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Abstract:

 

The aim of this study was to evaluate the 

 

in vitro

 

 inductive potential of six commonly used trade herbal products
on CYP1A2, CYP2D6 and CYP3A4 metabolic activities. Herbal components were extracted from the trade products in
a way that ensured a composition equal to that present in the original product. Primary human hepatocytes and specific
CYP substrates were used. Classic inducers were used as positive controls and herbal extracts were added in 

 

in vivo

 

-relevant
concentrations. Metabolites were determined by high performance liquid chromatography (HPLC). St. John’s wort and
common valerian were the strongest inducing herbs. In addition to induction of  CYP3A4 by St. John’s wort, common
valerian and 

 

Ginkgo biloba

 

 increased the activity of CYP3A4 and 2D6 and CYP1A2 and 2D6, respectively. A general
inhibitory potential was observed for horse chestnut, 

 

Echinacea purpurea

 

 and common sage. St. John’s wort inhibited
CYP3A4 metabolism at the highest applied concentration. Horse chestnut might be a herb with high inhibition potentials

 

in vivo

 

 and should be explored further at lower concentrations. We show for the first time that 

 

G. biloba

 

 may exert opposite
and biphasic effects on CYP1A2 and CYP2D6 metabolism. Induction of CYP1A2 and inhibition of CYP2D6 were found
at low concentrations; the opposite was observed at high concentrations. CYP2D6 activity, regarded generally as non-
inducible, was increased by exposure to common valerian (linear to dose) and 

 

G. bilob

 

a (highest concentration). An
allosteric activation is suggested. From the data obtained, 

 

G. biloba

 

, common valerian and St. John’s wort are suggested as

 

candidates for clinically significant CYP interactions 

 

in vivo

 

.

 

The use of herbs as alternative and/or complementary therapy
in the Western world is on the rise and gaining increasing
popularity. As people often take different herbs in com-
bination with prescribed Western medication [1], there is a
potential for both pharmacokinetic and pharmacodynamic
herb–drug interactions. In addition to doctor’s recommenda-
tions [2], patients are also self-medicating with several different
herbs and herbal preparations, thinking it is safe [3,4], and
often without informing their primary physician.

It is important that possible interactions are discovered
in order to avoid clinical implications, as shown for example
between oral contraceptives and St. John’s wort [5], cyclosporine
and St. John’s wort [6], and between 

 

Ginkgo

 

 and warfarin [7].
These are just a few of many [8], and we need to identify such
harmful combinations in order to avoid serious and negative
effects of concurrent use.

Cytochrome P450 (CYP) is a superfamily of enzymes,
predominantly expressed in the liver, but also in the respira-
tory tract, lungs, brain and the small intestine [9,10]. CYP
isoenzymes are the most important phase 1 enzyme system
in the metabolism of xenobiotics, including Western medi-
cines, endogenous compounds and herbal components as
effective substrates [11]. Herb–drug interactions can appear
when herbs and chemical drugs are co-administered and

the herbal preparation (one or more components) modulates
the metabolism of the chemical drug by induction or inhibi-
tion of specific CYP enzymes. Also the metabolism of herbal
components can be changed. In light of  the increasing
consumption of  different herbal medicines in the Western
world, where many people also take conventional drugs, the
potential for herb–drug interactions also rises.

Functionally, CYP1A2, CYP2D6 and CYP3A4 are the major
human CYP enzymes metabolizing a large majority of
currently known drugs. Most scientific reports have so far
presented inhibition data on these CYP enzymes, and their
activity can all be inhibited, to a different extent, by many
different herbs. Data on CYP induction by 

 

in vitro

 

 methodology
are more rare. However, it has been shown that St. John’s
wort has an inhibiting effect on all three CYPs 

 

in vitro

 

 [12],
but this herb is also a potent inducer of  CYP3A4, both

 

in vitro

 

 and 

 

in vivo

 

, when taken over a period of time [13,14].
The traditional Chinese medicine ‘Wu-chu-yu-tang’, con-
taining the herb 

 

Evodia ruteacarpa

 

, has been shown to
induce CYP1A2 in mice [15] and rats [16], and other inves-
tigations of dietary supplements have revealed both inhibi-
tion and induction of CYP1A2 and other CYPs [17,18].
Gurley et al. have reported a modest increase in CYP2D6
activity in humans after an intake of St. John’s wort for 28
days [19], but argue that this can be attributed by other
factors. On the contrary, one report found no effect at all
in man of St. John’s wort on either CYP3A4 or CYP2D6
[20]. Different herbs have been reported to inhibit CYP2D6;
for example, goldenseal in humans [21], isolated compounds
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from 

 

Gingko biloba

 

 [22] and 

 

Serenoa repens in vitro

 

 [23], to
name but a few.

This study focuses on St. John’s wort (

 

Hypericum perforatum

 

),
common sage (

 

Salvia officinalis

 

), common valerian (

 

Valeriana
officinalis

 

), horse chestnut (

 

Aesculus hippocastanum

 

), 

 

Echi-
nacea purpurea

 

 and 

 

Gingko biloba

 

. They are all high-selling
herbal medicines worldwide and are also ingredients in ‘one-
herb’ products classified as herbal medicinal products by the
Norwegian Medicines Agency [24]. The advantage of inves-
tigating crude herbal extracts, as in this study, is that you
will pick up inter-constituent interactions for different herbal
constituents, as shown for instance for ginseng, where the
compounds ginsenoide Rc and Rf  increase the activity of
c-DNA expressed CYP2C9 and CYP3A4, respectively, while
ginsenoide Rd inhibits the same CYP enzymes [25].

To evaluate the magnitude of CYP induction by these herbs,
primary human hepatocytes were used. This is considered
by many a reliable and relevant 

 

in vitro

 

 system for evaluat-
ing interactions involving P450 enzymes [26–28]. The main
purpose of this study is to identify the existence of possible
invidious interaction effects of six frequently used herbal
products on central CYP enzymes and to evaluate possible
clinical significances of this in order to ensure and facilitate
patient safety when these herbs are co-administered with
Western medicines. Horse chestnut is not earlier investigated
for its CYP interaction potential and common valerian is
not earlier investigated for 

 

in vitro

 

 CYP induction.

 

Materials and Methods

 

Chemicals and reagents.

 

Phenacetin (Sigma A-2500), testosterone
(Sigma T-1500), rifampicin (Sigma R-5777), omeprazole (Sigma
O-104), dextromethorphan (Sigma D-9684), collagenase (Sigma
C-0130), hyaluronidase (Sigma H-3506), gentamicin (Sigma G-3632),
amikacin (Sigma A-2324), albumin (Sigma A-8022), HEPES (Sigma
H-3375), penicillin-streptomycin (Sigma P-0781), collagen (Sigma
C-7661), 

 

β

 

-NADPH (Sigma N-1630), Dulbecco’s modified eagle’s
medium (Sigma D-2902), and insulin (Sigma I-6634) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Acetaminophen
(product of  phenacetin demethylation), dextrorphan (product of
dextromethorphan O-demethylation) and 6

 

β

 

-hydroxy-testosterone
(product of testosterone hydroxylation) were provided by Daiichi
Pure Chemicals (Tokyo, Japan).

St. John’s wort (Hypericum Stada

 

®

 

, Stada Arzneimittel AG, batch
no. 4523), 

 

Ginkgo biloba

 

 (Seredrin

 

®

 

, Bioplanta Arzneimittel GmbH,
batch no. 3090103), common sage (Nosweat

 

®

 

, Biokraft Pharma
AB, batch no. JH561), common valerian (Valerina

 

®

 

 Forte, Pharbio

Medical Int. AB, batch no. 010411), horse chestnut (Venastat

 

®

 

,
Boehringer Ingelheim International GmbH, batch no. 40230906)
and 

 

Echinacea

 

 (Echinagard

 

®

 

, Madaus AG, batch no. F0241165)
were purchased at a local pharmacy.

 

Preparation of herbal extracts.

 

The dry commercial herbal products
(pills or capsules) were ground using a mortar, if needed, and dissolved
in solvent for extraction (table 1). To make herbal solutions, the
same extraction solvent was applied as that used by the producer
when they extracted the actual herbal constituents from specific
plants or roots. All solutions were incubated for 60 min. at 30

 

°

 

C with
constant stirring. After decanting off  the solvent, containing
dissolved herbal constituents, additional volumes of solvent was
added to the residue, followed by a new 60 min. of incubation. The
two fractions containing extracted herbal constituents were pooled
evaporated to dryness at 40

 

°

 

C and weighed (weight, dried EtOH
extract; table 1). The residue was then dissolved in a small amount
of the appropriate solvent to make herbal stock solutions of known
concentrations (table 1). To make the stock solution of 

 

E. purpurea

 

,
3 ml of the original herbal product was evaporated until dry, weighed
and dissolved in a small amount of 20% ethanol. All stock solutions
were kept at 4

 

°

 

C, avoiding light. Shelf  life was set to 2 weeks.

 

Herbal concentrations.

 

The herbal concentrations used in our 

 

in vitro

 

metabolic system are expected to cover the range of  herbal con-
centrations occurring 

 

in vivo

 

. Our estimates are based on the total
recommended daily intake of  the different herbs (St. John’s wort
1 capsule, 425 mg; common valerian, 5 capsules, 1000 mg; horse
chestnut, 2 capsules, 540 mg; common sage, 1 capsule, 450 mg; 

 

G. biloba

 

,
2 pills, 120 mg; 

 

E. purpurea

 

, 60 drops, 265 mg) dissolved in 53 l,
5.3 l and 0.53 l, respectively. These are roughly representing, first, the
concentration in the extra cellular fluid (and plasma), and, second
and third, an extreme concentration range anticipated to appear in
the small intestine. We are anticipating a 100% bioavailability,
minor protein binding and minor accumulation. Final ethanol
concentrations in all incubations were <1%, which did not interfere
with the experiment (data not shown).

 

Hepatocyte isolation and induction.

 

Human primary hepatocytes were
prepared from donation following the Shanghai Donation Regula-
tion (China) and informed consent (2001). The donor was a 32-year-
old Mongolian man (Research Institute for Liver Diseases donor
number GFHQ). Trauma was the cause of death. All serology data
[human immunodeficiency virus, hepatitis B virus, hepatitis C virus
and rapid plasma reagin (RPR)] were normal, and the donor was
homozygous for the CYP2D6 wild type *1/*1. No data were available
on smoking habits.

Human hepatocytes were prepared by a collagenase perfusion
technique previously described by others [29]. Viability of prepared
human primary hepatocytes was determined by the trypan blue
exclusion method and hepatocytes were accepted for experimental
use if viability was more than 70%. Primary human hepatocytes were
plated on Falcon 24-well culture plates (0.5 ml, 0.35

 

×

 

10

 

6

 

 cells/well)
coated with collagen in Dulbecco’s modified eagle’s medium,

Table 1.

Weights before and after herbal solvent extraction, solvents used and concentrations of herbal stock solutions.

Herb
Weight, one pill 
or capsule (mg)

Weight, dried 
EtOH extract (mg)

EtOH for extraction 
and stock (%)

Volume for 
extraction (ml)

Concentration, stock
solutions (mg/ml)

Common valerian 506 318 60 25+8 75.7
St. John’s wort 534 472 60 25+8 47.8
Horse chestnut 386 300 50 20+6 125
Echinacea purpurea 31 95.3 20 – 146.6
Ginkgo biloba 264 210 50 15+5 56.8
Common sage 296 154 0 20+6 55
1ml liquid.
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supplemented with insulin, albumin, 

 



 

-fructose, gentamicin, amikacin
and penicillin-streptomycin, and foetal calf  serum. At 2–4 hr, the
sample wells were inspected to ensure cell attachment. After 12 hr,
a monolayer of cells was formed and unattached cells were removed
by gentle agitation and the medium was replaced with a serum free
medium (incubation medium) containing all the supplements
previously mentioned. The incubation medium was changed every
24 hr. Culture plates with cells were maintained at 37

 

°

 

C in an
atmosphere of 5% CO

 

2

 

 and 95% air.
At 48, 72 and 96 hr, the cells were exposed to 0.5 ml incubation

medium containing selective inducers (CYP1A2: omeprazole 50 

 

µ

 

M,
17.3 

 

µ

 

g/ml; CYP2D6 and CYP3A4: rifampicin 50 

 

µ

 

M, 41.2 

 

µ

 

g/ml), or
herbal preparations with concentrations equal of that given in table 2.

 

Cytochrome P450 metabolism.

 

At 24, 48, 72 and 96 hr, medium was
aspired and non-induced cells were exposed to incubation medium
containing probe substrates of CYP1A2 (phenacetin 100 

 

µ

 

M, 17.9

 

µ

 

g/ml), CYP2D6 (dextromethorphan 100 

 

µ

 

M, 37.0 

 

µ

 

g/ml) or CYP3A4
(testosterone 100 

 

µ

 

M, 28.8 

 

µ

 

g/ml) for 1 hr at 37

 

°

 

C to establish basal
levels of CYP activities. Incubations were stopped by adding 0.5 ml ice-
cold methanol. Samples were transferred to centrifuge tubes, centrifuged
at 1400 g for 5 min. and 500 

 

µ

 

l of the supernatants were transferred
to high performance liquid chromatography (HPLC) vials.

At 120 hr, incubation medium containing probe substrates were
added to the cells exposed to inducers or herbal preparations, and
incubated as described above.

 

HPLC measurement.

 

The activity of CYP1A2 was determined by
analysing the production of acetaminophen (phenacetin demethyla-
tion) by a validated HPLC method under the following conditions:
column – Luna 5 

 

µ

 

 phenyl-hexyl (150 

 

× 

 

4.60 mm, Phenomenex);
mobile phase: solvent A – 10% CH

 

3

 

CN, 15% CH

 

3

 

OH, 75% H

 

2

 

O; sol-
vent B – 10% CH

 

3

 

CN, 60% CH

 

3

 

OH, 30% H

 

2

 

O; flow rate – 1 ml/min.;
gradient programme – initially 100% solvent A, ramp to 25% solvent
B (and 75% solvent A) at 7.5 min. and back to 100% solvent A at 17.6
min. Total run time 23 min. Injection volume was 50 

 

µ

 

l. Ultraviolet
detection at 245 nm. Limit of quantification was 0.195 

 

µ

 

M.

The activity of CYP2D6 was determined by analysing the pro-
duction of dextrorphan (dextromethorphan O-demethylation) by a
validated HPLC method under the following conditions: column –
Nucleosil 5 

 

µ

 

 micron C18 100A (250 

 

×

 

 4.60 mm Phenomenex);
mobile phase: solvent A – 35.3% CH

 

3

 

CN, 1.2% CH

 

3

 

COOH, 63.4%
H

 

2

 

O, 0.1% C

 

2

 

HF

 

3

 

O

 

2

 

; flow rate – 1 ml/min. Isocratic 100% solvent
A, total run time 35 min. Injection volume was 50 

 

µ

 

l. Fluorescence
detection at 270 nm excitation and 310 nm emission. Limit of
quantification was 0.081 

 

µ

 

M.
The activity of CYP3A4 was determined by analysing the produc-

tion of 6

 

β

 

-hydroxy-testosterone (6

 

β

 

-hydroxylation of testosterone)
by a validated HPLC method under the following conditions:
column – Luna 5 

 

µ

 

 phenyl-hexyl (150 

 

×

 

 4.60 mm, Phenomenex);
mobile phase: solvent A – 10% CH

 

3

 

CN, 15% CH

 

3

 

OH, 75% H

 

2

 

O;
solvent B – 10% CH

 

3

 

CN, 60% CH

 

3

 

OH, 30% H

 

2

 

O; flow rate – 1 ml/
min.; gradient programme – initially 100% solvent A, ramp to 35%
solvent B (and 65% solvent A) over 10 min., ramp to 90% solvent B
over the next 13 min., 100% solvent B for 4 min. and back to 100%
solvent A at 27 min. Total run time 31 min. Injection volume was
50 

 

µ

 

l. Ultraviolet detection at 247 nm. Limit of quantification was
0.065 

 

µ

 

M.

 

Calculation of CYP activity.

 

To calculate the level of CYP activi-
ties, the peak areas of metabolite formations were compared with
standard curves of pure compounds (CYP1A2: acetaminophen –
range 0.195 

 

µ

 

M

 

−

 

25 

 

µ

 

M, 

 

r

 

2

 

 = 0.99; CYP2D6: dextrorphan – range
0.041 

 

µ

 

M

 

−

 

5.18 

 

µ

 

M, 

 

r

 

2

 

 = 0.99; CYP3A4: 6

 

β

 

-hydroxytestosterone –
range 0.065 

 

µ

 

M

 

−

 

4.125 

 

µ

 

M, 

 

r

 

2

 

 = 0.99) with known concentrations.
The concentration of metabolite formation was calculated using
regression lines from the standard curve, and the enzyme activity
was then calculated and normalized on the basis of million cells
(0.35) in and time (60 min.) of the incubations. Enzyme activity:
picomole metabolite formed/10

 

6

 

 cells/min.

 

Statistics.

 

Data are presented as means 

 

± 

 

S.D. of four replicates. A
two-sample t-test was used to test the effect of herbal preparations
or inducers on enzyme activity, and analysis of  variance was used

Table 2.

Effects1 of selected herbs and inducers on CYP activities in human hepatocytes.

Herbs/inducers Concentration2 (µg/ml)

Percentage of control

CYP1A23† CYP2D63‡ CYP3A43§

Common valerian 18.75 57.1 ± 35.3 123.6 ± 4.4 131.5 ± 28.3
187.5 123.1 ± 1.9 133.6 ± 3.8* 174.3 ± 5.8*

1875 95.7 ± 6.1 141.4 ± 3.2* 210.5 ± 5.0*
St. John’s wort 8 96.9 ± 10 107.1 ± 1.9 660.1 ± 1.7*

80 120.4 ± 2.2* 117.1 ± 6.3 1075.8 ± 7.0*
800 3.9 ± 22.7* BLQ 61.8 ± 83.1

Echinacea purpurea 4.735 BLQ 29.7 ± 7.8* 56.24

47.35 BLQ 24.4 ± 13.0* 36.04

473.5 BLQ BLQ BLQ
Common sage 8.15 82.0 ± 4.4* 78.9 ± 13.7 33.3 ± 39.6*

81.5 68.9 ± 2.2* 83.1 ± 3.1* 50.9 ± 22.4*
815 31.7 ± 5.0* 67.7 ± 7.9* 42.5 ± 14.6*

Ginkgo biloba 2.19 139.1 ± 8.8* 55.0 ± 14.9* 73.8 ± 7.3*
21.9 57.4 ± 20.7* 85.7 ± 10.8 65.0 ± 3.9*
219 21.6 ± 30.6* 143.4 ± 6.0* 40.6 ± 22.1

Rifampicin (50 µM) 41.2 – 134.5 ± 4.3* 2163.8 ± 4.0*
Omeprazole (50 µM) 17.3 296.1 ± 7.6* – –
1Results are given as mean ± S.D. for n = 4, *P ≤ 0.05; BLQ, metabolite below limit of quantification.
2Concentration of total herb constituents or inducer in the incubation medium. The composition of constituents is equal to that found in the
original product from the manufacturer.
3Substrates: †phenacetin, ‡dextromethorphan and §testosterone (all 100 µM).
4Single measurements.
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to compare the effects on each CYP by each herbal concentration.
Statistical analysis was performed on SPSS (SPSS for Windows,
Release 13.0. 2004, SPSS Inc., Chicago, IL, USA). A P-value <0.05
was considered to be statistically significant.

Results

To verify the inductive properties of the human hepatocyte
system, the cells were incubated with known CYP inducers
(positive inductive control). Omeprazole was used for CYP1A2
and rifampicin for CYP3A4 and CYP2D6. The results are
given in table 2 as percentage of  controls. High inductive
potentials were observed for both inducers, with a close
to 3 times increase in CYP1A2 activity, a close to 1.5 times
increase in CYP2D6 activity, and a 20 times increase
in CYP3A4 activity. However, special attention should be
paid to the induction of CYP2D6. The basic activities for
CYP1A2, CYP2D6 and CYP3A4 were 83.20 ± 4.2, 11.74 ± 0.7,
and 11.84 ± 1.3 pmol/106 cells/min., respectively.

The CYP inductive properties of the six selected herbal
products were investigated at three different concentrations,
as shown in table 2. All concentrations are estimated to be
relevant for in vivo extrapolated biological concentrations.
The effects of the positive inductive controls (data not shown)
were not significantly different from those presented in table 2.

Effects of the selected herbs on CYP activities in the human
hepatocytes are shown in detail in table 2. The main statisti-
cally significant inductive properties were found for the
following herbs: common valerian (CYP2D6 and CYP3A4),
St. John’s wort (CYP3A4) and G. biloba (CYP1A2 and 2D6).
The herbal preparations E. purpurea, common sage and horse
chestnut (data not shown) showed inhibitory properties
towards the CYPs investigated. The metabolite formation
in incubations containing horse chestnut (at 9.85, 98.5 and
985 µg/ml) was below limit of quantification for all enzymes.

Figure 1 demonstrates a statistically significant log–log
linear relationship (y = 2.3 – 0.4x, r2 = 0.99, P < 0.05) between
a log increase in CYP1A2 activity and log decrease in G.
biloba concentrations. It should be noted that the two

higher concentrations of G. biloba reduced CYP1A2 activity
(P < 0.05), whereas the lower concentration increased the activ-
ity (P < 0.05) relative to control.

Figure 2 demonstrates a close to linear log dose–response
relationship (y = 0.4x + 0.35, r2 = 0.97, P = 0.1) between the
log increase in concentration of G. biloba and increase in
CYP2D6 activity. It should be noted that G. biloba increased
CYP2D6 activity at the highest test concentration (P < 0.05)
and decreased the activity at the lowest concentration
(P < 0.05), relative to control.

Figure 3 demonstrates a statistically significant linear log
dose–response relationship (y = 0.09x + 1.13, r2 = 0.99, P < 0.05)
between an increase in CYP2D6 activity and increase in
common valerian concentrations. All concentrations of
common valerian increased CYP2D6 activity (P < 0.05) in a
dose-dependent matter relative to control.

Figure 4 demonstrates a statistically significant linear log
dose–response relationship (y = 0.4x + 0.82, r2 = 0.99, P < 0.05)
between an increase in CYP3A4 activity and log increase in
common valerian concentrations. No significant increase was

Fig. 1. CYP1A2 (phenacetin O-dealkylase) activity: hepatocytes incubated
without (control) and with Ginkgo biloba (three concentrations) and
with omeprazole as positive inductive control (PIC, 50 µM, 17.3
µg/ml), n = 4. *Different from control (P < 0.05); †different from PIC
(P < 0.05).

Fig. 2. CYP2D6 (dextromethorphan O-demethylation) activity: hepa-
tocytes incubated without (control) and with Ginkgo biloba (three
concentrations) and with rifampicin as positive inductive control (PIC,
50 µM, 41.2 µg/ml), n = 4. *Different from control (P < 0.05); †different
from PIC (P < 0.05).

Fig. 3. CYP2D6 (dextromethorphan O-demethylation) activity: hepa-
tocytes incubated without (control) and with Common valerian
(three concentrations) and with rifampicin as positive inductive
control (PIC, 50 µM, 41.2 µg/ml), n = 4. *Different from control
(P < 0.05); †different from PIC (P < 0.05).
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observed relative to control at the lowest level, but at the two
high concentrations of common valerian significant higher
values were observed (P < 0.05) compared to control.

Figure 5 shows the activity of CYP3A4 following exposure
to increasing concentrations of  St. John’s wort. Activity
increased in a dose-dependent manner at the two lower
concentrations (P < 0.05), whereas it decreased dramatically
at the highest concentration, down to an approximate
control level.

Discussion

In this study, we investigated the CYP induction potential
of six commonly traded herbal preparations manufactured
in Norway. The selected herbal products are registered as
herbal medicinal products by the Norwegian Medicines
Agency. Each product contains, according to the manufac-
turer, only one main herb and not a mixture of different major
herbs as for instance in products like Aqualette® (Chemist
Brokers, Portsmouth, UK; contains horsetail and dandelion

root) and Essiac® (Essiac Canada International, Calgary,
Canada; contains burdock root, sheep sorrel, slippery elm
and turkey rhubarb). However, each product may certainly
contain several minor constituents, of which several have not
yet been identified. Primary human hepatocytes were used
for evaluating effects of these herbs on CYP1A2, CYP2D6
and CYP3A4 metabolism.

The results showed that, besides St. John’s wort, common
valerian was the strongest inducing herb. Out of the three
CYPs, CYP3A4 was the one easiest to induce. St. John’s wort
and common valerian both induced statistically significant
CYP3A4; common valerian also CYP2D6. Ginkgo biloba
showed a complex induction/inhibition pattern of CYP1A2
and CYP2D6. We experienced statistically significant inhibi-
tion of all the investigated CYP enzymes by horse chestnut
and E. purpurea.

Herbs are complex mixtures of different compounds, and we
chose to use the whole herb in our study, and not just isolated
ingredients. There are two main reasons for this: (i) people
usually take the whole herb and not isolated ingredients;
and (ii) although some of the pharmacologically active com-
pounds have been identified, there might be other chemicals
in the herb capable of modulating CYP enzymes. For making
identity with the original products, constituents from each
product were extracted into the same solvent as used by
the manufacturer. Then we evaporated until dry, determined
weight and added a limited amount of  new solvent. In
this way, we ended up with a concentrated product equal in
composition to the one being traded. At the same time we
obtained solutions with known concentrations (µg/ml) for
experimental use.

St. John’s wort is a known inducer of CYP3A4, both in vitro
and in vivo [13,14,30], and is capable of inhibiting CYP3A4
in isolated cDNA expressed human enzymes [12,31]. From
the literature it seems that inhibition and induction depend
on exposure time, as repeated exposures lead to induction,
while a single dose may lead to inhibition [32]. However, our
data indicate that the induction and inhibition of CYP3A4
by St. John’s wort might also depend on dose, with induction at
low concentrations and inhibition at high concentrations. This
is also in line with what is reported for one of the main St. John’s
wort constituents, hyperforin, with a similar pattern [12,33].

In our study, an 8-µg/ml solution of the St. John’s wort
preparation increased the formation of 6 β-OH-testosterone
with 660% of control (1075% at 80 µg/ml), supporting reports
of decreased plasma concentrations of CYP3A4 substrates
in patients taking St. John’s wort as well as their medicines
[34,35]. At 800 µg/ml St. John’s wort inhibited the enzymes
investigated. This could be due to a cytotoxic effect, as
previous experiments have shown that hepatocytes can take
up no more than 2.5 µM hyperforin in chronic exposure
[14]. A concentration of 800 µg/ml St. John’s wort corre-
sponds to aproximately 3–5 µM hyperforin, which supports
such a statement. However, a possibilitiy of an inhibitory
effect of St. John’s wort at very high concentrations, even
when administered repeatedly, cannot be ruled out and
should be further investigated.

Fig. 4. CYP3A4 (testosterone 6 β-hydroxylation) activity: hepatocytes
incubated without (control) and with Common valerian (three
concentrations) and with rifampicin as positive inductive control (PIC,
50 µM, 41.2 µg/ml), n = 4. *Different from control (P < 0.05); †different
from PIC (P < 0.05).

Fig. 5. CYP3A4 (testosterone 6 β-hydroxylation) activity: hepatocytes
incubated without (control) and with St. John’s wort (three
concentrations) and with rifampicin as positive inductive control
(PIC, 50 µM, 41.2 µg/ml), n = 4. *Different from control (P < 0.05);
†different from PIC (P < 0.05).
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Ginkgo biloba showed a moderate inductive effect on
CYP1A2 (140% of control) at a concentration of 2.19 µg/ml,
and inhibition for higher concentrations. The expression
of CYP1A2 is controlled by the aryl hydrocarbon receptor,
which is activated among others by some environmental
toxins [36,37] and cigarette smoke [38]. If  we compare
the induction of  CYP1A2 by G. biloba with the effect of
omeprazole on CYP1A2 (300% of control) or the effect of
St. John’s wort on CYP3A4, we see that the obtained effects
are quite modest. It is difficult to assess whether this inter-
action will be clinically significant. The magnitude of the
induction is not very big, but as the effect takes place at
a low concentration, further studies, with an extended range
of low concentrations, should be initiated. Especially drugs
that have a narrow therapeutic range (e.g. clozapine and
theophylline, which are typical 1A2 substrates), could be can-
didates for clinically significant interactions with G. biloba.
Research has suggested that omeprazole only induces CYP1A2
in poor metabolizers when given in clinical doses [39];
however, clinically significant interactions between omeprazole
and clozapine have been reported [40] and give further indica-
tions of possible effects of G. biloba. Furthermore, Ryu and
Chung [17] showed that a herbal dietary supplement con-
taining G. biloba induced CYP1A2 in vivo (humans – up to
203%; rats – up to 440%) when taken in recommended daily
doses and using caffeine as a substrate. However, Gurley
et al. [41] did not find any effect of G. biloba when the herb
was given to elderly patients. Caffeine was also used as a
substrate in this study.

The G. biloba product demonstrates a complex induction/
inhibition pattern as shown in figs 1 and 2. At low and clini-
cally relevant systemic exposures, induction of  CYP1A2
and an inhibition of CYP2D6 seem to occur. The opposite
occurs at higher concentrations, the latter though outside
the systemic in vivo range, and could be relevant for high
intestinal concentrations. This observation may reflect the
fact that herbs contain several constituents and that the effect
of these different constituents dominates differently at different
concentrations. This also shows the relevance in studying
the herb as a whole, as we would probably miss these effects
if  using only isolated compounds.

These concentration-dependent biphasic effects of G. biloba
on CYP1A2 and CYP2D6 are in line with that earlier
shown for hyperforin [12,33] and for St. John’s wort in
this study, towards CYP3A4. This may indicate more
concentration-dependent biphasic effects of herbal products
and xenobiotics towards several CYP isoforms than earlier
anticipated.

Common valerian and G. biloba both increased CYP2D6
activity, 141% and 143% of  control, respectively, at the
highest herbal concentration (1875 µg/ml and 219 µg/ml).
To our knowledge, there are no reports on induction of
CYP2D6, and it has even been claimed to be non-inducible
[42,43]. The observed ‘induction’ can therefore be attributed
to an allosteric activation directly on the CYP2D6 enzyme
itself  by one or more of the compounds in these herbs [44–
46]. The modest increase in CYP2D6 activity by rifampicin

has been noted by many investigators [47–49], but the underly-
ing mechanism has not yet been described.

Common valerian also induced CYP3A4, 200% relative
to control. However, the concentration at which the induc-
tion becomes statistically significant is too high for systemic
effects. However, there might be a potential for an inductive
effect on intestinal CYP3A4 metabolism and, hence, on a
decreased drug bioavailability. To our knowledge, this is the
first study to assess the inductive properties of  common
valerian on CYP enzymes in vitro. Two recent reports have
investigated the effects of common valerian in humans and
found no effect on either CYP3A4 or CYP2D6. Donovan
et al. [50] say that common valerian is unlikely to produce
interactions with CYP2D6, but they draw no categorical
conclusion. The study focused on inhibition, but should also
observe induction, if  any. CYP3A4 activity is also unaffected
in the study, using alprazolam as substrate. Gurley et al. [21]
seem to have used a product lacking the marker compound
valerenic acid in the study and suggest that their result might
not be representative for other valerian products. Anyhow,
our study demonstrates a dose-dependent increase of both
CYP2D6 and 3A4 with increasing exposure to common
valerian. The above results are interesting and further experi-
ments should be initiated, perhaps also in liver microsomes,
in order to elucidate further the findings in this study.

The steady-state plasma and intestinal concentrations
in man of  all herbal constituents should ideally be known
as a basis for the selection of in vivo-relevant herbal concen-
trations. Adequate concentrations in in vitro experiments are
important for in vivo evaluations; bioavailability has been
mentioned as an important link between basic pharmaco-
logical research and clinical situations [51]. However, few data
are available for herbal constituents. Some reports though
are available on the plasma uptake of the herbal constituents
hypericin and hyperforin in St. John’s wort [52–54]. After
daily repeated dosages to humans in the range of 300 mg to
900 mg, hypericin plasma Cmax concentrations were meas-
ured to 1–22 ng/ml. Ginkgolides and bilobalides (terpe-
noids) in G. biloba [55,56] produced terpenoids plasma Cmax

concentrations of  58.9–181.1 ng/ml after daily repeated
dosages of 120–160 mg. There might be other constituents
in the herbs that are more or less systemically available. In
our approach for systemic herbal uptake (Materials and
Methods), we used the daily administered dose of total herb
diluted in the total body water (53 l) as a common guide for
estimation of  relevant systemic plasma concentrations.
Furthermore, 5.3 l and 0.53 l were used as common guides
for a relevant range of gastrointestinal concentrations. From
our dosages of total herbs, a systemic (plasma) hypericin
concentration of 16 ng/ml and terpenoid concentration of
110 ng/ml can be estimated.

Although our estimates of in vivo systemic (plasma) con-
centrations of total herb (µg/ml) from daily dosages are very
rough, fairly good approximates were achieved for con-
stituents from St. John’s wort and G. biloba, where adequate
literature values are available. Objections that no herbal con-
stituents have 100% bioavailability and no protein binding
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are true; however, this may be balanced by the fact that no
accumulation factors are included. As a first step approach
to an estimate of systemic (plasma) concentrations of total
herb from a given daily dose, the presented approach could
be useful and well fitted for the selection of adequate in vitro
test concentrations.

The use of human hepatocytes closely resembles an in vivo
situation with all co-factors and other substances present
that the P450 enzymes normally encounter in the liver. Also,
the CYP enzymes can be induced in vitro in a way that
correlates to an in vivo situation [57], given that the experi-
ments are conducted at clinically and pharmacologically
relevant concentrations. Another great advantage with the
human hepatocytes is that you avoid the problem with species
difference; for example is rifampicin, an effective inducer
of human CYP3A, but not an inducer of the rat enzyme
CYP3A [58,59]. The metabolic profiles of drugs also differ
from species to species. However, one problem in this study
is that only hepatocytes from one donor were used. In the
CYP superfamily, there are many polymorphisms [60–63],
and this study does not cover variation, neither was this our
intention with the study. As the basic activities of the inves-
tigated CYP enzymes were all inside the accepted normal
variation of the laboratory (data not shown), no or minor
polymorphism is indicated. The fact that the liver donor was
a Mongolian does not exclude that these data on CYP activity
can be extrapolated to Caucasians, as there are no major dif-
ferences in CYP metabolism between ethnic groups [64].

Acknowledgements
This study was supported by the Norwegian Research

Council and the Norwegian University of  Science and
Technology.

References

1 Eisenberg DM, Davis RB, Ettner SL et al. Trends in alternative
medicine use in the United States, 1990–1997: results of a follow-
up national survey. JAMA 1998;280:1569–75.

2 Astin JA, Marie A, Pelletier KR, Hansen E, Haskell WL. A
review of the incorporation of complementary and alternative
medicine by mainstream physicians. Arch Intern Med
1998;158:2303–10.

3 Kaufman DW, Kelly JP, Rosenberg L, Anderson TE, Mitchell AA.
Recent patterns of  medication use in the ambulatory adult
population of the United States: the Slone survey. JAMA
2002;287:337–44.

4 Kelly JP, Kaufman DW, Kelley K, Rosenberg L, Anderson TE,
Mitchell AA. Recent trends in use of herbal and other natural
products. Arch Intern Med 2005;165:281–6.

5 Hall SD, Wang Z, Huang SM et al. The interaction between St.
John’s wort and an oral contraceptive. Clin Pharmacol Ther
2003;74:525–35.

6 Moschella C, Jaber BL. Interaction between cyclosporine and
Hypericum perforatum (St. John’s wort) after organ transplanta-
tion. Am J Kidney Dis 2001;38:1105–7.

7 Vaes LP, Chyka PA. Interactions of warfarin with garlic, ginger,
ginkgo, or ginseng: nature of the evidence. Ann Pharmacother
2000;34:1478–82.

8 Izzo AA, Ernst E. Interactions between herbal medicines and
prescribed drugs: a systematic review. Drugs 2001;61:2163–75.

9 Hedlund E, Gustafsson JA, Warner M. Cytochrome P450 in the
brain: a review. Curr Drug Metab 2001;2:245–63.

10 Ding X, Kaminsky LS. Human extrahepatic cytochromes P450:
function in xenobiotic metabolism and tissue-selective chemical
toxicity in the respiratory and gastrointestinal tracts. Annu Rev
Pharmacol Toxicol 2003;43:149–73.

11 Coon MJ. Cytochrome P450: nature’s most versatile biological
catalyst. Annu Rev Pharmacol Toxicol 2005;45:1–25.

12 Obach RS. Inhibition of human cytochrome P450 enzymes by
constituents of St. John’s wort, an herbal preparation used in the
treatment of depression. J Pharmacol Exp Ther 2000;294:88–95.

13 Markowitz JS, Donovan JL, DeVane CL et al. Effect of St.
John’s wort on drug metabolism by induction of cytochrome
P450 3A4 enzyme. JAMA 2003;290:1500–4.

14 Komoroski BJ, Zhang S, Cai H et al. Induction and inhibition
of cytochromes P450 by the St. John’s wort constituent hyperforin
in human hepatocyte cultures. Drug Metab Dispos 2004;32:512–8.

15 Ueng YF, Don MJ, Peng HC, Wang SY, Wang JJ, Chen CF.
Effects of Wu-chu-yu-tang and its component herbs on drug-
metabolizing enzymes. Jpn J Pharmacol 2002;89:267–73.

16 Ueng YF, Tsai TH, Don MJ, Chen RM, Chen TL. Alteration
of the pharmacokinetics of theophylline by rutaecarpine, an
alkaloid of the medicinal herb Evodia rutaecarpa, in rats. J
Pharm Pharmacol 2005;57:227–32.

17 Ryu SD, Chung WG. Induction of the procarcinogen-activating
CYP1A2 by a herbal dietary supplement in rats and humans.
Food Chem Toxicol 2003;41:861–6.

18 Jang EH, Park YC, Chung WG. Effects of dietary supplements
on induction and inhibition of cytochrome P450 s protein
expression in rats. Food Chem Toxicol 2004;42:1749–56.

19 Gurley BJ, Gardner SF, Hubbard MA et al. Cytochrome P450
phenotypic ratios for predicting herb-drug interactions in
humans. Clin Pharmacol Ther 2002;72:276–87.

20 Markowitz JS, DeVane CL, Boulton DW, Carson SW, Nahas Z,
Risch SC. Effect of St. John’s wort (Hypericum perforatum) on
cytochrome P-450 2D6 and 3A4 activity in healthy volunteers.
Life Sci 2000;66:133–9.

21 Gurley BJ, Gardner SF, Hubbard MA et al. In vivo effects of
goldenseal, kava kava, black cohosh, and valerian on human
cytochrome P450 1A2, 2D6, 2E1, and 3A4/5 phenotypes. Clin
Pharmacol Ther 2005;77:415–26.

22 von Moltke LL, Weemhoff JL, Bedir E et al. Inhibition of
human cytochromes P450 by components of Ginkgo biloba. J
Pharm Pharmacol 2004;56:1039–44.

23 Yale SH, Glurich I. Analysis of the inhibitory potential of
Ginkgo biloba, Echinacea purpurea, and Serenoa repens on the
metabolic activity of cytochrome P450 3A4, 2D6, and 2C9. J
Altern Complement Med 2005;11:433–9.

24 Norwegian Medicines Agency: Approved Herbal Medicinal
Products in Norway, (in Norwegian). Available at http://www.
legemiddelverket.no/templates/InterPage_19120.aspx, (accessed
4 April 2006).

25 Henderson GL, Harkey MR, Gershwin ME, Hackman RM,
Stern JS, Stresser DM. Effects of ginseng components on c-
DNA-expressed cytochrome P450 enzyme catalytic activity.
Life Sci 1999;65:L209–14.

26 Kostrubsky VE, Ramachandran V, Venkataramanan R et al.
The use of human hepatocyte cultures to study the induction of
cytochrome P-450. Drug Metab Dispos 1999;27:887–94.

27 Nallani SC, Goodwin B, Buckley AR, Buckley DJ, Desai PB.
Differences in the induction of cytochrome P450 3A4 by taxane
anticancer drugs, docetaxel and paclitaxel, assessed employing
primary human hepatocytes. Cancer Chemother Pharmacol
2004;54:219–29.

28 Roymans D, Van LC, Leone A et al. Determination of cytochrome
P450 1A2 and cytochrome P450 3A4 induction in cryopreserved
human hepatocytes. Biochem Pharmacol 2004;67:427–37.

http://www


30 BENT H. HELLUM ET AL.

© 2007 The Authors
Journal compilation © 2007 Nordic Pharmacological Society. Basic & Clinical Pharmacology & Toxicology, 100, 23–30

29 Li AP, Roque MA, Beck DJ, Kaminski DL. Isolation and
culturing of hepatocytes from human livers. Methods Cell Sci
1992;14:139–45.

30 Dostalek M, Pistovcakova J, Jurica J et al. Effect of St. John’s
wort (Hypericum perforatum) on cytochrome P-450 activity in
perfused rat liver. Life Sci 2005;78:239–44.

31 Foster BC, Vandenhoek S, Hana J et al. In vitro inhibition of
human cytochrome P450-mediated metabolism of marker sub-
strates by natural products. Phytomedicine 2003;10:334–42.

32 Rengelshausen J, Banfield M, Riedel KD et al. Opposite effects
of short-term and long-term St. John’s wort intake on voricona-
zole pharmacokinetics. Clin Pharmacol Ther 2005;78:25–33.

33 Moore LB, Goodwin B, Jones SA et al. St. John’s wort induces
hepatic drug metabolism through activation of the pregnane X
receptor. Proc Natl Acad Sci USA 2000;97:7500–2.

34 Piscitelli SC, Burstein AH, Chaitt D, Alfaro RM, Falloon J.
Indinavir concentrations and St. John’s wort. Lancet
2000;355:547–8.

35 Ahmed SM, Banner NR, Dubrey SW. Low cyclosporin-A level
due to Saint-John’s-wort in heart transplant patients. J Heart
Lung Transplant 2001;20:795.

36 Tritscher AM, Goldstein JA, Portier CJ, McCoy Z, Clark GC,
Lucier GW. Dose-response relationships for chronic exposure
to 2,3,7,8-tetrachlorodibenzo-p-dioxin in a rat tumor promotion
model: quantification and immunolocalization of CYP1A1 and
CYP1A2 in the liver. Cancer Res 1992;52:3436–42.

37 Pegram RA, Diliberto JJ, Moore TC, Gao P, Birnbaum LS.
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) distribution and
cytochrome P4501A induction in young adult and senescent
male mice. Toxicol Lett 1995;76:119–26.

38 Sesardic D, Pasanen M, Pelkonen O, Boobis AR. Differential
expression and regulation of members of the cytochrome P450IA
gene subfamily in human tissues. Carcinogenesis 1990;11:1183–8.

39 Rost KL, Brosicke H, Brockmoller J, Scheffler M, Helge H,
Roots I. Increase of cytochrome P450IA2 activity by omeprazole:
evidence by the 13C-[N-3-methyl]-caffeine breath test in poor
and extensive metabolizers of S-mephenytoin. Clin Pharmacol
Ther 1992;52:170–80.

40 Frick A, Kopitz J, Bergemann N. Omeprazole reduces clozapine
plasma concentrations. A case report. Pharmacopsychiatry
2003;36:121–3.

41 Gurley BJ, Gardner SF, Hubbard MA et al. Clinical assessment
of effects of botanical supplementation on cytochrome P450
phenotypes in the elderly: St. John’s wort, garlic oil, Panax
ginseng and Ginkgo biloba. Drugs Aging 2005;22:525–39.

42 Rodriguez-Antona C, Jover R, Gomez-Lechon MJ, Castell JV.
Quantitative RT-PCR measurement of human cytochrome P-450s:
application to drug induction studies. Arch Biochem Biophys
2000;376:109–16.

43 Parkinson A. Biotransformation of xenobiotics. In: Klaassen CD
(ed.). Casarett and Doull’s Toxicology: The Basic Science of
Poisons, 5th edn. McGraw-Hill, New York, 2001;113–86.

44 Korzekwa KR, Krishnamachary N, Shou M et al. Evaluation
of atypical cytochrome P450 kinetics with two-substrate models:
evidence that multiple substrates can simultaneously bind to
cytochrome P450 active sites. Biochemistry 1998;37:4137–47.

45 Ekins S, Vandenbranden M, Ring BJ et al. Further characteri-
zation of the expression in liver and catalytic activity of CYP2B6.
J Pharmacol Exp Ther 1998;286:1253–9.

46 Ariyoshi N, Miyazaki M, Toide K, Sawamura Y, Kamataki T.
A single nucleotide polymorphism of CYP2b6 found in Japanese
enhances catalytic activity by autoactivation. Biochem Biophys
Res Commun 2001;281:1256–60.

47 Rae JM, Johnson MD, Lippman ME, Flockhart DA. Rifampin
is a selective, pleiotropic inducer of drug metabolism genes in

human hepatocytes: studies with cDNA and oligonucleotide
expression arrays. J Pharmacol Exp Ther 2001;299:849–57.

48 Madan A, Graham RA, Carroll KM, Mudra DR, Burton LA,
Krueger LA. Effects of prototypical microsomal enzyme inducers
on cytochrome P450 expression in cultured human hepatocytes.
Drug Metab Dispos 2003;31:421–31.

49 Glaeser H, Drescher S, Eichelbaum M, Fromm MF. Influence
of rifampicin on the expression and function of human intestinal
cytochrome P450 enzymes. Br J Clin Pharmacol 2005;59:199–
206.

50 Donovan JL, DeVane CL, Chavin KD et al. Multiple night-
time doses of valerian (Valeriana officinalis) had minimal effects on
CYP3A4 activity and no effect on CYP2D6 activity in healthy
volunteers. Drug Metab Dispos 2004;32:1333–6.

51 Bhattaram VA, Graefe U, Kohlert C, Veit M, Derendorf H.
Pharmacokinetics and bioavailability of herbal medicinal pro-
ducts. Phytomedicine 2002;9 (Suppl 3):1–33.

52 Staffeldt B, Kerb R, Brockmoller J, Ploch M, Roots I. Pharma-
cokinetics of hypericin and pseudohypericin after oral intake of
the hypericum perforatum extract LI 160 in healthy volunteers. J
Geriatr Psychiatry Neurol 1994;7 (Suppl 1):S47–53.

53 Kerb R, Brockmoller J, Staffeldt B, Ploch M, Roots I. Single-dose
and steady-state pharmacokinetics of hypericin and pseudo-
hypericin. Antimicrob Agents Chemother 1996;40:2087–93.

54 Schulz HU, Schurer M, Bassler D, Weiser D. Investigation of
the bioavailability of hypericin, pseudohypericin, hyperforin and
the flavonoids quercetin and isorhamnetin following single and
multiple oral dosing of a hypericum extract containing tablet.
Arzneimittelforschung 2005;55:15–22.

55 Mauri P, Simonetti P, Gardana C et al. Liquid chromatography/
atmospheric pressure chemical ionization mass spectrometry of
terpene lactones in plasma of volunteers dosed with Ginkgo biloba
L. extracts. Rapid Commun Mass Spectrom 2001;15:929–34.

56 Kressmann S, Biber A, Wonnemann M, Schug B, Blume HH,
Muller WE. Influence of pharmaceutical quality on the bio-
availability of active components from Ginkgo biloba prepara-
tions. J Pharm Pharmacol 2002;54:1507–14.

57 Kato M, Chiba K, Horikawa M, Sugiyama Y. The quantitative
prediction of in vivo enzyme-induction caused by drug exposure
from in vitro information on human hepatocytes. Drug Metab
Pharmacokinet 2005;20:236–43.

58 Kocarek TA, Schuetz EG, Strom SC, Fisher RA, Guzelian PS.
Comparative analysis of  cytochrome P4503A induction in
primary cultures of rat, rabbit, and human hepatocytes. Drug
Metab Dispos 1995;23:415–21.

59 Kern A, Bader A, Pichlmayr R, Sewing KF. Drug metabolism
in hepatocyte sandwich cultures of rats and humans. Biochem
Pharmacol 1997;54:761–72.

60 Yamazaki H, Inoue K, Shimada T. Roles of two allelic variants
(Arg144Cys and Ile359Leu) of cytochrome P4502C9 in the oxi-
dation of tolbutamide and warfarin by human liver microsomes.
Xenobiotica 1998;28:103–15.

61 Ingelman-Sundberg M. Polymorphism of cytochrome P450 and
xenobiotic toxicity. Toxicology 2002;181–182:447–52.

62 Soyama A, Kubo T, Miyajima A et al. Novel nonsynonymous
single nucleotide polymorphisms in the CYP2D6 gene. Drug
Metab Pharmacokinet 2004;19:313–9.

63 Crettol S, Deglon JJ, Besson J et al. Methadone enantiomer
plasma levels, CYP2B6, CYP2C19, and CYP2C9 genotypes, and
response to treatment. Clin Pharmacol Ther 2005;78:593–604.

64 Parkinson A, Mudra DR, Johnson C, Dwyer A, Carroll KM.
The effects of gender, age, ethnicity, and liver cirrhosis on cyto-
chrome P450 enzyme activity in human liver microsomes and
inducibility in cultured human hepatocytes. Toxicol Appl Phar-
macol 2004;199:193–209.


