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Summary Concomitant intake with grapefruit juice increases the concentrations of man

drugs in humans. The effect seems to be mediated mainly by suppression of 1
cytochrome P450 enzyme CYP3A4 in the small intestine wall. This results in
diminished first pass metabolism with higher bioavailability and increased max
imal plasma concentrations of substrates of this enzyme. The effect was mc
pronounced in drugs with a high first pass degradation and in many cases has
clear potential to reach clinical relevance, as shown by an occasional change
drug effects or tolerability. For felodipine, nitrendipine, nisoldipine and saquin-
avir, the interaction was most marked with median increases of area under t
curve (AUC) and/or the maximum (peak) plasma drug concentration after single
dose administration (&ay values exceeding 70% of respective control periods.
Less pronounced, but possibly relevant, concentration increases were found |
nifedipine, nimodipine, verapamil, cyclosporin, midazolam, triazolam and ter-
fenadine. This list is not complete because many drugs have not been studied y

The components of grapefruit juice which are the most probable causes of tl
interaction are psoralen derivatives, but the flavonoid naringenin may also cor
tribute. Concomitant grapefruit juice intake does not generally decrease the va
ability of drug pharmacokinetic parameters. Therefore, it is recommended th:
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patients refrain from drinking grapefruit juice when they are taking a drug that i
extensively metabolised, unless a lack of interaction has already been demc
strated for that drug. It is also recommended that drugs possibly interacting wit
grapefruit juice should be appropriately labelled.

A place for grapefruit juice as a drug-sparing agent in treatment involving
expensive medicine cannot be derived from the information currently availabl
on grapefruit juice interactions.

In an interaction study of felodipine with alco- the effects of grapefruit juice. Besides CYP3A sul
hol (ethanol), where the study participants receivedtrates, several other drugs have also been test
grapefruit juice to blind for the administration  For the purposes of this review, studies we!
of alcohol, Bailey and colleaguélsobserved mainly identified by a MEDLINE search using
that felodipine concentrations were considerablygrapefruit’ as a keyword. Data from those studie
higher tr_\a_n those _re_ported previougly for the d_OSWhere both drug and grapefruit juice administr:
of felodipine administered. Following from this tion were described in detail are summarised in 1
chance finding, systematic studies of the effect obles | to \i4-36] In all these studies, a cross-ove
grapefruit juice coadministration have been carriedjesign including a control period with concomitar
out for a wide range of drugs. The main finding hagdministration of water instead of grapefruit juic
been that grapefruit juice increases the bioavailagas applied. With a few exceptions, the order
bility of many drugs, but also it pg)rolongs the meta-periods was also randomised. Blinding was ob\
bolic elimination of a few drug8:* Mean changes  oysly not possible. However, statistical evaluatic
in drug concentrations exceeded 30% in most studs,4 description of the grapefruit juice effect wa
ies and surpassed 100% in several of them, suge, niform. Where available, mean and range
gesting that grapefruit juice drug interactions are,,sigence interval of the effect of grapefruit juic

nOEl_?]eg“g,'ble: ¢ thi . .__inthe individual study was given, calculated as tt
e opjectives of this review are t.o.summar'sepercentage change in the respective pharmacc
the current knowledge of grapefruit juice interac-

tions. to evaluate the risks thev may cause. and trcl)etic parameter. For those studies where only me
1ons, vaiu » y may cause, Values of parameters were published, the change
discuss possible benefits and problems related

intentional inhibition of drug metabolism by the tt%e mean values by grapefruit juice is listed in t

- o e . tables. These 2 approaches are not equivalent
juice from a fruit with the promising nanttrus are closely related and are expected to provide si
paradisior by its constituents. y P P

ilar estimates of the average effect.

1. Observed Drug Interactions 1.1.1 Felodipine
with Grapefruit Juice in Volunteers The most studies have been conducted with t
and in Patients dihydropyridine calcium antagonist felodipine (ta

ble I) and doses equivalent to 200 to 500ml sing
strength grapefruit juice have been administere
In the 9 comparative studié8! where the drug was
The first studies of the effect of grapefruit juice given together with a single portion of grapefrui
on drug metabolism were conducted with thejuice, the mean increase in AUC ranged from 43
dihydropyridine calcium antagonists. Once the234% of the control period, the median AUC
presumed main mechanism of action became aggrowth was 125%. The mean increase ip,&al-
parent, i.e. inhibition of CYP3A mediated first passues ranged from 70 to 225% (median 147%). B
metabolism (see section 2.1), cyclosporin and tereause both AUC andxwere changed to a similar
fenadine were recognised as important targets fagxtent, concomitant intake of grapefruit juice witl

1.1 Drugs Subject fo the Interaction and
Extent of Effect

0 Adis International Limited. All rights reserved. Drug Safety 1998 Apr; 18 (4)
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felodipine would be equivalent to a 2- to 3-fold ues for felodipine. This was shown in a small stuc
increase in the felodipine dose for most patientsn hypertensive mé#! but was also seen in
requiring the drug. The effect of grapefruit juice on healthy volunteef$®! in whom the pharmacody-
the time to reach maximum concentration follow- namic effects of dihydropyridines usually are ver
ing drug administration ) was equivocal. An limited due to counter-regulatid#r! Grapefruit
increase was also observed consistently for thguice, primarily at high doses, was also related
concentrations of the main metabolite of felodip-an increased incidence of adverse effects such
ine, i.e. dehydrofelodipine, although the extent ofheadaches and flushiffgf1% These findings con-
this increase was smaller than that for the parenirm what could be expected from the extent of tt
compound (see table 1). The elimination half-life pharmacokinetic interaction. Thus, there is stror
of felodipine was not changed by grapefruit juice.evidence that the interaction between felodipir
A clear relationship between extent of the effectang grapefruit juice has clinical relevance an
and felodipine dose was not observed. Althougheeds to be taken into account for individual trez
the mean effect of double strength juice was highement.
than that of the single strength juice in 1 study
where 2 grapefruit juice doses were compared, sta- !-1-2 Calcium Antagonists other than Felodipine
tistical significance was not reachétin other ~ With the exception of nifedipiré-1%14l and
studies, low grapefruit juice doses also exerted7'tre”d'p”_]e_['”’ls]Onl_y_1 study was found for each
pronounced effects (table I). In 1 study with severaP' am_lo_d|p|ne[,111 diltiazemf*? nimodipineft*l
days of grapefruit juice administration before Nisoldipind®l and verapamifi®l (table I). In these
felodipine intake, mean values of AUC angs studies, gra_lpef_rwt juice was found to c_hange tl
were increased by 211 and 335%, respectively. pharmacokinetics of most of these calcium anta
Thus, some grapefruit juice dose/effect relation-Onists. In all studies involving oral drug adminis
ship, which is possibly cumulative, may be pres-tration, a mean increase of AUC angCwas
ent. However, other factors, such as compositiofound, although this increase in some cases w
of the juice, are probably of similar importance. only minor and failed to reach statistical signifi
Another important factor, that was addressed irfance (table I).
the study of Lundahl and colleagu8lsappears to Taking into account that a single study provide
be the timing of juice administration relative to Only limited information on the true mean exter
drug intake. The effect on AUC ang & was most of interaction (see section 111), it appears th
pronounced when the grapefruit juice was givenamlodipiné'!l and diltiazer#? are not subject to a
with the drug or 1 hour before felodipine adminis- relevant grapefruit juice interaction. In contras
tration, and steadily declined with an increasedfor all the other calcium antagonists tested, eith
time lag. Aminor, but significant, effect on felodip- AUC or Gnax (in most cases both) increased b
ine Gnax Was still present when felodipine was more than 50% (median of studies for the respe
given 24 hours after the glass of grapefruit juicetive drug) when given with grapefruit juice. Na
(table ). difference in grapefruit juice effects on the kinetic
For those studies where grapefruit juice effectsof parent drug and metabolite enantiomers w;
on felodipine pharmacodynamics were also monifound following chiral drug measurements fo
tored[46.191 3 pronounced increase in felodipine nitrendipiné'® and verapamil (U. Fuhr et al., un-
plasma concentrations was associated with an inpublished observation§¥! As has been seen for
crease in the effects of felodipine on lowering felodipine, there was no consistent changenin t
blood pressure and/or increasing heart rate andr elimination half-life of parent drug and an in
these effects occasionally reached statistical sigerease in the concentrations of the metabolites w
nificance at some time points close to thg val- observed, but these increases did not reach thi

0 Adis International Limited. All rights reserved. Drug Safety 1998 Apr; 18 (4)
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Table I. Effect of grapefruit juice on the pharmacokinetics and pharmacodynamics of a single oral dose of felodipine

Dose (mg) Amount of Time of GJ Study Mean change as % of control (range) Variation Change of PD  Ref.
GJ (ml)2 administration? population® with/without GJd with GJ
AUC Chax tmax metabolite AUC  Cmax
AUC
5 200 0 9, mean age +185¢ 147e 62 +82¢ 0.87 0.80 HDEs t with GJ 4
44y
5 400 0 9, mean age +234¢ +191¢ 54 +109¢ 0.87 0.81 HDEs and AEs 4
44y 1 with GJ
5 200 0 9, young +1068€ (+23 +70° (+27 -19 +30 (-18 0.80 1.14 NA 5
to +230) to +210) to +63)
10 SR 200 0 9, young +43¢ +92¢ -29 +25¢ 1.00 0.98 NS 6
10 SR 200 -1 9, young +46@ +99e -35 +33¢ 1.00 0.99 NS 6
10 SR 200 -4 9, young +42¢ +54¢ -18 +20¢ 1.00 0.99 EffectonBPt+ 6
10 SR 200 -10 9, young +25¢ +54¢ 3 +15 1.00 0.99 NS 6
10 SR 200 -24 9, young +13 +32¢ 0 +13 1.00 0.98 NS 6
10 232 0 10, young +116¢ +225¢ NA NA 0.33® 0.30 NA 7
10 SR 250 0 12, young +194¢ (-1 +143¢ (+23 -20 +44¢ 0.64 0.95 NA 8
to +550) to +298)
20 SR 250 of 12, young +125¢ (+3 +170¢ (+16 -7 +54¢ 0.95 0.85 NA 9
to +369) to +477)
20 SR 250 09 12, young +119¢ +155¢€ -17 NA 128 1.57 NA 9
5 500 0 6, hypertensive  +184¢ (+64 +123¢ +91¢ +74¢ 0.75 0.67 Effecton BP 1 10
to +369)
10 232 8 hourly" 10, young +211¢ +335¢ NA NA 0.53% 0.58¢ NA 7
a For double strength juice, volumes administered were multiplied by 2.
b Hours relative to drug administration.
¢ All healthy, nonsmoking men unless otherwise stated.
d Variation for each period was calculated as standard deviation (SD), standard error of the mean (SEM) or confidence interval (Cl) divided by the mean or point estimate, the
value in the column is the ratio of this variation between grapefruit juice and control period.
e Significant (p < 0.05) grapefruit juice effects.
f  First period.
g Second period.
h  Administered from —120 hours to +16 hours.

Abbreviations and symbol: AE = adverse effects; AUC = area under the plasma concentration versus time curve of the unchanged drug; BP = blood pressure; Cmax = maximal plasma
concentration of unchanged drug; GJ = grapefruit juice; HDE = haemodynamic effects; NA = not available; NS = no significant change; PD = pharmacodynamics; SR = slow release;
tmax = time at which Cmax occurred; y = years; 1 = increased.
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Table II. Effect of grapefruit juice on the pharmacokinetics and pharmacodynamics of single oral doses of calcium antagonists other than felodipine

Drug Regimen Amount Time of GJ Study population®  Mean change as % of control (range unless otherwise stated)  Variation Change of PD Ref.
of GJ  administration® with/without GJ¢  with GJ
a
(mb AUC Crmax tmax metabolite AUC ~ AUC  Ciax
Aml 1x5mgPO 250 0 12, young +16¢ (—20 +15¢ (-21 +9 NA 111 1.05 No effecton 11
to +55) to +65) HD

Dil 1 x120mg PO 200 0, +2, +4, 9, young +10 +2 +4 -5 071 135 No effect on 12

+8 and +12 HD
Nif 1x10mg PO 500 0 6, hypertensive +34¢ (+8 to +69) +17 -10¢ +22¢ 122 0.67 BP effect 10

unchanged
Nif 1x10mg PO 400 —2and0 8 (5 men), young  +58¢ +16 +97 +17 1.02 1.05 NA 13
Nif 1x25mglv 400 —2and 0 8 (5 men), young  +14 NA NA NA 1.14 NA NA 13
Nif 1x20mg PO 200 0, +2, +4, 12, young +103¢ (+48 +94¢ (-23 +73e +66€ (-30 0.85 0.91 NA 14
SR +8 and +12 to +265) to +259) to +236)
Nim 1x30mg PO 250 0 8 (4 smo), young  +51€ (90% CI +24 (90% Cl  +67 1 in 2 primary 119 154 NA 15
+14 to +100) —24 to +101) metabolites, no
change in a secon-
dary metabolite

Nis 1x20mg PO 250 0 12, young +08¢ (-19 +306¢ (+7 —53¢ NA 152 1.00 Effecton HRt 16
SR to +582) to +736)
Nit 1x10mg PO 200 0 9, young +408 +40 +77 0 0.96 NA NA 17
Nit 1x20mg PO 150 -15,-10,-0.25, 9, young +106° (95% CI  +992 (95% ClI +27 +23 1.42 1.14 HD and AE 18

+5 and +10 +64 to +158) +50 to +164) unchanged
Ver 120mg PO 250 —48, —45,-40, 24 (12 men; 6 smo +42¢ (90% CI +61° (90% CI +0 +28 0.86 0.82 Max. mean 19
SR bid for 7 days —36, —24, 21, for each gender), +24 10 +65) +34 to +92) PR change

-16,-12, 0, young +6msec (90%

+3, +8 and +12 Cl 0to 15.5)
a For double strength juice, volumes administered were multiplied by 2.

o

Hours relative to drug administration.

All healthy, nonsmoking men unless otherwise stated.

d Variation for each period was calculated as standard deviation (SD), standard error of the mean (SEM) or confidence interval (Cl) divided by the mean or point estimate, the
value in the column is the ratio of this variation between grapefruit juice and control period.

e Significant (p < 0.05) grapefruit juice effects.

Abbreviations and symbol: AE = adverse effects; Aml = amlodipine; AUC = area under the plasma concentration versus time curve of the unchanged drug; bid = twice daily; BP =
blood pressure; Cmax = maximal plasma concentration of unchanged drug; Dil = diltiazem; GJ = grapefruit juice; HD = haemodynamics; HR = heart rate; IV = intravenous; NA = not
available; Nif = nifedipine; Nim = nimodipine; Nis = nisoldipine; Nit = nitrendipine; PD = pharmacodynamics; PO = oral; PR = PR interval; smo = cigarette smoker; SR = slow release;
tmax = time at which Cmax occurred; Ver = verapamil; y = years; t = increased.
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levels seen with the respective parent drug (tableanged from 8 to 60% of the control period, tf
). median was 34%. &xmean values were increase
It is not clear how the significant pharmacoki- by between 10 and 43% (median 22%). The effe
netic changes in this group of drugs translate int®n thaxWas again equivocal.
alterations in pharmacodynamics. Amean increase In the 3 studies where the concentrations
of 34% in nifedipine AUC without a significant cyclosporin metabolites were measured, a signi
change of Gax was not related to a more pro- cant AUC increase was observed in 2 of tRe!
nounced haemodynamic effect in 6 men with hy-but not in the third* (table Il). Since metabolite
pertensioni® Likewise, a doubling of both param- concentrations were obtained from the differen:
eters for nitrendipine when given with grapefruit in cyclosporin concentrations, as measured usin
juice left haemodynamic effects and incidence ofmethod specific for the parent drug and a nonsy
adverse events unchandéd.In contrast, the in- cific method which also includes cyclosporin me
crease in heart rate at 4 hours after administratiotabolites, these indirect results must be regard
of nisoldipine was more pronounced when the drugvith caution. However, it may be important t
was given with grapefruit juicé® Long term  know what the true effect of grapefruit juice o
coadministration of grapefruit juice with steady cyclosporin metabolites is, because these effe
state verapamil was associated with a transient pranight be relevant for toxicity of the drug!
longation of the ECG PR interval to more than 0.24 A relationship between grapefruit juice admir
sec in 4 volunteers, and the mean increase of 6 mséstration schemes and extent of effect on cycl
in the maximal difference of the PR interval be-sporin is not obvious (table III).
tween grapefruit juice and control periods just |t is not probable that monitoring the effects
failed to reach statistical significance (U Fuhr et al.,cyclosporin will reveal tolerability changes, e.g.
unpublished observation8f! Again, these stud- increase in serum creatinine level, upon short te
ies, with 1 exception, were conducted in healthyconcentration increases. However, from the 2 stt
volunteers where haemodynamic effects, at leasies where effects were not&d25 1 patient expe-
for dihydropyridine calcium antagonists, are usu-rienced adverse effects such as tremor, naus
ally less pronounced than in hypertensive paijightheadedness and nonspecific abdominal p:
tientsP”] and drug effects were not monitored in that occurred when taking grapefruit juié.
most cases. The lack of an apparent increase of Taking together all the results for cyclosporir
drug effects by grapefruit juice in these studiesthis interaction with grapefruit juice should not b

does not, therefore, preclude the fact that, in paignored in clinical practice (see section 4.2).
tients with hypertension, a pronounced change in

drug concentrations will be accompanied by an ac- 1.1.4 Terfenadine and Astemizole

cording change in drug effect. The antihistamines, terfenadine and astemizo
are prodrugs that usually undergo extensive fil
1.1.3 Cyclosporin pass metabolisid® The parent compounds pro

Particular attention has been paid to the interaclong the QT interval, predisposing for ventricule
tion between cyclosporin and grapefruit juice, be-arrhythmia. From instances of terfenadine ove
cause cyclosporin is metabolised by the same erdose, it is known that high plasma concentratio
zymes as calcium antagonists (see section 2.1) arsf unchanged terfenadine may precipitate severe
because of its narrow therapeutic range. For thigven fatal cardiac arrhythmi®! Accordingly, it
drug, the majority of studies were conducted in paappears that increased terfenadine concentrati
tients who were taking cyclosporin on a regulardue to interactions with drugs inhibiting CYP3A:
basis (table I11}20-26] such as ketoconazole or macrolide antibacteri

The mean increase in the AUC for oral cyclo- are associated with an increased risk for adve
sporin measured in the 12-hour dosage intervatardiac effect§-42] Serious concern has therefor

0 Adis International Limited. All rights reserved. Drug Safety 1998 Apr; 18 (4)
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Regimen Amount Time of GJ Study population® Mean change as % of control (range) Variation Change  Ref.
of GJ (ml)2 administration? with/without GJ¢  of PD
with GJ
AUC Chax tmax metabolite AUC  Cmax
AUC
Median 113mg PO bid 200 0 6 RTP, mean 42y +19¢ +27¢ NA NA 042 094 NA 20
Median 175mg PO bid 232 0 10 RTP, mean 44y +24¢ (-7 +4 (-33 +93¢ NA 094 0.92 NA 21
to +93) to 160)
1 x 300mg PO 250 0 14 (8 men) young +43¢8 +18¢ +21 NA 1.05 121 NA 22
1 x 7.5 mg/kg bw IV 250 0 and +2 10, young +7 NA NA NA 0.73 NA NA 23
1 x 7.5 mg/kg bw PO 250 0and +2 10, young +60¢ +43¢ +31¢ NA 0.81 0.49 NA 23
Median 300mg PO od 150 3 hourlyf 12 (8 men) RTP +8 +22¢ -23 -5 1.01 0.76 No effect 24
on AEs
Mean 1.7 mg/kg bw PO bid 150 12 hourly9 9 (5 men) AIP, mean +50° (+9 +42 (44 NAC +2368 (+19 1.01 132 AEin1 25
36y to +125) to +181) to +1770) patient
with GJ
Mean 1.8 mg/kg bw PO bid 175 12 hourly9 10 (5 men) RTP, mean  +34¢ +10 NAC +55¢ 198 2.07 NA 26
48y

() 81 11dy 8661 Areyos Bnug

a For double strength juice, volumes administered were multiplied by 2.
b Hours relative to drug administration.
c All healthy, nonsmoking men unless other wise stated.

d Variation for each period was calculated as standard deviation (SD), standard error of the mean (SEM) or confidence interval (Cl) divided by the mean or point estimate, the
value in the column is the ratio of this variation between grapefruit juice and control period.

e Significant (p < 0.05) grapefruit juice effects.

f  Administered from —7.5 hours until +22.5 hours.

g Administered from —144 hours until O hours.

Abbreviations: AE = adverse effects; AIP = autoimmune patients; AUC = area under the plasma concentration versus time curve of the unchanged drug; bid = twice daily; bw =

bodyweight; Cmax = maximal plasma concentration of unchanged drug; GJ = grapefruit juice; IV = intravenous; NA = data not available; NAC = no apparent change; od = once daily;
PD = pharmacodynamics; PO = oral; RTP = renal transplant patients; tmax = time at which Cmax occurred; y = years.
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been expressed with respect to the interaction be-
tween terfenadine and grapefruit juice, which
might result in a relevant accumulation of the
arrhythmogenic unchanged terfenadine in the
plasma of individual patient$344]

A number of recent studies of the effects of
grapefruit juice on the pharmacokinetics and phar-
macodynamics of terfenadine have been performed
(table 1V){27-2%1 no such investigations have yet
been published for astemizole.

In all the terfenadine studies, an increase in ter-
fenadine and terfenadine carboxylate (fexofenad-
ine) plasma concentrations was seen. The median
AUC gain for the metabolite was 28% (table V).
It is more difficult to assess to what extent grape-
fruit juice elevates plasma concentrations of the
parent drug, because usually concentrations of ter-
fenadine when taken without an inhibitor are below
the limit of detection of fug/L.[27-2°l The number
of samples with measurable terfenadine concentra-
tions was higher in grapefruit juice periods for all
studies, clearly indicating the presence of an inter-
action.

As observed with felodipine, the timing of juice
administration relative to drug intake seems to be
important. In 1 studi?® concomitant intake of
drug and juice caused a more pronounced interac-
tion than grapefruit juice administration 2 hours
after drug intake.

Heart rate corrected QT intervals (QTc) were
monitored in all studies. QTc interval was un-
changed following single administration of grape-
fruit juice and terfenadin@?] whereas long term
intake of terfenadine with grapefruit juice resulted
in prolonged QTc intervald82%l This pharmaco-
dynamic consequence of grapefruit juice, however,
was less pronounced than that produced by
coadministration of erythromycin or imidazole an-
tifungal agents with terfenadir#®:461Whether this
untoward effect is more severe in patients with
chronic heart failure or other conditions where the
QT interval is already prolonged remains to be in-
vestigated. However, the possibility exists that this
interaction has already caused fatal arrhythmia in
one individual#3! Furthermore, epidemiological

0 Adis International Limited. All rights reserved.
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Table IV. Effect of grapefruit juice on the pharmacokinetics and pharmacodynamics of oral terfenadine. Since terfenadine is a prodrug, no pharmacokinetic data for the parent
substance are available

Regimen Amount of G Time of GJ Study population® Mean Cmax Mean metabolite Change of PD with GJ Ref.

(ml)2 administration? change (% of AUC change as %

control) of control (range)

1 x 60mg 250 0 12, young tinall +43d No change in QTc interval 27
1 x 60mg 500 0 12, young tinall +33d No change in QTc interval 27
60mg bid for =1 week 480 12 hourly® 6 (3 men) healthy TPMs 1 inall +28d 1 QTc interval 28
60mg bid for 14 days 480 12 hourlyf 6 volunteers tinall +550 (+26 to +112) Small 1 in QTc interval 29
60mg bid for 14 days 480 12 hourly9 6 volunteers 1in2 +22d (+11 to +88) No change in QTc interval 29
a For double strength juice, volumes administered were multiplied by 2.
b Hours relative to drug administration.
¢ All healthy, nonsmoking men unless otherwise stated.
d Significant (p < 0.05) grapefruit juice effects.
e Administered from —120 hours until O hours.
f  Administered from —144 hours until O hours.

g

Administered from —142 hours until +2 hours.

Abbreviations and symbol: AUC = area under the plasma concentration versus time curve of the unchanged drug; bid = twice daily; Cmax = maximal plasma concentration of unchanged
drug; GJ = grapefruit juice; PD = pharmacodynamics; QTc = QT interval (corrected for heart rate); TPM = terfenadine poor metaboliser; y = years; 1 = increased.
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studies suggest that other antihistamines may alscantly prolonged. In both studies, the typical CN
prolong the QT interval when taken with CYP3A4 effects of benzodiazepines were more pronounc
inhibitors[42] Thus, although the true risk is diffi- in the grapefruit juice perio@4,35] In contrast, an-
cult to quantify, terfenadine and possibly other angther study found that the effects of single or:
tihistamines Should not be taken W|th grapefruitdoses Of midazo'am 10mg and triazo'am 0.25n
juice. were essentially unchanged by concomitant grag
1.1.5 Other Drugs fruit juice administratiod®l However, the study
. design in this case precludes clear conclusions. /
Methylxanthines though additional investigations would be desil

Theophylline and caffeine, both metabolised ) . .
primarily by the hepatic cytochrome P450 enzymeable, it appears that the interaction between graj

CYP1A2147] are 100% bioavailable. Therefore, afruit juice and midazolam or triazolam deserve
decrease in first pass metabolism is not possibldN©reé public attention. One may speculate th
In one caffeine study with repeated grapefruit juiceS0mMe of the many road traffic accidents attribute
administration, caffeine clearance was decreasetf the use of benzodiazepifféscould be due to a
by a mean of 23%, resulting in a correspondingmore pronounced effect of these agents when tal
AUC increasd? This result was in agreement with with grapefruit juice.

in vitro inhibition experiment§] but was not con-
firmed in 2 other studies with caffeine or theophyl-
line, where grapefruit juice had no efféeel! (ta-

Miscellaneous Drugs
In a study of the effect of grapefruit juice on thi

ble V) pharmacokinetics and pharmacodynamics
quinidine, thax prolongation was the only effect
Steroid Hormone Derivatives seen38l No change was found for the QT interval

Data are available for 3 compounds (see table study of the effects of grapefruit juice or
V), which are characterised by a pronounced firSTsaquinavir has been conducted (C. Mécklinghof
pass metabolisti® For the estradiol derivatives, et al., unpublished observation), and although tt
the addition of grapefruit juice led to significant stud; has not been published,it has been ma

increases in the parent drug concentratfhar its . . .
metabolite® The studies were not designed to available on the internet. In this study, grapefru

monitor drug effects. The pharmacokinetic resultsJ,UICe Ca_use‘?' a clear and dose-dependent incre
of these studies, which are supporteditoyitro " Saduinavir AUC and (e (see table V). Al-
datd*849 and byin vivo effects of grapefruit juice though a decreased variability of pharmacokinet
on the oxidation of cortisol, an endogenous subParameters of saquinavir was also reported wi
strate for the cytochrome P450 enzymeB-11 grapefruitjuice, the manufacturer does not recor
hydroxysteroid dehydrogena®, clearly show mend grapefruit juice as a means to improve tl
that grapefruit juice has the potential to modify low bioavailability of the drug.

steroid metabolism. The relevance of this finding Coumarin, a specific substrate for the cytc
is not clear, but it was speculated that grapefruichrome P450 isoform CYP2A6, showed a delaye
juice may thus mediate a mineralocorticoid effectrenal excretion of its main metabolite, i.e. 7
at high dose§"! hydroxycoumarin, when administered with grape

Benzodiazepines fruit juice [53.54

Both oral midazolam and triazolam showed a Finally, in a case report, clomipramine an
mean AUC increase with grapefruit juice of ap- desmethylclomipramine concentrations were high
proximately 50%, accompanied by significantly with concomitant grapefruit juice in 1 patient, re
elevated Gy values (table VI3435] Elimination  sulting in clinical improvement, but not in a sec
half-life was unchanged, byt was also signifi- ond!>®]
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Table V. Effect of grapefruit juice on the pharmacokinetics and pharmacodynamics of other drugs

Drug Regimen Amount Time of GJ  Study Mean change as % of control (range unless otherwise Variation with/without Change of PD  Ref.
of GJ  admini- population® stated) GJd with GJ
(ml)2  stration® AUC Cmax tmax ~ Metabolite AUC Cmax
AUC
MethyIxanthines
Caf 1 x 165mg 300 -0.5,4+6,+12, 12 (4 men); 6 +28°¢ (95% CI NA NA NA 1.29 NA NA 3
PO in coffee +18,+24, +30 smokers +11 to +46)
Caf 1x3.3 200 0 10, young +4 NA NA NA 1.36 NA No change 30
mg/kg bw in HD
PO in coffee
Caf 1x3.3 200 -15,-9,-2, 6, young +6 NA NA NA 0.61 NA No change 30
mg/kg bw 0, +2, +6 in HD
PO in coffee
Theo 1 x200mg 100 0, +1 12, young +2 (90% ClI —10 (90% ClI NAC NA 1.00 1.00 NA 31
PO -5 to +11) -1910 0)
200 +4,48,+12,+16 12, young
Steroid hormone derivatives
Eth 1 x50ug PO 100 -0.5,0 13 women, +28¢ (-19 +37 (-36 to NAC NA 1.02 1.60 NA 32
young to +80) +114)
200 +3, 46, 49, 13 women,
+12 young
17B-est 1 x 2mg PO 200 0 8 OEW +16 +31 -23  +427¢ 0.71 0.51 NA 33
Pred 10mg od 150 3 hourlyf 12 (8 men) +50 +39 -29 -13 0.89 0.98 No effect on 24
steady state RTP cortisol level
Benzodiazepines
Mid 1 x15mg PO 200 -1,-0.25 8, young +52¢ +56° +79 +30¢ 0.79 1.34 Effect on CNSt 34
Mid 1x5mglv 200 -1,-0.25 8, young +4 NA NA +7 0.90 NA No change 34
Tri 1x0.26mg 250 0 10 (6 men), +48¢ +25¢ +67 NA 0.67 0.53 Effect on CNSt 35
PO young
Others
Qs 1 x 400mg 232 0 12 vol, +8 -7 +106 -25¢ 1.27 1.17 No difference 36
PO young in QT intervals
Sag 1x600mg 150 0, +1 12 vol +39° (90% ClI +63° (90% CI  NA NA Variability ¢ Variability | NA unpubl., Méck-
PO +1 to +91) +11 to +138) linghoff et al..
Saq 1 x 600mg 300 0, +1 12 vol +121¢ (90% ClI +120° (90% CI NA NA Variability | Variability 1 NA unpubl., Mock-
PO +61 to +203) +50 to +221) linghoff et al..

o0 oo

For double strength juice, volumes administered were multiplied by 2.
Hours relative to drug administration.
All healthy, nonsmoking men unless otherwise stated.
variation for each period was calculated as standard deviation (SD), standard error of the mean (SEM) or confidence interval (ClI) divided by the mean or point estimate, the

value in the column is the ratio of this variation between grapefruit juice and control period.
e Significant (p < 0.05) grapefruit juice effects.
f  Administered from —7.5 hours until +22.5 hours.
Abbreviations and symbols: 17p-est = 17B-estradiol; AUC = area under the plasma concentration versus time curve of the unchanged drug; bw = bodyweight; Caf = caffeine; Cmax
= maximal plasma concentration of unchanged drug; Eth = ethinylestradiol; GJ = grapefruit juice; HD = haemodynamics; IV = intravenous; Mid = midazolam; NA = data not available;
NAC = no apparent change; od = once daily; OEW = ovariectomised women; Pred = prednisone; po = oral; QS = quinidine sulfate; RTP = renal transplant recipients; Saq = saquinavir;

Theo = theophylline; tmax = time at which Cmax occurred; vol = volunteers; y = years; Tri = triazolam; t = increased; | = decreased.
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1.2 Change of Pharmacokinetic Variability grapefruit juice interactions. In one study addres
by Grapefruit Juice ing this question, an increase in the inhibitory e
fect of grapefruit juice was observed, which ma
Several authors have reported that grapefruibe due to the mechanism of the interaction (s
juice not only increases drug concentrations bukection 2.1J71 For those other substances whel
also renders first pass metabolism more UnifOI'rnstudieS of |ong term and of Sing|e dose grapefn
between individual patients, with the most pro-juice administration are available, i.e. cyclospori
nounced increases in AUC and/arfeoccurring  (see table I11f4-261and terfenadine (table 1N28-291
in those individuals who had the lowest values injong term intake was not associated with a small
the control period (C. M&cklinghoff, et al., unpub- degree of interaction, when the lower doses us
lished observationl):®] Of course, this effect in repeated administration were taken into consi

would be highly desirable because there is proeration. If, however, it is confirmed that psoralen
nounced interindividual variation in gut wall first are responsible for grapefruit juice interac

pass metabolisftf! and this is a major factor in  tjons[5859 their known potential to induce drug
overall variation of concentrations and response tenetabolising enzym&§-621 deserves further atten-
particular drugs. tion.

If this is a general principle of grapefruit juice

interactions, then one would expect that the inter- 2. proposed Mechanisms of Interaction
individual variability in pharmacokinetics would

decrease v_vhen th_e drug is giv_en with th_e jgice. To 51 cut wall Cytochrome P450 CYP3A4 as
address this question, the relative variation in thes_e the Main Target of Grapefruit Juice
parameters was estimated (see tables | to _V). This Components In Vivo

relative variation was equal to the coefficient of

variation in those studies where standard deviation Most of the drugs subject to grapefruit juice in
(SD) or standard error of the mean (SEM) wereteractions share a common property: dihydropyri
given. The ratio between grapefruit juice and con-ine calcium antagonists, verapamil, terfenadin
trol periods was used to compare between periodgyclosporin, ethinylestradiol, B7estradiol, pre-
A value above unity indicates that variation is dnisone, midazolam, triazolam, quinidine an
higher in the grapefruit juice period, whereas val-saquinavir usually are subject to a relevant fir
ues below unity suggest that grapefruit juice in-pass degradation, known to be mediated by cy!
deed lowers variation. Across all drugs, the mediarthrome P4503A4/5 for most of these drugs ar
of this ratio is very close to unity (tables | to V). resulting in the formation of phase | metabc
This evaluation clearly shows that there is no gentites [39.63-69 From the results of an elegant stud
eral difference in pharmacokinetic variability be- by Kolars and colleagué®) it appears that the ma-
tween grapefruit juice and control periods and thajor site of this metabolism is the gut wall. Indeec
grapefruit juice is not the ‘leveller of drug metabo- increased bioavailability in conjunction with un-

lism’ as proposed recentf/] changed elimination half-life, as seen for almost
of these drugs, supports the assumption that

1.3 Grapefruit Juice Interactions during in wall metabolism is decreased by grapefruit juic
Long Term Intake components, whereas drug metabolism in the liv

is essentially unchanged. Further support com

Another important question is whether the ex-from 3 studies where the effects of grapefruit juic

tent of grapefruit juice interaction changes with theon intravenous drug administration were compar

duration of juice intake, since for other CYP3A4 with that on oral drug administration. For nifedi
inhibitors enzyme induction may attenuate the in-pind3! (see table I), cyclospoil#?! (see table 1)

teractionl”] It appears that this is not the case forand midazolaid¥ (see table V), it was shown tha
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grapefruit juice had no effect on the pharmacoki-causing a decrease of gut wall enzyme activity ¢
netics of these agents when they were administerealso subject to rapid inactivation at this very locatio
intravenously but clearly altered their pharmacoki-Current data for naringenin, showing extensi
netics when they were administered orally. phase Il metabolism, support this hypothésié!
Recent experimental data by Lown and col-(see section 3.1.2), whereas no information is \
leagueB! directly confirm this hypothesis. In this available for grapefruit juice psoralens. In this col
paper, it was shown that grapefruit juice adminis-text, an important question is why concentratiol

tration results in a decrease of immunoreactivepf drug metabolites are also consistently increas
CYP3A4 by a mean of 62% in the small intestine,jn those cases where the grapefruit juice interacti

without affecting small intestine CYP3A4 mRNA s present for the parent drug, although this incre:

levels, liver CYP3A4 activity, colon levels of goes not reach the extent of that seen for the pa
CYP3AS, or small bowel levels of P-glycoprotein. compounds (see tables | to V). If the metabolic p:
The authors concluded that ‘a mechanism for thgg,p, is unchanged, one would expect delayed n
effect of grapefruit juice on oral felodipine kinetics {5pglite formation but the same AUC value
is its selective ciownregulation of CYP3A4 in the 1yocase this parameter reflects the effective me
small intestinel”) However, unchanged MRNA | o ‘dose’ which should be unchanged. | sugge

levels suggest that grapefruit juice components, e o several of the 3 following mechanisms ol
may have a more direct influence on the enzyme,  vination thereof

such as mechanism-based inactivation. Assuming (i) It may well be that in the absence of grap

213;31409nstant f[jact:)tlon of fa(.::'\./e. intestinal fruit juice, not only primary but also subsequel
IS TEMOVEd Dy grapetrult Julce compo- 4 lites are formed already during the first pa
nents, one would expect that those drugs that un-

dergo a pronounced first pass metabolism are Suqmetabollsm of a drug by CYP3A4. If this assumy

ject to a higher grapefruit juice effect than drugs
with only minor first pass biotransformation.

jon is correct, the increase of primary metaboli
concentrations by grapefruit juice componen
qmay be due to inhibition of these secondary ste
as well as of the primary ones.

short term grapefruit juice intake on AUC (fig. 1) (il) First pass metabolism could also be ci

and Gnax (fig. 2) values of a drug were compared ¢ h ori
with its absolute bioavailability published in liter- CUmMvented for both primary and secondary me

ature. Using the Spearman’s rank correlation tesPO!iC Steps by a possible additional action of gray

(one-tailed), a significant decrease of the grapefruif'Uit juice components as a zonula occludens tox
juice effect on AUC (n = 15 drugs: r=0.788 which would result in an increase of gut wall pe

p <0.001) and on Gux (n = 14 drugs; r =0.773, r_m_aability with substances bypassing drug metat
p <0.001) was indeed observed with increasindiSiNg enzymes!’l
bioavailability. Thus, the expected relationship (i) Grapefruit juice components may have th
was confirmed despite the differences in study deadditional potential to alter renal excretion of mq
signs, despite different contributions of intestinaltabolites, since it has been shown that naringel
and hepatic metabolism to overall first pass bio-S able to change transport of xenobiotics acrc
transformation of the individual drug$) and de- membrane§!
spite the complexity of CYP3A4 mediated metabo- The observation that drug metabolites are «
lism [74] fected implicates that their action also needs to
What makes the interaction confined to theconsidered in grapefruit juice interactions. Thi
small intestine, in contrast to the effect of othermay be relevant for cyclosporin since a role of i
CYP3A4 inhibitors such as ketoconazd#@?The  metabolites in the precipitation of cyclosporin ne
best explanation available is that the compound(sjotoxicity has been suspectédl.
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Fig. 1. Relationship between the absolute bioavailability of drugs and the extent of increase in area under the curve (AUC) due to
grapefruit juice interactions. Only drugs with reliable information on average bioavailability in the literaturel®®.71-73l and studies with less
than 1 day of grapefruit juice administration prior to drug intake have been included. Grapefruit juice effects shown are median values
of the mean effects seen in the studies with the respective drug (see tables | to V).

3. Characteristics of Grapefruit Juice it appears that the substance(s) which are resp
Components Possibly Involved in sible for drug interactions are consistently prese
the Interaction in the juice. Whether the effect is unique to grap

fruit juice remains to be proven. In 2 studies, o
Several hundred chemical entities have beernge juice did not change felodipi# or cyclo-

identified in grapefruit juic&®! The composition  sporirf22l pharmacokinetics. However, due to th
of the juice varies widely depending on the genetiayidespread occurrence of components similar
background of the plant, environmental conditionsthose supposed to cause the grapefruit juice int
during fruit growth, fruit maturity and fruit pro- actions, one should not be surprised if more sy
cessing?7° Most of the components are found not tematic research into the effects of other fruit
only in grapefruit juice but also in other citrus yielded a large number of drug interactions.
fruits. However, the amounts of the individual ~ Among the many typical components of grape
chemical entities are quite different between spefruit juice, flavonoid and coumarin derivatives
cies. Because drug interactions have been observéthve been suggested to contribute to grapefr
with grapefruit juice from many different sources, juice drug interactions.
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Fig. 2. Relationship between the absolute bioavailability of drugs and the extent of increase in the maximum (peak) plasma drug
concentration after single-dose administration (Cnax) due to grapefruit juice interactions. Only drugs with reliable information on
average bioavailability in the literaturel371-73] and studies with less than 1 day of grapefruit juice administration prior to drug intake

have been included. Grapefruit juice effects shown are median values of the mean effects seen in the studies with the respective
drug (see tables | to V).

3.1 Flavonoids antiomers, it is known that the ratio depends on't
maturity of the fruit, with more (@-naringin

3.1.1 Abundance of Flavonoids in Grapefruit Juice  found in immature fruit?.79 High concentrations

It appears that grapefruit juice is unique with of naringin are present in the albedo of the fru

respect to high levels of naringenin’.B47-  therefore, production procedures that optimi:
trihydroxyflavanone) glycosides, mainly naringin j ice vield will result in high levels of this
(nar!ngen!n-B-nephegperldOS{de) ancé 7Qar|rut|n flavonoideU

(naringenin-B-rutinosid) [see figure 3 ) .] . Further flavonoids found in grapefruit juice a

Naringin concentrations in grapefruit juice areI | t0 70 /L include the h itin al

reported to range from 100 mg/L to 800 mg/L, but e_ve supto . _mg Include the _e_spen m_g yee
can reach from 200 to 500 mg/L in most commer-Sides hesperidin and neohesperidin, the isoku
cial grapefruit juice preparatiofi$.’581The con-  netin glycosides poncirin and isokuranetip-7
centrations of narirutin are reported to be betweeriutenoside and other glycosides of flavanon
100 mg/L and 250 mg/[34758% For naringin en- flavone and flavonol derivativé*75.79.80]
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3.1.2 Fate of Grapefruit Juice Flavonoids in the only at very low levels in urif®! suggests that

Human Body _ naringenin glucuronidation occurs during firs

Flavonoid glycosides are polar compoundsy,ss of the drug through the intestinal muco:
which are poorly absorbed. No unchanged naringiryng/or the liver. Accordingly, naringenin was re
was found in plasma (S. Hensler and U. Fuhr, UNphorted to be a high affinity substrate for .
published observations) and in ufit3€’¢! follow- glucuronosy! transferad® The fate of the re-
ing grapefruit juice or naringin ingestion. HOW- maining glycoside is unknown, but it seems prot
ever, a median of 5 to 7% of the naringin dose wagy|e that the major fraction is excreted unchang
recovered in urine as naringenin glucuronide, the faeces (fig. 4Y5761 The fate of other grape-
whereas renal excretion of unconjugated narspit juice flavonoids in the human body may b
ingenin reached only 0.05% of the naringin dosesimilar to that described for naring#! A link be-
given!’>78l Some individuals may excrete even yyeen those substances and grapefruit juice dr

higher levels of naringeni®l Therefore, the re- jnteractions, however, has not been established
moval of the sugar moiety seems to be a prereg-

uisite for the absorption of these compounds. A 3 3 1he possible Role of Grapefruit Juice
cleavage of glycosidic bonds has been proposed to Flavonoids in Drug Interactions
occur by hydrolysis in the acidic gastric environ-  Naringenin, like many other flavonoids includ
ment as well as by glucuronidases and glycoing for example, quercetin, is a potent inhibitor c
sidases from gut bactefi@! Intestinal bacteria cytochrome P450 enzymes in humé&knamely
were indeed able to metabolise naringin to narof CYP3A4[8¢] At a substrate concentration of 6
ingenin both in cattle and in humans under anaerpgmol/L, naringenin inhibited midazolam hydrox-
obic and aerobic conditior®:83]1n contrast, there ylation with an 1G, value of approximately 120
was no evidence for naringenin formation by incu-pumol/L.[87] Naringenin, but not naringin, was alst
bation of grapefruit juice or naringin with hydro- able to inhibit verapamil metaboli$¥#i and had a
chloric acid (A. Ben Othman and U. Fuhr, unpub-clear inhibitory effect on CYP3A4 mediated
lished observations). However, it is tempting todenitronifedipine degradation in human live
speculate whether naringenin formation may alsanicrosomes (A. Ben Othman and U. Fuhr, unpul
be mediated by hydrolases excreted from the parished observations). Accordingly, recent invest
creas. gations of the inhibitory action of grapefruit juice
The observation that naringenin glucuronideson CYP3A4 in human liver microsomes havi
were detectable in plasma (S. Hensler and U. Fuhghown that this action is enhanced by incubatic
unpublished observations) and in high levels inwith naringinase (A. Ben Othman and U. Fuhr, ur
urind’5.7 after grapefruit juice ingestion whereas published observations).
free naringenin was absent in plasma (S. Hensler However, several observations suggest that n
and U. Fuhr, unpublished observations) and foundngin and its aglycone naringenin are not the maj
inhibitory constituents of grapefruit juice. In 3
studies, naringin, given as an ‘aqueous sol
OH tion’,[>17or in an ‘encapsulated’ preparatiéfi,in
the same amounts as present in grapefruit juic
R 0 had no effect on nitrendipirt&’] felodipind® or
O nisoldipiné!8l pharmacokinetics. Furthermore, the
extent of inhibition of verapamil first pass metabc
lism was not correlated to naringenin glucuronic
AUC in plasma or to urinary excretion of nar
Fig. 3. Chemical structure of naringin and naringenin. For nar- ingenin or its glucuronides in urine, (S. Hensle
ingenin, R = OH; for naringin, R = B-neohesperidose. and U. Fuhr, unpublished observations) whic

OH O

0 Adis International Limited. All rights reserved. Drug Safety 1998 Apr; 18 (4)



266 Fuhr

Oral intake of grapefruit juice containing naringin not cIearIy defined for coumarin, which is
CYP2A6 substraté354]

Microbial metabolism in the gut lumen

! 3.2 Coumarin and Psoralen Derivatives
Naringenin |
) .
Viedian 5'% ordose]  [Wiedian ©.05% of dose > Many coumarin and psoralen (furocoumarir
(range 3-55%) (range 0.03-0.1%) | : | derivatives have been found in grapefruit. The |

cation of these substances is primarily in the pe
Gut wall metabolism but concentrations of approximately 10 to 40 mg
are also found in the juide#58.59.79.90-93The fate

| of these moieties from grapefruit juice in the ht
Renal excretion man body is unknown. However, due to their hig

Naringenin glucuronide ~ —]

I i lipophilicity, one might expect that these corr

Urine Faeces pounds are readily absorbed from the gastroint

tinal tract and extensively metabolised, as this

Fig. 4. Presumed fate of naringin in the human body!75.76] the case for coumarin and pSOfa|en drugs suckh

warfarin, phenprocoumon and methoxsdféh.
were used as markers for individual naringenin ab- In contradiction to the naringenin hypothesi
sorption in an interaction study between verapamiunprocessed grapefruit juice with no free na
and grapefruit juicé? Finally, the grapefruitjuice  ingenin inhibits human CYP3A4 activi§#! The
interaction was present equally for immediate-re-main inhibitory activity in native grapefruit juice
lease and for prolonged release drug preparationyas mediated from lipophilic compounds extrac
(see tables | to V). If naringenin formation from @ble by dichlormethane, (A. Ben Othman and |

naringin by faecal bacteria is required for the inter-7UNf, unpublished observatiol#é) or ethyl ace-
atel®s] In recent publications, such componen

action, one would expect that the effect has a Iac\sN_ T , !
ith potent inhibitory action on rat or human live

time and also that grapefruit juice would change . 2 L
9 p. J g CYP3A4 were identified as the psoralen derivatiy
colon rather than small intestine enzyme concen-

1 71 _Ai 1 1 8] -
trations. However, the results of a study by Lown6 . 7-dihydroxybergamottin (fig. 1 or as psor

d coll &8 clearly show that th Wi alen dimerg??l Other psoralens are known to b
and coteagu c-earys.owt atthe small intes- potent inhibitors, but also inducers of several cyt
tine is the site of interaction.

) o ) ~ chrome P450 enzymes in laboratory animals anc
Besides inhibition of CYP3A4 mediated first 1, ;mand60-62.96-100]The mechanism of enzyme in

pass metabolism, it has been shown filamitro  hibjtion by psoralens seems to be a reversible bir
experiments using human liver microsomes thaing to the substrate binding si#8% in some cases
CYP1A2 and CYP2A6 activities may also be de-followed by formation of active metabolites wit

creased by grapefruit juice flavonoids. Naringenin,irreversible inactivation of the enzyrfg%.1021A
but not naringin was a potent competitive inhibitor study addressing the mechanism of grapefrn
of CYP1A2 with inhibitor constants {(Kof less psoralen effects on human CYP3A4 activiity
than 50umol/L.81 Coumarin hydroxylation was Vitro, which has very recently been published, h
competitively inhibited by naringenin with a high fully confirmed this mechanisi#%3!

mean K value of 690umol/L, indicating a poor
inhibitory effect, whereas naringin again had no
effect!®9 However, the extent of the resulting in-  From the recent findings on the inhibitory activ
teractionsn vivois minor or absent for caffeine and ity of nonflavonoid compounds, it is highly prob
theophylline (see table V), both of which are sub-able that psoralens, mainly’, B-dihydroxy-
ject to CYP1A2 mediated metabolidtd, and is  bergamottin, in grapefruit juice are the componer

3.3 Which Component is to Blame?
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responsible for the drug interactions. However ayinca alcaloids, cisapride, indinavir, finasteride
possibly minor, role of naringenin in grapefruit ganisetron and many more. Among others, all the
juice interactions cannot be excluded. In contrastdrugs could potentially interact with grapefrui
it may well be that naringenin supports the inhibi-juice.

tory action of other juice components as naringin It appears that the grapefruit juice interactior
supplementation of grapefruit juice reproducibly are exclusively pharmacokinetic in nature. Thu
increased its effects in a pilot stuélf] or that a  the risks related to grapefruit juice intake witl
more complex synergy among grapefruit juicedrugs are those seen with an overdose of the d

components is involved. in question. Currently, there is no clear evidenc

that the pattern of metabolites and thus the patte

4. How to Take Grapefruit Juice of adverse effects may change with grapefruit juic

Interactions into Account in at a clinically relevant range. To take this increa:
Drug Therapy in concentrations in to account in drug therapy,
agree with Lown and colleaguii8shat consistency

4.1 Risks of Grapefruit Juice Interactions of intake of inhibitory substances could be the ke

Consumption of fruit and vegetables is gener—.lf a patient likes to take drug doses with grapefru

: . . uice, it would be desirable that she or he does
ally associated with beneficial health effects. ToJusin the same dose of the very same iuice eve
name the most important ones, cardiovascular dis- 9 M J

. gfi . This however is not possible. Even a chan
eases and cancer are among the diseases possi N e brand or batch of arapefruit iuice mav infl
preventable by this kind of fod#5106] Flavo- ' r ' grapetrult jul y Infid

noids and other grapefruit juice constituents mayence. the grapefruitjuice/drug int.er.a(.:tio.n toanu
contribute to this actioRo7-18Therefore, it is dif- predictable extent since grapefruit juice is a natur

ficult to create public awareness that grapefruitprOdUCt _V\_”th an unknovyn qegree of Va”ab_'“Fy.'r
juice also confers a health risk. composition. Standardisation of grapefruit juic

| have clearly emphasised in this review thatWith respc_act to components causing the interacti
grapefruit juice interactions are of potential clini- CUrrently is not feasible because the role of pos
cal relevance in the individual patient for a wide PI€ candidates is not fully understood. N
range of drugs. Taking the mechanism of the inter- In a_dd|t|on to the variation in juice composition
action into account, this is not surprising becaus@ne might speculate about the effects that a char
CYP3A4 is a major drug metabolising enzyme.n nutritional habits or initiation of antibacterial
Other drugs not tested yet, but also subject tdherapy might have on the extent of the grapefrt
CYP3A4 mediated metabolism, include cholester4uice interaction, if indeed intestinal metabolism i
ine synthase inhibitors, macrolide antibacterialsnécessary to activate the ingredient(s) of grapefr
antineoplastic agents such as cyclophosphamiddy!Ce.

ifosfamide, taxoids, epipodophyllotoxins and  With respect to interindividual differences ir
drug pharmacokinetics, grapefruit juice did not de

crease the variation between patients in AUC

o o o Cmax (see section 1.2 and tables | to V). Therefor

’ it appears that drug concentrations obtained by

\ — given dose are more difficult to predict if takel

CH, with grapefruit juice. This increases the probabilit

O~CH,CH=C~CH,~CH,~CH-C~CHj of inappropriate drug treatment. Avoiding the in

CH, OH OH teraction by taking the drug after ingesting grap«

fruit juice is not possible because of the long dur

Fig. 5. Chemical structure of 6', 7'-dihydroxybergamottin. tion of the effect®! Drug administration before
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drinking grapefruit juice may attenuate the interac-juice periodd?! The periods in this study, howevet
tion but it was still present during long term drug were only a few days apart.
use, presumably because the next dose was af- There is no doubt that grapefruit juice hz

fected!?9] _ potential as a drug-sparing agent. This has be

Thus, as long as it appears that the extent ofiemonstrated for example in 2 case reports wh
these interactions is umque_for grapefruit Juice gntihypertensiviél? or antipsoriasis therafy?!
among vegetables anq f_rqlts, it seems t(_) be wise t8fficacy was improved by addition of grapefrui
refrain from grapefruit juice consumption when juice. Indeed, some patients are known to ta
taking drugs that are subject to a relevant metabJ- S N
. . . . cyclosporin with grapefruit juice in order to sav
lism and for which a lack of interaction by grape- : .

money by reducing doses, and a similar success

fruit juice has not been shown. k .
When studies have shown that a particular drugﬁipproaCh has been described with ketoconazole
diltiazem without apparent serious adverse ¢

interacts with grapefruit juice, most pharmaceuti- > )
cal companies have reacted to the finding by infectsi?**However, the possibility of an increase
cluding the information in the package insert of thefisk of adverse effects, also associated with st
respective drug and/or by other appropriate meassequent costs, may easily outweigh possible ¢
ures and prohibiting concomitant intake of the drugsavings for cyclosporin that were estimated
with grapefruit juice. This should be extended toreach approximately US$1500 per patient al
all drugs that might interact based on their metaboyearl2?!

lism unless a lack of interaction has been proven.
To improve public awareness, it might be helpful
to also place the warning in a more prominent lo-

cation on th_e outside of the package. This could be Concomitant intake with grapefruit juice has th
achieved simply by use of a symbol such as a

. potential to increase the concentrations of ma

crossed out grapefruit. . . . : .
drugs in humans and this effect is mediated mair

by suppression of the cytochrome P450 enzyr
CYP3A4 in the small intestine wall. The extent ¢
grapefruit juice interactions is more pronounce
The idea of using grapefruit intentionally as athan that of many well known drug-drug interac
drug-sparing and cost-reducing agent is a topic ofions. Itis reasonable to assume that increased d
some controversy:2276.109-1111Grapefruit juice concentrations may be associated with more p
could be used as a drug-sparing agent in a settingounced drug effects, occasionally even causi
such as cyclosporin treatment. In this situation,toxicity_ The grapefruit interaction does not prc
therapeutic drug monitoring takes place and thigjyce a consistent decrease in the variability of dr
would enable the extent of interaction in the 'nd"pharmacokinetic parameters. Therefore, it is re

V'dual. patient to b? tak_en Into accognt. However, %mmended that patients refrain from ingestir
question of practical importance is whether the L . .

L o grapefruit juice when taking a drug that is extel
grapefruit juice effect might increase the need for

dose adjustments. This question is difficult to an-Sively metabolised unless a lack of inte_ractioq h
swer from experimental data because there are ngeen already been demonstrated for this particu
studies with repetitions of both the control and thedrug. It is also recommended that an appropri
grapefruit juice period. In one felodipine study, alabelled warning should be added to the packag
rechallenge with grapefruit juice has been con10 such drugs. At present, a place for grapefri
ducted under identical conditions and pharmacokijuice as a drug-sparing agent in the treatment w
netic parameters were similar for both grapefruitexpensive medicine cannot be recognised.

5. Conclusions

4.2 Grapefruit Juice as a
Drug-Sparing Agent?

0 Adis International Limited. All rights reserved. Drug Safety 1998 Apr; 18 (4)



Drug Interactions with Grapefruit Juice

269

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Edgar B, Bailey D, Bergstrand R, et al. Acute effects of drinking

. Lundahl J, Regardh CG, Edgar B, et al. Relationship between

. Lown KS, Bailey DG, Fontana RJ, et al. Grapefruit juice in-

References

. Bailey DG, Spence JD, Edgar B, et al. Ethanol enhances the

hemodynamic effects of felodipine. Clin Invest Med 1989
Dec; 12 (6): 357-62

. Bailey DG, Arnold JM, Spence JD. Grapefruit juice and drugs.

How significant is the interaction? Clin Pharmacokinet 1994
Feb; 26 (2): 91-8 20

. Fuhr U, Klittich K, Staib AH. Inhibitory effect of grapefruit

juice and its bitter principal, naringenin, on CYP1A2 depend-
ent metabolism of caffeine in man. Br J Clin Pharmacol 1993
Apr; 35 (4): 431-6

grapefruit juice on the pharmacokinetics and dynamics of
felodipine - and its potential clinical relevance. Eur J Clin

Pharmacol 1992; 42 (3): 313-7 23

. Bailey DG, Arnold JM, Munoz C, et al. Grapefruit juice -

felodipine interaction: mechanism, predictability, and effect

of naringin. Clin Pharmacol Ther 1993 Jun; 53 (6): 637-42

time of intake of grapefruit juice and its effect on pharmaco- 24
kinetics and pharmacodynamics of felodipine in healthy sub-
jects. Eur J Clin Pharmacol 1995; 49 (1-2): 61-7

creases felodipine oral availability in humans by decreasing
intestinal CYP3A protein expression. J Clin Invest 1997 May
15; 99 (10): 2545-53

. Bailey DG, Bend JR, Arnold JM, et al. Erythromycin-felodipine

interaction: magnitude, mechanism, and comparison with
grapefruit juice. Clin Pharmacol Ther 1996 Jul; 60 (1): 25-33

. Bailey DG, Arnold JM, Bend JR, et al. Grapefruit juice-felodip-

ine interaction: reproducibility and characterization with the
extended release drug formulation. Br J Clin Pharmacol 1995 -
Aug; 40 (2): 135-40

Bailey DG, Spence JD, Munoz C, et al. Interaction of citrus
juices with felodipine and nifedipine. Lancet 1991 Feb 2; 337
(8736): 268-9

Josefsson M, Zackrisson AL, Ahlner J. Effect of grapefruit juice
on the pharmacokinetics of amlodipine in healthy volunteers.
Eur J Clin Pharmacol 1996; 51 (2): 189-93

Sigusch H, Henschel L, Kraul H, et al. Lack of effect of grape-
fruit juice on diltiazem bioavailability in normal subjects.
Pharmazie 1994 Sep; 49 (9): 675-9

Rashid TJ, Martin U, Clarke H, et al. Factors affecting the ab- 30.

solute bioavailability of nifedipine. Br J Clin Pharmacol 1995
Jul; 40 (1): 51-8

Sigusch H, Hippius M, Henschel L, et al. Influence of grapefruit 31.

juice on the pharmacokinetics of a slow release nifedipine
formulation. Pharmazie 1994 Jul; 49 (7): 522-4

Fuhr U, Maier A, Blume H, et al. Grapefruit juice increases oral 32.

nimodipine bioavailability [abstract]. Eur J Clin Pharmacol
1994 Aug; 47 (1): A100

Bailey DG, Arnold JM, Strong HA, et al. Effect of grapefruit
juice and naringin on nisoldipine pharmacokinetics. Clin
Pharmacol Ther 1993 Dec; 54 (6): 589-94

Bailey DG, Munoz C, Arnold JM, et al. Grapefruit juice and
naringin interaction with nitrendipine. Clin Pharmacol Ther
1992 Feb; 51 (2): 156

Soons PA, Vogels BA, Roosemalen MC, et al. Grapefruit juice 35.

and cimetidine inhibit stereoselective metabolism of

0 Adis International Limited. All rights reserved.

21.

25.

28.

29.

33.

34.

nitrendipine in humans. Clin Pharmacol Ther 1991 Oct; 5
(4): 394-403

. Fuhr U, Harder S, Lopez-Rojas P, et al. Increase of verapal

concentrations in steady state by coadministration of grap
fruit juice [abstract]. Naunyn Schmiedeberg’s Arch Phar
macol 1994 Mar; 349 Suppl: R134

. Herlitz H, Edgar B, Hedner T, et al. Grapefruit juice: a possib

source of variability in blood concentration of cyclosporin A
[letter]. Nephrol Dial Transplant 1993; 8 (4): 375

Min DI, Ku YM, Perry PJ, et al. Effect of grapefruit juice on
cyclosporine pharmacokinetics in renal transplant patient
Transplantation 1996 Jul 15; 62 (1): 123-5

22. Yee GC, Stanley DL, Pessa LJ, et al. Effect of grapefruit juic

on blood cyclosporin concentration. Lancet 1995 Apr 1-
345 (8955): 955-6

. Ducharme MP, Warbasse LH, Edwards DJ. Disposition

intravenous and oral cyclosporin after administration witl
grapefruit juice. Clin Pharmacol Ther 1995 May; 57 (5)
485-91

. Hollander AA, van Rooij J, Lentjes GW, et al. The effect o

grapefruit juice on cyclosporine and prednisone metabolis
in transplant patients. Clin Pharmacol Ther 1995 Mar; 57 (3
318-24

loannides-Demos LL, Christophidis N, Ryan P, et al. Dosir
implications of a clinical interaction between grapefruit juice
and cyclosporine and metabolite concentrations in patier
with autoimmune diseases. J Rheumatol 1997 Jan; 24 (
49-54

. Proppe DG, Hoch OD, McLean AJ, et al. Influence of chroni

ingestion of grapefruit juice on steady-state blood concentr
tions of cyclosporine Ain renal transplant patients with stabl
graft function. Br J Clin Pharmacol 1995 Mar; 39 (3): 337-¢

. Rau SE, Bend JR, Arnold MO, et al. Grapefruit juice-terfena

ine single-dose interaction: magnitude, mechanism, and r
evance. Clin Pharmacol Ther 1997 Apr; 61 (4): 401-9

Honig PK, Wortham DC, Lazarev A, et al. Grapefruit juice
alters the systemic bioavailability and cardiac repolarizatio
of terfenadine in poor metabolizers of terfenadine. J Cli
Pharmacol 1996 Apr; 36 (4): 345-51

Benton RE, Honig PK, Zamani K, et al. Grapefruit juice alter
terfenadine pharmacokinetics, resulting in prolongation ¢
repolarization on the electrocardiogram. Clin Pharmacol Th
1996 Apr; 59 (4): 383-8

Maish WA, Hampton EM, Whitsett TL, et al. Influence of
grapefruit juice on caffeine pharmacokinetics and pharmac
dynamics. Pharmacotherapy 1996 Nov-Dec; 16 (6): 1046-!

Fuhr U, Maier A, Keller A, et al. Lacking effect of grapefruit
juice on theophylline pharmacokinetics. Int J Clin Pharmact
Ther 1995 Jun; 33 (6): 311-4

Weber A, Jager R, Borner A, et al. Can grapefruit juice influen
ethinylestradiol bioavailability? Contraception 1996 Jan; 5
(1): 41-7

Schubert W, Cullberg G, Edgar B, et al. Inhibition of 17 betz
estradiol metabolism by grapefruit juice in ovariectomize
women. Maturitas 1994 Dec; 20 (2-3): 155-63

Kupferschmidt HH, Ha HR, Ziegler WH, et al. Interaction be
tween grapefruit juice and midazolam in humans. Clin Pha
macol Ther 1995 Jul; 58 (1): 20-8

Hukkinen SK, Varhe A, Olkkola KT, et al. Plasma concentrz
tions of triazolam are increased by concomitant ingestion

Drug Safety 1998 Apr; 18 (4)



270

Fuhr

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

grapefruit juice. Clin Pharmacol Ther 1995 Aug; 58 (2):
127-31
Min DI, Ku YM, Geraets DR, et al. Effect of grapefruit juice on

the pharmacokinetics and pharmacodynamics of quinidine in 54.

healthy volunteers. J Clin Pharmacol 1996 May; 36 (5): 469-
76

Jakobsen J, Glaus L, Graf P, et al. Unmasking of the hypotensiveb5.

effect of nifedipine in normotensives by addition of the an-
giotensin converting enzyme inhibitor benazepril. J
Hypertens 1992 Sep; 10 (9): 1045-51

Kunzendorf U, Brockmoller J, Jochimsen F, et al. Neurotoxicity
caused by a high cyclosporine metabolite level. Transplanta-
tion 1989 Sep; 48 (3): 531-2

Reynolds JEF, editor. Maritindale. The extra pharmacopoeia. 57

31st ed. London: Royal Pharmaceutical Society, 1996

Botstein P. Is QT interval prolongation harmful? A regulatory 58.

perspective. Am J Cardiol 1993 Aug 26; 72 (6): 50B-2B

Fournier P, Pacouret G, Charbonnier B. Une nouvelle cause de
torsades de pointes: association terfenadine et troleandomyc-
ine. Ann Cardiol Angeiol (Paris) 1993 May; 42 (5): 249-52

Hanrahan JP, Choo PW, Carlson W, et al. Terfenadine-associ-
ated ventricular arrhythmias and QTc interval prolongation: a
retrospective cohort comparison with other antihistamines
among members of a health maintenance organization. Ann
Epidemiol 1995 May; 5 (3): 201-9

Spence JD. Drug interactions with grapefruit: whose responsi-
bility is it to warn the public? Clin Pharmacol Ther 1997 Apr;
61 (4): 395-400

The lethal qualities of grapefruit juice. Marketletter 1996 Sep
9: 23

Honig PK, Woosley RL, Zamani K, et al. Changes in the phar-
macokinetics and electrocardiographic pharmacodynamics of
terfenadine with concomitant administration of erythromy-
cin. Clin Pharmacol Ther 1992 Sep; 52 (3): 231-8

Honig PK, Wortham DC, Zamani K, et al. Effect of concomitant
administration of cimetidine and ranitidine on the pharmaco-
kinetics and electrocardiographic effects of terfenadine. Eur
J Clin Pharmacol 1993; 45 (1): 41-6

Fuhr U, Doehmer J, Battula N, et al. Biotransformation of caf-
feine and theophylline in mammalian cell lines genetically g,
engineered for expression of single cytochrome P450
isoforms. Biochem Pharmacol 1992 Jan 22; 43 (2): 225-35

Schubert W, Eriksson U, Edgar B, et al. Flavonoids in grapefruit
juice inhibit the in vitro hepatic metabolism of 17 beta-estra-

diol. Eur J Drug Metab Pharmacokinet 1995 Jul-Sep; 20 (3): g5.

219-24
Zhang YD, Lorenzo B, Reidenberg MM. Inhibition of 11 beta-
hydroxysteroid dehydrogenase obtained from guinea pig kid-

ney by furosemide, naringenin and some other compounds. Jgg.

Steroid Biochem Mol Biol 1994 May; 49 (1): 81-5

Lee YS, Lorenzo BJ, Koufis T, et al. Grapefruit juice and its
flavonoids inhibit 11 beta-hydroxysteroid dehydrogenase.
Clin Pharmacol Ther 1996 Jan; 59 (1): 62-71

Vanakoski J, Mattila MJ, Seppala T. Grapefruit juice does not
enhance the effects of midazolam and triazolam in man. Eur
J Clin Pharmacol 1996; 50 (6): 501-8

Neutel CI. Risk of traffic accident injury after a prescription for
a benzodiazepine. Ann Epidemiol 1995 May; 5 (3): 239-44

0 Adis International Limited. All rights reserved.

53.

56.

59.

61.

62.

67.

68.

Merkel U, Sigusch H, Hoffmann A. Grapefruit juice inhibits
7-hydroxylation of coumarin in healthy volunteers. Eur J Cli
Pharmacol 1994; 46 (2): 175-7

Runkel M, Tegtmeier M, Legrum W. Metabolic and analytice
interactions of grapefruit juice and 1,2- benzopyrone (coum
rin) in man. Eur J Clin Pharmacol 1996; 50 (3): 225-30

Oesterheld J, Kallepalli BR. Grapefruit juice and clomipramin
shifting metabolitic ratios. J Clin Psychopharmacol 1997 Fe
17 (1): 62-3

Lown KS, Kolars JC, Thummel KE, et al. Interpatient heter
geneity in expression of CYP3A4 and CYP3A5 in sma
bowel. Lack of prediction by the erythromycin breath tes
Drug Metab Dispos 1994 Nov-Dec; 22 (6): 947-55

Morris K. Grapefruit juice: the leveller of drug metabolism
Lancet 1997 May 24; 349 (9064): 1524

Edwards DJ, Bellevue FH IlI, Woster PM. ldentification o
6',7'-dihydroxybergamottin, a cytochrome P450 inhibitor
in grapefruit juice. Drug Metab Dispos 1996 Dec; 24 (12
1287-90

Fukuda K, Ohta T, Oshima Y, et al. Specific CYP3A4 inhibitol
in grapefruit juice: furocoumarin dimers as components
drug interaction. Pharmacogenetics 1997 Oct; 7 (5): 391-€

60. Apseloff G, Hilliard JB, Gerber N, et al. Inhibition and induc

tion of drug metabolism by psoralens: alterations in duratic
of sleep induced by hexobarbital and in clearance of caffei
and hexobarbital in mice. Xenobiotica 1991 Nov; 21 (11
1461-71

Apseloff G, Shepard DR, Chambers MA, et al. Inhibition ar
induction of theophylline metabolism by 8- methoxypsoralel
In vivo study in rats and humans. Drug Metab Dispos 19¢
May-Jun; 18 (3): 298-303

Mays DC, Nawoot S, Hilliard JB, et al. Inhibition and inductiol
of drug biotransformation in vivo by 8- methoxypsoraler
studies of caffeine, phenytoin and hexobarbital metabolism
the rat. J Pharmacol Exp Ther 1987 Oct; 243 (1): 227-33

. Bécker RH, Guengerich FP. Oxidation of 4-aryl- and 4-alky

substituted  2,6-dimethyl-3,5-  bis(alkoxycarbonyl)-1,4
dihydropyridines by human liver microsomes an
immunochemical evidence for the involvement of a form «
cytochrome P- 450. J Med Chem 1986 Sep; 29 (9): 1596-6

. Fitzsimmons ME, Collins JM. Selective biotransformation ¢

the human immunodeficiency virus protease inhibitc
saquinavir by human small-intestinal cytochrome P4503A
potential contribution to high first-pass metabolism. Dru
Metab Dispos 1997 Feb; 25 (2): 256-66

Gan LS, Moseley MA, Khosla B, et al. CYP3A-like cytochrom
P450-mediated metabolism and polarized efflux of cycle
sporin A in Caco-2 cells. Drug Metab Dispos 1996 Mar; 2
(3): 344-9

Jurima-Romet M, Crawford K, Cyr T, et al. Terfenadine met
bolism in human liver. In vitro inhibition by macrolide anti-
biotics and azole antifungals. Drug Metab Dispos 19¢
Nov-Dec; 22 (6): 849-57

Kroemer HK, Gautier JC, Beaune P, et al. Identification of P4
enzymes involved in metabolism of verapamil in human
Naunyn Schmiedebergs Arch Pharmacol 1993 Sep; 348 (
332-7

Thummel KE, D OS, Paine MF, et al. Oral first-pass eliminatic
of midazolam involves both gastrointestinal and hepat

Drug Safety 1998 Apr; 18 (4)



Drug Interactions with Grapefruit Juice

271

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

CYP3A-mediated metabolism. Clin Pharmacol Ther 1996 86.

May; 59 (5): 491-502

Varhe A, Olkkola KT, Neuvonen PJ. Diltiazem enhances the
effects of triazolam by inhibiting its metabolism. Clin Phar-
macol Ther 1996 Apr; 59 (4): 369-75

Kolars JC, Awni WM, Merion RM, et al. First-pass metabolism
of cyclosporin by the gut. Lancet 1991 Dec 14; 338 (8781):
1488-90

Barry M, Gibbons S, Back D, et al. Protease inhibitors in pa- 88.

tients with HIV disease. Clinically important pharmacoki-
netic considerations. Clin Pharmacokinet 1997 Mar; 32 (3):
194-209

Ueda CT, Williamson BJ, Dzindzio BS. Absolute quinidine bio- 89.

availability. Clin Pharmacol Ther 1976 Sep; 20 (3): 260-5
Hardman JG, Gilman AG, Limbird LE, editors. Goodman &
Gilman'’s the pharmacological basis of therapeutics. 9th ed.
New York: McGraw-Hill, 1996
Ueng YF, Kuwabara T, Chun YJ, et al. Cooperativity in oxida-

tions catalyzed by cytochrome P450 3A4. Biochemistry 1997 91.

Jan 14; 36 (2): 370-81
Ameer B, Weintraub RA, Johnson JV, et al. Flavanone absorp-

tion after naringin, hesperidin, and citrus administration. Clin  92.

Pharmacol Ther 1996 Jul; 60 (1): 34-40

Fuhr U, Kummert AL. The fate of naringin in humans: a key to
grapefruit juice-drug interactions? Clin Pharmacol Ther 1995
Oct; 58 (4): 365-73

Larkin M. Out with the jab, in with painless pills. Lancet 1997
Jun 7; 349 (9066): 1676

Robinson JWL, L'Herminier ML, Claudet HGA. The effect of
naringenin on the intestinal and renal transport of organic

solutes. Naunyn Schmiedeberg’s Arch Pharmacol 1979; 307: 95.

79-89
Ranganna S, Govindarajan VS, Ramana KV. Citrus fruits - va-
rieties, chemistry, technology, and quality evaluation. Part II.

Chemistry, technology, and quality evaluation. A. Chemistry. 96.

Crit Rev Food Sci Nutr 1983; 18 (4): 313-86

Hagen RE, Dunlap WJ, Mizelle JW, et al. A chromatographic-
fluorometric method for determination of naringin, nar-
ingenin rutinoside, and related flavanone blycosides in
grapefruit juice and juice sacs. Anal Biochem 1965 Sep; 12
(3): 472-82

Ranganna S, Govindarajan VS, Ramana KV. Citrus fruits. Part

1. Chemistry, technology, and quality evaluation. B. Technol- 98.

ogy. Crit Rev Food Sci Nutr 1983; 19 (1): 1-98
Cheng K-J, Krishnamurty HG, Jones GA, et al. Identification

of products produced by the anaerobid degradation of nar-99.

ingin by Butyrivibrio sp. G. Can J Microbiol 1971; 17 :
129-31

Fuhr U, Hensler S, Weindel M, et al. Biotransformation of nar-100.

ingin to naringenin by bacteria from human feces [abstract].
Naunyn Schmiedeberg’s Arch Pharmacol 1996 Mar; 353
Suppl: R156

Green MD, Oturu ME, Tephly TR. Stable expression of a hu-

man liver UDP-glucuronosyltransferase (UGT2B15) with ac- 101.

tivity toward steroid and xenobiotic substrates. Drug Metabol
Dispos 1994; 22: 709-805

Miniscalco A, Lundahl J, Regardh CG, et al. Inhibition of
dihydropyridine metabolism in rat and human
microsomes by flavonoids found in grapefruit juice. J Phar-
macol Exp Ther 1992 Jun; 261 (3): 1195-9

0 Adis International Limited. All rights reserved.

87.

90.

93.

94.

97.

liver 102.

Guengerich FP, Kim DH. In vitro inhibition of dihydropyridine
oxidation and aflatoxin Bl activation in human liver
microsomes by naringenin and other flavonoids. Carcinoge
esis 1990 Dec; 11 (12): 2275-9

Ghosal A, Satoh H, Thomas PE, et al. Inhibition and kinetics
cytochrome P4503A activity in microsomes from rat, humar
and cdna-expressed human cytochrome P450. Drug Met
Dispos 1996 Sep; 24 (9): 940-7

Fuhr U, Kroemer HK, Schymanski P. Effects of naringenin ar
naringin on verapamil metabolism in human liver
microsomes [abstract]. Naunyn-Schmiedeberg’s Arch Phe
macol 1993 Mar; 347 Suppl: R31

Merkel U. Der Einfl@ von Flavonoiden auf die Aktivitat und
Kinetik ausgewahlter Cytochrom P450-Enzyme bei Mensc
und Maus. [PhD thesis]. Halle-Wittenberg, Germany: Martil
Luther Universitat, 1996

Fisher JF, Nordby HE, Waiss Jr AC, et al. Anew coumarin frol
grapefruit peel oil. Tetrahedron 1967 Jun; 23 (6): 2523-8

Ha HR, Chen J, Leuenberger PM, et al. In vitro inhibition ¢
midazolam and quinidine metabolism by flavonoids. Eur
Clin Pharmacol 1995; 48 (5): 367-71

Riov J, Goren R, Monselise SP, et al. Effect of gamma radiati
on the synthesis of scopoletin and scopolin in grapefruit pe
in relation to radiation damage. Radiat Res 1971 Feb; 45 (_
326-34

Tatum JH, Berry RE. Coumarins and psoralens in grapefr
peel oil. Phytochemistry 1979; 18 (3): 500-2

Edwards DJ, Bernier SM. Naringin and naringenin are not tl
primary CYP3A inhibitors in grapefruit juice. Life Sci 1996;
59 (13): 1025-30

Fukuda K, Ohta T, Yamazoe Y. Grapefruit component interac
ing with rat and human P450 CYP3A: possible involvemer
of non-flavonoid components in drug interaction. Biol Pharn
Bull 1997 May; 20 (5): 560-4

Bendriss EK, Bechtel Y, Bendriss A, et al. Inhibition of caffein
metabolism by 5-methoxypsoralen in patients with psoriasi
Br J Clin Pharmacol 1996 May; 41 (5): 421-4

Cai Y, Baer-Dubowska W, Ashwood-Smith M, et al. Inhibitory
effects of naturally occurring coumarins on the metabolic a
tivation of benzo[a]pyrene and 7,12-dimethylbenz[a]anthre
cene in cultured mouse keratinocytes. Carcinogenesis 19
Jan; 18 (1): 215-22

Maenpaa J, Juvonen R, Raunio H, et al. Metabolic interactic
of methoxsalen and coumarin in humans and mice. Bioche
Pharmacol 1994 Oct 7; 48 (7): 1363-9

Mays DC, Camisa C, Cheney P, et al. Methoxsalen is a pot
inhibitor of the metabolism of caffeine in humans. Clin Phar
macol Ther 1987 Dec; 42 (6): 621-6

Mays DC, Hilliard JB, Wond@D, et al. Activation of 8-
methoxypsoralen by cytochrome P-450. Enzyme kinetics
covalent binding and influence of inhibitors and inducers c
drug metabolism. Biochem Pharmacol 1989 May 15; 38 (1C
1647-55

Zaigler M. Charakterisierung von Inhibitoren des Cytochror
P450-Enzyms CYP1A2 beim Menschen. [MD thesis]. Frank
furt am Main, Germany: Johann Wolfgang Goethe
Universitat, 1996

Mays DC, Hilliard JB, Wong DD, et al. Bioactivation of 8-
methoxypsoralen and irreversible inactivation of cytochrom
P-450 in mouse liver microsomes: modification by monoclo

Drug Safety 1998 Apr; 18 (4)



272 Fuhr

nal antibodies, inhibition of drug metabolism and distribution igenesis by flavonoids and citrus juices. Nutr Cancer 199

of covalent adducts. J Pharmacol Exp Ther 1990 Aug; 254 (2): 26 (2): 167-81

720-31 109. Hollander AA, van der Woude FJ, Cohen AF. Effect of grap
103. Schmiedlin-Ren P, Edwards DJ, Fitzsimmons ME, et al. fruit juice on blood cyclosporin concentration [letter]. Lance

Mechanisms of enhanced oral bioavailability of CYP3A4 1995 Jul 8; 346 (8967): 123

substrates by grapefruit juice constituents. Decreased en110. Johnston A, Holt DW. Effect of grapefruit juice on blood cyclc
terocyte CYP3A4 concentration and mechanism-based in- sporin concentration. Lancet 1995 Jul 8; 346 (8967): 122-
activation by furanocoumarins. Drug Metab Dispos 1997; 111. Majeed A, Kareem A. Effect of grapefruit juice on cyclosporir
25 (11): 1228-1233 pharmacokinetics. Pediatr Nephrol 1996 Jun; 10 (3): 395-¢
104. Runkel M, Bourian M, Tegtmeier M, et al. The role of naringin 112. Pisarik P. Blood pressure-lowering effect of adding grapefri

in the interaction of drugs with juices of grapefruit juice [ab- Juice to nifedipine a_nd terazosin in a patient with sever.e rer
stract]. Naunyn Schmiedeberg’s Arch Pharmacol 1997 Mar; X&ﬁ:glar hypertension. Arch Fam Med 1996 Jul-Aug; 5 (7
35.5 Suppl. 4: R123 . 113. Taniguchi S, Kobayashi H, Ishii M. Treatment of psoriasis |
105. St_emmetz I.(A, Potter Jp. Vegetables, fruit, and cancer preven- cyclosporine and grapefruitjuice [letter]. Arch Dermatol 199
tion: a review. J Am Diet Assoc 1996 Oct; 96 (10): 1027-39 Oct; 132 (10); 1249
106. Willett WC. Diet and health: what should we eat? Science 1994
Apr 22; 264 (5158): 532-7
107. Cerda JJ, Robbins FL, Burgin CW, et al. The effects of grape
fruit pectin on patients at risk for coronary heart disease with- Correspondence and reprints: Professor Dr med Uwe Fuhr,
out altering diet or lifestyle. Clin Cardiol 1988 Sep; 11 (9): Institut fiir Pharmakologie der Universitat zu Kéln,
589-94 Klinische Pharmakologie, Gleueler Strafie 24, 50931 Koln,
108. So FV, Guthrie N, Chambers AF, et al. Inhibition of human Germany.
breast cancer cell proliferation and delay of mammary tumor- E-mail: uwe.fuhr@medizin.uni-koeln.de

0 Adis International Limited. All rights reserved. Drug Safety 1998 Apr; 18 (4)



	Contents 251
	Summary 251
	1. Observed Drug Interactions with Grapefruit Juice in Volunteers and in Patients 252
	1.1 Drugs Subject to the Interaction and Extent of Effect 252
	1.1.1 Felodipine 252
	1.1.2 Calcium Antagonists other than Felodipine 253
	1.1.3 Cyclosporin 256
	1.1.4 Terfenadine and Astemizole 256
	1.1.5 Other Drugs 259

	1.2 Change of Pharmacokinetic Variability by Grapefruit Juice 261
	1.3 Grapefruit Juice Interactions during in Long Term Intake 261

	2. Proposed Mechanisms of Interaction 261
	2.1 Gut Wall Cytochrome P450 CYP3A4 as the Main Target of Grapefruit Juice Components In Vivo 261
	261

	3. Characteristics of Grapefruit Juice Components Possibly Involved in the Interaction 263
	3.1 Flavonoids 264
	3.1.1 Abundance of Flavonoids in Grapefruit Juice 264
	3.1.2 Fate of Grapefruit Juice Flavonoids in the Human Body 265
	3.1.3 The Possible Role of Grapefruit Juice Flavonoids in Drug Interactions 265

	3.2 Coumarin and Psoralen Derivatives 266
	3.3 Which Component is to Blame? 266

	4. How to Take Grapefruit Juice Interactions into Account in Drug Therapy 267
	4.1 Risks of Grapefruit Juice Interactions 267
	4.2 Grapefruit Juice as a Drug-Sparing Agent? 268

	5. Conclusions 268
	References 269
	Correspondence and reprints:  272
	E-mail: 272

