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Herb-Drug Interactions:
Focus on Pharmacokinetics

By Jerry M. Cott, PhD

ABSTRACT

Recent literature regarding drug-drug, herb-drug, and
food-drug interactions must not be ignored; nor can they
always be taken at face value. Studies have shown that St.
John’s wort (SJW) (Hypericum perforatum) can reduce
plasma levels of indinavir, cyclosporin, digoxin, and possibly
other drugs as well. Current knowledge regarding the metab-
olism of these medications suggests that the cytochrome
P450 (CYP) drug metabolizing enzyme systems cannot
account for all these effects. It has been reported that the
P-glycoprotein (Pgp) transmembrane pump is also induced
by SJW. Medications that are substrates of both CYP 3A4 and
Pgp are of particular concern and may pose special interac-
tion risks when combined with certain foods or botanical
products such as SJW.
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INTRODUCTION

It is essential for clinicians to be aware of the data that
is available regarding natural products that are being
used by consumers.*? Herb-drug interactions can be of
two primary types: pharmacokinetic and pharmacody-
namic. Dynamic interactions are those having to do with
the mechanism of action (eg, where the drug actions may
be in opposition or in addition to each other). Only kinetic
interactions will be considered here. Although some phar-
macokinetic information on herbal medicines is avail-
able,® more is needed. Interactions of botanical products
with a prescribed medication could increase or decrease
the action of the drug, either of which could result in
adverse effects.

Rather than a laundry list of reported interactions, this
article will summarize the primary types of kinetic inter-
actions, as well as specific reports concerning psychothera-
peutic herb-drug interactions, especially those regarding
St. John’s wort (SJW) (Hypericum perforatum).

LIVER ENZYMES

The cytochrome P450 (CYP) system is a family of
enzymes particularly concentrated in the liver and intesti-
nal mucosa, but also found in the kidneys, skin, lung, and
other tissues. These enzymes are important for phase |
drug metabolism. They predominantly catalyze oxidation,
reduction, and hydrolysis reactions, which increase polar-
ity of lipophilic compounds. Although 12 gene families
have been identified, three categories of these enzymes are
of the greatest significance in humans: CYP 2C, CYP 2D6,

and CYP 3A4.“5 CYP 2C (particularly 2C9 and 2C19) is
responsible for the metabolism of many anticonvulsants,
proton pump inhibitors, antidepressants, and nonsteroidal
anti-inflammatory drugs (NSAIDs). CYP 2D6 is found in
the liver, intestine, kidney, and brain, where it mediates
oxidative metabolism of many medications. This enzyme
shows genetic polymorphism, and “poor metabolizers”
make up approximately 7% of the Caucasian population.
CYP 3A4 is the most abundant hepatic enzyme and
accounts for the oxidation of over half of all medications
subject to oxidative metabolism. Orally-administered sub-
strates of CYP 3A4 undergo a significant extrahepatic
metabolism prior to absorption. Although the activity of
CYP 3A4 is distributed monomorphically, there is signifi-
cant interindividual variation. The benzodiazepine alpra-
zolam is a rather pure substrate for CYP 3A4 and is used
as a marker in this enzyme.

Many foods and drugs induce or inhibit (or both) the
activity of CYP enzymes. For example, multiple oral dos-
ing (twice daily for 10 days) of grapefruit juice to rats has
been reported to inhibit the intestinal metabolism of
nifedipine while simultaneously inducing liver microso-
mal metabolism.® Induction is a slow process, because it
depends on the rate of synthesis of the new enzyme. It is
usually noticeable after a few days, and may be maximal
after 2 weeks. Inhibition is more rapid, and can become
maximal within the first 24 hours of exposure to the
inhibitor. Likewise, it may reverse more rapidly.

Herbal products usually contain numerous pharmaco-
logically active constituents, including essential oils, tan-
nins, coumarins, anthraquinones, saponins, glycosides,
anthocyanins, alkaloids, and flavonoids, all of which may
potentially participate in herb-drug interactions. In vitro
studies have shown the ability of plant saponins to inhibit
the CYP enzymes.” Some coumarins may also inhibit spe-
cific CYP isoenzymes.®® Although a large amount of in
vitro data is related to the effects of flavonoid compounds
to inhibit CYP isoenzymes,*** the effects on the enzymes
may vary with the tissue being studied.'? A synergy
between the coumarins and the flavonoids may be impor-
tant in regard to grapefruit inhibition.® The flavonoid
quercetin is a constituent of many herbal products,
including SJW. It has been shown to inhibit CYP 3A4 in
vitro.® The bioflavonoid constituents in grapefruit juice
(naringenins and/or coumarins) inhibit intestinal CYP
3A4, and may cause clinically significant drug interac-
tions with felodipine, cyclosporine, terfinadine, and
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diazepam.***® Cruciferous vegetables such as Brussels
sprouts and broccoli induce CYP 1A2.17% This enzyme
metabolizes many carcinogens, including tobacco-related
compounds and charbroiled meat.

Although in vitro screening is a common and noninva-
sive means of screening for potential drug interactions
mediated by the cytochromes, it has considerable limita-
tions that may prevent generalization to clinical situa-
tions. For instance, in vitro drug and enzyme
concentrations must approximate those attained in vivo,
because enzyme specificity may be lost at elevated con-
centrations. False positives may be generated when crude
extracts are incubated directly with human liver cells
(often at thousands of times normal plasma levels). The
incubates often contain many constituents that would
never be absorbed if ingested. Additional contributing
factors difficult to simulate are genetic and environmental
influences on enzyme expression (the extent of protein
binding, hepatic blood flow, and nonhepatic elimination).
Finally, the phase Il enzymes are subject to polymor-
phism, can be induced and inhibited, and are subject to
rate-limiting kinetics such as the availability of cofactors,
and the overall redox status of the organism.

Thus, clinical studies are by far the most useful measure
of metabolic alterations because they incorporate the vari-
ables mentioned above and take into account the effects of
stomach acids, digestive enzymes, transport systems,
absorption, and so forth.

Direct (in vivo) evidence of SJW interaction with CYP
enzymes is inconclusive. Isolated constituent studies sug-
gest the possibility of both inhibition and induction of CYP
3A4. Of human studies on CYP 3A4, results are conflicting.
There is evidence that shows a lack of interaction with CYP
2D6 and CYP 1A2.

In Vitro

Commercially available SJW extracts were examined for
the potential to inhibit the human CYP enzymes 1A2, 2C9,
2C19, 2D6, and 3A4.* Crude SJW methanolic extracts
showed inhibition of all these enzymes at very high concen-
trations. The concentration required to inhibit by 50%
(IC,, ranged from 10 mg/mL-1,000 mg/mL. The flavonoid
compound 13,118-biapigenin inhibited 3A4, 2C9, and 1A2
activities with 1C,, values of 0.08, 4.0, and 3.7 mg/mL,
respectively. Hyperforin inhibited 2D6, 2D9, and 3A4 with
IC,, values of 1.6, 4.4, and 2.3 mg/mL, respectively. The
significance of this data is unknown because the concen-
trations were higher than those attained clinically (eg,
hyperforin Cmax level=~150 ng/mL).? In addition, the
activities of isolated chemical constituents may not be rele-
vant to whole or crude plant extracts.

Experimental evidence for isolated constituents is lim-
ited. Moore? has found that within physiologically relevant
concentrations, the SJW constituent hyperforin induces

CYP 3A4 in hepatocyte cells via the pregnane X nuclear
recentor (Ki=27 nM)

In Vivo

One study to evaluate effects on CYP 3A4 was con-
ducted with 13 healthy volunteers who were given 300-mg
standardized extract SJW tid for 14 days. Urinary excretion
ratios (over 24 hours) of 6-beta-hydroxycortisol/cortisol were
used as an index of CYP 3A4 activity both before and after
14 days of SJW treatment. A significant increase (114%) in
ratios was shown, and the authors concluded that SJW is an
inducer of CYP 3A4.2

In another study, the effects of SJW on the activity of CYP
2D6 and CYP 3A4 were assessed in seven normal volun-
teers.” Probe substrates included dextromethorphan (for
CYP 2D6 activity) and alprazolam (for CYP 3A4 activity).
The drugs were orally administered with and without the co-
administration of a standardized 300-mg extract of SJW tid
for 3 days. Urinary concentrations of dextromethorphan and
dextrorphan were quantified. Plasma samples were collected
(0-60 hours) for alprazolam pharmacokinetic analysis suffi-
cient to estimate time of maximum plasma concentration
(Tmax), Cmax, half life (t,,), and area under the curve
(AUC). No statistically significant differences were found in
any estimated pharmacokinetic parameters, suggesting that
short-term treatment with SJW is unlikely to inhibit CYP
2D6 or CYP 3A4 activity. The dose regimen, however, was
too short to draw conclusions regarding induction.

Similar probe methodology was used to examine CYP
3A4 and CYP 2D6 in 16 healthy volunteers who were
grouped into extensive or poor metabolizers. SJW extract
(300 mg tid) was administered for eight days. There was a
tendency for induction of CYP 3A4, but there was no effect
on CYP 2D6. No significant inhibitory effect on either
enzyme was observed after an acute dose of SJW.** The same
group of investigators, using a caffeine probe methodology,
also reported on the effect on CYP 1A2 and the phase Il
enzyme N-acetyltransferase (NAT2) of acute and 8-day SIW
treatment in 16 subjects using a caffeine probe methodol-
ogy. The results showed no significant interactions with
CYP 1A2 or NAT2 metabolic pathways.”

P-GLYCOPROTEIN

P-glycoprotein (Pgp) is an adenosine triphosphate (ATP)-
dependent pump that moves substrates out of cells. It is an
inducible membrane transport protein that was initially dis-
covered by cancer researchers studying multidrug resis-
tance to certain cytotoxic anticancer drugs.? This resistance
was found to result in cross-tolerance or cross-resistance to
structurally unrelated compounds due to an overexpression
of a family of transporter proteins (Pgp) under the control of
the multidrug-resistance gene (MDR-1).2” Ppg is found in
normal human renal, intestinal, and biliary epithelia, and in
the adrenals, testis, and pregnant uterus where it is a barrier
to xenobiotic accumulation and a determinant of the oral
bioavailability of many drugs.? It is also found in both the
choroid plexus and cerebral endothelium where it con-

tributes to the blood-brain barrier and limits entry of drugs
intn the hrain 2° Pan ic avnrecced in normal hiiman T-lvm-
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phocytes, where it appears to participate in the transport of
cytokines (IL-2, IL-4, and IFN-y).*

Pgp can also be affected by a range of naturally-occur-
ring compounds. Some of these, such as grapefruit juice,
also modulate CYP enzymes,® although this may be a
random rather than an intrinsic linkage between the two
systems.® With drugs that are substrates of both Pgp and
CYP 3A4 (such as indinavir and cyclosporin), presys-
temic metabolism would take place in a synergistic fash-
ion.® This could result in large decreases in plasma
levels by agents that induce expression of both proteins.
Reactive oxygen species (ROS) downregulate the expres-
sion of Pgp.* Because many medicinal plant constituents
are antioxidants, this mechanism could play a significant
role in the proposed interactions. Several naturally-
occurring flavonoids (many of which are antioxidants)
bind the protein with high affinity.** Rosemary
(Rosmarinus officinalis) extracts appear to inhibit trans-
port into cells expressing Pgp by preventing the binding
of the substrate to the Pgp protein.*® The antioxidants in
rosemary are polyphenols, rather than flavonoids.*
Methoxyflavones from orange juice are reported to
inhibit Pgp-mediated transport of vinblastine into Caco-2
cells,* whereas the antioxidant flavones quercitin and
kaempferol induced expression of UDP-glucuronosyl-
transferases and Pgp protein in Caco-2 cell monolayers.®

SJW has recently been reported to induce Pgp, as well as
CYP 3A4. The administration of SJW extract to rats or
humans for 14 days resulted in a 3.8-fold and 1.4-fold
increase of intestinal Pgp expression, respectively.®

ST. JOHN’S WORT: DRUG INTERACTIONS

Although SJW shows monoamine oxidase (MAO) inhibi-
tion in vitro, this effect has not been displayed in vivo, nor
have there been any reported cases of MAO inhibitor-asso-
ciated hypertension in humans using SJW.* Although SJIW
has been reported to inhibit serotonin, norepinephrine, and
dopamine uptake into synaptosomes in vitro,* the concen-
trations required are unrealistically high. In fact, a recent
study suggests that the reported uptake inhibition is only an
artifact of the assay system. It does not bind to the serotonin
uptake site like a true uptake inhibitor; rather it releases
monoamines in a similar way to reserpine.” SJW was the
subject of a recent monograph that includes a review of its
pharmacology and toxicology.®

Cyclosporine

The acute rejection of cardiac grafts in two male patients
in their early 60s was recently reported.* In both cases,
immunosuppression was maintained with a standard triple
therapy of azothiaprine, cyclosporine, and corticosteroids.
Both patients were hospitalized due to early signs of rejec-
tion 3 weeks after beginning standardized SJW at 300 mg
tid. In both cases, cessation of SJIW led to an increase in
cyclosporine levels. Both patients were eventually stabilized
and recovered 4 In annther rennrt a 20-vear-nld woman

who had received a cadaveric kidney and pancreas trans-
plant with stable organ function and stable cyclosporine
concentrations began self-medicating with SJIW. After tak-
ing SJW supplements for 4-8 weeks, her cyclosporine con-
centrations became subtherapeutic; this was associated with
organ rejection. Four weeks after stopping SJW, her
cyclosporine concentrations returned to therapeutic levels.®

Cyclosporine is known to be a substrate of CYP 3A4, but
CYP 3A4 induction by SIW may not be responsible for the
entire cyclosporine interaction. Much of the oral bioavail-
ability variation in cyclosporine was ascribed previously to
CYP 3A4 variability. However, this variation is now known
to be caused by Pgp, variably reducing the rate of intestinal
absorption.* Thus, SJW extracts may have reduced oral
bioavailability of cyclosporin by inducing Pgp, as well as
CYP 3A4.® In any event, the potential interaction of SJW
with cyclosporine is extremely serious; therefore, coadmin-
istration of the two agents should be avoided.

Digoxin

Currently, there is no direct evidence for an influence
of SIW extracts or isolated compounds on Pgp activity or
expression. However, the recent clinical study on the
digoxin-SJW interaction implies that Pgp modulation may
also be involved here, because digoxin is a known sub-
strate of Pgp transport but is not metabolized by CYP
enzymes. Healthy volunteers were brought to steady state
after 5 days of treatment with digoxin.* The subjects con-
tinued to receive digoxin (0.25 mg/day) either with
placebo (n=12) or SJW 900 mg/day (L1160; n=13) for
another 10 days. No statistically significant changes were
observed after the initial dose of SJW extract. However,
10 days of treatment with the extract resulted in a 25%
decrease of digoxin AUC (P=.0035) and a reduction in
trough concentrations and Cmax of 33% (P=.0023) and
26% (P=.0095), respectively.

Human Immunodeficieny Virus Protease Inhibitors

Human immunodeficieny virus (HIV) patients are very
likely to be taking a number of medications concurrently.
They are also likely to be taking SJW for various reasons.
Several reports suggest extreme caution should be used
with respect to the potential for drug interactions in this
sensitive group of patients. Piscitelli and colleagues® car-
ried out a clinical study on the effects of SJW on plasma
levels of the HIV protease inhibitor indinavir in healthy,
non-HIV subjects. A baseline steady state with indinavir
(three 800-mg doses) over 24 hours was established, and
after a fourth dose on the next day, kinetic parameters
were established. The same dose regimen was repeated
after 14 days of standardized SJW extract consumption at
300 mg tid. There was a large (57%) reduction in the
indinavir AUC after SIW therapy. Although the exact
mechanism of this interaction is unclear, indinavir is a
substrate of CYP 3A4. However, as with cyclosporin,
indinavir ic alen a crihetrate of Pan 49
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Warfarin

A crossover study examined the effect of SJW extract
(L1160) on a single dose of phenprocoumon (an anticoagu-
lant closely related closely to warfarin) in 10 healthy males
18-50 years of age.* Subjects received SIW (300 mg tid) or
placebo for 11 days; on day 11 each subject eceived a single
dose of phenprocoumon (12 mg). SJW resulted in a signifi-
cant decrease (~17%; P=.007) in the AUC of free phenpro-
coumon compared with placebo.

A letter to The Lancet from the Swedish Medical
Products Agency (MPA) reported seven cases in which
patients who had been stabilized on warfarin had experi-
enced reduced bleeding times during SJW consumption.®
No thromboembolic complications were noted, and either
the SJW was discontinued or the warfarin dose was
adjusted. The authors suggested the cause to be an interac-
tion between SJW and CYP 2C9 (the primary liver enzyme
associated with warfarin metabolism), although there was no
direct evidence for this. Another possible explanation for
the interaction is reduced intestinal absorption due to
induction of Pgp.

Oral Contraceptives

The same Lancet letter cited above® also mentions
reports of intermenstrual (n=8) or changed (n=1) menstrual
bleeding in women (23-31 years of age) who had been tak-
ing long-term oral contraceptives and had recently started
taking SJW (within the previous week in five of the cases).
No details are given, but the authors suggest that induction
of CYP 3A4 by SIW is responsible, because steroids are
known substrates of CYP 3A4. These reports resulted in the
Swedish MPA contacting marketers of SJW and requesting
that a warning be added to the labeling and that studies on
the extent and implications of these interactions be carried
out. To date, there have been no reports of decreased plasma
levels of steroid hormones or unwanted pregnancies associ-
ated with SIW.

Theophylline

Increased bioavailability of theophylline in human sub-
jects (increased Cmax, AUC, and elimination half-life) has
been reported when the drug is combined with certain food
substances, including piperine from black pepper® and a
high-carbohydrate, low-protein diet.®* Theophylline has
been reported to be metabolized (by demethylation) to a sig-
nificant degree by CYP 1A2 in human liver microsomes.*
As already noted, CYP 1A2 enzymes are induced by
tobacco, charbroiled meat, and cruciferous vegetables.
There is no in vivo data showing a potential for CYP 1A2
and SJW interaction. On the contrary, an 8-day treatment
with SJW in 16 subjects showed no effects on CYP 1A2.%
Although an interaction between theophylline and SJW has
been cited dozens of times in the literature, the published
report referred to is a single case of a 42-year-old woman.

She smoked half a pack of cigarettes daily and had taken 11
nreccrintinon medicatione in addition to SN\ for the nrevini e

2 months. On cessation of SJW, her plasma theophylline
levels rose within 7 days.®® This same article also provided
in vitro data suggesting induction of CYP 1A2 with pure
hypericin at concentrations several hundred times greater
than levels found in plasma. The case is hard to evaluate
and does not constitute evidence for a SJW-theophylline
interaction. CYP 2E1 may also be involved in theophylline
metabolism.*” Alcohol is known to induce this enzyme, but
no mention was made in the report of alcohol consumption
or other dietary factors having influenced CYP 1A2. Until
additional in vivo data are available for SJW and CYP 1A2,
little can be said about interaction potential.

Carbamazepine

Eight healthy volunteers received 100 mg of carba-
mazepine bid for 3 days, 200 mg bid for 3 days, and then
400 mg once daily for 14 days. On the last day, blood sam-
ples were taken. Then, for an additional 14 days, the sub-
jects took 300 mg SIW (0.3% hypericin) tid with meals and
carbamazepine (400 mg/day) for an additional 14 days. On
day 35, plasma samples were analyzed for carbamazepine
and its metabolite, carbamazepine-10,11-epoxide. There
were no significant differences in carbamazepine concentra-
tions at peak, trough, or AUC before and after the adminis-
tration of SJW.%¢ This suggests that SIW is either not a
particularly powerful CYP 3A4 inducer, or that it cannot
induce carbamazepine metabolism beyond the extent to
which it induces itself.

INTERACTIONS OF OTHER PSYCHOACTIVE
BOTANICALS
Ginkgo Interactions

Some of the observed effects of ginkgo leaf extract,
particularly the constituent ginkgolide B, are thought to
involve the inhibition of platelet-activating factor (PAF).%®
Thus, theoretically, ginkgo could have anticoagulant
effects. There have been several reports of bleeding associ-
ated with ginkgo treatment. The first was a case of sponta-
neous bilateral subdural hematoma in a 33-year-old
Korean woman who was also treated with acetaminophen
and ergotamine/caffeine.® It has been reported that a sub-
dural hematoma occurred in a patient who combined
coumadin with ginkgo, and spontaneous bleeding from the
iris occurred in a patient who was also receiving chronic
aspirin after bypass surgery.®* In a recent case, a 61-year-
old man who had been taking ginkgo at a daily dose of
120-160 mg experienced subarachnoid hemorrhage and a
mildly increased bleeding time of 6 minutes.® No other
medications were mentioned in this report. All of these
patients recovered. In a ex vivo mouse model, the
antiplatelet and antithrombotic effects on adenosine
diphosphate-induced platelet aggregation by oral treatment
with ticlopidine was enhanced by coadministration of the
ginkgo extract EGb 761.% A clinical trial examining bleed-
ing time was conducted in human volunteers.® EGb 761
had nno effect an thic narameter hv itcelf and did not
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increase the effect of aspirin. Authors of another clinical
trial designed to evaluate effects of ginkgo on blood sugar
reported no changes in coagulation tests that included fib-
rinogen, prothrombin time, and partial thromboplastin
time.® Despite the lack of anticoagulant activity in these
clinical trials, ginkgo theoretically reduces platelet aggre-
gation by inhibiting PAF. Thus, caution would suggest that
concurrent use of anticoagulants should probably be
avoided. No other interactions are known.

Kava

In contrast to some earlier German reports,® a recent
clinical trial showed an additive effect of kava and alcohol
on impairment and cognition. The hypnotic actions of kava
and alcohol were also reported to be additive when given
together to mice.”

One anecdotal report® suggests kava may interact with
benzodiazepine metabolism. A 54-year-old man on daily
doses of alprazolam, cimetidine, and terazosin was hospital-
ized after experiencing an acute change in mental status 3
days after he began taking kava. He recovered from his
lethargy and disorientation within several hours. This report
was titled: “Coma From the Health Food Store: Interaction
Between Kava and Alprazolam.” No other interactions have
been reported.

CONCLUSION

Reports of interactions of medications and botanicals are
becoming increasingly common and are often alarmist in
tone. The application of certain pharmacokinetic principles
IS necessary to aid in determining the clinical relevance of
some of these reports. SJW is capable of inhibiting CYP
3A4 acutely and inducing it after repeated doses. It can also
induce the drug-transport protein Pgp. Thus, drugs that are
substrates of both systems (eg, indinavir and cyclosporine)
are of particular concern. Naturally-occurring dietary con-
stituents can also have major effects on drug availability.
However, once this information is better understood it can
be put to use. For example, the combination of grapefruit
juice with expensive medications such as protease
inhibitors, sildenafil, or cyclosporine would allow the use of
smaller doses (effects could be offset by induction of Pgp,
however). Unexpected pharmacokinetic interactions are
always undesirable. More in vivo data is badly needed to
make sense of the plentiful but contradictory in vitro data.
Lists of substrates, inducers, and inhibitors of the various
enzymes systems are updated regularly and can be found on
the Internet at medicine.iupui.edu/flockhart/.

At this point in time, it would appear that SIW, ginkgo,
and kava do not pose a significant risk of interaction with
the majority of commonly used medications. Patients who
are prescribed any of the specific medications that require
precise plasma levels in order to be efficacious while mini-
mizing toxicity should be monitored closely, and should be
cautioned about possible serious interactions with other
medicatinne ac well ac manv fonde The natiente woiild be

well advised to avoid experimenting with herbal medicines
without the knowledge of their healthcare provider.
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