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ABSTRACT: Previous studies with rats indicate that nifedipine undergoes both hepatic and extrahepatic
presystemic metabolism after peroral (po) administration, and that its bioavailability is increased and
absorption delayed by concomitant administration of grapefruit juice concentrate (GJC). Hence, the effects
of GJC could be to delay stomach emptying and inhibit nifedipine metabolism in the small-intestinal wall
and liver or, alternatively, to impede nifedipine absorption until reaching the large intestine where gut
wall presystemic metabolism is not a factor. The mechanism(s) of action of GJC might be partially
resolved by comparison with orange juice concentrate (OJC), which has a similar consistency but lacks
inhibitory effects on nifedipine presystemic metabolism, and also by giving regular-strength solutions of
the two juices, both on which should not significantly affect stomach emptying. This study compared the
po bioavailability of nifedipine (6 mg kg−1) in male Sprague–Dawley rats coadministered GJC, OJC,
grapefruit juice regular strength (GJRS), orange juice regular strength (OJRS), or (tap) water. Nifedipine
plasma concentration–time profiles in the GJRS, OJRS, and (tap) water groups displayed a single peak.
Both GJC and OJC groups have double-peak profiles (indicating delayed gastric emptying); however, the
majority of the nifedipine dose in both cases was absorbed during the interval of the second peak, which
occurred several hours postdosing. GJC significantly increased nifedipine bioavailability (relative
bioavailability 2.02, compared with (tap) water), indicating that GJC may affect both extrahepatic and
hepatic first-pass metabolism, although a reduction in systemic nifedipine clearance cannot be ruled out.
Surprisingly, GJRS had no significant effect on nifedipine bioavailability. OJC did not increase nifedipine
bioavailability, further suggesting that the delay in nifedipine absorption by GJC or OJC results from
delayed gastric emptying. © 1998 John Wiley & Sons, Ltd.
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Introduction

Grapefruit and its juice are common constituents of
a healthy balanced human diet and are typically
consumed at breakfast, leading to potential grape-
fruit–drug interactions since drugs are also often
taken in the morning. Grapefruit juice has been
shown to augment the bioavailability or plasma
concentrations of many different classes of com-
pounds in human beings and rats [1–13], including
the 1,4-dihydropyridine class of calcium channel
antagonists (e.g. nifedipine, felodipine, nimodipine,
nisoldipine and nitrendipine) [1,14–24]. However,
to date, the inhibitory substance(s) or mechanism(s)
of action of grapefruit juice has not been conclu-

sively identified and the effects are not duplicated
by orange juice [1].

Several in vitro study reports [9,25–28] speculate
that bioflavonoids (e.g., hesperidin, naringin,
quercetin, kaempferol, etc) may inhibit in vivo cy-
tochrome P450 (CYP) isozyme mediated drug oxida-
tion (including CYP3A4, CYP1A2, and CYP2A6) via
the intestinal wall or the liver [1,5]. This is poten-
tially clinically important because bioflavonoids are
found in many fruits and vegetables including the
grapefruit and orange [29]. Citrus fruits and their
juice, however, contain specific bioflavonoids that
are relatively uncommon in the plant kingdom [30].
For example, naringin, a bitter tasting flavanone
neohesperidoside, is the major bioflavanoid found in
grapefruit juice [31]. Interestingly, naringin is not
reported to be a component of orange juice [1,30,31],
although some conflicting reports exist [29,32]. Sev-
eral in vivo studies [1,16,17,27] have shown no or
little evidence of an interaction between individual
flavonoids (including, naringin, quercetin, and
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kaempferol) and different 1,4-dihydropyridine
compounds; nonetheless, naringenin, the aglycone
and human metabolite of naringin, could be the
inhibitory substance responsible for the ‘effect’ of
grapefruit juice [1,33]. In fact in vitro inhibition of
nifedipine metabolism by naringenin in liver mi-
crosomes has been demonstrated [28].

Nifedipine is well absorbed (]90%) from the
gut lumen of human beings and rats [34–40].
After absorption, nifedipine is metabolized by
oxidative mechanisms—involving CYP 3A iso-
zymes—to a pharmacologically inactive nitropy-
ridine analog, which is subsequently metabolized
to more polar compounds [41–43]. The absolute
bioavailability of nifedipine is similar in both hu-
mans and rats ranging from about 0.45 to 0.68
[37,38,44–47]. A previous study [47] from our lab-
oratory using male Sprague–Dawley rats indicated
that nifedipine undergoes substantial extrahepatic
first-class elimination, in addition to hepatic ex-
traction, presumably within the wall of the small
intestine. Similarly, in man, enzymes located both
in the gut wall and liver are thought to be in-
volved in the interaction of grapefruit juice with
felodipine. [48] Miniscalco et al. [28] showed that
naringenin, quercetin, and kaempferol separately
inhibited 1,4-dihydropyridine metabolism (nifedip-
ine and (R)- and (S)-felodipine) in an in vitro
study using rat liver microsomes. Hence, these ob-
servations suggest that the rat may be a good
model species with which to further investigate
the in vivo interaction of grapefruit juice with
nifedipine. In fact, a preliminary in vivo study
from our laboratory [14] indicates that grapefruit
juice concentrate (GJC) delays nifedipine absorp-
tion and may increase nifedipine bioavailability in
rats.

In man, grapefruit juice does not affect systemic
nifedipine clearance [24]; assuming the same for
rats, the mechanism(s) by which GJC affects
nifedipine absorption and bioavailability in rat
could involve (i) delaying gastric emptying and
subsequently inhibiting nifedipine first-pass
metabolism in the small-intestinal wall or liver (or
both) or (ii) delaying absorption until the drug
reaches the large intestine—where drug
bioavailability may be higher due to the absence
of gut wall presystemic metabolism. [47] The
mechanism(s) of action of GJC might be partially
resolved by comparing GJC with orange juice con-
centrate (OJC) which has a similar consistency and
sugar content but lacks inhibitory effects on
nifedipine presystemic metabolism [1], and also by
administration of regular-strength solutions of the
juices, both of which should not influence gastric
emptying to a significant extent.

Based on these considerations, a bioavailability
study was conducted using adult male Sprague–
Dawley rats. Standard pharmacokinetic measures

of nifedipine given by the peroral (po) route were
compared following coadministration of either
GJC, OJC, grapefruit juice regular strength (GJRS),
orange juice regular strength (OJRS), or (tap)
water.

Materials and Methods

Chemicals

Nifedipine powder was purchased from Sigma (St.
Louis, MO, USA). Nisoldipine powder (internal
standard, IS) was obtained from Miles Canada
(Etobicoke, Ont., Canada). Unsweetened grapefruit
juice and orange juice pure frozen concentrates
(sugars 0.47 and 0.49 g mL−1, respectively) were
purchased from a local supermarket (Bel Air®,
Lucerne Foods, Vancouver, BC, Canada) and con-
tained no artificial colours, flavours or preserva-
tives. Heparin (Hepalean®, 1000 USP units mL−1)
was supplied by Organon Teknika (Toronto, Ont.,
Canada); sodium pentobarbital (Somnotol®, 65 mg
mL−1) was purchased from MTC Pharmaceuticals
(Cambridge, Ont., Canada); and polyethylene gly-
col-300 and -400 (Carbowax® Sentry®, FCC grade)
was obtained from Union Carbide Chemicals
(Danbury, CT, USA). All other chemicals and sol-
vents used in this study were either reagent or
HPLC grade and obtained from commercial sup-
pliers.

Animals and Surgical Cannulation Procedure

Adult male Sprague–Dawley rats (initial weight
260–310 g) were obtained from the Biosciences Ani-
mal Service (University of Alberta, Edmonton, Alta.,
Canada) and housed for at least 2 days in a clean
room and given food and water ad libitum. The day
prior to dosing experiments, rats were moved to the
laboratory and subjected to surgical cannulation.
During anesthesia induced by sodium pentobarbital
(65 mg kg−1), a small longitudinal incision was
made in the skin of each rat over the right jugular
vein, which was then made accessible by clearing
the surrounding tissues. The vein was catheterized
with Silastic® laboratory tubing (i.d. 0.635 mm, o.d.
1.194 mm, Dow Corning, Midland, MI, USA) con-
taining heparinized (100 IU mL−1) normal saline
and fixed in place with two nonabsorbable surgical
sutures (Surgical Suture USP, Cyanamid Canada,
Montreal, Que., Canada). Each cannula was termi-
nated with a suitable length of polyethylene tubing
(PE-50, i.d. 0.58 mm, o.d. 0.965 mm, Clay Adams,
Parsippany, NJ, USA) and the free end exteriorized
to the dorsal side of the neck. The exposed areas
were then closed using nonabsorbable surgical su-
ture. Each rat was allowed to recover for the next
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16–20 h in a metabolic cage and provided with only
drinking water for the remainder of the experiment.
The implanted cannulas permitted frequent blood
sampling from each rat.

Pharmacokinetic Study: Experimental Design

All drug preparation, dosing, and collection of
blood samples was done under sodium lamps to
prevent nifedipine photodegradation [49]. A
nifedipine dosing solution (5 mg mL−1 in
polyethylene glycol-400) was prepared the day be-
fore each experiment to allow sufficient time for
drug solubilization, wrapped in aluminium foil to
protect the solution from light, and stored at room
temperature. On experimental days, cannulated rats
received 6 mL GJC, GJRS, OJC, OJRS, or (tap) water
by an oral feeding tube over approximately 15 s.
Exactly 15 min later, each rat received a single po
dose of nifedipine (6 mg kg−1) also given by an oral
feeding tube. About 120 min after the nifedipine
dose, the rats received a further 3 mL GJC, GJRS,
OJC, OJRS, or (tap) water, as described above. No
adverse events or symptoms in the rats were ob-
served, before or after nifedipine dosing or as a
result of administration of any of the five treat-
ments. Blood draws (0.25 mL samples) were made
at predetermined times (see below) using hep-
arinized 1 mL syringes connected to the jugular
cannula. The blood volume drawn was immediately
replaced with an equal volume of normal saline.
Blood samples were centrifuged (Beckman Mi-
crofuge E, Beckman Instruments, Palo Alto, CA,
USA) at 15 000 rpm for 4 min and the plasma
samples obtained were placed in 1.5 mL
poly(propylene) microfuge tubes, stored in light
resistant bags and kept at −20°C until needed for
analysis.

Grapefruit Juice Concentrate Administration. Six rats
(295.5–325.5 g) received both GJC (undiluted) and
nifedipine perorally as previously described. Blood
samples were drawn at −5, 15, 30, 60, 90, 120, 240,
360, 480, 600, 720, 840, and 1440 min—the time of
nifedipine dosing was designated 0 min.

Grapefruit Juice Regular-Strength Administration. Six
rats (295.0–330.5 g) received both GJRS (GJC di-
luted 1:3 with (tap) water) and nifedipine perorally
as previously described. Blood samples were drawn
at −5, 2, 5, 10, 15, 30, 60, 90, 120, 240, 300, 360, 480,
and 600 min—the time of nifedipine dosing was
designated 0 min.

Orange Juice Concentrate Administration. Six rats
(303.5–354.5 g) received both OJC (undiluted) and
nifedipine perorally as previously described. Blood
samples were drawn at −5, 15, 30,60, 90, 120, 240,
360, 480, 600, 720, 840, and 1440 min—the time of
nifedipine dosing was designated 0 min.

Orange Juice Regular-Strength Administration. Six rats
(302.5–339.0 g) received both OJRS (OJC diluted 1:3
with (tap) water) and nifedipine perorally as previ-
ously described. Blood samples were drawn at −5,
2, 5, 10, 15, 30, 60, 90, 120, 240, 300, 360, 480, and 600
min—the time of nifedipine dosing was designated
0 min.

(Tap) Water Administration. Six rats (315.5–334.5 g)
received both (tap) water and nifedipine perorally
as previously described. Blood samples were drawn
at −5, 2, 5, 10, 15, 30, 60, 90, 120, 240, 300, 360, 480,
and 600 min—the time of nifedipine dosing was
designated 0 min.

Chromatography

Nifedipine concentrations in rat plasma samples
were determined by means of an established HPLC
method (lower limit of quantitation 5 ng mL−1) [50]
using 0.1–0.2 mL samples diluted to 1.0 mL with
HPLC-grade water. All analyses were conducted
under sodium lamps to prevent photodegradation
of nifedipine. [49] Calibration curve standards were
prepared by adding a known amount of the drug
to 0.1 mL of blank rat plasma and diluting to
1.0 mL as described above. The calibration curve
(5–2000 ng of nifedipine) was determined from the
best-fit regression line calculated using a 1/x2

weighting factor (where x corresponds to the
amount of nifedipine added; r2 \0.99; interday
variability B10%). HPLC instrumentation included
a model 600E solvent delivery system, a model 717
autosampler, a model 486 tunable UV–VIS ab-
sorbance detector (set at 350 nm), and an NEC
486–33 MHz computer running Millennium 2010
Chromatography Manager software Version 1.1
(Waters, Mississauga, Ont., Canada).

Pharmacokinetic Analysis

Standard pharmacokinetic measures from each of
the individual rat plasma concentration–time profi-
les were calculated by non-compartmental methods
using the computer progam WinNonlin Standard
Edition Version 1.0 (Scientific Consulting, Apex,
NC, USA)—the area under the plasma concentra-
tion–time curve (AUC) was calculated using the
linear trapezoidal rule from time zero (t0) to the
time of the last quantifiable concentration (tlast),
followed by extrapolation to infinity. Relative
bioavailability (FA/FB) after po nifedipine adminis-
tration at the same dosing level was determined
according to the expression

FA

FB
=

AUCA

AUCB
(1)
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where AUCA and AUCB are the areas under the
nifedipine plasma concentration–time curve for
treatments A and B, respectively.

Statistical Analysis

All the calculated pharmacokinetic parameters—ex-
cept tmax—were assumed to follow log-normal dis-
tribution, and therefore log-transformed before
statistical analysis. The pharmacokinetic parameter
estimates obtained were expressed as either geomet-
ric or arithmetic means with their corresponding
95% confidence intervals, as appropriate. Pharma-
cokinetic data were analyzed using independent
measures one-way analysis of variance (ANOVA)
and a post hoc test (Duncan’s multiple-range test)
was used to determine where, if any, significant
differences occurred (p50.05). The computer pro-
gram SPSS for Windows Version 6.1 (SPSS, Chicago,
IL, USA) was used for all the statistical tests. For the
purposes of generating plasma concentration–time
profiles, plasma nifedipine concentrations were ex-
pressed as arithmetic means9standard error (sx̄).

Results and Discussion

Administration of relatively large volumes of the
treatment solutions (i.e. GJC, GJRS, OJC, OJRS, and
(tap) water), and the timing of the treatments in this
study, were done to maximize potential inhibitory
effects on nifedipine presystemic metabolism and to
ensure their presence in the gut throughout the
period of nifedipine absorption. The solution vol-
umes administered in the study did not cause harm
to the animals as the typical water consumption of
rats is about 80–110 mL kg−1 day−1 [51], and a safe
intragastric injection volume in rats (250 g) is re-
ported to be about 5 mL (depending upon the
degree of stomach filling) [52]. Additionally, it is
reported that a 300 g rat can be tube fed 13 mL of
water at a time and trained to take up to 26 mL [51].
With regard to the timing of treatment administra-
tion we used, Lundahl et al. [48] studied the rela-
tionship between the time of intake of grapefruit
juice and the pharmacokinetic effect on felodipine
in human subjects. The effect of grapefruit juice was
immediate with regard to the increase in AUC and
Cmax of felodipine, with similar effects seen at 0 and
1 h, and reduced but significant effects seen 10 h
later compared to controls (note that Cmax was sig-
nificantly increased even at 24 h post-dosing). Thus,
the administration schedule we used should have
allowed for near optimal effects.

The mean (9sx̄) plasma nifedipine concentra-
tion–time profiles obtained from each of the five
treatment groups are shown in Figure 1. Individual
and mean profiles for the GJRS, OJRS and (tap)
water groups displayed single peaks, whereas the

GJC and OJC groups displayed double peaks. The
first peak in the GJC group exhibited the lowest
peak nifedipine concentration (all six rats), but the
opposite relationship was found in most rats of the
OJC group (four of six rats). Nonetheless, the areas
under the curves of the first peaks were about 2.6%
and 16.7% of the total areas under the mean curves
for the GJC and OJC groups, respectively. This
indicates that the majority of nifedipine absorption
was significantly delayed in both GJC and OJC
treatments, and the position of the second peak
(Figure 1) shows that the delay was of about the
same extent. Mean nifedipine plasma concentra-
tion–time profiles also showed more variability in
the GJC and OJC groups, which was expected given
the anticipated variability in gastric emptying or
colonic arrival times.

Standard pharmacokinetic measures of nifedipine
bioavailability calculated from the data obtained
from all five treatments are shown in Table 1 and
significant differences, where found, are noted.
Nifedipine oral clearance in the (tap) water group
(see Table 1) was similar to that found in a group of
rats administered po nifedipine ((tap) water given
ad libitum) from a previous study (17.0 mL min−1

kg−1, n=6) [47]. Oral nifedipine clearance was
significantly lower for the GJC group than the (tap)
water group but none of the other treatments had
this effect. In the GJRS group, oral clearance was
not significantly decreased but the geometric mean
value was lower than that of (tap) water, OJC, and
OJRS groups.

Bioavailability of nifedipine in the GJC group was
about double that of the (tap) water group. It is
worth noting that the determination of relative
bioavailabilities in this report assumes that nifedip-
ine systemic clearance was unchanged by each
treatment. Support for this assumption comes from
a human study [24] in which grapefruit juice did
not alter the kinetics of an iv nifedipine dose but
increased the AUC and bioavailability of nifedipine
given perorally, and by the fact that the elimination
half-life of the drug was unchanged. Similarly, in
other reports [7,8] grapefruit juice did not effect the
systemic clearance of cyclosporine or midazolam
but did improve oral bioavailability of both agents,
suggesting that its mechanism of action is to in-
crease absorption or reduce gut wall metabolism.
The apparent increased nifedipine bioavailability
found in the GJC group suggests that both hepatic
and extrahepatic presystemic metabolism were in-
hibited by GJC, or that a large portion of the dose
bypassed presystemic metabolism (via absorption in
the lower gastrointestinal (GI) tract). Surprisingly,
GJRS did not significantly increase nifedipine
bioavailability in rat (although a small increase was
found) as has been shown with regular- or double-
strength grapefruit juice in human beings
[1,19,22,24], indicating that a relatively large dose of
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Figure 1. Plasma concentration–time profiles in male Sprague–Dawley rats after a single po dose of nifedipine (6 mg kg−1) was given
to rats in the following treatment groups: grapefruit juice concentrate (GJC), grapefruit juice regular strength (GJRS), orange juice
concentrate (OJC), orange juice regular strength (OJRS), and (tap) water. For illustration purposes, the axes of each plot were scaled for
each treatment group. Data are mean values9sx̄ (n=6 animals group)

the inhibitory substance(s) in grapefruit juice is re-
quired to achieve an effect in rat (i.e. GJC). This is in
contrast to in vitro findings with naringenin which
show that rat liver microsomal metabolism of
nifedipine is inhibited to a greater extent than when
using human microsomal preparations. [28]

In addition to its effect on nifedipine bioavailabil-
ity, GJC significantly increased the apparent tmax of
the drug compared to all other groups (Table 1),
corroborating the findings of a previous study [14].
The apparent increase in nifedipine tmax observed
for OJC was not significantly different than (tap)
water or regular-strength juice groups. However,
this was a result of the double-peaking phe-
nomenon previously described. That is, if the first
peak in the OJC rat profiles had been ignored when
determining tmax then a significant difference would
have been observed. The regular-strength solutions
of both juices did not significantly alter tmax from
that of the (tap) water group. These values were not

statistically different from that reported in a previ-
ous study [47] for po dosing of rats fed water ad
libitum (tmax (95% CI)=16.7 (9.5–23.8) min). Inter-
estingly, GJRS has been shown to delay the absorp-
tion of perorally administered cyclosporine,
midazolam, quinidine, and triazolam in human sub-
jects [7,8,13,53]. Variable effects on tmax of 1,4-dihy-
dropyridines (nifedipine, felodipine, and
nisoldipine) by regular- or double-strength grape-
fruit juice have been reported in humans including
reduced [17], none [15,16,24,48], or increased
[18,19,22] effects.

The double-peak phenomenon noted in both the
GJC and OJC nifedipine plasma concentration–time
profiles was an interesting finding. A more promi-
nent double-peak effect was produced by OJC, for
reasons not clear at present, despite the fact that
both juices were of similar consistency and compo-
sition (except for differences previously noted). The
double-peak phenomenon has been observed for
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Table 1. Pharmacokinetic parameters obtained following po administration of nifedipine (6 mg kg−1) to rats
coadministered grapefruit juice, orange juice, or (tap) water treatment regimens. Where appropriate, data are
expressed as geometric means with corresponding 95% confidence intervals (CI, n=6 animals group). Tmax

is presented as arithmetic mean with 95% CI (n=6 animals per group)

OJC OJRSParameters GJC (Tap) waterGJRS

327AUC (mg mL−1 min) 700 393 345274
(283–419b,c(280–383)b,c(213–354)c(450–1088)a (335–460)b

5230Cmax (ng mL−1) 2097 4657 1223 5563
(4260–7264)e(1106–3978)d (3976–5453)e (899–1664)f (4548–6013)e

16 23tmax (min) 126443 35
(8–24)h(132–753)g (22–48)h (0–276)h (12–34)h

3131t1/2l (min) 5670 37
(30–106)i,j (26–37)k (25–38)k(39–127)i (27–51)j,k

17.418.3CL/F (ml min−1 kg−1) 21.98.6 15.3
(15.7–21.4)m,n(5.5–13.3)l (13.0–17.9)m (14.3–21.2)m,n(17.0–28.2)n

1.0Relative bioavailabilityo 2.02 1.14 0.79 0.95

a–n Identical superscript characters identify non-significant differences (p\0.05).
o Relative to the (tap) water group.
AUC, area under the plasma drug concentration–time curve from zero to infinity; CL/F, oral plasma clearance of nifedipine;
Cmax, maximum (peak) plasma drug concentration; F, systemically available fraction of the dose of a drug; GJC, grapefruit
juice concentrate; GJRS, grapefruit juice regular strength; iv, intravenous; OJC, orange juice concentrate; OJRS, orange juice
regular strength; tmax, time to reach the maximum (peak) drug concentration following extravascular drug administration;
t1/2l, elimination half-life of the drug associated with the terminal slope of a semilogarithmic plasma drug concentration–
time curve.

several orally administered drugs such as cime-
tidine, L-dopa, morphine, pafenolol, and others. [54]
Several potential explanations for this phenomenon
include enterohepatic circulation, pH-dependent
solubility, different permeabilities or extents of
presystemic metabolism in various regions of the GI
tract, or interruption of gastric emptying. The ab-
sence of double peaks in the (tap) water or both
regular-strength juice group plasma profiles would
tend to rule out the possibility of enterohepatic
circulation. As well, nifedipine is rapidly, exten-
sively, and presumably irreversibly metabolized via
oxidation in the rat, with the principal metabolite
further metabolized to several other biotransforma-
tion products which themselves can undergo en-
terohepatic circulation [34,35]. Given that the
pKa-value of nifedipine is −0.9 [55], the drug exists
primarily in its unprotonated form at all pH condi-
tions in the GI tract and thus pH-dependent solubil-
ity and absorption can be ruled out. The existence of
specific sites of absorption (‘absorption windows’)
for nifedipine can also be ruled out since the drug is
well absorbed (\90%) throughout the upper and
lower intestine in both rats and man [36,47,56],
although differences in the extent of gut wall
metabolism in different regions of the gut could
contribute, in part, to the observed double-peak
effect [47]. Therefore, the most likely explanation for
the double-peak phenomenon is a delay in gastric
emptying produced by GJC or OJC.

Commonly used laboratory animals display a
cyclic gastric motility pattern (i.e. the unfed state
has several phases which repeat every 2 h and
empty the stomach contents), but in the fed state
gastric retention can be several hours [57]. In the
rat, gastric emptying of liquids is relatively rapid.

This is illustrated in a study showing the gastric
emptying of 131I-polyvinylpyrrolidone to be 75%
complete within 15 min [57,58]. Therefore, following
coadministration of a nifedipine solution with (tap)
water or regular-strength juice, rapid absorption of
drug from the small intestine can be expected, and
was indeed found (see Table 1). When a nifedipine
solution is coadministered with grapefruit and or-
ange juice concentrates (both relatively viscous solu-
tions with high osmolarity), the effect on gastric
emptying rate is difficult to predict since the exact
mechanism of inhibition by liquid and solid meals
is not yet known in rats or humans [59]. Human
studies have shown gastric emptying to be delayed
by hot meals, fatty foods, high-protein or carbohy-
drate meals, and viscous solutions [59]. As well,
citric acid is used to inhibit gastric motility in 13C-
urea breath tests for detection of Helicobactor pylori
infection [60,61]. On the other hand, large fluid
volumes can increase gastric emptying rate [59].

If GJC and OJC were assumed to have no effect
upon gastric emptying then the observed delay in
nifedipine absorption would have to involve a
physical effect such as nifedipine incorporation in
the concentrates. This could delay nifedipine ab-
sorption until the juice concentrates were broken
down, presumably in the small intestine or colon.
The transit time of material through the rat small
intestine is reported to be only about 88 min
[62]. Similarly, another report [63] showed that 50%
of 125I-PVP given intraduodenally passed through
the small intestine in only 20 min. Hence, given
the above assumption and the kinetic profiles ob-
tained in the GJC and OJC groups, one would
expect the majority of the nifedipine absorption to
occur in the colon. Data from intracolonic and rectal
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nifedipine dosing in rats shows that bioavailability
increases relative to po dosing [44,47]. However,
nifedipine bioavailability in the OJC group was less
than that in the (tap) water group (Table 1), indicat-
ing that physical incorporation of nifedipine by the
concentrates is unlikely (assuming nifedipine ab-
sorption was complete in all cases). This observa-
tion, taken with the finding of double peaking,
strongly indicates that both GJC and OJC affected
the rate of gastric emptying in this study.

Interestingly, du Souich et al. [64] noted a lack of
intestinal, hepatic, or pulmonary presystemic
metabolism of nifedipine in the rabbit, leading to
speculation by the authors that nifedipine may be
decomposed in the GI lumen of rats and humans to
account for its poor oral bioavailability. The results
of the present study seem to contradict this theory,
as nifedipine appears to be completely absorbed
from the GI tract of rats when coadministered with
GJC. This is despite the fact that GJC greatly delays
the absorption of nifedipine which might be ex-
pected to lead to increased decomposition of the
drug in the GI tract.

In conclusion, the results of this study showed
that GJC acts to inhibit presystemic metabolism of
nifedipine (both hepatic and extrahepatic), and that
both GJC and OJC slow the rate of gastric emptying
in rats. As expected, OJC and OJRS did not signifi-
cantly increase nifedipine bioavailability compared
to (tap) water. Surprisingly, GJRS had no significant
effect upon nifedipine bioavailability. Nonetheless,
it was demonstrated that, under appropriate experi-
mental conditions, the rat may be a suitable model
for in vivo investigation of the interaction of grape-
fruit juice with nifedipine.
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