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Abstract
Phytochemical-mediated modulation of cytochrome P450 enzymes (CYPs) may underlie many herb-
drug interactions. This study’s purpose was to assess the effects of milk thistle and black cohosh
supplementation on CYP3A activity and compare them to a clinically recognized inducer, rifampin,
and inhibitor, clarithromycin. Healthy volunteers were randomly assigned to receive a standardized
milk thistle (900 mg) or black cohosh (80 mg) supplement for 14 days. Subjects also received rifampin
(600 mg) and clarithromycin (1000 mg) for 7 days as positive controls for CYP3A induction and
inhibition, respectively. Midazolam was administered orally before and after each supplementation
and control period. The effects of milk thistle, black cohosh, rifampin, and clarithromycin on
midazolam pharmacokinetics were determined using noncompartmental techniques. Unlike those
observed for rifampin and clarithromycin, midazolam pharmacokinetics were unaffected by milk
thistle or black cohosh. Milk thistle and black cohosh appear to have no clinically relevant effect on
CYP3A activity in vivo.
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Concomitant self-administration of botanical supplements with conventional medications is a
growing trend in the United States. Approximately 20% of adults take prescription medications
concurrently with botanical dietary supplements.1,2 This upsurge in botanical supplement
usage has sparked an increased concern regarding herb-drug interactions.3,4 Supplement-
derived phytochemicals appear to modulate various cytochrome P450 enzymes (i.e., CYP3A4)
and drug transporters (i.e., P-glycoprotein [P-gp,) in vitro, and such activities may underlie
many herb-drug interactions. Of the hundreds of botanical supplements sold in the United
States, St. John’s wort (Hypericum perforatum) is the most noteworthy for producing clinically
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significant herb-drug interactions. Interactions involving St. John’s wort can be traced to
hyperforin, a phytochemical component of H. perforatum and a potent ligand for the steroid
xenobiotic receptor (SXR),5 which functions as a transcription factor for the CYP3A4 and
ABCB1 genes. Chronic ingestion of St. John’s wort leads to up regulation of intestinal CYP3A4
and P-gp (the gene product of ABCB1) expression, a consequence of which is pronounced
reduction in oral bioavailability of many conventional medications.6–8

Numerous in vitro studies suggest that other botanical supplements may be capable of
modulating CYP activity;9–11 however, results from human in vivo studies have been less
compelling. Besides St. John’s wort, only goldenseal,12 garlic oil,13,14 ginkgo biloba,15 and
possibly echinacea,16 appear capable of significantly affecting human CYP activity in vivo.
Results from clinical studies into the interaction potential of other popular supplements,
particularly garlic powder and milk thistle, have been equivocal. Piscitelli et al. observed a
significant reduction in saquinavir area-under-the-curve when garlic powder was administered
concurrently, suggesting that garlic components were capable of inducing CYP3A activity.
17 Conversely, Markowitz et al. found no significant effect of garlic powder on the
pharmacokinetics of orally administered midazolam, a recognized CYP3A4/5 substrate.18 In
a similar vein milk thistle appeared to have no effect on the pharmacokinetics of indinavir, a
substrate for CYP3A4 and P-gp;19–21 however, its effect on metronidazole, another putative
CYP3A/P-gp substrate, suggested significant induction of these proteins.22 To complicate
matters further is the significant underreporting of both herb-drug interactions and adverse
events associated with dietary supplements.23–25 Taken together, these issues highlight the
need for more clinical investigations into the interaction potential of botanical supplements in
vivo. Such studies are particularly desirable for drugs metabolized via CYP3A-mediated
pathways.

Two popular botanicals, often taken with conventional medications, that may pose a risk for
CYP3A-mediated herb-drug interactions, include milk thistle (Silybum marianum) and black
cohosh (Cimicifuga racemosa). Milk thistle, promoted for its hepatoprotective properties,26
ranks among the top-selling botanical supplements in the United States.1 The purported
“active” phytochemicals present in milk thistle are a series of flavanolignans, known
collectively as “silymarin,” which include silibinin A, silibinin B, silidianin, silichristin, and
taxifolin. Recent in vitro studies indicate that both silymarin and individual flavanolignans
may function as substrates and/or inhibitors of human CYP3A4.27–30 However, as mentioned
above, clinical studies with milk thistle have produced mixed results regarding its ability to
modulate CYP3A4/P-gp in vivo.19–22

Black cohosh is a popular alternative therapy among women for treating menopausal
symptoms,31 and recent in vitro studies suggest that triterpene glycosides present in black
cohosh can inhibit CYP3A4 activity.32 To date, only one clinical study has addressed the drug
interaction potential of black cohosh. Gurley et al. demonstrated that 28 days of black cohosh
supplementation, failed to produce significant changes in phenotypic markers of CYP1A2,
CYP2D6, CY2E1, and CYP3A4 activity among healthy volunteers, implying a low interaction
potential for this supplement.12 While the use of phenotypic metabolic ratios appears to be a
suitable method for simultaneously evaluating multiple CYPs and botanical supplements, a
limitation of the approach lies in its ability to only provide estimates of CYP probe drug
clearance.12–14,33 For probe drugs like caffeine (CYP1A2 probe), debrisoquine (CYP2D6
probe), and chlorzoxazone (CYP2E1 probe), single-time point phenotypic metabolic ratios
appear to be adequate predictors of drug metabolism.34–36 However, for midazolam (CYP3A4
probe) there is some debate about the utility of using one-hour 1-hydroxymidazolam/
midazolam ratios to predict midazolam clearance.37,38 In this report we describe, for the first
time, the effects of milk thistle and black cohosh supplementation on the pharmacokinetics of
midazolam, a recognized CYP3A4 substrate. In addition, we compare the effects of milk thistle

Gurley et al. Page 2

J Clin Pharmacol. Author manuscript; available in PMC 2007 May 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and black cohosh to those of rifampin, an inducer of CYP3A4 expression,39 and
clarithromycin, an inhibitor of CYP3A4 activity,40 as a means of gauging the clinical relevancy
of supplement-mediated interactions.

Methods
Study subjects

The University of Arkansas for Medical Sciences Human Research Advisory Committee (Little
Rock, AR) approved this study protocol and all participants provided written informed consent
before commencing the study. Nineteen young adults (9 females) (age, mean ±SD = 28 ± 6
years; weight, 76.5 ± 16.4 kg) participated in the study and all subjects were in good health as
indicated by medical history, routine physical examination, electrocardiography, and clinical
laboratory testing. All subjects were nonsmokers, ate a normal diet, were not users of botanical
dietary supplements, and were not taking prescription or nonprescription medications. All
female subjects had a negative pregnancy test at baseline. All subjects were instructed to abstain
from alcohol, caffeine, fruit juices, cruciferous vegetables, and charbroiled meat throughout
each two-week phase of the study. Adherence to these restrictions was further emphasized five
days before midazolam administration. Subjects were also instructed to refrain from taking
prescription and nonprescription medications during supplementation periods, and any
medication use during this time was documented. Documentation of compliance to these
restrictions was achieved through the use of a food/medication diary.

Supplements and supplementation/medication regimens
The effect of milk thistle, black cohosh, rifampin and clarithromycin on midazolam
pharmacokinetics was evaluated individually on four separate occasions in each subject. This
was an open-label study randomized for supplementation/medication sequence.
(“Supplementation/medication” refers either to milk thistle, black cohosh, rifampin, or
clarithromycin.) Each supplementation phase (milk thistle or black cohosh) lasted 14 days
while each medication phase (rifampin or clarithromycin) was of 7 days duration. Each
supplementation/medication phase was followed by a 30-day washout period. This randomly
assigned sequence of supplementation/medication followed by washout was repeated until
each subject had received all four products. Single lots of milk thistle (lot # 41678) and black
cohosh (lot #41924) were purchased from the same vendor (Enzymatic Therapy, Inc. Green
Bay, WI.). (Enzymatic Therapy Inc. is a leader in the botanical supplement industry for
providing products of high quality and consistency.) Rifampin (Rifadin®, Aventis
Pharmaceuticals, Kansas City, MO.) and clarithromycin (Biaxin®, Abbott Laboratories, North
Chicago, IL) were utilized as positive controls for CYP3A induction and inhibition,
respectively. Product labels were followed regarding the administration of milk thistle (300
mg, three times daily, standardized to contain 80% silymarin); black cohosh extract (40 mg,
twice daily, standardized to 2.5% triterpene glycosides); rifampin (300 mg, twice daily); and
clarithromycin (500 mg, twice daily). Telephone and electronic mail reminders were used to
facilitate compliance, while pill counts and supplementation usage records, were used to verify
compliance.

Midazolam administration
Following an overnight fast, subjects reported to the University of Arkansas for Medical
Sciences General Clinical Research Center for midazolam administration and blood sampling.
Prior to midazolam administration subjects were weighed and questioned about their adherence
to the dietary and medication restrictions. Female subjects were administered pregnancy tests
and only those with negative test results were allowed to participate. Following the placement
of a 20 gauge, indwelling catheter into a peripheral vein of the forearm, an oral dose of
midazolam (8 mg, Bedford Laboratories, Bedford, OH) was administered with 240 ml of water.
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Throughout the study, midazolam doses were administered 24 hours before the start of each
supplementation/medication phase (baseline) and again on the last day of each phase. Serial
blood samples were obtained before and at 0.25, 0.50, 0.75, 1, 1.5, 2, 3, 4, 5, and 6 hours after
midazolam administration. Blood samples were allowed to clot for 30 minutes then centrifuged
at 2500 rpm. Serum was removed, placed in 3mL cryovials and stored at −70°C until analysis.
Each subject’s blood pressure, heart rate, and respiration rate was monitored at 0.5, 1, and 2
hours post-midazolam administration. Four hours after dosing, subjects received identical
meals consisting of a turkey sandwich, potato chips, carrot sticks, and water.

Determination of midazolam (MDZ) and 1′-hydroxymidazolam (HMDZ) serum concentrations
Standard solutions of MDZ and HMDZ (Sigma, St Louis, MO) were prepared in methanol to
give stock solutions of 1.0 μg/mL and were stored at −20°C until use. The internal standard,
MDZ-[15N3], (a gift from Roche Laboratories, Nutley, NJ) was prepared to yield a stock
solution of 0.2 ng/mL in methanol. Working standards were prepared daily in drug-free serum
from the stock solution to yield concentrations of 250, 100, 50, 25, 10, 5.0, 2.50, 1.0, 0.5, 0.25
and 0.1 ng/mL.

500 μL of 0.2M sodium acetate (pH 4.75) was added to each 250 μL serum aliquot. 250 μL of
ice-cold β-glucuronidase (Sigma, St. Louis, MO) were then added and the sample gently
agitated. Samples were incubated at 37°C for 2.5 hours. After incubation, 2 mL of 0.1%
H3PO4 was added along with 50 μL of the internal standard (MDZ-[15N3]) and samples vortex-
mixed for 30 seconds. A Strata X-C solid phase extraction (SPE) column (Phenomenex,
Torrance, CA 90501) was used to extract MDZ and HMDZ from serum. SPE columns were
preconditioned with methanol/water. Serum samples were then loaded onto SPE columns and
washed with 2 mL of 0.1% H3PO4 in 50:50 methanol:acetonitrile followed by 1 mL of 50:50
methanol:acetonitrile. MDZ and HMDZ were eluted by gravity flow using 3 mL 6% ammonia
in 50:50 methanol:acetonitrile. Eluents were dried under nitrogen and reconstituted in 75 μL
LC/MS mobile phase A (30% acetonitrile, 5mM ammonium formate pH 3.0). Samples were
then transferred to microcentrifuge tubes and centrifuged at 13,200 rpm.

Using a Model 10Avp modular high performance liquid chromatography (HPLC) system
(Shimadzu Corp., Columbia, MD), 10 μL aliquots were injected onto a 10 × 0.2 cm Gemini
5om C18 column (Phenomenex, Torrance, CA). MDZ and HMDZ were eluted at a flow of 0.2
mL/min using a 4-min. linear gradient from 30% to 80% acetonitrile:ammonium formate (5
mM pH 3.0). Analytes were converted to gas-phase ions in a TurboIon Spray™ heated
electrospray ionization (ESI) source (MDS Sciex, Concord, Ontario, Canada) operated at
+4,400 volts and 425°C. Ions were resolved and detected in an API3000 triple-quadrupole
mass spectrometer (MDS Sciex, Concord, Ontario, Canada) by multiple reaction monitoring.
MDZ and HMDZ serum concentrations were quantified by a comparison of the ratio of their
peak areas to that of the internal control, MDZ-[15N3].

Validation studies found that standard curves were linear over the range of 250 to 0.1 ng/mL
and yielded correlation coefficients > 0.995. The limit of quantitation was 0.1 ng/mL and the
limit of detection 0.02 ng/mL. Mean recoveries of MDZ and HMDZ were 92% and 85%,
respectively. Relative standard deviations for interday accuracy and precision assessments for
quality control standards at 120, 20, and 1.5 ng/mL were < 10%.

Supplement analysis
The phytochemical content of each supplement was independently analyzed for specific
“marker compounds” by HPLC. Analytical standards of the flavanolignans taxifolin,
silychristin, silydianin, silibinin A, and silibinin B were purchased from ChromaDex, Inc.
(Santa Ana, CA, USA). Standard solutions of each flavanolignan were prepared in methanol
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covering a range of 0.01–1 μg/mL and used for quantitative purposes. Flavanolignan content
of milk thistle was quantitated using a previously published method.41 Briefly, contents of six
milk thistle capsules were placed in individual brown glass bottles and dissolved in 75 mL of
ethanol. The contents of each vessel were agitated at 75 rpm for 4 hours at 60°C. One milliliter
aliquots were removed, evaporated under nitrogen, and redissolved in 1 mL methanol. 10 μL
were injected onto a Symmetry C18 column (150 mm × 4.6 mm, 5μm) (Waters Corp., Milford,
MA, USA) using a Waters Alliance 2690 component HPLC system (Waters Corp., Milford,
MA, USA). A gradient elution using a mobile phase of methanol:water (20:80, designated
Solvent A and 80:20, designated Solvent B) was used to separate the flavanolignans. A mixture
of 85:15 (Solvent A:B) was initiated for 5 minutes at a flow of 0.75 ml/min, followed by a
linear gradient over 15 minutes to achieve a mixture of 45:55 (Solvent A:B) which was held
constant for an additional 20 minutes. The gradient was then ramped down linearly over 10
minutes to the original concentration (85:15, A:B). Column eluent was monitored by a Model
996 photodiode array detector (Waters Corp., Milford, MA) at a wavelength of 290nm.
Retention times for taxifolin, silichristin, silidianin, silibinin A, and silibinin B were 9.6, 16.5,
18.8, 23.7 and 24.7 minutes, respectively. The lower limit of quantitation for each analyte was
0.01 μg/mL. The interday accuracy and precision for silymarin components at 0.05, 0.1, and
0.5 μg/mL was < 8%.

Black cohosh was analyzed for triterpene glycosides (cimiracemosides, cimicifugoside, 27-
deoxyactein, and actein) (Chromadex Inc., Santa Ana, CA, USA) using reversed phase HPLC
with evaporative light scattering detection as described previously.42 Standard curves for each
standard were linear over the range of 10 to 400 μg/mL. The limit of quantitation for
cimiracemoside (the least prevalent component) was 10 μg/mL. Extraction recoveries
exceeded 95% and relative standard deviations for interday accuracy and precision assessments
were < 5%.

Pharmacokinetic analysis and phenotype assessment
MDZ pharmacokinetic parameters were determined using standard noncompartmental
methods with the computer program WinNonlin (version 2.1; Pharsight, Mountain View, CA,
USA). Area under the serum concentration-time curves from zero to 6 hours (AUC(0–6)) were
determined by use of the trapezoidal rule. The terminal elimination rate constant (ke) was
calculated using the slope of the log-linear regression of the terminal elimination phase. Area
under the serum concentration versus time curve from zero to infinity (AUC0–∞) was calculated
using the log-linear trapezoidal rule up to the last measured time concentration (Clast) with
extrapolation to infinity using Clast/ke. The elimination half-life was calculated as 0.693/ke.
The apparent oral clearance of midazolam (Cl/F) was calculated as dose/AUC0–∞. Peak MDZ
concentrations (Cmax) and the times when they occurred (Tmax) were derived directly from the
data.

The justification of specified time points for obtaining metabolite/parent serum ratios to
estimate probe drug clearance has been previously addressed.13 Serum ratios of HMDZ/MDZ
determined one hour after dosing were used to estimate CYP3A activity. Differences in pre-
and post-supplementation/medication HMDZ/MDZ ratios obtained one hour after MDZ
dosing were used to estimate the effects of rifampin, clarithromycin, milk thistle, and black
cohosh on CYP3A phenotype.

Disintegration tests
An absence of botanical-mediated effects on midazolam pharmacokinetics could stem from
products exhibiting poor disintegration and/or dissolution characteristics. To address this
concern, each product was subjected to disintegration testing as outlined in the United States
Pharmacopeia 28.43 The disintegration apparatus consisted of a basket-rack assembly operated
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at 29–32 cycles per minute with 0.1 N HCl (37°C) as the immersion solution. One dosage unit
(uncoated tablet or soft gel capsule) of each supplement was placed into each of the six basket
assembly tubes. The time required for the complete disintegration of six dosage units was
determined. This process was repeated with an additional six dosage units to assure accuracy.
Since there are no specifications for the disintegration time of the botanical supplements used
in this study, the mean of six individual dosage units was taken as the disintegration time for
that particular product. A product was considered completely disintegrated if the entire residue
passed through the mesh screen of the test apparatus, except for capsule shell fragments, or if
the remaining soft mass exhibited no palpably firm core.

Statistical Analysis
A repeated measures ANOVA model was fit for each pharmacokinetic parameter using SAS
Proc Mixed software (SAS Institute, Inc. Cary, N.C., USA). Since pre-and post-
supplementation/medication pharmacokinetic parameters were determined in each subject for
all four of the study phases, a covariance structure existed for measurements within subjects.
Sex, supplement/medication, and supplement/medication-by-sex terms were estimated for
each parameter using a Huynh-Feldt covariance structure fit. If supplement/medication-by-sex
interaction terms for a specific parameter measure were significant at the 5% level, the focus
of the post-supplementation/medication minus pre-supplementation/medcation response was
assessed according to sex. If the supplement/medication-by-sex interaction was not statistically
significant, responses for both sexes were combined.

An identical approach was taken to evaluate the effects of the supplementation/medication
scheme on 1-hour HMDZ/MDZ ratios. Additionally, a power analysis was performed to
estimate the ability to detect significant post- minus pre-supplementation/medication effects.
All four models obtained at least 80% power at the 5% level of significance to detect a Cohen
effect size of 1.32 to 1.50 standard deviation units.44 A Pearson’s correlation analysis for 1-
hour HMDZ/MDZ serum ratios and MDZ oral clearance was also performed using SAS Proc
Corr software (SAS Institute, Inc. Cary, N.C., USA).

RESULTS
All nineteen subjects completed each phase of the study. Neither spontaneous reports from
study participants or their responses to questions asked by study nurses regarding supplement/
medication usage revealed any serious adverse events. Nausea, indigestion, and complaints of
a metallic taste were frequently noted during clarithromycin phases. Mild indigestion and
reddish discoloration of the urine were common conditions reported with rifampin use. Three
subjects noted an increase in headaches while taking milk thistle and one subject associated
black cohosh with the onset of “vivid dreams”. No clinically significant changes in blood
pressure, heart rate, or respiratory rate were observed after MDZ administration. Examination
of pill counts and food/medication diaries revealed no significant deviations from the study
protocol.

During each pre-supplementation/medication phase, subjects slept for approximately 1–2
hours after receiving MDZ. Milk thistle and black cohosh had no noticeable effect on the
duration of MDZ-induced sleep. After rifampin, however, most subjects either did not sleep
or their sleep time was less than 0.5 hours. Clarithromycin increased the average sleep time
for all subjects to 3–4 hours.

The effects of clarithromycin, rifampin, milk thistle, and black cohosh on serum MDZ
concentration versus time profiles are depicted in Figure 1. Supplement/medication effects on
MDZ pharmacokinetics are presented in Table I. No statistical differences were observed for
MDZ pharmacokinetic parameters at the beginning of each supplementation/medication phase
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(baseline) (Table I). Statistically significant increases (p < 0.001) in MDZ AUC(0–∞), Cmax,
and elimination half-life were observed after 7 days of clarithromycin ingestion (Figure. 1;
Table I). Clarithromycin also decreased MDZ apparent oral clearance by 88% (1.32 ± 0.34 vs.
0.16 ± 0.07 L/hr/kg)(p < 0.001; Table I). Statistically significant reductions (p < 0.001) in MDZ
AUC(0–∞), Cmax, and elimination half-life were noted following rifampin administration
(Figure 1; Table I). Rifampin increased MDZ apparent oral clearance by more than 20 fold
(1.44 ± 0.37 vs. 29.6 ± 15.2 L/hr/kg)(p < 0.001; Table I). A statistically significant reduction
in Tmax was also observed following rifampin (p < 0.05; Table I). In contrast to rifampin and
clarithromycin, no significant changes in MDZ pharmacokinetics were observed as a result of
milk thistle or black cohosh supplementation (Figure 1; Table I).

A significant sex-related difference in baseline (e.g. pre-supplementation/medication) oral
MDZ clearance was observed. The oral clearance of MDZ was significantly greater in female
subjects (1.61 ± 0.49 versus 1.04 ± 0.30 L/hr/kg; p < 0.001) than in males. However, no sex-
related differences in the extent of CYP3A induction (i.e., change in pre- versus post-rifampin
CL/F/kg) or inhibition (i.e. change in pre- versus post-clarithromycin Cl/F/kg) were observed.

Comparisons of 1-hour HMDZ/MDZ serum concentration ratios before and after
supplementation/medication mirrored the effects observed for MDZ concentration-time
profiles (Figure 2; Table II). Like that observed for baseline values of MDZ oral clearance, no
statistically significant differences occurred among mean values for 1-hour HMDZ/MDZ ratios
at baseline (Table II). Again, as with MDZ oral clearance, a sex-related difference was noted
for mean MDZ phenotype assessments. At each baseline determination, mean values for female
1-hour HMDZ/MDZ ratios were significantly greater (4.12 ± 1.3 versus 2.84 ± 0.82; p < 0.001)
than those for males; however, no sex-related effect with regard to extent of change in MDZ
phenotypes was noted after each treatment phase. Mean post-rifampin 1-hour HMDZ/MDZ
serum ratios were significantly greater than pre-dose values indicating an induction of CYP3A
activity (Figure 2A), while the opposite was true for clarithromycin treatment signifying
CYP3A inhibition (Figure 2B). No significant changes in mean 1-hour HMDZ/MDZ serum
ratios were noted after 14-day courses of either milk thistle or black cohosh (Figures 2C, 2D),
suggesting that these supplements are not potent modulators of CYP3A in vivo. Correlation
analysis revealed a significant positive correlation between 1-hour HMDZ/MDZ ratios and
CL/F/kg (r2 = 0.82, p < 0.001; Figure 3).

Results of phytochemical analyses and disintegration testing for milk thistle and black cohosh
formulations are presented in Table III. Based on these findings, subjects ingested
approximately 440 mg of silymarin and 3.0 mg of triterpene glycosides on a daily basis. In
addition, both dosage forms disintegrated in less than 15 minutes.

DISCUSSION
The present findings suggest that phytochemical components in the milk thistle and black
cohosh formulations investigated in this study did not significantly affect the pharmacokinetics
of MDZ in humans, and therefore are not likely to pose a significant interaction risk with other
CYP3A substrates. This interpretation is bolstered by the significant changes in MDZ
pharmacokinetics observed following the administration of clarithromycin, a known CYP3A4
inhibitor, and rifampin, a recognized inducer of CYP3A4 expression. In addition, our results
do not support previous in vitro findings that silymarin (i.e., silibinin A, silibinin B silidianin,
silichristin, and taxifolin) inhibits CYP3A4 activity, at least not in the context of the
recommended supplementation regimen used in the study. This discrepancy may stem from
the fact that milk thistle flavanolignans are practically insoluble in water and that in vitro studies
demonstrating an inhibitory effect of silymarin on CYP3A4 activity have utilized solubilizing
agents (e.g., dimethylsulfoxide27,29,30 or methanol28) to facilitate hepatocyte or microsomal
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membrane permeability. Depending on the in vitro model utilized, IC50 values for individual
flavanolignans or silymarin extract have ranged from 25–250 μM,27–30 with some evidence
that silibinin can act as a mechanism-based inhibitor of CYP3A.26 From the results of the
present study, it would appear that local silymarin concentrations at intestinal enterocyte
membrane interfaces were lower than the 25–250 μM necessary for in vitro inhibition of
CYP3A,27–30 and the degree of mechanism-based inhibition, if any, was not comparable to
that observed with clarithromycin.

The milk thistle product used in the present study was formulated with soybean oil, glycerin,
and lecithin in a soft gelatin capsule, and upon disintegration the contents appeared to remain
undissolved. Since flavanolignan serum concentrations were not measured, any indication as
to their in vivo solubility and/or bioavailability status remains unknown. Nevertheless,
bioavailability and dissolution characteristics for silymarin-containing products have been
shown to vary widely. An evaluation of nine separate milk thistle products found that the
amount of silibinin released over one hour into an aqueous buffered solution (pH 7.5, 37°C)
ranged from 0–85%;45 while a comparative bioavailability study of three silibinin-containing
dosage forms found that values for AUC and Cmax varied among products by factors of 3 and
6, respectively.46 Moreover, several studies have demonstrated that silymarin-containing
products exhibit especially poor bioavailability and drug-release properties when not
formulated with solubility-enhancing agents like phosphatidylcholine and polyethylene glycol.
45,47–49 The bioavailability and drug-release characteristics of silymarin is significantly
enhanced when silibinin is complexed with phosphotidylcholine or formulated as lipid-
containing microspheres.50–53 Unlike many European products, the majority of milk thistle
supplements sold in the United States do not appear to incorporate these technologies.52

With the multitude of supplement brands available on the market, discrepancies in product
content, formulation, dissolution, and bioavailability can be the bane of any clinical safety,
efficacy, or herb-drug interaction study—a problem not limited to milk thistle. Formulation
differences could explain the disparity between a recent study performed in India22 and several
conducted in the United States12,19–21 regarding the effects of milk thistle on the disposition
of CYP3A substrates. Rajnarayana et al. found that 9 days of silymarin administration
(Silybon™) increased the clearance of metronidazole, a substrate of CYP2C9, CYP3A, and
P-gp, by almost 30%.22 The authors concluded that induction of CYP and/or P-gp might have
accounted for the observed effects. Conversely, milk thistle interaction studies conducted in
the United States and Canada found no statistically significant changes in the pharmacokinetics
of indinavir, a CYP3A/P-gp substrate,19–21 although slight reductions (8–18%) in indinavir
AUC were noted in each study. Collectively, the above studies hint at a possible mild inductive
effect of silymarin on CYP3A and/or P-gp. In the only in vitro examination of milk thistle
components on CYP3A induction, Raucy, using a reporter gene assay for the human pregnane
X receptor and promoter regions of CYP3A transfected in HepG2 cells, found no evidence that
silymarin, when solubilized with dimethylsulfoxide (DMSO), could induce the enzyme.54
Furthermore, in a previous study utilizing MDZ, we found that 28 days of milk thistle
supplementation had no significant effect on 1-hour HMDZ/MDZ ratios (a finding confirmed
by the current results) implying that conventional silymarin formulations are devoid of any
clinically relevant CYP3A modulatory effects.12 Taken together, our results and those reported
previously suggest that, when compared to potent inducers and inhibitors of CYP3A, milk
thistle flavanolignans pose no clinically significant risks for pharmacokinetic herb-drug
interactions involving CYP3A substrates.

Recent in vitro findings demonstrate that, in the presence of DMSO, black cohosh extracts or
individual triterpene glycosides can inhibit CYP3A.32 However, the results reported here, and
earlier,12 indicate that, when compared to clarithromycin and rifampin, recommended doses
of black cohosh triterpene glycosides do not affect MDZ disposition and are therefore not
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effective modulators of CYP3A in vivo. Whether this lack of effect is a function of dose,
solubility, bioavailability, or a combination of factors remains to be seen. Like many botanical
supplements, the pharmacokinetic profile of black cohosh’s constituent phytochemicals has
not been adequately investigated. Only one group has described an attempt at measuring
mercapturate conjugates of black cohosh constituents (fukinolic acid, fukiic acid, caffeic acid,
and cimiracemate B) in the urine of women after consuming 256 mg of a standardized black
cohosh extract, and none of the target conjugates were detected.55 This finding alone brings
into question the cellular permeability and bioavailability of these specific phytochemicals.
Accordingly, the available in vivo evidence would seem to render black cohosh as an unlikely
source of clinically important herb-drug interactions.

Poor systemic bioavailability of phytochemicals, however, may not always be associated with
a lack of CYP3A modulation. This is best illustrated with grapefruit juice. Grapefruit juice, a
well recognized mechanism-based inhibitor of intestinal CYP3A4 produces significant
reductions in the oral clearance of many CYP3A4 substrates, yet the two phytochemicals
primarily responsible for this effect, bergamottin and 6′,7′-dihydroxybergamottin, do not attain
measurable concentrations in the plasma.56 From the results of the present study, however, it
would appear that concentrations of specific milk thistle and black cohosh phytochemicals
were insufficient to elicit any clinically noticeable effects on CYP3A.

Of particular interest was the close agreement between MDZ pharmacokinetic parameters
described here and those reported earlier by Gorski et al.39,40 Like Gorski, we too noted a
sex-related difference in oral MDZ clearance with women exhibiting higher values than men.
40 Unlike Gorski, however, we failed to observe a sex-related effect in the response of CYP3A
to induction by rifampin39 or inhibition by clarithromycin.40

Our findings also support the utility of 1-hour HMDZ/MDZ ratios as a practical method for
identifying herb-drug interactions that involve CYP3A induction or inhibition. Previously, this
approach had been used to document CYP3A induction following St. John’s wort
supplementation,13,14 and its inhibition by goldenseal.12 The method also demonstrated that
an absence of change in mean phenotypic ratios following botanical supplementation could be
interpreted as a lack of effect on CYP activity. Such was the case with Citrus aurantium, Ginkgo
biloba, Panax ginseng, and saw palmetto extracts13,14,33—the latter three examples being
confirmed by other investigators using more conventional area-under-the-curve assessments.
57–59 The list can now be extended to include milk thistle and black cohosh. Thus, a range of
herb-mediated effects on CYP activity (e.g. induction, inhibition, or no effect) can be
differentiated with single time-point phenotypic ratios. It must be emphasized, however, that
single-time point phenotypic ratios simply provide estimates of probe drug clearance. The
utility of these approximations have recently come under question, with some investigators
finding the correlations unacceptable.38 We, however, found that the change, or lack thereof,
in HMDZ/MDZ ratios provided a reasonable correlation with oral MDZ clearance (Figure 3).
Our aim is not to propose that traditional means of determining MDZ clearance can be
supplanted by metabolic phenotypic ratios; however, we do believe they provide a less labor-
intensive, more subject-friendly means for evaluating multiple CYP enzymes and multiple
botanical supplements in vivo while using a limited blood-sampling scheme.12–14,33 In short,
single-time point metabolic phenotypic ratios may serve as a cost-effective in vivo screening
method for assessing potential CYP-mediated herb-drug interactions. Once identified,
candidate herbs may be evaluated further by using more traditional pharmacokinetic
approaches.

In conclusion, when compared to the effects of rifampin and clarithromycin, the specific brand
of milk thistle and black cohosh supplements utilized in this study produced no significant
changes in the disposition of midazolam, a clinically recognized CYP3A substrate.
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Accordingly, these two products appear to pose no clinically significant risk for CYP3A-
mediated herb-drug interactions. However, given the inter-product variability in
phytochemical content, potency, and formulation among botanical supplements, these results
may not extend to regimens utilizing higher dosages, longer supplementation periods, or brands
with improved dissolution and/or bioavailability characteristics.
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Figure 1.
Midazolam concentration-time profiles before and after clarithromycin. rifampin, milk thistle
and black cohosh. Black squares = baseline values; gray circles = post-supplementation/
medication values. Error bars = standard deviations.
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Figure 2.
Comparison of pre- and post-supplementation phenotypic ratios (1-hydroxymidazolam/
midazolam) for CYP3A4. (A) Rifampin, (B) Clarithromycin, (C) Milk thistle, (D) Black
cohosh. Gray circles = individual values; Black circles = group means. Asterisks = statistically
significant difference from baseline.

Gurley et al. Page 15

J Clin Pharmacol. Author manuscript; available in PMC 2007 May 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Plot of 1-hour 1′-hydroxymidazolam/midazolam phenotypic ratios versus midazolam oral
clearance (CL/F/kg).
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