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HARMACOKINETICS AND DRUG
ISPOSITION

otent cytochrome P450 2C19 genotype–
elated interaction between voriconazole and
he cytochrome P450 3A4 inhibitor ritonavir

Objectives: Cytochrome P450 (CYP) 2C19 and CYP3A4 are the major enzymes responsible for voriconazole
elimination. Because the activity of CYP2C19 is under genetic control, the extent of inhibition with a
CYP3A4 inhibitor was expected to be modulated by the CYP2C19 metabolizer status. This study thus
assessed the effect of the potent CYP3A4 inhibitor ritonavir after short-term administration on voriconazole
pharmacokinetics in extensive metabolizers (EMs) and poor metabolizers (PMs) of CYP2C19.
Methods: In a randomized, placebo-controlled crossover study, 20 healthy participants who were stratified
according to CYP2C19 genotype received oral ritonavir (300 mg twice daily) or placebo for 2 days. Together
with the first ritonavir or placebo dose, a single oral dose of 400 mg voriconazole was administered.
Voriconazole was determined in plasma and urine by liquid chromatography–mass spectrometry, and phar-
macokinetic parameters were estimated by noncompartmental analysis.
Results: When given alone, the apparent oral clearance of voriconazole after single oral dosing was 26% � 16%
(P > .05) lower in CYP2C19*1/*2 individuals and 66% � 14% (P < .01) lower in CYP2C19 PMs. The
addition of ritonavir caused a major reduction in voriconazole apparent oral clearance (354 � 173 mL/min
versus 202 � 139 mL/min, P � .0001). This reduction occurred in all CYP2C19 genotypes (463 � 168
mL/min versus 305 � 112 mL/min [P � .023] for *1/*1, 343 � 127 mL/min versus 190 � 93 mL/min [P
� .008] for *1/*2, and 158 � 54 mL/min versus 22 � 11 mL/min for *2/*2) and is probably caused by
inhibition of CYP3A4-mediated voriconazole metabolism.
Conclusions: Coadministration of a potent CYP3A4 inhibitor leads to a higher and prolonged exposure with
voriconazole that might increase the risk of the development of adverse drug reactions on a short-term basis,
particularly in CYP2C19 PM patients. (Clin Pharmacol Ther 2006;80:126-35.)
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The new triazole antifungal voriconazole is used in
he treatment of candidiasis and invasive aspergillosis,
s well as other mold infections. Voriconazole is pri-
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arily metabolized by CYP2C19 and, to a lesser ex-
ent, by CYP3A4 and CYP2C9, with only minimal
nvolvement of the latter in human liver microsomes.1
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onsequently, other drugs affecting the activity of
hese enzymes are expected to interact with the anti-
ungal in vivo. Indeed, inhibition of voriconazole me-
abolism2 and induction by phenytoin3 and St John’s
ort4 have been reported. In addition, voriconazole

lso inhibits these 3 enzymes with similar potency
50% inhibitory concentration between 8 and 10 �mol/
),5 pointing to the potential for drug interactions with
oriconazole acting as an inhibitor of the metabolism of
ther drugs6–8 whose metabolism is impaired by the
riazole.

CYP2C19 is a polymorphically expressed enzyme,9

ith 2.2% of the white population being poor metabo-
izers (PMs)10 with a genetically determined absence of
ctive enzyme. It is known that voriconazole pharma-
okinetics is substantially influenced by the CYP2C19
enotype.4,11,12 A reduction in voriconazole metabolic
learance in PMs of CYP2C19 is expected; data pub-
ished thus far indicate that voriconazole area under the
lasma concentration–time curve (AUC) and maximum
bserved plasma concentration (Cmax) values are
pproximately 3-fold higher in CYP2C19 PMs as
ompared with homozygous extensive metabolizers
EMs).4,12,13

In vitro data suggest that CYP3A4 does contribute to
he metabolism of voriconazole, but the affinity of
oriconazole to CYP3A4 is about 50-fold lower com-
ared with the affinity to CYP2C19.1 Hence CYP3A4
ay not play a major role in overall voriconazole
etabolism.1 However, in CYP2C19 PMs, who lack

his important pathway of voriconazole elimination,
lternative metabolic pathways via CYP3A4 may be-
ome more important for the elimination of voricon-
zole. It was shown by in vitro inhibition experiments
n voriconazole metabolism that ketoconazole as a
pecific CYP3A4 inhibitor was more potent as an in-
ibitor in CYP2C19 PM liver microsomes.1 This may
uggest that the extent of interaction may be genetically
etermined and that CYP2C19 PMs may indeed have a
ather different interaction profile compared with the
ore prevalent EMs. Such a difference would likely be

f clinical relevance because CYP3A4 is a frequent site
f drug interactions and inhibition of this major drug-
liminating enzyme is a frequent phenomenon in clin-
cal practice.

With this study, we aimed to determine the short-
erm effect of CYP3A4 inhibition on voriconazole
harmacokinetics and to assess to what extent this
nteraction is modulated by the CYP2C19 genotype.
he most potent CYP3A4 inhibitor known thus far is

itonavir,14 a human immunodeficiency virus protease

nhibitor that also inhibits CYP2D6 and, to a lesser c
xtent, CYP2C9.15 There is increasing evidence that
itonavir exhibits mechanism-based inactivation of
YP3A4 with persistence of inhibition after discontin-
ation of therapy.16,17 Indeed, clinically relevant drug
nteractions with short-term ritonavir administration
ave been reported to affect triazolam18 and clarithro-
ycin,19 with long-term ritonavir administration (10

ays) increasing rifabutin concentrations20 and other
uman immunodeficiency virus protease inhibitors
eading to systemic accumulation of these drugs.21 We
xpected that inhibition of the CYP3A4 pathway would
mpair voriconazole clearance much more in the ab-
ence of functional CYP2C19, suggesting that the
YP2C19 genotype would critically determine the
ose requirements in this situation.

ETHODS
The study protocol was approved by the Ethics Com-
ittee of the University Hospital, Heidelberg, Ger-
any, and was conducted at the Department of Internal
edicine VI, Clinical Pharmacology and Pharmacoepi-

emiology, Heidelberg, Germany, in accordance with
he Declaration of Helsinki and subsequent amend-
ents. Written informed consent was obtained from

ach participant.
Study population. Overall, 21 participants were in-

luded in the trial. One heterozygous EM dropped out
fter the first study part because of a protocol violation.
his volunteer was replaced by a carrier of the same
YP2C19 genotype. Finally, 20 healthy, nonsmoking
hite men (n � 13) and women (n � 7) (age, 19-37
ears; body mass index, 17.7-27.2 kg/m2) were en-
olled and completed the trial. All participants were
rug-free for at least 6 weeks before entry into the
tudy. They were ascertained to be healthy by clinical
xamination, electrocardiography, and routine labora-
ory tests. Women were required to undergo pregnancy
esting and were only enrolled if the result was negative
nd they were using a barrier contraceptive.

Study design. A randomized, double-blind, 2-way
rossover study was carried out with single-dose ad-
inistration of voriconazole and 4 doses of ritonavir or

lacebo. Polymorphisms of CYP2C19 were determined
efore the study, and participants were randomized
ithin each genetic group as follows: group 1,
YP2C19*1/*1 (n � 8, homozygous EMs); group 2,
YP2C19*1/*2 or *1/*3 (n � 8, heterozygous EMs);
nd group 3, CYP2C19*2/*2, *2/*3, or *3/*3 (n � 4,
Ms).
The presence of the CYP2C19*2 or *3 allele in the

enomic deoxyribonucleic acid derived from leuko-

ytes of the participants was determined by use of the
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ybridization probe format (LightCycler CYP2C19
utation Detection Kit with specific primers; Roche
pplied Science, Mannheim, Germany) on a Light-
ycler (Roche Applied Science). The presence of the
ild-type allele CYP2C19*1 was inferred from the

bsence of the *2 and *3 alleles.
After an overnight fast, participants received a stan-

ard breakfast, consisting of white bread, cheese, but-
er, and caffeine-free tea, 30 minutes before oral ad-
inistration of the study drugs. Alcoholic and

affeinated beverages were not allowed from 12 hours
efore drug administration until the last blood sample
as taken on the kinetic study day. Lunch and dinner

onsisted of regular hospital meals. During the whole
tudy (days 1 to 10), beverages containing grapefruit
uice were forbidden because of the known influence on
YP3A4 enzyme activity. Participants stayed at the
linical Research Unit of the Department of Internal
edicine VI for 10 hours after drug administration. For

afety reasons, electrocardiographic monitoring was
arried out over a 4-hour period after voriconazole
dministration by use of a Surveyor II monitoring sys-
em (Mortara Instruments, Essen, Germany). Up to 48
ours after voriconazole administration, the partici-
ants returned to the Clinical Research Unit for blood
ampling at the required times. During that period,
articipants maintained their usual daily activities.
After cannulation of a forearm vein, the participants

eceived 300 mg ritonavir (3 capsules of Norvir, 100 mg;
bbott, Wiesbaden, Germany) or placebo (3 capsules).

mmediately thereafter, they were administered 400 mg
oriconazole orally (2 capsules of Vfend, 200 mg; Pfizer,
arlsruhe, Germany), together with 200 mL of mineral
ater. Ritonavir and placebo were administered 4 times
ith a 12-hour dosing interval to ensure effective ritonavir

oncentrations over the whole 48-hour observation period.
lacebo capsules were prepared at the university hospital
harmacy. After a washout period of 7 days, the identical
rocedure was repeated with ritonavir and placebo inter-
hanged. The washout period of 7 days for short-term
itonavir administration was used previously,22 and recov-
ry from CYP3A4 inhibition by ritonavir has recently
een reported to be nearly complete at 3 days after dis-
ontinuation.23

Blood sampling and urine collection. On study days
and 8, blood samples (7.5 mL each) were taken at the

ollowing times: immediately before and at 0.5, 1, 1.5,
, 2.5, 3, 4, 6, 8, 10, 24, 25, 33, 36, and 48 hours after
dministration of voriconazole. Blood samples were
mmediately centrifuged at 4°C, and separated plasma

as stored at �20°C until analysis. Urine was collected c
n two 24-hour intervals, and a 10-mL aliquot of each
as kept frozen at �20°C until analysis.
Quantification of voriconazole. Voriconazole con-

entrations in plasma and urine were determined after
olid-phase extraction on the basis of an HPLC assay24

nd optimized by use of mass-spectrometric detection
liquid chromatography–mass spectrometry), as de-
cribed previously in detail.4 The limit of quantification
as 0.05 �g/mL, and the calibration ranged between
.05 and 10.0 �g/mL, with coefficients of variation
lways being below 10%.

Calculations and statistic analysis. The sample size
alculation was performed by use of PS Power and
ample Size Calculations for a 2-sided paired t test.25

ith an SD of 30% for the difference in voriconazole
UC with and without ritonavir assumed, a sample size
f 6 was estimated to detect a 50% increase in vori-
onazole AUC with a significance level of 5% and a
tatistical power of 90%; for unpaired comparisons, the
ower was 74%. Data are presented as median values
nd range. Noncompartmental analysis by use of Win-
onlin software (version 4.1; Pharsight, Mountain
iew, Calif) was performed to determine the following
harmacokinetic parameters of voriconazole: Cmax,
ime to reach Cmax, AUC from time 0 to the last

easurable concentration (AUC0-48), and AUC extrap-
lated to infinity (AUC0-�), calculated by use of the
inear trapezoidal rule, as well as terminal elimination
alf-life (t½). The apparent oral clearance (Cloral) was
alculated as the dose of voriconazole divided by
UC0-�, and the volume of distribution based on the

erminal phase was calculated as the dose of voricon-
zole divided by the elimination rate constant (�z) times
UC0-�. Renal clearance (Clrenal) of voriconazole was
etermined as the amount excreted in urine from 0 to 48
ours divided by the corresponding AUC0-48 values,
nd nonrenal clearance (Clnonrenal) was determined as
he difference between Cloral and Clrenal. Differences in
hese pharmacokinetic parameters between placebo and
itonavir treatment were assessed by use of the non-
arametric Wilcoxon matched pairs signed rank test. P

.05 was considered to be significant. The Kruskal-
allis test with Dunn multiple comparisons was used

o assess the differences between the CYP2C19
enotypes.
To predict steady-state concentrations of voricon-

zole (Css), the dose rate (400 mg/24 h) was divided by
loral. Compartmental and noncompartmental analysis

WinNonlin software, version 4.1) results regarding

learance were used.
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ESULTS
All subjects. Compared with placebo, mean voricon-

zole plasma concentrations were higher during ritonavir
reatment, which was a persistent effect over the whole
8-hour observation period (Fig 1). Pharmacokinetic anal-
sis showed significant increases in Cmax, AUC0-�

25.26 � 17.09 h · ng/mL versus 114.8 � 221.2 h ·
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Fig 1. Mean (�SD) voriconazole plasma conc
of 400 mg voriconazole in combination wit
(squares) to 20 healthy subjects.

able I. Pharmacokinetic parameters after noncompar
itonavir administration in 20 healthy individuals

Placebo

tmax (h) 1.95 � 1.3
Cmax (�g/mL) 2.97 � 1.0
AUC0-48 (h · �g/mL) 23.50 � 17.
AUC0-� (h · �g/mL) 25.26 � 17.
Vz (L/kg) 3.56 � 1.5
Cloral (mL/min) 354 � 173
Cloral (mL · min�1 · kg�1) 4.85 � 2.4
t½ (h) 9.5 � 3.5
MRT (h) 11.5 � 5.8
Ae0-48 (�g) 1851 � 184
Clrenal (mL/min) 1.41 � 0.6
Clnonrenal (mL/min) 353 � 172

Data are given as mean � SD. Difference between placebo and ritonavir tre
tmax, Time to reach maximum observed plasma concentration; Cmax, max

oncentration; AUC0-�, AUC extrapolated to infinity; Vz, volume of distributi
e0-48, amount excreted in urine from 0 to 48 hours; Clrenal, renal clearance;
g/mL, P � .0001), and t½ and decreases in Cloral (43%) i
nd Clnonrenal, whereas Clrenal was low and unchanged
Table I). The volume of distribution of voriconazole was
lightly reduced (17.3%) by ritonavir (Table I).

CYP2C19 genotypes. Treatment with ritonavir in-
reased voriconazole plasma concentrations in each
YP2C19 genotype group (Fig 2). The detailed phar-
acokinetic parameters are given in Table II. The

30 35 40 45 50
 [hr]

30 35 40 45 50
 [hr]

n–time profile after single oral administration
o (circles) or 300 mg ritonavir twice daily

analysis of voriconazole during placebo and

Ritonavir P value

2.03 � 0.60 .762
3.49 � 1.12 .015

48.16 � 38.81 .0001
114.80 � 221.17 .0001

2.95 � 1.78 .012
202 � 139 .0001
2.75 � 1.89 .0001
28.4 � 42.6 .0001
39.2 � 62.4 .0001

3020 � 1551 .0003
1.39 � 0.76 .475
201 � 138 .0001

re assessed by use of the Wilcoxon matched pairs signed rank test.
rved plasma concentration; AUC0-48, AUC from time 0 to last measurable
oral clearance; t½, terminal elimination half-life; MRT, mean residence time;
nonrenal clearance.
25
Time

25
Time

entratio
h placeb
tmental

1
7
78
09
2

5

3
6

atment we
imum obse
mpact of ritonavir on voriconazole kinetics was related
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o the number of inactive CYP2C19 alleles. In homozy-
ous EMs some parameters such as AUC0-� and Cloral

howed statistically significant differences, whereas in
eterozygous EMs additional parameters (t½, Cmax, and
olume of distribution) were also different (Table II).
oriconazole pharmacokinetics was profoundly af-

ected by ritonavir in CYP2C19 PMs (Fig 2). This was
est reflected by t½, apparent Cloral, and Clnonrenal,
hereas Clrenal of voriconazole was very low and was
ot changed by ritonavir. Cloral in PMs decreased from
58 � 54 to 22 � 11 mL/min during ritonavir treat-
ent. Fig 3 shows the genotype-dependent effect of

itonavir on the apparent Cloral of voriconazole with
4% and 45% reductions in homozygous and heterozy-
ous EMs, respectively, and a blunted metabolism
86% reduction) in CYP2C19 PMs.

During placebo and ritonavir treatment, significant
ifferences in voriconazole pharmacokinetics were ob-
erved between homozygous EM and PM individuals
or AUC0-48, AUC0-�, Cloral, Clnonrenal, and mean resi-
ence time (MRT), respectively. Only MRT was dif-
erent between heterozygous EM and PM individuals
Table II).

Within the genotype groups, no obvious influence of
ex was observed. Three of the 8 homozygous EMs, 2
eterozygous EMs, and 2 PMs were women. The phar-
acokinetic parameters of the women were well within

he range of the corresponding CYP2C19 group.
Safety and tolerability. Overall, the study drugs

able II. Noncompartmental analysis of voriconazole
YP2C19 genotype

Pl

tmax (h) 1.3
Cmax (�g/mL) 2.9
t½ (h) 8.1
AUC0-48 (h · �g/mL) 15.8
AUC0-� (h · �g/mL) 16.5
Vz (L/kg) 4.3
Cloral (mL/min) 46
Cloral (mL · min�1 · kg�1) 6.3
MRT (h) 8.5
Ae0-48 (�g) 118
Clrenal (mL/min) 1.3
Clnonrenal (mL/min) 46

Data are given as mean � SD. Difference between placebo and ritonavir
ifferences between the genotype groups were calculated by use of the Krusk
†P � .01 for *1/*1 versus *2/*2 calculated by Kruskal-Wallis test with Du
‡P � .01 for *1/*2 versus *2/*2.
ere well tolerated; no serious adverse drug events i
ADEs) occurred, and all ADEs were mild and tran-
ient. Thirteen participants reported ADEs, 4 of whom
1 homozygous EM, 1 heterozygous EM, and 2 PMs)
ad ADEs in both trial phases. ADEs were observed
uring voriconazole and placebo administration in 10
articipants and during voriconazole and ritonavir ad-
inistration in 7 individuals. Visual disturbances oc-

urred on 8 occasions, with each PM being affected
uring at least 1 study part. They started 1 to 2 hours
fter voriconazole dosing and lasted, on average, 30
inutes. Other ADEs were headaches and gastrointes-

inal disturbances.

ISCUSSION
The results of this study have several important im-

lications. First, there is a reduction in voriconazole
learance in relation to the CYP2C19 genotype (25% in
eterozygous EMs and 65% in PMs) after single oral
osing, confirming the recently published data of Ren-
elshausen et al.4 Second, short-term administration of
itonavir caused a major reduction in voriconazole ap-
arent Cloral, probably as a result of CYP3A4 inhibition
f voriconazole metabolism. Third, this reduction oc-
urred in all CYP2C19 genotype groups with a similar
bsolute magnitude (reduction in Cloral of 158 mL/min
n EMs, 152 mL/min in heterozygous EMs, and 136
L/min in PMs).
This study therefore highlights the very large inter-

ndividual variability of voriconazole pharmacokinet-

cokinetics during placebo and ritonavir according to

*1/*1 (n � 8)

Ritonavir P value

1.94 � 0.42 .109
2.99 � 1.17 .742

11.15 � 3.82 .055
24.28 � 12.12 .023
25.50 � 12.57 .016
4.02 � 2.35 .461
305 � 112 .023
4.15 � 1.54 .023

12.61 � 3.81 .008
2282 � 1112 .023
1.76 � 0.84 .383
303 � 112 .023

were assessed by use of the Wilcoxon matched pairs signed rank test, and
est with Dunn multiple comparisons.
e comparisons.
pharma

acebo

8 � 0.64
7 � 1.14
1 � 1.35
6 � 7.07
2 � 7.21
8 � 1.73
3 � 168
4 � 2.47
0 � 2.10
6 � 510
6 � 0.62
1 � 167

treatment
al-Wallis t
cs, whose clearance is critically determined by genetic
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actors and also substantially influenced by exogenous
actors such as coadministered drugs. Short-term ad-
inistration of the protease inhibitor ritonavir had a
ajor impact on voriconazole elimination. On average,
42% reduction in the apparent Cloral was observed.
n the one hand, this effect was not surprising because

itonavir is a very potent CYP3A4 inhibitor (inhibition
onstant [Ki] � 0.017 �mol/L).15 On the other hand, it
as proposed from in vitro data that CYP3A4 is not the
ain pathway of voriconazole elimination.1 The
ichaelis-Menten constant (Km) of voriconazole oxi-

ase activity in expressed human CYP enzymes was 4
mol/L for CYP2C19 and 235 �mol/L for CYP3A4,1

hich indicates a very low affinity to CYP3A4. When
he Km and Ki values of these substances (Km for
YP3A4 metabolism of voriconazole, 236 �mol/L; Ki

or CYP3A4 inhibition by ritonavir, 0.078 �mol/L26;
nd Ki for CYP3A4 inhibition by erythromycin, 46.6
mol/L27) were taken into account, some interaction
ith ritonavir was expected, but its exact extent was not
redictable. Interestingly, in vivo no interaction was
bserved between voriconazole and erythromycin, an-
ther potent CYP3A4 inhibitor.13 Therefore it was
omewhat unexpected to have such a profound interac-
ion with ritonavir.

In line with 2 recent reports4,12 the presence of
eficient CYP2C19*2 alleles resulted in higher AUC
nd lower apparent Cloral values of voriconazole com-
ared with the CYP2C19 wild-type group. To further

*1/*2 (n � 8)

Placebo Ritonavir P

2.13 � 1.06 2.00 � 0.76 .
2.85 � 0.73 3.65 � 0.65 .
8.07 � 2.22 11.51 � 3.52 .
0.68 � 10.27 40.55 � 18.65 .
2.65 � 10.88 44.05 � 23.01 .
3.13 � 1.41 2.33 � 0.93 .
343 � 127 190 � 93 .
4.69 � 1.88 2.58 � 1.28 .
9.67 � 3.26 14.79 � 6.46 .
2242 � 1654 3180 � 1644 .
1.71 � 0.73 1.41 � 0.62 .
341 � 127 189 � 93 .
lucidate the mechanism of this clearance reduction, s
eparate analysis of ritonavir’s effects according to the
ifferent CYP2C19 genotypes can be helpful. Because
itonavir is not known to be a substrate or inhibitor of
YP2C19, there should be a similar effect of ritonavir

n each of the 3 CYP2C19 genotype groups, which was
ndeed the case because the absolute reduction in the
pparent Cloral of voriconazole by ritonavir was rather
imilar across all 3 genotypes. In view of these data it
eems likely that ritonavir does inhibit voriconazole
etabolism not via CYP2C19 but rather via CYP3A4.
his is in accordance with recent in vitro findings
hich revealed that ketoconazole was most potent as an

nhibitor of voriconazole metabolism in human liver
icrosomes of CYP2C19 PMs, suggesting a dominant

ole of CYP3A4 in these individuals.1 Because in PMs
he Cloral of voriconazole alone was already low, coad-

inistration of ritonavir almost abolished voriconazole
limination to 22 � 11 mL/min. This is only 4.75% of
he voriconazole clearance observed in EMs without
itonavir and an 86% reduction compared with the
hange of only 34% in EMs. Hence the effect of
YP3A4 inhibition is of major consequence in
YP2C19 PMs.
Despite a slightly smaller volume of distribution, the

eduction in Cloral in PMs by ritonavir caused a pro-
ongation of the terminal elimination half-life from
pproximately 8 hours in EMs without ritonavir to
pproximately 100 hours in PMs during ritonavir ad-
inistration. Voriconazole pharmacokinetics was as-

*2/*2 (n � 4)

Placebo Ritonavir

2.75 � 2.33 2.25 � 0.65
3.24 � 1.70 4.20 � 1.56

15.21 � 3.06† 96.8 � 60.1†
42.40 � 19.51† 111.1 � 37.7†
47.96 � 23.33† 434.9 � 370.1†
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itonavir to ensure maximum enzyme inhibition
hroughout the trial. However, we administered vori-
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YP2C19 PMs to voriconazole steady state suggests
hat in these volunteers the combination of a potent
YP3A4 inhibitor with voriconazole will result in a Css

alue of 18.3 � 15.7 �g/mL when regular daily doses
f 400 mg are administered and linear kinetics is as-
umed. Compared with CYP2C19 EM individuals
ithout a concomitant CYP3A4 inhibitor (Css �1 �g/
L), this will be at least a 20-fold increase. With a

requency of CYP2C19 PMs of 2.2% in white persons
nd 15.8% in Asian persons,10 this becomes even more
elevant in the Asian population. Whether, under
teady-state conditions with ritonavir, such a substan-
ial voriconazole accumulation will indeed occur is,
owever, still undetermined. Prolonged ritonavir expo-
ure inhibited CYP3A4-mediated rifabutin metabo-
ism,20 leading to increased concentrations; on the other
and, ritonavir may cause induction of CYP1A2 and
epatic glucuronidation,28 as well as autoinduction
ith higher doses,29 thereby possibly counteracting the

nhibitory effect of the compound.
Hepatotoxicity is the dose-limiting adverse event

bserved in patients taking voriconazole.30 Clini-
ally significant hepatic dysfunction occurs in more
han 10% of patients receiving regular doses and is a

ajor cause for discontinuation of the drug. Hepato-
oxicity is concentration-dependent,31 and it has been
stimated that for every 1-mg/L increase in plasma
oncentration the incidence of hepatic dysfunction
ncreases by 7% to 17%.32 These data therefore
uggest that the high concentrations observed in our
YP2C19 PMs will substantially increase the risk

or adverse events in this subgroup of patients. It has
een suggested that voriconazole plasma concentra-
ions grater than 10 �g/mL should be avoided.33 In
ddition, a retrospective study with voriconazole
oncentrations from 1053 patients showed an asso-
iation of higher voriconazole concentrations with
he risk of visual adverse events and abnormalities of
ST, alkaline phosphatase, and bilirubin levels.34

hese findings, together with the results of this
tudy, therefore suggest that in CYP2C19 PM indi-
iduals taking voriconazole, ritonavir and other po-
ent CYP3A4 inhibitors should be used with caution.
oncomitant therapy of voriconazole with other ef-
cient CYP3A4 inhibitors likely requires a dose re-
uction in voriconazole and careful monitoring of
dverse drug reactions. Indeed, a case of fatal liver
ailure in a child receiving voriconazole in combina-
ion with highly active antiretroviral therapy (includ-
ng lopinavir and ritonavir) has recently been report-
d.35 Unfortunately, the CYP2C19 genotype was not

etermined and voriconazole concentrations were h
ot quantified, leaving us uncertain as to whether this
atient was a PM and whether voriconazole concen-
rations were elevated.

Because CYP2C19 genetic analysis for this study
ncluded only the alleles *2 and *3, which account for
ore than 85% of defective CYP2C19 alleles in white

ersons,36 the occurrence of other defective alleles in
he study population and thus misclassification of indi-
iduals cannot be ruled out.
Another limitation of this study is that ritonavir

as only dosed to steady state but not for a pro-
onged period of time. This would be critical only if
longer duration of exposure would induce substan-

ial changes in either bioavailability or the capacity
f clearance processes (or both). In an earlier study
hose results are available in abstract form, voricon-

zole (200 mg twice daily for 10 days) was added to
itonavir treatment on day 10 (400 mg twice daily for
0 days).37 It was reported that ritonavir decreased
he exposure with voriconazole substantially. There
s, however, too little information given to elucidate
he mechanisms of interaction and to differentiate
etween impaired absorption and increased elimina-
ion (eg, enzyme induction), whereas our results can
e followed by the known CYP inhibition of ritona-
ir. In contrast, it is well known that even after
rolonged exposure of combinations of ritonavir
ith other protease inhibitors, CYP3A4 inhibition
ersists, indicating that even if enzyme induction
ccurs the dominant effect is still CYP3A4 inhibi-
ion.38

In conclusion, CYP3A4 inhibition by short-term ritona-
ir treatment increases voriconazole concentrations after
ingle oral administration. It appears likely that other
trong inhibitors (eg, other protease inhibitors) will have a
imilar effect. Whereas ketoconazole coadministration is
ot a clinically relevant combination, it might now be
ore interesting to assess the impact of grapefruit juice on

oriconazole pharmacokinetics. This, however, is ex-
ected to modulate only bioavailability and not elimina-
ion. Erythromycin has only been studied in 1 PM thus far,
ut no details are available.13 Individuals with CYP2C19
eficiency might be at risk for the development of ele-
ated voriconazole concentrations when undergoing con-
omitant short-term therapy with ritonavir, together with
ore frequent and severe side effects.

We are grateful for the excellent technical assistance of Ms
rigitte Tubach, Ms Jutta Kocher, and Ms Monika Maurer during

tudy conduct and analytic procedures.
None of the authors has financial or personal relationships that

ould potentially be perceived as influencing the research described
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