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A R T I C L E
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Abstract
St. John's wort (SJW) extract, a herbal medicine with antidepressant effects, is a 
potent inducer of intestinal and/or hepatic cytochrome P450 (CYP) enzymes and 
P- glycoprotein (P- gp), which can cause clinically relevant drug interactions. It 
is currently not known whether SJW can also induce P- gp activity at the human 
blood–brain barrier (BBB), which may potentially lead to decreased brain expo-
sure and efficacy of certain central nervous system (CNS)- targeted P- gp substrate 
drugs. In this study, we used a combination of positron emission tomography 
(PET) imaging and cocktail phenotyping to gain a comprehensive picture on the 
effect of SJW on central and peripheral P- gp and CYP activities. Before and after 
treatment of healthy volunteers (n = 10) with SJW extract with a high hyperforin 
content (3–6%) for 12–19 days (1800 mg/day), the activity of P- gp at the BBB was 
assessed by means of PET imaging with the P- gp substrate [11C]metoclopramide 
and the activity of peripheral P- gp and CYPs was assessed by administering a low- 
dose phenotyping cocktail (caffeine, omeprazole, dextromethorphan, and mida-
zolam or fexofenadine). SJW significantly increased peripheral P- gp, CYP3A, and 
CYP2C19 activity. Conversely, no significant changes in the peripheral metabo-
lism, brain distribution, and P- gp- mediated efflux of [11C]metoclopramide across 
the BBB were observed following the treatment with SJW extract. Our data sug-
gest that SJW does not lead to significant P- gp induction at the human BBB de-
spite its ability to induce peripheral P- gp and CYPs. Simultaneous intake of SJW 
with CNS- targeted P- gp substrate drugs is not expected to lead to P- gp- mediated 
drug interactions at the BBB.
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INTRODUCTION

Herbal medicines containing extracts from the plant St. 
John's wort (SJW; Hypericum perforatum L.) such as WS® 
5570 are widely used to treat mild- to- moderate depres-
sion.1 SJW products are broadly available over the coun-
ter and are often used as co- medication with prescription 
drugs. SJW extracts contain numerous components be-
longing to different chemical classes, with hypericin, hy-
perforin, and quercetin as the main components.2 It was 
initially suggested that hyperforin was the major active 
principle of SJW leading to antidepressant effects, but 
clinical efficacy has also been demonstrated with SJW ex-
tracts with a low hyperforin content.2

Hyperforin is a powerful activator of the human preg-
nane X receptor (PXR),3 a ligand- activated nuclear recep-
tor, which transcriptionally regulates the expression of 
cytochrome P 450 (CYP) enzymes (e.g., CYP3A4, CYP2B6, 
CYP2C9, and CYP2C19) as well as the efflux transporter 
P- glycoprotein (P- gp, encoded in humans by the ABCB1 
gene and in rodents by the Abcb1a/b genes). Intake of SJW 
can cause clinically relevant interactions with drugs that 
are metabolized by CYP enzymes and/or those that are 
substrates of P- gp. Clinical studies showed that hyperforin- 
containing SJW preparations can induce P- gp and CYP3A 
activity at the level of the intestinal epithelium, leading 
to decreased systemic absorption of substrate drugs such 
as digoxin, fexofenadine, and cyclosporin A.4–8 Similarly, 

induction of hepatic CYP activity can lead to increased 
metabolic clearance and decreased plasma exposure of 
substrate drugs.

Besides the intestinal epithelium, P- gp is abundantly 
expressed at the blood–brain barrier (BBB), where it can 
limit the brain penetration of substrate drugs. Preclinical 
studies showed that the brain distribution of several central 
nervous system (CNS)- targeted drugs, such as antidepres-
sants (e.g., citalopram, fluoxetine, fluvoxamine, nortrip-
tyline, paroxetine, and venlafaxine), antipsychotics (e.g., 
chlorpromazine, clozapine, haloperidol, risperidone, and 
sulpiride), antiepileptic drugs (phenytoin), and opioids 
(morphine, hydrocodone), is enhanced in Abcb1a/b(−/−) 
mice relative to wild- type mice, suggesting P- gp- mediated 
efflux transport at the BBB.9 Numerous studies demon-
strated that PXR activation can induce P- gp activity at the 
rodent or porcine BBB.10–13 However, considerable species 
differences exist in the pharmacological activation profile 
of PXR14 and it is incompletely understood whether P- gp 
activity can be induced at the human BBB in vivo. P- gp 
induction at the human BBB may increase P- gp- mediated 
efflux transport of CNS- targeted P- gp substrate drugs. 
This may lead to decreased CNS exposure, despite plasma 
concentrations in the therapeutic range, and potentially 
lower therapeutic efficacy. On the other hand, P- gp in-
duction may also be therapeutically exploited in order to 
enhance the brain clearance of endogenous neurotoxic 
compounds, such as beta- amyloid (Aβ) peptides.11

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
St. John's wort (SJW) can lead to clinically relevant drug interactions due to in-
duction of intestinal/hepatic P- glycoprotein (P- gp) and CYP enzymes. It is not 
known whether SJW can also induce P- gp activity at the human blood–brain 
barrier (BBB), which may lead to decreased brain exposure and efficacy of CNS- 
targeted P- gp substrate drugs.
WHAT QUESTION DID THIS STUDY ADDRESS?
We used a combination of PET imaging with the P- gp substrate [11C]metoclopra-
mide and cocktail phenotyping to assess the effect of treatment with SJW extract 
on central and peripheral P- gp and CYP activities in healthy volunteers.
WHAT THIS STUDY ADDS TO OUR KNOWLEDGE?
Despite induction of peripheral P- gp, CYP3A and CYP2C19, no significant 
changes in the peripheral metabolism, brain distribution and efflux of [11C]meto-
clopramide across the BBB were observed.
HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
Our data suggest that SJW does not lead to P- gp induction at the human BBB, de-
spite its ability to induce peripheral P- gp and CYPs. Simultaneous intake of SJW 
with CNS- targeted P- gp substrate drugs is not expected to lead to P- gp- mediated 
drug interactions at the BBB.
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While intestinal P- gp- mediated drug interactions can 
be straightforwardly assessed by analyzing the plasma 
pharmacokinetics of victim drugs,15 P- gp- mediated drug 
interactions at the BBB do not manifest themselves in 
changes in plasma pharmacokinetics and require the 
measurement of intracerebral pharmacokinetics. The 
minimally invasive imaging technique positron emission 
tomography (PET) can be used to assess P- gp- mediated 
drug interactions at the human BBB by measuring the 
brain concentrations of radiolabeled P- gp substrates.16

In this study, we used PET imaging with the P- gp sub-
strate [11C]metoclopramide17 to assess the effect of treat-
ment with SJW extract with a high hyperforin content 
(3–6%) on P- gp activity at the BBB of healthy volunteers. 
Furthermore, peripheral P- gp and CYP activities were 
measured by administering a phenotyping cocktail con-
taining low doses of P- gp and CYP substrate drugs.

METHODS

This study was conducted in accordance with the 
ICH- GCP guidelines and the Declaration of Helsinki. 
The trial was registered in the EudraCT database as a 
phase I study (EudraCT number 2017- 000989- 30) and 
was approved by the Ethics Committee of the Medical 
University of Vienna and the Austrian Agency for Health 
and Food Safety. All subjects gave oral and written in-
formed consent before enrollment in the study. Ten sub-
jects (2 women, mean age: 32 ± 13 years, mean weight: 
80 ± 9 kg) were included into the study. Subjects were 
required to be >18 years old and non- smokers. Subjects 
receiving SJW or rifampicin during 2 weeks before the 
start of the study or having a previous history of drug 
or alcohol abuse were excluded from the study. Food or 
beverages that contain methylxanthines were not per-
mitted 12 h before the PET study days and 24 h before 
phenotyping. The consumption of any food or drinks 
containing grapefruit was not permitted throughout the 
study. Female participants taking hormonal contracep-
tives were informed about the potential for decreased 
effectiveness with SJW. Subjects were judged as healthy 
based on clinical examination and routine blood and 
urine laboratory assessments.

Study drugs

Neuroplant® 600 mg film- coated tablets were obtained 
from Dr. Willmar Schwabe GmbH & Co. KG (Karlsruhe, 
Germany). One film- coated tablet contained 570–630 mg 
of WS® 5570, a dry extract from SJW (3–7:1) (extraction 
solvent: 80% (v/v) methanol), with defined contents of 

3–6% hyperforin, 0.1–0.3% hypericin, not less than 6% fla-
vonoids and not less than 1.5% rutin. Two batches were 
used in this study. The first batch (expiry date 10/2022, 
#4190620) contained 595 mg Hypericum extract includ-
ing 29.3 mg hyperforin per tablet (used for subjects 1–6) 
and the second batch (expiry date 12/2024, #4260822) 
contained 588 mg hypericum extract including 27.8 mg 
hyperforin per tablet (used for subjects 7–10). For the phe-
notyping cocktail, caffeine (Coffekapton® 100- mg tablets, 
Strallhofer Pharma GmbH, Austria), omeprazole (Omec 
Hexal® 10- mg capsules; Hexal Pharma GmbH, Austria), 
dextromethorphan (Wick Formel 44® Hustenstiller- 
Sirup 20 mg/15 mL; WICK Pharma Zweigniederlassung 
der Procter & Gamble GmbH, Germany), midazolam 
(OZASED® 2 mg/mL solution; Primex Pharmaceuticals 
Oy, Finland), and fexofenadine hydrochloride (Telfast® 
30 mg film- coated tablets; Sanofi- Aventis Deutschland 
GmbH, Germany) were administered. Due to the short ra-
dioactive half- life of carbon- 11 (20.4 min), [11C]metoclopr-
amide was extemporaneously prepared on each study day 
and formulated in sterile phosphate- buffered saline solu-
tion containing 8.6% (v/v) ethanol as described before.18

Study design

The study was carried out as an explorative pharmacoki-
netic PET study (phase I study) at the Medical University 
of Vienna. Study participants underwent two 60- min brain 
PET scans after intravenous (i.v.) injection of [11C]meto-
clopramide. Between the first and the second PET scan 
subjects were treated with SJW tablets (Neuroplant®) at a 
dose of 1800 mg per day for 12–19 days (median: 15 days). 
The second PET scan was performed 46 ± 8 h (range: 
38–69 h) after intake of the last SJW dose in order to allow 
for washout of hyperforin and avoid a possible P- gp in-
hibitory effect.19 The first two subjects took three 600- mg 
tablets once daily (in the evening). Due to gastrointesti-
nal side effects (diarrhea and stomach pain), the dosing 
schedule was adjusted to three administrations per day 
in the remaining eight subjects. Blood samples (4 mL) for 
determination of hyperforin plasma concentrations were 
collected on day 7–8 after start of treatment with SJW 
extract, at the end of treatment (median: 14 days, range: 
12–17 days) and 2 days after end of treatment with SJW ex-
tract (i.e., on the day of the second PET scan). Blood was 
centrifuged to obtain plasma, which was stored at −80°C 
and protected from light for analysis of hyperforin con-
centrations as described in the Methods S1.

Eight out of 10 subjects received a previously de-
scribed phenotyping cocktail20 orally together with a 
glass of water (at least 2 h after the last meal) once be-
fore, once during (at day 7–8) and once after the end of 

 17528062, 2024, 5, D
ow

nloaded from
 https://ascpt.onlinelibrary.w

iley.com
/doi/10.1111/cts.13804 by B

ibliotheque de l'U
niversite de G

eneve, D
ivision de l'inform

ation, W
iley O

nline L
ibrary on [26/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 12 |   EL BIALI et al.

SJW treatment (in the morning of the second PET study 
day) for assessment of peripheral P- gp and CYP activi-
ties. The time difference between cocktail administration 
and i.v. injection of [11C]metoclopramide was 5.8 ± 2.3 h 
(range: 1.9–8.1 h). The phenotyping cocktail comprised 
low doses of caffeine (50 mg), omeprazole (10 mg), dex-
tromethorphan (10 mg), midazolam (1 mg), and fexofen-
adine hydrochloride (30 mg). Since fexofenadine and 
midazolam were not deliverable throughout the entire 
study period, three subjects received caffeine, omepra-
zole, dextromethorphan, and midazolam, and five sub-
jects received caffeine, omeprazole, dextromethorphan, 
and fexofenadine. Four capillary whole blood drops 
were successively collected from single finger pricks at 
2, 3, and 6 h (the 3-  and 6- h samples were only collected 
from subjects receiving fexofenadine) after phenotyping 
cocktail administration using a HemaXis™ DB 10 whole 
blood collection device (DBS System SA, Switzerland). 
The blood collection devices were allowed to dry for 
30 min and then stored at −20°C until analysis of the 
phenotyping drugs and their metabolites (Methods S1).

PET/MR imaging and blood sampling

Subjects underwent two PET/magnetic resonance im-
aging (MRI) brain examinations on a fully- integrated 
PET/MRI system (Siemens Biograph mMR, Erlangen, 
Germany). A head and neck coil was used in order to 
ensure a high signal- to- noise ratio for the MR imaging. 
Foam cushions were placed inside the MR head coil to 
minimize involuntary head movement. The integrated 
PET/MR imaging protocol included a structural T1- 
weighted image acquired with a magnetization prepared 
rapid gradient echo (MPRAGE) sequence (echo time/
repetition time = 3.75/1.67 ms, inversion time = 950 ms, 
flip angle = 8°, 192 sagittal slices, voxel size = 1 × 1 × 1 mm) 
for spatial normalization. Subjects were i.v. injected with 
a microdose of [11C]metoclopramide (334 ± 41 MBq, con-
taining <20 μg of unlabeled metoclopramide, diluted to a 
final volume of 10 mL with physiological saline solution) 
as a slow bolus over 20 s. At the start of the injection, a 
60- min list mode PET data acquisition was initiated and 
arterial blood samples (3 mL) were manually collected 
approximately every 10 s for the first 2.5 min followed 
by 9- mL samples at 5, 10, 20, 30, 40, and 60 min after ra-
diotracer injection. Aliquots of blood and plasma were 
measured for radioactivity in a gamma counter (Packard 
Cobra II auto- gamma counter; Packard Instrument 
Company, Meriden, Connecticut, USA), which was 
cross- calibrated with the PET camera. The plasma sam-
ples collected at 10, 20, 30, and 40 min after radiotracer 
injection were analyzed for radiolabeled metabolites of 

[11C]metoclopramide with radio- high- performance liquid 
chromatography (radio- HPLC) as described in detail else-
where.17 A mono- exponential decay function was fitted 
to the percentage of unchanged [11C]metoclopramide in 
plasma versus time and then applied to the corresponding 
decay- corrected total radioactivity counts in plasma to de-
rive a metabolite- corrected arterial plasma input function. 
After the imaging session, subjects were asked to empty 
their urinary bladder and aliquots of urine were measured 
for radioactivity in the gamma counter. Decay- corrected 
urinary radioactivity concentrations were multiplied by 
the collected urine volume to obtain the percentage of 
the injected dose (%ID) excreted into urine. Following the 
PET/MRI examination, the subjects were moved to a PET/
CT system (Biograph Vision 600, Siemens Healthineers, 
Germany), where a low- dose computed tomography (CT) 
scan (120 kVp, 50 mAs) of the brain was acquired for the 
purpose of attenuation correction.

Imaging data analysis

The PET list mode data were re- binned into 1 × 15 s, 3 × 5 s, 
3 × 10 s, 2 × 30 s, 3 × 60 s, 2 × 150 s, 2 × 300 s and 4 × 600 s 
frames and each PET frame was reconstructed into a 
256 × 256 × 127 matrix (voxel size 1.4 × 1.4 × 2.0 mm3) with 
an ordinary Poisson ordered subset expectation maximi-
zation algorithm (OP- OSEM, 4 iterations, 21 subsets). 
A 3 mm FWHM Gaussian post- reconstruction filter was 
applied to all images. Scatter correction along with a CT- 
attenuation correction was applied to all PET data. To per-
form the CT- attenuation correction, the low- dose CT scan 
was co- registered to the T1- MPRAGE sequence (RS- 1) 
and a bilinear scaling was applied to convert the CT image 
to a CT- attenuation correction map. The brain kinetics 
of [11C]metoclopramide were analyzed using a brain re-
gion atlas (N30R83) implemented in the PNEURO tool in 
PMOD (version 4.403; PMOD Technologies Ltd., Zurich, 
Switzerland). The anatomical MRI was segmented and 
matched to a template before transferring the atlas regions 
to the PET data. Regional concentration- time curves were 
extracted for whole brain gray matter (WBGM), cerebel-
lum, middle frontal gyrus and basal ganglia (comprising 
left and right caudate nucleus, nucleus accumbens, puta-
men, thalamus, and pallidum). The kinetic modeling tool 
PKIN implemented in PMOD was used to analyze the 
PET and metabolite- corrected plasma data employing a 
reversible 1- tissue- 2- rate constant (1T2K) compartmen-
tal model to estimate the rate constants for radioactivity 
transfer from plasma into brain (K1, mL/(cm3 × min)) and 
from brain into plasma (k2, 1/min) and the total volume of 
distribution (VT = K1/k2, mL/cm3).17 VT equals the brain- 
to- plasma concentration ratio of [11C]metoclopramide at 
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steady state. The fractional arterial blood volume in the 
brain (Vb) was included as a fitting parameter.

For display purposes, the brain and metabolite- 
corrected plasma concentration–time curves were ex-
pressed in units of percentage of the injected dose per 
cm3 or mL (%ID/cm3 or %ID/mL). The area under the 
concentration–time curves (AUC, %ID/cm3 × min or %ID/
mL × min) was calculated using Prism (version 10.1.0; 
GraphPad Software, La Jolla, CA, USA).

Sample size considerations and 
statistical analysis

A power analysis was conducted to determine the study 
sample size using data from our previous study, in which 
the effect of cyclosporin A was assessed on the brain distri-
bution of [11C]metoclopramide in healthy volunteers.17 In 
this study, the coefficient of variation of [11C]metoclopra-
mide VT in WBGM in presence and absence of cyclosporin 
A was 15%.17 Since a difference in [11C]metoclopramide 
brain distribution of <20% after P- gp induction is unlikely 
to be clinically significant, we used this as a cutoff for a 
significant P- gp induction at the human BBB. Under these 
assumptions, our power analysis indicated that 10 sub-
jects were sufficient to provide 80% power with α = 0.05 to 
detect at least a 20% change in brain distribution of [11C]
metoclopramide. Statistical analysis was performed using 
Prism. After confirmation of the normal distribution of 
the data using the Shapiro–Wilk normality test, outcome 
parameters were compared between two conditions using 
a two- sided, paired or unpaired t- test and between mul-
tiple conditions using one- way ANOVA followed by a 
Dunnett's multiple comparison test. The Pearson's corre-
lation coefficient (r) was calculated to assess correlations. 
The level of statistical significance was set to a p value of 
<0.05. All values are given as mean ± standard deviation 
(SD).

RESULTS

We included 10 subjects into our study. Each subject un-
derwent two brain PET scans after i.v. injection of [11C]
metoclopramide: a first baseline scan and a second scan 
after treatment with SJW extract at a daily dose of 1800 mg 
for 12–19 days. Adverse events occurring during the study 
are listed in Table  S1. SJW was generally well- tolerated 
and all recorded adverse events were mild. All subjects 
underwent arterial blood sampling in parallel to PET im-
aging to generate metabolite- corrected arterial plasma 
input functions for kinetic modeling analysis. For one 
subject (#4), arterial blood sampling was not successful 

for the second PET scan and the data of this subject were 
excluded from kinetic modeling analysis.

The arterial plasma concentration- time curves of un-
changed [11C]metoclopramide were comparable between 
the baseline scan and the scan after treatment with SJW 
extract (Figure 1a). AUC of unchanged [11C]metoclopra-
mide in plasma calculated from 5 to 60 min after radio-
tracer injection was not significantly different between 
the two scans (scan 1: 0.026 ± 0.005 %ID/mL × min; scan 
2: 0.026 ± 0.004 %ID/mL × min). The percentage of un-
changed [11C]metoclopramide in plasma at 40 min after 
radiotracer injection was not significantly different be-
tween the two scans (scan 1: 52 ± 13%; scan 2: 46 ± 18%). 
The percentage of the administered radioactivity excreted 
into urine at the end of the scan did not significantly differ 
between the baseline scan and the scan after SJW treat-
ment (scan 1: 13.1 ± 4.9 %ID; scan 2: 13.6 ± 4.6 %ID).

For the brain, WBGM, cerebellum, middle frontal 
gyrus, and basal ganglia were analyzed as representative 
gray matter regions of interest. In Figure  1b, concentra-
tion–time curves of [11C]metoclopramide in WBGM are 
shown at baseline and after treatment with SJW extract and 
in Figure 2 representative PET average images. Exposure 
(AUC) to [11C]metoclopramide in WBGM was comparable 
at baseline and after treatment with SJW extract (scan 1: 

F I G U R E  1  Concentration–time curves (mean ± SD) of [11C]
metoclopramide in arterial plasma (corrected for metabolites) 
(a) and whole brain gray matter (b) at baseline (n = 10) and after 
treatment with St. John's wort extract for 12–19 days (n = 10).
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0.070 ± 0.012 %ID/cm3 × min; scan 2: 0.069 ± 0.010 %ID/
cm3 × min).

The outcome parameters from kinetic modeling K1, 
k2 and VT in WBGM are shown in Figure 3 for individual 
subjects. Mean values of outcome parameters for all ex-
amined brain regions are given in Table 1. In none of the 
brain regions, any significant differences in K1, k2, and VT 
values could be detected between the two scans. Plasma 
concentrations of hyperforin were determined at half time 
and at the end of SJW treatment and at the time of the 
second PET scan (Table  2). Hyperforin plasma concen-
trations at the end of SJW treatment ranged from 111 to 
362 ng/mL in individual subjects. At the time of the PET 
scan (i.e., at 2 days after end of SJW treatment), hyperforin 
plasma concentrations had declined by a factor of 4–20 as 
compared to respective values at the end of SJW treatment 
(Table  2). There was no significant correlation between 
the percentage changes in K1 (r = 0.5064, p = 0.2004), k2 
(r = 0.4388, p = 0.2768) or VT (r = −0.09692, p = 0.8194) in 
scan 2 relative to scan 1 and hyperforin plasma concentra-
tions at the end of SJW treatment (data not shown).

Study participants received a phenotyping cocktail 
containing low doses of probe substrates for P- gp (fex-
ofenadine) and CYP enzymes before, at day 7–8 and after 
the end of SJW treatment. Fexofenadine blood concen-
tration–time curves on the three occasions are shown in 
Figure 4a and the corresponding AUC values in Figure 4b. 
Fexofenadine blood AUC was significantly lower (−45%) 
after the end of SJW treatment as compared to baseline. 
The concentration ratios of metabolite/CYP probe (met-
abolic ratios) at the 2- h sampling timepoint before, at 
day 7–8 and after the end of SJW treatment are shown in 
Figure  S1. 5- Hydroxyomeprazole/omeprazole metabolic 
ratios (CYP2C19) at day 7–8 and after the end of treat-
ment and 1- hydroxymidazolam/midazolam metabolic 
ratios (CYP3A) at day 7–8 were significantly increased as 
compared to baseline.

DISCUSSION

In this study, we used a combination of PET imaging with 
[11C]metoclopramide and cocktail phenotyping to as-
sess the effect of treatment with SJW extract with a high 
hyperforin content on central and peripheral P- gp activ-
ity and peripheral CYP activities in healthy volunteers. 
Despite induction of peripheral P- gp, no changes in the 
brain distribution and efflux of [11C]metoclopramide were 
observed, indicating absence of P- gp induction at the BBB.

Several different radiolabeled P- gp substrates have been 
described for assessing P- gp activity at the human BBB. 
These include [11C]N- desmethyl- loperamide, racemic or 
(R)- [11C]verapamil, [18F]MC225 and [11C]metoclopra-
mide.17,21–24 [11C]N- desmethyl- loperamide and (R)- [11C]
verapamil are very efficiently transported by P- gp at the 
BBB, resulting in very low brain uptake when P- gp is fully 
functional, and are therefore not ideal probe substrates to 
detect a P- gp induction at the BBB with PET. Moreover, 
(R)- [11C]verapamil is extensively metabolized by CYP3A 
enzymes, which are inducible by PXR activation, and 
forms brain- penetrant radiolabeled metabolites.25 This 
further limits the utility of (R)- [11C]verapamil to assess the 
effect of PXR activation on P- gp activity. In contrast, the 
present study showed that CYP3A induction by SJW did 
not impact the plasma pharmacokinetics (Figure 1a) and 
metabolism of [11C]metoclopramide. This is because [11C]
metoclopramide is primarily metabolized by CYP2D6,26 
which is not inducible via PXR.27 This is consistent with 
preclinical data showing that the potent CYP inducer 
carbamazepine had no effect on the plasma pharmacoki-
netics and metabolism of [11C]metoclopramide in rats.28 
Moreover, [11C]metoclopramide lacks brain- penetrant ra-
diolabeled metabolites29 and shows good passive permea-
bility at the BBB resulting in appreciable brain distribution 
even when P- gp is fully functional. [11C]Metoclopramide 
can be considered as a “weak” P- gp substrate,16 which 

F I G U R E  2  Representative MR- co- 
registered PET average images (4–60 min) 
for one female subject (#10) at baseline 
and after treatment with St. John's 
wort extract for 12 days. Radioactivity 
concentration is expressed as percentage 
of the injected dose per cm3 (%ID/cm3). 
The basal ganglia (BG) and cerebellum 
(Cb) are labeled with arrows.
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resembles several CNS- targeted drugs with respect to 
its relatively good brain penetration despite P- gp efflux 
transport.9,30 We have previously shown that [11C]meto-
clopramide is a sensitive radiotracer to measure pharma-
cological P- gp induction at the mouse BBB after treatment 
with the rodent PXR ligand 5- pregnen- 3β- ol- 20- one- 16α- c
arbonitrile.31

Numerous commercially available SJW preparations 
exhibit substantial variability in hyperforin content, influ-
enced by the extraction method.2 We used in our study SJW 
tablets containing WS® 5570, a dry extract from SJW (ex-
traction solvent: 80% methanol) with a defined content of 
3–6% hyperforin. The recommended daily dose is 600 mg 
for treatment of mild to moderate depression. We chose a 

high daily dose of 1800 mg based on results from a phase 
III study, in which this dose was well- tolerated during a 
treatment period of 16 weeks in 38 patients suffering from 
moderate or severe depression.32 The treatment duration 
in our study (median: 15 days) was adopted from previous 
studies.4–7 At the end of treatment with SJW extract, mean 
hyperforin plasma concentration was 199 ± 93 ng/mL 
(371 ± 173 nmol/L) (Table 2). This was approximately two 
times higher than the average hyperforin plasma concen-
tration (97.3 ± 12.6 ng/mL) reported in healthy volunteers 
after 8 days of treatment with the same SJW extract at a 
dose of 900 mg/day33 and several times above the in vitro 
half- maximum effect concentration (EC50) of hyperfo-
rin for activation of human PXR (23 nmol/L).3 However, 
when considering the in silico predicted unbound fraction 
of hyperforin in plasma published by Adiwidjaja et al. of 
0.0005,34 the unbound hyperforin concentration in plasma 
(0.19 nmol/L) would be too low to achieve P- gp induction 
at the human BBB. This is in fact similar to previous in-
vestigations showing that the unbound plasma concen-
trations of clinically used P- gp inhibitors are too low to 
achieve a great degree of P- gp inhibition at the human 
BBB.35

Since SJW extract and hyperforin inhibit P- gp activity 
in vitro and in vivo,6,19 we performed the second PET scan 
46 ± 8 h after administration of the last SJW dose, which 
corresponds to approximately four terminal elimination 
half- lives of hyperforin (11.2 h).33 We confirmed that hy-
perforin plasma concentrations were very low at the time 
of the PET scan (Table 2), making a P- gp inhibitory effect 
unlikely.

Concomitant with PET imaging, we used a low- dose 
phenotyping cocktail containing one P- gp substrate 
(fexofenadine) and different CYP substrates to simulta-
neously assess peripheral P- gp and CYP activities. The 
phenotyping cocktail was a reduced form (containing less 
probes) of a previously described phenotyping cocktail, 
which has been validated for detecting P- gp, CYP3A and 
CYP2C19 induction after treatment of healthy volunteers 
with the human PXR activator rifampicin.20 In contrast to 
the previous study,20 our subjects were not genotyped for 
CYP and ABCB1 polymorphisms, which may have added 
some variability to our phenotyping data. We observed a 
decrease in fexofenadine blood exposure after treatment 
with SJW extract (Figure 4b), which is in good agreement 
with results from previous studies6,7,36 and confirms the 
ability of the employed SJW extract to induce intestinal 
P- gp. The decrease in fexofenadine AUC observed in our 
study at end of treatment with SJW extract (−45%) was of 
similar magnitude as the decrease in fexofenadine AUC 
measured after treatment of healthy volunteers with ri-
fampicin (600 mg/day) for 7 days (−48%).20 Other than 
P- gp induction, we obtained evidence for induction of 

F I G U R E  3  Outcome parameters from kinetic modeling (K1, a; 
k2, b; VT, c) for whole brain gray matter in individual subjects for 
baseline scans (n = 10) and scans after treatment with St. John's 
wort extract for 12–19 days (n = 9). For one subject, arterial blood 
sampling was not successful for the scan after treatment with 
St. John's wort extract, so that kinetic modeling analysis was not 
feasible. ns, not significant; two- sided, paired t- test.
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CYP3A activity (measured as the 1- hydroxymidazolam/
midazolam metabolic ratio) and CYP2C19 activity (mea-
sured as the 5- hydroxyomeprazole/omeprazole meta-
bolic ratio) (Figure S1), which is also in good agreement 
with findings from previous studies.37–39 In line with 
previous results,37,39 treatment with SJW extract did not 
induce CYP2D6 activity (measured as the dextrorphan/
dextromethorphan metabolic ratio), which was consis-
tent with the lack of an effect on [11C]metoclopramide 
metabolism.

For phenotyping, the cocktail was administered in the 
morning of each PET study day with a mean interval be-
tween cocktail administration and [11C]metoclopramide 
injection of approximately 6 h. In vitro data suggest that 
midazolam40 and omeprazole41 may possess some P- gp 
inhibitory effect. However, the in  vitro half- maximum 
inhibitory concentration (IC50) values for P- gp inhibition 
(midazolam: >50 μmol/L, omeprazole: 17.7 μmol/L)40,41 
are far greater than the respective plasma concentrations 
measured in our study (midazolam: ~4 nmol/L, omepra-
zole: ~70 nmol/L), making P- gp inhibition at the BBB 
highly unlikely. Six subjects underwent [11C]metoclopra-
mide baseline PET scans for which the cocktail was not 
administered on the day of the PET scan but on another 
day after the PET scan. Figure S2 compares outcome pa-
rameters from kinetic modeling between baseline scans 
without and with cocktail administration, which revealed 
no significant differences and supports a lack of a P- gp- 
mediated interaction between the cocktail drugs and [11C]
metoclopramide at the BBB.

For the analysis of the brain distribution of [11C]meto-
clopramide, we included WBGM, cerebellum, middle 
frontal gyrus, and basal ganglia as representative regions 
of interest. The latter were analyzed as dopamine D2 re-
ceptor inhibition in the basal ganglia causes CNS- side ef-
fects of the antiemetic drug metoclopramide.42 We used 

a 1T2K model to analyze the brain distribution of [11C]
metoclopramide.17 We have shown in a previous study 
in healthy volunteers that VT of [11C]metoclopramide in-
creased by 29% following P- gp inhibition with cyclospo-
rin A.17 This increase in VT (= K1/k2) was due to both a 
decrease in k2 and an increase in K1, whereby the k2 de-
crease was more pronounced than the K1 increase. On the 
contrary, P- gp induction is expected to lead to an increase 
in k2 and a decrease in VT. While K1 and probably also k2 
are perfusion- dependent,43,44 VT can be considered inde-
pendent of cerebral blood flow (CBF). We performed no 
measurements of CBF in our study. There was a washout 
period of 46 ± 8 h between intake of the last SJW dose and 
administration of [11C]metoclopramide, which makes an 
effect of SJW on CBF unlikely. None of the outcome pa-
rameters was significantly changed in any of the exam-
ined brain regions following treatment with SJW extract 
(Figure 3, Table 1).

A previous study used PET with racemic [11C]ve-
rapamil to study the effect of oral treatment with ri-
fampicin (600 mg/day) for 11–29 days on P- gp activity 
at the BBB of healthy volunteers.43 Since rifampicin 
increased the CYP3A- mediated metabolism of [11C]ve-
rapamil, only the first 5 min of the PET data following 
[11C]verapamil injection were analyzed, during which 
the effect of rifampicin on [11C]verapamil metabolism 
was minimal.43 Similar to our results, the study found 
no changes in [11C]verapamil brain distribution follow-
ing treatment with rifampicin. However, data in a rat 
epilepsy model45 and in human epilepsy patients46 indi-
cated that (R)- [11C]verapamil lacks sensitivity to detect 
a seizure- induced P- gp upregulation in the brain, unless 
it is used under conditions of partial P- gp inhibition. It is 
therefore not entirely clear whether the failure to detect 
P- gp induction at the human BBB following treatment 
with rifampicin was due to a lack of sensitivity of [11C]

T A B L E  1  Outcome parameters from kinetic modeling at baseline and after treatment with St. John's wort extract.

Brain region Group
K1 (mL/
(cm3 × min)) k2 (1/min) VT (mL/cm3) Vb

Whole brain gray 
matter

Baseline 0.069 ± 0.009 (1–5) 0.039 ± 0.008 (2–11) 1.79 ± 0.23 (2–8) 0.029 ± 0.006 (2–13)

St. John's wort 0.071 ± 0.012 (1–3) 0.040 ± 0.004 (2–6) 1.76 ± 0.27 (1–4) 0.031 ± 0.004 (2–6)

Cerebellum Baseline 0.080 ± 0.012 (1–6) 0.048 ± 0.010 (2–12) 1.69 ± 0.24 (2–9) 0.037 ± 0.010 (2–17)

St. John's wort 0.081 ± 0.015 (1–3) 0.049 ± 0.008 (2–6) 1.69 ± 0.28 (1–5) 0.037 ± 0.012 (2–5)

Middle frontal 
gyrus

Baseline 0.070 ± 0.010 (1–5) 0.038 ± 0.007 (2–10) 1.88 ± 0.21 (2–8) 0.022 ± 0.006 (3–28)

St. John's wort 0.071 ± 0.011 (1–3) 0.039 ± 0.005 (2–6) 1.81 ± 0.27 (1–4) 0.022 ± 0.004 (2–9)

Basal ganglia Baseline 0.071 ± 0.007 (1–4) 0.035 ± 0.007 (2–9) 2.10 ± 0.35 (1–6) 0.025 ± 0.006 (2–15)

St. John's wort 0.073 ± 0.011 (1–3) 0.037 ± 0.004 (2–7) 2.00 ± 0.33 (1–5) 0.028 ± 0.009 (2–6)

Note: Values are reported as mean ± standard deviation. The values in parentheses represent the precision of the parameter estimates (expressed as range 
of standard error in percent). K1 (mL/(cm3 × min)), rate constant for radioactivity transfer from plasma into brain; k2 (1/min), rate constant for radioactivity 
transfer from brain into plasma; VT (mL/cm3), total volume of distribution; Vb, fractional arterial blood volume in the brain.
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verapamil or a lack of P- gp induction.43 However, com-
bined with our present results, it appears unlikely that 
a clinically relevant induction of P- gp activity can be 
achieved in vivo at the human BBB following treatment 
with the prototypical human PXR activators SJW or ri-
fampicin. One possible explanation may be that the un-
bound hyperforin plasma concentrations were too low 
to activate PXR at the human BBB (see above). Another 
possible explanation may be that the abundance of PXR 
is considerably lower in human than in rodent brain 
capillary endothelial cells, so that P- gp activity cannot 
be induced at the human BBB.43,47 However, this is not 
in line with another study, in which mRNA and pro-
tein expression of PXR was detected in an immortal-
ized human cerebral microvessel endothelial cell line 
(hCMEC/D3) and in primary cultures of human brain- 
derived microvascular endothelial cells, and exposure 
to rifampicin was found to lead to a moderate increase 
in P- gp mRNA expression.48 Another possible explana-
tion may be related to poor BBB permeability of hyper-
forin resulting in insufficient intracellular hyperforin 
concentrations for PXR activation.49 While rifampicin 
is a substrate of P- gp, which could limit its intracellu-
lar accumulation in brain capillary endothelial cells,50 
the P- gp substrate status of hyperforin is unknown. In 
contrast, hyperforin concentrations in the intestine and 
liver may have been much higher than in brain capil-
lary endothelial cells resulting in effective peripheral 
P- gp and CYP enzyme induction.

P- gp has been implicated in the clearance of neurotoxic 
Aβ peptides from the brain and pharmacological induc-
tion of P- gp activity has been proposed as a therapeutic 
strategy to restore BBB functionality and enhance brain 
Aβ clearance in Alzheimer's disease patients.11 Based on 

Subject
Duration of treatment 
with SJW (days) Half End

2nd PET 
scana

01 13 24.1 (7) – 24.3

02 15 104.8 (8) 117.8 (14) 30.4

03 13 112.8 (7) 180.1 (13) 21.2

04 19 65.2 (8) 179.3 (15) 22.1

05 17 34.7 (8) 181.9 (17) 14.6

06 15 79.8 (8) 321.4 (15) 37.8

07 13 91.2 (7) 243.0 (13) 12.3

08 14 286.6 (7) 361.6 (14) 26.0

09 16 91.4 (7) 111.4 (16) 16.6

10 12 80.5 (8) 94.8 (12) 23.6

Note: The value in parentheses represents the day after start of treatment with St. John's wort extract, 
when the blood sample was obtained.
aSecond PET scan was performed 2 days after end of treatment with St. John's wort extract.

T A B L E  2  Hyperforin plasma 
concentrations (ng/mL) in individual 
subjects at half time and at the end of 
treatment with St. John's wort extract and 
at the time of the second PET scan.

F I G U R E  4  Concentration- time curves (mean ± SD, n = 5, a) 
and area under the curve values calculated from 0 to 6 h (AUC0- 6h, 
ng/mL × h, b) of the P- gp probe substrate fexofenadine in capillary 
dried blood spots after administration of the phenotyping cocktail 
at baseline (black circles), at day 7–8 (green squares) and after 
the end of treatment (red triangles) with St. John's wort extract. 
*p ≤ 0.05; one- way ANOVA followed by a Dunnett's multiple 
comparison test against the baseline group.
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our current and previous data,43 it appears unlikely that 
PXR activation at the human BBB can be therapeutically 
exploited to clear endogenous neurotoxic compounds, 
such as Aβ peptides, from the brain.

In conclusion, a combined approach involving PET im-
aging and cocktail phenotyping revealed that treatment 
with SJW extract with a high hyperforin content does not 
induce P- gp activity at the human BBB, despite effective 
induction of peripheral P- gp and CYPs. Simultaneous in-
take of SJW with CNS- targeted P- gp substrate drugs is not 
expected to lead to P- gp- mediated drug interactions at the 
BBB.
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