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Aims Cytochrome P450 3A4 (CYP3A4) and P-glycoprotein (P-gp) are both
expressed in the intestinal mucosa and present a barrier to oral drug delivery.
CYP3A4 and P-gp share both overlapping tissue distribution and substrate specificity.
Grapefruit juice interactions with CYP3A4 substrates are well documented and
occur as a consequence of down regulation of intestinal CYP3A4. The aim of
the present study was to screen grapefruit juice components against the
CYP3A4-mediated metabolism and P-gp mediated transport of the HIV-1 protease
inhibitor saquinavir.
Methods Five grapefruit juice components: quercetin, naringin, naringenin, 6∞,7∞-
dihydroxybergamottin and bergamottin were screened as potential inhibitors of the
metabolism of saquinavir by human liver microsomes. The known CYP3A4
inhibitor ketoconazole was also screened for inhibitory potential. These compounds
were also screened as modulators of P-gp activity by assessing the directional
transport of saquinavir across Caco-2 cell monolayers which express P-gp. The
effect of verapamil, a known modulator of P-gp function, was also determined in
these cell lines.
Results On preincubation, 6∞,7∞-dihydroxybergamottin and bergamottin inhibited
the metabolism of saquinavir, with IC50 values of 0.33±0.23 mm and 0.74±0.13 mm,
respectively (n=3). Ketoconazole achieved an IC50 of 0.55±0.12 mm (n=4). The
other compounds studied failed to reach IC50 at concentrations of up to 100 mm.
The transport of saquinavir in the basolateral�apical (BL�AP) direction exceeded
that in the apical �basolateral direction (AP�BL), with apparent permeability
coefficients of 199.2±15.8×10−7 cm s−1 and 8.00±1.13×10−7 cm s−1, respect-
ively (n=3) which is indicative of a polarized efflux mechanism. The ratio of
BL�AP/AP�BL for saquinavir was 25, but in the presence of verapamil and
ketoconazole this ratio was reduced to 3.6 and 4.0, respectively (n=3), indicating
extensive inhibition of P-gp mediated saquinavir efflux. Of the grapefruit juice
components studied only naringin and 6∞,7∞-dihydroxybergamottin had any appreci-
able effect, reducing the ratio to 7.6 and 7.1, respectively (n=3); but this was due
solely to increased AP�BL transport.
Conclusions Grapefruit juice components inhibit CYP3A4-mediated saquinavir
metabolism and also modulate, to a limited extent, P-gp mediated saquinavir
transport in Caco-2 cell monolayers. The in vivo effects of grapefruit juice
coadministration are most likely the result of effects on CYP3A4 (inhibition and
down regulation) and only to a minor extent on modulation of P-gp function.
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[3, 4], nifedipine [1], midazolam [5] and terfenadine
Introduction

[6].
Many lines of evidence point to the intestine, ratherGrapefruit juice increases the oral bioavailability of the

CYP3A4 substrates felodipine [1, 2], cyclosporin A (CsA) than the liver as the major site of this interaction in vivo.
Firstly, the metabolism of some of these compounds
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Thirdly, grapefruit juice does not influence the clearance ation and antitransport. This is especially important in the
villi of the small intestine, where CYP3A4 and P-gp actof drugs when they are administered intravenously.

Ducharme et al. [4] observed no difference in pharmaco- synergystically as an oral drug delivery barrier.
The Caco-2 cell line is the most common in vitrokinetic parameters for CsA when coadministered intra-

venously with grapefruit juice. Finally, the major model for investigating the gastrointestinal absorption of
drugs [19]. This cell line resembles mature enterocytes ofpharmacokinetic effect of grapefruit juice coadminis-

tration is to increase the peak plasma concentration of the human small intestinal epithelium, both structurally
and functionally [20]. For transport studies Caco-2 cellsdrugs (therefore increasing AUC), having little effect on

the subsequent clearance (i. e. no change in half-life). are grown on Transwell polycarbonate membranes and
form highly differentiated, polarized monolayers whichThe interaction between grapefruit juice and felodipine

was assessed in healthy volunteers [12]. At day 1, are joined by tight junctions, preventing the paracellular
diffusion of solutes [21]. In keeping with their origingrapefruit juice caused a 73% increase in AUC and a

138% increase in maximum plasma concentrations of Caco-2 cells express high levels of P-gp which is localized
to the apical brush border [22], consistent with thefelodipine. These effects were sustained after 14 days of

repeated ingestion, suggesting that the interaction is rapid site of expression of P-gp on the apical surface of
enterocytes [23].and fully developed after the first glass. The effects of

repeated grapefruit juice consumption was also investi- Saquinavir (SQV) has been identified as a substrate for
P-gp by its ability to modulate the cytotoxicity ofgated by Lown et al. [13]. The enterocyte level of

CYP3A4 (normalized to villin expression) was assessed chemotherapeutic agents in P-gp positive cell lines [24].
More recently, studies have described the polarizedin small intestinal biopsy samples. Mean enterocyte

CYP3A4 protein concentration decreased by 62%, transport of SQV (and other protease inhibitors) across
Caco-2 cell monolayers [25]. Other evidence, includingwhile levels of CYP3A4 mRNA remained constant.

Administration of grapefruit juice significantly increased the ability of protease inhibitors to stimulate P-gp specific
ATPase activity, inhibit competitively the concentrationAUC and maximal plasma concentrations of felodipine.

The authors proposed that grapefruit juice caused selective dependent binding of [125I]-iodoarylazidoprazosin to
P-gp and increasing the accumulation of fluorescentdown regulation of CYP3A4 protein in the small

intestine. This was most likely the result of accelerated substrates of P-gp in P-gp positive cell lines has also been
presented [26].protein degradation induced by damage of the enzyme

caused by suicide inactivation. A 42% decrease in the As with other drugs that interact with grapefruit juice,
SQV is metabolized by CYP3A4 in the intestine [27]expression of enterocyte CYP3A4 protein 4 h after

grapefruit juice ingestion has also been documented [14]. and indeed these authors have highlighted an extensive
role for intestinal CYP3A4 in the poor oral bioavailabilityIncreased emphasis is now placed on the role of

p-glycoprotein (P-gp) mediated drug efflux in the of SQV. In vivo, grapefruit juice has been shown to cause
a two-fold increase in the AUC and Cmax of orallylow and variable oral bioavailability of many drugs, for

example CsA. 75% of interpatient variability in CsA administered SQV, an effect which was absent following
intravenous administration [28].clearance has been attributed to a combination of hepatic

CYP3A4 and enterocyte P-gp expression [15]. Intestinal The aims of the present study were to screen several
grapefruit juice components: naringin, naringenin, quer-CYP3A4 did not correlate with CsA clearance indicating

a lack of involvement [15]. A progressive decrease in cetin, 6∞,7∞-dihydroxybergamottin and bergamottin for
inhibition of the CYP3A4-mediated metabolism of SQVAUC and Cmax and an increase in tmax values was

observed when CsA was instilled into either the stomach, and the directional transport of SQV in Caco-2 cell
monolayers cultured on Transwell polycarbonate filters.jejunum/ileum or the colon [16], while P-gp mRNA is

known to increase progressively from the stomach to the
colon [17]. The AUC for CsA after administration to

Methodsdistinct regions of the gastrointestinal tract was shown to
correlate significantly with P-gp expression, suggesting

Chemicals
that CsA absorption in man is modulated by P-gp [16].

A striking overlap in the tissue distribution and the Quercetin, naringin, naringenin, verapamil hydro-
chloride, b-NADPH (reduced form), penicillin (5000 Usubstrate specificity of CYP3A4 and P-gp has been

observed, covering a wide variety of therapeutic agents ml−1)/streptomycin (5000 mg ml−1), PBS tablets (×10)
and trypsin EDTA (0.25%) were purchased from theincluding antiarrhythmic and cancer chemotherapeutic

agents [18]. Due to observations such as these, it has Sigma Chemical company (Poole, Dorset, UK).
Dulbecco’s modified Eagle’s medium (DMEM), Hank’sbeen suggested that CYP3A4 and P-gp may play

complementary roles in drug disposition, biotransform- balanced salt solution (HBSS), HEPES, and foetal bovine
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serum were purchased from Gibco (Gibco Life Sciences comprised ammonium acetate (75 mm; pH 6.8) and AcN
(far UV). Initial run conditions were: 72% ammoniumLtd, Paisley, UK). Bergamottin and 6∞,7∞-

dihydroxybergamottin were a kind gift from Dr David acetate: 28% AcN. Between 25 and 36 min there was a
linear increase to 40% AcN. At 42 min there was aBailey (Ontario, Canada). Ketoconazole was a gift from

Janssen (Beerse, Belgium). Saquinavir (SQV) and [14C]- further linear increase to 50% AcN over 8 min, which
remained constant for 5 min. This was followed by asaquinavir were provided by Roche Products Ltd

(Welwyn Garden City, UK). H.p.l.c. grade for u.v. return to initial run conditions over 5 min and a 5 min
re-equilibration period.acetonitrile (AcN) and methanol (MeOH) were purchased

from Fisons Plc (Loughborough, UK). Ultima Gold
liquid scintillation cocktail was obtained from Packard LC/MS analysis of saquinavir metabolites
(Groningen, Netherlands). All other reagents were of the

For LC/MS analysis larger quantities of SQV metaboliteshighest grade possible.
were prepared from an incubation containing 10 sequen-
tial additions of [14C]-SQV (3 mm; 0.03 mCi) in the

Human liver samples presence of 0.2 mg microsomal protein and MgCl2
(10 mm), NADPH (1 mm) in phosphate buffer (0.067 m;Histologically normal livers were obtained from kidney
pH 7.4). Additions of SQV were made at 20 mintransplant donors. Consent for their removal was obtained
intervals, termination and extraction of samples were asfrom the donor’s relatives and Ethics Committee approval
above. LC/MS analysis was performed on a Quattro IIwas granted for their use in this study. Liver tissue
‘triple quadrupole’ mass spectrometer (Micromass Ltd,(10–20 g portions) was frozen in liquid nitrogen and
Manchester, UK) by electronspray ionization. An eluatestored at −80° C until required. Washed microsomes
flow to LC/MS interface of 50 ml min−1 was employed(105 000 g pellets) were prepared by differential centrifu-
with an interface temperature of 60° C, capillary voltagegation. Microsomal protein yield was determined by the
of 3.85 kV and a cone voltage of 30 V. SQV andmethod of Lowry et al. [29].
metabolites were resolved using the above h.p.l.c.
conditions. Detection was by on-line radiometric detec-

Caco-2 cell lines tion and selected ion monitoring for mono-and
di-hydroxylated products along with parent compound.Caco-2 cells ( passage number 106) were generously
Analytes were detected as protonated molecules.provided by Dr Alex Dodoo (Roche Products Ltd,

Welwyn Garden City, UK). Cells were grown in tissue-
culture treated flasks (162 cm2; Costar, High Wycombe, Inhibition studies
Bucks., UK) at 37° C in a 10% CO2 incubator. Cells

The inhibitory potential of grapefruit juice constituents:were maintained in DMEM supplemented with foetal
quercetin (QTN), naringin (NAR), naringenin (NGN),bovine serum (10%; v/v), penicillin (50 U ml−1 and
6∞7∞-dihydroxybergamottin (DHB) and bergamottinstreptomycin (50 mg ml−1). Medium was changed every
(BEG) was investigated using the standard assay con-2 days until confluence of the cell monolayer was
ditions. Ketoconazole (KET) was also studied. Incubationsachieved.
were performed in the presence of a range of inhibitor
concentrations (0–100 mm). Inhibitors were prepared as

Metabolism of saquinavir stock solutions in methanol, with an appropriate volume
(to achieve the required concentration in the incubation)A 500 ml incubation mixture containing 0.1 mg micro-
dried down prior to reconstitution in the incubationsomal protein was incubated with [14C]-SQV (3 mm;
volume containing protein and phosphate buffer. There0.03 mCi) in the presence of MgCl2 (10 mm), NADPH
was no visible evidence of precipitation of any of these(1 mm) in phosphate buffer (0.067 m; pH 7.4).
compounds over the concentration range studied.Incubations were terminated by the addition of MeOH

IC50 values (concentration of inhibitor to cause 50%(500 ml) to precipitate microsomal protein, followed by
inhibition of original enzyme activity) were determinedcentrifugation to remove the precipitated protein.
by GraFit (Version 3.01) where appropriate using theSupernatants were evaporated to dryness prior to reconsti-
following equation:tution in mobile phase (120 ml). SQV metabolism was

assessed by h.p.l.c. analysis of an aliquot (90 ml ) with
v=

V0

1+(I/IC50)s
on-line radiometric detection. SQV and metabolites
were resolved on a Prodigy column (15 cm×4 mm:
Phenomenex, Macclesfield, UK) using a gradient mobile where V0 is uninhibited velocity, v is observed velocity,

s is slope factor and I is inhibitor concentration. Inphase system, flow rate 1.5 mlmin−1. Mobile phase
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addition to coincubations, preincubations (30 min) were where dQ/dt=pmol transported min−1, A=area of
filter, C0=initial concentration of saquinavir.performed in the absence of substrate, to determine if

any of the grapefruit juice constituents studied caused
mechanism based inhibition of CYP3A4-mediated saqui-

Results
navir metabolism.

Inhibition of saquinavir hydroxylation

Transport studies Saquinavir (3 mm; 0.03 mCi) was metabolized to a number
of products by human liver microsomal preparations. AViable cells ( passage number 110), as determined by
representative radiometric h.p.l.c. chromatogram is showntrypan blue exclusion, were seeded onto polycarbonate
in Figure 1. LC/MS analysis with single ion monitoringfilters (4.7 cm2; 24 mm diameter; 0.4 m pore size; Costar,
at the appropriate pseudomolecular mass (for protonatedUK) at an initial density of 0.5×106 cells/cm2 and
molecules) indicated that the major metabolites ofmaintained at 37° C in a 10% CO2 atmosphere in
saquinavir were M2−di-hydroxylated (m/z=703), M4‘Transwell’ 6 well culture plates (Costar, High Wycombe,
and M10−mono-hydroxylated (m/z=687). The otherBucks., UK). The medium was changed (above and
metabolites of saquinavir were a mixture of mono-andbelow filters) every other day. Confluent monolayers
di-hydroxylated products.were utilized for transport studies on 15 days post seeding.

Upon coincubation, BEG and DHB inhibited saquina-The transepithelial electrical resistance (TEER; calculated
vir metabolism with IC50 values of 3.07±0.61 mm andfrom [(resistance of filter+cells)−(resistance of filter
1.68±0.38 mm (n=3), respectively (Figure 2a and b).alone)]×effective growth area; expressed as V/cm2) was
Pre-incubation of BEG and DHB with microsomalmeasured using a Millicell electrical resistance system.
protein and NADPH caused greater inhibition with IC50Measurement of TEER gave a quantitative indication of
values of 0.74±0.13 mm and 0.33±0.23 mm, respectivelymonolayer confluence and integrity.
(n=3) (Figure 2a and b). In comparison the knownPrior to transport studies the monolayer was washed
CYP3A4 inhibitor, KET, achieved an IC50 ofwith transport medium, Hanks balanced salt solution
0.55±0.12 mm (n=4) (Figure 2c). Quercetin (preor(HBSS; ×2) containing HEPES (10 mm; pH 7.4). Apical
coincubation) elicited around 40% inhibition of saquinavirand basolateral chambers of the Transwells were then
hydroxylation at 100 mm (Figure 2d). NAR and NGNfilled with HBSS (1.5 ml and 2.5 ml, respectively) and

equilibrated for 1 h (37° C; 10% CO2 incubator), after
which TEER was re-assessed.

To study the apical to basolateral (AP�BL) and
basolateral to apical (BL�AP) transport of saquinavir,
medium in either the apical or basolateral chamber was
removed, respectively, and replaced with an equal volume
of HBSS containing [14C]-saquinavir (1 mm; 0.02 mCi).
At predetermined times of 30, 60, 90, 120 and 150 min
an aliquot (500 ml) was removed from the receiver
chamber and replaced with an equal volume of HBSS.
Scintillation cocktail (4 ml; Ultima Gold) was added to
each sample and SQV transport was assessed by liquid
scintillation counting. The inhibition of saquinavir trans-
port was assessed by the simultaneous addition of inhibitor
to the same chamber as saquinavir.

Verapamil (VER; 500 mm), KET (500 mm), QTN
(250 mm), NAR (250 mm), NGN (250 mm), DHB
(200 mm) and BEG (100 mm) were screened as potential
P-gp modulators.

Monolayer TEER was re-assessed following sampling
at the last time point.

Apparent permeability coefficients (Papp) were deter-
mined from the cumulative transport data, as follows: Retention time (min)
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Figure 1 Representative radio-chromatogram of the metabolism
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of saquinavir (3 mm; 0.03 mCi) by human liver microsomes
(0.1 mg; 10 min incubation).
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Figure 2 Inhibition of saquinavir metabolism (3 mm; 0.03 mCi) by: (a) bergamottin (b) 6∞,7∞-dihydroxybergamottin (c) ketoconazole (d)
quercetin, (e) naringin and (f ) naringenin. Data represent the mean±s.d. of determinations in three individual human liver microsomal
preparations, except (c), where n=4. ( coincubations; $ preincubations.

failed to inhibit either upon preincubation or coincubation respectively, in the presence of SQV alone and all P-gp
modulators examined. The transport of SQV (1 mm)(Figure 2e and f, respectively).
in the BL�AP direction was approximately 25-fold that
in the opposite direction (Table 1, Figures 3a and 4).

Inhibition of saquinavir transport
VER (500 mm) increased the AP�BL transport of
SQV (1 mm), demonstrating an increase in PappTEER readings at the start and finish (at 150 min)

remained constant at 610±65 and 747±180 V cm−2, from 8.00±1.13–40.53±1.64×10−7 cm s−1 and also
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Table 1 Permeability coefficients (Papp) for the transport of saquinavir (1 mm ) in the apical�basolateral and basolateral�apical
directions: the effect of verapamil, ketoconazole and grapefruit juice constituents on permeability in both directions.

Ratio
Papp×10−7 cm s−1 Fold increase in AP�BL Papp×10−7 cm s−1 % decrease in BL �AP BL �Ap/

AP�BL ( in the presence of modulator) BL �AP (in the presence of modulator) AP�BL

SQV (1 mm) 8.00±1.95 — 199.2±22.4 — 25.0
+VER (500 mm) 40.54±2.84 5.1 146.9±7.9 26.2 3.6
+KET (500 mm) 21.08±4.03 2.6 84.9±13.0 57.4 4.0
+QTN (250 mm) 8.04±1.25 < 166.8±7.4 19.3 20.0
+NAR (250 mm) 26.01±13.37 3.3 197.0±9.4 1.1 7.6
+BEG (100 mm) 8.75±1.84 1.1 205.6±10.7 < 23.5
+DHB (200 mm) 30.84±13.43 3.9 219.0±18.2 < 7.1
+NGN (250 mm) 8.78±1.93 1.1 152.2±7.0 23.6 17.3

decreased the BL�AP transport of SQV (1 mm) from demonstrated that DHB inhibited CYP3A4 in an
NADPH and time dependent manner [31]. When DHB199.2±15.84×10−7 cm s−1 to 146.9±4.55×10−7

cm s−1 (Table 1, Figures 3b and 4). VER reduced the was added to the apical side of Caco-2 cells, expressing
CYP3A4, grown on polycarbonate filters a 40% reductionratio of BL�AP/AP�BL transport from around 25-fold

to around 3.6-fold (Table 1, Figure 5). KET (500 mm) in CYP3A4 protein expression was observed [14]. In
addition to mechanism-based inhibition, it has beenalso increased the permeability of SQV in the AP�BL

direction and decreased the BL�AP transport (Table 1 proposed that DHB has the ability to competitively
inhibit CYP3A4 because it is metabolized to multipleand Figures 3c and 4). The presence of KET reduced the

ratio of BL�AP/AP�BL transport to around 4 (Table 1, hydroxylated products by this isoform [14]. This would
indicate that DHB is a substrate of CYP3A4 which is inFigure 5).

Of the other compounds screened NAR (250 mm) and keeping with the concept of mechanism-based or ‘suicide’
inhibition. These in vitro findings support the hypothesisDHB (100 mm) increased the AP�BL transport of SQV

(1 mm), increasing Papp in this direction by factors of 3.3 that in vivo grapefruit juice consumption causes a down
regulation of intestinal CYP3A4 expression by mechan-and 3.9 receptively (Table 1, Figure 4). Although these

compounds caused minimal inhibition of transport in the ism-based inactivation of the enzyme causing its rapid
intracellular degradation [14].opposite direction (BL�AP) there was a reduction in

the ratio of BL�AP/AP�BL from around 25-fold to Evidence to support the fact that DHB is not the sole
component responsible for the effects of grapefruit juicearound 7-fold (Table 1, Figure 4 & 5).

QTN (250 mm), BEG (200 mm) and NGN (250 mm) was proposed by Bailey et al. [32], who studied supernatant
and reconstituted particulate matter from centrifugedcaused minimal changes in the transport of SQV (1 mm),

with Papp remaining essentially unchanged in the grapefruit juice on the oral pharmacokinetics of felodipine.
Although there was a greater concentration of DHB inAP�BL direction. Although QTN and NGN reduced

transport in the BL�AP direction (20% and 23%, the supernatant fraction, the effects of the reconstituted
particulate matter more closely resembled those ofrespectively; Table 1), when the ratio of BL�AP/

AP�BL transport was calculated there was no net effect grapefruit juice itself. This would indicate the existence
of at least one additional substance in grapefruit juice thaton the flux of saquinavir (Table 1, Figures 4 and 5).
contributes to the observed in vivo effect. In the present
study BEG also caused potent, apparently mechanism-

Discussion
based inhibition of saquinavir metabolism. BEG has
previously been shown to cause mechanism-based inhi-Both DHB and BEG are potent in vitro inhibitors of the

CYP3A4-mediated metabolism of saquinavir. This inhi- bition of CYP3A4, with a Ki value of 7.7 mm [33].
Therefore BEG may also contribute to the observedbition appeared to occur by a mechanism–based inter-

action, since both compounds caused greater inhibition in vivo effects of grapefruit juice consumption. The data
on inhibition by flavonoids is equivocal with 100 mmfollowing preincubation with microsomal protein and

NADPH prior to the addition of either substrate NGN reported to cause marked inhibition [34] or no in-
hibition [35] of nifedipine metabolism.(Figure 1a and b).

DHB has been previously shown to inhibit CYP3A4 Transport of SQV (1 mm) by the Caco-2 cell monolayer
in the BL�AP direction far exceeded that in the oppositeactivity (assessed by the 6∞-hydroxylation of testosterone)

with an IC50 value of 25 mm [30]. Further studies direction by a factor of around 25-fold, indicating

© 1999 Blackwell Science Ltd Br J Clin Pharmacol, 48, 543–552548
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directional transport is provided by the fact that in the
presence of VER the apparent permeability of SQV in
the BL�AP direction was only three fold that in the
AP�BL direction, which would indicate extensive
inhibition of P-gp-mediated SQV transport.

KET (albeit at a high concentration, 500 mm) also
inhibited the BL�AP translocation of SQV (1 mm) and
increased transport in the opposite direction. In the
presence of KET the ratio of BL�AP/AP�BL transport
fell from around 25 fold to 4 fold, indicating that this
concentration of KET was as effective as VER (500 mm)
(Table 1). In vivo coadministration of KET with SQV
causes a 3 fold increase in SQV AUC [37].

The grapefruit juice constituents had variable effects
on the directional transport of saquinavir with NAR and
DHB causing the most obvious effects, decreasing the
ratio of BL�AP/AP�BL transport from around 25-fold
to 8-and 7-fold, respectively. However, this was solely
based on an increase in AP�BL flux. Also, the
concentration of DHB used (200 mm) is in excess of that
found in concentrated grapefruit juice (30 mm [30, 38]);
and is higher than that used (50 mm) in the recent study
of Edwards et al. [39] which showed only a 9% increase
in calcein fluorescence in L-MDR1 cells. The concen-
tration of NAR in grapefruit juice is much higher
(>1000 mm [38]). QTN had essentially no effect on the
transport of saquinavir in either direction, although it has
previously been indicated as a substrate for an efflux
mechanism in Caco-2 cell monolayers [40] and has been
shown to potentiate the activity of adriamycin in MCF-7
adriamycin resistant human breast carcinoma cells [41].
In a study on vinblastine transport in Caco-2 cells, NAR
and NGN increased uptake from the apical side, although
the observed effects were stated to be insufficient to
account for the effect of grapefruit juice [42].

In vivo the coadministration of grapefruit juice and
SQV resulted in a two fold increase in SQV AUC and
bioavailability [28]. This effect was absent with intra-
venously administered saquinavir and the authors pro-
posed that the main effect was inhibition of intestinal
CYP3A4. However these observations do not rule outTime (min)
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Figure 3 The cumulative transport of saquinavir (1 mm;

The effects of grapefruit juice on the intestinal0.02 mCi) across Caco-2 cell monolayers in the basolateral�apical
expression of P-gp have been investigated and, unlikeand apical�basolateral directions: (a) saquinavir alone (b) in the
CYP3A4 immunoreactive protein, there was no differ-presence of verapamil (500 mm) and (c) in the presence of

ketoconazole (500 mm). Data represent the mean±s.d. of three ence in P-gp levels pre- and post-exposure [13]. Therefore
individual determinations. ( basolateral�apical direction; $ if any grapefruit juice constituents are capable of
apical�basolateral direction. modulating P-gp function this would be via direct

competition for the efflux pump rather than down
regulation of protein expression.the presence of an active efflux mechanism (Table 1;

Figure 2a). Previous studies have demonstrated an average The finding that saquinavir is a substrate of P-gp
(demonstrated here and in previous studies) may limit its25-fold greater apparent permeability of SQV across

Caco-2 cell monolayers in the BL�AP direction [36]. access to various sites of action. This has implications
when considering the penetration of SQV through theEvidence to support the involvement of P-gp in this
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concentrations of protease inhibitors being achieved in
the central nervous system.

P-gp has also been detected on haematopoietic stem
cells [45] and lymphoid cells [46–48], although its
function at this site is poorly understood. The fact that a
large proportion of human lymphocytes express functional
P-gp which is capable of excluding drugs from the
cellular interior could be implicit in the failure of protease
inhibitors to inhibit viral replication in some lymphocyte
populations. This could be a reason for the observed
reservoirs of viable, replication competent, nonmutated
HIV-1 which survive in T-cells [49–51].

In conclusion we have demonstrated that both DHB
and BEG cause mechanism-based inhibition of
CYP3A4-mediated metabolism. This is in keeping with
in vivo studies [13, 14] and in studies with Caco-2 cells
expressing CYP3A4 [14]. From the literature it is still
unclear which component is responsible for the observedSQV (1µm) + modulator
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Figure 5 The effects of verapamil, ketoconazole and grapefruit component alone which is responsible rather than a
juice components on the ratio of basolateral�apical/

combination of the inhibitory effects of multipleapical�basolateral transport of saquinavir (1 mm; 0.02 mCi) in
components.Caco-2 cell monolayers.

Although none of the grapefruit juice constituents
tested appears to markedly inhibit in vitro P-gp activity,
it is still possible that unidentified components ofblood brain barrier, as P-gp is expressed at this site [43].

HIV is known to reside in the brain, as evidenced by the grapefruit juice will have greater inhibitory effects on
P-gp function which may contribute to improved oralpresence of unintegrated viral DNA in brain tissue of

HIV-infected individuals [44]. Therefore the presence of bioavailability of some compounds. Inhibition of P-gp
function by grapefruit juice could lead to higherP-gp in the blood brain barrier could prevent therapeutic
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