PHARMACOKINETICS AND
DRUG DISPOSITION

6',7'-Dihydroxybergamottin in grapefruit
juice and Seville orange juice: Effects on

cyclosporine disposition, enterocyte
CYP3A4, and P-glycoprotein

Background: 6',7'-Dihydroxybergamottin is a furanocoumarin that inhibits CYP3A4 and is found in grape-
fruit juice and Seville orange juice. Grapefruit juice increases the oral bioavailability of many CYP3A4
substrates, including cyclosporine (INN, ciclosporin), but intestinal P-glycoprotein may be a more impor-
tant determinant of cyclosporine availability.

Objectives: To evaluate the contribution of 6',7'-dihydroxybergamottin to the effects of grapefruit juice on
cyclosporine disposition and to assess the role of CYP3A4 versus P-glycoprotein in this interaction.
Methods: The disposition of oral cyclosporine was compared in healthy subjects after ingestion of water,
grapefruit juice, and Seville orange juice. Enterocyte concentrations of CYP3A4 were measured in 2 indi-
viduals before and after treatment with Seville orange juice. The effect of 6',7'-dihydroxybergamottin on
P-glycoprotein was assessed in vitro.

Results: Area under the whole blood concentration-time curve and peak concentration of cyclosporine
were increased by 55% and 35%, respectively, with grapefruit juice (P < .05). Seville orange juice had no
influence on cyclosporine disposition but reduced enterocyte concentrations of CYP3A4 by an average of
40%. 6',7'-Dihydroxybergamottin did not inhibit P-glycoprotein at concentrations up to 50 umol/L.
Conclusions: 6',7'-Dihydroxybergamottin is not responsible for the effects of grapefruit juice on cyclosporine.
Because the interaction did not occur with Seville orange juice despite reduced enterocyte concentrations
of CYP3A4, inhibition of P-glycoprotein activity by other compounds in grapefruit juice may be responsi-
ble. Reduced enterocyte CYP3A4 by 6',7'-dihydroxybergamottin could be important for other drugs whose
bioavailability is less dependent on P-glycoprotein. (Clin Pharmacol Ther 1999;65:237-44.)
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The ingestion of grapefruit juice increases the oral
bioavailability of a number of drugs, including felodi-
pine, nifedipine, midazolam, triazolam, terfenadine,
and cyclosporine (INN, ciclosporid)11All of these
drugs are metabolized by CYP3A4, the predominant
cytochrome P450 enzyme in the gut wall and lifer.
Grapefruit juice has no effect on drug disposition after
intravenous administrati@®-1%and does not alter liver
CYP3A4 activity as measured by the erythromycin
breath test! This suggests that drug bioavailability is
altered through an effect on intestinal CYP3A4. Sup-
port for this hypothesis comes from experiments that
show that grapefruit juice reduces the activity of
CYP3A in vitra!t3 and from clinical studies in which a
rapid decrease in the enterocyte concentration of
CYP3A4 has been observed after drinking jiftt

In a recent study of stable kidney transplant patients,
Lown et al® reported that intestinal P-glycoprotein was
a more important determinant of the oral bioavailabil-
ity of cyclosporine than intestinal CYP3A4. P-Glyco-
protein is a transmembrane protein involved in drug
efflux from the enterocyte back into the intestinal
lumen. This suggests that grapefruit juice may increase
cyclosporine availability through an effect on P-glyco-
protein rather than or in addition to an effect on
CYP3AA4.

The possibility that the clinical effects of grapefruit
juice are mediated through a mechanism other than
inhibition of CYP3A4 could explain the lack of suc-
cess to date in identifying the compound or compounds
responsible. Flavonoids such as naringin and quercetin
inhibit CYP3A4 in vitro16.17but direct administration
to humans failed to reproduce the effects of grapefruit
juice on felodipine and nifedipint;1° Several fura-
nocoumarins including '&'-dihydroxybergamottin
have been isolated from grapefruit juice and identified
as potent inhibitors of CYP3A4 in vitfd4.20-22¢' 7' -
Dihydroxybergamottin is present in significant concen-
tration in grapefruit juice (10 to @@mol/L), is a mech-
anism-based inhibitor of CYP3A activity, and reduces
the concentration of immunoreactive CYP3A4 when
added to CACO-2 cell culture, mimicking the effects
of grapefruit juice in vivd# Juice prepared from Seville
oranges also contains this compound in concentrations
comparable to those found in grapefruit juice and has
similar inhibitory activity against CYP3A4 in vitA.

Is 6,7'-dihydroxybergamottin responsible for the
effects of grapefruit juice on cyclosporine disposition?
What effect does'6r'-dihydroxybergamottin have on
enterocyte CYP3A4 and P-glycoprotein activity? The
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available in sufficient quantity for administration to
humans. Therefore the disposition of oral cyclosporine
was compared after administration of Seville orange
juice and grapefruit juice to healthy volunteers. To
study the effect of'67'-dihydroxybergamottin on en-
terocyte CYP3A4, enzyme concentrations were mea-
sured in 2 individuals before and after ingestion of
Seville orange juice. Finally, in vitro experiments were
conducted to assess the effect 97'édihydroxyberg-
amottin on P-glycoprotein function.

METHODS

Subjects.Seven healthy volunteers (5 men and 2
women), ranging in age from 23 to 41 years old (mean
age, 30 years), completed the pharmacokinetic study.
All individuals were nonsmokers, within 20% of ideal
body weight (80.0 + 12.1 kg), and refrained from alco-
hol and medications, including over-the-counter drugs,
throughout the study. In addition, they were instructed
not to ingest any product that contained grapefruit start-
ing 1 week before the first study day and continuing
throughout the study.

Study designA randomized crossover study design
was used in which subjects received a single oral dose of
7.5 mg/kg cyclosporine (Sandimmune soft gelatin cap-
sules; Sandoz) with water, grapefruit juice, and Seville
orange juice. Each treatment was separated by a 1-week
washout period. After an overnight fast, subjects ingested
8 ounces of water or juice 30 minutes before administra-
tion of cyclosporine and73 77, and 1¥: hours after the
cyclosporine dose. Standard meals were served at 4 and
10 hours after dosing. Blood samples (5 mL) were col-
lected at 1, 2, 3, 4, 5, 6, 8, 10, 12, and 24 hours into tubes
that contained ethylenediaminetetraacetic acid and the
samples frozen at —20°C pending analysis.

Grapefruit juice and Seville orange juic&rapefruit
juice was prepared by reconstituting frozen concentrated
juice (Old South, Lykes Pasco, Inc, Dade City, Florida)
to regular strength. Seville orange juice was prepared
by squeezing fresh fruit. The juice was then frozen at
—20°C until needed for the study (less than 6 weeks).
The concentration of '&'-dihydroxybergamottin in
grapefruit juice and Seville orange juice was measured
by HPLC20 and was comparable at a concentration of
approximately 3@mol/L.

Cyclosporine sample and data analysig/hole
blood samples were assayed within 4 weeks of collec-
tion with use of a monoclonal radioimmunoassay spe-
cific for cyclosporine (CYCLO-Trac SP-Whole Blood;
Incstar Corporation, Stillwater, Minn). Within-day and

studies described in this report were designed to address between-day variability for control samples was

these questions.’ @-Dihydroxybergamottin is not

between 5% and 10%. The limit of quantitation was 20
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Table I. Pharmacokinetics of cyclosporine administered with water, grapefruit juice, or Seville orange juice

AUC (ng - hr/mL) Ghax (Ng/mL)
Grapefruit ~ Seville orange Grapefruit ~ Seville orange
Subject No. Gender Water juice juice Water juice juice
1 Male 6,561.4 13,190.0 8,419.0 1,114.0 1,666.0 1,197.0
2 Female 3,220.5 5,415.0 5,157.0 875.0 916.0 367.0
3 Male 7,866.0 13,586.5 7,875.0 689.0 1,481.0 1,043.0
4 Male 6,022.5 6,383.5 6,861.0 1,275.0 1,183.0 1,129.0
5 Female 8,311.0 10,289.5 7,302.5 1,096.0 1,300.0 462.0
6 Male 5,035.5 12,434.0 5,640.0 875.0 1,468.0 965.0
7 Male 11,800.5 14,336.5 7,616.0 1,688.0 2,289.0 1,407.0
Mean 6,973.9 10,805.0* 6,981.5 1,087.4 1,471.8* 938.6
SD 2,732.5 3,5692.1 1,191.2 328.0 433.5 384.7

AUC, Area under the whole blood concentration—time curyg, @eak cyclosporine concentration.

*Significantly different from both other treatmenf € .05).

ng/mL. Area under the whole blood concentration—time
curve (AUC) was calculated with the linear trapezoidal
rule. Peak cyclosporine concentration,() and the
time to reach the peak concentration,(j were
obtained directly from the data. Statistical analysis
was performed with SYSTAT for Windows, V5.03
(SYSTAT Inc, Evanston, Ill). ANOVA was used to exam-
ine differences between the groups with post hoc analy-
sis with use of contrast testing € .05 for significance).
Effect of Seville orange juice on enterocyte
CYP3A4 concentration.Two individuals from the
pharmacokinetic study (subjects 1 and 2) participated
in a separate study in which enterocyte CYP3A4 con-

ity was measured as the rate of metabolism of
saquinavi3 and immunoblots were prepared to assess
the reactivity of CYP3A4 to the antibody.

Effect of 6,7 -dihydroxybergamottin on P-glycopro-
tein activity in vitro. P-glycoprotein activity was
assessed with a microfluorometric calcein-AM assay and
by examining the transport éifl-vinblastine in cultured
cells24-27 L C-PK1 pig kidney epithelial cells were
obtained from American Type Culture Collection
(Rockville, Md) and culture@4 LLC-PK1 derivative cell
lines that contained human MDR1 (L-MDR1) were pro-
vided by Dr Alfred Schinkel (The Netherlands Cancer
Institute, Amsterdam). Cells were cultured in Costar 96-

centrations were measured before and after treatment well plates on day 0 at 100,000 cells/well in phenol red

with Seville orange juice. No medications or citrus
products were taken for 1 week before the study. After
fasting for approximately 4 hours, subjects were
sedated with midazolam and meperidine (INN, pethi-
dine). A fiberoptic endoscope was passed into the duo-
denum where biopsy samples were collected. Begin-
ning the following morning and during the next 48
hours, subjects ingested 8 ounces of Seville orange
juice on 5 occasions @1, 2 pPm, 8 PMm, 8 AM, and 2rwm).

The duodenal biopsy was repeated 4 hours after the
final glass of Seville orange dose. Biopsy specimens
were assayed for CYP3A4, P-glycoprotein, and villin
concentration by immunoblotting as described previ-
ouslyll To exclude the possibility that',&'-
dihydroxybergamottin interacts with CYP3A4 so that
the enzyme is still functional but no longer reacts with
the antibody used for immunoblotting, B-dihydroxy-
bergamottin was incubated with human intestinal
microsomes in the presence of NADPH. The reaction
was stopped at intervals up to 30 minutes, and the mix-
ture was diluted 100-fold with buffer. CYP3A4 activ-

indicator free medium. On day 1, medium was removed
and the well washed once with 200 Hanks buffer
(Life Technologies). One hundred microliters Hanks
buffer with or without 67'-dihydroxybergamottin was
added and the cells incubated for 15 minutes at 37°C.
One hundred microliters of Hanks buffer containing cal-
cein-AM (2 pmol/L; Molecular Probes, Eugene, Ore)
was added to reach a final concentration pfriol/L.
The plates were scanned at 3-minute intervals during a
33-minute period with a fluorescence microplate reader
(Cytofluor 2350; Millipore) with excitation and emis-
sion wavelengths set at 485 and 530 nm. The rate con-
stant for reversal of calcein-AM accumulatior) (kas
estimated with a modified form of the Michaelis-Menten
equatiorgd

Assessment of the transport #i-vinblastine was
performed as described previougtyn brief, cells were
plated on day O at 2 1 cells/well in Transwell dishes
(Costar 3414) that contained 2 mL medium in each com-
partment. On day 3, cells were washed and medium with
or without 8,7 -dihydroxybergamottin (5 or 10mol/L)
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Figure 3. CYP3A4 activity and concentration of immuno-
reactive protein in intestinal microsomes after incubation with
6',7-dihydroxybergamottin (DHB) for up to 30 minutes. The
loss of catalytic activity (saquinavir metabolism) reflects the
extent of irreversible inhibition because microsomes were
diluted 100-fold before the assay.
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Figure 1. Blood concentration-time profile for cyclosporine

in subject 1 after ingestion of cyclosporine with water, grape-
fruit juice, or Seville orange juice.
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Figure 2. Immunoblots of enterocyte concentration of
P-glycoprotein, villin, and CYP3A4 in healthy subjects dur-
ing control conditions (Pre) and after ingestion of Seville
orange juice (Post).
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was added to both apical and basal compartments and
preincubated for 1 hour at 37°€H-Vinblastine was
added to a final concentration ofuthol/L to either the
apical or basal compartment. Fifty-microliter aliquots
were obtained hourly for 4 hours from the opposite com-
partment to which vinblastine was added, the samples
were counted, and the results were expressed as the per-
centage of total radioactivity appearing in the opposite
compartment.

Figure 4. Microfluorometric evaluation of P-glycoprotein
inhibition by 8,7'-dihydroxybergamottin (DHB). LLC-PK1
(open squarespnd L-MDR1 cells were incubated in the
absencésolid circles)or presence of imol/L (triangles),10
pmol/L (open circles)and 50umol/L (solid squaresy’,7'-
dihydroxybergamottin for 15 minutes. Calcein-AMuhol/L,

was added and fluorescence of calcein was monitored spec-
trofluorometrically for 30 minutes. Eadtata pointrepresents

the mean + SD of 4 to 6 independent measurements.

RESULTS

The pharmacokinetic parameters for cyclosporine increased with grapefruit juice. No statistically signifi-
when given with water, grapefruit juice, and Seville cant differences were observed in these parameters
orange juice are summarized in Table |. The average between water and Seville orange juice. Thg was
AUC was increased by 55% with grapefruit juice com-  similar when cyclosporine was given with water (3.7
pared with waterR < .05). G, 5, Was also significantly 2.9 hours) and grapefruit juice (3.4 £ 1.1 hours). When
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Figure 5. Effect of 6,7'-dihydroxybergamottin on the transepithelial transpofttfinblastine

across L-MDR1 cells. Cells were preloaded in both compartments for 1 hour with gitimex/&

or 10umol/L 6',7'-dihydroxybergamottin and the assay started by ad#iginblastine to either

the apical or basal compartment and sampling the opposite compartment at the indicated times.
Eachdata pointrepresents the mean + SD of 3 to 4 independent measurements.

administered with Seville orange juice, the absorption
of cyclosporine was delayed in some subjects (9.0 £ 7.7
hours). The cyclosporine blood concentration—time pro-
file for subject 1 is shown in Figure 1. The profile in
this subject is representative in that AUC ang,(are
elevated with grapefruit juice, whereas no differences
are apparent between water and Seville orange juice.

Subjects 1 and 2 underwent duodenal biopsy before
and after ingestion of Seville orange juice to examine
the effect on the enterocyte concentration of CYP3A4
and P-glycoprotein. The results are presented in Figure
2. The concentration of CYP3A4 was clearly decreased
after Seville orange juice treatment. CYP3A4 concen-
tration declined by 35% in subject 1 and by 45% in sub-
ject 2. No consistent change in the concentration of
P-glycoprotein or villin was observed with Seville
orange juice treatment. Irreversible inactivation of
CYP3A4 by 6,7-dihydroxybergamottin in vitro was
confirmed by a significant decrease in the rate of metab-
olism of saquinavir, whereas the enzyme retained the
ability to interact with the antibody (Figure 3).

The effect of §7'-dihydroxybergamottin on P-glyco-
protein activity as measured by the intracellular concen-
tration of calcein is illustrated in Figure 4. P-Glycopro-
tein removes calcein-AM from the cell before its con-
version to the fluorescent metabolite calcein in the
cytosol. Cells lacking P-glycoprotein (LLC-PK1) attain
high intracellular calcein concentrations, whereas cells

expressing P-glycoprotein (L-MDR1) have little intra-
cellular calceir?6.27 Cotreatment of L-MDR1 cells with

a P-glycoprotein inhibitor should increase intracellular
calcein. A 15-minute preincubation of LLC-PK1 cells
with 6',7'-dihydroxybergamottin at concentrations up to
50 pmol/L had no effect on calcein fluorescence (data
not shown), indicating that the compound had no non-
specific effects on membrane integrity, calcein fluores-
cence, or conversion of calcein-AM to calceih.76
Dihydroxybergamottin at concentrations of 5 and 10
pmol/L had no effect on calcein concentrations in
L-MDR1 cells and at 5qumol/L caused only an 8.8%
increase (Figure 4). The estimateddk reversal of cal-
cein-AM accumulation was 519u8nol/L for 6,7'-dihy-
droxybergamottin. In these same cells, values of 4.66
and 5.78umol/L were obtained for the classic P-glyco-
protein inhibitors cyclosporine and amiodarone, respec-
tively (data not shown).'&'-Dihydroxybergamottin
also had no effect on the flux #fl-vinblastine in either
direction across the LLC-PK1 cells (Figure 5). As
expected, cyclosporine increased apical to basolateral
flux while it inhibited basolateral to apical movement
of vinblastine across L-MDR1 cells (data not shown).

DISCUSSION

Grapefruit juice increases the oral bioavailability of
a number of drugs subject to metabolism by CYP3A4
but appears to have little or no effect on the disposition
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of such drugs after intravenous administration. Reduced
gut wall metabolism is consistent with the observation
that enterocyte CYP3A4 protein concentration is
reduced after ingestion of grapefruit juiéel4We have
suggested that' §'-dihydroxybergamottin, a furano-
coumarin identified and isolated from grapefruit juice
on the basis of its ability to inhibit CYP3A in vit#8,20
could be the main substance responsible for the inter-
actions between drugs and grapefruit juicer ®ihy-
droxybergamottin is a mechanism-based or suicide
inhibitor of CYP3A414 a characteristic that it shares
with other furanocoumarins, including bergamottin,
8-methoxypsoralen (methoxsalen) and 5-methoxy-
psoralen (bergapted$.28-30 Incubation of 67'-
dihydroxybergamottin with CACO-2 intestinal cells
that express CYP3A4 reproduces the decrease in
CYP3A4 concentration observed when grapefruit juice
is administered to human subjetts.

Although there is strong evidence to support the con-
tention that 67'-dihydroxybergamottin reduces
CYP3A4 activity in the intestine, recent studies have
suggested that gut metabolism may not be the primary
factor that limits the oral bioavailability of cyclosporine.
Lown et al® measured intestinal concentrations of both
P-glycoprotein and CYP3A4 in 19 patients receiving
oral cyclosporine after kidney transplantation. A signif-
icant correlation was observed between intestinal
P-glycoprotein content and the oral clearance of
cyclosporine, but no relationship was observed with
intestinal CYP3A4 content. Cyclosporine is transported
by human P-glycoproteitt and Fricker et & found
that the absorption of cyclosporine after administration
at different sites in the gastrointestinal tract was highly
correlated with the quantity of P-glycoprotein messen-
ger ribonucleic acid (mRNA) at that site. P-Glycopro-
tein is the product of the multidrug resistance gene
(MDR1) and is a transmembrane protein (170 kd) found
in a number of normal tissues, including the intestine.

It acts to prevent the entry of foreign compounds into
the systemic circulation by extruding lipophilic mole-
cules from the enterocyte back into the intestinal lumen.
This protective function is shared with cytochrome P450
enzymes such as CYP3A4, and many compounds have
been identified as substrates or inhibitors of both
CYP3A4 and P-glycoprotei#f-37

If the oral bioavailability of cyclosporine is primar-
ily a function of P-glycoprotein activity, how does
grapefruit juice increase blood concentrations of
cyclosporine? This question was addressed by admin-
istration of cyclosporine with grapefruit juice and
Seville orange juice that contained comparable amounts
of 6,7'-dihydroxybergamottin. It would have been
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preferable to administer' @' -dihydroxybergamottin
directly, but there is no known commercial source of
this compound. Small quantities sufficient for in vitro
studies can be synthesized or extracted from grapefruit
juice, but several hundred milligrams would have been
required to match the @' -dihydroxybergamottin con-
tent of the administered grapefruit juice. We have pre-
viously found that §7'-dihydroxybergamottin is pre-
sent in juice prepared from Seville oranges, a sour
orange with limited commercial value, and that this
juice inhibits CYP3A activity in vitro to a similar
degree as grapefruit juiéé.

Despite the presence of B-dihydroxybergamottin
in both juices, the data in Table | indicate that Seville
orange juice does not have the same effect on
cyclosporine disposition as grapefruit juice. Grapefruit
juice increased the mean AUC of cyclosporine from
6974 to 10,805 ng -h/mL and meagfrom 1087 to
1472 ng/mL. This is in agreement with a previous study
conducted in our laboratory in which grapefruit juice
increased the AUC of orally administered cyclosporine
by about 60% from 6722 to 10,730 ng - h/mL, whereas
Crnaxincreased from 936 to 1340 ng/ADouble peaks
in the absorption profile are not uncommon with
cyclosporine and were observed in many patients in both
of these studies. Seville orange juice had no significant
effect on either ¢;,, or AUC, although it appeared to
prolong or delay the absorption of cyclosporine in sev-
eral subjects. A comparison of the data for subject 1 pre-
sented in Figures 1 and 2 illustrates the contrast between
the effect of Seville orange juice on cyclosporine and
its effects on enterocyte concentrations of CYP3A4
(decreased by an average of 40%). The magnitude of
the effect is similar to the 47% reduction observed 4
hours after a single glass of grapefruit jdfcalthough
somewhat smaller than the 62% decrease reported with
8 ounces of grapefruit juice 3 times daily for 6 d&ys.

A potential explanation for these findings would be if
interaction with §7'-dihydroxybergamottin reduced the
ability of our antibody to recognize CYP3A4 but did
not alter the catalytic activity of the enzyme. However,
essentially complete irreversible inactivation of
CYP3A4 by 6,7'-dihydroxybergamottin did not affect
antibody reactivity with the enzyme in intestinal micro-
somes (Figure 3). This supports the idea that the loss of
CYP3A4 immunoreactive protein results from acceler-
ated degradation of the enzyme once it is irreversibly
inactivated by furanocoumarias.

Because Seville orange juice and grapefruit juice
reduce intestinal CYP3A4 concentration but only grape-
fruit juice increases the oral bioavailability of
cyclosporine, it appears that the interaction is not pri-
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marily attributable to an effect on CYP3A4. Because P-
glycoprotein is known to play a significant role in
cyclosporine availability, it is reasonable to conclude that
grapefruit juice contains a compound or compounds that
inhibit P-glycoprotein activity. Although' @ -dihydroxy-
bergamottin may play a significant role in the effects of
Seville orange juice and grapefruit juice on enterocyte
CYP3A4, this furanocoumarin appears to have little
effect on human P-glycoprotein. The concentration of
P-glycoprotein was not affected by Seville orange juice
administration (Figure 2), and 2 separate in vitro mod-
els of P-glycoprotein function could not show any sig-
nificant effects of §7'-dihydroxybergamottin at typical
concentrations found in grapefruit juice (Figures 4 and
5). 6,7-Dihydroxybergamottin may be somewhat
unique in its ability to inactivate CYP3A4 without affect-
ing P-glycoprotein function. Studies with well-known
inhibitors of CYP3A4, such as verapamil, ketoconazole,
and erythromycin, have documented that these com-
pounds also inhibit the activity of P-glycoprot&3?
Grapefruit juice contains numerous flavonoids and other
bioactive compounds that could affect P-glycoprotein
function. Although originally reported to have a stimu-
latory effect, a recent study showed that quercetin
strongly inhibited transport by P-glycoprotéth.

The results of this study suggest thaf'&lihydroxy-
bergamottin is not responsible for the clinical effects of
grapefruit juice on cyclosporine disposition and that
reduced metabolism of cyclosporine in the gut wall is
not the predominant mechanism for this interaction. It is
possible that the reduction in enterocyte CYP3A4 con-
tent produced by grapefruit juice and Seville orange juice
could be important in the interaction between grapefruit
juice and other drugs for which enterocyte CYP3A4 is a
more significant determinant of oral bioavailability. In
addition, inhibition of both P-glycoprotein function and
CYP3A4 activity may be required to produce the clini-
cal effects of grapefruit juice on some drugs. Further
studies are needed to identify inhibitors of P-glycopro-
tein in grapefruit juice and to evaluate the relative con-
tributions of reduced P-glycoprotein and CYP3A4 activ-
ity to the increased oral bioavailability of other drugs.
The ability of 6,7'-dihydroxybergamottin to selectively
inactivate CYP3A4 without affecting the function of P-
glycoprotein may prove to be a useful tool in studying
the mechanism by which these proteins limit systemic
exposure to xenobiotics.

References
1. Bailey DG, Spence JD, Munoz C, Arnold JMO. Interac-
tion of citrus juices with felodipine and nifedipine. Lancet
1991;337:268-9.

10.

11.

12.

13.

14.

15.

16

Edwards et al 243

. Kupferschmidt HHT, Ha HR, Ziegler WH, Meier PJ, Kra-

henbuhl S. Interaction between grapefruit juice and mida-
zolam in humans. Clin Pharmacol Ther 1995;58:20-8.

. Hukkinen SK, Varhe A, Olkkola KT, Neuvonen PJ.

Plasma concentrations of triazolam are increased by con-
comitant ingestion of grapefruit juice. Clin Pharmacol
Ther 1995;58:127-31.

. Benton RE, Honig PK, Zamani K, Cantilena LR, Woosley

RL. Grapefruit juice alters terfenadine pharmacokinetics,
resulting in prolongation of repolarizaion on the electro-
cardiogram. Clin Pharmacol Ther 1996;59:383-8.

. Rau SE, Bend JR, Arnold JMO, Tran LT, Spence JD, Bai-

ley DG. Grapefruit juice—terfenadine single-dose interac-
tion: magnitude, mechanism, and relevance. Clin Phar-
macol Ther 1997;61:401-9.

. Ducharme MP, Provenzano R, Dehoorne-Smith M,

Edwards DJ. Trough concentrations of cyclosporine in
blood following administration with grapefruit juice. Br
J Clin Pharmacol 1993;36:457-9.

. Yee GC, Stanley DL, Pessa LJ, Dall Costa T, Beltz SE,

Ruiz J, et al. Effect of grapefruit juice on blood
cyclosporine concentration. Lancet 1995;345:955-6.

. Proppe DG, Hoch OD, McLean AJ, Visser KE. Influence

of chronic ingestion of grapefruit juice on steady-state
blood concentrations of cyclosporine A in renal transplant
patients with stable graft function. Br J Clin Pharmacol
1995;39:337-8.

. Ducharme MP, Warbasse LH, Edwards DJ. Disposition of

intravenous and oral cyclosporine after administration with
grapefruit juice. Clin Pharmacol Ther 1995;57:485-91.
Lundahl J, Regardh CG, Edgar B, Johnsson G. Effects of
grapefruit juice ingestion-pharmacokinetics and haemody-
namics of intravenously and orally administered felodip-
ine in healthy men. Eur J Clin Pharmacol 1997;52:139-45.
Lown KS, Bailey DG, Fontana RJ, Janardan SK, Adair CH,
Fortlage LA, et al. Grapefruit juice increases felodipine
oral availability in humans by decreasing intestinal CYP3A
protein expression. J Clin Invest 1997;99:2545-53.

Kolars JC, Schmiedlin-Ren P, Schuetz JD, Fang C,
Watkins PB. ldentification of rifampin-inducible P-
450111A4 (CYP3A4) in human small bowel enterocytes.
J Clin Invest 1992;90:1871-8.

Edwards DJ, Bernier SM. Naringin and naringenin are
not the primary CYP3A inhibitors in grapefruit juice. Life
Sci 1996;59:1025-30.

Schmiedlin-Ren P, Edwards DJ, Fitzsimmons ME, He K,
Lown KS, Woster PM, et al. Mechanisms of enhanced
oral availability of CYP3A4 substrates by grapefruit con-
stituents: decreased enterocyte CYP3A4 concentration
and mechanism-based inactivation by furanocoumarins.
Drug Metab Dispos 1997;25:1228-33.

Lown KS, Mayo RR, Leichtman AB, Hsiao HL, Turgeon
K, Schmiedlin-Ren P, et al. Role of intestinal P-glycopro-
tein (mdrl) in interpatient variation in the oral bioavailabil-
ity of cyclosporine. Clin Pharmacol Ther 1997;62:248-60.

. Guengerich P, Kim DH. In vitro inhibition of dihydropy-



244  Edwards et al

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

ridine oxidation and aflatoxin Bactivation in human liver
microsomes by naringenin and other flavonoids. Carcino-
genesis 1990;11:2275-9.

Miniscalco A, Lundahl J, Regardh CG, Edgar B, Eriksson
UG. Inhibition of dihydropyridine metabolism in rat and
human liver microsomes by flavonoids found in grapefruit
juice. J Pharmacol Exp Ther 1992;261:1195-9.

Bailey DG, Arnold JMO, Munoz C, Spence JD. Grapefruit
juice-felodipine interaction: mechanism, predictability and
effect of naringin. Clin Pharmacol Ther 1993;53:637-42.
Rashid J, McKinstry C, Renwick AG, Dirnhuber M,
Waller DG, George CF. Quercetin, an in vitro inhibitor
of CYP3A, does not contribute to the interaction between
nifedipine and grapefruit juice. Br J Clin Pharmacol
1993;35:460-3.

Edwards DJ, Bellevue FH, Woster PM. Identification
of 6,7 -dihydroxybergamottin, a cytochrome P450 inhibitor,
in grapefruit juice. Drug Metab Dispos 1996;24:1287-90.
Fukuda K, Ohta T, Oshima Y, Ohashi N, Yoshikawa M,
Yamazoe Y. Specific CYP3A4 inhibitors in grapefruit
juice: furocoumarin dimers as components of drug inter-
action. Pharmacogenetics 1997;7:391-6.

He K, lyer KR, Hayes RN, Sinz MW, Woolf TF, Hollen-
berg PF. Inactivation of cytochrome P450 3A4 by berg-
amottin, a component of grapefruit juice. Chem Res Tox-
icol 1998;11:252-9.

Fitzsimmons ME, Collins JM. Selective biotransforma-
tion of the human immunodeficiency virus protease
inhibitor saquinavir by human small-intestinal cytochrome
P4503A4: potential contribution to high first-pass metab-
olism. Drug Metab Dispos 1997;25:256-66.

Schinkel AH, Wagenaar E, van Deemter L, Mol C, Borst P.
Absence of the mdrla p-glycoprotein in mice affects tissue
distribution and pharmacokinetics of dexamethasone,
digoxin and cyclosporin A. J Clin Invest 1995;96:1698-705.
Lan LB, Ayesh S, Lyubimov E, Pashinsky I, Stein WD.
Kinetic parameters for reversal of the multidrug pump as
measured for drug accumulation and cell killing. Cancer
Chemother Pharmacol 1996;38:181-90.

Liminga G, Nygren P, Larsson R. Microfluorometric
evaluation of calcein acetoxymethylester as a probe for
P-glycoprotein-mediated resistance: effects of cyclosporin
A and its non immunosuppressive analogue SDZ PSC
833. Exp Cell Res 1994;212:291-6.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

CLINICAL PHARMACOLOGY & THERAPEUTICS
MARCH 1999

Tiberghien F, Loor F. Ranking of P-glycoprotein sub-
strates and inhibitors by a calcein-AM fluorometry
screening assay. Anticancer Drugs 1996;7:568-78.

Cai Y, Baer-Dubowska W, Ashwood-Smith MJ, Ceska O,
Tachibana S, DiGiovanni J. Mechanism-based inactiva-
tion of hepatic ethoxyresorufin O-dealkylation activity by
naturally occurring coumarins. Chem Res Toxicol 1996;9:
729-36.

Koenigs LL, Peter RM, Thompson SJ, Rettie AE, Trager
WF. Mechanism-based inactivation of human liver
cytochrome P450 2A6. Drug Metab Dispos 1997;25:
1407-15.

Letteron P, Descatoire V, Larrey D, Tinel M, Geneva J,
Pessayre D. Inactivation and induction of cytochrome P-
450 by various psoralen derivatives in rats. J Pharmacol
Exp Ther 1986;238:685-92.

Saeki T, Ueda K, Tanigawara Y, Hori R, Komano T.
Human P-glycoprotein transports cyclosporin A and
FK506. J Biol Chem 1993;268:6077-80.

Fricker G, Drewe J, Huwyler J, Gutmann H, Beglinger
C. Relevance of p-glycoprotein for the enteral absorption
of cyclosporin A: in vitro-in vivo correlation. Br J Phar-
macol 1996;118:1841-7.

Stein WD. Kinetics of the multidrug transporter (P-
glycoprotein) and its reversal. Physiol Rev 1997;77:545-90.
Wacher VJ, Wu CY, Benet LZ. Overlapping substrate speci-
ficities and tissue distribution of cytochrome P450 3A and
P-glycoprotein: implications for drug delivery and activity
in cancer chemotherapy. Mol Carcinog 1995:13:129-34.
Siegsmund MJ, Cardarelli C, Aksentijevich I, Sugimoto
Y, Pastan |, Gottesman MM. Ketoconazole effectively
reverses multidrug resistance in highly resistant KB cells.
J Urol 1994;151:485-91.

Hofsli E, Nissen-Meyer J. Effect of erythromycin and
tumour necrosis factor on the drug resistance of mul-
tidrug-resistant cells: reversal of drug resistance by ery-
thromycin. Int J Cancer 1989;43:520-5.

Schuetz EG, Beck WT, Schuetz JD. Modulators and sub-
strates of P-glycoprotein and cytochrome P4503A co-
ordinately up-regulate these proteins in human colon car-
cinoma cells. Mol Pharmacol 1996;49:311-8.

Shapiro AB, Ling V. Effect of quercetin on Hoechst 33342
transport by purified and reconstituted p-glycoprotein.
Biochem Pharmacol 1997;53:587-96.



