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HARMACOKINETICS AND
RUG DISPOSITION

pposite effects of short-term and
ong-term St John’s wort intake on
oriconazole pharmacokinetics

Objectives: Constituents of St John’s wort (SJW) in vivo induce the cytochrome P450 (CYP) isozymes 3A4,
2C9, and 2C19 but in vitro were shown to inhibit them. This study investigates both short- and long-term
effects of SJW on the antifungal voriconazole, which is metabolized by these enzymes.
Methods: In a controlled, open-label study, single oral doses of 400 mg voriconazole were administered to 16
healthy men stratified for CYP2C19 genotype before and on day 1 and day 15 of concomitant SJW intake
(300 mg LI 160 3 times daily). Plasma and urine concentrations of voriconazole were determined by liquid
chromatography with mass-spectrometric detection.
Results: During the initial 10 hours of the first day of SJW administration, the area under the voriconazole
plasma concentration–time curve was increased by 22% compared with control (15.5 � 6.84 h · �g/mL
versus 12.7 � 4.16 h · �g/mL, P � .02). After 15 days of SJW intake, the area under the plasma concentra-
tion–time curve from hour 0 to infinity was reduced by 59% compared with control (9.63 � 6.03 h · �g/mL
versus 23.5 � 15.6 h · �g/mL, P � .0004), with a corresponding increase in oral voriconazole clearance
(CL/F) from 390 � 192 to 952 � 524 mL/min (P � .0004). The baseline CL/F of voriconazole and the
absolute increase in CL/F were smaller in carriers of 1 or 2 deficient CYP2C19*2 alleles compared with
wild-type individuals (P < .03).
Conclusions: Coadministration of SJW leads to a short-term but clinically irrelevant increase followed by a
prolonged extensive reduction in voriconazole exposure. SJW might put CYP2C19 wild-type individuals at
highest risk for potential voriconazole treatment failure. (Clin Pharmacol Ther 2005;78:25-33.)
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Extracts of St John’s wort (Hypericum perforatum L)
SJW) are widely used as over-the-counter remedies for
he treatment of mild to moderate depressive disorders.1
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oadministration of SJW was followed by clinically rel-
vant treatment failures of drugs such as cyclosporine
INN, ciclosporin) or oral contraceptives, resulting in
cute heart transplant rejections2 or unwanted pregnan-
ies.3 Subsequent clinical studies confirmed that coadmin-
stration of SJW extensively reduces the plasma concen-
rations of drugs such as digoxin,4 indinavir,5

yclosporine,6,7 tacrolimus,8,9 warfarin,10 omeprazole,11

erapamil,12 and imatinib.13 Most of these drugs are me-
abolized by cytochrome P450 (CYP) 3A4 or transported
y P-glycoprotein (or both). As the basis for these inter-
ctions, SJW was shown to induce the expression of
ntestinal and hepatic CYP3A4, as well as intestinal

-glycoprotein, in humans.14
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The extracts of SJW contain different groups of
ompounds such as hypericin, hyperforin, and fla-
onoids.15 These compounds vary widely in their con-
ent between different preparations.16 In clinical studies
he content of hyperforin determined the extent of the
nteraction with digoxin17 and cyclosporine.18 These
ndings are in line with in vitro data showing a relevant

ncrease in messenger ribonucleic acid and protein of
YP3A4 and CYP2C9 in cultured human hepatocytes
fter hyperforin treatment for 48 hours.19 Hyperforin
ediates the induction of CYP3A4 expression by high-

ffinity binding and subsequent activation of the preg-
ane X receptor (PXR).20 In addition to the long-term
nducing effect, hyperforin was shown to inhibit the
ctivity of CYP isozymes 1A2, 2C9, 2C19, 2D6, and
A4 in vitro when added to the culture medium for a
hort term.21,22 Therefore the primary aim of this study
as to investigate the short- and long-term effects of
JW on the pharmacokinetics of voriconazole.
The new triazole antifungal voriconazole is used for

he treatment of severe fungal infections.23 In immu-
ocompromised patients with invasive aspergillosis,
nitial treatment with voriconazole led to improved
urvival rates compared with initial therapy with am-
hotericin B.24 The extensive metabolism of voricon-
zole is primarily mediated by CYP2C19 and CYP3A4,
s well as by CYP2C9 to a lesser extent.25 Genetic
olymorphisms of CYP2C19 influence the plasma con-
entrations of voriconazole, which are approximately 3
imes higher in poor metabolizers compared with ho-
ozygous extensive metabolizers, with intermediate

oncentrations in heterozygous extensive metaboliz-
rs.26 Poor metabolizers for CYP2C19 (3%-5% in

ig 1. Fixed-dose study schedule according to controlled,
pen-label design. Single oral doses of 400 mg voriconazole
VRC) were administered during the 3 study parts. In addi-
ion, 300 mg St John’s wort (SJW) (LI 160) was given 3 times
aily for 15 days from study day 3 (D1 SJW) until study day
7 (D15 SJW).
hite subjects) carry 2 defective alleles, of which the d
YP2C19*2 allele accounts for about 80% of mutated
lleles.27 With the use of mephenytoin as a test sub-
tance, SJW was shown to induce the activity of
YP2C19 in extensive metabolizers but not in poor
etabolizers.28 Therefore the secondary aim of this

tudy was to investigate, in an exploratory way, the
nfluence of the CYP2C19 genotypes on the interaction
etween SJW and voriconazole.

ETHODS
The study was approved by the Ethics Committee of

he Medical Faculty of the University of Heidelberg,
eidelberg, Germany, and was conducted at the De-
artment of Internal Medicine VI, Clinical Pharmacol-
gy and Pharmacoepidemiology in accordance with the
eclaration of Helsinki, as amended in Somerset West
996, and the specific legal requirements in Germany.

tudy population
Seventeen healthy, nonsmoking men participated in

he study after they had been fully informed about the
tudy and given written informed consent. None was
eceiving any other systemic drug treatment during the
tudy, and systemic drug treatment had to be discon-
inued for at least 10 elimination half-lives of the re-
pective compound. The participants were ascertained
o be healthy by medical history, physical examination,
aboratory screening including hematologic and bio-
hemical blood tests, and a 12-lead electrocardiogram.
he mean age, body weight, and body mass index (�
D) were 27 � 3.4 years, 79 � 6.7 kg, and 24 � 2.1
g/m2, respectively. Before inclusion into the study, the
articipants underwent genotyping for the CYP2C19
lleles *2 and *3 and were grouped according to the
ollowing genotypes found: CYP2C19 wild type
CYP2C19*1/*1, n � 9), CYP2C19*1/*2 (n � 6), and
YP2C19*2/*2 (n � 2). Individuals carrying the
YP2C19*3 allele were not found in this study popu-

ation. The values for age, body weight, and body mass
ndex were not significantly different between the
YP2C19 wild-type group and the combined
YP2C19*1/*2 and *2/*2 group (P � .15).

tudy design and procedures
According to a controlled, open-label, fixed-dose

chedule design, each participant received a single oral
ose of 400 mg voriconazole (2 VFEND 200-mg film
ablets; Pfizer, Sandwich, Kent, United Kingdom) on
tudy days 1, 3, and 17. In addition, each participant
eceived 300 mg SJW extract LI 160 (Jarsin, 300 mg;
ichtwer Pharma, Berlin, Germany) orally 3 times

aily (approximately every 8 hours) for 15 days from



s
m
C
1
a
i
f
e
d
A
f
f
d
t
s
t
b
h
b
f
w
v
i
h
m
f

D
p

w
b
o
s

d
w
b
a
C
s
m
o
w
r
t
c
t
s
4
0
a

0
a
k
s
m
a
c
b
e
w
t
q
s
fi
a
9
3
p
4
1
o

P

s
f
v
a
f
h
w
t
l
t
c
c
w
t
P
0
l
v
V
o
c
c
w
A
e

CLINICAL PHARMACOLOGY & THERAPEUTICS
2005;78(1):25-33 St John’s wort and voriconazole drug interaction 27
tudy day 3 to 17 (Fig 1). The intake of SJW was
onitored by an electronic device (MEMS V Track-
ap; Aardex, Zug, Switzerland). On study days 3 and
7, SJW was ingested 60 minutes before voriconazole
dministration to reduce the probability of a galenic
nteraction. After an overnight fast from 12 hours be-
ore until 4 hours after voriconazole administration,
ach participant received a standard hospital lunch and
inner served 4 and 9 hours after voriconazole dosing.
lcoholic and caffeinated beverages were not allowed

rom 24 hours before study day 1 until study day 4 and
rom study day 16 until study day 18. During study
ays 1 to 18, beverages containing grapefruit juice had
o be avoided. On study days 1, 3, and 17, venous blood
amples (7.5 mL each) were collected through an in-
ravenous catheter into heparinized tubes immediately
efore and at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, and 24
ours after the administration of voriconazole. The
lood samples were immediately centrifuged (3000g
or 10 minutes at 4°C), and separated plasma samples
ere stored at �20°C until analysis. After completely
oiding the bladder immediately before voriconazole
ntake, the participants collected urine from 0 to 24
ours after voriconazole administration. After measure-
ent of the urine volume, a 10-mL aliquot of each

raction was stored at �20°C until analysis.

etermination of voriconazole concentrations in
lasma and urine
Voriconazole concentrations in plasma and urine

ere determined after solid-phase extraction on the
asis of a previously described HPLC assay29 and
ptimized by use of liquid chromatography with mass-
pectrometric detection.

In brief, plasma and urine samples (500 �L of stan-
ards, controls, and unknown samples) were spiked
ith internal standard (UK-115,794) and 0.2-mol/L
orate buffer (pH 9.0, 700 �L) was added. Buffered
nd vortexed samples were loaded onto conditioned

18 SPE columns (BondElut, 100 mg; Varian, Darm-
tadt, Germany) and washed with borate buffer and
ethanol/water (50:50) before being eluted with 1 mL

f methanol/acetic acid mixture (99:1). The extracts
ere dried under streams of nitrogen, and the dried

esidues were reconstituted with mobile liquid chroma-
ography phase, centrifuged, and analyzed by liquid
hromatography–mass spectrometry. For mass selec-
ive detection, the liquid chromatography system con-
isted of a Luna C18 column (3 �m, 50 � 2.0 mm at
0°C) and an isocratic mobile phase with the use of
.02-mol/L ammonia acetate including 0.1% acetic

cid and acetonitrile (65:35 [vol/vol]) at a flow rate of 2
.35 mL/min. The injection volume was 10 �L. An
tmospheric pressure chemical ionization source (4.5
V, 400°C) was used for ionization, and the mass
pectrometer worked in the selected ion monitoring
ode at mass-to-charge ratio (m/z) 350 (voriconazole)

nd m/z 348 (internal standard). The limit of quantifi-
ation was 0.05 �g/mL, and the calibration ranged
etween 0.05 �g/mL and 10.0 �g/mL. Correlation co-
fficients were always r2 � 0.99. The analytic methods
ere validated according to Food and Drug Adminis-

ration validation guidelines and fulfilled the respective
uality assurance requirements for accuracy and preci-
ion. For plasma, the precision of determination (coef-
cient of variation) was 9.5%, 7.0%, 9.2%, and 7.9%
nd the accuracy was 105.3%, 100.9%, 96.1%, and
6.8% at quality-control concentrations of 0.16, 0.38,
.15, and 6.38 �g/mL, respectively. For urine, the
recision of determination (coefficient of variation) was
.8%, 6.1%, 2.7%, and 3.9% and the accuracy was
10.3%, 114.3%, 92.0%, and 93.2% at concentrations
f 0.17, 0.43, 3.01, and 6.14 �g/mL, respectively.

harmacokinetic analysis
Noncompartmental analysis by use of WinNonlin 4.0

oftware (Pharsight, Mountain View, Calif) was per-
ormed to determine pharmacokinetic parameters of
oriconazole. The peak plasma concentration (Cmax)
nd the time to reach Cmax (tmax) were obtained directly
rom the raw data. The terminal plasma elimination
alf-life (t½) was calculated as follows: t½ � ln2/�z,
here �z represents the slope of the terminal part of

he plasma concentration–time curve obtained by
inear regression after semilogarithmic transforma-
ion. The area under the plasma concentration–time
urve (AUC) from hour 0 to infinity (AUC0-�) was
alculated as follows: AUC0-� � AUC0-tx 	 Ctx/�z,
here tx is the time of the last voriconazole concen-

ration (Ctx) exceeding the limit of quantification.
artial AUC values with 0 and 10 hours (AUC0-10) or
and 24 hours (AUC0-24) as time limits were calcu-

ated by the linear trapezoidal rule. The apparent
olume of distribution was calculated as follows:

z/F � D/(�z · AUC0-�), where D is dose and F is
ral bioavailability. The oral systemic clearance was
alculated as follows: CL/F � D/AUC0-�. The renal
learance during the time interval from 0 to 24 hours
as calculated as follows: CLrenal 0-24 � Ae0-24/
UC0-24, where Ae0-24 is the amount of voriconazole

xcreted into urine during the time interval from 0 to

4 hours.
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etermination of CYP2C19 genotypes
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
ybridization probes format (LightCycler CYP2C19
utation Detection Kit with specific primers) on a

ightCycler (both obtained from Roche Applied Sci-
nce, Mannheim, Germany). The presence of the wild-
ype allele CYP2C19*1 was inferred from the absence
f the *2 and *3 alleles.

tatistical analysis
Data are expressed as mean values � SD or mean

alues � SEM (Fig 2). Differences in pharmacokinetic
arameters of voriconazole between concomitant SJW
reatment and control were assessed with the nonpara-
etric Wilcoxon signed rank test for paired data. Dif-

erences in age, body weight, and body mass index and
n the pharmacokinetic parameters of voriconazole be-
ween the CYP2C19*1/*1 group and the combined
YP2C19*1/*2 and *2/*2 group were assessed with the
ilcoxon rank sum (Mann-Whitney U) test for un-

aired data. Assuming an SD of 30% for the difference
n voriconazole AUC with and without SJW based on
ata for the interaction between SJW and omeprazole,11

sample size of 6 in each group was estimated to detect

ig 2. Mean (�SEM) plasma concentration–time curves of
oriconazole before (circles) and on first day (D1 SJW, trian-
les) and last day (D15 SJW, diamonds) of daily coadministra-
ion of SJW (LI 160) for all participants (N � 16). Inset,
ndividual values for the area under the plasma concentration–
ime curve from 0 to 10 hours (AUC0-10) during the 3 study parts
hown for the CYP2C19 wild type (solid symbols) and geno-
ypes *1/*2 (hatched symbols) and *2/*2 (open symbols).
40% change in voriconazole AUC with a significance S
evel of 5% and a statistical power of 90%. P 
 .05 was
onsidered statistically significant.

ESULTS
Voriconazole was generally well tolerated by all

articipants, without serious adverse events. Transient
nhanced light perception during the first hour after
oriconazole intake was reported by most participants.
his visual disturbance has been recognized as the most

requent adverse reaction to voriconazole and is related
o transient electric changes in the retina but without
etection of ocular lesions.23 One participant
CYP2C19*1/*1 genotype) discontinued the study after
he first part because of elevated liver enzyme values
nd sonographic signs of hepatic steatosis possibly
elated to previous alcohol consumption.

The plasma concentration–time curves of voricon-
zole before and during SJW (LI 160) administration
re shown in Fig 2. On the first day of SJW intake (D1
JW), the AUC0-10 of voriconazole was increased by
2% compared with control, whereas after 15 days of
JW administration (D15 SJW), the AUC0-10 of vori-
onazole was reduced by 43% compared with control
Table I). AUC0-10 values were taken for primary com-
arison because on D15 SJW, plasma concentrations of
oriconazole were below the limit of quantification 24
ours after drug administration in 11 of 16 participants.
he changes in Cmax of voriconazole were similar to

hose in the AUC0-10. In contrast, AUC0-� was not
ignificantly changed on D1 SJW but was extensively
educed by 59% on D15 SJW. Correspondingly, CL/F
f voriconazole was not affected on D1 SJW but was
ncreased by 144% on D15 SJW. AUC0-� and CL/F
aried widely between the participants (Fig 3). Despite
n unchanged CL/F, the t½ of voriconazole was already
educed on D1 SJW, with further reduction on D15
JW. CLrenal 0-24 of voriconazole was only small com-
ared with CL/F but yielded a significant reduction on
1 SJW (Table I).
When analyzed according to the different CYP2C19

enotypes, AUC0-10 and AUC0-� of voriconazole were
ot significantly changed on D1 SJW but were exten-
ively reduced on D15 SJW in both the CYP2C19
ild-type group and the CYP2C19*1/*2 group (Table

I). A similar trend occurred in the 2 participants with
he CYP2C19*2/*2 genotype. Corresponding results
ere obtained for CL/F in the 3 genetic groups (Fig 4).

n the control phase, the CL/F of voriconazole was
igher in the CYP2C19 wild-type group than in the
ombined CYP2C19*1/*2 and *2/*2 group (493 � 123
L/min versus 287 � 199 mL/min, P � .03). On D15

JW, the absolute increase in the CL/F of voriconazole
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ompared with control was also higher in the CYP2C19
ild-type group than in the combined CYP2C19*1/*2

nd *2/*2 group (675 � 232 mL/min versus 448 � 479
L/min, P � .02), but the relative increase in the CL/F

f voriconazole in relation to the control phase was not
ifferent between the CYP2C19 wild-type group and
he combined CYP2C19*1/*2 and *2/*2 group (148%

66.8% versus 150% � 67.3%, P � .67). Corre-
ponding results were obtained for the AUC0-� of vori-
onazole in the control phase (14.3 � 3.48 h · �g/mL
ersus 32.7 � 17.7 h · �g/mL, P � .03) and the relative
eduction in the AUC0-� on D15 SJW in relation to
ontrol (�57.1% � 11.5% versus �57.9% � 9.1%,
� .67) when the 2 genetic groups were compared.

ISCUSSION
The SJW preparation LI 160 has been used in most

linical studies investigating drug interactions with
JW. As a hyperforin-rich methanolic extract of
JW,16 LI 160 induces intestinal and hepatic
YP3A4 and intestinal P-glycoprotein.14 Conse-
uently, the plasma AUC of orally administered sub-
trates of CYP3A4 or P-glycoprotein is reduced by a
ean range of 20% to 60%.4,6,8,9,13,14 Because vori-

onazole is metabolized mainly by CYP2C19 and
YP3A4,25 an interaction with SJW was expected.
nowing the extent of this interaction is essential,
iven the high prevalence of SJW exposure in hos-
italized patients.30

In this study the reduction of the voriconazole
UC0-� by 59% after 15 days of LI 160 coadministra-

ion is similar to the AUC reduction of oral cyclospor-
ne18 and tacrolimus8 and about twice as high as the

able I. Pharmacokinetic parameters of single oral do
nd last day of coadministration of 300 mg St John’s w

Parameter Control D1

AUC0-10 (h · �g/mL) 12.7 � 4.16 15.5 �
AUC0-� (h · �g/mL) 23.5 � 15.6 25.2 �
Cmax (�g/mL) 2.56 � 0.56 3.13 �
tmax (h) 1.84 � 0.94 1.75 �
t½ (h) 8.18 � 4.73 6.37 �
Vz/F (L) 227 � 80.5 180 �
CL/F (mL/min) 390 � 192 371 �
CLrenal 0-24 (mL/min) 1.60 � 0.92 1.31 �

Data are presented as mean � SD.
D1 SJW, First day of St John’s wort administration; D15 SJW, last day of St
to 10 hours; AUC0-�, area under plasma concentration–time curve from hour

½, terminal plasma elimination half-life; Vz/F, apparent volume of distributio
to 24 hours.
*P values are given for the differences with respect to control.
†Values were calculated for 15 participants because of a urine collection er
UC reduction of digoxin4 after 2 weeks of daily (
reatment with 600 mg8,18 and 900 mg LI 160,4 respec-
ively. The t½ of digoxin remained unchanged after
JW treatment. Because digoxin is hardly metabolized
ut is a substrate of P-glycoprotein, the unchanged t½
eflects a predominant influence on the intestinal ab-
orption of digoxin limited by P-glycoprotein.4 In this
tudy the concomitant reduction of voriconazole’s Cmax

27%) and t½ (39%) after 15 days of SJW intake
uggests that both presystemic processes (intestinal ab-
orption or intestinal first-pass metabolism) and sys-
emic elimination of voriconazole are altered by pro-
onged intake of SJW. In previous studies on the
nteraction between SJW and the CYP3A4 substrate
idazolam, the increase in the CL/F of midazolam was
ore than 3 times higher after oral administration than

fter intravenous administration, indicating that induc-
ion of intestinal CYP3A4 mainly contributes to the
nteraction.7,31 Intestinal transport of voriconazole had
ot been described yet, but the related azole antifungal
ntraconazole was identified to be transported by
-glycoprotein.32 Thus induction of both absorption-

imiting drug transport proteins and intestinal metabo-
ism might contribute to the reduction in voriconazole
xposure after prolonged administration of SJW.

Rifampin (INN, rifampicin) is a well-known and
otent inducer of CYP-mediated drug metabolism and
-glycoprotein–mediated drug transport. Most drugs

nteracting with rifampin are also known to interact
ith SJW in a similar way.33 For drugs such as tacroli-
us,9 verapamil,12 imatinib,13 and digoxin,14 the extent

f reduction in exposure was higher after rifampin than
fter SJW administration. Coadministration of rifampin
ed to a 96% reduction in the AUC of voriconazole

00 mg voriconazole before (control) and on first day
I 160) 3 times daily for all participants (N � 16)

P value* D15 SJW P value*

.02 7.26 � 3.43 .0004

.12 9.63 � 6.03 .0004

.02 1.87 � 0.75 .001

.97 1.25 � 0.63 .01

.004 4.95 � 1.34 .0005

.03 377 � 199 .0004

.18 952 � 524 .0004

.04 2.20 � 1.31† .11†

rt administration; AUC0-10, area under plasma concentration–time curve from
ty; Cmax, peak plasma concentration; tmax, time to peak plasma concentration;
ral systemic clearance; CLrenal 0-24, renal clearance during time interval from

rticipant.
se of 4
ort (L

SJW

6.84
16.2
0.91
0.91
2.45
79.5
215
0.64

John’s wo
0 to infini

n; CL/F, o
German product labeling for voriconazole, Pfizer, Ger-
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any, August 2004), which is also higher than the 59%
eduction observed in our study. Apart from dose and
actors related to tissue distribution, an inhibitory effect
f SJW on CYP3A4 as observed in vitro21,22 was
uggested as a possible explanation for this differ-
nce.12

The effect of short-term coadministration of SJW on
he pharmacokinetics of digoxin, caffeine, tolbutamide,
extromethorphan, and midazolam was investigated in

previous studies, without detection of significant
hanges.4,31 In a further study a single dose of SJW led
o a 45% increase in the Cmax of fexofenadine, which is

substrate of P-glycoprotein.34 In our study a 22%
ncrease in the AUC0-10 of voriconazole occurred on
he first day of SJW administration. This increase was
eflected also in Cmax but not in AUC0-� or CL/F. These

Fig 3. Individual values for area under plasm
(AUC0-�) and oral systemic clearance (CL/F)
SJW, triangles) and last day (D15 SJW, diamo
for CYP2C19 wild type (solid symbols) and
symbols).

able II. Mean exposure of voriconazole after single
oadministration of 300 mg St John’s wort (LI 160) 3

Parameter Control

CYP2C19 wild type (n � 8)
AUC0-10 (h · �g/mL) 10.2 � 2.19 1
AUC0-� (h · �g/mL) 14.3 � 3.48 1

CYP2C19*1/*2 (n � 6)
AUC0-10 (h · �g/mL) 14.3 � 4.49 1
AUC0-� (h · �g/mL) 31.2 � 20.7 3

CYP2C19*2/*2 (n � 2)
AUC0-10 (h · �g/mL) 18.1 2
AUC0-� (h · �g/mL) 37.1 4

Data are presented as mean � SD.
*P values are given for the differences with respect to control.
esults suggest that the short-term effect of SJW is m
imited to the absorption phase of voriconazole. Several
echanisms for this effect can be discussed. First,

cceleration of the dissolution of voriconazole tablets
y constituents of SJW appears unlikely because the

max of voriconazole remains unchanged. Second, api-
al intestinal export pumps such as P-glycoprotein
ight be inhibited either by hyperforin34,35 or by the

harmaceutic aid Macrogol 6000, similar to
-glycoprotein inhibition by Cremophor RH40.36 This

nhibition might lead to enhanced absorption of vori-
onazole during the intestinal presence of the SJW
reparation. Third, enhanced absorption of voricon-
zole might be related to a short-term inhibition of the
ntestinal voriconazole metabolism. The 50% inhibitory
oncentration (IC50) values required for inhibition of
YP3A4 by hyperforin in vitro (2-4 �mol/L)21,22 are

entration–time curve from hour 0 to infinity
onazole before (circles) and on first day (D1
aily coadministration of SJW (LI 160) shown

es *1/*2 (hatched symbols) and *2/*2 (open

se of 400 mg before and on first day and last day of
aily differentiated for CYP2C19 genotypes

P value* D15 SJW P value*

85 .21 5.08 � 0.65 .01
12 .26 5.84 � 0.84 .01

87 .12 8.84 � 4.21 .03
.5 .60 12.5 � 7.61 .03

11.2
16.2
a conc
of voric
nds) of d
genotyp
oral do
times d

D1 SJW

1.6 � 2.
5.4 � 4.

7.7 � 7.
2.4 � 20

4.8
2.8
uch higher than the 50% effective concentration
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EC50) value for PXR activation (23 nmol/L).20 This
upports the hypothesis that relevant inhibition can only
e achieved locally in the gut whereas the lower sys-
emic concentrations are sufficient for PXR activation
nd subsequent induction of metabolism and transport.

The basis for the reduction in the voriconazole t½
fter short-term administration of SJW remains unclear.
irst, oral voriconazole pharmacokinetics does not ap-
ear to have flip-flop characteristics because t½ after
ral intake is rather shorter than after intravenous ad-
inistration.37 Thus an unmasking of the “real” oral t½

y SJW is unlikely. Second, a short-term increase in
ystemic voriconazole clearance by induction of me-
abolism is also unlikely because cell cultures were
xposed to hyperforin for 48 hours to yield significant
YP induction.19 Finally, an alteration of voriconazole
etabolism by the preceding administration of voricon-

zole on study day 1 appears unlikely because autoin-
uction of voriconazole metabolism was only found in
ats and dogs but was not observed in humans.38 Third,
he 20% reduction in the Vz/F of voriconazole on the
rst day of SJW administration observed in our study
ay be caused by an increase in oral bioavailability or

y a reduction in the distribution of voriconazole. How-
ver, the absolute bioavailability of voriconazole is
bout 90%,37,38 indicating that the observed change
annot be explained by a change in oral bioavailability
lone. Thus a short-term reduction of the systemic
oriconazole distribution by SJW, for example, by al-
eration of transport processes, may lead to the ob-
erved reduction in t½ on the first day of SJW admin-

Fig 4. Mean (�SD) values for CL/F of vorico
last day (D15 SJW) of daily coadministration o
bars, n � 8) and genotypes *1/*2 (hatched b
stration. b
Voriconazole is metabolized mainly by CYP2C19
nd CYP3A4.25 Therefore genetic polymorphisms of
YP2C19 are expected to influence the interaction with
JW. In the exploratory analysis of our study, the
attern of interaction was similar in the 3 genetic
roups (CYP2C19 wild type, CYP2C19*1/*2, and
YP2C19*2/*2) with a trend toward an increase in the
UC0-10 of voriconazole on the first day of SJW intake

nd an extensive reduction in the AUC0-� after pro-
onged SJW intake. Because genetic screening included
nly the alleles *2 and *3, which account for more than
5% of defective CYP2C19 alleles in white subjects,27

he occurrence of other defective alleles in the study
opulation and thus misclassification of individuals
annot be ruled out.

For statistical comparison, data from individuals
ith CYP2C19*1/*2 and *2/*2 genotype were pooled.

n line with a previous report,26 the presence of the
eficient CYP2C19*2 allele resulted in a higher base-
ine AUC0-� and lower CL/F of voriconazole compared
ith the CYP2C19 wild-type group in our study. In

ddition, the absolute increase in the CL/F after pro-
onged intake of SJW was smaller in the presence of the
YP2C19*2 allele compared with the wild-type group.
herefore the induction of voriconazole metabolism
ight not be limited to the induction of CYP3A4,
hich would be expected to result in equal absolute

ncreases in CL/F in the 2 genetic groups. In addition,
YP2C19 also appears to be induced, leading to a

maller increase in CL/F in the presence of the
YP2C19*2 allele (Fig 4). This hypothesis is supported

efore (control) and on first day (D1 SJW) and
LI 160) shown for CYP2C19 wild type (solid

6) and *2/*2 (open bars, n � 2).
nazole b
f SJW (
y recent data on the induction of CYP2C19-mediated
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etabolism of mephenytoin by SJW, where an increase
n CYP2C19 activity occurred in the extensive metabo-
izer group but not in the poor metabolizer group.28

XR was found to up-regulate the transcription of
YP2C1939; thus it is reasonable that SJW might in-
uce the metabolism of voriconazole, depending on
oth CYP3A4 and CYP2C19. Because the recom-
ended voriconazole dosage is independent of the
YP2C19 genotype (German product labeling for vori-
onazole, Pfizer, Germany, August 2004), combination
herapy with potent inducers such as SJW might result
n the lowest antifungal exposure in CYP2C19 wild-
ype patients because of the highest CL/F of voricon-
zole achieved in this group.

In conclusion, coadministration of the SJW prepara-
ion LI 160 results in a short-term small and clinically
rrelevant increase in voriconazole exposure, which is
ollowed by an extensive reduction after prolonged
dministration of SJW. This halving of voriconazole
xposure is probably of clinical relevance because
lasma concentrations of voriconazole might fall below
he levels needed for antifungal activity, although a
lear correlation between plasma concentrations and
fficacy of voriconazole was not yet been described.40

n contrast to SJW, voriconazole is mainly used in the
npatient setting, but the recent finding of a prevalence
f about 7% undeclared exposure to SJW in hospital-
zed patients30 underlines the importance of consider-
ng this interaction in the clinical setting.
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