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Abstract
Hypercholesterolemia frequently occurs in patients treated with efavirenz who cannot be treated
adequately with statins because of drug interactions. These patients may benefit from cholesterol-
lowering therapy with ezetimibe. This study determined the influence of single-dose and multiple-
dose efavirenz (400 mg/day for 9 days) on the pharmacokinetics and sterol-lowering of ezetimibe
(10 mg) in 12 healthy subjects. In addition, the influence of efavirenz on genome-wide intestinal
expression and in vitro function of ABCB1, ABCC2, UGT1A1, and OATP1B1 was studied.
Efavirenz (multiple dose) had no influence on the pharmacokinetics and lipid-lowering functions
of ezetimibe. Intestinal expression of enzymes and transporters (e.g., ABCB1, ABCC2, and
UGT1A1) was not affected by chronic efavirenz. Efavirenz (single dose) slightly increased
ezetimibe absorption and markedly decreased exposure to ezetimibe-glucuronide (single dose and
multiple dose), which may be explained by inhibition of UGT1A1 and ABCB1 (in vitro data).
Ezetimibe had no effect on the disposition of efavirenz. Consequently, ezetimibe may be a safe
and efficient therapeutic option in patients with HIV infection.

Highly active antiretroviral therapy (HAART) has markedly improved the survival of
patients with HIV infection over the past decade.1,2

Unfortunately, HAART regimens are associated with several side effects, among which the
development of a lipodystrophy syndrome with hypercholesterolemia remains a major
clinical issue. One highly effective and frequently prescribed first-line component of
HAART regimens is efavirenz,3,4 a non-nucleoside reverse-transcriptase inhibitor that was
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reported to increase serum cholesterol levels in nearly 50% of HIV-infected patients.5,6

Therefore, comedication with low-density lipoprotein (LDL)-cholesterol–lowering statins
has been recommended to prevent increased cardiovascular morbidity and mortality.5,7–10

However, the lipid-lowering effect of several statins was shown to be significantly reduced
after comedication with efavirenz.11,12 The reason for this interaction is most likely
activation of the nuclear constitutive androstane receptor (CAR), for which efavirenz is a
potent activator in vitro and in vivo.13–17 With CAR-type enzyme induction, efavirenz may
regulate several drug metabolizing enzymes and transporter proteins that are involved in the
disposition of statins (e.g., CYP3A4, ABCB1, and ABCC2) and in its own pharmacokinetics
(auto-induction of CYP3A4 and CYP2B6).6,18,19

To avoid the undesired pharmacokinetic interaction with the antilipemic prophylaxis,
efavirenz could be alternatively combined with ezetimibe, which efficiently inhibits the
intestinal uptake of cholesterol. Ezetimibe may be a safe and efficient therapeutic option in
HIV-infected patients, as indicated by several small clinical trials.20–25 Ezetimibe is not a
substrate of cytochrome P450 (CYP) enzymes, which are regulated by CAR, but it is
extensively metabolized by intestinal UGT1A1 and is a substrate of the drug transporters
ABCB1, ABCC2, and OATP1B1.26–28

However, efavirenz might also affect disposition and lipid-lowering effects of ezetimibe
because expression of UGT1A1, ABCB1, and ABCC2 is known to be regulated via CAR
and because efavirenz can modulate ABC transporter functions.29–31 Whether ezetimibe
may affect the pharmacokinetics and antiviral effects of efavirenz has not been investigated.

Therefore, it was the aim of this study to investigate the influence of chronic administration
of efavirenz on the pharmacokinetics and lipid-lowering effects of ezetimibe. To acquire
deeper insights into this potential drug–drug interaction, genome-wide intestinal expression
was monitored and in vitro experiments on the function of UGT1A1, ABCB1, ABCC2, and
OATP1B1 were performed.

We provide evidence that ezetimibe may be a safe and efficient alternative to statins in the
treatment of hyperlipidemia associated with efavirenz HAART regimens.

RESULTS
Clinical study

Influence of efavirenz on the pharmacokinetics and pharmacodynamics of
ezetimibe—Our clinical study investigated the influence of single-dose and multiple-dose
administration of efavirenz on the pharmacokinetics and lipid-lowering effects of ezetimibe
in 12 healthy subjects (Figure 1). Single-dose efavirenz slightly influenced the disposition of
ezetimibe, as indicated by a significantly higher maximum plasma concentration (Cmax)
(1.2-fold, P = 0.049) and area under the plasma concentration–time curve (AUC)0–6 h (1.4-
fold, P = 0.005). Conversely, exposure to ezetimibe-glucuronide was somewhat, but
significantly, decreased. Consequently, ezetimibe combined with single-dose efavirenz was
found to not be bioequivalent to administration of ezetimibe alone (Table 1). Pretreatment
with multiple doses of efavirenz substantially diminished serum Cmax and AUC of
ezetimibe-glucuronide by about 43% (P = 0.012) and 30% (P = 0.005), respectively.
Consistent with this, the urinary excretion of the glucuronide was reduced significantly
(35%, P = 0.003) by efavirenz at unchanged renal clearance. However, all other
pharmacokinetic parameters of ezetimibe and ezetimibe-glucuronide remained unchanged
(Table 1, Figure 2).
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Chronic administration of ezetimibe caused a significant reduction of serum concentrations
of the plant sterols campesterol and sitosterol (by ~40%) and of total serum cholesterol by
~10–15% (Figure 3). The lathosterol/cholesterol ratio, a marker for endogenous cholesterol
synthesis, was significantly increased after treatment with ezetimibe. Acute (study day 16)
and chronic (study days 21–30) comedication with efavirenz did not influence the serum
levels of plant sterols, cholesterol, or lathosterol, or the respective sterol/cholesterol ratios.

Influence of ezetimibe on the pharmacokinetics of efavirenz—Single-dose
pharmacokinetics of efavirenz was not influenced by chronic comedication with ezetimibe
(Figure 4). None of the following parameters for efavirenz was different in the presence of
ezetimibe: serum AUC0–∞ (27.0 ± 12.2 μg × h/ml vs. 29.7 ± 15.4 μg × h/ml, P = 0.814),
Cmax (0.66 ± 0.40 μg/ml vs. 0.62 ± 0.24 μg/ml, P = 0.695), time to Cmax (Tmax) (2.6 ± 1.5 h
vs. 2.4 ± 1.9 h, P = 0.824), terminal half-life (t½) (106 ± 49.3 h vs. 121 ± 97.0 h, P = 0.973),
cumulative renal excretion (83.4 ± 26.9 μg vs. 88.4 ± 18.8 μg, P = 0.530), and renal
clearance (0.06 ± 0.03 ml/min vs. 0.06 ± 0.03 ml/min, P = 0.814). Moreover, AUC0–∞ and
Cmax of efavirenz were within the accepted range of bioequivalence (0.8–1.25) after
comedication with ezetimibe.

Influence of efavirenz on intestinal mRNA expression—Pretreatment with 400 mg
efavirenz for 9 days caused 1.5-fold changes in the expression of approximately 4,000 genes
in all investigated samples from eight healthy subjects (data not shown). However, a
nonuniform regulation pattern could be observed (Figure 5a). Furthermore, the quantitative
expression analysis of several CAR-regulated genes involved in intestinal metabolism and
transport, including CYP3A4, CYP2B6, UGT1A1, ABCB1, and ABCC2, revealed no
change in intestinal gene expression after administration of efavirenz (Figure 5b).

Influence of efavirenz on hepatic CYP3A4—Repeated administration of efavirenz
increased the hepatic activity of CYP3A4, as concluded from significantly elevated ratios of
serum concentrations of 4β-OH-cholesterol/cholesterol (104.9 ± 24.7% on study day 21 vs.
131.8 ± 24.2% on study day 25 vs. 182.9 ± 40.6% on study day 30; compared with the
initial ratio).

In vitro studies
Efavirenz competitively inhibited the efflux of calcein AM in ABCB1-transfected Madin
Darby canine kidney II cells. ABCB1 activity was inhibited to the same extent by 316 μmol/
l efavirenz as by the potent ABCB1 inhibitor PSC833 (10 μmol/l): relative half maximal
inhibitory concentration (IC50) value = 123 μmol/l (Figure 6). The accumulation of
estradiol-17β-glucuronide into ABCC2-containing inside-out vesicles was also modulated
by efavirenz (IC50 = 60.3 μmol/l). Moreover, the in vitro glucuronidation of ezetimibe by
UGT1A1 was strikingly inhibited by efavirenz: IC50 value = 9.6 μmol/l (Figure 6). In
contrast to this, efavirenz had no influence on the OATP1B1-mediated uptake of
bromosulfophthalein into OATP1B1-transfected HEK293 cells (Figure 6).

DISCUSSION
In this study, we demonstrated that multiple doses of the anti-HIV drug efavirenz had no
major influence on the pharmacokinetics and lipid-lowering effects of the cholesterol
absorption inhibitor ezetimibe in healthy volunteers.

Consistent with this, the intestinal expression of several CAR-regulated metabolizing
enzymes and transporters, including ABCB1, ABCC2, CYP3A4, CYP2B6, and UGT1A1,
were not altered by chronic premedication of efavirenz for 9 days. In contrast to other

Oswald et al. Page 3

Clin Pharmacol Ther. Author manuscript; available in PMC 2013 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



prototypic activators of nuclear receptors such as the PXR ligand rifampin, no systematic
pattern of intestinal gene induction was observed.27,32 This finding was somewhat surprising
because efavirenz is known to be a potent activator of CAR in vitro and in vivo, thereby
resulting in some clinically relevant drug interactions with several anti-HIV drugs, statins,
and antibiotics.6,11,13,17,33 Conversely, efavirenz was capable of inducing hepatic CYP3A4
activity, as indicated by a significantly increased 4-βOH-cholesterol/cholesterol ratio, which
was also demonstrated in previous studies.34

Ezetimibe undergoes extensive UGT1A1-mediated intestinal glucuronidation and is a
substrate of the transport proteins ABCB1, ABCC2, and OATP1B1.26–28 The observed lack
of interaction between ezetimibe and multiple-dose efavirenz supports our previous finding
that ezetimibe undergoes predominately intestinal metabolism and transport.27,35

Surprisingly, acute and chronic comedication with efavirenz significantly decreased the
exposure to ezetimibe-glucuronide by ~12–30%. Associated in vitro studies using UGT1A1
supersomes demonstrated for the first time that efavirenz can inhibit the UGT1A1-mediated
glucuronidation of ezetimibe. This finding was unexpected, as efavirenz itself is
predominantly metabolized by UGT2B7.36 Because the estimated luminal concentrations of
efavirenz after oral administration of 400 mg (dose/250 mL, ~5 mmol/l) was some 500-fold
greater than the respective IC50 value for the inhibition of ezetimibe-glucuronide formation
(~10 μmol/l), this interaction appears to be plausible in vivo.

Moreover, single-dose efavirenz slightly increased the intestinal absorption of the ABCB1
substrate ezetimibe, as indicated by significantly higher AUC0–6 h (1.4-fold) and Cmax, most
likely due to inhibition of intestinal ABCB1. Similar interactions have been reported for the
combinations of ezetimibe with other ABCB1-modulating drugs, such as sirolimus and
tacrolimus.37,38

Indeed, we observed in our in vitro studies that ABCB1 function was significantly inhibited
by efavirenz: IC50 value = ~123 μmol/l. This is in line with previous studies that have also
reported a significant inhibition of ABC transporters.29,31 On the basis of the current drug-
interaction guidelines of the US Food and Drug Administration (FDA) and the European
Medicines Agency (EMA), significant interactions had to be expected from these in vitro
data because the observed IC50 value was considerably lower than the estimated luminal
concentrations of efavirenz (123 μmol/l vs. 5 mmol/l).

However, the inhibition of intestinal ABCB1 seems not to be of clinical relevance because
the pharmacodynamic effects of ezetimibe were not influenced by efavirenz and this
interaction was not observed after chronic comedication with both drugs.

The same is true for ABCC2, for which in vitro function was also significantly inhibited by
efavirenz (IC50 = 60.3 μmol/l), but no corresponding in vivo effect could be observed.
Although ezetimibe-glucuronide is a high-affinity substrate of this transporter, serum levels
of the glucuronide were not elevated as expected, but in fact significantly decreased. This
phenomenon may have been caused by the simultaneous inhibition of UGT1A1, which may
have masked the excretory function of ABCC2.

Finally, our in vitro studies could exclude any influence of efavirenz on the hepatic uptake
of ezetimibe-glucuronide by OATP1B1.

In conclusion, our in vitro studies suggest that all observed changes in the pharmacokinetics
of ezetimibe can be plausibly explained by direct modulation of intestinal UGT1A1 and
ABCB1.
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The reason for the obscure discrepancy between the intestinal and hepatic gene regulation as
caused by chronic oral administration of efavirenz remains unknown and needs further
investigation. The lack of intestinal gene regulation by efavirenz was already reported by
Mouly et al. in 2002.16 In that study, treatment of healthy volunteers with multiple doses of
efavirenz (200/400 mg/day for 10 days) increased the activity of hepatic CYP3A4 as
indicated by the erythromycin breath test, but it caused no regulation of intestinal ABCB1
and CYP3A4 proteins.

A possible explanation for this phenomenon might be the pharmacokinetic properties of
efavirenz. Because efavirenz is rapidly absorbed from the upper intestine (Tmax 2–3 h) and
does not undergo significant biliary secretion,6,18 there seems to be only a short duration of
exposure of the enterocytes to efavirenz, even after daily oral administration, which may
have counteracted intestinal gene regulation.

From the therapeutic point of view, the combination of efavirenz and ezetimibe may be a
promising therapeutic option in HIV-infected patients with hypercholesterolemia. In contrast
to described drug interactions with statins,11,12 we observed no clinically relevant influence
of efavirenz on the disposition and lipid-lowering effect of ezetimibe. With reference to this,
monotherapy with ezetimibe was shown to be an equivalent therapeutic option in clinical
practice.20–25

Moreover, no influence of ezetimibe on the pharmacokinetics of efavirenz was observed.
This was not surprising because efavirenz is not a substrate of transporter proteins but
undergoes extensive oxidative metabolism by CYP2B6 and CYP3A4 and conjugation via
UGT2B7, which are not affected by ezetimibe in vitro.26

In line with our conclusion, the combination of efavirenz and ezetimibe was shown to be
safe and efficient in HIV-infected patients in several smaller clinical trials.20–25 However,
the clinical outcome of patients receiving LDL-cholesterol–lowering ezetimibe in
monotherapy remains controversial (e.g., SEARCH, SEAS, and ENHANCE studies).39–41

Further clinical studies are needed to demonstrate convincingly the cardiovascular benefit of
ezetimibe treatment in patients with hypercholesterolemia. The ongoing IMPROVE-IT
study (anticipated completion date 2013) may be a potential candidate to fill this gap in
knowledge.

METHODS
Clinical study

Subjects—Twelve healthy Caucasian subjects (all male; age 20–36 years; body mass
index 19.9–27.2 kg/m2) were enrolled after providing written informed consent and
confirmation of good health by medical histories, physical examinations, and routine
clinical–chemical and hematological screenings. All subjects were nonsmokers and took no
medication.

Study protocol—The study was performed as a controlled, open, single-dose and steady-
state study with the following four study periods (Figure 1): period A (days 1–5), single-
dose administration of efavirenz (400 mg, Sustiva capsules; Bristol-Myers Squibb, Munich,
Germany) and pharmacokinetic analysis; period B (days 6–15), daily treatment with 10 mg
ezetimibe (Ezetrol tablets, MSD Sharp & Dohme, Haar, Germany) prior to pharmacokinetic
analysis of ezetimibe at steady state on study day 15; period C (days 16–20), daily treatment
with 10 mg ezetimibe with concomitant single-dose administration of 400 mg efavirenz on
the 16th treatment day and pharmacokinetic analysis of both drugs (ezetimibe at steady state
and efavirenz); and period D (days 21–30), daily treatment with 10 mg ezetimibe and 400
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mg efavirenz, and pharmacokinetic analysis of both drugs at steady state on the 30th
treatment day.

In each study period, the subjects were admitted to our clinical study unit the evening before
drug administration on the next morning. After overnight fasting for at least 10 h, either 10
mg ezetimibe or 400 mg efavirenz alone or the combination of both drugs was administered
with 240 ml of tap water. Standard meals were served 5, 8, and 11 h after drug
administration and at 8:00 AM, 1:00 PM, and 8:00 PM of the next day. To exclude
influences of different intestinal amounts of water on oral drug absorption, drinking of tap
water was standardized. In detail, after initial drug administration with 200 ml of tap water,
additional drinking of 100 ml and 200 ml was stipulated after 1, 2, 3, 4, 7, and 8 and after 5,
9, 11, 13, and 15 h, respectively. Forearm venous blood (7.5 ml) was sampled before and
0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 8, 10, 12, 16, 24, 36, 48, 72, 96, and 120 h after medication
in study periods A, C, and D. In study period B, blood was sampled from 0–24 h using the
given intervals. Urine and feces were collected according to the study protocol (Figure 1).
Serum samples and aliquots of urine and fecal homogenates were stored at −20 °C
(ezetimibe) and −80 °C (efavirenz) until quantitative analysis.

Strenuous physical exercise and alcoholic beverages were not allowed between 48 h before
drug administration and the last sampling of feces. Intake of grapefruit-, orange-, and poppy
seed–containing products was prohibited from 7 days prior to the first drug administration
until the last sampling of the study.

Duodenal samples for analysis of intestinal gene expression were obtained via
gastroduodenoscopy in the University Hospital Greifswald Clinic of Internal Medicine.
Biopsies were taken at least 3 days before the first study day and on study day 29, that is,
after chronic administration of efavirenz for 9 days. Duodenal samples were stored in 1.0 ml
RNAlater solution (Qiagen, Hilden, Germany) at −80 °C until RNA isolation.

The study was approved by the local ethics committee of the Medical Faculty of the
University of Greifswald and by the German Federal Institute for Drugs and Medical
Devices (BfArM, No. 4035064); the study was registered in the European (EudraCT No.
2009-011050-17) and US (ClinicalTrials.gov NCT00810303) clinical trial databases.
Planning and performance of the study followed the German Medical Act and was in
accordance with the International Conference on Harmonisation guidance for good clinical
practice.

Intestinal mRNA expression—Duodenal biopsies were obtained prior to drug treatment
and following multiple doses of efavirenz (400 mg/day for 9 days). Tissue samples were
immediately snap-frozen after collection and stored at −80 °C. Total mRNA was isolated
using the RNeasy Mini kit following the manufacturer’s instructions (Qiagen, Hilden,
Germany), followed by determination of integrity and amount using the Lab-on-a-Chip
technology and the Agilent Bioanalyzer 2100 (Agilent, Waldbronn, Germany).
Subsequently, genome-wide intestinal gene expression was measured in eight individuals;
pretreatment and posttreatment expression were compared using the Human Gene ST 1.0
microarray (Affymetrix, Santa Clara, CA) according to the manufacturer’s protocol. In brief,
total RNA (200 ng) was reverse- transcribed into cDNA and further processed to terminal-
labeled DNA fragments. Staining and scanning were performed using the Fluidics Station
450 and Scanner 3000 7G (Affymetrix). Raw CEL files were generated within the GeneChip
operating software (Affymetrix). Microarray data analysis was then performed using the
Rosetta Resolver system for gene expression data analysis (Rosetta Biosoftware,
Cambridge, MA). Raw signals of the probes were summarized using robust multichip
analysis, thereby generating probe set–specific signal intensities. Chips were normalized by
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using the quantile normalization. Fold change was calculated by direct comparison of gene
expression before and after efavirenz treatment for each subject.

Quantitative assays for efavirenz, ezetimibe, and serum sterols
Plasma and urine concentrations of efavirenz were measured using a previously published
liquid chromatography–tandem mass spectrometry (LC-MS/MS) method with slight
modification.42 In brief, a plasma or urine sample (0.2 ml) was mixed with the internal
standard (30 μl of 500 ng/ml nevirapine) and extracted with 6 ml of ethyl acetate under
alkaline pH (500 μl of 1 mol/l glycine/1 mol/l sodium hydroxide buffer, pH 11.3). The
sample was centrifuged at 2890g, and the organic layer was evaporated to dryness. Residue
was reconstituted in 50 μl mobile phase, and 25 μl was analyzed using API 2000 MS/MS
(Applied Biosystems, Foster City, CA) equipped with a TurboIon spray and coupled with a
Shimadzu HPLC (high-performance liquid chromatography) system (Columbia, MD).
Efavirenz and nevirapine were quantified using multiple-reaction monitoring at m/z
transitions of 316 to 244 and 267 to 226, respectively, in positive ion mode. This assay had a
lower limit of quantification of 1 ng/ml, was linear over the range of 1–2,500 ng/ml
efavirenz, and had within-day and between-day coefficients of <15% for plasma and <8%
for urine.

Ezetimibe and ezetimibe-glucuronide in serum, urine, and feces were quantified by LC-MS/
MS as previously described.43 The limits of quantification for ezetimibe in serum, urine, and
feces were 0.05, 1.0, and 10 ng/ml, respectively. Within- and between-day precision for this
assay in all matrices was within the range of 2.0 to 12.3%, whereas within- and between-day
accuracy expressed as relative error was −8.6 to 4.9%.

Serum sterol concentrations were measured in serum samples on study days 1, 2, 6, 10, 15,
17, 21, 25, and 30. Cholesterol was determined by gas chromatography with flame
ionization detection; the cholesterol precursor lathosterol and the plant sterols campesterol
and sitosterol were analyzed by GC-MS as recently described.44 The limit of quantification
was 10 μg/ml for cholesterol and 0.05 μg/ml for lathosterol, campesterol, and sitosterol. The
within-day and between-day coefficients of variation for all sterols were <10%. 4β-OH-
cholesterol was measured with a highly sensitive and specific isotope dilution methodology
(gas chromatography–mass spectrometry) as recently described by Lütjohann et al.45 The
lower limit of quantification was 3.0 ng/ml, and the linear range was 0.3–300 ng/ml.
Between-day and within-day precision values were 2.1 and 2.7%, respectively, and the
between-day and within-day accuracies were 2.9 and 3.3%, respectively.

Pharmacokinetic and statistical evaluation
Cmax values were taken from the concentration–time curves. The AUC was calculated by
the trapezoidal rule. t½ was calculated by linear regression of the terminal slope of the
concentration–time profiles. Unless indicated otherwise, all data were expressed as mean ±
SD. Pharmacokinetic and statistical evaluation was done with SPSS 19 (IBM, Armonk, NY)
and SAS 9.1 (SAS Institute, Cary, NC).

Sample differences were evaluated with the nonparametric Wilcoxon test or Mann-Whitney
test as appropriate. Significance was assumed if P values were <0.05. To avoid alpha error
accumulation by multiple testing, the Bonferroni method was used. Moreover,
pharmacokinetic data were analyzed using the bioequivalence approach. Bioequivalence
was assumed if the 90% confidence intervals for the test/reference ratios of the AUC and
Cmax were within the range of 0.8–1.25.

Twelve volunteers were included in the study in order to detect a significant difference of at
least 20% with an 80% power (α-error 5%), considering the substantial intrasubject and
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intersubject coefficient of variation of former pharmacokinetic studies (nQuery Adviser 5.0,
StatSol, Cork, Ireland).27,37

In vitro studies
Inhibitory effect of efavirenz on ABCB1—Competition studies in ABCB1
overexpressing cells were performed using the calcein AM accumulation assay in parental
and ABCB1-transfected MDCKII cells as recently described.37 All incubations with
efavirenz (1–1,000 μmol/l) were performed in triplicate and compared with the effect of the
well-known ABCB1-inhibitor PSC833 (10 μmol/l).

Inhibitory effect of efavirenz on ABCC2—The function of ABCC2 was studied with
ABCC2-containing inside-out vesicles generated from Sf9 cells (BD Biosciences,
Heidelberg, Germany) as previously published using [3H]estradiol-17β-glucuronide as a
reference compound.27 Competitive inhibition was studied in the presence of 1–1,000 μmol/
l efavirenz after incubation for 10 min (each N = 3).

Inhibitory effects of efavirenz on OATP1B1—The influence of efavirenz on
OATP1B1-mediated cellular uptake was studied as previously described.37 In brief,
competitive inhibition of efavirenz (1–1,000 μmol/l) on the cellular uptake of 50 nmol/l
[3H]-bromosulfophthalein (BSP, 14 Ci/mmol; Hartmann Analytic, Braunschweig, Germany)
in HEK293 cells stably transfected with OATP1B1 was determined after incubation at 37 °C
for 5 min (n = 3). After cell lysis, intra-cellular accumulation of radiolabeled BSP was
measured and protein concentration was determined. The transporter-mediated net uptake of
BSP was obtained by subtracting the BSP uptake of vector-transfected cells from that in
transporter-expressing cells. The percentage of uptake inhibition was calculated from
experiments in the absence of efavirenz.

Inhibition of ezetimibe glucuronidation by efavirenz—The glucuronidation of
ezetimibe was studied using human UGT supersomes for UGT1A1, UGT1A3, UGT2B7,
and UGT2B15 (BD Biosciences, Heidelberg, Germany). In each case, 100 μmol/l ezetimibe
was incubated with 0.9 mg/ml UGT microsomes, 4.6 mmol/l saccharolactone, 23 μg/ml
alamethicin, and 7.4 mmol/l magnesium chloride, alone and in the presence of efavirenz (1–
500 μmol/l). After 5 min preincubation at 37 °C, the reaction was started by adding 1.85
mmol/l uridine-diphospho-glucuronic acid (UDPGA), followed by incubation at 37 °C for
120 min. The reaction was stopped using 200 μl ice-cold methanol. Supernatants were
obtained after centrifugation (10,000g, 10 min, 4 °C) and stored at −20 °C until drug
analysis by LC-MS/MS as described above. All reactions were performed in triplicate.
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Figure 1.
Gantt chart of the study design. PK, pharmacokinetic.
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Figure 2.
Mean serum concentration–time profiles of ezetimibe (above) and ezetimibe-glucuronide
(below) under steady-state conditions after repeated administration of 10 mg ezetimibe alone
(open circles) and in combination with single-dose (closed circles) and multiple-dose 400
mg efavirenz (squares) in 12 healthy subjects (arithmetic means ± SD are given).
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Figure 3.
Influence of ezetimibe (EZE) and efavirenz (EFA) on the relative serum concentrations of
cholesterol, campesterol, and sitosterol and the lathosterol/cholesterol ratio in 12 healthy
subjects (arithmetic means ± SD are given). *Significant (p < 0.05) differences compared to
baseline values on study day 1.
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Figure 4.
Mean plasma concentration–time profiles of efavirenz after single-dose administration of
400 mg efavirenz alone (open circles) and in combination with 10 mg ezetimibe (closed
circles) in 12 healthy subjects (arithmetic means ± SD are given).
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Figure 5.
Influence of repeated administration of efavirenz (400 mg, 9 days) on duodenal mRNA
expression in 8 healthy volunteers. (a) Expression pattern of selected ADME genes before
and after treatment with efavirenz. The heat map shows log2-transformed, median-centered
normalized expression signals. Green indicates low expression and red indicates higher
expression. (b) Quantitative analysis of selected genes of metabolism and transport.
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Figure 6.
Influence of efavirenz on in vitro glucuronidation of ezetimibe by human UGT1A1, ABCB1
function using the calcein AM assay in ABCB1-transfected MDCKII cells, uptake of
estradiol-17-β-glucuronide (E17βG) into ABCC2 inside-out vesicles, and the OATP1B1-
mediated uptake of bromosulfophthalein (BSP) into OATP1B1-transfected HEK cells. IC50,
half maximal inhibitory concentration; MDCKII, Madin Darby canine kidney II.
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