Wis). Resorufin and 7-ethoxyresorufin
ere obtained from Molecular Probes (Eugene, Ore). Lo-
astatin and simvastatin for bioanalytic assays were ob-
ained from US Pharmacopeia (Rockville, Md). Hepato-
yte Maintenance Medium (HMM) was purchased from
ioWhittaker (Walkersville, Md). Mouse monoclonal an-

ibody to CYP3A was a gift from P. Beaune at Universite
e Liege (Liege, Belgium).14 Horseradish peroxidase–
onjugated secondary antibodies were purchased from
io-Rad (Hercules, Calif). ECL� detection reagents were
urchased from Amersham (Arlington Heights, Ill).

Human liver samples designated HLB, HLH, HLM,
nd HLP were obtained from the liver transplant units at
he Medical College of Wisconsin (Milwaukee, Wis) and
ndiana University School of Medicine (Indianapolis, Ind)
nder protocols approved by the appropriate committees
or the conduct of human research. Microsomes were
repared by differential centrifugation15 and stored at
70°C. A mixture of equal protein concentrations of
icrosomes from HLB, HLH, HLM, and HLP was pre-

ared and used in the in vitro microsomal studies. Micro-
omes prepared from a baculovirus-infected insect cell
ystem containing complementary deoxyribonucleic acid–
xpressed CYP3A4, CYP reductase, and cytochrome b5

Supersomes) were obtained from BD Gentest (Woburn,
ass). Primary cultures of human hepatocytes were ob-

ained from S. Strom at the University of Pittsburgh (Pitts-
urgh, Pa).16

n vitro reversible inhibition
Microsomal incubations were performed in duplicate
ith form-selective CYP substrates and 1-mmol/L
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ADPH under linear rate conditions (CYP1A2
acetaminophen (INN, paracetamol) formation], 0.5
g/mL protein and 30-minute incubation; CYP2C9

4=-OH-diclofenac formation], 0.25 mg/mL protein and
5-minute incubation; CYP2C19 [4=-OH-mephenytoin
ormation], 0.5 mg/mL protein and 30-minute incuba-
ion; CYP2D6 [1=-OH-bufuralol formation], 0.1

g/mL protein and 30-minute incubation; and CYP3A
1=-OH-midazolam formation], 0.5 mg/mL protein and
-minute incubation), with or without tadalafil. The
amples were analyzed for the formation of the form-
elective metabolite, and where warranted, an apparent

i value (dissociation constant for the enzyme inhibitor
omplex) was generated by fit of the appropriate inhi-
ition model to the data.17-21 Concentrations of sub-
trate and tadalafil for the various reactions were as
ollows: midazolam (CYP3A), 5, 10, 25, 50, or 100
mol/L, and tadalafil, 1, 10, 25, or 50 �mol/L; bu-

uralol (CYP2D6), 5 �mol/L, and tadalafil, 0.5, 1, 10,
5, 50, or 100 �mol/L; diclofenac (CYP2C9), 2.5, 5,
0, 25, or 50 �mol/L, and tadalafil, 10, 25, 50, or 100
mol/L; phenacetin (CYP1A2), 12.5, 25, 50, 75, or 100
mol/L, and tadalafil, 0.1, 1, 10, or 25 �mol/L; and
-mephenytoin (CYP2C19), 5, 10, 25, 50, or 100
mol/L, and tadalafil, 35, 50, 65, or 80 �mol/L. The
otential for significant drug-drug interaction was eval-
ated by calculation of a ratio of inhibitor concentration
I) over Ki, where a ratio lower than 0.1 suggests low
isk for drug-drug interactions, 0.1 to 1 suggests me-
ium risk, and greater than 1 suggests high risk.13

n vitro mechanism-based inhibition (CYP3A)
CYP3A4 Supersomes (20 pmol CYP/mL) were pre-

ncubated in 100-mmol/L sodium phosphate buffer, pH
.4, containing 1-mmol/L ethylenediaminetetraacetic
cid, and tadalafil (0, 1, 2.5, 5, 10, or 20 �mol/L),
rythromycin (0, 5, 10, 25, or 50 �mol/L), or diltiazem
0, 0.1, 0.5, 1, or 5 �mol/L) for 3 minutes at 37°C in
uplicate. The mechanism-based inhibition reaction
as initiated with the addition of NADPH (1 mmol/L).
fter incubations at various times, an aliquot of the
ixture was withdrawn and diluted 20-fold into a pre-
armed (37°C) CYP3A4 activity assay incubation sys-

em containing 1-mmol/L NADPH and midazolam
100 �mol/L). This activity assay mixture was allowed
o incubate a further 2 minutes (linear rate conditions),
nd the supernatant was analyzed for 1=-OH-
idazolam levels.20

To obtain the mechanism-based inhibition kinetic
arameters of kinact (the formation rate constant of the
nactive complex with the enzyme) and KI (the disso-

iation constant for the inactivator), equation 122 was fit a
o the observed rate of 1=-OH-midazolam formation by
he samples after different times of incubation with
adalafil, erythromycin, or diltiazem by use of WinNon-
in Professional software (Pharsight Corporation,

ountain View, Calif) as follows:

Percent inhibition�t��100�t� 0� · e�–�t� (1)

here �, the pseudo first-order rate constant for enzyme
nactivation, was defined by the following:

� � (kinact · I)/�KI�I� (2)

he mechanism-based inhibitory potency of the tested
ompounds was evaluated by calculating inactivation
learance (Clinact) (ratio of kinact/KI).

23

n vitro human hepatocyte incubations
Hepatocyte monolayers in 6-well culture plates (ap-

roximately 1 � 106 cells/well) were incubated in
riplicate with tadalafil (0.1, 1, 3, or 10 �mol/L), vehi-
le control (0.1% dimethylsulfoxide), or known induc-
rs (1 �g/mL 3-methylcholanthrene or 10 �mol/L ri-
ampin) in HMM for 48 hours. For the short-term
xperiment, cultures were treated for 0, 5, 15, 30, or 60
inutes with 0.1, 1, and 10 �mol/L tadalafil. After

ncubation with tadalafil, the medium was removed and
ells were rinsed with HMM and incubated with mida-
olam (10 �mol/L) or 7-ethoxyresorufin (2 �mol/L) in
MM (containing 3 mmol/L salicylamide) for 30 min-
tes. Samples of the medium were analyzed by vali-
ated assays for the formation of the products 1=-OH-
idazolam or resorufin.20,24 Cells were harvested and

rotein content determined by the method of Lowry et
l.25 To determine which treatment groups were statis-
ically different from controls, a variety of statistical
valuations were performed by use of JMP software
SAS Institute, Cary, NC) as described previously.26

After 48 hours of exposure to tadalafil, CYP3A4
mmunoreactive protein content in the hepatocyte cul-
ures was determined by Western blot analysis. Proteins
ere resolved by sodium dodecyl sulfate–polyacrylam-

de gel electrophoresis (10%) followed by transfer to
itrocellulose paper. The blot was probed with a mouse
onoclonal antibody to CYP3A4 followed by a goat

ntimouse horseradish peroxidase–conjugated anti-
ody.27 The blots were developed with ECL� reagents
ccording to the manufacturer=s instructions, visualized
y use of a Storm 860 imager (Molecular Dynamics,
unnyvale, Calif) and quantified by use of ImageQuant
3.3 (Molecular Dynamics).

linical investigations
Open-label outpatient studies were conducted to ex-
mine the effect of coadministration of 10 or 20 mg
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adalafil on the pharmacokinetics of 2 well-established
robes of CYP3A activity, midazolam and lovastatin.
tudies were conducted and patient written informed
onsent was obtained in conformity with the ethical
rinciples of the Declaration of Helsinki (adopted by
he 18th World Medical Assembly, Helsinki, Finland,
964, and revised at the World Medical Assembly,
okyo, Japan, 1975; Venice, Italy, 1983; and Hong
ong, 1989) and the applicable European laws. Ap-
roval of the midazolam protocol and consent form was
btained by the Medeval Independent Ethics Commit-
ee, and the study was conducted by Medeval Ltd,

anchester, United Kingdom. Approval of the lova-
tatin protocol and consent form was obtained by the
ndependent Ethical Committee of the Phase I Clinical
rials Unit Ltd, Plymouth, United Kingdom, and the
tudy was conducted by the Phase I Clinical Trials Unit
td. All subjects were overtly healthy as determined by
edical history and physical examination. Alcohol use
as not permitted for 48 hours preceding the days of
harmacokinetic blood sampling. At other times during
oth studies, alcohol use was permitted and smoking
as permitted in the lovastatin interaction study, be-

ause neither of these habits affects CYP3A activity.28

Study subjects and experimental protocol for
idazolam-tadalafil interaction study. For the
idazolam-tadalafil interaction study, 12 male subjects

10 white, 1 biracial [black and white], and 1 black
aribbean subject) entered the study. All subjects were
onsmokers or former smokers who had stopped smok-
ng more than 6 months before screening. Eleven sub-
ects reported alcohol consumption ranging from 2 to
6 U (1 U of alcohol defined as 0.5 pt [284 mL] of beer
r lager, 1 glass of wine, or 25 mL of spirits) per week
efore the study. Although alcohol use was discour-
ged, alcohol consumption of no more than 2 U/d was
llowed during the study.

Tadalafil (10-mg tablets) was given once daily for 14
onsecutive days (days 15 to 28). Midazolam (Dormi-
um; Hoffmann-La Roche) was administered as a sin-
le 15-mg tablet on 5 separate occasions (days 1, 8, 15,
8, and 42). Subjects were required to abstain from
ood and fluids, with the exception of water, starting at
idnight before each dose. Water was not permitted

rom the beginning of dosing until 2 hours after
adalafil dosing. Food was consumed at least 2 hours
fter either midazolam or tadalafil dosing. Xanthine-
ontaining drinks were restricted to 2 cups per day from
8 hours before the first dose of tadalafil until dis-
harge, and consumption of grapefruit-containing prod-
cts was not allowed from 48 hours before the first dose

f midazolam until discharge. w
Plasma concentrations of midazolam were measured
n days 1 and 8 (to obtain baseline concentrations from
idazolam administered alone on both days), 15 (first

ose of tadalafil), 28 (last dose of tadalafil), and 42
after a 2-week washout period after completion of
adalafil dosing). Samples for midazolam were col-
ected before dosing and at 0.25, 0.50, 0.75, 1, 1.5, 2, 3,
, 5, 6, 9, 12, 16, and 24 hours after dosing. Plasma
oncentrations of tadalafil were measured before dosing
nd 3 hours after dosing on days 15, 21, 28, and 42.

Midazolam concentrations were measured by use of
validated HPLC assay with tandem mass spectromet-

ic detection (HPLC-MS/MS), with a lower limit of
uantitation of 0.5 ng/mL. After addition of [13C3]-
idazolam internal standard to the sample, the analytes
ere extracted with methyl tert-butyl ether and recon-

tituted in methanol for direct injection by the autosam-
ler. Chromatography of the extracts was performed by
se of a BetaBasic (100 � 2 mm, 5 �mol/L) C18
olumn (Keystone Scientific, Bellfonte, Pa) at 45°C
nd a mobile phase consisting of 2.5-mmol/L ammo-
ium acetate buffer in 50:50 (vol/vol) methanol/water
mobile phase A) and methanol (mobile phase B). The
radient profile was as follows (in minutes per percent
obile phase B): 0/0, 2/40, 2.2/90, 2.7/90, and 3/0, with
column flow rate of 0.4 mL/min and a total run time

f 6 minutes. The extracts were analyzed on a Finnegan
SQ-7000 equipped with a Finnegan APCI Interface

Finnegan Corporation, San Jose, Calif). Tandem mass
pectrometry (positive ion mode) was used to monitor
he transitions mass-to-charge ratio (m/z) 326.1 3
91.1 for midazolam and m/z 329.13 294.1 for inter-
al standard. Standard curves and quality control sam-
les were analyzed with the study samples, with the
verall accuracy (percent relative error) of the method
eing lower than 17% and overall precision (percent
oefficient of variation) being lower than 7%.

Tadalafil concentrations were measured by use of a
alidated HPLC-MS/MS assay with a lower limit of
uantitation of 0.5 ng/mL. After addition of [13C2H3]-
adalafil internal standard to the sample, the analytes
ere extracted by use of 3M Empore 3-mL/7-mm C2
isk extraction cartridges (3M Company, St Paul,
inn). Elution was achieved with 150 �L of methanol/
ater (90:10 [vol/vol]). Extracts were diluted 1:2 in
ater and underwent chromatography by use of a Luna

100 � 4.6 mm, 5 �m) phenyl-hexyl column (Phe-
omenex, Torrance, Calif), ambient column tempera-
ure, and a mobile phase consisting of methanol/water
90:10 [vol/vol]). The isocratic flow rate was 1.0 mL/
in, with a total run time of 3 minutes. The extracts

ere analyzed on a PE Sciex API III Plus mass spec-
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rometer equipped with a Sciex APCI Interface (Ap-
lied Biosystems/MDS Sciex, Foster City, Calif). Tan-
em mass spectrometry (positive ion mode) was used to
onitor the transitions m/z 3903 268 for tadalafil and
/z 394 3 272 for the internal standard. Standard

urves and quality control samples were analyzed with
he study samples, with the overall accuracy (percent
elative error) of the method being lower than 10% and
verall precision (percent coefficient of variation) being
ower than 11%.

Study subjects and experimental protocol for
ovastatin-tadalafil interaction study. For the
ovastatin-tadalafil interaction study, 16 white subjects
10 women and 6 men) entered the study. Eight sub-
ects smoked tobacco (ranging from 2 to 8 cigarettes
er day) and 14 consumed alcohol (ranging from 1 to
0 U/wk) before screening. Female subjects of child-
earing potential (not surgically sterilized between
enarche and menopause) had a negative pregnancy

est result at the time of enrollment and were using a
eliable method of contraception (no subjects were tak-
ng oral contraceptives).

Tadalafil (two 10-mg tablets) was given once daily
or 14 consecutive days (study days 8 to 21). Lovastatin
Mevacor; Merck Frosst Canada Ltd, Montreal,
uebec, Canada) was administered as a single 40-mg
ose on 4 occasions (study days 1, 9, 21, and 35).
ubjects were required to eat a standard breakfast 1
our before tadalafil and/or lovastatin administration on
ach pharmacokinetic sampling day to maximize the
bsorption of lovastatin.29 Water was not permitted for
p to 2 hours after lovastatin dosing. Restrictions re-
arding xanthine-containing drinks, alcohol, and grape-
ruit products were similar to those for the midazolam
tudy.

Plasma concentrations of lovastatin were measured
n days 1 (baseline concentrations from lovastatin ad-
inistered alone), 9 (second dose of tadalafil), 21 (last

ose of tadalafil), and 35 (after a 2-week washout
eriod after completion of tadalafil dosing). Samples
or lovastatin were collected before dosing and at 1,
.5, 2, 2.5, 3, 3.5, 4, 5, 6, 9, 12, 16, and 24 hours after
osing. Plasma concentrations of tadalafil were mea-
ured before dosing and at 0.5, 1, 2, 3, 4, 6, 12, 16, and
4 hours after dosing on days 9 and 21.
Tadalafil concentrations were measured by use of a

alidated HPLC-MS/MS assay as outlined above. Lo-
astatin concentrations were measured by use of a
alidated HPLC-MS/MS assay, with a lower limit of
uantitation of 0.25 ng/mL. After addition of simvasta-
in internal standard to the sample, the analytes were

xtracted by use of Isolute C18 solid-phase extraction o
artridges (100 mg sorbent; Isolute International Sor-
ent Technology, Ystrad Mynach, United Kingdom).
he cartridges were conditioned with methanol and
0-mmol/L ammonium acetate (pH 4.5) and washed
ith HPLC-grade water and 10:90 water/acetonitrile

vol/vol), and the analytes were eluted with acetonitrile.
fter evaporation, extracts were reconstituted in HPLC
obile phase for direct injection by the autosampler.
xtracts underwent chromatography by use of a Phe-
omenex Luna C18(2) (50 � 2.1 mm, 5 �mol/L)
olumn and a mobile phase consisting of 50%
-mmol/L ammonium acetate buffer (pH 4.5)/acetoni-
rile (20:80 [vol/vol]) and 50% acetonitrile with a col-
mn flow rate of 0.3 mL/min and a total run time of 3.5
inutes. The extracts were analyzed on a PE Sciex API

II Plus equipped with a Turbo Ion Spray interface (PE
ciex, Concord, Ontario, Canada). Tandem mass spec-

rometry (positive ion mode) was used to monitor the
ransitions m/z 4053 285 for lovastatin and m/z 4193
85 for internal standard. Standard curves and quality
ontrol samples were analyzed with the study samples,
ith the overall accuracy (percent relative error) of the
ethod being lower than 14% and overall precision

percent coefficient of variation) being lower than 8%.

harmacokinetic and statistical analyses
Pharmacokinetic parameters were calculated by non-

ompartmental methods by use of WinNonlin Profes-
ional software. Statistical evaluation was conducted by
se of a mixed effects model by ANOVA techniques on
he log-transformed data.30 The geometric least squares
LS) mean ratios and 90% confidence intervals (confi-
ence intervals were predefined in the clinical proto-
ols) for comparisons were calculated. An equivalence
pproach was used to compare area under the curve
AUC) and peak concentration (Cmax) values for mida-
olam or lovastatin with and without coadministration
f tadalafil. No clinically significant interactions were
eclared if the 90% confidence intervals for the ratio of
eometric LS means of these parameters were con-
ained within the equivalence limits of 0.70 to 1.43. The
ample size of the studies was chosen to have a greater
han 90% chance to rule out a clinically significant
ffect by use of these confidence intervals.

ESULTS
n vitro reversible inhibition

Tadalafil was examined for its ability to reversibly
nhibit CYP form–selective catalytic activities. The Ki

alues for the inhibition by tadalafil of CYP3A-,
YP2C9-, CYP2C19-, and CYP1A2-mediated metab-

lism were 41 	 5 �mol/L (noncompetitive), 66 	 6
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mol/L (competitive), 73 	 8 �mol/L (noncompeti-
ive), and 14 	 1 �mol/L (noncompetitive), respec-
ively. By use of these Ki values, given an inhibitor
oncentration (I) of 2.02 �mol/L, which is the highest
ndividual plasma tadalafil concentration observed for
nce-daily dosing of 20 mg, I/Ki ratios of 0.05, 0.03,
.03, and 0.14 were obtained for CYP3A, CYP2C9,
YP2C19, and CYP1A2, respectively. Little inhibition

�15%) of bufuralol 1=-hydroxylation by CYP2D6 oc-
urred at a Michaelis-Menten constant concentration of
ufuralol (5 �mol/L) with up to 100 �mol/L tadalafil.

n vitro mechanism-based inhibition
In these studies tadalafil (Fig 1), erythromycin (data

ot shown), or diltiazem (data not shown) inhibited
=-OH-midazolam formation in a time- and
oncentration-dependent manner. Values for kinact and

I of 0.21 	 0.04 min�1 and 12 	 4 �mol/L, respec-
ively, were determined by fit19 of equation 1 to the data
or tadalafil inhibition and used to calculate a Clinact of
7 min�1 · mmol/L�1. An erythromycin kinact value of
.30 	 0.02 min�1 and KI value of 5.1 	 1.5 �mol/L
nd a diltiazem kinact value of 0.17 	 0.02 min�1 and

I value of 0.52 	 0.11 �mol/L were also determined.
alculated values of Clinact for erythromycin and dilti-
zem were 59 min�1 · mmol/L�1 and 327 min�1 ·
mol/L�1, respectively, which were 3- to 19-fold

Fig 1. Time- and concentration-dependent l
(OH)–midazolam by tadalafil after incubation
reater than the Clinact value for tadalafil. c
epatocyte incubations

Tadalafil (0.1 to 10 �mol/L) was examined for its
bility to induce or inhibit CYP1A2 (7-ethoxyresorufin
eethylation) and CYP3A (midazolam 1=-
ydroxylation) after incubation for 48 hours in cultures
f primary human hepatocytes. These activities were
ompared with vehicle-treated cultures and in cultures
xposed to known inducers of CYP1A2 (3-
ethylcholanthrene) or CYP3A (rifampin). In hepato-

yte cultures from 2 different donors, the positive con-
rol 3-methylcholanthrene induced CYP1A2 activity by
7- and 118-fold. In 1 culture a slight increase (1.7-
old) in CYP1A2 activity was observed after exposure
o 10 �mol/L tadalafil, and in the second culture, no
ignificant induction was observed (data not shown).
adalafil was also examined for its ability to alter
YP3A activity (Fig 2). A significant induction of
=-OH-midazolam formation (6.6- and 13.3-fold in-
rease in activity) was observed with 10 �mol/L ri-
ampin (positive control). In contrast, exposure to 0.1
mol/L tadalafil did not affect either CYP3A activity or

mmunoreactive protein levels in these samples. Induc-
ion of CYP3A protein levels clearly occurred with
xposure of the hepatocytes to 1 �mol/L tadalafil or
reater. Increased CYP3A activity was observed with 1
mol/L tadalafil, but this induction response was de-

YP3A4-mediated formation of 1=–hydroxy
0 �mol/L midazolam.
oss of C
reased after exposure to 10 �mol/L tadalafil (Fig 2).
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hese results suggest both inductive and inhibitory
ffects on CYP3A.

For an evaluation of mechanism-based inhibition of

able I. Geometric mean (percent coefficient of varia
harmacokinetic parameters after single oral dose (15
ose of tadalafil from days 15 to 28 in 10 healthy subj

Parameter

Day 1:
Midazolam

alone
Day 8:

Midazolam al

AUC (�g · h/L) 206 (37.8) 222 (50.2)
Ratio and 90% CI of

geometric LS
means*

1.08 (0.89-1

Cmax (�g/L) 110 (46.3) 115 (39.5)
Ratio and 90% CI of

geometric LS means
1.04 (0.75-1

Cl/F (L · h�1· kg�1) 0.357 (35.9) 0.334 (53.7)
Ratio and 90% CI of

geometric LS means
0.93 (0.77-1

AUC, Area under curve; CI, confidence interval; LS, least squares; Cmax, p
*Ratio and 90% CI for day of treatment versus baseline (mean of days 1 a

Fig 2. Effect of tadalafil treatment on midazo
protein expression (gray bars) (triplicate d
Activities are expressed as percent of contr
control (see Methods section).
YP3A activity in hepatocyte cultures, an additional (
xperiment was performed to investigate the effect of
hort-term exposure (0 to 60 minutes) to tadalafil. At
.1 and 1 �mol/L tadalafil, a slight inhibitory effect

d statistical comparison of midazolam
azolam) on days 1, 8, 15, 28, and 42 and daily oral

Day 15:
Midazolam with
day 1 tadalafil

Day 28:
Midazolam with
day 14 tadalafil

Day 42:
Midazolam alone

235 (51.7) 185 (48.0) 218 (54.0)
1.10 (0.96-1.25) 0.87 (0.76-0.99) 1.02 (0.90-1.16)

114 (43.4) 117 (28.9) 127 (45.0)
1.02 (0.85-1.23) 1.05 (0.87-1.26) 1.13 (0.94-1.36)

.319 (54.0) 0.404 (48.7) 0.342 (55.0)
0.91 (0.80-1.04) 1.15 (1.02-1.31) 0.98 (0.86-1.12)

tration; Cl/F, apparent oral clearance.

ydroxylase activity (black bars) and CYP3A
tion) of 2 human hepatocyte preparations.
SEM. Asterisk, Significantly different from
tion) an
mg mid
ects

one

.30)

.43)

0
.12)
lam 1=-h
etermina
ol with
15% to 31%) on CYP3A-mediated midazolam 1=-
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ydroxylase activity was seen. With 10 �mol/L
adalafil, statistically significant time-dependent inhibi-
ion of 1=-OH-midazolam formation was observed,
ith inhibition ranging from 51% to 82% at 5 and 60
inutes of exposure, respectively.

linical investigations
Midazolam-tadalafil interaction study. Twelve

ealthy male subjects entered the midazolam-tadalafil
nteraction study. All subjects were aged between 24
nd 58 years (mean, 33 	 10.8 years), with body
eights and heights ranging between 57.5 and 95.0 kg

ig 3. Midazolam pharmacokinetic parameters after admin-
stration of 15 mg midazolam at baseline (days 1 and 8), after
rst dose (day 15) and last dose (day 28) of daily dosing with
0 mg tadalafil, and after 2-week washout period (day 42).
oxes indicate 25th and 75th percentiles, and whisker bars

ndicate 10th and 90th percentiles. Solid horizontal bars
ithin boxes indicate mean data. Circles represent values

alling outside 10th and 90th percentiles. AUC, Area under
urve; Cmax, peak concentration.
mean, 73.8 	 10.38 kg) and 169 and 186 cm (mean, p
79 	 5.6 cm), respectively. Ten subjects completed
he study, whereas 2 discontinued because of adverse
vents. These 2 subjects received 3 of the 5 planned
oses of midazolam (days 1, 8, and 15) and 11 of the 14
lanned doses of tadalafil (days 15 to 25). Adverse
vents were similar to those reported previously2,31 and
ncluded headache and myalgia.

Summary pharmacokinetic parameters for midazo-
am are shown in Table I. Summary statistics were
epresentative of individual subject data (data not
hown). Data are shown for the 10 subjects completing
he study, although midazolam summary pharmacoki-
etic parameters were similar on days that data were
vailable for all 12 subjects (data not shown). The
istributions of midazolam AUC and Cmax values sug-
ested a negligible effect of tadalafil relative to the
ontrol treatments on days 1, 8, and 42 (Fig 3). A
tatistical comparison of the primary pharmacokinetic
arameters of midazolam was conducted for baseline
ay 8 and compared with baseline day 1 to assess the
ariability in midazolam pharmacokinetics (Table I).
he 90% confidence intervals for the ratio of geometric
S means for the pharmacokinetic parameters of mida-
olam were evaluated on days 15 (first dose of
adalafil), 28 (last dose of tadalafil), and 42 (after a
-week washout period after completion of tadalafil
osing) versus mean baseline values (mean of days 1
nd 8) to determine whether they were contained within
he equivalence limits of 0.70 to 1.43 (Table I). Com-
arison of these geometric means showed no statisti-
ally significant differences relative to baseline for mi-
azolam AUC, Cmax, or Cl/F on tadalafil treatment days
or 14 (study days 15 or 29) or after a 2-week washout
eriod after the last dose of tadalafil.
Plasma concentrations of tadalafil were measured to

erify that subjects were exposed to the study drug.
adalafil concentrations were measured before dosing
nd at 3 hours after dosing on days 15 (first dose of
adalafil), 21 (day 7 of tadalafil dosing), 28 (last dose of
adalafil), and 42 (after a 2-week washout period after
ompletion of tadalafil dosing) (Fig 4). From the 3-hour
ata, it was determined that exposures after single and
ultiple tadalafil doses were within the ranges expected

or a 10-mg tadalafil dose.5

Lovastatin-tadalafil interaction study. All 16 sub-
ects completed the lovastatin-tadalafil interaction
tudy. Their ages, body weights, and heights were
etween 22 and 47 years (mean, 38 	 7.2 years), 57.8
nd 99.1 kg (mean, 73.7 	 12.91 kg), and 156 and 185
m (mean, 170 	 9.8 cm), respectively. Previously
eported adverse events with tadalafil were also re-

orted in this study as outlined here.
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The AUC was calculated for 9 to 10 subjects on each
ovastatin dosing day. The distribution of AUC and

max values for lovastatin is displayed in Fig 5, with
onsiderable overlap of the interquartile ranges being
oted between study days. As in the midazolam study,
ummary statistics were representative of individual
ubject data (data not shown).

A statistical comparison of the primary pharmacoki-
etic parameters of lovastatin on days 9 (second dose of
adalafil), 21 (last day of tadalafil treatment), and 35
after a 2-week washout period after completion of
adalafil dosing) versus baseline values (day 1) was
onducted (Table II). For both tadalafil treatment
roups (days 9 and 21), as well as at 2 weeks after
adalafil treatment (day 35), lovastatin AUC and Cmax

ere considered to be equivalent to day 1 values,
ecause the 90% confidence intervals for the geometric
S mean ratios were contained within the limits of 0.70

o 1.43.
Exposure to tadalafil was confirmed on days 9 (sec-

nd dose of tadalafil) and 21 (last day of tadalafil
reatment), with concentrations determined over 10
ime points up to 24 hours after dosing (Fig 6). The
esults exhibited tadalafil exposure consistent with
0-mg dosing, with the expected slight accumulation of

Fig 4. Arithmetic mean plasma concentratio
dosing (0 hours) and at 3 hours on days 1, 7
once-daily multiple-dose administration of 10
(study day 42) in healthy subjects (n � 10).
adalafil occurring on multiple dosing. c
ISCUSSION

The first in vitro experiments indicated that coadmin-
stration of tadalafil had a low potential to cause any
linically significant, reversible inhibition of the metab-
lism of coadministered drugs cleared by CYP3A or
he other CYPs tested. However, methylenedioxyphe-
yl functional groups have been implicated in
echanism-based inhibition of CYPs,11 and tadalafil

ontains this group. With mechanism-based inhibition,
he substrate is metabolized by a CYP to an interme-
iate that binds either irreversibly or essentially irre-
ersibly to the catalytic site of the enzyme. Because
YP3A is the major CYP involved in drug metabo-

ism9 and tadalafil is metabolized by CYP3A,32

adalafil was evaluated in vitro for its ability to inacti-
ate CYP3A metabolism. The inactivation parameters
btained with tadalafil were compared with those gen-
rated for known mechanism-based inhibitors that have
xhibited moderate levels of in vivo inhibition, eryth-
omycin9 and diltiazem.22,33 As a measure of inhibitory
otency, Clinact values were calculated and exhibited
he following rank order: diltiazem (327 min�1 · mmol/
�1) 

 erythromycin (59 min�1 · mmol/L�1) 


adalafil (17.1 min�1 · mmol/L�1). These results indi-

alafil in midazolam interaction study before
(study days 15, 21, and 28, respectively) of

alafil orally and after 14-day washout period
ns of tad
, and 14

mg tad
ate that tadalafil is a substantially less efficient
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echanism-based inhibitor in vitro than either of the 2
ositive controls.
Tadalafil was also evaluated for its ability to induce

YP3A and CYP1A2 activity in primary cultures of
uman hepatocytes. On the basis of the results of these
tudies, it does not appear that tadalafil would have a
arked effect on in vivo CYP1A2 activity. Hepatocyte

reparations exposed to 1 �mol/L tadalafil over a 2-day
eriod demonstrated induction of CYP3A protein and
ctivity. However, at higher doses of tadalafil, although
YP3A protein levels were induced, a reduction of
YP3A activity relative to protein levels was observed.

ig 5. Lovastatin pharmacokinetic parameters after admin-
stration of 40 mg lovastatin at baseline (day 1), after second
ose (day 9) and last dose (day 21) of daily dosing with 20 mg
adalafil, and after 2-week washout period (day 35). Boxes
ndicate 25th and 75th percentiles, and whisker bars indicate
0th and 90th percentiles. Solid horizontal bars within boxes
ndicate mean data. Circles represent values falling outside
0th and 90th percentiles.
hese results suggest that tadalafil caused both inhibi- e
ion and induction of CYP3A. Although there was a
iphasic effect on activity dependent on concentration,
easurement of CYP3A protein demonstrated that in-

uction of CYP3A protein occurred with hepatocytes
rom all donors at nearly all tadalafil concentrations
ested. A short-term exposure study of tadalafil with
epatocytes (0 to 60 minutes) confirmed that there was
time-dependent loss of CYP3A activity, further sug-

esting that mechanism-based inhibition occurs. This
attern of inhibition and induction by tadalafil suggests
hat mechanism-based inhibition of CYP3A is occur-
ing in concert with CYP3A induction in hepatocytes.
he net effect of these processes in vitro appears to be

elated to tadalafil concentration and results in essen-
ially little change in CYP3A activity.

The clinical significance of the in vitro results de-
ends on the ability of tadalafil to bind to the appropri-
te receptor for induction and reach the enzyme for inhi-
ition. In vivo results may range from either inhibition or
nduction prevailing or no net effect. Interestingly, it
as been reported that other methylenedioxyphenyl-
ontaining compounds can not only cause mechanism-
ased inhibition but also induce enzymatic activity.12

herefore clinical studies with recognized CYP3A
robe substrates were conducted to definitively evalu-
te possible inhibition or induction of CYP3A activity
n vivo by tadalafil. Evaluation after 1 or 2 or multiple
adalafil doses would distinguish the potential effect of
ime of onset on the inhibition or induction of CYP3A
y tadalafil. The progressive nature of mechanism-
ased inhibition is exemplified by erythromycin treat-
ent, where erythromycin dosing for 1 day had a

egligible effect on systemic clearance of alfentanil but
reatment for 7 days decreased alfentanil clearance by
6%.34 In another study accumulation of the CYP3A
ubstrate terfenadine was observed after 7 days of co-
dministration with erythromycin.35

Because CYP3A probe substrates typically exhibit
igh between- and within-subject variability in phar-
acokinetics,36,37 the equivalence limits for the 90%

onfidence intervals of the geometric LS means were
et at 0.73 and 1.43. These equivalence limits were
elected on the basis of the knowledge that the 0.8 to
.25 limits are unnecessarily rigorous for highly vari-
ble probes, which would lead to a false-positive claim
f a statistically significant difference38 even for the
ata obtained on the control days (days 1 and 8, before
adalafil dosing). Midazolam pharmacokinetics after
he first and last dose during a 2-week daily-dose reg-
men of 10 mg tadalafil, as well as 2 weeks after
ompletion of tadalafil dosing, was determined to be

quivalent to the pharmacokinetics determined before
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adalafil administration. Thus these results indicate that
here was no evidence that single or multiple doses of
0 mg tadalafil resulted in a change in CYP3A activity
n vivo. These findings are in stark contrast with trials
valuating the interaction of midazolam with known
otent CYP3A4 inhibitors, such as itraconazole, or
nown CYP3A4 inducers, such as rifampin. In such
tudies coadministration of itraconazole increased mi-
azolam exposure by approximately 800% and coad-
inistration of rifampin decreased midazolam expo-

Fig 6. Arithmetic mean plasma concentration
days 2 and 14 (study days 9 and 21, respectiv
mg tadalafil orally in healthy subjects (N � 1

able II. Geometric mean with percent coefficient of
arameters of lovastatin after single oral dose (40 mg
adalafil from days 9 to 21

Parameter

Day
(N �
Lovast

alon

AUC (�g · h/L) 30.8 (9
Ratio and 90% CI of geometric LS means*

Cmax (�g/L) 7.62 (4
Ratio and 90% CI of geometric LS means

Cl/F (L · h�1 · kg�1) 17.3 (9
Ratio and 90% CI of geometric LS means

*Ratio and 90% CI for day of treatment versus baseline (mean of days 1 an
†n � 10.
‡n � 9.
ure by 98%.39 s
An additional clinical study was conducted to con-
rm the lack of an effect on CYP3A4 activity when a
igher dose of tadalafil (20 mg) was administered.
ecause no change was detected after 1 day of tadalafil
xposure in the midazolam study, the pharmacokinetics
f lovastatin was evaluated after the second tadalafil
ose. Furthermore, lovastatin pharmacokinetics was
valuated after the second 20-mg tadalafil dose, rather
han the first, to best detect a mechanism-based inhib-
tory effect because this may occur rapidly but may be

ime profiles in lovastatin interaction study on
nce-daily multiple-dose administration of 20

n and statistical comparison of pharmacokinetic
in) on days 1, 9, 21, and 35 and daily oral dose of

Day 9
(N � 16):

ovastatin with of
day 2 tadalafil

Day 21
(N � 16):

Lovastatin with of
day 14 tadalafil

Day 35
(N � 16):

Lovastatin alone

43.8 (66.6)† 34.4 (48.3)‡ 44.1 (64.8)†
1.15 (0.985-1.35) 1.03 (0.884-1.21) 1.16 (0.989-1.35)
8.38 (43.6) 8.82 (49.9) 8.93 (70.0)
1.10 (0.929-1.30) 1.16 (0.977-1.37) 1.17 (0.989-1.39)
13.8 (75.1)† 15.9 (48.7)‡ 12.3 (71.6)†
0.87 (0.74-1.015) 0.97 (0.826-1.13) 0.86 (0.74-1.011)
versus t
ely) of o
variatio
lovastat

1
16):
atin
e

L

5.5)†

7.1)

5.5)†

d 8)
ubsequently disguised by offsetting induction. The
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0% confidence intervals for ratios (lovastatin with
adalafil:lovastatin alone) of LS mean AUC and Cmax

alues were completely contained in the prespecified
o-effect boundary. Therefore it was concluded that 20
g tadalafil administered daily had no significant effect

n the pharmacokinetics of the CYP3A probe substrate
ovastatin. These results are in contrast to the observed
nhibition of CYP3A4 by itraconazole, which increased
ovastatin AUC and Cmax values by approximately 15-
old.40

The findings with midazolam and lovastatin provide
trong evidence that short-term and long-term exposure
o therapeutic concentrations of tadalafil do not alter the
learance of other drugs metabolized by CYP3A4. As
urther support of this conclusion, it is known that
echanism-based inhibitors often alter their own met-

bolic clearance in vivo. Thus exposure to a drug that
ay be a mechanism-based inhibitor would be pre-

icted to be dose- and time-dependent. However, for
adalafil, over a dose range of 2.5 to 20 mg, exposure
ncreased proportionally with dose, and single-dose
harmacokinetics (half-life, 17.5 hours) is predictive of
bserved plasma concentrations during multiple dos-
ng.5,41

In conclusion, in vitro results suggest that tadalafil
ould not reversibly inhibit the metabolism of coad-
inistered substrates of the major human CYPs but
ay have the potential to be a weak mechanism-based

nhibitor and an inducer of CYP3A. Definitive clinical
ssessments demonstrated that, if induction and inhibi-
ion occurred, they were offset, because the pharmaco-
inetics of midazolam and lovastatin, CYP3A probe
ubstrates, was virtually unchanged after coadministra-
ion with 10 and 20 mg tadalafil. Thus therapeutic
oncentrations of tadalafil do not produce clinically
ignificantly changes in the clearance of drugs metab-
lized by CYP3A.
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