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Abstract

Aim The aim of this study was to investigate the effect of quinidine, a P-glycoprotein
inhibitor, on the pharmacokinetics and pharmacodynamics of morphine in rats.
Methods Rats were given morphine (30 mg/kg p.o. or 30 mg/kg over 10 min i.v.) 30 min
after pretreatment with quinidine (30 mg/kg p.o.). Antinociceptive effects were determined
using the tail immersion test. Concentrations of morphine in plasma and brain were also
determined.
Key findings The antinociception of morphine was significantly enhanced by oral
administration of quinidine, with a 3.1-fold greater area under the effect–time curve than
that in vehicle-treated rats. Morphine concentrations in plasma and brain were significantly
increased by quinidine. The area under the plasma concentration–time curve after oral or
intravenous administration of morphine was increased 5.2- and 1.7-fold, respectively, in
quinidine-pretreated rats compared with vehicle-pretreated rats. Quinidine caused a 40%
decrease in the total clearance of morphine and increased the concentration of morphine in
the brain, although the brain-to-plasma concentration ratio was not changed.
Conclusions Oral administration of quinidine increases the absorption of morphine from
the gastrointestinal tract and subsequently enhances the concentration in the brain and its
antinociceptive effect. Enhanced intestinal absorption of morphine may be due largely to
inhibition of intestinal P-glycoprotein by quinidine.
Keywords absorption; drug interaction; morphine; P-glycoprotein; quinidine

Introduction

Chronic pain is highly prevalent among patients with cancer. Morphine is an opioid
analgesic frequently used to control moderate-to-severe pain in these patients.[1] Oral
administration is the most common route of administration, and several oral dosage forms
of morphine are available. The bioavailability of morphine (24% for an oral solution; 22%
for a controlled-release tablet[2]) is lower than that of oxycodone (60%),[3] even though the
lipophilicity of these opioids is similar.[4] Morphine is a substrate of efflux transporters
such as P-glycoprotein, which is expressed in several tissues, including brain capillary
endothelia and intestinal epithelia, which can therefore affect its pharmacokinetics. The
concentration of morphine in the brain and its antinociceptive effects were enhanced
by knockout of the P-glycoprotein gene in mice and by administration of P-glycoprotein
inhibitors in rats,[5–8] whereas the pharmacokinetics of oxycodone were not affected
by a P-glycoprotein inhibitor.[9] Thus, P-glycoprotein-mediated efflux may limit the
bioavailability of morphine.

In a clinical study, the plasma concentration of oral morphine was increased by the prior
administration of quinidine, a P-glycoprotein inhibitor.[10] This finding led us to assume
that the inhibition of intestinal P-glycoprotein by quinidine may increase the intestinal
absorption of morphine and thereby enhance its therapeutic effect.

P-glycoprotein inhibitors such as quinidine may modulate the pharmacokinetics
and pharmacodynamics of morphine. However, the effects of quinidine on the brain
distribution and antinociceptive effect of morphine remain to be elucidated. We therefore
examined the effect of quinidine pretreatment on the antinociceptive effects of morphine
and its pharmacokinetics, including intestinal absorption and distribution in the brain.
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Materials and Methods

Materials

Morphine hydrochloride was purchased from Takeda
Chemical Industries Ltd (Osaka, Japan). All other chemicals
were purchased from commercial sources.

Animals

Male Sprague-Dawley rats weighing about 250 g were
housed three or four per cage with free access to food and
water and were maintained in a 12 h light–dark cycle in a
room with controlled temperature (24 ± 1�C) and humidity
(55 ± 5%).

This study was conducted in accordance with the guide
for care and use of laboratory animals adopted by the US
National Institutes of Health and guidelines approved by the
Experimental Animal Ethical Committee of the University of
Shizuoka.

Antinociceptive test

The tail-immersion test was used to quantify antinocicep-
tion.[11] Briefly, the tail was immersed in a water bath at
55 ± 1�C and the time taken to withdraw the tail measured,
termed the tail-flick latency. Baseline antinociceptive testing
was performed before drug administration.

Rats were given oral morphine (30 mg/kg) 30 min after
the oral administration of vehicle or quinidine (30 mg/kg).
Antinociceptive testing was performed every 30 min for
180 min after morphine administration. A maximum tail-
flick latency of 10 s was allowed in order to minimise tissue
damage to the tail.

Values for tail-flick latency were converted to a percentage
of the maximum possible effect (MPE): % MPE = (postdrug
latency – predrug latency)/(maximum latency – predrug
latency) ¥ 100.

Measurement of morphine in plasma
and brain

Rats were given morphine orally (30 mg/kg) or intravenously
(30 mg/kg over 10 min via the femoral vein) 30 min after the
oral administration of quinidine (30 mg/kg) or vehicle. Small
amounts of blood (200 ml) were taken from the femoral
artery 5, 10, 20, 30, 45, 60, 75, 90, 120 and 180 min later.
The plasma was separated by centrifugation.

The brain was removed 60 or 180 min after morphine
administration, weighed and then homogenised in four
volumes of saline. The homogenate was centrifuged at
4800g for 20 min at 4�C. The supernatant and plasma sample
were stored at -20�C until the measurement of morphine
concentrations.

Concentrations of morphine were measured by HPLC
with electrochemical detection.[12] Plasma and brain homo-
genate were subjected to solid-phase extraction using an
Oasis HLB cartridge (Waters, Milford, MA, USA). The
cartridge was pre-wetted with methanol (1 ml), followed by
10% acetonitrile in 20 mM phosphate buffer (pH 2.1) (1 ml)
and water (1 ml). After the addition of 0.5 M ammonium
sulfate buffer (pH 9.3) (900 ml), the plasma sample (50–
100 ml) or supernatant of brain homogenate (100 ml) was

applied to the cartridge, which was subsequently washed
with 5 ml 5 mM ammonium sulfate buffer and 4 ml 15%
methanol in 5 mM ammonium sulfate buffer and 0.5 ml
water. The morphine was then eluted with 10% acetonitrile
in 20 mM phosphate buffer (pH 2.1).

The HPLC system consisted of a pump (880-PU, Japan
Spectroscopic Co. Jasco, Tokyo, Japan), an electrochemical
detector (Nanospace SI-02, Shiseido, Tokyo, Japan) and an
integrator (Chromatocorder 12, System Instruments, Tokyo,
Japan). The column was a Capcell pak C18 ODS (4.6 mm ¥
250 mm, 5 mm particle size, Shiseido). The mobile phase
was 25% acetonitrile, 2.5 mM sodium dodecyl sulfate and
50 mM phosphate buffer (pH 2.1), delivered at a flow rate
of 0.7 ml/min. The limits of quantification of morphine in
plasma and brain were 0.5 mM and 0.1 nmol/g brain tissue,
respectively. Runs were accepted if the precision and
accuracy of the quality control samples had a coefficient of
variation below 15%.

Data analysis

Total body clearance (CLtotal) of morphine was calculated from
the area under the plasma concentration–time curve (AUC)
after intravenous administration (CLtotal = dose/AUC).

Data were compared using Student’s t-test and one-way
analysis of variance followed by Dunnett’s test for single and
multiple comparisons, respectively. A P value below 0.05
was considered significant.

Results

Antinociceptive effects

The antinociceptive effect of oral morphine determined by
the tail-immersion test in vehicle- or quinidine-pretreated rats
is shown in Figure 1. The antinociceptive effect of morphine
was 19–27% of the MPE in vehicle-treated rats. Prior
administration of quinidine markedly increased the anti-
nociceptive effect of morphine, to 46–84% MPE. The area
under the antinociceptive effect–time curve (AUEC0–180) was
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Figure 1 Effects of oral quinidine on the antinociceptive effect of

morphine in rats, measured by tail-flick latency. Rats were treated with

morphine (30 mg/kg p.o.) 30 min after the oral administration of vehicle

or quinidine (30 mg/kg). Points are mean ± SE (n = 4 or 5 rats).

*P < 0.05; **P < 0.01 vs vehicle-treated rats. MPE, maximum possible

effect.
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3.1-fold greater in quinidine-pretreated rats than in vehicle-
treated rats: 11068 ± 2662 vs 3597 ± 1663% MPE � min
(mean ± SE, n = 4 and 5, respectively).

Plasma and brain concentrations of morphine
after oral administration

Plasma concentrations of morphine after oral administration
to rats pretreated with vehicle or quinidine are shown in
Figure 2. The plasma concentration of morphine in vehicle-
pretreated rats reached a maximum (1.1 mM) 10 min after
administration, and was 0.52–0.79 mM at 20–180 min. In
quinidine-pretreated rats, the plasma concentration was
5.9 mM at 20 min, gradually decreasing to 2.2–2.3 mM at
120–180 min. The plasma concentration was markedly
higher in the quinidine-pretreated rats than in the vehicle-
treated controls at all time points. The AUC after oral dosing
(AUC0–180 p.o.) was also larger (5.2-fold) in the quinidine-
pretreated animals (Table 1).

The concentration of morphine in the brain in quinidine-
pretreated rats was increased 2.8 fold at 60 min and 2.7 fold
at 180 min compared with vehicle-treated rats (Figure 3).

The brain: plasma concentration ratio at these time points
was altered little by quinidine treatment (Figure 3).

Pharmacokinetics of morphine

The concentration of morphine in plasma was determined
after intravenous infusion (30 mg/kg over 10 min). The
plasma concentration of morphine was significantly higher in
quinidine-pretreated rats than in vehicle-pretreated rats and
values for the AUC (AUC0–∞ i.v) were increased 1.7-fold
(Figure 1 and Table 1). Quinidine treatment significantly
decreased CLtotal of morphine (by 40%) but did not change
the volume of distribution. The AUC ratio (AUC0–180 p.o./
AUC0–180 i.v.) was significantly greater (3.3 fold) in
quinidine-pretreated rats than in vehicle-pretreated rats:
0.166 ± 0.016 vs 0.0496 ± 0.0033 (mean ± SE, n = 3 and 4,
respectively).

Discussion

Oral administration of quinidine significantly increased the
absorption of morphine from the gastrointestinal tract, and
subsequently enhanced the concentration in the brain and
antinociceptive effect of morphine.

The antinociceptive effect of morphine (30 mg/kg p.o.)
was increased by prior administration of quinidine (30 mg/kg
p.o.), with a 3.1-fold greater AUEC0–180 than that in vehicle-
treated rats (Figure 1). The prior administration of quinidine
increased the plasma concentration of morphine, with a
5.2-fold greater AUC0–180 p.o. than that in vehicle-treated rats
(Figure 2 and Table 1). Furthermore, the concentration of
morphine in the brain was significantly increased by prior
administration of quinidine (Figure 3). These results indicate
that quinidine treatment increases the concentration of
morphine in plasma and the brain, potentiating its anti-
nociceptive effect.

Quinidine has a local anaesthetic effect like other class I
antiarrhythmic drugs, but its systemic administration has no
analgesic effect.[13] Thus, enhancement of the antinociception
of morphine is likely to be due mainly to pharmacokinetic
interaction rather than a pharmacodynamic interaction. It is
unlikely that morphine-6-glucuronide, the active metabolite
of morphine, contributes to the morphine antinociception
because this route of metabolism is negligible in the rat.[14]

We further analysed the effects of quinidine on the
pharmacokinetics of morphine including its absorption,
systemic clearance and distribution in the brain. The AUC
ratio (AUC0–180 p.o./AUC0–180 i.v) was 3.3-fold greater in
quinidine-pretreated rats than in vehicle-pretreated rats. The
increase in AUC ratio caused by quinidine is consistent with
the result of a clinical study in which quinidine caused a
1.6-fold increase in the oral AUC of morphine.[10] Quinidine
is an inhibitor of P-glycoprotein, with an IC50 of 2.2 mM in
Caco-2 cells.[15] The concentration of quinidine in intestinal
fluid is estimated to be 2 mM, assuming that the volume of rat
gastrointestinal fluid is 5 ml. Thus, quinidine should remain
in the intestinal fluid at a concentration high enough to
inhibit P-glycoprotein-mediated efflux. Crowe[16] suggested
that absorption of morphine in Caco-2 cells could be doubled
by the inhibition of P-glycoprotein. Taken together, the
inhibition of intestinal P-glycoprotein by quinidine might be
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Figure 2 Plasma morphine concentrations following oral or intravenous

administration to rats. Morphine was administered orally (30 mg/kg; circles)

or intravenously (30 mg/kg over 10 min; squares) to rats pretreated with

vehicle or quinidine (30mg/kg p.o.). Points aremeans ± SD (n = 3or 4 rats).

Table 1 Pharmacokinetic parameters calculated from plasma concen-

trations of morphine after oral (30 mg/kg) or intravenous (30 mg/kg over

10 min) administration in rats pretreated with vehicle and quinidine

(30 mg/kg, p.o.)

Vehicle Quinidine

AUC0–180 p.o. (mM � min) 117 ± 8 605 ± 57 (5.2)***

AUC0–180 i.v. (mM � min) 2364 ± 37 3646 ± 235 (1.5)**

AUC0–∞ i.v. (mM � min) 2466 ± 48 4049 ± 346 (1.7)*

Volume of distribution (l/kg) 2.51 ± 0.20 2.01 ± 0.18

Total clearance (l/min per kg) 0.043 ± 0.001 0.026 ± 0.002 (0.60)**

AUC, area under the plasma concentration–time curve. Values represents

means ± SE (n = 3 or 4 rats). Values in parentheses are ratios of the value

in quinidine-pretreated rats to that in vehicle-pretreated rats. *P < 0.05;

**P < 0.01; ***P < 0.001 vs vehicle-pretreated rats.
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one of the major reasons for the increase in the plasma
concentration of morphine.

The administration of quinidine significantly increased
the plasma concentration of morphine following intravenous
infusion but without any increase in the volume of
distribution, indicating a decrease in systemic clearance.
This finding is in contrast to a clinical study showing that
quinidine did not change the systemic clearance of
morphine.[10] About 17% of the dose of morphine adminis-
tered intravenously in rats is excreted unchanged in the
urine,[17] and the primary route of metabolism is via
glucuronidation. Quinidine inhibits several drug metabolism
enzymes in addition to P-glycoprotein. Uchaipichat and
colleagues[18] have reported that quinidine inhibits human
UDP-glucuronosyltransferase 2B7, which metabolises mor-
phine to its glucuronides, with a Ki value of 186 mM.
However, it is unclear whether quinidine inhibits the
glucuronidation of morphine in vivo in rats. Another possible
reason for the decrease in CLtotal is stimulation of
enterohepatic recirculation. In rats, bile duct ligation
decreased the plasma concentration of morphine after
intravenous administration, enhancing the systemic clear-
ance.[17] These results suggest that approximately 20% of the
intravenous dose is subject to enterohepatic recirculation.
Administration of quinidine may enhance the intestinal re-
absorption of orally administered morphine, leading to an
increase in the plasma concentration and a decrease in
systemic clearance. Further studies to elucidate the mechan-
isms responsible for the decrease in the systemic clearance of
morphine caused by quinidine administration in rats are
required.

P-glycoprotein in the blood–brain barrier modulates the
antinociceptive effect of morphine by regulating its transport
from blood into the central nervous system.[5–8] The
concentration of morphine in the brain was increased by
the administration of quinidine but the brain : plasma
concentration ratio was not changed. These results suggest
that quinidine treatment does not affect the transfer of
morphine from the bloodstream into the brain. However, the
concentration of quinidine in the plasma in this study may
not be high enough to inhibit P-glycoprotein in the blood–
brain barrier. Indeed, based on the pharmacokinetic

parameters for quinidine in rats,[19] we estimate that the
plasma concentration of unbound quinidine 30 min after
administration (30 mg/kg) was less than 1 mM, which is
lower than the IC50 value for inhibition of P-glycoprotein-
mediated transport by quinidine (2.2 mM).[15]

Conclusions

Quinidine increases the absorption of morphine from the
gastrointestinal tract, and subsequently enhances its concen-
tration in the brain and antinociceptive effect. Enhanced
intestinal absorption of morphine may be partly attributed to
inhibition of intestinal P-glycoprotein. P-glycoprotein inhi-
bitors such as quinidine may enhance the pain-relieving
effects of morphine.
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