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Potential Hazardous Interaction and the Role of P-Glycoprotein

Arik Dahan1 and Gordon L. Amidon1,2

Received September 6, 2008; accepted November 6, 2008; published online December 2, 2008

Purpose. To investigate the potential interaction between grapefruit juice (GFJ) and the oral microtubule
polymerization inhibitor colchicine, a P-gp and CYP3A4 substrate.
Methods. Colchicine intestinal epithelial transport was investigated across Caco-2 cell monolayers in both
AP–BL and BL–AP directions, in the absence/presence of known P-gp inhibitors (verapamil and
quinidine). The concentration-dependent effects of GFJ and its major constituents (6′-7′-dihydroxyber-
gamottin, naringin and naringenin) on colchicine Caco-2 mucosal secretion were examined. The effect of
GFJ on colchicine intestinal-permeability was then investigated in-situ in the rat perfusion model, in both
jejunum and ileum.
Results. Colchicine exhibited 20-fold higher BL–AP than AP–BL Caco-2 permeability, indicative of net
mucosal secretion, which was reduced by verapamil/quinidine. Colchicine AP–BL permeability was
increased and BL–AP was decreased by GFJ in a concentration-dependent manner (IC50 values of
0.75% and 0.46% respectively), suggesting inhibition of efflux transport, rather than metabolizing
enzyme. Similar effects obtained following pre-experiment incubation with GFJ, even though the juice
was not present throughout the transepithelial study. 6′-7′-Dihydroxybergamottin, naringin and
naringenin displayed concentration-dependent inhibition on colchicine BL–AP secretion (IC50 values
of 90, 592 and 11.6 μM respectively). Ten percent GFJ doubled colchicine rat in-situ ileal permeability,
and increased 1.5-fold jejunal permeability.
Conclusion. The data suggest that GFJ may augment colchicine oral bioavailability. Due to colchicine
narrow therapeutic-index and severely toxic side-effects, awareness of this interaction is prudent.
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INTRODUCTION

More than a decade has passed since it was initially
discovered that grapefruit juice (GFJ) interacts with certain
orally administered drugs. In a study that evaluated a possible
interaction between ethanol and felodipine, where GFJ was
used to mask the alcohol taste, a several fold higher
felodipine concentrations, accompanied by higher pharmaco-
dynamic response, were observed (1). An examination for
possible causes failed to explain this surprising observation,
until, eventually, a pilot research in a single volunteer was
conducted to assess the role of the juice (2). Further follow-up
studies confirmed that grapefruit juice elevated dramatically
felodipine bioavailability and could alter pharmacokinetic and
pharmacodynamic parameters of the drug (3). This incidental
discovery has led to the publication of numerous articles
regarding the interaction between GFJ and various drugs,
focusing on different aspects: interaction mechanisms, GFJ
constituents responsible for the interaction, drugs exhibiting
the interaction, and the clinical relevance. The variety of drugs

reported to be affected by GFJ include cyclosporine (4,5),
simvastatin (6), midazolam (7), saquinavir (8), talinolol (9), and
others (10–12). The main mechanisms for the enhanced
bioavailability of drugs by GFJ are the inhibition of cyto-
chrome P450 3A4 in the small intestine, resulting in a
significant reduction of the drug presystemic metabolism, and
a modification of the efflux transporter P-glycoprotein (P-gp)
activity, resulting in an additional increase in the fraction of
drug absorbed.

Colchicine (Fig. 1) is an oral microtubule polymerization
inhibitor, prescribed in gout therapy (13,14), prevention of
acute attacks of familial Mediterranean fever (FMF) (15,16),
and in the treatment of immune and inflammatory diseases
(primary biliary cirrhosis (17), systemic scleroderma (18)).
Colchicine is metabolized in the liver, mainly by demethyla-
tion mediated by cytochrome P450 3A4 (19,20). In addition,
colchicine is susceptible to P-gp mediated efflux transport,
and increased oral absorption, as well as pharmacodynamic
effects, due to P-gp inhibition, were reported (21,22).
Colchicine absolute oral bioavailability is in the range of 40–
50% (23,24). Hence, a potential mechanistic-based pharma-
cokinetic interaction with GFJ is suggested. Moreover, a case
report describing a near fatal acute colchicine intoxication in
a child after drinking high amounts of natural GFJ was
recently published (25).
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The purpose of this study was to investigate the potential
pharmacokinetic interaction between GFJ and its constituents
with colchicine. The intestinal epithelial transport of colchi-
cine was investigated across Caco-2 cell monolayers in both
apical (AP) to basolateral (BL) and BL–AP directions, in the
absence/presence of verapamil and quinidine, known P-gp
inhibitors (positive controls). The concentration-dependent
effects of GFJ and its major constituents on colchicine
bidirectional Caco-2 transport were examined, and the effect
of GFJ on colchicine intestinal permeability was then
investigated in the in-situ single pass intestinal perfusion
model in rats. Being a drug with a narrow therapeutic index
(effective steady state plasma concentrations range from 0.5
to 3 ng/ml with toxic effects appearing at a level of
approximately 3 ng/ml) (23) and severely toxic side effects
(26,27), awareness of the potential interaction reported in this
paper is prudent.

MATERIALS AND METHODS

Materials

Colchicine, verapamil, quinidine, naringin, naringenin,
bergamottin, 6′-7′-dihydroxybergamottin, metoprolol, phenol
red, Lucifer yellow, MES buffer, glucose, CaCl2, MgCl2 and
trifluoroacetic acid were purchased from Sigma Chemical Co.
(St. Louis, MO). Potassium chloride and NaCl were obtained
from Fisher Scientific Inc. (Pittsburgh, PA). Physiological
saline solution was purchased from Hospira Inc. (Lake
Forest, IL). Acetonitrile and water (Acros Organics, Geel,
Belgium) were HPLC grade. All other chemicals were of
analytical reagent grade.

Cell Culture

Caco-2 cells (passage 25-32) from American Type
Culture Collection (Rockville, MD) were routinely main-
tained in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen Corp., Carlsbad, CA) containing 10% fetal bovine
serum, 1% nonessential amino acids, 1 mM sodium pyruvate,
and 1% l-glutamine. Cells were grown in an atmosphere of
5% CO2 and 90% relative humidity at 37°C. The DMEM

medium was routinely replaced by fresh medium every 3 days.
Cells were passaged upon reaching approximately 80%
confluence using 4 ml trypsin-EDTA (Invitrogen Corp.,
Carlsbad, CA).

Caco-2 Permeability Studies

Transepithelial transport studies were performed in a
method described previously with minor modifications (28).
Briefly, 5×104 cells/cm2 were seeded onto collagen-coated
membranes (12-well Transwell plate, 0.4-μm pore size, 12 mm
diameter, Corning Costar, Cambridge, MA) and were allow-
ed to grow for 21 days, in order to obtain differentiated
monolayers and high P-gp expression (29,30). Mannitol and
Lucifer yellow permeabilities were assayed for each batch of
Caco-2 monolayers (n=3), and TEER measurements were
performed on all monolayers (Millicell-ERS epithelial Vol-
tohmmeter, Millipore Co., Bedford, MA). Monolayers with
apparent mannitol and Lucifer yellow permeability <3×
10−7 cm/s, and TEER values >300 Ω cm2 were used for the
study. On the experiment day, the DMEM was removed, and
the monolayers were rinsed and incubated for 20 min with a
blank transport buffer. The transport buffer contained 1 mM
CaCl2, 0.5 mM MgCl2·6H2O, 145 mM NaCl, 3 mM KCl,
1 mM NaH2PO4, 5 mM d-glucose, and 5 mM MES. Similar
pH was used in both apical and basolateral sides (pH 6.5) in
order to maintain constant degree of ionization in both AP–
BL and BL–AP direction experiments, and to avoid possible
influence of this factor on the permeability across the cells.
Following the 20 min incubation, the drug free transport
buffer was removed from the apical side in the AP–BL
direction studies, and replaced by 0.5 ml of colchicine solution
in the uptake buffer (pH 6.5), with or without inhibitor. In the
BL–AP direction studies, the drug free transport buffer was
removed from the basolateral side, and replaced by 1.5 ml of
colchicine solution in the uptake buffer (pH 6.5), with or
without inhibitor. Throughout the experiment, the transport
plates were kept in a shaking incubator (50 rpm) at 37°C.
Samples were taken from the receiver side at various time
points up to 120 min (100 μl from basolateral side or 70 μl
from apical side), and similar volumes of blank buffer were
added following each sample withdrawal. At the last time
point (120 min), sample was taken from the donor side as
well, in order to confirm mass balance. Samples were
immediately assayed for drug content. Caco-2 monolayers
were checked for confluence by measuring the TEER before
and after the transport study.

Inhibition Experiments

The concentration-dependent effects of the known P-gp
inhibitors verapamil and quinidine (0.01, 0.05 and 0.1 mM) on
the bidirectional transport of colchicine (0.1 mM) were
examined. The results of these experiments were evaluated
in comparison to the bidirectional transport of 0.1 mM
colchicine in the absence of inhibitors. The concentration-
dependent effects of GFJ and its constituents on colchicine
permeability were investigated as follows. Frozen concentrat-
ed GFJ (Kroger®) was purchased in the local market. The
GFJ was diluted with the transport buffer to various strengths

Fig. 1. Colchicine molecular structure.
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(0.1%, 0.25%, 0.5%, 1%, 5%, 10%, 25% and 50%) and
filtered through a 0.45 μm PVDF membrane filter (Millipore
Corp., Bradford, MA). The pH was then brought to 6.5 using
NaOH, colchicine (0.1 mM) was added, and the pH was
measured again. Solutions containing higher than 10% GFJ
(i.e. 25 and 50%) were found to reduce TEER values of the
Caco-2 cell monolayers and to increase Lucifer yellow
permeability, and hence were excluded from the study.
Solutions containing up to 10% GFJ had no effect on the
monolayer confluence, as was evident by similar TEER
values at the beginning and at the end of the experiment,
and Lucifer yellow permeability similar to control wells
(solutions with no GFJ). The GFJ added to the Caco-2 plate
only at the start point of the experiment, i.e. with no pre-
experiment incubation, and only to the donor side, i.e. the
apical side in the AP–BL experiment and the basolateral side
in the BL–AP direction experiment. This design was chosen
in order to mimic the situation of simultaneous ingestion of
GFJ and colchicine.

In order to evaluate whether the juice must simulta-
neously be present with the drug in order to cause the
interaction, an additional experimental group was designed.
In this group, on the experiment day, the DMEM was
removed, the monolayers were rinsed with blank transport
buffer, and the donor side (i.e. the apical side in the AP–BL
experiment and the basolateral side in the BL–AP direction
experiment) was incubated for 30 min with a transport buffer
containing 10% GFJ. Following the 30 min incubation, the
10% GFJ solution was removed, cells were rinsed twice with
blank transport buffer, and the transepithelial study was
started by applying colchicine solution (0.1 mM) containing
no GFJ to the donor side.

The effects of the furanocoumarins bergamottin and 6′-
7′-dihydroxybergamottin, the flavanoid glycoside naringin,
and its aglycon naringenin, on colchicine permeability were
examined. Due to very limited aqueous solubility, bergamot-
tin could be evaluated in concentrations not higher than
10 μM. Since no effect was observed in this low concentration
and higher concentrations could not be evaluated, this
furanocoumarin was excluded from the study. Again, all
solutions were filtered (0.45 μm) and pH was reassured
before the start of the experiment.

Determination of the IC50 of GFJ and its Constituents
on Colchicine Transport

The concentration-dependent effects of a range of GFJ
strengths (0.1–10%) on the absorptive (AP–BL) and secre-
tory (BL–AP) directions transport of 0.1 mM colchicine were
investigated. In addition, the concentration-dependent effects
of 6′-7′-dihydroxybergamottin (1–500 μM), naringin (100–
2,000 μM) and naringenin (10–500 μM) on the secretory (BL–
AP) direction transport of 0.1 mM colchicine were evaluated.
The IC50 values of the different tested compounds on
colchicine transport were then determined from the dose–
response curve, using the percentage inhibited for each
inhibitor concentration. The percentage inhibited in each
concentration was calculated by dividing the Papp by the
control apparent permeability value (0.1 mM colchicine with
no inhibitor). Michaelis–Menten parameters and IC50 values
were then determined using nonlinear regression with Graph-

Pad Prism 4.01 (GraphPad Software Inc., San Diego, CA),
according to the following equation:

Pc ¼ P0 þ Pmax � P0

1þ 10LogIC50�Log C½ �

where PC represents colchicine permeability in the presence
of a given inhibitor concentration [C], P0 is the permeability
in the absence of inhibitor, Pmax represents colchicine
permeability under maximal inhibitor effect, and IC50 is the
concentration of the tested inhibitor needed for half-maximal
effect.

Single-Pass Intestinal Perfusion Studies (SPIP) in Rats

All animal experiments were conducted using protocols
approved by the University Committee of Use and Care of
Animals (UCUCA), University of Michigan, and the animals
were housed and handled according to the University of
Michigan Unit for Laboratory Animal Medicine guidelines.
Male albino Wistar rats (Charles River, IN) weighing 250–
280 g were used for all perfusion studies. Prior to each
experiment, the rats were fasted over night (12–18 h) with
free access to water. Animals were randomly assigned to the
different experimental groups.

The procedure for the in situ single-pass intestinal
perfusion followed previously published reports (31,32).
Briefly, rats were anesthetized with an intra-muscular injec-
tion of 1 ml/kg of ketamine–xylazine solution (9%:1%,
respectively) and placed on a heated surface maintained at
37°C (Harvard Apparatus Inc., Holliston, MA). The abdo-
men was opened by a midline incision of 3–4 cm. A proximal
jejunal segment (3±1 cm average distance of the inlet from
the ligament of Treitz), or a distal ileal segment (3±1 cm
average distance of the outlet from the cecum), of approxi-
mately 10 cm was carefully exposed and cannulated on two
ends with flexible PVC tubing (2.29 mm i.d., inlet tube 40 cm,
outlet tube 20 cm, Fisher Scientific Inc., Pittsburgh, PA). Care
was taken to avoid disturbance of the circulatory system, and
the exposed segment was kept moist with 37°C normal saline
solution. All solutions were incubated in a 37°C water bath.
The isolated segment was rinsed with blank perfusion buffer,
pH 6.5 at a flow rate of 0.5 ml/min in order to clean out any
residual debris.

At the start of the study, perfusion solution containing
colchicine (0.1 mM), 10 mM MES buffer, pH 6.5, 135 mM
NaCl, 5 mM KCl, and 0.1 mg/ml phenol red with an
osmolarity of 290 mosm/l, with or without 10% GFJ, was
perfused through the intestinal segment (Watson Marlow
Pumps 323S, Watson-Marlow Bredel Inc, Wilmington, MA).
The GFJ solution was prepared in the same way described for
the Caco-2 experiments, i.e. the GFJ contained perfusate was
filtered (0.45 μm) and pH was brought to 6.5 before the
experiment. The perfusate was perfused through the intesti-
nal segment at a flow rate of 0.2 ml/min. Phenol red was
added to the perfusion buffer as a nonabsorbable marker for
measuring water flux. Metoprolol was co-perfused with the
colchicine as well, as a compound with known permeability
that serves as a marker for the integrity of the experiment,
and as a reference standard for permeability in close
proximity to the low/high permeability class boundary (33).
The perfusion buffer was first perfused for 1 h, in order to
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assure steady state conditions (as also assessed by the inlet
over outlet concentration ratio of phenol red which
approaches 1 at steady state). Following reaching to steady
state, samples were taken in 10 min intervals for 1 h (10, 20,
30, 40, 50, and 60 min). All samples including perfusion
samples at different time points, original drug solution, and
inlet solution taken at the exit of the syringe were immedi-
ately assayed by HPLC. Following the termination of the
experiment, the length of each perfused intestinal segment
was accurately measured.

Net Water Flux Measurement

The net water flux in the single-pass intestinal perfusion
studies, resulting from both water absorption and efflux in the
intestinal segment, was determined by measurement of
phenol red, a nonabsorbed, nonmetabolized marker. The
phenol red (0.1 mg/ml) was included in the perfusion buffer
and co-perfused with the tested drugs. The measured Cout/Cin

ratio was corrected for water transport according to the
following equation:

C0
out

C0
in

¼ Cout

Cin
� Cinphenol�red

Cout phenol�red

where Cin phenol red is equal to the concentration of phenol red
in the inlet sample, and Cout phenol red is equal to the
concentration of phenol red in the outlet sample.

Data Analysis

Permeability coefficient (Papp) across Caco-2 cell mono-
layers was calculated from the linear plot of drug accumulat-
ed in the receiver side versus time, using the following
equation:

Papp ¼ 1
C0A

� dQ
dt

where dQ/dt is the steady-state appearance rate of the drug
on the receiver (serosal in the case of AP–BL studies, or
mucosal in the case of BL–AP studies) side, C0 is the initial
concentration of the drug in the donor side, and A is the
monolayer growth surface area (1.12 cm2). Linear regression
was carried out to obtain the steady-state appearance rate of
the drug on the receiver side (R2>0.99 in all experimental
groups).

The efflux ratio, ER (i.e. the net efflux of colchicine),
was determined by calculating the ratio of Papp in the
secretory (BL–AP) direction divided by the absorptive
(AP–BL) Papp direction, according to the following equation:

ER ¼ PappBL�AP

PappAP�BL

The effective permeability (Peff) through the rat gut wall
in the single-pass intestinal perfusion studies was determined
assuming the “plug flow” model expressed in the following
equation (34):

Peff cm=sð Þ ¼ �Q ln C0
out

�
C0

in

� �

2�RL

where Q is the perfusion buffer flow rate, C’out/C’in is the
ratio of the outlet concentration and the inlet or starting
concentration of the tested drug that has been adjusted for
water transport, R is the radius of the intestinal segment (set
to 0.2 cm), and L is the length of the intestinal segment.

Analytical Methods

The amount of colchicine in the Caco-2 medium, and the
simultaneous analysis of colchicine, metoprolol and phenol
red in the rat perfusion buffer, was assayed using a high
performance liquid chromatography (HPLC) system (Waters
2695 Separation Module) with a photodiode array UV
detector (Waters 2996). Samples were filtered (Unifilter® 96
wells microplate 0.45 μm filters, Whatman Inc., Florham
Park, NJ), and Caco-2 medium aliquots of 50 μl, or rat
perfusion aliquots of 10 μl, were injected into the HPLC
system. The HPLC conditions were as follows: XTerra, RP18,
3.5 μm, 4.6×100 mm column (Waters Co., Milford, MA); a
gradient mobile phase, going from 90:10% to 50:50% v/v
aqueous/organic phase respectively over 15 min; the aqueous
phase was 0.1% trifluoroacetic acid in water, and the organic
phase was 0.1% trifluoroacetic acid in acetonitrile; flow at a
rate of 1 ml/min in room temperature. The detection wave-
lengths were 275, 265 and 350 nm, and the retention times were
6.5, 9.5 and 12.0 min for metoprolol, phenol red and colchicine,
respectively. Separate standard curves were used for each
experiment (R2>0.99). The inter- and intra-day coefficients of
variation were <1.0% and 0.5%, respectively. The same HPLC
system and column was used to determine naringin, naringenin
and 6′-7′-dihydroxybergamottin levels in the GFJ used in the
current study. The HPLC conditions were: A gradient mobile
phase, going from 80:20% to 50:50% v/v aqueous/organic
phase respectively over 16 min (similar aqueous and organic
phases specified for colchicine analysis); flow at a rate of
1 ml/min in room temperature. Separate calibration curves for
each compound were analyzed (R2>0.99), followed by
injection of filtered (0.45 μm) GFJ sample. The detection
wavelengths were 282, 288 and 272 nm, and the retention times
were 8.4, 14.6 and 9.8 min for naringin, naringenin and 6′-7′-
dihydroxybergamottin, respectively.

Statistical Analysis

AllCaco-2 experimentswere performed in triplicates (unless
stated otherwise), and all animal experiments were n=4. The
data presented as mean ± SD. To determine statistically
significant differences among the experimental groups, the
non-parametric Kruskal–Wallis test was used for multiple
comparisons, and the two-tailed non-parametric Mann–
Whitney U test for two-group comparison when appropriate.
A p value of less than 0.05 was termed significant.

RESULTS

Colchicine Transport Across Caco-2 Cell Monolayers
in the Absence or Presence of Known P-gp Inhibitors
(Positive Controls)

The flux of colchicine (0.1 mM) across Caco-2 cell
monolayers in the absorptive (AP–BL) and in the secretory
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(BL–AP) directions and the corresponding Papp values is
shown in Fig. 2. The effect of various concentrations of
verapamil and quinidine (positive controls) on the bidirec-
tional transport of colchicine across Caco-2 cell monolayers is

presented in Fig. 3. It can be seen that colchicine displayed a
polarized transport, i.e. significantly higher Papp value in the
BL–AP in comparison to the AP–BL direction, with an
Efflux Ratio (ER; Papp BL–AP/Papp AP–BL) of 20.7. The
mucosal secretion of colchicine was significantly reduced in
the presence of the P-gp inhibitors verapamil and quinidine,
in both AP–BL and BL–AP directions, in a dose-dependent
manner: in the presence of verapamil (10, 50 and 100 μM)
colchicine ER was reduced to 13.9, 8.2 and 5.1 respectively,
and in the presence of quinidine (10, 50 and 100 μM) the ER
was reduced to 14.0, 9.5 and 5.5 respectively.

Concentration-Dependent Inhibition of Colchicine Mucosal
Secretion by GFJ and GFJ Constituents

The dose–response curves for the inhibition of colchicine
(0.1 mM) mucosal secretion in the absorptive (AP–BL) and
in the secretory (BL–AP) directions in the presence of
various GFJ strengths (0.1–10%) across Caco-2 cell mono-
layers is shown in Fig. 4. It can be seen that GFJ displayed a
significant concentration-dependent inhibition on colchicine
mucosal secretion in both directions, with high potency and
efficacy; Colchicine AP–BL transport was increased by up to
75% with IC50 value of 0.75%, and the BL–AP transport was
decreased by up to 45% with IC50 of 0.46%.

Fig. 2. The flux of colchicine (0.1 mM) across Caco-2 cell monolayers
in the absorptive (AP–BL) and secretory (BL–AP) directions and the
corresponding Papp values. Data presented as mean ± SD; n=6 in
each experimental group.

Fig. 3. The Papp values of colchicine (0.1 mM) across Caco-2 cell monolayers in the absorptive (AP–BL; left) and secretory (BL–AP; right)
directions in the presence of various concentrations (10, 50 and 100 μM) of the P-gp inhibitors verapamil (top) and quinidine (bottom). Data
presented as mean ± SD; n=3 in each experimental group. *p<0.05; **p<0.01; ***p<0.001.

887Grapefruit Juice–Colchicine Interaction



The effect of 30 min pre-experiment incubation of the
Caco-2 monolayers donor side with 10% GFJ on the
bidirectional transepithelial transport of colchicine (0.1 mM)
and the resulted efflux ratio is presented in Fig. 5. It can be
seen that even though GFJ was not present during the
transepithelial study, pre-experiment incubation caused
effects similar to those resulted by simultaneous presence of
the juice and the drug throughout the transport study.

The dose–response curves for the inhibition of colchicine
(0.1 mM) transport in the secretory (BL–AP) direction by 6′-
7′-dihydroxybergamottin, naringin and naringenin, is shown
in Fig. 6. IC50 values obtained for these GFJ components, as
well as their concentrations found in the present brand and
others, are summarized in Table II. All of these GFJ
constituents exhibited concentration-dependent inhibition on
colchicine mucosal secretion; The furanocoumarin 6′-7′-
dihydroxybergamottin showed the highest efficacy, reducing
colchicine BL–AP secretion to 16% (best-fit value) in
comparison to the control, with IC50 of 90 μM. The flavanoid
glycoside naringin and its aglycon naringenin showed approx-
imately similar efficacy (60% and 65% respectively), however

naringenin was approximately 50-fold more potent than
naringin, with IC50 values of 11.6 and 592 μM, respectively.

The Effect of GFJ on Colchicine In-Situ Jejunal and Ileal
Permeability in the Single-Pass Intestinal Perfusion Model
in Rats

The permeability coefficients (Peff) obtained for colchi-
cine and the reference drug metoprolol, following in situ
perfusion to the proximal jejunum or to the distal ileum, in
the presence or absence of 10% GFJ, are presented in Fig. 6,
and summarized in Table I. Without GFJ, colchicine showed
low (in comparison to metoprolol) and constant permeability
throughout the small intestine. In the presence of GFJ,
however, colchicine permeability was doubled in the ileum,
and increased 1.5-fold in the jejunum, leading to different
permeability values in the different small intestinal seg-
ments. Yet, colchicine permeability was always lower than
metoprolol, regardless the GFJ and the segment being
perfused.

Fig. 4. The dose–response curves for the inhibition of colchicine (0.1 mM) mucosal secretion in the absorptive (AP–BL; left) and in the
secretory (BL–AP; right) directions in the presence of various GFJ strengths (0.1–10%) across Caco-2 cell monolayers. Data presented as
mean ± SD; n=3 in each data point.

Fig. 5. The flux of colchicine (0.1 mM) across Caco-2 cell monolayers in the absorptive (AP–BL, left) and secretory (BL–AP, middle)
directions, and the corresponding Papp values (right), in the absence of GFJ (inverted filled triangles), in the presence of 10% GFJ throughout
the transepithelial study (empty circles), or after pre-experiment incubation (30 min) of the monolayers donor side with 10% GFJ followed by
transport study without GFJ (filled circles). Data presented as mean ± SD; n=3 in each experimental group.
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DISCUSSION

The major drug–drug interactions reported to affect
colchicine pharmacokinetics and pharmacodynamics include
cyclosporine A (35), verapamil (36), erythromycin (37),
clarythromycin (38) and lovastatin (39). All of these drugs,
including colchicine itself, are P-gp, as well as CYP450 3A4
substrates, and these 2 biochemical systems are suggested as
the mechanisms for their interaction with colchicine. Hence, a
mechanistic interaction with GFJ, a P-gp and CYP3A4

inhibitor, is suggested. Moreover, a near fatal acute colchicine
intoxication in a child after drinking high amounts of natural
GFJ was recently described (25). Hence, in this study we
directly investigated the possible effects of GFJ on colchicine
intestinal permeability.

The Potential Interaction Between GFJ and Colchicine

The substantial polarized transport of colchicine across
Caco-2 cell monolayers (ER=20.7; Fig. 2), which was
significantly reduced by the positive controls verapamil and
quinidine, clearly indicates that colchicine is susceptible for
efflux transport by P-gp, and is consistent with the P-gp
expression of the Caco-2 monolayers. GFJ, like verapamil
and quinidine, significantly decreased colchicine ER in a
dose-dependent manner (ER=10 in the presence of 10%
GFJ). This effect was due to the attenuation of secretory
(from 1.2×10−5 to 7.5×10−6 cm/s) accompanied by
enhancement of absorptive (from 4.2×10−7 to 7.4×10−7 cm/
s) colchicine transport. The considerable decreased BL–AP
transport suggests that inhibition of apical efflux transporter,
rather than metabolizing enzyme, is the main mechanism
responsible for the interaction, since decreased metabolism is
expected to yield higher transport. The considerable
increased intestinal permeability observed in the single-pass
intestinal perfusion rat model suggests this mechanism as
well: this model, which measures the disappearance of the
drug from perfused intestinal segment, directly describes its
uptake into the enterocyte. P-gp, but not CYP3A4, directly
plays a role in this process. Since CYP3A4 is active inside the
enterocyte, i.e. only after the uptake into the cell, it is
expected to have minimal (but not necessarily zero) effect on
increasing the enterocyte uptake. Additional indication for
the involvements of P-gp, rather than CYP3A4, in the data
presented in this paper comes from the regional differences
observed in the single-pass intestinal perfusion rat model. It
has been shown before that the P-gp protein expression
follows a gradient pattern, increasing from the proximal
regions to the distal small intestinal segments (40–42). The
pattern of GFJ effect on colchicine permeability obtained in
this study, i.e. higher effect in the ileum in comparison to the
jejunum, is in corroboration with this expression pattern,
further proposes that P-gp inhibition is the main mechanism
behind the effects observed in this study. This analysis does
not exclude the possibility that CYP3A4 may be involved in
the effect of GFJ on colchicine pharmacokinetics, however
the effects observed in the current study are most likely as a

Fig. 6. The dose–response curves for the inhibition of colchicine
(0.1 mM) mucosal secretion in the secretory (BL–AP) direction in the
presence of 6′-7′-dihydroxybergamottin (1–500 μM; top), naringin
(100–2,000 μM; middle) and naringenin (10–500 μM; bottom) across
Caco-2 monolayers. Data presented as mean ± SD; n=3 in each data
point.

Table I. Permeability Coefficient Values (10−5 cm/s) Obtained for
Colchicine and Metoprolol in the Single-Pass Intestinal Perfusion Rat
Model

Compound

Without GFJ With GFJ

Jejunum Ileum Jejunum Ileum

Colchicine 0.51±0.04 0.6±0.08 0.77±0.05 1±0.13
Metoprolol 2.1±0.23 2.3±0.29 2.3±0.19 2.2±0.3

Peff values presented as mean ± SD; n=4 in each experimental group
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result of the inhibition of P-gp, rather than metabolizing
enzyme.

The data presented in this paper indicate that colchicine
is a low permeability compound: regardless the intestinal
segment being perfused, or the absence/presence of GFJ,
colchicine intestinal permeability was always significantly
lower than metoprolol permeability (Fig. 7). Metoprolol is a
reference standard for permeability in close proximity to the
low/high permeability class boundary, and hence, colchicine is
a low permeability compound. Together with its high water
solubility (33 mg/ml) and low dose (0.5 mg), it can be
unequivocally concluded that colchicine is a class III com-
pound by the biopharmaceutics classification system (BCS)
(43). This experimental classification is in corroboration with
a provisional BCS classification made by the molecular
properties of the drug (44). As a BCS class III P-gp substrate,
i.e. low permeability high solubility compound, colchicine is
more susceptible to show P-gp dependent in vivo intestinal
absorption. The intrinsic low gut wall permeability of this
class of drugs essentially leads to limited amounts of drug
inside the enterocyte, with potentially sub-saturated P-gp
levels (45). Considering colchicine narrow therapeutic index
(effective steady state plasma concentrations range from 0.5
to 3 ng/ml with toxic effects appearing at a level of
approximately 3 ng/ml (23)) and severely toxic and often
life-threatening side effects (26,27), even a small alteration in

colchicine pharmacokinetics might be harmful. Moreover,
colchicine was reported to have a linear pharmacokinetics
following oral administration in the dose range 0.5–1.5 mg
(46) with an AUC values proportional to the dose. Hence,
colchicine plasma levels following oral administration are
expected to be proportional to the fraction of drug absorbed.
The increased intestinal permeability found in the in-situ rat
perfusion studies clearly indicate that GFJ may increase
colchicine fraction of drug absorbed in this model. Since the
single-pass intestinal perfusion model in the rat was reported
to provide a precise method to predict in vivo intestinal
absorption in man (31,32,34,47,48), the data presented in this
paper offer a mechanistic evidence for the interaction
between GFJ and colchicine, and hence, awareness of the
interaction reported in this paper is prudent.

As was evident from Fig. 5, even when the GFJ was not
present during the transepithelial study, pre-experiment
incubation with the juice caused effects similar to those
resulting from simultaneous presence of the juice and the
drug throughout the transport study. This observation high-
lights the residual effect of the GFJ, i.e. its ability to cause the
interaction does not end with its passage along the intestine,
but persists for a period of time following its ingestion.
Indeed, thorough examination of this issue is beyond the
scope of the present paper, and was the subject of several
investigations in the past; The effect of GFJ was shown to
exist at 30% of its maximum when the drug was dosed 24 h
after the juice intake (49), and up to 3 days persistence of the
juice impact was reported (50). However, it appears that an
interval of 24 h between the ingestion of GFJ and the drug is
usually sufficient to prevent clinical relevant interaction (51).

In the presence of GFJ, colchicine ileal permeability was
somewhat higher than the jejunal in the single-pass intestinal
rat perfusion model. In addition, an efflux ratio of 1 (i.e.
complete inhibition of the efflux transport) was not achieved
throughout the experiments. This phenomenon may be
related to other influx/efflux systems, their interaction with
colchicine and GFJ, and their expression level throughout the
intestine. However, up to date, supporting data to this matter
was not reported in the literature.

GFJ Constituents Responsible for the Interaction

Like the whole juice, all three GFJ components investi-
gated in this study showed a concentration-dependent inhibi-
tion of the BL–AP colchicine mucosal secretion (Fig. 6).
Their concentrations used in this paper are in the relevant
range that they are normally found in the juice; The flavanoid
glycoside naringin concentration in the juice was found to be
2,147.5 μM (Table II) in this brand, while previous reports of

Fig. 7. The permeability coefficients (Peff; centimeter per second)
obtained for colchicine and metoprolol following in situ single-pass
intestinal perfusion to the proximal jejunum and to the distal ileum of
the rat, in the presence or absence of 10% GFJ. Data presented as
mean ± SD; n=4 in each group. **p<0.01; ***p<0.001.

Table II. Grapefruit Juice Concentrations and IC50 Values Measured for Naringin, Naringenin and 6′-7′-Dihydroxybergamottin

Compound MW (g/mol) IC50 (μM) GFJ conc. measured in this study (μM) Literaturea GFJ conc. (μM)

6′-7′-Dihydroxybergamottin 372.4 90 62.7 0.22–52.5
Naringin 580.5 592 2,147.5 174–1,492
Naringenin 272.2 11.6 <0.4b <0.5

aValues reported for six different brands; data was taken from Refs. 51 and 52
bNaringenin limit of detection was 0.4 μM and could not be detected in the juice
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naringin levels in different GFJ brands were 174–1,492 μM
(52,53), and thus the IC50 measured in this study (592 μM) is
very relevant. As for naringenin, a comparatively low IC50

was measured in this study (11.6 μM) showing its high
potency, but still this value is 30-fold higher than naringenin
concentration in the juice (less than 0.4 μM). However, in
vivo, naringin can be converted by the microflora to its
aglycon naringenin (54). Hence, even though the juice
concentration is low, the actual in vivo naringenin concentra-
tion is higher following the juice ingestion, and this flavanoid
may be contributing to the overall effect of the juice as well.
As for the furanocoumarin 6′-7′-dihydroxybergamottin, a
juice concentration of 62.7 μM was found in the brand used
in this study, and levels of 0.22–52.5 μM were reported for
different brands (52,53), which is approximately in the IC50

range obtained in this paper (90 μM). Together with the high
efficacy of this furanocoumarin, it appears that this compound
is an important contributor to the effect of the juice. Overall,
it is likely that no single component is responsible for the
interaction in vivo, but most likely a combination of the
effects of few constituents. Their complete identities and
relative contributions are to be further investigated.

CONCLUSIONS

In conclusion, the data presented in this paper suggest
that GFJ may interact with colchicine via the inhibition of P-
gp mediated efflux transport. Being a drug with a narrow
therapeutic index and severely toxic side effects, awareness of
the potential interaction reported in this paper is prudent.

REFERENCES

1. D. G. Bailey, J. D. Spence, B. Edgar, C. D. Bayliff, and J. M. O.
Arnold. Ethanol enhances the hemodynamic-effects of felodi-
pine. Clin. Invest. Med. 12:357–362 (1989).

2. D. G. Bailey, J. Malcolm, O. Arnold, and J. D. Spence.
Grapefruit juice–drug interactions. Br. J. Clin. Pharmacol.
46:101–110 (1998) doi:10.1046/j.1365-2125.1998.00764.x.

3. D. G. Bailey, J. D. Spence, C. Munoz, and J. M. O. Arnold.
Interaction of citrus juices with felodipine and nifedipine. Lancet.
337:268–269 (1991) doi:10.1016/0140-6736(91)90872-M.

4. L. J. Brunner, K.-S. Pai, M. Y. Munar, M. B. Lande, A. J. Olyaei,
and J. A. Mowry. Effect of grapefruit juice on cyclosporin A
pharmacokinetics in pediatric renal transplant patients. Pediatr.
Transplant. 4:313–321 (2000) doi:10.1034/j.1399-3046.2000.00136.x.

5. U. I. Schwarz, P. E. Johnston, D. G. Bailey, R. B. Kim, G. Mayo,
and A. Milstone. Impact of citrus soft drinks relative to
grapefruit juice on ciclosporin disposition. Br. J. Clin. Pharmacol.
62:485–491 (2006) doi:10.1111/j.1365-2125.2005.02519.x.

6. J. J. Lilja, K. T. Kivisto, and P. J. Neuvonen. Grapefruit juice–
simvastatin interaction: effect on serum concentrations of
simvastatin, simvastatin acid, and HMG-CoA reductase inhib-
itors. Clin. Pharmacol. Ther. 64:477–483 (1998) doi:10.1016/
S0009-9236(98)90130-8.

7. V. Andersen, N. Pedersen, N.-E. Larsen, J. Sonne, and S. Larsen.
Intestinal first pass metabolism of midazolam in liver cirrhosis;
effect of grapefruit juice. Br. J. Clin. Pharmacol. 54:120–124
(2002) doi:10.1046/j.1365-2125.2002.01615.x.

8. H. H. T. Kupferschmidt, K. E. Fattinger, H. R. Ha, F. Follath,
and S. Krahenbuhl. Grapefruit juice enhances the bioavailability
of the HIV protease inhibitor saquinavir in man. Br. J. Clin.
Pharmacol. 45:355–359 (1998) doi:10.1046/j.1365-2125.1998.t01-
1-00687.x.

9. H. Spahn-Langguth, and P. Langguth. Grapefruit juice enhances
intestinal absorption of the P-glycoprotein substrate talinolol. Eur.
J. Pharm. Sci. 12:361 (2001) doi:10.1016/S0928-0987(00)00191-3.

10. A. Dahan, and H. Altman. Food–drug interaction: grapefruit
juice augments drug bioavailability—mechanism, extent and
relevance. Eur. J. Clin. Nutr. 58:1 (2004) doi:10.1038/sj.
ejcn.1601736.

11. G. C. Kane, and J. J. Lipsky. Drug–grapefruit juice interactions.
Mayo Clin. Proc. 75:933–942 (2000).

12. S. U. Mertens-Talcott, I. Zadezensky, W. V. De Castro, H.
Derendorf, and V. Butterweck. Grapefruit–drug interactions: can
interactions with drugs be avoided? J. Clin. Pharmacol. 46:1390–
1416 (2006) doi:10.1177/0091270006294277.

13. E. Ben-Chetrit, and M. Levy. Colchicine: 1998 update. Semin.
Arthritis Rheum. 28:48 (1998) doi:10.1016/S0049-0172(98)80028-0.

14. R. A. Terkeltaub. Gout. N. Engl. J. Med. 349:1647–1655 (2003)
doi:10.1056/NEJMcp030733.

15. H. Amital, and E. Ben-Chetrit. Therapeutic approaches to
familial Mediterranean fever. What do we know and where are
we going to? Clin. Exp. Rheumatol. 22:S4–S7 (2004).

16. C. Dinarello, S. Wolff, S. Goldfinger, D. Dale, and D. Alling.
Colchicine therapy for familial mediterranean fever. A double-
blind trial. N. Engl. J. Med. 291:934–937 (1974).

17. M. M. Kaplan, and M. E. Gershwin. Primary biliary cirrhosis. N.
Engl. J. Med. 353:1261–1273 (2005) doi:10.1056/NEJMra043898.

18. D. Alarcon-Segovia, F. Ramos-Niembro, G. Ibanez de Kasep, J.
Alcocer, and R. Tamayo. Long-term evaluation of colchicine in
the treatment of scleroderma. J. Rheumatol. 6:705–712 (1979).

19. J. Leighton, M. Bay, A. Maldonado, R. Johnson, S. Schenker,
and K. Speeg. The effect of liver dysfunction on colchicine
pharmacokinetics in the rat. Hepatology. 11:210–215 (1990)
doi:10.1002/hep.1840110209.

20. T. Tateishi, P. Soucek, Y. Caraco, F. P. Guengerich, and A. J. J.
Wood. Colchicine biotransformation by human liver microsomes:
identification of cyp3A4 as the major isoform responsible for
colchicine demethylation. Biochem. Pharmacol. 53:111 (1997)
doi:10.1016/S0006-2952(96)00693-4.

21. B. Bittner, A. Guenzi, P. Fullhardt, G. Zuercher, R. Gonzalez,
and R. Mountfield. Improvement of the bioavailability of
colchicine in rats by co-administration of D-alpha-tocopherol
polyethylene glycol 1000 succinate and a polyethoxylated
derivative of 12-hydroxy-stearic acid. Arzneimittelforschung.
52:684–688 (2002).

22. J. M. Dintaman, and J. A. Silverman. Inhibition of P-glycoprotein
by D-α-tocopheryl polyethylene glycol 1000 succinate (TPGS).
Pharm. Res. 16:1550 (1999) doi:10.1023/A:1015000503629.

23. G. M. Ferron, M. Rochdi, W. J. Jusko, and J. M. Scherrmann.
Oral absorption characteristics and pharmacokinetics of colchi-
cine in healthy volunteers after single and multiple doses. J. Clin.
Pharmacol. 36:874–883 (1996).

24. M. Rochdi, A. Sabouraud, C. Girre, R. Venet, and J. Scherrmann.
Pharmacokinetics and absolute bioavailability of colchicine after i.v.
and oral administration in healthy human volunteers and elderly
subjects. Eur. J. Clin. Pharmacol. 46:351–354 (1994) doi:10.1007/
BF00194404.

25. A. Goldbart, J. Press, S. Sofer, and J. Kapelushnik. Near fatal
acute colchicine intoxication in a child. A case report. Eur. J.
Pediatr. 159:895 (2000) doi:10.1007/PL00008364.

26. M. J. Maxwell, P. Muthu, and P. E. Pritty. Accidental colchicine
overdose. A case report and literature review. Emerg. Med. J.
19:265–266 (2002) doi:10.1136/emj.19.3.265.

27. J. Ting. Acute pancreatitis related to therapeutic dosing with
colchicine: a case report. J. Med. Case Reports. 1:64 (2007)
doi:10.1186/1752-1947-1-64.

28. J. Gao, O. Murase, R. L. Schowen, J. Aube, and R. T. Borchardt.
A functional assay for quantitation of the apparent affinities of
ligands of P-glycoprotein in Caco-2 cells. Pharm. Res. 18:171
(2001) doi:10.1023/A:1011076217118.

29. P. Anderle, E. Niederer, W. Rubas, C. Hilgendorf, H. Spahn-
Langguth, H. Wunderli-Allenspach, H. P. Merkle, and P.
Langguth. P-glycoprotein (P-gp) mediated efflux in Caco-2 cell
monolayers: the influence of culturing conditions and drug
exposure on P-gp expression levels. J. Pharm. Sci. 87:757–762
(1998) doi:10.1021/js970372e.

30. I. Hidalgo, T. Raub, and R. Borchardt. Characterization of the
human colon carcinoma cell line (Caco-2) as a model system for
intestinal epithelial permeability. Gastroenterology. 96:736–749
(1989).

891Grapefruit Juice–Colchicine Interaction



31. J. S. Kim, S. Mitchell, P. Kijek, Y. Tsume, J. Hilfinger, and G. L.
Amidon. The suitability of an in situ perfusion model for
permeability determinations: utility for BCS class I biowaiver
requests. Mol. Pharmaceutics. 3:686–694 (2006) doi:10.1021/
mp060042f.

32. E. Lipka, H. Lennernas, and G. L. Amidon. Interspecies
correlation of permeability estimates: the feasibility of animal
data for predicting oral absorption in humans. Pharm. Res. 12:S–
311 (1995).

33. A. Dahan, B. T. West, and G. L. Amidon. Segmental-dependent
membrane permeability along the intestine following oral drug
administration: evaluation of a triple single-pass intestinal
perfusion (TSPIP) approach in the rat. Eur. J. Pharm. Sci. in
press (2008) doi:10.1021/mp800088f.

34. U. Fagerholm, M. Johansson, and H. Lennernas. Comparison
between permeability coefficients in rat and human jejunum.
Pharm. Res. 13:1336–1342 (1996) doi:10.1023/A:1016065715308.

35. A. Yussim, N. Bar-Nathan, S. Lustig, E. Shaharabani, E. Geier,
D. Shmuely, R. Nakache, and Z. Shapira. Gastrointestinal,
hepatorenal, and neuromuscular toxicity caused by cyclospor-
ine-colchicine interaction in renal transplantation. Transplant.
Proc. 26:2825–2826 (1994).

36. U. Troger, H. Lins, J.-M. Scherrmann, C.-W. Wallesch, and S. M.
Bode-Boger. Tetraparesis associated with colchicine is probably
due to inhibition by verapamil of the P-glycoprotein efflux pump
in the blood–brain barrier. BMJ. 331:613 (2005).

37. Y. Caraco, C. Putterman, R. Rahamimov, and E. Ben-Chetrit.
Acute colchicine intoxication—possible role of erythromycin
administration. J. Rheumatol. 19:494–496 (1992).

38. I. F. N. Hung, A. K. L. Wu, V. C. C. Cheng, B. S. F. Tang, K. W.
To, C. K. Yeung, P. C. Y. Woo, S. K. P. Lau, B. M. Y. Cheung,
and K. Y. Yuen. Fatal interaction between clarithromycin and
colchicine in patients with renal insufficiency: a retrospective
study. Clin. Infect. Dis. 41:291–300 (2005) doi:10.1086/431592.

39. J. Torgovnick, N. Sethi, and E. Arsura. Colchicine and HMG
Co-A reductase inhibitors induced myopathy—a case report.
Neurotoxicology. 27:1126–1127 (2006) doi:10.1016/j.neuro.
2006.09.003.

40. X. Cao, L. X. Yu, C. Barbaciru, C. P. Landowski, H. C. Shin, S.
Gibbs, H. A. Miller, G. L. Amidon, and D. Sun. Permeability
dominates in vivo intestinal absorption of P-gp substrate with
high solubility and high permeability. Mol. Pharmaceutics. 2:329–
340 (2005) doi:10.1021/mp0499104.

41. I. Gonzalez-Alvarez, C. Fernandez-Teruel, V. G. Casabo-Alos, T.
M. Garrigues, J. E. Polli, A. Ruiz-Garcia, and M. Bermejo. In
situ kinetic modelling of intestinal efflux in rats: functional
characterization of segmental differences and correlation with
in vitro results. Biopharm. Drug Dispos. 28:229–239 (2007)
doi:10.1002/bdd.548.

42. B. Valenzuela, A. Nacher, P. Ruiz-Carretero, A. Martin-Villodre,
G. Lopez-Carballo, and D. Barettino. Profile of P-glycoprotein
distribution in the rat and its possible influence on the
salbutamol intestinal absorption process. J. Pharm. Sci.
93:1641–1648 (2004) doi:10.1002/jps.20071.

43. G. L. Amidon, H. Lennernas, V. P. Shah, and J. R. Crison. A
theoretical basis for a biopharmaceutic drug classification: the

correlation of in vitro drug product dissolution and in vivo
bioavailability. Pharm. Res. 12:413 (1995) doi:10.1023/
A:1016212804288.

44. N. A. Kasim, M. Whitehouse, C. Ramachandran, M. Bermejo,
H. Lennernas, A. S. Hussain, H. E. Junginger, S. A. Stavchansky,
K. K. Midha, V. P. Shah, and G. L. Amidon. Molecular
properties of WHO essential drugs and provisional biopharma-
ceutical classification. Mol. Pharmaceutics. 1:85–96 (2004)
doi:10.1021/mp034006h.

45. A. Dahan and G. L. Amidon. Segmental dependent transport of
low permeability compounds along the small intestine due to P-
glycoprotein: the role of efflux transport in the oral absorption of
BCS class III drugs. Mol. Pharmaceutics in press (2008)
doi:10.1016/j.ejps.2008.10.013.

46. C. Girre, G. Thomas, J. Scherrmann, J. Crouzette, and P.
Fournier. Model-independent pharmacokinetics of colchicine
after oral administration to healthy volunteers. Fundam. Clin.
Pharmacol. 3:537–543 (1989).

47. H. Lennernas. Animal data: the contributions of the Ussing
chamber and perfusion systems to predicting human oral drug
delivery in vivo.Adv. Drug Deliv. Rev. 59:1103 (2007) doi:10.1016/j.
addr.2007.06.016.

48. L. X. Yu, E. Lipka, J. R. Crison, and G. L. Amidon. Transport
approaches to the biopharmaceutical design of oral drug delivery
systems: prediction of intestinal absorption. Adv. Drug Deliv.
Rev. 19:359 (1996) doi:10.1016/0169-409X(96)00009-9.

49. J. Lundahl, C. Regardh, B. Edgar, and G. Johnsson. Relationship
between time of intake of grapefruit juice and its effect on
pharmacokinetics and pharmacodynamics of felodipine in
healthy subjects. Eur. J. Clin. Pharmacol. 49:61–67 (1995)
doi:10.1007/BF00192360.

50. H. Takanaga, A. Ohnishi, H. Murakami, H. Matsuo, S. Higuchi,
A. Urae, S. Irie, H. Furuie, K. Matsukuma, M. Kimura, K.
Kawano, Y. Orii, T. Tanaka, and Y. Sawada. Relationship
between time after intake of grapefruit juice and the effect on
pharmacokinetics and pharmacodynamics of nisoldipine in
healthy subjects. Clin. Pharmacol. Ther. 67:201 (2000)
doi:10.1067/mcp.2000.104215.

51. J. J. Lilja, K. T. Kivisto, and P. J. Neuvonen. Duration of effect of
grapefruit juice on the pharmacokinetics of the CYP3A4
substrate simvastatin[ast]. Clin. Pharmacol. Ther. 68:384 (2000)
doi:10.1067/mcp.2000.110216.

52. W. V. De Castro, S. Mertens-Talcott, H. Derendorf, and V.
Butterweck. Grapefruit juice–drug interactions: grapefruit juice
and its components inhibit P-glycoprotein (ABCB1) mediated
transport of talinolol in Caco-2 cells. J. Pharm. Sci. 96:2808–2817
(2007) doi:10.1002/jps.20975.

53. W. V. De Castro, S. Mertens-Talcott, A. Rubner, V. Butterweck,
and H. Derendorf. Variation of flavonoids and furanocoumarins
in grapefruit juices: a potential source of variability in grapefruit
juice–drug interaction studies. J. Agric. Food Chem. 54:249–255
(2006) doi:10.1021/jf0516944.

54. B. Ameer, R. A. Weintraub, J. V. Johnson, R. A. Yost, and R. L.
Rouseff. Flavanone absorption after naringin, hesperidin, and
citrus administration. Clin. Pharmacol. Ther. 60:34 (1996)
doi:10.1016/S0009-9236(96)90164-2.

892 Dahan and Amidon


	Grapefruit...
	Abstract
	Introduction
	Materials and methods
	Materials
	Cell Culture
	Caco-2 Permeability Studies
	Inhibition Experiments
	Determination of the IC50 of GFJ and its Constituents on Colchicine Transport
	Single-Pass Intestinal Perfusion Studies (SPIP) in Rats
	Net Water Flux Measurement
	Data Analysis
	Analytical Methods
	Statistical Analysis

	RESULTS
	Colchicine Transport Across Caco-2 Cell Monolayers in the Absence or Presence of Known P-gp Inhibitors (Positive Controls)
	Concentration-Dependent Inhibition of Colchicine Mucosal Secretion by GFJ and GFJ Constituents
	The Effect of GFJ on Colchicine In-Situ Jejunal and Ileal Permeability in the Single-Pass Intestinal Perfusion Model in Rats

	DISCUSSION
	The Potential Interaction Between GFJ and Colchicine
	GFJ Constituents Responsible for the Interaction

	CONCLUSIONS
	References



