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ffect of grapefruit juice volume on the
eduction of fexofenadine bioavailability:
ossible role of organic anion transporting
olypeptides

Objectives: The purpose of this study was to elucidate the potential clinical relevance and mechanism(s) of
action of 2 different volumes of grapefruit juice on the reduction of bioavailability of fexofenadine, a
substrate of organic anion transporting polypeptides.
Methods: Grapefruit juice or water at normal (300 mL) or high (1200 mL) volume was ingested concomi-
tantly with 120 mg fexofenadine by 12 healthy volunteers in a randomized 4-way crossover study, and
fexofenadine pharmacokinetics were determined over a period of 8 hours.
Results: The 300-mL volume of grapefruit juice decreased the mean area under the plasma drug concentra-
tion–time curve (AUC) and the peak plasma drug concentration of fexofenadine to 58% (P < .001) and 53%
(P < .001), respectively, of those with the corresponding volume of water, and 1200 mL grapefruit juice
reduced these parameters to 36% (P < .001) and 33% (P < .001), respectively, of those with the correspond-
ing volume of water. The 300-mL volume of grapefruit juice diminished the AUC of fexofenadine variably
among individuals. This decline correlated with baseline AUC of fexofenadine with water at equivalent
volume (r2 � 0.97, P < .0001). The 1200-mL volume of grapefruit juice decreased the AUC of fexofenadine
more than the 300-mL volume of grapefruit juice compared with the corresponding volume of water in each
subject by a constant amount. Grapefruit juice, 300 mL and 1200 mL, reduced the coefficient of variation of
the AUC of fexofenadine by 2-fold compared with that with a matching volume of water.
Conclusions: Grapefruit juice at a commonly consumed volume diminished the oral bioavailability of fexo-
fenadine sufficiently to be pertinent clinically, likely by direct inhibition of uptake by intestinal organic anion
transporting polypeptide A (OATP-A; new nomenclature, OATP1A2). A much higher volume caused an
additional modest effect, possibly from reduced intestinal concentration and transit time of fexofenadine.
This food-drug interaction appears to be novel and may be relevant to other fruit juices and drugs. (Clin
Pharmacol Ther 2005;77:170-7.)

George K. Dresser, MD, PhD, Richard B. Kim, MD, and David G. Bailey, PhD London,
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Clinical response to an identical dose of a medication
an fluctuate substantially within individuals or differ
arkedly among individuals, resulting in adverse events

anging from lack of efficacy to appearance of toxicity.
ecause the effect of a drug is most often linked to
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oncentration at the tissue site(s) of action, the outcome of
harmacotherapy can be greatly dependent on the activity
f biologic processes that significantly influence the dis-
osition of a drug. Moreover, variability in response
ithin and among individuals is frequently the result of
issimilar activity of these processes, which are com-
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only regulated by environmental or genetic influences.
hese concepts are relevant and well established for drug-
etabolizing enzymes, such as cytochrome P450 (CYP)

A4, which convert numerous medications to inactive or
ess active derivatives, and for the efflux transporter
-glycoprotein, which limits intestinal absorption and tis-
ue distribution and facilitates the excretion of many
rugs.1,2

Recently, molecular cloning and expression experi-
ents with members of the family of drug uptake

ransporters known as organic anion transporting
olypeptides (OATPs) point to the likelihood that they
lso play a crucial role in drug disposition.3 In the small
ntestine, OATPs appear to affect certain orally admin-
stered medications by enabling enteric absorption, a
ey initial step for systemic action of a medication.
onsequently, modulation of the activity of intestinal
ATPs might be expected to alter the oral bioavailabil-

ty and subsequent clinical response of a drug.
The latest findings have shown that constituents in

he diet reduced the activity of several OATPs.4 In
itro, substantially diluted concentrations of grapefruit,
range, and apple juices and their specific ingredients
ere potent inhibitors. In humans, a normal concentra-

ion of these juices at a high volume (1200 mL) pro-
oundly decreased the oral bioavailability of the anti-
istamine fexofenadine, a nonmetabolized substrate of
ertain OATPs.4-6

The purpose of this study was to reveal the potential
linical relevance and mechanism(s) of this interaction
y use of grapefruit juice as a representative fruit juice
nd by assessment of the effect of fluid volume on the
ingle-dose oral pharmacokinetics of fexofenadine. A
andomized 4-way crossover study was conducted in
hich 12 healthy volunteers received grapefruit juice or
ater at normal (300 mL) or high (1200 mL) volume
ith 120 mg fexofenadine. The 300-mL volume of
rapefruit juice was selected because it represents the
sual amount commercially available in individual
uice containers in North America and thus has practi-
al clinical relevance, whereas the incorporation of the
200-mL volume of grapefruit juice in the study served
s a reference point to our initial publication, which
sed this large volume so that a possible effect would
ot be missed. Results indicated that a routinely con-
umed volume (300 mL) of grapefruit juice produced a
otentially clinically relevant reduction in the oral bio-
vailability of fexofenadine, likely by a mechanism
nvolving direct inhibition of the inherent activity of
ntestinal OATP-A (OATP1A2). A much higher vol-
me (1200 mL) of juice caused a moderate additional

eduction, possibly from less exposure of fexofenadine p
o this enteric transporter through diminished intestinal
rug concentration or transit time. This food-drug in-
eraction is likely to be original and applicable to other
ruit juices and drugs.

ETHODS
Study population. We tested 12 subjects (7 men and
women; age range, 23-47 years). They were healthy

s determined by medical history, physical examina-
ion, and routine hematologic and serum chemical test-
ng. No subject had a significant illness within the
receding 2 weeks, had routinely used prescription or
ver-the-counter medications, or had a history of car-
iac, renal, hepatic, or gastrointestinal disease or drug
r alcohol abuse. The Research Ethics Board for Health
ciences Research Involving Human Subjects at the
niversity of Western Ontario (London, Ontario, Can-

da) approved the study, and all subjects provided
ritten informed consent.
Experimental protocol. The study was a single-

ose, randomized, open, 4-way crossover, and con-
rolled clinical investigation. Subjects consumed 300
L grapefruit juice (Everfresh, Windsor, Ontario, Can-

da), 300 mL water, 1200 mL grapefruit juice (300 mL
rapefruit juice with drug followed by 150 mL every
.5 hour until 3 hours after dosing), or 1200 mL water
same schedule as for 1200 mL grapefruit juice) with
20 mg fexofenadine (Hoechst Marion Roussel Can-
da, Inc, Laval, Quebec, Canada). Grapefruit juice was
urchased as a single lot in bottles containing 300 mL
uice at normal strength, which had been previously
econstituted from concentrate.

Subjects fasted from 10 PM on the evening before
esting. Peripheral venous blood (5 mL) was sampled
nto tubes that contained ethylenediaminetetraacetic
cid just before and at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
.0, 5.0, 6.0, and 8.0 hours after administration of
exofenadine for measurement of plasma drug concen-
rations. A standardized lunch was provided at 4 hours
fter dosing. All subjects were asked not to consume
itrus products or fruit juices for 1 week before and
hroughout testing, with the exception of the grapefruit
uice provided in the study. They were required to
bstain from alcohol and not to take medications in-
luding over-the-counter preparations for 48 hours be-
ore testing. Tobacco and caffeine-containing bever-
ges were not permitted during testing. The washout
eriod between testing was 1 week. Subjects were
sked to maintain a consistent diet throughout all
hases of testing.
Assay of plasma fexofenadine concentration. The
lasma concentration of fexofenadine was quantified as
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utlined previously.4 A 100-mg C18 preparatory solid-
hase extraction column (Sep-Pak Vac cartridge; Wa-
ers Corp, Mississauga, Ontario, Canada) was washed
ith 1-mL volumes of isopropyl alcohol, methanol, and
ater. A 500-�L aliquot of aqueous 1% phosphoric

cid was added, followed by a 500-�L aliquot of the
lasma sample for analysis. The mixture was then
assed through the column. The column was washed
nce with a 1-mL volume of aqueous 1% phosphoric
cid water, 3 times with a 1-mL volume of water/
ethanol/glacial acetic acid (88:10:2 [vol/vol]), and 3

imes with a 1-mL volume of water/methanol/concen-
rated ammonium hydroxide (88:10:2 [vol/vol]). The
ample was eluted with 1 mL of methanol/triethylamine
99.8:0.2 [vol/vol]), and the effluent was evaporated to
ryness at 40°C under a gentle stream of nitrogen. The
esidue was dissolved in a 100-�L aliquot of HPLC
obile phase that consisted of acetonitrile/water/trieth-

lamine (33:67:1 [vol/vol] at pH 3.0) with phosphoric
cid. Recovery of fexofenadine from the solid-phase
xtraction column was complete. The solution was fil-
ered (0.45 �m), and a sample (40 �L) was injected
nto a Prodigy 5-�m octadecylsilane (2) column (150
m � 3.2 mm; Phenomenex, Torrance, Calif) with a
obile flow rate of 0.4 mL/min. Fluorescence detection

excitation wavelength, 223 nm; emission wavelength,
90 nm) was used to monitor the effluent. The retention
ime of fexofenadine was 10.9 minutes. The standard
urve of fexofenadine was linear over the range of
oncentrations measured in the plasma samples from

ig 1. Mean plasma drug concentration–time curves of 120
g fexofenadine for individuals (N � 12) administered water

r grapefruit juice (GFJ), 300 mL or 1200 mL (300 mL with
rug followed by 150 mL every 0.5 hour until 3.0 hours).
ars represent SEM.
he study (0-1000 ng/mL). The coefficient of variation a
as 4.8% at 25 ng/mL (n � 5), and the limit of
etection was 5 ng/mL.
Data analysis. Plasma fexofenadine concentrations

ere analyzed by use of a noncompartmental model
ethod. The terminal elimination rate constant (ke) was

etermined by log-linear regression of the final data
oints (at least 3). The apparent elimination half-life of
he log-linear phase (t½) was calculated as 0.693/ke.
he area under the plasma drug concentration–time
urve from 0 to 8 hours [AUC(0-8)] was calculated by
se of the linear trapezoidal method. The AUC from 8
ours to infinity [AUC(8-�)] was determined by divid-
ng the final plasma fexofenadine concentration by ke.
eak plasma drug concentration (Cmax) and the time to
each Cmax (tmax) were obtained directly from the ex-
erimental data.
Statistical comparisons among the 4 treatment

roups initially used ANOVA for repeated measures.
or those analyses where P was less than .05, a priori
omparisons were performed between grapefruit juice
ersus water treatments for 300-mL or 1200-mL vol-
mes and between 300-mL volumes versus 1200-mL
olumes for grapefruit juice or water treatments by use
f the paired t test. Statistical significance was deter-
ined by the Bonferroni method by correcting for the

umber of comparisons (ie, 0.05/4 � 0.0125). The
oefficient of variation was expressed as a percent of
D/mean. Data are presented as mean values � SEM.

ESULTS
Grapefruit juice, 300 mL or 1200 mL, produced

ower mean plasma concentrations, AUC, and Cmax of
exofenadine compared with the corresponding volume
f water (Fig 1 and Table I). The 300-mL volume of
rapefruit juice reduced mean AUC and Cmax of fexo-
enadine to 58% and 53%, respectively. The 1200-mL
olume of grapefruit juice lowered these parameters to
6% and 33%, respectively. Grapefruit juice or water at
00 mL or 1200 mL did not produce different tmax or t½
f fexofenadine. The 300-mL volume of grapefruit
uice had higher mean plasma concentrations, AUC,
nd Cmax of fexofenadine than 1200 mL grapefruit
uice.

The 300-mL volume of grapefruit juice produced an
nterindividual reduction in the AUC of fexofenadine
hat was variable; a greater reduction in the AUC of
exofenadine with 300 mL grapefruit juice occurred
ith a higher baseline AUC of fexofenadine with an

quivalent volume of water (Fig 2). The 1200-mL
olume of grapefruit juice caused a moderately larger
eduction compared with 300 mL grapefruit juice rel-

tive to the corresponding volume of water; this addi-
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ional interindividual decrease in the AUC of fexofe-
adine was constant.
The 300-mL volume of water produced mean plasma

oncentrations and pharmacokinetics of fexofenadine
hat were not different from those with 1200 mL water.
owever, 3 individuals with the highest AUC of fexo-

enadine with 300 mL water had a decrease in this
arameter with 1200 mL water (Fig 3).
Both 300 mL and 1200 mL grapefruit juice markedly

educed the variability of the AUC of fexofenadine
mong individuals compared with the matching volume
f water (Fig 4). The 300-mL volume of grapefruit
uice had a coefficient of variation of 24% compared
ith 49% as calculated for 300 mL water. The
200-mL volume of grapefruit juice had a coefficient of
ariation of 20% relative to 39% as calculated for 1200
L water.

ISCUSSION
Because our previous pharmacokinetic interaction

tudy showed that grapefruit juice at a high volume
1200 mL) markedly diminished the oral bioavailability
f fexofenadine to 35% of that seen with an equivalent
olume of water,4 it was hypothesized that grapefruit
uice at a more commonly used volume (300 mL)
ould also generate a potentially pertinent outcome.
esults showed that 300 mL grapefruit juice lowered

he mean oral bioavailability of fexofenadine to 58%
ompare with 300 mL water. Thus concomitant grape-
ruit juice at a frequently consumed amount may cause
n unwanted decrease or duration of efficacy of fexo-
enadine. Indeed, the reduction of the administered
ose of fexofenadine from 130 mg to 40 mg substan-
ially shortened the duration of clinical efficacy of
exofenadine as measured by the single-dose change in

able I. Plasma pharmacokinetics of 120 mg fexofena
200 mL (300 mL with drug followed by 150 mL eve

Water

300 mL

AUC(0-8) (ng · h/mL) 1685 � 237
AUC(0-�) (ng · h/mL) 2167 � 283
Cmax (ng/mL) 436 � 74
tmax (h) 2.0 � 0.4
t½ (h) 3.0 � 0.5

Data are expressed as mean � SEM.
AUC(0-8), Area under plasma drug concentration–time curve from 0 to

xtrapolated to infinity; Cmax, peak plasma drug concentration; tmax, time to r
*P � .01 for 300 mL versus 1200 mL for water or grapefruit juice.
†P � .001 for water versus grapefruit juice for 300 mL or 1200 mL at equ
he wheal area–time profile.7 i
Establishing the cause of this interaction necessitated
eliberation on major aspects that determine the oral
ioavailability of a drug, which requires that the chem-
cally unchanged form of a drug undergo a number of
ssential sequential events. The drug must undergo
issolution from the tablet matrix, transfer from the
tomach to the small intestine, passage through the
mall intestinal wall into the portal circulation, and then
onveyance through the liver.

Because fexofenadine is a zwitterion, it carries an

ig 2. Area under plasma drug concentration–time curve
rom 0 to 8 hours [AUC(0-8)] of 120 mg fexofenadine with
ater, 300 mL or 1200 mL (300 mL with drug followed by
50 mL every 0.5 hour until 3.0 hours), plotted against
bsolute change in this parameter with matching volume of
FJ for each individual (N � 12). Horizontal dashed line

ndicates no change in fexofenadine AUC(0-8). The lines of
est fit (solid lines) were determined by linear regression
nalysis. Dashed lines with arrows indicate the variable and
onstant components of the interaction.

ministered with water or grapefruit juice, 300 mL or
our until 3.0 hours [total volume of 1200 mL])

Grapefruit juice

mL 300 mL 1200 mL

� 155 980 � 68*† 491 � 28†
� 184 1379 � 122*† 677 � 41†
� 37 233 � 25*† 109 � 8†
� 0.3 3.3 � 0.6 2.9 � 0.4
� 0.2 3.1 � 0.2 3.5 � 0.2

UC(0-�), area under plasma drug concentration–time curve from 0 hours
plasma drug concentration; t½, elimination half-life.

ume.
dine ad
ry 0.5 h

1200

1379
1747
326
2.1
3.2

8 hours; A
each peak
onic charge and has high aqueous solubility over a
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road pH range. Consequently, it seems unlikely that
he acidic pH of grapefruit juice would decrease the
issolution of fexofenadine in the gastrointestinal tract.
oreover, a greater volume of juice might be expected

o favor dissolution of fexofenadine. Given that 1200
L grapefruit juice diminished the oral bioavailability

f fexofenadine more than 300 mL grapefruit juice, it
eemed unlikely that this juice acted primarily by ad-
ersely affecting dissolution of this drug.
Fexofenadine is eliminated essentially unchanged,

nd the tmax values of this drug were similar among
reatments.6 Thus it is doubtful that chemical instabil-
ty, changed drug metabolism, and altered transit to the
ntestinal site of absorption were causes for the inter-
ction.

The physicochemical properties of fexofenadine of a
igh degree of ionization and large polar surface area
ould predict negligible or low passive intestinal per-
eability.8,9 Because this process is traditionally con-

idered to be of primary importance for the passage of
rug from the small intestine into the portal circulation,
exofenadine might be envisaged to have minimal or
inor intestinal absorption. Moreover, fexofenadine

ncounters efflux transport by P-glycoprotein in the
nterocytes.5 Yet the absolute oral bioavailability of
exofenadine is estimated to be 33% in humans.10 Re-
ent findings indicate that there is substantial expres-
ion of OATP-A, which enables uptake transport of
exofenadine, on the luminal membrane of human in-

ig 3. AUC(0-8) of 120 mg fexofenadine with 300 mL water
lotted against absolute change in this parameter with 1200
L water (300 mL with drug followed by 150 mL every 0.5

our until 3.0 hours) for each individual (N � 12). Horizontal
ashed line indicates no change in fexofenadine AUC(0-8).
he line of best fit (solid line) was determined by linear

egression analysis.
estinal enterocytes.11 In addition, OATP-B (OATP2B1) f
as been noted to be capable of mediating the cellular
ptake of fexofenadine and is expressed in the intes-
ine.12,13 However, we have not been able to show that
ells overexpressing OATP-B cause significant uptake
ransport of fexofenadine (R.B.K., unpublished data,
eptember 2004). Although it is possible that both
ATP-A and OATP-B may play a role in fexofenadine

bsorption from the intestine, OATP-A appears to have
ar greater affinity for fexofenadine and is most likely
he major determinant of the extent of absorption of
exofenadine into the portal circulation.

In the liver, OATPs are expressed on the sinusoidal
embrane of hepatocytes.3 However, the OATP-A iso-

orm has not been detected there. P-glycoprotein is
ocated on the bile canalicular membrane. Given that
iliary secretion is a major route for elimination of
exofenadine, this might reflect the cooperative action
f another OATP isoform plus P-glycoprotein. How-
ver, verapamil and ketoconazole, potent inhibitors of
-glycoprotein, noticeably enhanced the systemic
vailability of fexofenadine apparently by selectively
mpairing biliary excretion.14,15 Thus the biliary excre-
ion of fexofenadine might be mainly dependent on
fflux transport mediated by P-glycoprotein.

In this investigation, grapefruit juice decreased the
UC and Cmax but did not affect the tmax or elimination

½ of fexofenadine. These data comprise the primary
ationale for concluding that the interaction resulted
rom limiting oral drug bioavailability. In vitro, grape-
ruit juice at only 0.5% normal strength decreased
ATP-A–mediated cellular uptake transport of fexofe-
adine by half.4 In contrast, grapefruit juice at 10-fold
igher concentration had no effect on cellular mono-
ayer P-glycoprotein–mediated efflux transport of
igoxin. This highly potent and selective effect by
rapefruit juice on the activity of OATP-A might be the
ey to understanding the mechanism of this interaction
linically. Given that inhibition of hepatic OATP-
ediated fexofenadine uptake would be expected to

nhance plasma concentrations of this drug, the most
ompelling explanation for the mechanism of this in-
eraction is primarily reduction in the amount of fexo-
enadine undergoing active uptake transport mediated
y intestinal OATP-A.
The quantity of fexofenadine that is normally intes-

inally absorbed might depend on the inherent activity
f OATP-A. Given that variability is an intrinsic prop-
rty of biologic systems, it might be expected that the
ctivity of intestinal OATP-A transporter would range
ubstantially among individuals. Low innate activity
ight be expected to produce a small AUC for fexo-
enadine. Conversely, high innate activity might be



e
i
l
t
w
i
i
o
s
r
t
j
h
5
i
f
g
o
n

c
w
o
t
j
f
h
f
F
m
t
f
c
s
s
m
e

t
C
c
r
i
s
t
i
m
c
m
m
f
r

j
w
g
i
w
t
t
m
t
g
a
a

i
t
j
s
m
b
n
o
o
o
n
b
T
(

F
m
e
e
1
r
o

CLINICAL PHARMACOLOGY & THERAPEUTICS
2005;77(3):170-7 Grapefruit juice, fexofenadine, and OATP 175
nvisaged to cause an opposite outcome. Moreover,
nhibition of low activity would be predicted to produce
ess effect than inhibition of high activity. Given that
he 4-fold variation of baseline AUC of fexofenadine
ith water strongly inversely correlated with the dim-

nution of this parameter with grapefruit juice among
ndividuals, the interaction is consistent with an effect
n innate intestinal OATP-A. In addition, specific con-
tituents in grapefruit juice including the furanocouma-
ins bergamottin and 6�,7�-dihydroxybergamottin and
he bioflavonoid naringin are normally present in this
uice at concentrations that are 5-, 8-, and 150-fold
igher, respectively, than those shown to cause at least
0% inhibition of in vitro activity of oatp3, the rat
ntestinal ortholog of human OATP-A.4,16 Thus data
rom 2 sources point to 1 or more specific ingredients in
rapefruit juice directly inhibiting the inherent activity
f intestinal OATP-A as one basis for the pharmacoki-
etic interaction.
Recent findings show that 300 mL grapefruit juice

an lower the AUC and Cmax of fexofenadine even
hen juice is consumed 2 hours before administration
f this drug.17 The magnitude of reduction was essen-
ially the same as that with concomitant ingestion of
uice. Given that simultaneous consumption of grape-
ruit juice produced a tmax of fexofenadine of 2.2 � 0.2
ours (mean � SEM), it appears unlikely that grape-
ruit juice would be left in the stomach at this time.
urthermore, ingestion of juice 2 hours earlier would
ost likely result in a negligible amount remaining in

he small intestine at the time of peak absorption of
exofenadine. Data from other sources reported that the
learance of saline solution and 25% dextrose from the
tomach ranged from 30 to 90 minutes.18-20 Thus re-
ults indicate that specific ingredients in grapefruit juice
ight have residual inhibitory action on the activity of

nteric OATP-A.
Grapefruit juice is known to cause prolonged inhibi-

ion of intestinal drug metabolism mediated by
YP3A4.21-24 Furanocoumarins in grapefruit juice are
onsidered to be metabolized by CYP3A4 in vivo to
eactive intermediates that then bond covalently and
rreversibly inactivate this enzyme, a process termed
uicide or mechanism-based inhibition.25-34 Moreover,
hese same furanocoumarins can inhibit in vitro activ-
ties of oatp3.4 Consequently, reactive intermediates

ay inactivate both CYP3A4 and OATP-A in entero-
ytes. Altered trafficking of enteric OATP-A from the
embrane into the cytosol might also occur. Either
echanism might explain the residual effect of grape-

ruit juice on the oral absorption of fexofenadine and

equire testing. f
Two substantially different volumes of grapefruit
uice were tested, and dissimilar quantitative responses
ere observed. The 300-mL and 1200-mL volumes of
rapefruit juice diminished the mean oral bioavailabil-
ty of fexofenadine to 58% and 36% of those observed
ith equivalent volumes of water, respectively. Given

hat a 4-fold higher volume of grapefruit juice reduced
he AUC of fexofenadine only moderately more, 300
L grapefruit juice may be near the upper portion of

he volume-response curve. Consequently, a volume of
rapefruit juice of less than 300 mL may also bring
bout a clinically relevant reduction in the oral bio-
vailability of fexofenadine.

The 300-mL volume of grapefruit juice created an
nterindividual decrease in the AUC of fexofenadine
hat was variable. The 1200-mL volume of grapefruit
uice resulted in an additional reduction that was con-
tant. These divergent responses may reflect dissimilar
echanisms. The smaller volume of grapefruit juice

rought about the majority of the effect, probably by
ear-maximum direct inhibition of the intrinsic activity
f intestinal OATP-A. The substantially higher volume
f juice added a supplementary smaller effect. More-
ver, certain individuals who initially absorbed fexofe-
adine well with 300 mL water had a decline in the oral
ioavailability of fexofenadine with 1200 mL water.
hus the 1200-mL volume containing more solutes

nonabsorbed carbohydrates or salts) and osmotic ef-

ig 4. AUC(0-8) of 120 mg fexofenadine with water, 300
L or 1200 mL (300 mL with drug followed by 150 mL

very 0.5 hour until 3.0 hours), plotted against same param-
ter with matching volume of GFJ for each individual (N �

2). The solid lines with end brackets indicate the observed
ange of values for each treatment. The dashed line is the line
f identity.
ects or just more fluid might decrease intestinal con-
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entration or transit time of drug. Under linear transport
inetics, a diminution of either of these parameters
ould be calculated to cause a proportional decline in

he amount of fexofenadine undergoing intestinal up-
ake transport. Thus it seems reasonable to speculate
hat markedly additional fluid in the gastrointestinal
ract, whether through more solutes and enhanced os-
otic effect or simply greater intake of total volume,
ight diminish the concentration or transit time of

exofenadine sufficiently to affect the intestinal absorp-
ion of this drug adversely.

Grapefruit juice halved the coefficient of variation in
he AUC of fexofenadine among individuals compared
ith the equivalent volume of water. Despite the un-
erstandable disadvantage of an observed reduction in
he oral bioavailability of a drug, the better reliability of
his parameter with grapefruit juice may improve the
ose-response relationship of fexofenadine among and
ithin individuals. In other words, it may make the

ffect of a drug more predictable. This approach may
ave some application for medications that have vari-
ble oral pharmacokinetics and a narrow range of
lasma concentrations between therapeutic efficacy and
oxicity. For example, grapefruit juice has been shown
o produce a relevant decrease in the plasma concen-
rations of the chemotherapeutic agent etoposide.35 If
he mechanism of this interaction with etoposide were
ound to be inhibition of intestinal OATP-A, this ap-
roach might have some practical value. However, a
eduction in the coefficient of variation of the AUC of
exofenadine by grapefruit juice may not be a consis-
ent finding.4 Consequently, additional research would
eed to be conducted.
In conclusion, a commonly consumed volume (300
L) of grapefruit juice produced a diminution of oral

ioavailability of the drug probe fexofenadine of suffi-
ient magnitude to be pertinent clinically, potentially
esulting in reduced benefit of drug. The mechanism
ppeared to be unique. The most convincing explana-
ion was that this volume of grapefruit juice contained
ufficient specific active ingredients to produce a direct
nd prolonged inhibitory effect on inherent activity of
ntestinal OATP-A. Because it caused a near-maximum
eduction in the amount of fexofenadine undergoing
ctive uptake transport, a marked interaction may be
pparent also at a lower volume of this juice. Ingestion
f a markedly higher quantity (1200 mL) of grapefruit
uice brought about a modest additional effect, possibly
s a result of a mechanism involving lessened exposure
f fexofenadine to intestinal OATP-A through reduced
oncentration and transit time of drug in the gastroin-

estinal tract. Despite decreased systemic availability,
rapefruit juice created a more standard relationship
etween dose and oral bioavailability of fexofenadine
n this study, supporting the importance of enteric
ATP-A as a determinant of the variability of oral
ioavailability of fexofenadine among subjects and
uggesting an approach to obtain a more predictable
linical effect for drugs possessing a narrow therapeutic
ndex.

None of the authors has any financial or other relationships that
ould lead to conflicts of interest.
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