
ORIGINAL CONTRIBUTION

Effect of St John’s Wort on Drug Metabolism
by Induction of Cytochrome P450 3A4 Enzyme
John S. Markowitz, PharmD
Jennifer L. Donovan, PhD
C. Lindsay DeVane, PharmD
Robin M. Taylor, BS
Ying Ruan, MD
Jun-Sheng Wang, MD, PhD
Kenneth D. Chavin, MD, PhD

ST JOHN’S WORT (HYPERICUM PER-
foratum) is an herbal product
widely used to treat depres-
sion.1 It is available without pre-

scription in the United States and is
taken mostly without medical recom-
mendation or supervision. Some trials
have supported St John’s wort use in the
treatment of mild to moderate depres-
sion.2-4 However, recent multicenter,
double-blind, placebo-controlled stud-
ies did not support its effectiveness for
moderate or severe depression.5,6

A series of case reports and formal
clinical studies indicate that St John’s
wort can participate in clinically sig-
nificant and perhaps dangerous drug in-
teractions. Documented St John’s wort
interactions include a diverse group of
drugs including the immunosuppres-
sants cyclosporine7 and tacrolimus,8

the protease inhibitor indinavir,9 the
nonnucleoside reverse transcriptase
inhibitor nevirapine,10 the tricyclic
antidepressant amitriptyline,11 the
3-hydroxy-3-methylglutaryl coen-
zyme A reductase inhibitor simvasta-
tin,12 the nonsedating antihistamine
fexofenadine,13 and digoxin.14 St John’s
wort may also induce the metabolism
of oral contraceptives containing ethi-
nyl estradiol and result in unplanned
pregnancy.15,16 These reports suggest an
inductive metabolic effect on the cyto-

chrome P450 (CYP) 3A4 enzyme
and/or the drug efflux transporter P-
glycoprotein.17 St John’s wort induces
CYP 3A4 and P-glycoprotein expres-
sion in vitro and in vivo.18-20

The present study, conducted March
2002 to February 2003, assessed the
effect of administration of a 14-day
course of St John’s wort on CYP 3A4 and
CYP 2D6 activity in healthy volun-
teers. Cytochrome P4503A4 and CYP
2D6 were chosen because together they
are involved in the metabolism of ap-
proximately 70% of prescription and

over-the-counter medications.21 Dex-
tromethorphan and alprazolam were
chosen as CYP 3A4 and CYP 2D6 probe
drugs, respectively, because they are pre-

Author Affiliations: Department of Pharmaceutical Sci-
ences (Dr Markowitz), Department of Psychiatry and
Behavioral Sciences (Drs Donovan, DeVane, Ruan, and
Wang and Ms Taylor), and Department of Surgery,
Division of Transplantation (Dr Chavin), Medical Uni-
versity of South Carolina, Charleston.
Corresponding Author and Reprints: John S. Marko-
witz, PharmD, Medical University of South Carolina,
Institute of Psychiatry, RM 246 North, Laboratory of
Drug Disposition and Pharmacogenetics, 67 Presi-
dent St, Charleston, SC 29425 (e-mail: markowij
@musc.edu).

Context St John’s wort is a popular herbal product used to treat depression but it
has been implicated in drug interactions.

Objective To assess the potential of St John’s wort administration to alter the ac-
tivity of the cytochrome P450 (CYP) enzymes extensively involved in drug metabo-
lism.

Design, Setting, and Participants Open-label crossover study with fixed treat-
ment order conducted March 2002 to February 2003 in a US general clinical research
center involving 12 healthy volunteers (6 men and 6 women) aged 22 to 38 years
before and after 14 days of administration of St John’s wort.

Intervention Participants were given probe drugs (30 mg of dextromethorphan and
2 mg of alprazolam) to establish baseline CYP 3A4 and CYP 2D6 activity. After a mini-
mum 7-day washout period, participants began taking one 300-mg tablet 3 times per
day. After 14 days of St John’s wort administration, participants were given the probe
drugs along with 1 St John’s wort tablet to establish postadministration CYP activity;
the St John’s wort dosing regimen was continued for 48 hours.

Main Outcome Measures Changes in plasma pharmacokinetics of alprazolam as
a probe for CYP 3A4 activity and the ratio of dextromethorphan to its metabolite, dex-
trorphan, in urine as a probe for CYP 2D6 activity.

Results A 2-fold decrease in the area under the curve for alprazolam plasma con-
centration vs time (P�.001) and a 2-fold increase in alprazolam clearance (P�.001)
were observed following St John’s wort administration. Alprazolam elimination half-
life was shortened from a mean (SD) of 12.4 (3.9) hours to 6.0 (2.4) hours (P�.001).
The mean (SD) urinary ratio of dextromethorphan to its metabolite was 0.006 (0.010)
at baseline and 0.014 (0.025) after St John’s wort administration (P=.26).

Conclusions A 14-day course of St John’s wort administration significantly induced
the activity of CYP 3A4 as measured by changes in alprazolam pharmacokinetics. This
suggests that long-term administration of St John’s wort may result in diminished clini-
cal effectiveness or increased dosage requirements for all CYP 3A4 substrates, which
represent at least 50% of all marketed medications.
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dominantly metabolized by these iso-
forms. Although overlap exists be-
tween CYP 3A4 and P-glycoprotein
substrates, P-glycoprotein is not likely
to play a significant role in the disposi-
tion of alprazolam.22 Both drugs are well
tolerated and have been successfully
used as probes for these enzymes in pre-
vious studies.23-29

METHODS
Participants

Twelve volunteers (6 men and 6 wom-
en) aged 22 to 38 years (mean [SD] age,
28.6 [5.5] years; mean [SD] weight,
72.9 [19.1] kg) provided written in-
formed consent approved by the Medi-
cal University of South Carolina Of-
fice of Research Integrity. All volunteers
were determined to be healthy by his-
tory, physical examination, and basic
laboratory monitoring as described else-
where.28 All were nonsmokers, were
taking no medications or supple-
ments, and were asked to abstain from
grapefruit juice, caffeine, and alcohol
use during the study period. All par-
ticipants were phenotyped with dex-
tromethorphan and determined to be
extensive metabolizers of CYP 2D6.30

St John’s Wort Product
The St John’s wort product used in this
study is the LI 160 formula marketed
as Kira in the United States (Lichtwer
Pharma, Eatontown, NJ). This for-
mula has been used in 2 recent multi-
center clinical trials assessing the effect
of St John’s wort in major depressive
disorder.5,6 According to the label, each
tablet contains 300 mg of a St John’s
wort extract standardized to 0.12% to
0.3% hypericin. This study used a single
lot that was analyzed for major con-
stituents; we used the recommended
dosage of 1 tablet 3 times per day (8 AM,
noon, and 8 PM).

Study Design
This was an open-label crossover study
with a fixed treatment order. The study
consisted of a baseline CYP activity as-
sessment, a 14-day St John’s wort ad-
ministration period, and a postadmin-
istration CYP activity assessment. The

fixed-order design was chosen to mini-
mize washout time and intra-indi-
vidual variability between study phases.
This design ensured that potential car-
ryover effects on CYP activity from prior
St John’s wort administration were not
observed during the baseline phase. The
study was approved by the universi-
ty’s institutional review board.

Baseline CYP Activity Assessment
Participants were admitted to the Medi-
cal University of South Carolina Gen-
eral Clinical Research Center (GCRC).
Following an overnight fast and uri-
nary void, each participant was given
30 mg of dextromethorphan (Robitus-
sin, Wyeth Consumer Healthcare,
Madison, NJ) along with 2 mg of ge-
neric alprazolam (Mylan, Morgan-
town, WVa) orally with water. Partici-
pants were fed a standard breakfast 30
to 45 minutes following drug admin-
istration. An 8-hour urine collection
commenced immediately after probe
drug administration. Blood samples (10
mL) were collected in heparinized tubes
immediately prior to the administra-
tion of alprazolam and again 0.5, 1, 1.5,
2, 3, 4, 6, 8, 12, 24, 36, 48, and 60 hours
afterward. Following medical clear-
ance, participants were discharged from
the GCRC and returned for the final
blood draws. Plasma was stored at
−70°C until analysis.

St John’s Wort Dosing Phase
Following a minimum 7-day washout
period, participants were provided a
supply of St John’s wort tablets in blis-
ter packaging with instructions to take
one 300-mg tablet 3 times per day for
14 days.

Posttreatment CYP Activity
Assessment
After 14 days of administration of St
John’s wort, participants were read-
mitted to the GCRC. Probe drug
administration, specimen collection,
and meals were identical to those of
the baseline assessment except that 1
St John’s wort tablet was administered
concomitantly with the probe drugs
and the normal St John’s wort dosing

regimen was continued until the
48-hour time point. One week later
participants returned for a follow-up
exit visit and basic laboratory moni-
toring.

Laboratory and Statistical Analyses
High-performance liquid chromato-
graphic analysis of St John’s wort tab-
lets for hypericin, pseudohypericin, and
hyperforin was performed on 5 tablets
from the lot used in this study. Hyperi-
cin and pseudohypericin were sepa-
rated isocratically (volume ratio: 22%
methanol, 38% tetrahydrofuran, 40%
aqueous H3PO4 [0.1% solution at pH
4.0]; flow rate: 0.75 mL/min) using a
Luna C8 250�4.6 mm, 5-µm high-
performance liquid chromatograph col-
umn (Phenomonex, Torrance, Calif)
with fluorescence detection (315 nm;
590 nm). Hyperforin was separated iso-
cratically (volume ratio: 5% water, 15%
methanol, 80% acetonitrile; flow rate:
1.0 mL/min) using a Phenomonex Luna
C18 250�4.6 mm, 5-µm column with
detection at 315 nm. Hyperforin and
hypericin were identified by compari-
son of retention time with the analytic
standards (Sigma, St Louis, Mo). Pseu-
dohypericin was tentatively identified
and quantitated in hypericin equiva-
lents. Dextromethorphan, its CYP 2D6–
dependent metabolite dextrorphan, and
alprazolam were determined using pre-
viously described high-performance liq-
uid chromatographic methods.31,32

Noncompartmental, nonlinear, least
square regression analysis of alpra-
zolam plasma concentrations was per-
formed using WinNonLin (Pharsight
Corp, Cary, NC).28 An assumption test
indicated that the data were normally
distributed and appropriate for this
analysis. Pharmacokinetic parameters
for alprazolam and dextromethor-
phan to dextrorphan metabolic ratios
(DMRs) were evaluated for statisti-
cally significant differences between
baseline and postadministration val-
ues by the paired, 2-tailed t test. This
study had 80% power to detect a 20%
difference in the area under the curve
(AUC) of alprazolam and a 120% dif-
ference in the DMR values with P�.05.
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RESULTS
All 12 participants completed the study.
As expected, all participants experi-
enced sedation following alprazolam
administration. No participant re-
ported an unanticipated or serious ad-
verse event associated with St John’s
wort administration or other aspects of
the study.

The St John’s wort product used in
this study contained a mean (SD) of
1398 µg (105 µg) of hyperforin as well
as 151 µg (19 µg) of hypericin and 279
µg (24 µg) of pseudohypericin in each
tablet.

All participants metabolized dextro-
methorphan extensively to its metabo-
lite, dextrorphan, at baseline and after
14 days of St John’s wort administra-

tion. The DMR value was increased
from the baseline value for 6 partici-
pants and was decreased for the other
6 participants. The mean (SD) urinary
ratio of dextromethorphan to its me-
tabolite was 0.006 (0.010) at baseline
and 0.014 (0.025) after St John’s wort
administration (P=.26).

Pharmacokinetic measurements ob-
tained at baseline and following St
John’s wort administration are summa-
rized in the TABLE. A 2-fold decrease
in the AUC for alprazolam plasma con-
centration vs time (P�.001) and a
2-fold increase in alprazolam clear-
ance (P�.001) were observed follow-
ing St John’s wort administration. The
mean (SD) alprazolam elimination half-
life was shortened from 12.4 (3.9) to

6.0 (2.4) hours (P�.001). The AUCs
for plasma alprazolam concentration vs
time at baseline and after St John’s wort
administration are shown in the FIGURE.
After 36 hours, only 7 of 12 partici-
pants had measurable alprazolam con-
centrations after St John’s wort admin-
istration vs all 12 participants at
baseline. At 48 hours, no participant
had measurable alprazolam concentra-
tions after St John’s wort administra-
tion compared with 11 of 12 partici-
pants during the baseline phase.
Significant decreases in the alpra-
zolam elimination half-life and AUC
and increases in clearance were ob-
served when data were separated by sex
and analyzed separately for men and
women. No significant differences be-
tween baseline and post–St John’s wort
periods were noted in the maximum
concentration of alprazolam in plasma
or the time to reach it.

COMMENT
In this study, we observed a 2-fold in-
crease in alprazolam clearance after ad-
ministration of St John’s wort for 14 days.
The increase in alprazolam clearance ap-
pears to be due to CYP 3A4 induction.
Cytochrome P450 3A4 is involved in the
metabolism of approximately 50% of all
currently used medications.17,33,34 These
findings indicate that long-term admin-
istration of St John’s wort may result in
diminished clinical efficacy or in-
creased dosage requirements for a large
and diverse group of medications me-
tabolized by CYP 3A4.

Figure. Area Under the Curve for Plasma Alprazolam Concentration vs Time at Baseline and
After St John’s Wort Administration (n = 12)
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Profiles are shown representing mean (SD) alprazolam concentrations in plasma following administration of
alprazolam, 2 mg, before and after administration of St John’s wort, one 300-mg tablet 3 times per day for 14
days. No participant had detectable concentrations of alprazolam at the 48-hour time point after administra-
tion of St John’s wort.

Table. Pharmacokinetic Parameters for Alprazolam at Baseline and After Administration of St John’s Wort*

Parameters

All Men Women

Baseline
After St John’s

Wort
P

Value Baseline
After St John’s

Wort
P

Value Baseline
After St John’s

Wort
P

Value

AUC0-inf,
ng/mL � h†

565 (121) [488-642] 262 (71) [216-307] �.001 583 (137) [439-726] 264 (89) [171-358] �.001 547 (112) [430-665] 259 (56) [200-317] �.001

AUC,
ng/mL � h‡

522 (103) [416-629] 254 (67) [198-311] �.001 522 (114) [401-642] 254 (84) [165-342] �.001 523 (101) [416-629] 254 (53) [198-311] �.001

Oral clearance,
L/h

3.7 (0.9) [3.2-4.3] 8.4 (3.2) [6.3-10.5] �.001 3.6 (0.9) [2.7-4.5] 8.7 (4.4) [4.1-13.4] .02 3.8 (0.9) [2.8-4.8] 8.1 (1.9) [6.1-10.1] .001

Half-life, h 12.4 (3.9) [9.9-15.0] 6.0 (2.4) [4.5-7.6] �.001 14.6 (4.2) [10.0-18.9] 6.8 (3.2) [3.4-10.2] .008 10.4 (2.6) [7.7-13.1] 5.2 (1.0) [4.2-6.1] .002

Cmax, ng/mL 34 (9) [28-39] 31 (7) [27-35] .39 33 (13) [20-47] 27 (5) [21-35) .21 34 (5) [29-39] 36 (4) [31-40] .34

Tmax, h 1.1 (0.5) [0.8-1.5] 1.3 (0.6) [0.9-1.6] .62 0.8 (0.4) [0.4-1.3] 1.4 (0.8) [0.6-2.3] .16 1.4 (0.5) [0.9-1.9] 1.1 (0.4) [0.7-1.5] .24

Abbreviations: AUC, area under the curve; Cmax, maximum concentration of alprazolam in plasma; Tmax, time to reach maximum concentration of alprazolam in plasma.
*Data are expressed as mean (SD) [95% confidence interval].
†The AUC0-inf is for alprazolam plasma concentration vs time from time 0 to infinity.
‡The AUC is for alprazolam plasma concentration vs time from time 0 to the last measurable time point as determined by the trapezoidal rule.

ST JOHN’S WORT AND DRUG METABOLISM

1502 JAMA, September 17, 2003—Vol 290, No. 11 (Reprinted) ©2003 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



The degree of CYP 3A4 induction
produced by St John’s wort exposure
can be compared with previous stud-
ies using the potent CYP 3A4 induc-
ers rifampin and carbamazepine. Car-
bamazepine decreased the elimination
half-life of alprazolam from 17.1 hours
to 7.7 hours,35 whereas rifampin re-
duced it from 14.1 hours to 2.6 hours.26

In the present study, St John’s wort re-
duced the elimination half-life of al-
prazolam from 12.4 hours to 6.0 hours
(P�.001). The reductions in alpra-
zolam elimination half-life by St John’s
wort could be entirely due to CYP 3A4
induction in the liver, although CYP
3A4 is expressed in many tissues, in-
cluding the small intestine. The oral
bioavailability of alprazolam is be-
tween 80% and 100%, so significant en-
teric metabolism at baseline is un-
likely.36 The present study design did
not make possible the determination of
whether the changes in alprazolam dis-
position were due to increased he-
patic or enteric metabolism or both.

Earlier in vitro studies indicated
inhibition of CYP 3A4 by St John’s
wort.13,37 Our previous study, de-
signed to measure only inhibition of
CYP 3A4, demonstrated that a 3-day
dosing period with St John’s wort pro-
duced no significant effect on CYP 3A4
activity, although a trend toward CYP
3A4 induction was observed.38 While
single doses and short-term dosing of
St John’s wort appear to have little effect
on CYP 3A4 activity, this study and oth-
ers indicate significant CYP 3A4 induc-
tion after dosing with St John’s wort for
periods of 10 or more days.7-12,38,39 The
time course of CYP 3A4 induction by
St John’s wort as well as any dose-
response effects should be considered
in future studies.

Repeated dosing of St John’s wort did
not significantly alter CYP 2D6 activ-
ity, as indicated by the DMR. Although
a mean 2-fold increase in the DMR was
observed following St John’s wort
administration (P=.26), half of the par-
ticipants showedan increase in theDMR
while the other half showed a decrease.
The magnitude of the observed changes
reflects normal variability in dextro-

methorphan metabolism.40 Quinidine
is a potent CYP 2D6 inhibitor that
increases the DMR by more than 100-
fold.40 Less potent but clinically rel-
evant CYP 2D6 inhibitors such as par-
oxetine, sertraline, and fluoxetine
increase the DMR by 8- to 55-fold.41

Although this study was not designed
to detect very modest changes in CYP
2D6 activity, we conclude that long-
term St John’s wort administration
does not have effects on CYP 2D6 activ-
ity that are likely to be of clinical sig-
nificance.

St John’s wort, like most herbal prod-
ucts, contains a large array of biologi-
cally active compounds.42 Major con-
stituents include the phloroglucinol
derivative hyperforin, which induces
CYP 3A4 in vitro,18 and the naphtho-
dianthrones pseudohypericin and hy-
pericin.43,44 It was beyond the scope of
this study to measure the presence of
major St John’s wort constituents in
plasma, but limited pharmacokinetic
data are available from other stud-
ies.45,46 The major constituents of the
St John’s wort product used in this study
were documented. This is essential
when performing clinical studies with
herbal products because substantial
variability and deviation from labeled
claims have been reported for herbal
products, including St John’s wort.44,47

In conclusion, repeated dosing with
St John’s wort does not appear to have
significant effects on CYP 2D6 activity
but results in substantial induction of
CYP 3A4 activity. These results indi-
cate that long-term administration of St
John’s wort may result in diminished
clinical effectiveness or increased dos-
age requirements for all CYP 3A4 sub-
strates, which represent at least half of
marketed medications. These findings
underscore the potential problems as-
sociated with the widespread practice
of using herbal products concomi-
tantly with conventional medications.
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The greatest thing in the world for a man to know is
how to be himself.

—Michel Eyquem de Montaigne (1533-1592)
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