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Effects of citrus fruit juices on cytotoxicity and drug
transport pathways of Caco-2 cell monolayers
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Abstract

The aim of this study was to correlate the taxonomy of grapefruit, pummelo, orange, lime and lemon with fruit juice-mediated cytotoxicity,
modulation of epithelial permeability and P-glycoprotein (P-gp)-mediated efflux using 0–50% juice concentrations. Lime and lemon juices at 30%
enhanced the absorption of [14C]-mannitol across Caco-2 cell monolayers by six- and eight-fold, respectively, but grapefruit and pummelo juices
did not modulate the paracellular [14C]-mannitol transport even at 50%. Orange juice at 30% increased mannitol absorption to a comparable level
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s lime juice, but had minimal effects on TEER. All five juices did not modulate the passive diffusional pathway as exemplified by their n
ffects on [3H]-propranolol absorption. Grapefruit, pummelo and orange juices showed P-gp inhibitory activity by reducing rhodamine-12
fflux and elevating R-123 cellular accumulation, but lime and lemon juices did not. Lime and lemon juices at≥30% were cytotoxic toward
aco-2 cells. Grapefruit and pummelo juices at 10% did not affect Caco-2 cell viability, but they enhanced cell growth at concentrations≥30%.
range juice increased cell viability only at lower concentrations. On the basis of these data, lime and lemon juices could be regarded
istinct from grapefruit and pummelo juices, while orange juice appeared to belong to a bridging group. This grouping was consiste
ategorization of the citrus fruits according to their dominant flavonoid pattern and taxonomy.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Grapefruit juice was discovered in 1991 to increase the oral
ioavailability of felodipine by several-fold (Bailey et al., 1991)

hrough its inhibitory action on cytochrome P450 (CYP) 3A4-
ediated drug metabolism (Lown et al., 1997). More recently, it
as reported to modulate intestinal drug absorption via the P-gp-
ediated efflux and OATP-mediated uptake transport systems

Dresser et al., 2002). Since then, fruit juice–drug interactions
nvolving the transport activities of the P-glycoprotein (P-gp)
nd organic anion transporting polypeptides (OATPs) have been
ariously studied with the juices of grapefruit (Dresser et al.,
002; Tian et al., 2002), orange (Dresser et al., 2002; Tian et
l., 2002), lime (Xu et al., 2003), lemon (Xu et al., 2003) and
ummelo (Xu et al., 2003).

∗ Corresponding author. Tel.: +61 8 6488 4413; fax: +61 8 6488 1025.
E-mail address: limly@cyllene.uwa.edu.au (L.-Y. Lim).

In a previous study (Xu et al., 2003), we have categorized lim
and lemon juices into one group, and pummelo and grap
juices into a second group, based on their comparative e
on the TEER, intracellular dehydrogenase activity and P
mediated digoxin transport profile in the Caco-2 cell mo
This grouping was consistent with the categorization of
fruits based on their dominant flavonoid pattern (Albach and
Redman, 1969; Berhow et al., 1998) and taxonomy (Barret and
Rhodes, 1976), suggesting that the diversification in constitu
profile of the fruit juices might play a minor role in influen
ing their cellular activities. This hypothesis is not without ba
Comparable grapefruit juice-mediated drug transport mod
ing activities have been reported by various laboratories (Eagling
et al., 1999; Xu et al., 2003) although the laboratories we
not likely to use juices of the same composition, juice c
position being dependent on genus, conditions of cultiva
harvest, storage and processing (Ameer and Weintraub, 1997).
If proven, the hypothesis has significant implications on the
diction of fruit juice–drug interactions. This is because eff
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to apportion the contribution of major juice components to a
specific drug transport activity have met with limited success
to date (Miniscalco et al., 1992; Rashid et al., 1993). Con-
founding the process is the observation that whole juice may
yield synergistic activity compared to individual, isolated com-
ponents (Guo et al., 2000). It will therefore be advantageous
if we were to be able to predict fruit juice–drug interactions
based on the dominant flavonoid pattern and/or taxonomy of the
fruit.

In this study, we proposed to test the validity of the hypoth-
esis by examining the effects of grapefruit, pummelo, orange,
lime and lemon juices on the paracellular and transcellular pas-
sive transport pathways, in addition to the P-gp-mediated efflux
in the Caco-2 cell model. Of the five cultivated citrus, only the
pummelo meets sufficient biological criteria to be regarded as
a true species (Barret and Rhodes, 1976). Grapefruit (Citrus
paradisi) is a hybrid of pummelo (Citrus grandis) and orange
(Citrus sinensis), while orange is believed to also possess pum-
melo characteristics. Lime (Citrus aurantifolia) is considered to
be a trihybrid involving the citron, pummelo and a species of
Microcitrus, whereas lemon (Citrus limon) is probably derived
from citron, lime and another unidentified gene source. Citron
(Citrus medica), another true species, was not included in this
study because it was too dry to yield sufficient juice with the pro-
cessing method applied. Orange juice has served as a negative
control in experiments on grapefruit juice-mediated inhibition of
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membranes of different constitutions (Van Meer and Simons,
1986). Caco-2 cells are polarized when cultured on porous sup-
ports for 3 weeks (Ward et al., 2000), and they show differential
apical and basal membrane constitutions (Pade and Stavchansky,
1997; Ward et al., 2000), with evidence of P-glycoprotein (P-gp)
expression on the apical surface (Hunter et al., 1993). Cellular
accumulation of rhodamine-123 (R-123), a well-established P-
gp substrate (Zastre et al., 2002), was used as a measure of
P-gp-dependent transport activity (Wigler, 1996). To delineate
the general toxicity of the fruit juices from their specific effects
on the drug transport pathways, in vitro cytotoxicity studies were
performed by the MTT assay (Scudiero et al., 1988) of Caco-2
cells exposed to the fruit juices.

2. Materials and methods

2.1. Materials

[14C]-mannitol (53.7 mCi/mmol) and [3H]-propranolol
(24.4 Ci/mmol) were purchased from Perkin-Elmer Life-
Sciences (Wellesley, MA, USA); minimum essential medium
(MEM), fetal bovine serum (FBS), trypsin–EDTA, and phos-
phate buffered saline (PBS, pH 7.4) were from Gibco
BRL Life Technologies (Grand Island, NY, USA); penicillin,
streptomycin, sodium bicarbonate (NaHCO3), non-essential
amino acid (NEAA), dimethylsulfoxide (DMSO), Hank’s bal-
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YP3A4 (Ohnishi et al., 1999), but was found to exhibit simila
nhibitory activities on the P-gp (Ohnishi et al., 1999; Tian et a
002) and OATP (Dresser et al., 2002) as the grapefruit juice
range is interesting in that it is in the same taxonomic cla
ummelo and grapefruit, but is classified with lime and lemo

he basis of dominant flavonoid pattern. The inclusion of ora
ould therefore test the relative importance of these two
ification principles in predicting the drug transport modula
ctivities of the citrus juices.

The passive transcellular pathway is important for drug tr
ort across the intestinal epithelium because the majority of

cally significant drugs administered by the oral route (mo
lar weight > 200 Da and molecular radii > 15Å) are absorbe
ia this route (Kerns, 2001). The paracellular route norma
lays a minor role in intestinal drug translocation (Ward et al.
000), but can become an important route if the intercell

ight junction is compromised (Sawada et al., 2003). Tight junc-
ion integrity across confluent cell monolayers were evalu
y monitoring the transepithelial electrical resistance (TE
Markowska et al., 2001; Ward et al., 2000) and the transport o
14C]-mannitol, a paracellular marker (Markowska et al., 2001
ade and Stavchansky, 1997). [3H]-propranolol was used as
arker for the passive transcellular transport pathway (Violini et
l., 2002). Bi-directional [14C]-mannitol and [3H]-propranolo
ermeability were quantified by determining the apparent
eability coefficient (Papp) values in the apical-to-basal a
asal-to-apical directions.

Although fruit juices consumed orally are unlikely to pres
n the same composition in the blood, mannitol and pro
olol transport was carried out in the basal-to-apical direc

o determine if the fruit juices exhibit similar activities for c
s
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nced salt solution (HBSS),N-[2-hydroxyethyl]piperazine-N′-
2-ethanesulfonic acid] (HEPES), dextran, rhodamine-123
ovine serum albumin (BSA) were from the Sigma Chem
o. (St. Louis, MO, USA); propranolol HCl was from Beac
hemical Pte Ltd.; sodium lauryl sulphate (SDS) and 3-(
imethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MT
ere from BDH Chemicals Ltd. (Poole, England); Triton
00 from Bio-Rad Laboratories (CA, USA); 96-well plates fr
unc

TM
(Roskilde, Denmark); liquid scintillation cocktail BC

as from Amersham International (Little Chalfont, Bucks, U
nd Transwell

TM
polycarbonate cell culture inserts (12 mm dia

ter, 0.4�m pore size) were from Costar Corp. (Bedford, M
SA). Caco-2 cells of passage 18 were obtained from the A

can Type Culture Collection (ATCC; Rockville, MD, USA
hile lime, lemon, orange, grapefruit and pummelo were
hased from a local supermarket.

.2. Cell culture

Caco-2 cells (passages 47–56) were seeded onto Trans
TM

ell culture inserts at a density of 105 cells/insert and culture
n MEM supplemented with 10% FBS, 1% NEAA, 100�g/ml
enicillin, 100�g/ml streptomycin and 7.5% NaHCO3. Cell cul-

ures were incubated at 37◦C in 5% CO2/95% air in a CO2
ncubator (NuAire, USA), with medium exchange on every
nd day. On Days 21–28, the integrity of the cell monolayers
onfirmed by TEER measurements (Millicell®-ERS, Millipore,
edford, MA, U.S.A). Confluent cell monolayers in cultu
edium with TEER values greater than 300� cm2, after cor-

ection for resistance in control blank wells, were used in
ransport experiments.
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2.3. Dosing solutions

Control dosing solutions for paracellular and transcellular
diffusion studies were prepared by dissolving [14C]-mannitol
(10�M, 0.54�Ci/ml) and [3H]-propranolol (10�M propra-
nolol HCl, 0.54�Ci/ml), respectively, in HBSS–HEPES trans-
port medium (HBSS with 10 mM HEPES and adjusted to pH
7.4 with 5N NaOH), while that for P-gp-mediated efflux stud-
ies contained R-123 (5�M) in HBSS–HEPES medium. Fruit
juices, hand-squeezed from fresh unblemished fruits sliced
in the radial direction and filtered (11�m), were separately
added to the dosing solution to give final concentrations of
5–50% (v/v). The dosing solutions were adjusted to pH 7.4 with
5N NaOH.

2.4. Permeability studies

Culture medium was aspirated from the apical (A) and basal
(B) chambers, and the cells were washed and equilibrated with
prewarmed HBSS–HEPES (A, 0.5 ml; B, 1.5 ml) at 37◦C for
30 min. Cell monolayers in prewarmed HBSS–HEPES with
TEER greater than 200� cm2 were used for [14C]-mannitol
and [3H]-propranolol transport studies. Experiments were initi-
ated by exchanging the HBSS–HEPES in the A or B chamber
with an equal volume of dosing solution. Transport experiments
were carried out at 37◦C in 5% CO /95% air. At predetermined
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content (Bio-Rad protein assay, BSA as calibration standard).
R-123 cellular accumulation was normalized with respect to
protein content per well.

2.6. Cytotoxicity studies

Fruit juices were mixed at 10–50% with HBSS–HEPES and
adjusted to pH 7.4 with 5N NaOH. The osmotic pressure of
the solutions before and after pH adjustment was measured
(Vapro® Vapor Pressure Osmometer 5520, Wescor Inc., Lon-
gan, USA). Control samples included 0.1% dextran and 0.1%
SDS in HBSS–HEPES (negative and positive control, respec-
tively) and HBSS–HEPES (no treatment).

Caco-2 cells (passage 52) were seeded onto 96-well plates
at a seeding density of 1× 104 cells per well, and incubated
with 100�l of culture medium in 5% CO2/95% air at 37◦C
for 48 h. The spent medium was replaced with 150�l of con-
trol or juice samples (n = 5), and the cells were incubated for
a further 4 h at 37◦C. After sample aspiration, the cells were
incubated for another 4 h at 37◦C with 100�l of MTT solution
(5 mg/ml in PBS, pH 7.4). The cells were washed with 150�l of
PBS, and the intracellular formazan crystals were extracted into
100�l of DMSO and quantified by measuring the cell lysate
absorbance at 590 nm (Spectra Fluor Plate Reader). Cell viabil-
ity was calculated as a percent based on the absorbance measured
relative to the absorbance obtained from cells exposed only to
H
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imes of 30, 60, 120 and 180 min, 50�l aliquots were with
rawn from the receiver chamber and these were immed
eplenished with an equal volume of prewarmed HBSS–HE
he transport experiments were terminated by replacing the

ng solutions with HBSS–HEPES. TEER was again meas
fter the cells had been incubated for 30 min at 37◦C. Sample
ithdrawn from the receiver chamber were incubated over
ith 5 ml of scintillation fluid and the radioactivity was me
ured using a liquid scintillation counter (LS 3801, Beckm
nstruments, Inc., CA, USA).

Apparent permeability coefficient (Papp) was calculated a
app= (dQ/dt)/(AC0) (cm/s) where dQ/dt (nmol/s) was the flu

ate,A (cm2) the effective surface area of the cell monola
nd C0 (nmol/ml) the initial drug concentration in the don
hamber. Net flux was expressed as the quotient ofPapp(BA) to
app (AB).

.5. R-123 efflux and cellular accumulation

Experimental protocols to study R-123 efflux were simila
hose for the permeability studies except that the R-123 d
olution was added only to the B chamber, while the fruit ju
ere added to both A and B chambers to ensure total inhib
f P-gp activity. Samples for analysis were withdrawn from
chamber. At the end of the transport experiment at 180 min
aco-2 cell monolayers were washed with ice cold PBS, an
bilized with 1% Triton X-100. Cellular debris was removed
entrifugation at 10,000× g for 5 min at 4◦C (Hettich Zentrifu-
en, Tuttlingen, Germany), and the supernatant was mea

or R-123 fluorescence intensity (λex = 485 nm,λem= 535 nm
pectra Fluor Plate Reader, Tecan, Austria) and total pr
y
.
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BSS–HEPES.

.7. Statistical analysis

Experiments were repeated at least three times and th
xpressed as means± standard deviation or S.E.M. Differenc
etween mean values were analysed by one-way ANOVA

he Tukey’s test applied for paired comparisons (SPSS
PSS Inc., Chicago, IL). Ap value of less than or equal to 0.
as considered statistically significant.

. Results

.1. Mannitol transport

Caco-2 cell monolayers exposed for 180 min to 10�M of
annitol in HBSS–HEPES (pH 7.4) did not show signific

hanges in TEER values. In contrast, TEER decreased
inearly with increasing concentrations of lime and lemon ju
Fig. 1a and b), the fall in TEER being steeper over the con
ration range of 10–30%. Addition of 30% of lime juice into

chamber reduced the TEER value to that obtained in b
ells, suggesting a total breach of the intercellular tight ju

ions. When added to the A chamber, the same concentrat
ime juice exhibited a smaller effect on TEER, which remai
t 40± 8% of initial value. Similar phenomena were obser
ith 30% lemon juice. In contrast, grapefruit and orange ju
t up to 50% in either A or B chambers, had little effect on
ellular TEER (Fig. 1c and e). TEER was also not modified
he presence of up to 30% of pummelo juice, but was sig
antly raised to 126 and 146% of initial values by the add
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Table 1
Apparent permeability coefficient (Papp) and net efflux ratio of [14C]-mannitol transport across Caco-2 cell monolayers in the absence and presence of citrus fruit
juices

Samplesa Papp (×10−6 cm/s)b Net efflux ratioc

Types of juice % (v/v) AB BA

Control 0 0.98± 0.22 1.01± 0.19 1.03
Lime juice 5 1.36± 0.85 1.38± 0.72 1.01

10 2.06± 0.57 2.44± 0.73 1.19
30 5.53± 1.40* 11.89± 1.18* 2.15

Lemon juice 5 0.78± 0.30 0.91± 0.42 1.17
10 2.25± 0.46 2.91± 0.67 1.30
30 7.72± 1.66* 14.31± 3.69* 1.85

Grapefruit juice 5 0.93± 0.42 1.10± 0.26 1.19
10 0.93± 0.55 1.02± 0.55 1.10
30 1.41± 0.42 1.26± 0.37 0.89
50 2.11± 1.01 1.95± 1.08 0.93

Pummelo juice 5 1.22± 0.34 1.60± 1.07 1.31
10 1.33± 0.75 1.69± 0.19 1.27
30 2.20± 0.96 1.58± 0.69 0.72
50 2.58± 0.76* 2.08± 0.22 0.81

Orange juice 5 2.11± 0.48 2.17± 0.11* 1.03
10 2.92± 0.86* 1.37± 0.13 0.47
30 4.36± 1.07* 2.52± 0.23* 0.58
50 5.99± 0.94* 2.65± 0.49* 0.44

a Contained 10�M of [14C]-mannitol and were adjusted to pH 7.4.
b Presented as mean± S.D.,n = 4.
c Net efflux ratio =Papp (BA)/Papp (AB).
* p < 0.05 compared with control.

Fig. 1. Changes in the transepithelial electrical resistance (TEER, percent o
initial, mean± S.E.M.,n = 3–4) of Caco-2 cell monolayers after A-to-B (�) and
B-to-A (�) mannitol transport experiments conducted over 180 min at 37◦C in
the presence of (a) lime juice, (b) lemon juice, (c) grapefruit juice, (d) pummelo
juice, and (e) orange juice.

of 50% of pummelo juice in the A and B chambers, respectively
(Fig. 1d).

AB and BA Papp values for [14C]-mannitol transport
over 180 min were 0.98 (±0.22)× 10−6 and 1.01 (±0.19)×
10−6 cm/s, respectively, giving a net efflux ratio of 1.03. Lime
and lemon juices facilitated mannitol transport in both the AB
and BA directions, but the BA flux was increased to a greater
extent, such that the mannitol transport became increasingly
polarized at higher juice concentrations (Table 1). At 30%, lime
juice significantly increased the AB and BAPapp values by 6-
and 12-fold, while 30% of lemon juice raised the AB and BA
Papp values by 8- and 14-fold, respectively. Net efflux values
were correspondingly adjusted to 2.15 and 1.85 by the lime and
lemon juices (Table 1).

In comparison, grapefruit and pummelo juices at up to 50%
concentration were found to induce smaller changes to the AB
and BA [14C]-mannitol fluxes.Pappvalues obtained in the pres-
ence of grapefruit juice were not significantly different from
control values (Table 1), although the juice caused greater vari-
ations in mannitol fluxes. This phenomenon was also observed
with the other fruit juices. Pummelo juice at 50% did not pro-
duce a statistically different ABPapp value, but its effect on
the BA Papp value was less clear, the statistical analysis yield-
ing a borderlinep value of 0.044 indicating a small increase
in BA Papp value (2.1-fold). Grapefruit and pummelo juices
d nni-
t for
s thin
0 uice
(

f
id not polarize the mannitol transport profile. Net ma

ol efflux remained within the narrow range of 0.89–1.19
olutions containing up to 50% of grapefruit juice, and wi
.81–1.31 for solutions containing up to 50% of pummelo j
Table 1).
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Table 2
Apparent permeability coefficient (Papp) and net efflux of [3H]-propranolol transport across Caco-2 cell monolayers in the absence and presence of citrus fruit juices

Samplesa Papp (×10−6 cm/s)b Net efflux ratioc

Types of juice % (v/v) AB BA

Control 0 24.07± 0.63 26.35± 1.57 1.09
Lime juice 10 22.05± 0.81* 16.39± 0.88* 0.74

30 21.31± 0.42* 13.15± 0.65* 0.62
Lemon juice 10 25.09± 0.72 16.64± 2.13* 0.66

30 23.96± 0.25 13.71± 0.93* 0.57
Grapefruit juice 10 22.39± 0.54* 19.21± 1.31* 0.86

30 23.57± 0.16 17.08± 0.97* 0.72
Pummelo juice 10 21.11± 0.19* 20.04± 0.88* 0.95

30 21.93± 0.93* 16.69± 0.64* 0.76
Orange juice 10 26.74± 0.81* 21.87± 1.90* 0.82

30 26.96± 0.77* 18.55± 0.70* 0.69

a Contained 10�M of [3H]-propranolol and were adjusted to pH 7.4.
b Presented as mean± S.D.,n = 4.
c Net efflux =Papp (BA)/Papp (AB).
* p < 0.05 compared with control.

Orange juice produced a more complex mannitol transport
profile. It behaved like the lime and lemon juices in enhancing
the AB and BA [14C]-mannitol fluxes, raising thePapp values
to significantly higher levels at≥30% concentration (Table 1).
However, while the ABPapp value obtained with 30% orange
juice was comparable with that obtained with 30% lime juice,
orange juice exerted a smaller effect on the BA flux. Conse-
quently, orange juice was the odd juice that lowered the net
mannitol efflux ratio to 50% of control value (Table 1).

3.2. Propranolol transport

[3H]-propranolol did not exhibit polarized transcellular flux
rates over 180 min, and the AB and BAPappvalues were, respec-
tively, 24.07 (±0.63)× 10−6 and 26.18 (±1.57)× 10−6 cm/s,
giving a net efflux ratio of 1.09. All five citrus juices reduced the
BA propranolol flux in a concentration-dependent manner, but
had negligible effects on the AB propranolol flux (Table 2). A
comparison of the juices at 30% suggests that the ranking order
of their effects on the BAPapp values was lime (50%)≥ lemon
(48%) > pummelo (37%)≥ grapefruit (35%) > orange (30%).
Net propranolol efflux ratio was observed to fall by 13–48%
upon the addition of the fruit juices (Table 2).

3.3. R-123 efflux and cellular accumulation
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a -fold
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by 100�M of verapamil (Fig. 2). Lime and lemon juices at 50%
concentration, on the other hand, elevated R-123 efflux by at
least two-fold. Cellular accumulation of R-123 in the presence
of lime and lemon juices was also higher than control, but the
levels of accumulation were lower than those seen in the pres-
ence of grapefruit, pummelo and orange juices.

3.4. Cytotoxicity studies

Of the five fruit juices, lime juice exhibited the greatest cyto-
toxicity by significantly reducing the viability of the Caco-2
cells even at a diluted concentration of 5% (Fig. 3). However,
the cytotoxicity of lime juice did not show a strong correlation
to concentration (R2 = 0.7423). Lemon juice was comparatively
less cytotoxic, decreasing the cell viability at concentrations
of 30% or higher. Unlike the lime and lemon juices, the pum-
melo and grapefruit juices enhanced the viability of the Caco-2
cells at increasing concentrations. Significantly increased mito-
chondrial enzyme activity was noted for cells exposed to 50%
of grapefruit juice and≥30% of pummelo juice. Orange juice
showed anomalous behaviour. While it enhanced cell viability
at low concentrations of 5–30%, cell viability appeared to revert
to control levels when incubated with 50% of orange juice.

4. Discussion

ely
u d the
i ky,
1 in
s tight
j
v ,
2 o-
l pted
f port
e

The AB and BAPapp obtained were 0.56 (±0.13)× 10−6

nd 2.29 (±0.04)× 10−6 cm/s, respectively, giving a net effl
f 4.06, consistent with the values reported byYumoto et al
1999). Addition of 100�M of verapamil elevated the A
app to 1.08 (±0.36)× 10−6 cm/s and lowered the BAPapp to
.64 (±0.46)× 10−6 cm/s, giving a net efflux of 1.51. Verapam
lso increased the cellular accumulation of R-123 by 1.4
Fig. 2b). Grapefruit, pummelo and orange juices at 50%
entration inhibited the secretory flux of R-123, and incre
ts cellular accumulation to levels comparable to those prod
 d

[14C]-mannitol is a radiolabeled hydrophilic marker wid
sed to evaluate the paracellular transport pathway an

ntegrity of confluent cell monolayers (Pade and Stavchans
997). It is not known to be taken up by absorptive cells
ignificant amounts but is highly permeable through the
unctions of cell monolayers. The control AB mannitolPapp
alue was comparable to literature values (Markowska et al.
001), which affirmed the integrity of the Caco-2 cell mon

ayers used in this study. The threshold TEER value ado
or screening the Caco-2 cell monolayers for mannitol trans
xperiments was therefore appropriate.
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Fig. 2. (a) B-to-A permeability (Papp) of R-123 across Caco-2 cell monolayers
and (b) cellular accumulation of R-123 by basal membrane of Caco-2 cells
exposed to: (from left to right) transport medium (TM), 100�M verapamil (V),
and 10 and 50% of grapefruit (1G, 5G), pummelo (1P, 5P), orange (1O, 5O), lime
(1I, 5I) and lemon juices (1L, 5L) over 180 min. Data represents mean± S.D.,
n = 3.

Dilute lime juice at 10% or lower did not affect cell monolayer
TEER or [14C]-mannitol fluxes. Increasing the juice to 30%
caused a reduction in TEER concomitant with an increase in
mannitol flux, suggesting that lime juice facilitated mannitol
transport by opening up the paracellular pathway. The larger
increase in BAPapp relative to the ABPappwas correlated with
a steeper fall in TEER, and this might be attributed to the larger
area of the basolateral cell membrane exposed to the juice in the
basal chamber. It was a phenomenon universally observed wit
the other fruit juices used in the study.

Lemon juice produced comparable mannitol transport pro-
files as the lime juice. The AB and BA mannitolPapp values as

Fig. 3. In vitro cytotoxicity of citrus fruit juices on Caco-2 cell monolayers as
expressed by percent cell viability relative to the cells exposed to HBSS–HEPES
only. Negative and positive control cells were treated with 0.1% dextran (−) and
0.1% SDS (+), respectively. Cells were exposed to: (from left to right) lime
(I), lemon (L), grapefruit (G), pummelo (P) and orange (O) juices. 1, 3 and 5
denote juice concentrations at 10, 30 and 50%, respectively. Data represents
mean± S.E.M.,n = 5. * p < 0.05 compared with control.

a function of lemon juice concentration was also inversely cor-
related to the cellular TEER, implying a similar action of lemon
juice on the intercellular tight junction. However, compared to
the lime juice, lemon juice-mediated larger increases in the man-
nitol Papp value despite causing smaller changes to the TEER.
This discrepancy might be attributed to the inherent difficulties
in obtaining Caco-2 cell monolayers of comparable TEER val-
ues for different transport experiments. In addition, the method
for measuring TEER was highly sensitive to the positioning of
the chopstick electrodes in the culture wells. Thus, TEER values,
although commonly cited in the literature to reflect intercellular
tight junction integrity, should best be regarded as a qualitative
assessment of epithelial integrity. The higher mannitolPappval-
ues induced by the lemon juice could not be attributed to cell
death because lemon juice was less toxic to the Caco-2 cells
compared to the lime juice at 30% concentration.

Unlike the lime and lemon juices, grapefruit juice at up to 50%
did not exert significant effects on the cell monolayer TEER or
[14C]-mannitol fluxes in the AB and BA directions. Similarly,
pummelo juice at 30% had no effects on the mannitol fluxes or
monolayer TEER, but it significantly raised the cell monolayer
TEER when present in the A or B chambers at 50%. Despite
apparently restricting the paracellular transport pathway, pum-
melo juice at 50% in the B chamber appeared to slightly enhance
mannitol transport in the BA direction. The mechanism under-
lying this anomaly is not known, since pummelo juice did not
r maly
w anni-
t ng
a ase,
heduce cell viability at these concentrations. Another ano
as observed with the orange juice, which increased m

ol transport in both AB and BA directions without bringi
bout significant changes in the monolayer TEER. In this c
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however, the enhanced mannitol transport could be associated
with the cytoxicity of the orange juice.

Based on the effects of the juices on the mannitol trans-
port data, lime and lemon juices could be grouped together as
juices that significantly modulate the intercellular tight junc-
tion to increase mannitol transport at concentrations of 30% or
greater. Grapefruit and pummelo juices, characterized by negli-
gible effects on mannitol transport in both the AB and BA direc-
tions at 30%, might be classified as a separate group. Orange
juice was more like the lime and lemon juices in increasing
mannitol fluxes, but resembled grapefruit and pummelo juices
in increasing cellular TEER. It might therefore be considered as
a species connecting the two groups. This categorization of the
fruit juices is consistent with the groupings of the fruit juices
according to their major flavonoid pattern and/or taxonomy (Xu
et al., 2003).

[3H]-propranolol is a highly lipophilic marker used widely to
document passive transcellular transport due to its high perme-
ability across epithelial cells (Violini et al., 2002). As expected
(Adson et al., 1995), bi-directional propranolol fluxes across the
Caco-2 cell monolayers in the AB and BA directions were com-
parable. Citrus fruit juices contain flavonoids, including flavone,
which are lipophilic and are reported to be transported by passive
diffusion across intestinal cells and to accumulate extensively in
the cells (Kuo, 1998). Our data indicated that the citrus fruit
juices affected the AB and BA propranolol fluxes to different
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the rat small intestine was inhibited by 50% of grapefruit and
orange juice extracts (Tian et al., 2002). This is concordant with
our results. Besides grapefruit and orange juices, the pummelo
juice also modulated R-123 efflux and cellular accumulation in
a manner reminiscent of a typical P-gp inhibitor. Of the three,
pummelo and grapefruit juices showed comparable modulating
activities, while orange juice showed lowest inhibitory action
on R-123 efflux but greatest enhancement of R-123 cellular
accumulation. In contrast, while the lime and lemon juices also
modulated R-123 efflux and cellular accumulation, the enhance-
ment of both efflux and cellular accumulation suggests that these
effects might be related to juice-mediated cytotoxicity and open-
ing of the intercellular tight junctions.

The data obtained for R-123 efflux across the Caco-2 cell
monolayers mirrored those observed for digoxin, another P-gp
substrate, in our previous work (Xu et al., 2003). In the previ-
ous study, which excluded orange juice, grapefruit and pummelo
juices at 10% also did not modulate the BA transport of digoxin,
but they inhibited digoxin efflux significantly at the higher con-
centration of 50%. Likewise, lime and lemon juices at 50%
concentration enhanced the BA transport of digoxin. It is inter-
esting that the citrus juices had similar modulating effects on the
efflux of R-123 and digoxin despite the different initial uptake
mechanisms of the two substrates across the basal membrane.
R-123 is a cationic hydrophilic compound whose BA transport
involves apically directed uptake by a transporter localized on
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xtents. While all juices at up to 30% had negligible effect
he AB Papp, the BAPapp value was significantly reduced. T
ore pronounced effect of the fruit juices on the BA pro
olol flux might again be attributed to the larger area of ac
f the basolateral cell membrane. Aggravation of the bas
ral plasma protein binding might also reduce the efflu
ropanolol (Walgren and Walle, 1999). Based on the rank ord
f their effects on BA propranolol flux, lime and lemon ju
ould again be categorized into a group that showed gr
ffects than grapefruit and pummelo juices. The modula
ctivity of orange juice on BA propranolol flux was the le
f these two groups.

R-123 is a typical P-gp substrate that is subjected t
p-dependent extrusion through the apical membrane. I
odel compound for studying P-gp-mediated transport d

ts excellent fluorescent properties and transport characte
Masereeuw et al., 1997). Troutman and Thakker had recen
hown that R-123 absorptive transport occurs primarily by p
ellular route, whereas its secretory transport involves in
cross the basal membrane mediated solely by a saturab
ess, followed by apically directed efflux via P-gp (Troutman
nd Thakker, 2003). As such, the P-gp inhibitor, GW918, d
ot affect the absorptive ABPapp of R-123 but enhanced th
f the BA direction. Therefore, P-gp-mediated R-123 trans
ay best be studied in the BA transepithelial transport dire
nly (Van Der Sandt et al., 2000) or in terms of R-123 intra
ellular accumulation from the basal membrane (Zastre et al.
002).

The modulating effects of citrus fruit juices on R-123 effl
n a cellular model have not been studied, although Tian
ad demonstrated that the serosal-to-mucosal flux of R-123
-
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he basal membrane, followed by P-gp-mediated efflux
he intracellular space across the apical membrane (Troutman
nd Thakker, 2003). Digoxin, on the other hand, is a neut

ipophilic compound whose transport across the basal m
rane was likely to involve both diffusional uptake and Na+–K+

ump-mediated endocytosis, followed by active P-gp-med
xtrusion at the apical membrane (Cavet et al., 1996). The col-

ective data suggests that P-gp-mediated efflux was an imp
eterminant of the net efflux of both substrates, and that c

uices can influence the net efflux of R-123 and digoxin acc
ng to their dominant flavonoid pattern and taxonomy.

The cytotoxic profiles of the lime, lemon, grapefruit a
ummelo juices obtained in this study correlated with res
btained previously in our laboratory (Xu et al., 2003). In the
revious studies, unadjusted grapefruit and pummelo j
ere shown not to reduce cell viability while the highly ac

ime and lemon juices reduced cell viability to about 26
8%, respectively, of control at low concentrations of 5%.
ytotoxicity of lime and lemon juices could not, however,
ttributed solely to the acidic components in these juices.

s because the neutralization of the two juices to pH 7.4
ot eliminate their adverse effect on intracellular dehydroge
ctivity although it did lower the toxicity of the juices sign
antly. Moreover, the acidic grapefruit juice did not exhib
imilar cytotoxic profile as the lime and lemon juices (Table 3).

Neither could the cytotoxic profile of the fruit juices
irectly correlated with osmotic pressure. Despite their dis

lar pH, the unadjusted fruit juices had comparable osm
ressures at equivalent concentrations. Adjustment to pH
owever, introduced significant variation in osmotic pressu

he fruit juices. The changes in osmotic pressure were re
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Table 3
Osmotic pressure and pH of citrus fruit juices measured before and after pH adjustment to 7.4

% juice (v/v) pH of juices before
pH adjustment

Osmotic pressure before pH
adjustment (mosm/kg)

Osmotic pressure after pH
adjustment (mosm/kg)

Lime juice
5 2.3± 0.6 278.3± 20.0 325.5± 53.0
10 2.2± 0.5 284.7± 18.2 337.7± 42.1
30 1.9± 0.5 311.3± 24.0 441.7± 36.2
50 1.9± 0.4 336.7± 26.7 546.3± 49.1

Lemon juice
5 2.5± 0.3 286.7± 15.0 315.3± 59.5
10 2.1± 0.4 293.0± 20.8 337.3± 49.7
30 1.9± 0.4 323.7± 36.2 467.0± 65.0
50 1.8± 0.3 377.7± 33.5 605.7± 70.9

Orange juice
5 5.2± 0.3 256.5± 72.8 298.5± 50.2
10 4.1± 0.4 287.5± 46.0 316.5± 43.1
30 3.3± 0.5 330.0± 55.2 360.0± 58.0
50 3.1± 0.2 375.5± 64.3 418.0± 77.8

Grapefruit juice
5 5.9± 0.5 274.0± 26.1 294.7± 31.0
10 4.3± 0.3 279.7± 28.0 320.3± 28.4
30 3.5± 0.3 293.3± 30.9 355.0± 18.3
50 3.4± 0.3 316.0± 27.6 357.0± 57.1

Pummelo juice
5 7.3± 0.2 277.0± 27.1 287.0± 32.2
10 7.3± 0.2 283.7± 30.5 288.3± 29.5
30 7.0± 0.3 306.3± 31.0 317.0± 35.0
50 6.8± 0.2 339.0± 32.0 347.7± 41.7

to the acidity of the juices; the more acidic the fruit juice, the
greater the amount of base required to neutralize it, and therefore
the greater the change in osmotic pressure after pH adjustment.
Hypertonicity could not, however, be the sole factor contribut-
ing to the cytotoxicity of the lime and lemon juices. This is
because the hypertonic pummelo, grapefruit and orange juices
(<550 mosm/kg) were found to enhance the intracellular dehy-
drogenase activity of the Caco-2 cells. Moreover, a comparison
of the cytotoxicity of lime and lemon juices against equivalently
hypertonic HBSS–HEPES–NaCl media also found the two fruit
juices to significantly reduce the intracellular enzyme activity
(data not shown).

In a numerical taxonomic study of affinity relationships,
Barret and Rhodes (1976)recognized two main groups in culti-
vatedCitrus (Barret and Rhodes, 1976). In the C1 group, the
sweet orange is related to pummelo via the intermediary of
grapefruit, while lime and lemon belong to C2 (Fig. 4). The

F
a

connection between the C1 and C2 groups is proposed to be
lemon with either grapefruit or sweet orange. More recent stud-
ies on the predominant flavonoid pattern ofCitrus cultivars
suggest that the sweet orange is closer in characteristics with
the lemon, and had in fact been categorized with lime and lemon
in the same botanical subclass ofrutinosyl species. Grapefruit
and pummelo were grouped together in theCitrus subclass of
neohesperidosyl species based on their flavonoid pattern. Col-
lectively, the data suggest that the sweet orange is related to
the pummelo via the grapefruit (C1) and to the lime via the
lemon (C2).

The acidity and cytotoxicity results from our experiments
support this inter-relationship of the fruits according to their
taxonomy and flavonoid pattern. While lime and lemon juices
were highly acidic and the pummelo juice was near neutral, the
grapefruit and orange juices exhibited moderate acidity. Cyto-
toxicity data indicated that lime and lemon juices reduced, while
grapefruit, pummelo and orange juices promoted the intracellu-
lar dehydrogenase activity of the Caco-2 cells. Between lime
and lemon, the former exhibited greater cytotoxicty. Among
the grapefruit, pummelo and orange juices, the enhancement
of enzyme activity was highest with the pummelo juice, while
orange juice showed mixed effects at increasing concentration.

On the basis of their effects on the TEER, cell viability, man-
nitol, propranolol and R-123 transport profiles in the Caco-2 cell
model, the five fruit juices may be broadly categorized into two
g and
p ique
ig. 4. Diagram of affinity relationships among theCitrus species (Ref. Barret
nd Rhodes. Syst. Bot. 1976).
roups, with lime and lemon juices in one group, grapefruit
ummelo juices in another, and orange juice being the un
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species that has certain characteristics in common with the two
groups. The grouping is consistent with the categorization of the
citrus fruits according to their dominant flavonoid pattern and
taxonomy, suggesting that fruit juice–drug interactions may be
predicted based on the dominant flavonoid pattern and/or taxon-
omy of the fruit. Our laboratory is in the process of evaluating
the effects of citrus fruit juices on other drug transport pathways
to further validate this hypothesis.
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