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ABSTRACT
The natural product goldenseal is a clinical inhibitor of CYP3A ac-
tivity, as evidenced by a 40%–60% increase in midazolam area
under the plasma concentration versus time curve (AUC) after co-
administration with goldenseal. The predominant goldenseal al-
kaloids berberine and (�)-b-hydrastine were previously identified
as time-dependent CYP3A inhibitors using human liver micro-
somes. Whether these alkaloids contribute to the clinical interac-
tion, as well as the primary anatomic site (hepatic vs. intestinal)
andmode of CYP3A inhibition (reversible vs. time-dependent), re-
main uncharacterized. The objective of this study was to mecha-
nistically assess the pharmacokinetic goldenseal-midazolam
interaction using an integrated in vitro–in vivo–in silico approach.
Using human intestinal microsomes, (�)-b-hydrastine was a
more potent time-dependent inhibitor of midazolam 1’-hydroxyl-
ation than berberine (KI and kinact: 8.48 lM and 0.041 minutes�1,
respectively, vs. >250 lM and �0.06 minutes�1, respectively).
Both the AUC andCmax ofmidazolam increased by 40%–60% af-
ter acute (single 3-g dose) and chronic (1 g thrice daily × 6 days)
goldenseal administration to healthy adults. These increases,
coupled with a modest or no increase (#23%) in half-life, sug-
gested that goldenseal primarily inhibited intestinal CYP3A.
A physiologically based pharmacokinetic interaction model

incorporating berberine and (�)-b-hydrastine successfully pre-
dicted the goldenseal-midazolam interaction to within 20% of
that observed after both chronic and acute goldenseal adminis-
tration. Simulations implicated (�)-b-hydrastine as the major al-
kaloid precipitating the interaction, primarily via time-dependent
inhibition of intestinal CYP3A, after chronic and acute goldenseal
exposure. Results highlight the potential interplay between time-
dependent and reversible inhibition of intestinal CYP3A as the
mechanism underlying natural product-drug interactions, even
after acute exposure to the precipitant.

SIGNIFICANCE STATEMENT
Natural products can alter the pharmacokinetics of an object
drug, potentially resulting in increased off-target effects or de-
creased efficacy of the drug. The objective of this work was to
evaluate fundamental mechanisms underlying the clinically ob-
served goldenseal-midazolam interaction. Results support the
use of an integrated approach involving established in vitro as-
says, clinical evaluation, and physiologically based pharmaco-
kinetic modeling to elucidate the complex interplay between
multiple phytoconstituents and various pharmacokinetic pro-
cesses driving a drug interaction.

Introduction
The botanical natural product goldenseal [Hydrastis cana-

densis L. (Ranunculaceae)], a perennial herb native to North
America, is commonly used to self-treat the common cold and
other respiratory infections, allergic rhinitis, and digestive
complications such as diarrhea and constipation (Hobbs, 1990)
(https://www.nccih.nih.gov/health/goldenseal). Gurley and
colleagues previously reported goldenseal to precipitate clini-
cally significant interactions with midazolam, a drug that
undergoes extensive metabolism via cytochrome P450 (P450)
3A–mediated hydroxylation (Kronbach et al., 1989; Tian et al.,
2019). The metabolic ratio, as determined by the plasma 1’-hy-
droxymidazolam/midazolam ratio measured at a single blood
collection time point, decreased by 40% after a 4-week
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administration of goldenseal root extract (900 mg thrice daily)
to 12 healthy adult participants (Gurley et al., 2005). The de-
creased CYP3A activity was recapitulated by a 1.6-fold in-
crease in midazolam area under the plasma concentration
versus time curve (AUC) after 2 weeks of goldenseal root ex-
tract administration (1.3 g thrice daily) to 16 healthy adults
(Gurley et al., 2008). These observations clearly indicate that
goldenseal is a clinical inhibitor of CYP3A. However, the pri-
mary precipitant, mode of inhibition, and site of interaction re-
main uncharacterized.
Major phytoconstituents of goldenseal include the isoqui-

noline alkaloids berberine and (�)-b-hydrastine. These alka-
loids contain methylenedioxyphenyl moieties, which are
known structural alerts for potential time-dependent inhi-
bition (TDI) of P450s (Kalgutkar et al., 2007). Both berber-
ine and (�)-b-hydrastine demonstrated TDI of CYP3A
activity (midazolam 1’-hydroxylation) in human liver mi-
crosomes (HLMs) (Chatterjee and Franklin, 2003; McDo-
nald et al., 2020). The kinact/KI ratios for berberine and
(�)-b-hydrastine were 1.3 and 2.0 ml/min/lmol, respec-
tively (McDonald et al., 2020). Berberine also activated
midazolam 1’-hydroxylation in both HLMs and recombi-
nant CYP3A5, but not recombinant CYP3A4, as shown by
a reduction in Km(app). In addition to the liver, the intestine
represents a potential site for first-pass drug interactions.
Based on the presumed high concentrations of exogenous pre-
cipitants at this anatomic site, along with the fact that mid-
azolam undergoes extensive first-pass metabolism (Paine
et al., 1996; Thummel et al., 1996), modulation of intestinal
CYP3A may contribute to the observed goldenseal-midazolam
interaction.
Physiologically based pharmacokinetic (PBPK) modeling is a

dynamic tool that can provide mechanistic insights into biologic
processes governing an observed pharmacokinetic interaction
by integrating organ physiology with compound-dependent
physicochemical and pharmacokinetic parameters (Sager et al.,
2015). Unlike for drug-drug interactions, the application of
PBPK modeling to natural product-drug interactions remains
underutilized due to the phytochemical complexity of natural
products, the contents of phytoconstituents in marketed prod-
ucts varying between different manufacturers, and the lack of
robust physicochemical and pharmacokinetic data for most
phytoconstituents. A PBPKmodel for goldenseal was previously
developed and verified to simulate the observed goldenseal-
midazolam interaction (Adiwidjaja et al., 2022). Although the
model provided a reliable estimate of the magnitude of the
interaction, elucidating mechanisms underlying this natural
product-drug interactionwasnot a premise of the study.
The objective of the current study was to elucidate the fun-

damental mechanism(s) underlying the goldenseal-midazolam
interaction using a comprehensive integrated approach involv-
ing established in vitro assays, clinical evaluation, and PBPK
modeling. The aims were to 1) describe the inhibition kinetics
of berberine and (�)-b-hydrastine toward intestinal CYP3A
activity using human intestinal microsomes (HIMs), 2) evalu-
ate the pharmacokinetics of midazolam before and after oral

administration of a well-characterized goldenseal product to
healthy adult participants, and 3) develop a PBPK model to
gain further mechanistic insights into the goldenseal-mediated
drug interaction (i.e., contributions between reversible inhibi-
tion and TDI by berberine and/or (�)-b-hydrastine and the
predominant anatomic site of interaction). Results illustrate
how this integrated approach can be used to elucidate the
complex interplay between multiple phytoconstituents and
multiple pharmacokinetic processes driving an observed natu-
ral product-drug interaction.

Materials and Methods
Chemicals and Reagents. Midazolam, 1’-hydroxymidazolam,

4-hydroxymidazolam, midazolam 1’-O-glucuronide, midazolam 4-O-
glucuronide, midazolam N-glucuronide, alprazolam, b-nicotinamide
adenine dinucleotide phosphate (NADPH), ketoconazole, atenolol,
berberine chloride, (�)-b-hydrastine (USP reference standard), and
penicillin/streptomycin (10,000 units/10 mg per ml) were purchased
from Sigma-Aldrich (St. Louis, MO). HIMs (10 mg/ml; H0610.I, lot
1610314), pooled from 15 donors of mixed sex, were purchased from
Xenotech (Kansas City, KS). Fasted state simulated intestinal
fluid (FaSSIF) was acquired from Biorelevant (London, UK). Caco-
2 cells were procured from American Type Culture Collection
(ATCC) (Manassas, VA). All other chemicals and reagents were of
analytical grade.

IC50 Shift Experiment for the Predominant Goldenseal
Alkaloids Using HIMs. The primary mixture contained HIMs
(0.05 mg/ml), potassium phosphate buffer (100 mM, pH 7.4), and ei-
ther berberine or (�)-b-hydrastine (0.1–500 lM) incubated in the
presence and absence of NADPH (1 mM). After 30 minutes at 37�C,
196 ll of the mixtures were transferred to a secondary reaction,
which contained 2 ll midazolam (final concentration: 4 lM) and ei-
ther 2 ll potassium phosphate buffer or 2 ll NADPH (final concen-
tration: 1 mM). The final methanol concentration in all incubation
mixtures was #1% (v/v). Reactions were terminated after 10 minutes
by removing 100 ll of the mixture and adding to 200 ll of ice-cold
methanol containing alprazolam (100 nM) as internal standard. After
centrifugation (3800 g × 10 minutes), the supernatant was analyzed
for 1'-hydroxymidazolam using ultrahigh-performance liquid chroma-
tography tandem mass spectrometry (UHPLC-MS/MS) (Supplemental
Table 1). IC50 values were recovered from percent control activity ver-
sus log-transformed concentration data via nonlinear regression using
GraphPad Prism 9 (GraphPad Software Inc., La Jolla, CA).

Time-Dependent Inhibition of Midazolam 1’-Hydroxylation
in HIMs by Goldenseal Alkaloids. HIMs (0.05 mg/ml) diluted in
potassium phosphate buffer were incubated with berberine (25–
500 lM), (�)-b-hydrastine (3–90 lM), or 6,7-dihydroxybergamottin
(1, 0.5 lM); the final concentration of methanol was #1% (v/v). Pri-
mary incubation mixtures were equilibrated to 37�C, after which the
reactions were initiated by adding NADPH (1 mM). After 0, 2, 5, 10,
15, and 20 minutes, 198 ll of the mixture were added to a tube con-
taining 2 ll of midazolam (final concentration: 40 lM). The secondary
incubations were terminated 5 minutes later with one volume of ice-
cold methanol containing alprazolam (100 nM) as internal standard.
After centrifugation (3800 g × 10 minutes), the supernatant was ana-
lyzed for 1'-hydroxymidazolam using UHPLC-MS/MS (Supplemental
Table 1). KI and kinact estimates were recovered from kinact,app versus
[I] data, which were analyzed via nonlinear regression using Phoenix

ABBREVIATIONS: AUC, area under the plasma concentration versus time curve; AUC0–12h, AUC from 0 to 12 hours; AUCinf, AUC from time
zero to infinity; AUC0–tlast, AUC from time zero to last measured concentration; Cl/F, oral clearance; CLR, renal clearance; FaSSIF, fasted state
simulated intestinal fluid; HIM, human intestinal microsome; HLM, human liver microsome; Papp, apparent permeability; PBPK, physiologically
based pharmacokinetic; t1/2, terminal half-life; TDI, time-dependent inhibition; tmax, time to reach Cmax; UHPLC-MS/MS, ultrahigh-performance
liquid chromatography tandem mass spectrometry.
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WinNonlin (v7.0; Certara USA, Princeton, NJ) as described (Brantley
et al., 2013; Tanna et al., 2021).

Allosterism of Midazolam Hydroxylation in HIMs by Ber-
berine. HIMs (0.05 mg/ml) diluted in potassium phosphate buffer
were incubated with berberine (5–100 lM) and midazolam (0.5–
250 lM). Control mixtures contained #1% (v/v) methanol in place of
berberine. Reactions proceeded for 5 minutes after initiating with
NADPH (1 mM). Samples were processed as described above and
analyzed for 1’-hydroxymidazolam and 4-hydroxymidazolam using
UHPLC-MS/MS (Supplemental Table 1). Relative changes in Vmax

and Km were visualized from initial velocity versus [S] data.
Dissolution Profiles of the Predominant Goldenseal Alka-

loids. The goldenseal product administered to the clinical study
participants was extensively characterized as described (Kellogg
et al., 2020; Wallace et al., 2020). In brief, each gram of the prod-
uct (Now Foods, Bloomingdale, IL) contained 29.8 mg of berberine
and 25.4 mg of (�)-b-hydrastine. The dissolution profiles for ber-
berine and (�)-b-hydrastine were determined in fasted state
simulated intestinal fluid (FaSSIF) using Apparatus 2 (708-DS
Dissolution Apparatus; Agilent Technologies, Santa Clara, CA).
To mimic the physiologic conditions established in the previously
published clinical study (Nguyen et al., 2021), two capsules of
the goldenseal product (500 mg/capsule) were added to 250 ml of
FaSSIF in glass vessels attached with a paddle rotating at 50 rpm.
Samples (�1 ml) of the mixture were collected at 0, 5, 10, 15, 20, 30, 60,
and 120 minutes and filtered through Millex hydrophilic PTFE 0.20 lm
membrane filters (Merck Millipore Ltd, Tullagreen, Ireland). Samples
were diluted 1:500 in methanol containing the internal standard al-
prazolam (100 nM) prior to UHPLC-MS/MS analysis for berberine
and (�)-b-hydrastine (Supplemental Table 1).

Permeability Assessment of Major Goldenseal Alkaloids.
The apparent permeability (Papp) for berberine and (�)-b-hydrastine
(10 lM) was determined using Caco-2 cell monolayers, which were de-
veloped with cells of low passage count (12–30) using established
methods (Hubatsch et al., 2007). In brief, Caco-2 cells were seeded
onto 12-mm Transwell polyester membrane inserts (Corning 3460;
Corning, NY) at a density of 3 × 105 cells/cm2 and grown for 21–
28 days in Dulbecco’s modified Eagle’s medium (Corning 10-009-CV)
supplemented with 20% fetal bovine serum (ATCC 30-2020) and peni-
cillin/streptomycin (final concentration: 100 units/0.1 mg/ml). Papp in
the apical to the basolateral direction was assessed for each test arti-
cle. Papp for berberine, (�)-b-hydrastine, and the low permeability con-
trol atenolol (10 lM) was determined after 30 and 60 minutes of
incubation, whereas Papp for the high permeability control midazolam
(10 lM) was determined after 15 and 30 minutes. Samples were di-
luted in methanol containing alprazolam (100 nM; internal standard)
prior to UHPLC-MS/MS analysis (Supplemental Table 1). To ensure
the integrity of cell monolayers, only those with a net transepithelial
electrical resistance measurement $220 were used.

Clinical Pharmacokinetic Goldenseal-Midazolam Interac-
tion Study. The clinical protocol and consent form were approved by
the Washington State University (WSU) Institutional Review
Board (IRB 16620) and registered in the ClinicalTrials.gov data-
base (NCT03772262). All clinical activities were conducted at the
WSU Clinical Research Unit on the Health Sciences Campus in ac-
cordance with 45 CFR 46 and adherence to Good Clinical Practice
guidelines. The study was initially conducted in an open-label,
two-arm (baseline and chronic goldenseal exposure), fixed se-
quence crossover manner as described (Nguyen et al., 2021). In
brief, during the baseline arm, healthy adult participants (eight
males, eight females) were orally administered 2.5 mg midazolam
syrup (West-Ward Pharmaceuticals, Eatontown, NJ) as a sensitive
CYP3A substrate in a probe drug cocktail. After at least a 1-week
washout, participants were administered 1 g goldenseal thrice
daily for 6 days (chronic exposure). On the sixth day, they were ad-
ministered the probe drug cocktail containing midazolam �30 minutes
after the first dose of goldenseal. For both arms, plasma and urine
were collected up to 96 and 24 hours, respectively, after midazolam

administration. A subset of these participants (four males, four fe-
males) completed an exploratory study to determine whether a single
large dose of goldenseal (acute exposure) would precipitate a pharma-
cokinetic interaction with midazolam. During this arm, participants
were administered a single 3-g dose of goldenseal �30 minutes prior
to midazolam syrup (2.5 mg). Plasma and urine were collected up to
12 hours after midazolam administration in the acute exposure arm.
During the three study arms, vital signs (blood pressure, pulse, oxy-
gen saturation) were recorded periodically throughout the inpatient
day. Plasma and urine were analyzed for midazolam, midazolam
metabolites, berberine, and (�)-b-hydrastine via UHPLC-MS/MS
(Supplemental Table 1).

Pharmacokinetic Analysis. The pharmacokinetics of midazo-
lam, midazolam metabolites, berberine, and (�)-b-hydrastine were de-
termined by noncompartmental analysis using Phoenix WinNonlin as
described (Tian et al., 2019). The following were recovered: plasma
AUC from time zero to the last measured concentration (AUC0–tlast),
AUC from time zero to infinity (AUCinf), terminal half-life (t1/2), maxi-
mum plasma concentration (Cmax), time to reach Cmax (tmax), oral
clearance (Cl/F), and renal clearance (CLR). Midazolam AUC0–tlast was
determined up to 12 hours after administration due to concentrations
being below the limit of quantification.

Statistical and Power Analysis. The clinical study was initially
designed and powered to assess the effects of chronic goldenseal expo-
sure on midazolam pharmacokinetics as previously reported (Nguyen
et al., 2021); the protocol was later amended to include the exploratory
acute goldenseal exposure arm. The primary endpoints included the
chronic goldenseal exposure-to-baseline ratios of midazolam AUC0–tlast

and AUCinf with a predefined no effect range of 0.80–1.25. Secondary
endpoints included Cmax, t1/2, Cl/F, and CLR of midazolam after
chronic goldenseal exposure; AUC0–tlast, AUCinf, Cmax, t1/2, and CLR of
midazolam metabolites after chronic goldenseal exposure; and all of
these pharmacokinetic measures for midazolam and metabolites after
acute goldenseal exposure. Statistical analyses were performed on all
secondary endpoints using Wilcoxon matched-pairs signed-rank test.

PBPK Modeling of the Goldenseal-Midazolam Interaction.
The PBPK model was developed using the modeling and simulation
platform Simcyp (v22; Certara USA, Princeton, NJ); the model struc-
ture has been extensively described elsewhere (Jamei et al., 2009,
2013; Pathak et al., 2017). The default midazolam model within the
software was applied to evaluate CYP3A-mediated drug interactions
(Supplemental Methods). The inhibitor models for berberine and
(�)-b-hydrastine were developed using physicochemical properties,
in vitro–derived kinetic parameters, and external pharmacokinetic
data (Supplemental Table 2) and verified with the current clinical
pharmacokinetic study. Based on the dissolution and permeability re-
sults, the first-order absorption model was selected for the berberine
PBPK model, whereas the advanced dissolution, absorption, and me-
tabolism (ADAM) model was adapted for the (�)-b-hydrastine PBPK
model. Due to limitations of the modeling and simulation platform,
only one inhibition value (obtained from either HIMs or HLMs) can be
used to characterize the interaction potential for a given inhibitor;
thus, the value correlating with the highest inhibition potency was
used for model development. Simulations were conducted in a virtual
population with demographics matching those of the participants en-
rolled in the current clinical study (Supplemental Table 3). Model pre-
dictions were considered successful if the predicted AUC0–tlast and
Cmax were within 2-fold of observed values.

Results
IC50 Shift for Berberine and (2)-b-Hydrastine in

HIMs. An IC50 shift for berberine was not observed due to ap-
parent activation of midazolam 1’-hydroxylation in the ab-
sence of NADPH in the primary incubation (Fig. 1A). In
contrast, an �15-fold leftward shift in IC50 was observed for
(�)-b-hydrastine after preincubation with NADPH (Fig. 1B).

254 Nguyen et al.
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Time-Dependent Inhibition of Midazolam 1’-Hydroxyl-
ation by Berberine and (2)-b-Hydrastine in HIMs. Both
berberine and (�)-b-hydrastine exhibited concentration-
dependent and time-dependent inhibition of midazolam
1’-hydroxylation (Fig. 2). KI, kinact, and kinact/KI for
(�)-b-hydrastine were 8.48 ± 3.09 lM, 0.041 ± 0.0034 minutes�1,

and 4.83 ml/min/lmol, respectively. A robust estimate of KI

and kinact for berberine could not be obtained because test-
ing concentrations higher than 500 lM exceeded the solu-
bility limit. As such, the maximum kinact,app (0.061 ±
0.001 minutes�1) was used as a conservative estimate of
kinact, of which the corresponding KI was 250 lM. Using

Fig. 1. IC50 for berberine (A) and (�)-b-hydrastine (B) preincubated with human intestinal microsomes in the presence and absence of NADPH.
The index reaction, midazolam 1’-hydroxylation (4 lM midazolam), was used to assess CYP3A activity. Symbols and error bars denote means and
standard deviations, respectively, of triplicate incubations. Lines denote nonlinear least-squares regression of the percent control activity versus
log-transformed concentration data.

Fig. 2. Time-dependent inhibitory effects of berberine (A) and (�)-b-hydrastine (B) on midazolam 1’-hydroxylation in human intestinal microsomes. Sym-
bols and lines denote means of duplicate incubations and linear regression of initial monoexponential decline in activity, respectively. Corresponding
graphs on the right (C and D) depict the rate of CYP3A inactivation as a function of inhibitor concentration. Symbols denote observed inactivation rates
at each inhibitor concentration, and the curve (D) denotes nonlinear least-squares regression of the observed data. A robust estimate of KI and kinact for
berberine (C) could not be recovered because testing concentrations higher than 500 lM exceeded the solubility limit.

Mechanisms of the PK Goldenseal-Midazolam Interaction 255

 at A
SPE

T
 Journals on D

ecem
ber 30, 2024

jpet.aspetjournals.org
D

ow
nloaded from

 

http://jpet.aspetjournals.org/


these values, kinact/KI for berberine was estimated to be
0.244 ml/min/lmol.
Allosterism of Midazolam Hydroxylation by Berber-

ine in HIMs. Using a reversible inhibition experimental de-
sign, berberine activated 1’-hydroxymidazolam formation at
midazolam concentrations #5 lM but inhibited the reaction at
concentrations $50 lM (Fig. 3A). In contrast, berberine inhib-
ited midazolam 4-hydroxylation throughout the tested concen-
tration range (5–100 lM) (Fig. 3B). The 1’-hydroxymidazolam/
4-hydroxymidazolam ratio decreased with increasing midazo-
lam concentrations (Fig. 3C). Berberine showed a concentration-
dependent increase in this ratio, particularly at lower midazo-
lam concentrations (#5 lM).

Dissolution and Permeability of Berberine and
(2)-b-Hydrastine. More than 80% of total berberine and
(�)-b-hydrastine content (29.8 and 25.4 mg, respectively) in
two goldenseal capsules dissolved in FaSSIF within 20 minutes
(Fig. 4, A and B). The Papp for berberine and (�)-b-hydrastine
was 0.18 × 10�6 and 9.72 × 10�6 cm/s, respectively (Fig. 4C).
Effects of Goldenseal on the Pharmacokinetics of

Midazolam and Its Metabolites in Healthy Adult
Participants. Midazolam pharmacokinetics observed in the
baseline and chronic goldenseal exposure arms have been previ-
ously reported (Nguyen et al., 2021). Acute administration of
goldenseal resulted in similar changes to midazolam pharmaco-
kinetics as those after chronic administration, albeit the acute
goldenseal exposure arm involved only eight of the 16 partici-
pants from the baseline/chronic arm (Fig. 5). The geometric
mean ratio of midazolam AUC0–12h (AUC from 0 to 12 hours),
AUCinf, and Cmax increased after chronic (30%–40%) and acute
(40%–60%) administration (Table 1). Chronic, but not acute, ad-
ministration modestly increased midazolam half-life. Goldenseal
had minimal to no effects on midazolam tmax and renal clear-
ance after both chronic and acute administration.
The effects of goldenseal on the pharmacokinetics of mid-

azolam metabolites varied between chronic and acute admin-
istration (Table 1). Acute goldenseal increased the AUC of 1’-
hydroxymidazolam, leading to no change in the metabolite-to-
parent AUC ratio, whereas chronic goldenseal had no effect on
the AUC of 1’-hydroxymidazolam, leading to a decrease in the
metabolite-to-parent AUC ratio. Both chronic and acute gold-
enseal had no effect on the renal clearance of 1’-hydroxymidazo-
lam. Acute goldenseal decreased the Cmax and metabolite-
to-parent AUC ratio of midazolam 1’-O-glucuronide, whereas
chronic goldenseal only decreased themidazolam1’-O-glucuronide
metabolite-to-parentAUCratio. Chronic andacute goldenseal had
variable effects on the minor metabolites 4-hydroxymidazolam,
midazolam 4-O-glucuronide, and midazolam N-glucuronide. The
change in midazolam pharmacokinetics after chronic goldenseal
exposure for the eight participants who completed all three arms
of the study (Supplemental Table 4)was comparable to the change
after acute exposure.
CYP3A5 Genotype. The demographics of the participants

in the clinical study are summarized (Supplemental Table 3).
Of the 16 participants who completed the study, 14 were
CYP3A5*3*3 homozygotes, one a CYP3A5*1*1 homozygote,
and one a CYP3A5*1*3 heterozygote. Because none of the par-
ticipants carried the nonfunctional variants CYP3A5*6 and
CYP3A5*7, a subanalysis of the pharmacokinetic data was not
necessary.
PBPK Modeling and Simulation of the Goldenseal-

Midazolam Interaction. The developed PBPK models
predicted the AUC0–12.5h and Cmax of berberine and (�)-b-
hydrastine to within 2-fold of those observed after a single dose
and multiple doses of goldenseal (Table 2). In addition, the sim-
ulated plasma concentration-time profiles for berberine and
(�)-b-hydrastine accurately described the concentrations ob-
served after chronic and acute goldenseal exposure in healthy
adult participants (Fig. 6). However, the extrapolated area
(AUCtlast–inf) for the observed berberine AUCinf exceeded 20% of
AUC0–tlast, resulting in an underprediction of AUCinf (Table 2)
due to lack of a robust estimate of the terminal half-life in
model simulations.

Fig. 3. Effects of berberine (5–100 lM) on the rate of midazolam 1’-
hydroxylation (A) and 4-hydroxylation (B) in human intestinal micro-
somes at midazolam concentrations ranging from 5 to 250 lM. The cor-
responding ratios of 1’-hydroxymidazolam to 4-hydroxymidazolam (C)
are shown for midazolam concentrations up to 250 lM.
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Simulations using the midazolam PBPK model in conjunc-
tion with the berberine and (�)-b-hydrastine models resulted
in predicted pharmacokinetic interactions that were within
1.2-fold of those observed after chronic (Fig. 7A) and acute
(Fig. 7B) goldenseal administration (Table 3). Simulations of ac-
tive CYP3A enzyme after chronic (Fig. 7C) and acute (Fig. 7D)
goldenseal administration showed that goldenseal primarily in-
hibited CYP3A in the small intestine, with maximum inhibition
occurring at �2 hours after administration of the precipitant.
In addition, modeling and simulations indicated that the drug
interaction risk (as determined by midazolam AUC ratio >1.25)
is sustained for �24 hours after goldenseal exposure (Fig. 7, E
and F). Simulations with intravenously administered midazo-
lam resulted in no drug interactions (Supplemental Table 5);
similarly, no interactions were predicted when either the
(�)-b-hydrastine model or time-dependent inhibition component
was removed from the simulations.

Discussion
Natural product-drug interactions remain a longstanding

public health concern as more patients seek natural alternatives
to supplement their pharmacotherapeutic regimens (Johnson

et al., 2018; Safari et al., 2022). Goldenseal is one natural prod-
uct that has been shown to inhibit CYP3A activity in humans.
However, the major precipitant(s), mode of inhibition, and site
of the interaction remain largely unknown. Three aspects of the
pharmacokinetic goldenseal-midazolam interaction were evalu-
ated: berberine versus (�)-b-hydrastine, reversible inhibition
versus TDI, and gut versus liver. Physicochemical, CYP3A in-
hibition kinetic, and clinical pharmacokinetic data were used
to develop a robust PBPK interaction model. Results from this
integrated approach indicated that (�)-b-hydrastine, TDI of
CYP3A, and the intestine are the predominant precipitant,
mechanism, and site of the interaction.
The abundant goldenseal alkaloids berberine and (�)-b-

hydrastine were selected as potential precipitants of the
pharmacokinetic goldenseal-midazolam interaction because
both contain a methylenedioxyphenyl functional group (Fig. 4),
a structural moiety associated with TDI (Kalgutkar et al.,
2007). The CYP3A inhibition kinetics for both alkaloids were
previously established using HLMs (McDonald et al., 2020).
Because the parameters obtained from HLMs can vary from
those obtained from HIMs (Lalovic et al., 2004), additional
in vitro experiments were conducted. Regarding reversible in-
hibition, effects of a given alkaloid were consistent between

Fig. 4. Dissolution profiles for berberine (A) and (�)-b-hydrastine (B) observed in FaSSIF over the course of 2 hours and apical-to-basolateral
translocation (C) of berberine and (�)-b-hydrastine in Caco-2 cell monolayers grown on Transwell inserts. Midazolam and atenolol served as high
and low permeability controls, respectively. Symbols and error bars denote means and standard deviations, respectively, of three replicates (A
and B); areas circled by dashes represent the methylenedioxyphenyl moiety, a structural alert for time-dependent inhibition. Horizontal lines (C)
denote means of two to three replicates from three separate experiments.
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HIMs and HLMs. That is, the IC50 for berberine was unattain-
able from both enzyme sources (due to solubility limitations
when >500 lM), and the IC50 for (�)-b-hydrastine was compa-
rable (46 vs. 58 lM in HIMs and HLMs, respectively). How-
ever, regarding TDI, the inactivation efficiency (kinact/KI) for
berberine in HIMs was estimated to be 5× lower than that in

HLMs (�0.24 vs. 1.3 ml/min/lmol), whereas the kinact/KI for
(�)-b-hydrastine in HIMs was moderately higher than that in
HLMs (4.8 vs. 2.0 ml/min/lmol) (McDonald et al., 2020). These
discrepancies may be attributed to differences in CYP3A4/5
structure, modulation, and/or expression between HIMs and
HLMs (Lin et al., 2002), as well as differences in the protein

Fig. 5. Plasma concentration-time profiles for midazolam (A), midazolam-N-glucuronide (B), 1’-hydroxymidazolam (C), midazolam 1’-O-glucuro-
nide (D), 4-hydroxymidazolam (E), and midazolam 4-O-glucuronide (F) after oral administration of a single dose of midazolam (2.5 mg) to healthy
adult participants in the absence of goldenseal (gray) and after chronic (blue) and acute (orange) exposure to goldenseal. Symbols denote geomet-
ric means of the indicated number of participants except for midazolam 4-O-glucuronide, which represents arithmetic means of two participants.
Error bars are excluded for visual clarity; the reader is referred to Table 1 for the 90% confidence intervals of various pharmacokinetic parame-
ters. The profiles for midazolam at baseline and after chronic goldenseal administration (A) are reprinted with permission from the American
Society for Clinical Pharmacology and Therapeutics from Nguyen et al. (2021).
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milieu. Regardless, comparing the recovered kinact/KI values
with clinically relevant time-dependent inhibitors (diltiazem
and erythromycin: 2.7 and 3.6 ml/min/lmol, respectively)
(Obach et al., 2007), these in vitro observations suggest that
(�)-b-hydrastine is the primary alkaloid contributing to the
goldenseal-midazolam interaction via TDI.
In addition to the clinical studies conducted by Gurley and

colleagues, our group recently completed a pharmacokinetic

goldenseal-drug interaction study that included midazolam
(Nguyen et al., 2021). Results demonstrated that multiple
dose administration of goldenseal for a shorter duration than
previous studies led to a comparable increase in midazolam
AUC (�40%). One prior study (Gurley et al., 2008) showed a
larger increase in midazolam half-life in the presence of gold-
enseal relative to baseline (3.1 vs. 2.0 hours) compared with
our study (4.8 vs. 3.9 hours). This discrepancy is likely due to

TABLE 1
Pharmacokinetics of midazolam and its metabolites after oral administration of midazolam (2.5 mg) alone and after chronic (1 g thrice daily for 6
days) or acute (a single dose of 3 g) exposure to goldenseal
Data represent geometric means [90% confidence intervals].

Baseline
(n 5 16)

Chronic Exposure
(n 5 16)

Acute Exposure
(n 5 8)

Midazolam (MDZ)a

AUC0–12h (nM*h) 61.7 [50.8–74.9] 85.8 [69.3–106.4]b 101.5 [81.7–126.1]*
AUCinf (nM*h) 67.1 [54.6–82.5] 96.2 [77.0–120.2]b 112.6 [87.1–145.4]*
t1/2 (h) 3.94 [3.35–4.63] 4.84 [4.19–5.60]* 4.19 [3.24–5.44]
Cmax (nM) 26.2 [21.7–31.7] 34.5 [27.8–42.7]* 37.5 [29.1–48.3]*
tmax (h)c 0.67 [0.33–1.00] 0.67 [0.33–1.50] 0.67 [0.33–1.0]
Cl/F (l/h) 114.6 [93.1–140.9] 80.0 [64.2–99.8]* 68.3 [53.0–88.0]*
CLR (l/h) 0.054 [0.039–0.072]

n 5 15
0.067 [0.052–0.086]* 0.065 [0.040–0.104]

n 5 7
MDZ N-Glucuronide

AUC0–12h (nM*h) 10.8 [8.87–13.0] 15.9 [12.9–19.3]* 16.1 [10.8–24.0]
AUCinf (nM*h) 14.0 [11.7–16.7] 23.8 [18.8–30.1]* 24.5 [16.9–35.2]*
t1/2 (h) 4.47 [3.96–5.03] 4.86 [4.14–5.69]

n 5 15
4.65 [3.52–6.11]

Cmax (nM) 1.44 [1.18–1.75] 2.06 [1.67–2.54]* 2.49 [1.84–3.36]*
tmax (h)c 4.0 [1.0–6.0] 4.0 [1.0–4.0] 3.5 [0.3–4.0]
MP ratiod 0.17 [0.14–0.21] 0.18 [0.14–0.22] 0.16 [0.97–0.25]
CLR (l/h) 6.57 [5.53–7.79] 6.21 [5.30–7.26] 6.82 [4.81–9.65]

1’-Hydroxymidazolam
AUC0–12h (nM*h) 29.0 [24.4–34.4] 31.1 [25.8–37.4] 42.1 [32.9–53.7]*
AUCinf (nM*h) 33.1 [27.9–39.0] 35.0 [29.2–41.8] 47.6 [37.8–59.7]*
t1/2 (h) 6.25 [5.27–7.40] 4.75 [3.78–5.95] 5.12 [3.69–7.08]
Cmax (nM) 12.3 [10.2–14.7] 11.7 [9.7–14.0] 15.1 [11.3–20.0]
tmax (h)c 0.67 [0.33–1.00] 0.67 [0.33–1.50] 0.67 [0.33v1.00]
MP ratiod 0.47 [0.40–0.54] 0.36 [0.30–0.42]* 0.41 [0.30–0.55]
CLR (l/h) 0.17 [0.14–0.20]

n 5 15
0.15 [0.12–0.18] 0.11 [0.08–0.15]

n 5 7
MDZ 1’-O-Glucuronide

AUC0–12h (nM*h) 412 [376–450] 418 [382–457] 426 [360–504]
AUCinf (nM*h) 478 [436–524] 490 [446–538] 526 [424–652]
t1/2 (h) 5.73 [5.15–6.37] 5.68 [4.80–6.72] 6.58 [5.06–8.55]
Cmax (nM) 205 [182–230] 185 [166–204] 160 [134–189]*
tmax (h)c 0.67 [0.67–1.0] 0.67 [0.67–1.5] 1.0 [0.67–1.0]
MP ratiod 6.66 [5.50–8.06] 4.87 [3.98–5.94]* 4.20 [3.19–5.51]*
CLR (l/h) 11.2 [9.3–13.3] 11.4 [10.3–12.6 ] 10.2 [8.4–12.2]

4-Hydroxymidazolam
AUC0–12h (nM*h) 2.78 [2.34–3.28] 3.36 [2.81–4.01]* 4.25 [3.46–5.20]*
AUCinf (nM*h) 3.41 [2.98–3.89] 4.14 [3.59–4.76]* 4.70 [3.90–5.66]*
t1/2 (h) 1.68 [1.54–1.81] 1.86 [1.58–2.17] 2.20 [1.72–2.80]*
Cmax (nM) 1.14 [1.00–1.30] 1.26 [1.10–1.44] 1.30 [1.04–1.62]
tmax (h)c 1.00 [0.67–1.50] 1.00 [0.67–1.50] 1.25 [0.67–1.50]
MP ratiod 0.045 [0.039–0.051] 0.039 [0.034–0.044]* 0.042 [0.036–0.048]*
CLR (l/h) Concentrations of metabolites in urine were below the detectable limit

MDZ 4-O-Glucuronidee,f

AUC0–12h (nM*h) 12.8[9.4–17.3] 24.5 [18.1–33.1]* 32.9, 42.9
AUCinf (nM*h) 24.2[19.0–30.7] 47.5 [27.6–81.8]* 41.7, 49.2
t1/2 (h) 4.27 [2.95–6.14] 6.58 [3.68–11.76] 4.18, 1.97
Cmax (nM) 3.24 [2.68–3.92] 4.31 [3.69–5.03]* 6.19, 14.1
tmax (h)c 1.50 [0.67–3.00] 1.75 [1.00-3.00] 2, 0.33
MP ratiod 0.21 [0.15–0.30] 0.29 [0.20–0.40] 0.44, 0.32
CLR (l/h) Concentrations of metabolites in urine were below the detectable limit

Cl/F, apparent oral clearance; MP, metabolite-to-parent.
aMidazolam pharmacokinetics for the baseline and chronic exposure arms have been previously reported (Nguyen et al., 2021).
bSignificant differences compared with the baseline arm as determined by predefined no effect range of 0.80–1.25.
cDenotes median [range].
dCalculated as the ratio of metabolite AUC0–12h to midazolam AUC0–12h.
ePharmacokinetics reported for 10 participants for baseline and chronic exposure. Individual data reported for two participants for acute exposure.
fStatistical analysis was not conducted for the MDZ 4-O-glucuronide acute exposure group due to the limited sample size.
*P < 0.05 when compared with the baseline arm using Wilcoxon matched-pairs signed-rank test.
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differences in blood collection intervals (6 vs. 12 hours), with
the longer sampling duration providing a more robust esti-
mate of half-life. The current work further showed that a sin-
gle dose of goldenseal increased midazolam AUC and Cmax but
had no effect on half-life (Table 1). Collectively, results suggest
that goldenseal inhibited CYP3A primarily in the gut, consis-
tent with a previous report involving weak CYP3A inhibitors
(exposure-to-baseline AUC ratio <2) (Yamada et al., 2020).
To gain additional mechanistic insights into the goldenseal-

midazolam interaction, a PBPK interaction model was devel-
oped using a middle-out approach, incorporating both in vitro
and clinical pharmacokinetic data. PBPK models were devel-
oped for berberine and (�)-b-hydrastine independently, which
were then used in combination with midazolam to simu-
late systemic exposure to the two major goldenseal alka-
loids and to predict the goldenseal-midazolam interaction.
Using a learn-and-confirm method, the first-order absorp-
tion model was selected for berberine because absorption
is permeability-limited. In contrast, the ADAM model was se-
lected for (�)-b-hydrastine because absorption may be disso-
lution rate-limited based on its relatively high Papp. The
resulting PBPK models successfully simulated exposure
(AUC0–12.5h and Cmax) to berberine and (�)-b-hydrastine to
within 2-fold of that observed after chronic and acute golden-
seal administration (Table 2). However, AUCinf for berberine
after chronic goldenseal exposure was underpredicted due to
lack of robust estimates of terminal half-life (Fig. 6A). Be-
cause the inhibition kinetics of each alkaloid varied between
HIMs and HLMs, the KI and kinact values correlating with
the highest recovered kinact/KI and the lowest reversible Ki

values were applied to simulate worst-case interaction sce-
narios (i.e., highest midazolam AUC ratio). The predicted in-
teractions (AUC0–12h and Cmax ratios) were within 1.2-fold of

those observed after chronic and acute goldenseal adminis-
tration (Table 3), indicating successful model predictions.
Modeling and simulations revealed that active intestinal

and hepatic CYP3A decreased by 60%–80% and 3%–10%, re-
spectively, in the presence of goldenseal (Fig. 7, C and D). Sim-
ulation of the interaction using intravenous midazolam
resulted in no change in AUC (Supplemental Table 5), sup-
porting the inference that goldenseal inhibits CYP3A primar-
ily in the gut. This observation aligns with results from a
previous clinical study in which goldenseal had no effect on
the pharmacokinetics of indinavir, a drug primarily metabo-
lized by hepatic CYP3A (Chiba et al., 1997; Sandhu et al.,
2003).
PBPK modeling and simulations also implicated (�)-b-

hydrastine as the primary precipitant of the goldenseal-mid-
azolam interaction via TDI. Removing either the (�)-b-
hydrastine model or TDI from simulations resulted in a <5%
decrease in active CYP3A enzyme in the gut/liver and no
change in midazolam AUC (Supplemental Table 5). Despite
evidence supporting (�)-b-hydrastine as the phytoconstituent
precipitating the goldenseal-midazolam interaction, a berberi-
ne-mediated pharmacokinetic interaction with midazolam
(40% increase in AUC) has been reported (Guo et al., 2012);
however, participants in the study were administered a higher
dose of berberine (300 mg thrice daily × 14 days). Simulations
using the developed PBPK interaction model, adjusted for ber-
berine as the sole inhibitor and dosed in a similar manner as
the study referenced, resulted in consistent changes in mid-
azolam pharmacokinetics to those reported (Supplemental
Table 5). These results demonstrate that weak inhibitors in
natural products could elicit clinically relevant pharmacoki-
netic interactions because of the high phytoconstituent content
commonly found in these products.

TABLE 2
Predicted and observed pharmacokinetics for berberine and (�)-b-hydrastine
Data represent geometric mean [90% confidence intervals].

Observed Predicted Predicted/Observed

Berberine Pharmacokinetics
Chronic Goldenseal Exposurea,b

AUC0–12.5h (nM*h) 7.81 [6.17–9.89] 6.75 [6.22–7.32] 0.86
AUC0–24.5h (nM*h) 13.8 [10.7–17.9] 10.3 [9.5–11.2] 0.74
AUCinf (nM*h)c 46.7 [36.9–58.9]d 11.5 [10.6–12.5] 0.24
Cmax (nM)e 0.73 [0.56–0.95] 0.42 [0.39–0.46] 0.58

Acute Goldenseal Exposuref

AUC0–12.5h(nM*h) 4.58 [2.93–7.14] 7.75 [7.13–8.41] 1.69
AUCinf (nM*h)b Not determinedg

Cmax (nM)e 1.12 [0.63–2.00] 0.95 [0.87–1.03] 0.85
(�)-b-Hydrastine Pharmacokinetics

Chronic Goldenseal Exposurea,b

AUC0–12.5h (nM*h) 1258 [926–1709] 1613 [1460–1782] 1.28
AUC0–24.5h (nM*h) 1751 [1296–2365] 1725 [1555–1914] 0.98
AUCinf (nM*h)c 1803 [1329–2444] 1732 [1560–1923] 0.96
Cmax (nM)e 236 [168-331] 296 [272-321] 1.25

Acute Goldenseal Exposuref

AUC0–12.5h (nM*h) 1528 [954–2449] 1697 [1533–1880] 1.11
AUCinf (nM*h)c 1603 [985–2609] 1728 [1557–1917] 1.07
Cmax (nM)e 677 [415–1104] 886 [817–961] 1.30

aGoldenseal (1 g) was administered thrice daily × 6 days. Plasma collection began 30 minutes after the first dose of goldenseal. Each gram of goldenseal product con-
tained 29.8 mg berberine and 25.4 mg (�)-b-hydrastine.
bAUCs determined after administration of the first dose of goldenseal on day 6.
cCalculated using the terminal slope corresponding to the half-life and extrapolated to time infinity after the final observed concentration for each plasma concentra-
tion-time profile.
dExtrapolated area from the last measurable timepoint to infinity (AUCtlast–inf) exceeded 20%, which is the acceptable threshold for robust AUCinf extrapolations.
eRecovered during the first 4 hours immediately after administration of the first dose of goldenseal on day 6.
fA single dose of goldenseal (3 g) was administered. Plasma collection began 30 minutes later.
gUnable to obtain a robust estimate of terminal slope due to a truncated collection interval.
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Due to the complexity of characterizing natural product-
drug interactions, there are limitations to the current work.
First, natural products contain dozens of phytoconstituents
that may contribute to an observed interaction. A goldenseal
extract, prepared from the product used in the clinical study,
showed strong reversible CYP3A inhibition (Supplemental
Fig. 1) that was not observed with the two primary alkaloids.
Accordingly, the discrepancy in the extent of inhibition ob-
served between the clinical study and model simulations after
acute goldenseal exposure may be due to an uncharacterized
phytoconstituent in the complex mixture. The uncharacterized
phytoconstituent could also contribute to the interaction after
chronic goldenseal exposure such that the simulation overpre-
dicted the inhibition potential of (�)-b-hydrastine. Testing ev-
ery phytoconstituent in a natural product for enzyme or
transporter modulation is not practical; thus, there are in-
creased efforts to establish harmonized guidelines for studying
these complex mixtures (Johnson et al., 2018; Paine et al.,
2018; Kellogg et al., 2019; Cox et al., 2021). Second, there are
no standardized methods to differentiate the effects of

reversible inhibition from TDI in vivo. According to regulatory
agencies, administration of multiple doses of a precipitant is
necessary to adequately assess clinical TDI (https://www.ema.
europa.eu/en/documents/scientific-guideline/guideline-investigation-
drug-interactions-revision-1_en.pdf; https://www.fda.gov/media/
134581/download; https://www.ema.europa.eu/en/ich-m12-drug-
interaction-studies-scientific-guideline). By coadministering an in-
hibitor and the object drug, any observed interaction is attributed
to reversible inhibition. Thus, claims of goldenseal precipitating in-
teractions via TDI contradict observations after acute goldenseal
exposure. A potential hypothesis is that TDI occurs more rapidly
than conventional theory would suggest and that the 30 minutes
between administration of goldenseal and midazolam was suffi-
cient to produce clinical TDI (akin to the preincubation time re-
quired to observe TDI in vitro). Modeling and simulations suggest
that maximal effects from TDI occur �2 hours after exposure to
the precipitant (Fig. 7D), showing that a single dose of a time-
dependent inhibitor can produce pharmacokinetic drug interac-
tions that persists for �24 hours (Fig. 7F). In addition, the
uniquely large dose of goldenseal could have additive effects via

Fig. 6. Observed (colored circles and triangles) and simulated (gray lines) plasma concentration-time profiles for berberine (A and C) and
(�)-b-hydrastine (B and D) after oral administration of multiple doses (1 g thrice daily × 6 days) of goldenseal to 16 healthy adult participants
(A and B) or a single dose of goldenseal (3 g) to eight healthy adult participants (C and D). Plasma collection for the chronic goldenseal exposure
arm (A and B) began after the first dose of goldenseal was administered on day 6; goldenseal administrations are indicated with orange arrows.
Each unique symbol-color pair represents a single participant, whereas green-shaded regions denote fifth and 95th percentiles for model simula-
tions. Each gram of the goldenseal product contained 29.8 mg berberine and 25.4 mg (�)-b-hydrastine.
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Fig. 7. Observed (blue dots) and simulated (gray lines) concentration-time profiles for an orally administered dose of midazolam (2.5 mg) after
chronic (A) and acute (B) goldenseal exposure. Each observed data point represents the geometric mean of 16 and 8 participants for the chronic
and acute goldenseal exposure groups, respectively. Green-shaded region denotes fifth and 95th percentiles for model simulations, whereas blue
error bars denote the 90% confidence intervals for the observed data. Simulated time course of active CYP3A in the small intestine (SI) and liver
before and after chronic (C) and acute (D) goldenseal (GS) exposure. Simulated drug interaction risk of the goldenseal-midazolam interaction with
respect to time of midazolam administration after chronic (E) and acute (F) goldenseal exposure. Chronic exposure indicates multiple doses (1 g
thrice daily × 6 days) of goldenseal, whereas acute exposure indicates a single dose (3 g) of goldenseal. Red dashes (E and F) indicate AUC ratio
of 1.25, which represents the threshold for clinically relevant pharmacokinetic drug interactions.
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reversible inhibition (Supplemental Table 5), as evidenced by the
greater increase in midazolam AUC and Cmax after acute com-
pared with chronic goldenseal exposure. These observations indi-
cate potential interplay between time-dependent and reversible
inhibition. However, the acute goldenseal arm was exploratory and
was not powered to detect pharmacokinetic changes between
chronic and acute goldenseal exposure. Finally, the increased
1’-hydroxymidazolam AUC upon acute administration of golden-
seal suggested activation, which is consistent with in vitro observa-
tions involving berberine. However, this feature was not
incorporated into the PBPKmodel because an activation component is
not currently available in the platform. Additionally, the increase in
midazolam exposure after acute goldenseal administration may have
directly led to the increase in 1’-hydroxymidazolam AUC and/or
masked the effects of activation by berberine. Nevertheless, the clinical
relevance of this modulatory effect remains equivocal.
In summary, an integrated approach involving data generated

from in vitro assays, clinical studies, and PBPK modeling and
simulation was used to identify the primary precipitant, mode of
inhibition, and site of a pharmacokinetic natural product-drug
interaction. The current work showed that TDI of intestinal
CYP3A by (�)-b-hydrastine was the predominant mechanism
underlying the goldenseal-midazolam interaction. Practically,
TDI of CYP3A by goldenseal would have long-lasting effects, akin
to grapefruit juice, even after a single dose. Thus, patients taking
medications that are extensively metabolized by intestinal CYP3A
(e.g., some statins, immunosuppressants, and calcium channel
blockers) (Tanna et al., 2023) should be cautioned about consum-
ing goldenseal. The integrated approach used in this study can be
applied to other pharmacokinetic natural product-drug interac-
tions to elucidate complex interactions between multiple phytocon-
stituents and varying mechanisms of enzyme inhibition.
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Biliary CLint (Hep) (µL/min/10
6
)0.000 Lung input typePredicted

CV Biliary CLint (Hep) (%)30.000 Muscle input typePredicted

Ontogeny Profile No Profile Used Skin input typePredicted

Active enterohepatic recirculation for IV doseNo Spleen input typePredicted

Active Hepatic Scalar (Net)1.000 Pancreas input typePredicted

CL R (L/h) 0.085 Kp Scalar 1.000

Smoothing FunctionOff

  Lipid Binding Scalar1.000

Organ/Tissue Tumour Use Pvo:w for Neutral Lipid Partition in All TissuesNo

Tumour Permeability limited ModelOff

CL (po) (L/h) 158.000

CV CL (po) (%)96.000

Active Hepatic Scalar (Net)1.000

CL R (L/h) 0.250

Enzyme CYP3A4

Ki (µM) 22.900

fu mic 0.930

MBI Kapp (µM)8.480

MBI Kinact (1/h)2.460

MBI fu mic 0.930

MIA (pmol/mg microsomal protein)251.121

Enzyme CYP3A5

Ki (µM) 22.900

fu mic 0.930

MBI Kapp (µM)8.480

MBI Kinact (1/h)2.460

MBI fu mic 0.930

MIA (pmol/mg microsomal protein)220.935

Transporters Interaction

Elimination

Gut Lumen 

metabolism
in-active

Feed formed 

renal metabolite 

into kidney
Use Allelic 

variants for 

Enzyme 1

No

No

Use Allelic 

variants for 

Enzyme 2

No

Clearance 

Type
In Vivo Clearance



Supplemental Table 1. Analytical methods for in vitro and clinical samples. 

Analyte 
(in vitro samples) 

Midazolam 
Midazolam 
metabolites 

Berberine  (–)-β-hydrastine Atenolol 

Mass Spectrometry SCIEX QTRAP® 6500 equipped with Shimadzu Nexera X2 UPLC  

LC column Aquasil C18 (50 x 2.1 mm, 3 μm; Thermo Fisher Scientific Inc., Waltham, MA) 

Mobile phase 
A: water + 0.1% formic acid 

B: methanol + 0.1% formic acid 

Mobile phase gradient 

% B (min) 

10% methanol (0.4 min)  

→ 60% methanol (1.0 min)  

→ 95% methanol (2.0 min) 

→ 95% methanol (3.0 min) 

→ 10% methanol (3.1 min) 

→ 10% methanol (4.0 min) 

5% methanol (0.4 min)  

→ 95% methanol (1.5 min)  

→ 95% methanol (2.0 min) 

→ 5% methanol (2.1 min) 

→ 5% methanol (3.0 min) 

Ionization mode Multiple reaction monitoring: positive mode 

Internal standard (IS) Alprazolam  

Transition (m/z) 
326 → 291 

309 → 205 (IS) 

1’-OH: 342 → 203 

4-OH: 342 → 325 

309 → 205 (IS) 

336 → 320 

309 → 205 (IS) 

384 → 323 

309 → 205 (IS) 

267 → 190 

309 → 205 (IS) 

 
 

Analyte 
(clinical samples) 

Midazolam Midazolam metabolites Berberine (–)-β-hydrastine 

Mass Spectrometry 
Agilent 6410 Triple Quadrupole equipped with HPLC 

1290 system 
Waters Xevo TQ-S-2 equipped with I-Class 

Acquity UPLC 

LC column Phenomenex Synergi polar RP, 2x 250 mm, 4 µm Zorbax, Extend-C18 1.8 micron, 2.1x 50 mm 

Mobile phase 
A: water + 0.1% formic acid 

B: methanol + 0.1% formic acid 

A: water + 0.1% formic acid 

B: methanol + 0.1% formic acid 

Mobile phase gradient 

35% methanol (1 min)  

→ 60% methanol (15.0 min)  

→ 60% methanol (17.0 min) 

→ 35% methanol (17.1 min) 

5% methanol (0.0 min)  

→ 100% methanol (4.0 min)  

→ 100% methanol (6.0 min) 

→ 95% methanol (6.1 min) 

Ionization mode Multiple reaction monitoring: positive mode 

Internal standard (IS) midazolam-d4 
1’-hydroxymidazolam-d4 

4-hydroxymidazolam-d5 
berberine-d6 

Transition (m/z) 
326 → 291 

330 → 291 (IS) 

1’-OH: 342 → 291 

 346 → 168 (IS) 

1’-O-gluc: 518 → 324 

4-OH: 342 → 297  

 347 → 300 (IS) 

4-O-gluc: 518 → 342 

N-gluc: 502 → 326 

336 → 320 

342 → 294 (IS) 

384 → 323 

342 → 294 (IS) 



Supplemental Table 2. Physiochemical chemical properties and kinetic parameter inputs for berberine and 

(–)-β-hydrastine in Simcyp™. 

Berberine (29.8 mg/g goldenseal product) 

Physicochemical Properties and Blood Binding 

MW (g/mol) 336.37  

LogP -1.2 Spinozzi et al. J Nat Prod. 2014, 77(4):766-72. 

pKa 
monoprotic base 

14 
Observed pKa is 15 but the maximum input is 14 in Simcyp™; 
Spinozzi et al. J Nat Prod. 2014, 77(4):766-72. 

B/P 1 Assumed 

fu,p 0.59 In-house measurement via equilibrium dialysis 

Plasma binding HSA Assumed 

Absorption – 1st order absorption model  

Peff (10-4 cm/s) 0.167 Predicted using Papp within Simcyp™ 

Papp (10-6 cm/s) 
0.185 

(pH 6.5 : 7.4) 
In-house measurement (atenolol scaler: 0.156) 

fu,gut 1 Assumed 

Qgut (L/h) 1.39 Predicted within Simcyp™. 

Distribution – Minimal PBPK model 
The single adjusting compartment was deactivated to minimize 
model complexity as recommended in common practices.  

Vss (L/kg) 78.6 Predicted using Method 2 

Elimination - In vivo clearance 

Cl/F(L/h) 32574 
Calculated as Dose/AUC and weighted based on sample size from 
two independent clinical studies; Gupta et al. Planta Med. 2010. 
76- P110.; Hua et al. J Pharm Biomed Anal. 2007. 44(4):931-7. 

CV (%) 60 
Calculated using reported mean AUC and SD; Gupta et al. Planta 
Med. 2010. 76- P110.; Hua et al. J Pharm Biomed Anal. 2007. 
44(4):931-7. 

CLR(L/h) 0 Assumed 

Interaction – CYP3A4  

Reversible inhibition 

Ki (µM) 250 
Calculated as Ki=IC50/2 when substrate concentration is ~Km; 
Measured in HLMs; McDonald et al. Drug Metab Dispos. 2020, 
48(10):1018-1027. 

fu,mic 0.65 
Correcteda value of in-house fu,mic (0.90), which was determined 
using equilibrium dialysis at HLM concentrations of 0.05 mg/mL 
and adjusted to inhibition assay conditions of 0.25 mg/mL. 

Time dependent inhibition 

KI (µM) 14.8 Measured in HLMs; McDonald et al. Drug Metab Dispos. 2020, 
48(10):1018-1027. Kinact (h-1) 1.14 

fu,mic 0.65 
Correcteda value of in-house fu,mic (0.90), which was determined 
using equilibrium dialysis at HLM concentrations of 0.05 mg/mL 
and adjusted to inhibition assay conditions of 0.25 mg/mL.  



(–)-β-hydrastine (25.4 mg/g goldenseal product) 

Physicochemical Properties and Blood Binding 

MW (g/mol) 383.39  

LogP 2.61 ADMET Predictor™ (version 10.3) 

pKa monoprotic base 6.16 ADMET Predictor™ (version 10.3) 

B/P 1 Assumed  

fu,p 0.06 In house measurement via equilibrium dialysis 

Plasma binding HSA Assumed 

Absorption – ADAM model 

Formulation  Immediate Release Dissolution profile integrated into model development. 

Peff (10-4 cm/s) 7.07 Predicted using Papp within Simcyp™ 

Papp (10-6 cm/s) 
9.72 

(pH 6.5 : 7.4) 
In-house measurement (midazolam scaler: 13.2) 

fu,gut 1 Assumed 

Qgut (L/h) 16.9 Predicted using Peff within Simcyp™ 

Distribution – Full PBPK model 

Vss (L/kg) 1.01 Predicted using Method 2 

Elimination – In vivo clearance 

Cl/F(L/h) 158 Estimated using (–)-β-hydrastine PK after oral administration 
(Dose/AUC); Gupta et al. Drug Metab Dispos. 2015,43:545-552. CV (%) 96 

CLR (L/h) 0.25 
Calculated based on previous published urinary excretion and 
AUC; Gupta et al. Drug Metab Dispos. 2015,43:545-552. 

Interaction – CYP3A4 and CYP3A5 

Reversible inhibition 

Ki (µM) 22.9 
Calculated as Ki=IC50/2 when substrate concentration is ~Km; 
Measured in HIMs; Tanna et al. FASEB J. 33(S1):814.14. 

fu,mic 0.93 In-house experimental fu,mic determined using equilibrium dialysis 
with HIM concentration of 0.05 mg/mL.  

Time dependent inhibition 

KI (µM) 8.48 Measured in HIMs; No difference in TDI toward CYP3A4 and 
CYP3A5; identical KI and kinact values were used for both isoforms kinact (h-1) 2.46 

fu,mic 0.93 In-house experimental fu,mic determined using equilibrium dialysis 
with HIM concentration of 0.05 mg/mL.  

MW, molecular weight; LogP, lipophilicity; pKa, log ionization constants; B/P, equilibrium blood-to-plasma 

concentration ratio; fu,p, fraction unbound in plasma; Peff, effective permeability; Papp, apparent permeability; 

fu,gut, fraction unbound in gut; Qgut, model to estimate gut first pass metabolism; Vss, steady-state volume of 

distribution; Cl/F, oral clearance; CLR, renal clearance; Ki, reversible inhibition constant; fu,mic, fraction 

unbound in microsomal incubation; KI, time-dependent inhibition constant; kinact, maximum rate of inactivation; 

HIMs, human intestinal microsomes; HLMs, human liver microsomes.  

a Austin et al. Drug Metab Dispos. 2002, 30(12):1497-1503.  



Supplemental Table 3. Demographics of healthy participants in the clinical study. 

 Control and chronic 
goldenseal exposure 

Acute goldenseal  
exposure 

 Males (n=8) Females (n=8) Males (n=4) Females (n=4) 

Age (years; Median, range) 27 (23 - 42) 27 (23 - 35) 32.5 (26 - 42) 27.5 (23 - 35) 

Weight (kg; Mean ± SD) 88.7 ± 18.1 67.9 ± 9.6 93.2 ± 18.9 63.6 ± 12.2 

Self-identified race/ethnicity (n) 

Caucasian 7 6 4 3 

Asian 1 2 0 1 

 

  



Supplemental Table 4. Pharmacokinetics of midazolam (2.5 mg) after oral administration of 

midazolam alone and after chronic goldenseal exposure (1 g thrice daily for 6 days) for the 8 

participants who completed all three arms of the study. Data represent geometric means [90% 

confidence intervals]. 

 Baseline Chronic Exposure Chronic/Baseline  

Midazolam (MDZ)  

AUC0-12h (nM*h) 64.7 [48.8-85.9] 92.9 [68.5-126] 1.43 [1.25-1.64] 

AUCinf (nM*h) 69.5 [51.4-94.0] 104 [76.2-143] 1.50 [1.31-1.71] 

t1/2 (h) 3.71 [3.12-4.41] 4.66 [4.05-5.35] 1.25 [0.95-1.65] 

Cmax (nM) 26.8 [19.5-36.8] 36.2 [26.9-48.8] 1.35 [1.13-1.61] 

tmax (h)a 0.67 [0.33-1.00] 0.67 [0.33-1.50] N/A 

Cl/F (L/h) 110 [81.9-149] 73.8 [54.0-101] 0.66 [0.58-0.76] 

ClR (L/h) 0.05 [0.02-0.10] 0.06 [0.03-0.09] 1.21 [0.95-1.52] 

AUC0-12h, area under the plasma concentration versus time curve from 0-12 h; AUCinf, area under 

the concentration versus time curve from 0 h to infinity; t½, terminal half-life; Cmax, maximum 

plasma concentration; tmax, time to reach Cmax; Cl/F, apparent oral clearance; CLR, renal 

clearance.  

a Denotes median [range] 

 

  



Supplemental Table 5. Comparison between observed and model simulated oral midazolam (2.5 mg) 

pharmacokinetics. Data represent geometric means [90% confidence intervals]. 

 Observed Predicted 
Predicted 

(TDI deactivated) 

Predicted 
((–)-β-hydrastine 

removed) 

Predicted 
(IV midazolam) 

Midazolam pharmacokinetics after chronica goldenseal exposure 

AUC0-12h ratio 1.39 [1.30-1.48] 1.49 [1.46-1.53] 1.02 [1.02-1.02] 1.00 [1.00-1.00] 1.05 [1.05-1.06] 

Cmax ratio 1.31 [1.16-1.48] 1.43 [1.40-1.47] 1.02 [1.02-1.02] 1.00 [1.00-1.00] 1.00 [1.00-1.00] 

Midazolam pharmacokinetics after acuteb goldenseal exposure 

AUC0-12h ratio 1.57 [1.39-1.77] 1.28 [1.27-1.30] 1.05 [1.05-1.05] 1.00 [1.00-1.00] 1.01 [1.01-1.02] 

Cmax ratio 1.40 [1.12-1.74] 1.26 [1.24-1.27] 1.06 [1.06-1.06] 1.00 [1.00-1.00] 1.00 [1.00-1.00] 

Midazolam pharmacokinetics after berberine 300 mg thrice daily x 14 daysc 

AUC0-12h ratio 1.37 [1.12-1.67] 1.41 [1.38-1.43] 1.00 [1.00-1.00] 

Cmax ratio 1.38 [1.07-1.77] 1.38 [1.36-1.41] 1.00 [1.00-1.00] 

Ratios determined as presence to absence of goldenseal.  

a Goldenseal (1 g) was administered thrice daily x 6 days. 

b A single dose of goldenseal (3 g) was administered. 

c Guo et al. Eur J Clin Pharmacol. 2012, 68:213–7. 

  



Supplemental Fig. 1. Inhibition of midazolam 1’-hydroxylation by extracts prepared from the 

goldenseal product administered in the clinical study. Extracts were preincubated in potassium 

phosphate buffer containing human liver microsomes (0.25 mg/mL) with and without NADPH for 

30 minutes at 37°C. Thereafter, the solution was added to a secondary mixture containing 

midazolam (2 µM) and incubated for an additional 5 minutes prior to quenching with ice-cold 15% 

aqueous ZnSO4 containing 1’-hydroxymidazolam (10 pM) as internal standard. 

 

Concentrations of berberine and (–)-β-hydrastine in the goldenseal extract tested: 

 (A) berberine 2.68 µM; (–)-β-hydrastine 0.81 µM 

 (B) berberine 9.05 µM; (–)-β-hydrastine 2.72 µM 

 (C) berberine 26.8 µM; (–)-β-hydrastine 8.11 µM 
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