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SUMMARY 

The effect of the grapefruit flavonoid naringin, an inhibitor of 
CYP3A4, on the pharmacokinetics of quinine in rats after oral or 
intravenous (i.v.) dosing of quinine was investigated. Female Wistar 
rats (wt 190-220 g) were used in two separate studies, i.e. oral and i.v. 
administration of quinine. The animals were divided into two groups, 
one served as control and the other group was pretreated with 25 
mg/kg naringin once a day for 7 consecutive days before the 
pharmacokinetic study. On the study day, quinine (25 mg/kg) was 
administered to the rats by either the oral or i.v. route. Blood samples 
were collected at different times, up to 6 h after quinine adminis-
tration. Plasma quinine concentration was assayed by HPLC. 
Pretreatment with naringin did not cause any significant change in the 
pharmacokinetics of quinine after the i.v. dose. However pretreatment 
with naringin led to a 208% increase in peak plasma concentration 
(Cmax), a 93% increase in time to reach Cmax (tmax), and a 152% 
increase in the area under the plasma concentration-time curve (AUC) 
of quinine after oral administration. Consequently, the oral 
bioavailability of quinine was significantly increased (p < 0.05) from 
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17% (control) to 42% after pretreatment with naringin. There was no 
significant difference in the elimination half-life (t/,β) of quinine 
between the two groups. These results suggest that pretreatment with 
the grapefruit flavonoid naringin is associated with increased oral 
bioavailability of quinine in rats. 
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INTRODUCTION 

Quinine is an important drug for the treatment of severe and 
complicated malaria /I/. It is extensively metabolised in the liver and, 
after an oral dose, less than 10% of the drug is excreted unchanged in 
the urine /2,3/. In humans, seven metabolites have been identified in 
urine, with 3-hydroxyquinine considered to be the major metabolite 
/3/. In vitro human and rat hepatic microsomal studies have shown 
that quinine is metabolised by CYP3A with 3-hydroxyquinine 
appearing to be the major metabolite /4-7/. 

Grapefruit juice has been shown to cause significant increases in 
the plasma concentrations of many clinically important therapeutic 
agents, such as the dihydropyridine calcium channel antagonists, 
cyclosporine, and midazolam /8-12/. These interactions are believed to 
be due to inhibition of intestinal CYP3A4 by flavonoids and/or other 
chemicals in grapefruit juice, although the mechanism of this 
inhibition has not been fully characterised /13,14/. Some flavonoids, 
such as naringin, naringenin, quercetin, kaempferol, hesperetin and 
apigenin, were reported to be responsible for the inhibition described 
/13,15/. 

The most prevalent bioflavonoid in grapefruit juice is naringin, 
which is not found in orange juice /16/. Naringin appears to be a weak 
inhibitor of microsomal felodipine oxidation /17/. However, its 
aglycone, naringenin, which is not normally found in grapefruit juice, 
seems to be a much more potent enzyme inhibitor of CYP3A4 that 
metabolises most calcium antagonists /17,18/. Consistent with this, 
preliminary studies using microsomes prepared from human and rat 
livers have shown that both naringin and naringenin inhibit the 
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metabolism of quinine to form 3-hydroxyquinine. Since quinine is 
metabolised by CYP3A and naringin can inhibit the CYP3A sub-
family, theoretically an interaction between quinine and naringin is 
likely to occur. Therefore, the present study was conducted to 
determine the effects of naringin on the pharmacokinetics of quinine 
using the rat as an animal model. 

MATERIALS AND METHODS 

Chemicals 

Naringin, quinine hydrochloride, and an internal standard (cincho-
caine) were purchased from Sigma Chemical Co. (St Louis, MO, 
USA). Polyethylene glycol 400 and sodium dodecyl sulphate were 
obtained from BDH Chemicals Ltd. (Poole, England). All other 
chemicals used were obtained from usual commercial sources and 
were of analytical grade. 

Animal protocol 

Inbred, female Wistar rats, 190-220 g, were housed in groups of 2-
4 animals, in plastic cages with pinewood shavings as bedding. The 
animals were fed a commercial rodent diet (F49, Reliance Stock Food 
Co., Dunedin, New Zealand) and were acclimatised for five days 
before the experiment. During the pharmacokinetic experiments, rats 
were housed separately in normal or metabolism cages. Food, but not 
water, was withdrawn the night before drug administration. The 
animals were provided with food and water during the experimental 
period. All animals were cannulated with Silastic tubing in the right 
jugular vein under light ether anaesthesia 24 h before the pharmaco-
kinetic experiment. The study was approved by the Committee of 
Ethics in the Care and Use of Laboratory Animals, University of 
Otago, Dunedin, New Zealand. 

Experimental design 

The rats were used in two separate studies, i.e. oral and intravenous 
(i.v.) administration of quinine. In each study, the pharmacokinetic 
experiments were performed with two groups of rats (n = 6-9 for each 
group). One group served as a control and received no naringin 
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pretreatment. Instead, they were given vehicle solvent (polyethylene 
glycol 400 [PEG 400]) by gavage in a volume of 0.2 ml/100 g body 
weight, once a day for 7 days before drug administration. Another 
group of rats was pretreated with 25 mg/kg naringin (12.5 mg/ml in 
PEG 400) administered directly into the stomach using a thin plastic 
tube attached to a syringe. The animals received naringin once a day 
for 7 consecutive days before the pharmacokinetic experiments. 

Pharmacokinetic studies and drug administration 

Quinine solutions were freshly prepared by dissolving the drug in 
normal saline. On the study day, animals were placed individually in 
metabolism cages. Quinine, in a volume of 0.2 ml/100 g (25 mg/kg), 
was administered to the rats either by the oral or i.v. route. Blood 
samples (0.2 ml) were collected at 0, 0.17, 0.33, 0.5, 1, 2, 3, 4, and 6 h 
after the injection of quinine. The same volume of saline (0.9% NaCl) 
was used as fluid replacement at the end of each blood sampling. 
Blood samples were collected in heparinised tubes. Plasma was 
separated after centrifugation and stored at -20°C pending analysis. 

Drug analysis 

Quinine concentration in plasma samples was determined by a 
specific HPLC method as reported previously l\9l. This procedure is 
selective for quinine and has a detection limit of 18 ng/ml. The intra-
and inter-assay variability was low with a coefficient of variation of 
less than 10%. 

Data analyses 

The pharmacokinetics of quinine were analysed by iterative 
weighted non-linear least-squares regression analysis. The computer 
program utilised was MINIM (courtesy of Dr R.D. Purves, Depart-
ment of Pharmacology, University of Otago, New Zealand). The i.v. 
and oral data were fitted using one- or two-compartment pharmaco-
kinetic models. The appropriate model was chosen as the one which 
gave the minimum value according to Akaike's information criterion 
/20/. The plasma drug concentration-time curves after i.v. drug 
administration were found to be adequately fitted to a standard two-
compartment open model 721/ described by the following equation: 
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C = Ae"* + Be-/* 

where C is the plasma drug concentration, A and Β are mathematical 
coefficients, a is the hybrid rate constant for the distribution phase, 
and β is the hybrid rate constant for the terminal elimination phase. 
Drug elimination half-life (t/,β) at the terminal phase was calculated as 
(t./3p) = 0.693Iβ. The area under the plasma concentration-time curve 
(AUC) was estimated using the linear trapezoidal rule, with extra-
polation from the last measured concentration to infinity determined 
by use of the terminal elimination rate constant. The total plasma 
clearance after intravenous (CL) and oral (CL/F) administration was 
estimated by dividing the administered dose by AUC (CL = 
dose/AUC). The volume of distribution (Vd = dose/(AUC /7)) was also 
calculated for i.v. data. Absolute bioavailability (F) was calculated as: 
F = AUCpo χ Dose.v / AUCiv χ Dosepo. The peak concentration (Cmax) 
and time to reach Cmax (tmax) were obtained directly from the 
concentration-time profile. 

Statistical analysis 

Results are reported as mean ± S.D. Student's unpaired t-test was 
used to assess statistical differences in pharmacokinetic parameters 
between the two groups. Differences were considered significant if ρ < 
0.05. 

RESULTS 

There was no endogenous peak found to interfere with quinine and 
the internal standard in both human blank plasma and blank plasma 
from rats (i.e. prior to quinine dose). Therefore, plasma quinine 
standard solutions for the calibration curve were prepared using 
human blank plasma. The plasma taken from rats pretreated with 
naringin (80 mg/kg) also showed no interference with the quinine 
assay. 

The standard curve of quinine in plasma was linear over the 
concentration range 0.05-10 μg/ml. This range of concentrations 
covered the plasma quinine concentrations observed in the samples 
from this study. The standard curve for urinary quinine was linear over 
the concentration range of 0.3-18.0 μg/ml. 
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There was no significant difference in the body weights on the 
study day between control and naringin pretreated rats (Table 1). 
Plasma quinine concentration-time profiles in the control and naringin 
pretreated rats after oral and i.v. administration are illustrated in 
Figure 1. The profiles of plasma quinine concentration after i.v. dose 
were almost superimposed between the control and naringin-pre-
treated groups. After oral administration of quinine, the plasma 
quinine concentrations in the naringin-pretreated group were signifi-
cantly higher than the corresponding concentrations observed in the 
control group. Derived pharmacokinetic parameters of quinine are 
summarised in Table 1. There were no significant differences between 
the two groups in quinine pharmacokinetic parameters, i.e., AUC, CL, 
Vd and t'/„ after intravenous administration (Table 1). After oral 
administration, however, pretreatment with naringin led to a 208% 
increase in peak plasma concentration (Cmax), a 93% increase in time 
to reach Cm a x (tmax) and a 152% increase in the area under the plasma 

TABLE 1 

Pharmacokinetic parameters of quinine after i.v. and oral administration 
of quinine in two separate studies 

i.v. Quinine Oral Quinine 

Control Naringin Control Naringin 
(η = 8) (η = 9) (η = 6) (η = 7) 

Body Wt. (g) 

^g /m!) 

tmax (min) 

ty2ß(h) 

AUC (mg h/1) 

F ( % ) 

CL (1/h/kg) 

CL/F (1/h/kg) 

Vd (1/kg) 

203.8 ± 13.8 205 ± 11 

1.2 ±0.4 

4.5 ± 1.0 

100 

5.9 ± 1.5 

1.2 ±0 .9 

4.5 ± 1.8 

100 

6.6 ±3 .0 

202 ± 10 215 ± 15 

0.2 ±0.1 0.7 ±0.4* 

35.0 ± 12.2 57.8 ±30.5* 

1.3 ± 1.1 1.3 ± 0.7 

0.8 ±0.4 1.9 ±0.6* 

17.1 42.0 

44.0 ±25.9 14.1 ±4.6* 

10.1 ±4.0 11.1 ±10.9 

Values are mean ± S.D. * Ρ < 0.05. 
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concentration-time curve (AUC) of quinine (Table 1). Consequently, 
the oral bioavailability of quinine was increased from 17% (control) to 
42% (naringin) after the pretreatment with naringin. There was no 
significant difference in the elimination half-life (t>/2ß) of quinine after 
intravenous or oral administration. 

DISCUSSION 

Grapefruit juice has been reported to increase oral bioavailability 
of cyclosporine, midazolam, triazolam, and several calcium ant-
agonists such as felodipine, nifedipine, nitrendipine and nisoldipine 
/14/. All these drugs are primarily metabolised by human liver 
CYP3A4. Grapefruit juice contains high concentrations of flavonoids, 
such as naringin, quercetin and kaempferol /16/, which have been 
shown to inhibit CYP3A activity in vitro /18,22/. The most prevalent 
bioflavonoid in grapefruit juice is naringin, the glycoside of narin-
genin, which is not found in orange juice /15/. 

It was demonstrated that the major metabolite of quinine in human 
and rat livers is 3-hydroxyquinine and that quinine 3-hydroxylation is 
catalysed by CYP3A /4-7/. Data from preliminary experiments carried 
out using in vitro human and rat liver microsomal preparations have 
shown that both naringin and naringenin inhibit the metabolism of 
quinine catalysed by CYP3A. Naringin appears to be a much weaker 
inhibitor than naringenin. 

In the present study, the effect of naringin on the pharmacokinetics 
of quinine after oral and intravenous administration in rats was 
examined. The calculated parameters during control conditions are 
similar to values reported by other investigators /23,24/. The clearance 
(CL) of quinine after intravenous administration in rats has been 
reported to be 6.9 1/h/kg /23/ which is comparable to 5.8 1/h/kg 
observed in this investigation. Oral bioavailability of quinine in rats 
was 17% in the present study, somewhat lower than that (F = 30%) 
reported by Genne et al. /24/. 

The results have shown that naringin did not cause any significant 
change in the pharmacokinetics of quinine after an intravenous dose 
(Fig. 1, Table 1). However, after oral administration, the AUC and 
Cmax of oral quinine were significantly higher in the group of rats 
pretreated with naringin than in the controls. Oral bioavailability of 
quinine (Table 1) was markedly increased from 17% (control) to 42% 
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(naringin) after pretreatment with naringin. Lack of effect of naringin 
on quinine pharmacokinetics after the i.v. dose, and the increased 
AUC and Cmax after an oral dose with no alteration of the half-life, 
indicate that the oral bioavailability of quinine was increased as the 
result of the augmented systemic availability of quinine by naringin. 
This suggests that the primary site of CYP3A inhibition by naringin or 
naringenin in the rat is likely to be in the intestinal wall, rather than in 
the liver. It is also possible that the increased oral bioavailability of 
quinine in the absence of clearance changes could be a result of 
inhibition of hepatic first pass metabolism. Quinine has been shown to 
be a high clearance drug in rats with hepatic extraction rate of 56% 
/25/. Decreases in hepatic enzymatic capacity (i.e. due to a reduction 
in enzyme expression) for high extraction drugs result in a reduction 
in their oral clearance (CL/F) and increased oral bioavailability, but 
not systemic clearance. 

The results from this study in rats are different from those observed 
in healthy human volunteers. It has been shown that grapefruit juice 
has no effect on quinine pharmacokinetics in humans co-administrated 
grapefruit juice /26/. One of the explanations is that quinine is a low 
clearance drug with a relatively high (90%) oral bioavailability in 
humans, but not in rats which were reported to have a low 
bioavailability (30%) /24/. This explanation is supported by the fact 
that those drugs interacting with grapefruit juice have a low oral bio-
availability; for example, the bioavailability for felodipine, nifedipine, 
nisoldipine, midazolam and cyclosporine is approximately 15%, 50%, 
8%, 24% and 40%, respectively /14,27/. The difference in results 
between rats and humans emphasizes species differences in drug 
metabolism, and data extrapolation from animal studies to humans 
should be viewed with caution. 

There is increasing interest in the potential role and importance of 
P-glycoprotein, a transmembrane protein involved in drug efflux from 
the enterocyte back into the intestinal lumen. Any inhibition of P-
glycoprotein activity may increase the extent of drug absorption from 
the intestinal lumen into enterocytes and would result in increased 
systemic availability of the drug. Quinine is considered to be both a 
CYP3A- and P-glycoprotein substrate. Another possible explanation 
of these results is that an increase in quinine oral bioavailability may 
result from naringin-induced inhibition of P-glycoprotein rather than 
CYP3A inhibition. However, Soldner et al. /28/ reported that 
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grapefruit juice significantly activates P-glycoprotein-mediated efflux 
of drugs that are substrates of P-glycoprotein, potentially partially 
counteracting the CYP3A-inhibitory effect of grapefruit juice. 

The components of grapefruit juice that are responsible for clinical 
drug interaction have yet to be fully determined. Naringin has been the 
primary suspect because it is the main bitter component with concen-
trations up to and exceeding 500 mg/11291. Some in vitro studies such 
as with nifedipine have indicated that naringin is a less potent inhi-
bitor of CYP3A than many other flavonoids, although its aglycone, 
naringenin, which is formed in vivo is considerably more active 
/17,30/. However, there were no significant changes in the pharmaco-
kinetics of felodipine or nisoldipine in humans when naringin was co-
administered /30/. It should be noted that most in vitro studies were 
performed using hepatic microsomes rather than intestinal micro-
somes. The major isoenzymes of CYP3A are found in both liver and 
intestine /31-33/. CYP3A accounts for nearly 30% of the total P450 
content in human liver and for as much as 70% in the gut wall /34/. 
There is little information about the extent to which the activity and 
substrate specificity of small intestinal CYPs parallels that of the 
corresponding enzymes found in the liver, or whether liver and gut 
enzymes are under different regulation /32,35/. Waziers et al. /36/ 
reported that CYP3A4 in gut wall represented a total of 8.8% of liver-
specific content in human. Vernet and Siess /37/ directly compared the 
effects of flavonoids on rat microsomal enzymes from both liver and 
intestine. They found that naringenin and hesperitin had qualitatively 
similar effects on ethoxycoumarin deethylase in the intestinal wall and 
in the hepatocyte. 

In conclusion, the present study has shown that pretreatment with 
the grapefruit flavonoid naringin is associated with increased oral 
bioavailability of quinine in rats. These findings also provide 
additional evidence to support the hypothesis that drugs with low 
bioavailability due to presystemic metabolism mediated by CYP3A 
appear to be most affected by grapefruit juice. 
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