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HARMACOKINETICS AND DRUG
ISPOSITION

isposition and sterol-lowering effect of
zetimibe are influenced by single-dose
oadministration of rifampin, an inhibitor
f multidrug transport proteins

Background and Aims: The disposition and sterol-lowering effect of ezetimibe are associated with long-lasting
enterosystemic circulation, which is initiated by secretion of ezetimibe and its glucuronide via intestinal
P-glycoprotein (P-gp) (ABCB1) and the multidrug resistance-associated protein 2 (MRP2) (ABCC2) into gut
lumen. Hepatic uptake and secretion may contribute to recycling. To obtain deeper insight into the intestinal and
hepatic processes, the disposition of ezetimibe was studied in the presence of rifampin (INN, rifampicin), a
modulator of P-gp, MRP2, and hepatic organic anion (uptake) transporting polypeptides (OATPs) (SLCOs).
Methods: The disposition of ezetimibe (20 mg orally) alone and after coadministration of rifampin (600 mg orally)
was measured in a crossover study of 8 healthy subjects with the SLCO1B1 �1a/�1a genotype. Concentrations of
ezetimibe and its glucuronide in serum, urine, and feces, as well as cholesterol, lathosterol, and the plant sterols
campesterol and sitosterol in serum, were quantified by use of liquid chromatography and gas chromatography
with mass spectrometric detection.
Results: After rifampin administration, the maximum serum concentrations of ezetimibe and its glucuronide were
significantly elevated (12.0 � 4.20 ng/mL versus 4.67 � 2.72 ng/mL, P � .017, and 282 � 73.8 ng/mL versus
107 � 35.3 ng/mL, P � .012, respectively). The area under the curve of ezetimibe was not affected (102 � 37.6
ng · h/mL versus 140 � 86.3 ng · h/mL, P � not significant), whereas that of the glucuronide was markedly
increased (2150 � 687 ng · h/mL versus 1030 � 373 ng · h/mL, P � .012). Renal clearance remained
unchanged. Fecal excretion of ezetimibe was markedly decreased (7.6 � 2.2 mg versus 10.4 � 1.8 mg, P � .036),
whereas renal excretion of the glucuronide was strongly elevated (4.8 � 1.9 mg versus 2.0 � 1.2 mg, P � .049)
after coadministration. The onset of a significant sterol-lowering effect of ezetimibe was significantly shortened by
rifampin coadministration.
Conclusions: Coadministration of rifampin increases the maximum serum concentrations of ezetimibe but re-
duces its enterosystemic recycling, most likely by inhibition of the secretion of ezetimibe and its glucuronide via
P-gp and MRP2. (Clin Pharmacol Ther 2006;80:477-85.)
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The availability of drugs on the site of their pharma-
ologic action depends, after oral administration, on the
nterplay between intestinal transit and disintegration of
osage forms, the regional conditions for drug dissolu-
ion, and the penetration of the intestinal absorption
arrier, as well as the individual function of presys-
emic elimination mechanisms that may initiate recir-
ulation pathways via the gut lumen.1 The complexity
f coincidental processes enables prediction of drug
vailability in receptor compartments if the location of
harmacologic action is along the absorption route.
ne example of a drug that acts within the absorption

ompartment is ezetimibe, which lowers serum choles-
erol concentrations by inhibition of the sterol uptake
ransporter Niemann-Pick C1-like 1 protein (NPC1L1).
PC1L1 is located on intestinal brush border mem-
ranes, with the highest level of expression and cho-
esterol net absorption being observed in the jejunum,
ith lower levels in the duodenum and ileum.2,3 There

s some evidence from in vitro investigations, even
hough not undisputed, that unchanged ezetimibe binds
o intracellular domains of NPC1L1.4,5 Accordingly,
he sterol-lowering effect must depend on its intracel-
ular concentrations of brush border enterocytes.

After oral administration, ezetimibe is taken up
rom the gut most likely in proximal segments. A
inor part of the dose occurs rapidly in blood.6 The
ajor part is metabolized to a phenolic glucuronide

y intestinal uridine diphosphate– glucuronosyltrans-
erase 1A1, the overall activity of which is highest in
he jejunum, the major site of sterol absorption.6-9

here is evidence from in vitro studies and drug
nteraction studies in humans that ezetimibe and its
lucuronide are substrates of P-glycoprotein (P-gp)
ABCB1) and multidrug resistance-associated protein
(MRP2) (ABCC2).10-13 The long-lasting circulation

nd effect of ezetimibe are most likely a result of
ntestinal secretion of the glucuronide via MRP2,
acterial hydrolysis of the glucuronide in the colon,
nd absorption of the released parent drug into the
ystemic circulation, followed by distribution via the
ystemic circulation to the sterol-absorbing effect com-
artment in the entire small intestine.6,9 This pathway
n humans generates characteristic serum concentration
eaks that have resulted in our finding of bolus-like
ropulsion of chyme from the terminal ileum to the
ydrolytic environment of the colon triggered by a
eal-induced gastroileocecal reflex.13-15

We have recently shown that intestinal secretion of
he glucuronide of ezetimibe by P-gp and MRP2, in
ealthy subjects, is the rate-determining elimination

oute for ezetimibe from the sterol-absorbing micro- G
ompartment and, in turn, for the extent of its sterol-
owering effect.13 Ezetimibe is also secreted into
ile, as shown in bile duct– cannulated rats after
ntraduodenal administration of both the parent drug
nd the glucuronide.9 However, it is unknown thus
ar by which hepatic mechanism unchanged
zetimibe or its glucuronide (or both) is extracted
rom sinusoidal blood. Potential carriers for hepatic
ptake of ezetimibe are members of the organic
nion transporting polypeptide (OATP, SLCO) fam-
ly, particularly the liver-specific, broad substrate
pectrum–acquiring OATP1B1 (SLCO1B1) and
ATP1B3 (SLCO1B3).16,17 Both uptake carriers are
odulated in vitro by the antibiotic rifampin (INN,

ifampicin).18,19 However, rifampin also modulates
-gp and MRP2.20-25 Therefore coadministration of
ifampin is considered to be a suitable experimental
ool by which to evaluate the complex presystemic
isposition of ezetimibe in humans.
We hypothesized that inhibition of P-gp, MRP2, or

ATPs (or some combination thereof) by rifampin may
ncrease the availability of ezetimibe in the blood but
ecrease the extent of enterosystemic circulation of
arent ezetimibe to the intestinal sterol-absorbing com-
artment and may, in turn, influence the sterol-lowering
ffect of the drug.

ETHODS
linical study protocol
Subjects. We selected 8 healthy subjects with the

LCO1B1 �1a/�1a diplotype (2 women and 6 men; age
ange, 22-36 years; body mass index range, 20.4-25.1
g/m2) after confirmation of good health by medical
istories, physical examinations, and routine clinical-
hemical and hematologic screenings. The subjects
ere nonsmokers and took no medications except hor-
onal contraceptives (2 women). Strenuous physical

ctivity and alcoholic beverages were not allowed from
8 hours before the first administration of study medi-
ation until the last blood sampling. Intake of products
ontaining grapefruit, orange, and poppy seed was pro-
ibited 7 days before the first drug administration and
ntil the last blood sampling of the study. The study
rotocol was approved by the local ethical committee,
nd all subjects gave written informed consent. Plan-
ing and performance of the study followed the
egulations of the German Medical Act and the recom-
endations of the International Conference on Har-
onisation of Technical Requirements for Registration

f Pharmaceuticals for Human Use–Good Clinical
ractice (ICH-GCP) guidelines (Note for Guidance on

ood Clinical Practice, CPMP/ICH/135/95, 1997).
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Study protocol. The controlled, randomized, open
rossover study was performed with washout periods
etween 14 and 16 days. After inclusion, the subjects
ere admitted to the clinical study unit in the evening
efore the respective pharmacokinetic study days. The
tudy medication was given the next morning after
vernight fasting for at least 10 hours. Either ezetimibe
lone (two 10-mg fast-release tablets of Ezetrol; MSD
harp & Dohme, Haar, Germany) or ezetimibe and
ifampin (one 600-mg coated tablet of Rifa 600; Grü-
enthal, Aachen, Germany) were administered orally
ogether with 200 mL tap water. Standard meals were
erved 5, 8, and 11 hours after administration and at
:00 AM and 1:00 and 8:00 PM on the next day. Each
ubject had to eat meals of same size during both study
eriods. Drinking of tap water was also strongly stan-
ardized. Forearm venous blood sampling (5 mL) was
one before and 0.33, 0.66, 1, 1.33, 1.66, 2, 2.33, 2.66,
, 3.5, 4, 5, 6, 8, 10, 12, 16, 24, 36, 48, 72, and 96 hours
fter drug intake. Urine was collected for 5 days, and
eces were collected for 10 days. Serum and aliquots of
rine and homogenized feces were stored at least at
80°C until quantitative analysis.

uantitative assay of ezetimibe
As described recently, concentrations of unchanged

nd total ezetimibe in serum, urine, and feces were
uantified by use of a liquid chromatography–tandem
ass spectrometry system consisting of an XTerra MS

olumn (C18, 2.1 � 100 mm, particle size of 3.5 �m;
aters, Milford, Mass) and PE Sciex API 2000 mass

pectrometer (Applied Biosystems, Foster City, Cal-
f).26 The limits of quantification for serum were 0.05
g/mL for unchanged ezetimibe and 1.0 ng/mL for total
zetimibe. The limits of quantification for urine and
eces were 1.0 ng/mL and 10 ng/mL, respectively. In
his study within-day and between-day accuracy for
erum was within �10.1% and 5.6% and �7.3% and
.3%, respectively, of the nominal concentrations of
otal and parent ezetimibe. Between-day precision in
erum was 1.7% to 9.6% of mean values. For urine and
eces, accuracy was �11.5% to 6.2% of nominal val-
es, and precision was 1.4% to 10.7% of mean values.

nalysis of sterols
Cholesterol, lathosterol, and the plant sterols campes-

erol and sitosterol were extracted from serum after sa-
onification and underwent derivation to trimethylsilyl
thers. Total serum cholesterol concentrations were deter-
ined by sensitive gas chromatography with flame ion-

zation detection, which differentiates between cholesterol

nd side chain–substituted cholesterols, such as campes- i
erol (24-methylcholesterol) and sitosterol (24-
thylcholesterol). Serum concentrations of the cholesterol
recursor lathosterol and the plant sterols campesterol and
itosterol were assessed by use of a validated gas chro-
atography–mass spectrometry selective ion-monitoring
ethod as previously described.27 The within-day and

etween-day coefficients of variation for all sterols were
elow 4% of the respective mean values (precision).
etween-day accuracy was less than 3% of the respective
ominal values. The limit of quantification was 1 mg/dL
or cholesterol and 0.005 mg/dL for lathosterol, campes-
erol, and sitosterol.

enotyping of OATP1B1
The subjects were genotyped for the SLCO1B1 poly-
orphisms G�11187A, A388G (Asn130Asp), and
521C (Val174Ala) by polymerase chain reaction–restric-

ion fragment length polymorphism analysis as described
lsewhere.26 Haplotype �1a was allocated as �11187G,
88A, and 521T as reported by Niemi et al.28

harmacokinetic and statistical evaluation
The maximum plasma concentration (Cmax) and time

o Cmax (tmax) were taken from the concentration-time
urves. The area under the serum concentration–time
urve (AUC) from 0 to 96 hours (AUC0-96) was calcu-
ated by use of the trapezoidal rule. Renal clearance
CLR) was derived from the respective cumulative
mounts (Ae) of ezetimibe and its glucuronide excreted
nto the urine over the respective AUC0-96.

The arithmetic or geometric means and SDs were
iven as appropriate. Sample differences were evalu-
ted with the nonparametric Wilcoxon test.

ESULTS
harmacokinetics
For several hours, oral administration of ezetimibe

lone caused fluctuating serum concentrations be-
ween about 2 and 4 ng/mL and 3 to 4 distinct peaks,
f which the second after lunch was eaten (5 hours
fter dosing) was usually the highest. The third and
ourth peaks also occurred in association with meals,
t 11 hours (dinner) and 24 hours (breakfast) after
rug administration (Fig 1). In contrast, in most
ubjects the glucuronide of ezetimibe reached a sin-
le but several-fold higher maximum in an apprecia-
ly shorter amount of time. The dominating elimi-
ation route for ezetimibe was intestinal excretion.
bout 60% of the ezetimibe dose was eliminated via

eces; about 20% of that portion was in its glucuro-
ide form. Approximately 10% of the dose appeared

n urine in the form of the glucuronide (Table I).



c
s
4
v
T
f

g

R

fl
t
m
a
m
m

D

l

s (error

CLINICAL PHARMACOLOGY & THERAPEUTICS
480 Oswald et al NOVEMBER 2006
After rifampin administration, maximum serum
oncentrations of ezetimibe and its glucuronide were
ignificantly elevated (12.0 � 4.20 ng/mL versus
.67 � 2.72 ng/mL, P � .017, and 282 � 73.8 ng/mL
ersus 107 � 35.3 ng/mL, P � .012, respectively).
he area under the curve of ezetimibe was not af-

ected (102 � 37.6 ng · h/mL versus 140 � 86.3 ng
· h/mL, P � not significant), whereas that of its
lucuronide was markedly increased (2150 � 687 ng

· h/mL versus 1030 � 373 ng · h/mL, P � .012).
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Fig 1. Serum concentration–time curves of ez
subjects without rifampin (open circles) and
circles). Geometric means and geometric SD
enal clearance remained unchanged. Under the in- i
uence of rifampin, a significantly lower portion of
he ezetimibe dose was excreted via feces (7.6 � 2.2
g versus 10.4 � 1.8 mg, P � .036), whereas the

mount of its glucuronide excreted via urine was
ore than doubled (4.8 � 1.9 mg versus 2.0 � 1.2
g, P � .049) after coadministration (Table I).

rug effects
The single 20-mg dose of ezetimibe produced a

ong-lasting cholesterol-lowering effect that was signif-
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oadministration of 600 mg rifampin (solid
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8 hours after administration (Fig 2). Similar changes
ere found for campesterol and sitosterol (Fig 3). The

ffects on the ratios between campesterol and choles-
erol and between sitosterol and cholesterol, which are
stablished surrogates for cholesterol absorption, were
uite similar. The ratio between lathosterol and choles-
erol, a surrogate of cholesterol synthesis, was not sig-
ificantly influenced by ezetimibe.
After comedication of rifampin, the onset of the plant

terol–lowering effect was generally faster; the campes-
erol and sitosterol serum levels and the campesterol/
holesterol and sitosterol/cholesterol ratios were al-
eady significantly different from baseline at 24 hours
fter administration. However, the initial ratio between
athosterol and cholesterol was also significantly low-
red after rifampin coadministration (Figs 2 and 3).

ISCUSSION
In this clinical study it has been shown that coad-
inistration of rifampin yields more than 2-fold higher

erum concentrations of ezetimibe. The systemic expo-
ure, however, remained unchanged. The serum levels
nd the area under the curve of the glucuronide were
lso increased by more than 2-fold, whereas the renal
learance remained unchanged. Consequently, a dose
raction of about 15% was also excreted in the form of
he glucuronide via urine, rather than via feces, as in the
bsence of rifampin.

Coadministration of rifampin caused significantly
aster lowering of plant sterol serum levels. The ratios
etween the plant sterols campesterol and sitosterol and
holesterol were used as surrogates for changes in
holesterol absorption because plant sterols, unlike
holesterol, are not endogenously formed.29 On the
ther hand, the lathosterol/cholesterol ratio is an ac-
epted surrogate for the influence on endogenous cho-

able I. Pharmacokinetic characteristics of ezetimibe
oncomitantly with single oral dose of 600 mg rifampi

Ezetimibe

Without rifampin Wi

AUC0-96 (ng · h/mL) 140 � 86.3 102 �
Cmax (ng/mL) 4.67 � 2.72 12.0 �
tmax (h) 4.83 � 3.85 1.89 �
Aefeces (mg) 10.4 � 1.81 7.59 �
Aeurine (mg) 0.015 � 0.033 0.015 �
CLR (mL/min) 5.40 � 13.6 2.46 �

Data are given as mean � SD. P values indicate significance levels for com
AUC0-96, Area under serum concentration–time curve from 0 to 96 hours; Cm

umulative amount excreted into urine; Aefeces, cumulative amount excreted i
esterol synthesis.30 Rifampin coadministration has ob- n
iously also modulated cholesterol synthesis for about
4 hours after administration. Lathosterol is the end
roduct of a long chain of biochemical reactions, some
f which are cytochrome P450–dependent.31 Because
ifampin also modulates cytochrome P450 enzymes
eg, 3A4 and 2C8), cholesterol serum levels in our
tudy may have been decreased by inhibition of the
ndogenous synthesis via lathosterol.32

The single-dose effects of rifampin on the disposition
nd pharmacologic effect of ezetimibe are, to our in-
erpretation, best explained by inhibition of the intesti-
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Fig 2. Serum concentrations of cholesterol after administra-
tion of 20 mg ezetimibe in 8 healthy subjects without ri-
fampin (open circles) and after coadministration of 600 mg
rifampin (solid circles). Geometric means and geometric SDs
(error bars) are given. Asterisk, P � .05 for comparison with
initial values (Wilcoxon test).

ngle oral dose of 20 mg given either alone or
healthy subjects

Glucuronide

pin Without rifampin With rifampin

1030 � 373 2150 � 687 (P�.012)
�.017) 107 � 35.3 282 � 73.8 (P�.012)

1.12 � 0.47 2.73 � 1.06 (P�.012)
�.036) 1.81 � 2.73 0.88 � 1.01

2.04 � 1.18 4.84 � 1.93 (P�.049)
38.4 � 26.1 44.2 � 29.2

o values without rifampin coadministration (Wilcoxon test).
um serum concentration; tmax, time to maximum serum concentration; Aeurine,
CLR, renal clearance.
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ifampin is an inhibitor of P-gp and MRP2 in vitro and
n animals.20-25 After oral administration of the modu-
ator, highly active concentrations at the binding sites
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Fig 3. Serum concentrations of lathosterol
cholesterol, campesterol/cholesterol, and sitos
20 mg ezetimibe in 8 healthy subjects without
600 mg rifampin (solid circles). Geometric
Asterisk, P � .05 for comparison with initial
f P-gp and MRP2 are temporarily expected in the e
bsorbing enterocytes during the short absorption pe-
iod. Sustained inhibition of the efflux in the sterol-
bsorbing receptor compartment of ezetimibe along the
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ntense enterohepatic circulation of rifampin via he-
atic uptake by OATPs and biliary secretion via
RP2.18,19,24,25 Active intestinal secretion of rifampin
ay also contribute to distribution of rifampin to the

ites of the intestinal efflux carriers for ezetimibe and
ts glucuronide.33 However, rifampin is markedly more
uickly eliminated than ezetimibe (half-life, 3-4 hours
ersus 20-25 hours). Furthermore, systemic availability
f ezetimibe is also prolonged by the long-lasting en-
erointestinal circulation. Therefore single-dose ri-
ampin may influence ezetimibe disposition only dur-
ng absorption and the early phases of elimination.

On the one hand, inhibition of P-gp and MRP2 by
ifampin leads to better absorption of ezetimibe and,
onsequently, to serum concentrations that are in-
reased by more than 2-fold at 2 to 3 hours after oral
dministration. In contrast, inhibition of MRP2, the
ajor intestinal and hepatic efflux carrier for the gluc-

ronide, leads to interruption of the enterosystemic
ecycling of the active drug (ezetimibe) and, conse-
uently, shorter residence of the drug in blood. The
UC values remain unchanged with rifampin coadmin-

stration, as shown by our data.
The nonsecreted portion of the glucuronide is avail-

ble in venous blood via the portal vein, yields higher
erum concentrations, and undergoes increased urinary
xcretion by renal filtration than in the absence of
ifampin. Renal clearance is consequently not influ-
nced; the dose fraction excreted via feces is signifi-
antly reduced, in our study by about 15%.

Despite the marked pharmacokinetic changes after
ifampin administration, the sterol-lowering effect of
zetimibe has changed negligibly; the only influence
as earlier onset of sterol-lowering. The recommended

herapeutic dose in patients is 10 mg/d. In the presence
f rifampin in our study, 20 mg is obviously still
nough to produce the full, long-lasting cholesterol-
owering effect, even though the mean residence of the
arent drug was markedly decreased.
In contrast to single-dose administration, long-term

reatment with rifampin increases intestinal elimination
ssociated with markedly lower serum concentrations
f ezetimibe and its glucuronide and nearly abolished
he sterol-lowering effects.13 The characteristic fluctu-
ting concentration-time profiles remain undisturbed.
he rationale behind these phenomena is, to our inter-
retation, acceleration of the enterosystemic circulation
s caused by up-regulation of intestinal and hepatic
fflux particularly of the glucuronide via MRP2 be-
ause rifampin is a ligand of the nuclear pregnane X

eceptor.34-36
The influence of rifampin on serum concentration–
ime curves of ezetimibe and its glucuronide in our
ingle-dose study was very similar to the effects that
ere measured after comedication of gemfibrozil and

enofibrate. Long-term treatment of hypercholester-
lemic patients with gemfibrozil (600 mg) and
zetimibe (10 mg) increased plasma concentrations of
zetimibe and its glucuronide without changing the
haracteristic meal-associated fluctuations.12 A similar
nfluence was obtained with comedication of fenofi-
rate, though to a lower extent, which was not of
tatistical significance in the case of the parent drug
ezetimibe).11 Gemfibrozil and polysorbate 80, which
ere part of the tested gemfibrozil formulation (Lopid;
fizer, Freiburg, Germany), as well as fenofibrate, are
odulators of P-gp or MRP2 (or both).37-40 Further-
ore, plasma levels of total ezetimibe and therapeutic

fficacy are also markedly increased by comedication
f cyclosporine (INN, ciclosporin), which is an inhib-
tor of P-gp and, to a minor extent, of MRP2.10,41-44

Rifampin, cyclosporine, and gemfibrozil are also in-
ibitors of OATP1B1, an uptake transporter for many
rugs and endogenous substances, such as pravastatin,
ethotrexate, thyroid hormones, and bilirubin glucuro-

ide, which is selectively expressed in the basolateral
embrane of human hepatocytes.16-19,40,45,46 To our

nowledge, no information are available so far on
hether ezetimibe and its glucuronide are substrates of
epatic OATPs. Pravastatin and pitavastatin, which are
ubstrates of OATP1B1 in vitro, with demonstrated
ependence of their disposition on the OATP1B1 ge-
otype, lacked a significant influence on the AUC and

max of ezetimibe and its glucuronide in hypercholes-
erolemic patients.28,47-50 Furthermore, the OATP1B1
ubstrate rosuvastatin did not interact with the disposi-
ion of ezetimibe.49,51 In our study, however, we cannot
xclude that inhibition of hepatic OATPs by rifampin
as contributed to the overall changes in ezetimibe
isposition and sterol-lowering effect.
In conclusion, single-dose coadministration of ri-

ampin increases maximum serum concentrations of
zetimibe but reduces its enterosystemic recycling,
ost likely by inhibition of the secretion of the parent

rug and its glucuronide via P-gp and MRP2.
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