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Aims

There is considerable unexplained interindividual variability in the methadone dose-
effect relationship. The efflux pump P-glycoprotein (P-gp) regulates brain access and
intestinal absorption of many drugs. Evidence suggests that methadone is a P-gp
substrate in vitro, and P-gp affects methadone analgesia in animals. However the role
of P-gp in human methadone disposition and pharmacodynamics is unknown. This
investigation tested the hypothesis that the intestinal absorption and pharmacody-
namics of oral and intravenous methadone are greater after inhibition of intestinal
and brain P-gp, using the P-gp inhibitor quinidine as an in vivo probe.

Methods

Two randomized, double-blind, placebo-controlled, balanced crossover studies were
conducted in healthy subjects. Pupil diameters and/or plasma concentrations of
methadone and the primary metabolite EDDP were measured after 10 mg intrave-
nous or oral methadone HCl, dosed 1 h after oral quinidine (600 mg) or placebo.

Results

Quinidine did not alter the effects of intravenous methadone. Miosis tn.. (0.3 + 0.3
vs 0.3+ 0.2 h (-0.17, 0.22)), peak (5.3 +0.8 vs 5.1 £ 1.0 mm (0.39, 0.84)) and
AUC vs time (25.0 £ 5.7 vs 26.8 £ 7.1 mm h (6.1, 2.5)) were unchanged (placebo
vs quinidine (95% confidence interval on the difference)). Quinidine increased
(P < 0.05) plasma methadone concentrations during the absorptive phase, decreased
tmax (2.4 £0.7 vs 1.6 £ 0.9 h (0.33, 1.2)), and increased peak miosis (3.2 + 1.5 vs
4.3+ 1.6 mm (-1.96, —0.19)) after oral methadone. The C.,, (55.6 + 10.3 vs 59.4 +
14.1 ng ml™" (-8.5, 0.65)) and AUC of methadone (298 + 46 vs 316 £ 74 ngml' h
(-54, 18)) were unchanged, as were the EDDP : methadone AUC ratios. Quinidine
had no effect on the rate constant for transfer of methadone between plasma and
effect compartment (ko) (2.6 £2.6 vs 2.5+ 1.4 h™' (=3.5, 4.2)).

Conclusions

Quinidine increased the plasma concentrations of oral methadone in the absorptive
phase and the miosis caused by methadone, suggesting that intestinal P-gp affects
oral methadone absorption and hence its clinical effects. Quinidine had no effect on
methadone pharmacodynamics after intravenous administration, suggesting that if
quinidine is an effective inhibitor of brain P-gp, then P-gp does not appear to be a
determinant of the access of methadone to the brain.
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Introduction

Methadone maintenance is the cornerstone of opiate
addiction therapy, with documented efficacy and cost-
effectiveness in preventing opiate abstinence syndrome
and in reducing mortality, use of illicit opiates and code-
pendent drugs, the incidence of infectious disease and
crime, as well as increasing social productivity [1-3].
Methadone maintenance is a vital public health strategy
for HIV/AIDS risk reduction [3, 4]. Methadone is also
highly useful in the treatment of acute pain and chronic
cancer pain, either as a primary modality or as an alter-
native in an opioid rotation protocol [5, 6]. Methadone
has several beneficial characteristics, including high oral
bioavailability, minimally active metabolites, efficacy in
treating pain which is unresponsive to other opioids, and
a long half-life which permits infrequent dosing. These
characteristics have led to the development of medical
maintenance programs and office-based pharmacother-
apy with methadone for opioid addiction, including
increased use of take home medication [3].

Confounding the goal of reproducibly maintaining
therapeutic methadone blood (and CNS) concentrations,
and leading to opiate withdrawal, unwanted side-effects,
addiction treatment failures, and inadequate analgesia,
is the considerable and (currently) unpredictable
inter- and intra-individual variability in methadone dis-
position, including both pharmacokinetic and pharma-
codynamic variability [7, 8]. This results in clinically
significant variability in the dose-effect relationship for
oral and intravenous methadone. Methadone is metabo-
lized by human intestinal and hepatic microsomes, with
20-30% of a dose undergoing first-pass extraction [8,
9]. The primary route of metabolism and inactivation is
N-demethylation to EDDP, catalyzed predominantly by
CYP3A [8, 9]. There is considerable interindividual
variability in methadone bioavailability (36—-100%),
intestinal and hepatic metabolism, first-pass extraction,
systemic clearance (0.023-2.1 1 min™"), and k., (the first
order rate constant for transfer between plasma and the
effect compartment) [7, 8]. There is also considerable
variability in the pharmacodynamics of methadone,
specifically the ECs, for analgesia, the subjective self-
assessment of mood and well-being, and the effect of
withdrawal [7, 8]. Together these pharmacokinetic and
pharmacodynamic differences result in clinically signif-
icant variability in the dose-effect relationship, the
mechanism(s) of which are not well understood.

The drug efflux pump P-glycoprotein (P-gp) is
located on the luminal surface of brain capillary endot-
helial cells, where it is an integral component of the
blood-brain barrier. Its function is to actively transport
substrate drugs out of the brain thereby limiting brain
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access, and decreasing pharmacological effects [10-12].
P-gp is also expressed on the apical surface of intestinal
epithelial cells, where it actively transports drugs back
into the gut lumen and limits their oral bioavailability
[10, 13], and also in renal proximal tubules [14]. Gender
differences in P-gp activity have been suggested to
explain differences in the disposition of some CYP3A
substrates. This is supported by results from liver biop-
sies, but phenotyping did not find a difference [15].

There is some evidence to indicate that methadone is
a substrate for P-gp. Using an in vitro gut sac model,
Bouér etal. showed that methadone transport was
increased in the presence of the P-gp inhibitors vera-
pamil and quinidine [16]. Methadone also inhibited P-
gp activity, particularly P-gp-mediated rhodamine'”
transport across Caco-2 cell monolayers [17, 18]. In P-
gp knockput mice, methadone analgesia was signifi-
cantly increased [19]. Thus, methadone is a substrate for
P-gp in vitro, and P-gp in animals affects methadone
access to the brain and analgesia.

The antidiarrhoeal opioid loperamide decreases gut
motility but is normally without central nervous system
effects, because it is efficiently excluded from the brain
by P-gp [20]. Loperamide alone had no effect on respi-
ration, but markedly depressed breathing in subjects
pretreated with the P-gp inhibitor quinidine [21]. This
finding was originally attributed to a pharmacodynamic
effect of quinidine on loperamide, since quinidine was
reported to have no effect on plasma loperamide
concentrations.

These observations raise the possibility that P-gp may
influence brain access and pharmacodynamics of meth-
adone in humans. P-gp may also explain important clin-
ical differences between opioids with respect to their
onset times for analgesia. P-gp may also be a determi-
nant of the oral absorption of methadone, its bioavail-
ability, and clinical effects. Therefore, the purpose of
this investigation was to assess the role of intestinal and
brain P-gp in determining plasma concentrations and
clinical effects of oral methadone, and of the clinical
effects of intravenous methadone in humans. The P-gp
inhibitor quinidine, used previously to evaluate the role
of P-gp in the disposition of loperamide in the brain
[21], was used as the in vivo probe.

Methods

Subjects and clinical protocol

Two randomized, double-blind, placebo-controlled, bal-
anced crossover studies were conducted in healthy sub-
jects. The protocols were approved by the University of
Washington Institutional Review Board and each sub-
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ject provided written informed consent. Subjects were
in good health, within 25% of ideal body weight, had
no history of hepatic or renal disease, were taking no
prescription medications (except oral contraceptives),
and were taking no non-prescription preparations
known to alter CYP3A activity. Both smokers and non-
smokers were enrolled. Subjects were instructed to con-
sume no grapefruit-containing foods or juices for 5 days
before and on each study day, and to consume no alco-
hol or caffeine for 1 day before and on each study day.
Subjects were also asked to eat or drink nothing after
midnight before each study day.

On each occasion, a catheter was placed in an arm
vein for blood sampling or drug administration. Subjects
were supine and were monitored with a pulse oximeter
for 2 h after methadone administration, and received
supplemental oxygen for an oxygen saturation less than
94%. After baseline measurements of methadone con-
centration and pupil diameter, subjects received either a
600 mg oral dose of immediate release quinidine sul-
phate or an oral placebo (lactose). Subjects and all inves-
tigators were blinded to the identity of this pretreatment.
A 12-lead electrocardiogram was obtained 0.5, 1, 1.5,
2, 3 and 8 h after quinidine or placebo. Subjects were
fed a standard breakfast 2 h after methadone adminis-
tration and had free access to food and water thereafter.
The washout period between placebo and quinidine
phases was approximately 1 week.

In the first protocol subjects (n =12, six males and
six females aged 24 +£5 (20-32) years (mean, SD,
range) and weighing 69 + 15 (54-106) kg) received
methadone (10 mg HCI, 8.95 mg methadone base) as a
5 min IV infusion via a syringe pump 1 h after receiving
quinidine or placebo. Dark-adapted pupil diameters
were measured each minute during the infusion and 1,
3,5,7,10, 15, 30, 45, 60, 75, 90, 105, 120, 150, 180,
240, 300, 360, and 480 min after the end of the infusion,
using a Pupilscan Model 12 A infrared pupillometer
(Keeler USA) as described previously [22]. The pupil
diameter measurement obtained prior to the methadone
infusion was taken as the baseline value, and used to
calculate pupil diameter change at each time point.

In the second protocol oral methadone was adminis-
tered. Ten subjects were studied (five males and five
females aged 25% 5 (19-33) years and weighing
71 £ 14 (51-103) kg. Thirty min after quinidine or pla-
cebo, subjects received ondansetron (4 mg IV) for the
prophylaxis of nausea. Thirty min later they were given
10 mg oral methadone HCI with 50 ml water. Venous
blood samples were obtained before and 5, 10, 15, 30,
45, 60, 90, 120, 180, 240, 300, 360, and 480 min after
methadone dosing. Plasma was separated and stored at
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—20 °C for later analysis. Dark-adapted pupil diameter
was measured coincident with blood sampling (and also
at 2.5 and 3.5 h).

Subjective self-assessment of feelings or mood states
was measured by Visual Analogue Scales (VAS). The
effects assessed (and scored from O to 100) included
the level of alertness/sedation (almost asleep to wide
awake), energy level (no energy to full of energy),
confusion (confused to clear headed), clumsiness
(extremely clumsy to well coordinated), anxiety (calm/
relaxed to extremely nervous), and nausea (no nausea to
worst nausea). Subjects were tested at baseline (prior to
quinidine or placebo) and following each pupil diameter
measurement.

The dose of methadone has been used safely by us in
a number of previous studies [61], and is lower than that
used by other investigators [62]. The dose of quinidine
is within the range used clinically.

Analytical methods

Chemicals and reagents Plasma concentrations of
methadone and the primary metabolite 2-ethyl-1,5-
dimethyl-3,3-diphenylpyrrolinium perchlorate (EDDP)
were determined by HPLC-mass spectrometry (LCMS)
using an Agilent (Palo Alto, CA) 1100 LC-MSD. Race-
mic methadone HCI was obtained from Sigma Corp. (St
Louis, MO) and EDDP was obtained from the National
Institutes of Drug Abuse. Methanol and acetonitrile
(HPLC-grade) were from Fisher Scientific (Pittsburgh,
PA). Oasis MCX solid-phase extraction (SPE) car-
tridges were from Waters Corp (Milford, MA). All stock
drug solutions, buffers, and HPLC mobile phase were
prepared using Milli-Q (Millipore, Bedford, MA) water.

Plasma (0.5 ml), 0.01 ml phosphoric acid, 400 pl
water, and 2.5 ng internal standard (7-dimethylamino-
5,5-diphenyl-4-octanone) were mixed in glass culture
tubes by vortexing for 2 min, then loaded (0.5 ml min™)
onto MCX SPE cartridges (I1ml, 30 mg) which had been
conditioned with 1 ml methanol, then 1 ml 0.1 N HCIL.
Cartridges were washed with 1 ml 0.1 N HCI followed
by 1 ml methanol, thoroughly dried under vacuum for
2 min, and analytes eluted by gravity in 1 ml of 5%
ammonium hydroxide in methanol. Samples were evap-
orated to dryness at 45 °C under nitrogen, reconstituted
with 50 ul of methanol (with 0.05% TFA) : water
(with 0.05% TFA) (45:55 v :v), transferred to glass
autosampler vials, and 15 ul was injected onto the
HPLC. Separation was achieved with a Zorbax Eclipse
XDB-C18 column (2.1 x 50 mm, 5 pum) with an Eclipse
XDB-C8 guard column (2.1 X 12.5 mm, 5 pum) (Agi-



lent). The binary HPLC mobile phase consisted of (a)
0.05% trifluoroacetic acid in water and (b) 0.05% trif-
luoroacetic acid in methanol. The initial solvent system
(48% b) was maintained for 2 min then increased to
75% over the next 4.5 min, further increased to 90%
over the next 0.5 min, and maintained at 90% for 1 min
before returning to 48%, followed by 3 min for column
equilibration, at a flow rate of 0.25 ml min™". Mass spec-
trometer settings were: nitrogen drying gas (325 °C,
6 1 min™"), nebulizer pressure 20 psi, capillary voltage
4000V, fragmentor 70 V and SIM resolution set to high.
Retention times were 3.2, 6.3, and 7.2 min for EDDP,
methadone and the internal standard, respectively,
which were monitored at m/z 278.1, 310.1 and 324.1,
respectively. Calibration curves were obtained by ana-
lyzing drug-free plasma fortified with methadone (0.5,
1, 2,5, 15, 50, 100, 200 ng ml™") and EDDP (0.05, 0.1,
0.2,0.5, 1, 2, 5, 10 ng ml™"). Quality control samples (2
and 100 ng ml™' methadone; 1 and 5 ng ml™' EDDP)
were prepared from separate dilutions of stock solutions
than those used for the calibration curves. The limit of
quantification was the lowest point on the calibration
curve. Samples from each subject were all analyzed on
the same day. Standard curves were linear (mean
r*>0.993 for both methadone and EDDP). Interday
coefficients of variation were 12% and 10% at 2 and
100 ng ml™" methadone, and 16% and 20% at 1 and
5 ng ml™' EDDP, respectively.

Data analysis

The areas under the curve (AUC) during the measure-
ment interval (0-8 h) for plasma methadone and EDDP
concentration and miosis vs time, maximum observed
plasma concentration or pupil change (C,,.x, maximum
effect), and time to maximum plasma concentration or
effect (t,.,) were determined by noncompartmental
analysis using WinNonlin (Pharsight, Palo Alto, CA).
Concentration-effect data were analyzed by nonpara-
metrically collapsing the hysteresis loops to determine
the value of k., the first order rate constant for transfer
between plasma and the effect compartment [23]. This
was accomplished using the program keOobj (written by
Steve Shafer at Stanford University, available at http://
anesthesia.stanford.edu/pkpd/, last accessed August 23,
2003). Methadone and EDDP plasma concentrations,
pupil diameter changes, and VAS scores were evaluated
by two-way repeated measures analysis of variance fol-
lowed by the Student-Newman-Keuls test for multiple
comparisons using SigmaStat (SPSS, Chicago IL).
AUC:s, 1., maximum effect, #,,,, and k,, were compared
by paired #-tests. All results are reported as mean * SD.
Statistical significance was assigned at P < 0.05.
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Figure 1

Influence of quinidine on the miotic effects of IV methadone. Subjects
received 10 mg IV methadone HCl as a 5 min infusion (shown as a solid
bar in the insert), 1 h after quinidine (@) or placebo (O). Results are the
change from baseline in dark-adapted pupil diameter, presented as the
mean + SD. The insert shows the first 20 min in greater detail. There were
no significant differences between treatment groups

Results

Intravenous methadone was administered as a 5 min
infusion to reduce peak concentrations and thus side-
effects such as respiratory depression and sedation. The
onset of drug effect was relatively rapid, with maximal
miosis occurring approximately 10—15 min after the end
of the infusion (Figure 1 and Table 1). The influence of
quinidine pretreatment on miosis after intravenous
methadone is shown in Figure 1. There were no signif-
icant differences between pretreatment with quinidine
and placebo in pupil diameters at any point in time.
Similarly, there was no effect of quinidine on the time
to or magnitude of maximum miosis (Table 1). Further-
more, quinidine pretreatment did not influence the
apparent elimination rate for miosis or the AUC for
miosis. Individual responses to intravenous methadone
are shown in Figure 2. There were relatively small inter-
individual differences in miosis, with coefficients of
variation of 15-20% and 25%, respectively, for peak
miosis and AUC, even without weight-adjusted dosing.
VAS scores for the subjective effects of methadone
were unchanged by quinidine pretreatment (results not
shown).

Plasma methadone and EDDP concentrations
following oral methadone administration after placebo
or quinidine pretreatment are shown in Figure 3. Quini-
dine significantly increased methadone concentrations
during the absorptive phase (0.5-1h), and £, was
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Table 1
Placebo Quinidine 95% confidence interval The effects of intravenous methadone
(o)) 03+03 03+02 (-0.17, 0.22)
Peak miosis (mm) 53+0.8 51+£1.0 (-0.39, 0.84)
AUC(0,8 h) (mm h) 25.0£5.7 268 +7.1 (6.1, 2.5)
ko (B 024 +0.14 0.17 £0.08 (-0.019, 0.15)
There were no significant differences between groups.
A
sk
L
D D
N 2
5 L
i " £
C 20
o 5F M M o
€ K= J{? 3
& N N %
g 4L G b3
G
g
(9]
E L1
é 3 C 0 | | | |
S 0 2 4 6 8
o .
Time (hr)
2 - B
0 £
Placebo Quinidine E
o
@)
Figure 2 2
Influence of quinidine on miosis after IV methadone. Shown are peak
miotic effects for each subject. Each set of data points is an individual
subject, identified by a letter
O | | | |
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decreased by one third. However methadone C,,, and
AUC were unchanged (Table 2). Since the focus of this Figure 3

investigation was the early phase of the pharmacokinet-
ics of methadone, plasma concentrations were not sam-
pled sufficiently long enough to characterize methadone
elimination. Quinidine also significantly increased
plasma EDDP concentrations (Figure 3b) and the
EDDP : methadone AUC(0,8 h) ratio.

Quinidine pretreatment also increased the effects of
oral methadone, assessed by dark-adapted pupil diame-
ter change vs baseline (Figure 4). Maximum miosis was
significantly increased by quinidine, although the AUC
for miosis did not reach statistical significance due to
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Influence of quinidine on the disposition of (A) methadone and (B) EDDP.
Subjects received 10 mg oral methadone HCl 1 h after quinidine (@) or
placebo (O). Results are plasma concentrations (mean + SD). Asterisks
denote significant differences between treatment groups (P < 0.05)

interindividual variability and a small subject population
(Table 2). Quinidine pretreatment did not significantly
alter any subjective measure of the effect of oral meth-
adone, based on subject self-assessment (Figure 5).
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Table 2
The disposition and effects of oral methadone

Placebo Quinidine 95% confidence interval

Pharmacokinetics

Methadone ¢, (h) 24+0.7 1.6 +0.9*% (0.33, 1.2)

Methadone Cy (ng mI™") 55.6 £ 10.3 59.4 £ 14.1 (-8.5, 0.65)

Methadone AUC(0,8 h) (ng mI™" h) 298 + 46 316 £74 (=54, 18)

EDDP Cpax (ng mI™") 59+1.2 10.6 + 3.7% 71, =2.3)

AUC(0,8 h) EDDP : AUC(0,8 h) methadone 0.11 £0.02 0.16 + 0.06* (-0.087, -0.011)
Pharmacodynamics

toae (D) 30+ 1.1 28413 (-0.59, 1.09)

Peak miosis (mm) 32+15 43 +1.6* (-1.96, -0.19)

AUC(0,8 h) (mm h) 14.8+89 19.9 +10.1 (-11.2, 1.2)

keo (h7") (median) 2.6+26 (1.5) 25+ 1.4 (2.2) (=35, 4.2)

*Significantly different from placebo (P < 0.05).

Pupil Diameter Change (mm)

Figure 4

Influence of quinidine on oral methadone effects. Results are the change
from baseline in dark-adapted pupil diameter. Results as the mean + SD
(placebo (O), quinidine (®)). Asterisks denote significant differences
between treatment groups (P < 0.05)

Concentration-effect data for oral methadone are
provided in Figure 6. A hysteresis plot of the mean
concentration-effect relationship showed negligible
counter-clockwise hysteresis, consistent with the
minimal delay in onset of miosis after intravenous meth-
adone (Figure 1). The hysteresis loop after oral metha-
done was shifted slightly to the right and upward by
quinidine pretreatment, commensurate with higher
plasma methadone concentrations. Nonetheless, there
was no collapse of the ascending and descending limbs,

which would have reflected accelerated brain entry of
methadone. There was no effect of quinidine on k., for
miosis (Table 2).

The mean increase in uncorrected QT interval was
0.04 + 0.03 s, and the maximum increase in QT interval
in any subject at any time point was 0.12 s. These were
well below the predefined safety criteria of a 50%
increase above baseline. One subject had an oxygen
saturation less than 94%, after IV methadone, and
briefly received supplemental oxygen. Treatment of
nausea and/or vomiting with ondansetron was required
in 11 and 9 subjects, respectively, in the intravenous and
oral methadone groups. All safety related events were
considered minor.

Discussion

The major finding of this investigation was that quini-
dine significantly increased concentrations of orally
administered methadone in the absorptive phase, with a
concomitant increase in miosis. This supports the
hypothesis that a pathway inhibited by quinidine medi-
ates, at least in part, methadone intestinal transport and
absorption.

Quinidine inhibits both CYP3A and P-gp function,
and hence the results may be due to inhibition of meth-
adone first-pass metabolism and/or transepithelial trans-
port. Quinidine might have altered the renal excretion
of methadone, since that of digoxin is significantly
decreased by quinidine, probably through inhibition of
P-gp [24]. However, this is unlikely since renal clear-
ance accounts for only a small fraction of the overall
elimination of methadone [8] which was unaffected by
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Figure 5

Influence of quinidine on the subjective effects of oral methadone.
Attributes assessed (scored from O to 100) were sedation (almost asleep
to wide awake), energy level (no energy to full energy), confusion
(confused to clear headed), clumsiness (extremely clumsy to well
coordinated), anxiety (calm to extremely nervous), and nausea (no nausea
to worst nausea). Results are the mean (placebo (O), quinidine (@)).
SDs are omitted for clarity. Asterisks denote significant differences between
treatment groups (P < 0.05)

quinidine. The effects of quinidine on methadone
absorption might also be explained by increased gastric
emptying [25].

Methadone undergoes CYP3A-catalyzed N-demeth-
ylation to EDDP [8, 9]. Quinidine is a CYP3A substrate
and inhibitor; thus quinidine inhibition of first-pass
methadone metabolism might explain the increased
plasma concentrations after oral methadone. However,
quinidine did not decrease the EDDP : methadone con-
centration or AUC ratios making it unlikely that inhibi-
tion of CYP3A metabolism by quinidine accounts for
the increased methadone concentrations. Although qui-
nidine increased plasma EDDP concentrations more
than those of methadone, an explanation is not apparent.
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Figure 6

Influence of quinidine on the pharmacodynamics of oral methadone,
shown as a counter-clockwise hysteresis plot. Each data point is the mean
of 12 subjects, with SD omitted for clarity (placebo (O), quinidine (@®))

Quinidine can stimulate the metabolism of certain
CYP3A substrates [26]; however, it did not stimulate
human liver microsomal methadone metabolism [27].
Quinidine inhibition of P-gp-mediated methadone efflux
from the liver might have lead to greater metabolism;
however, this is unproven. Lack of inhibition of metha-
done first-pass metabolism by quinidine is consistent
with the inhibitory selectivity of quinidine for CYP2D6
in vivo [28], and the lack of effect on first-pass
loperamide metabolism by quinidine in humans [21].
Although some studies have suggested a role for
CYP2D6 in methadone metabolism in vivo [8], the lack
of inhibition of methadone first-pass metabolism or sys-
temic clearance by quinidine does not support this
hypothesis.

The present findings support the view that methadone
is a substrate for human intestinal P-gp (or some other
transporter that is inhibited by quinidine) and that this
transport activity is a determinant of the oral absorption
of methadone. This is consistent with the substantially
lower ICs, for quinidine inhibition of P-gp (2 um) com-
pared with that for CYP3A (51 um) [29]. An apparent
role for P-gp in methadone absorption is also consistent
with previously observed effects of rifampicin and trole-
andomycin on methadone disposition [30]. The CYP3A
and P-gp inducer rifampicin markedly reduced the
plasma concentrations and bioavailability of oral meth-



adone, and caused a four-fold increase in apparent oral
clearance [30]. In contrast, the highly effective and
selective CYP3A inhibitor troleandymycin [31-33],
which significantly increased the oral bioavailability of
the CYP3A substrates midazolam, alfentanil and eryth-
romycin [34, 35], had no effect on methadone bioavail-
ability [30]. This suggests an effect of rifampicin on P-
gp-mediated intestinal methadone transport. Together,
the effects of rifampicin and quinidine on methadone
disposition support the hypothesis that methadone is a
substrate for human intestinal P-gp, and that P-gp activ-
ity is an important determinant of plasma concentrations
after oral methadone and hence its clinical effects.

The involvement of P-gp in methadone absorption is
supported by previous in vitro and animal data. Cal-
laghan & Riordan first showed that opioids such as
morphine and methadone are P-gp substrates in vitro
[17]. Methadone has been shown, using an in vitro gut
sac model, to undergo P-gp-mediated transport that was
increased by the P-gp inhibitors verapamil and quini-
dine [16]. Methadone also inhibited P-gp-mediated
rhodamine'* transport in Caco-2 cells [18].

One clinical implication of the present findings is that
P—gp mediated drug interactions may contribute to inter-
individual variability in methadone dose-response
relationships. The effects of quinidine and rifampicin on
oral methadone disposition are the first examples, and
are similar to effects on the absorption of oral morphine
[36, 37]. Diet, food and herbal preparations such as
grapefruit juice, orange juice and St John’s Wort affect
P-gp activity [38], and thus may influence oral metha-
done disposition. There may be methadone interactions
even more profound than the moderate effect of quini-
dine, for example with inhibition or induction of P-gp
by HIV/AIDS drugs, most notably HIV protease inhib-
itors [39-41]. Ritonavir, nelfinavir, amprenavir,
efavirenz and nevirapine all cause methadone with-
drawal, associated with decreased plasma concentrations
[8]. Whether these effects are due to P-gp induction,
CYP3A induction, or both, remains to be determined.
Pharmacogenetic variability in P-gp [14] may also
potentially contribute to interindividual differences in
methadone disposition. Further studies are needed to
determine the influence of P-gp pharmacogenetics and
drug interactions on oral methadone disposition.

A further finding of this investigation was that quini-
dine had no influence on miosis after intravenous meth-
adone or on the plasma concentration-effect relationship
after oral methadone. This was unexpected. Indeed, the
intravenous methadone protocol was performed first (and
without blood sampling because an unambiguous quini-
dine potentiation of methadone miosis was anticipated).

Methadone and P-glycoprotein I

The effects of quinidine on loperamide, reported to be
caused by P-gp inhibition and increased brain access of
loperamide [21], on which the present protocol was
based, were therefore re-evaluated. We considered that
perhaps there was a greater effect of quinidine on oral
loperamide bioavailability (adding to an apparent effect
on loperamide pharmacodynamics) than initially appre-
ciated. Consequently, the second protocol evaluated the
effects of quinidine on oral methadone disposition and
the concentration-effect relationship. The latter was
unchanged, hence the effects of quinidine on miosis after
oral methadone were due entirely to increased methadone
plasma concentrations in the absorption phase rather than
on brain penetration and blood brain barrier P-gp.

The lack of an apparent role for P-gp in the access of
of methadone to the brain is consistent with the rapid
onset of the effects of methadone, whereby peak miosis
occurred within 10—15 min after the infusion, and with
previous studies showing rapid onset of methadone
analgesia and sedation [42, 43]. This suggests a rela-
tively small delay in the transit of methadone from
plasma to the effect compartment. Rapid onset of the
effects of methadone resembles that of fentanyl [44, 45],
and differs from that of morphine. For example, using
identical 5 min infusions, maximal miosis (#,,) for
methadone, fentanyl and morphine occurred 0.3 = 0.3,
0.13 £0.04 and 1.0 £ 0.9 h after the start of the infusion,
respectively [46]. This is consistent with the effect com-
partment equilibration half-life (¢,,ke,) of 4 min for
methadone analgesia in chronic pain patients [42] and
8-9 min for methadone analgesia and sedation in cancer
patients [43], compared with 5 min for fentanyl [47] and
210 min for morphine [48].

The lack of effect of quinidine on methadone phar-
macodynamics in humans differs from the reported role
of P-gp in animals. In mdrla/b(—/—) P-gp knockout
mice, methadone analgesia was increased three-fold
compared with wild-type mice [19]. There may be per-
tinent species differences in methadone transport by P-
gp. Indeed, there are known differences between mice
and humans in P-gp transport of several compounds [20,
49]. Unfortunately, there is relatively little information
regarding methadone transport in humans or animals.
However lack of quinidine effects on methadone phar-
macodynamics in humans was similar to the lack of
effect on morphine and fentanyl pharmacodynamics
[46], and in contrast to evidence for carrier-mediated
transport of these opioids in animals [50-54]. Further
investigations are needed to determine the relevance of
animal models for human methadone brain transport.

The lack of effect of quinidine on methadone phar-
macodynamics also differs from the effects of quinidine
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on loperamide pharmacodynamics in humans [21]. Lop-
eramide is an unambiguous P-gp substrate in vitro and
in animals in vivo [20, 55]. Unfortunately there are no
direct comparisons of loperamide and methadone
transport. If methadone is a comparatively weaker P-gp
substrate than loperamide, then this might affect their
susceptibility to P-gp inhibition and explain differences
between quinidine effects on methadone and loperamide
pharmacodynamics in humans.

Differences in the effects of quinidine on methadone
pharmacodynamics compared with those on intestinal
absorption may also be related to quinidine concentra-
tions in the brain and gut. Quinidine is a comparatively
weak P-gp inhibitor, and plasma quinidine concentra-
tions may have been inadequate to inhibit brain P-gp
activity [56]. The ICs, for quinidine inhibition of P-gp
was 2-34 uM in vitro [29, 57, 58], whereas oral quini-
dine (600 mg) gives peak plasma concentrations of only
about 6 UM [59]. Thus systemic quinidine concentra-
tions may not have been sufficiently high to inhibit brain
P-gp activity and P-gp mediated methadone transport.
Since, intestinal drug concentrations are substantially
higher than in plasma after oral dosing, even a compar-
atively weak inhibitor of P-gp like quinidine might
achieve sufficient concentrations to enhance oral bio-
availability [56]. Lower systemic vs intestinal quinidine
concentrations, particularly if methadone has a low
affinity for P-gp compared with loperamide, might also
account for the effect of quinidine on plasma concentra-
tions but not methadone pharmacodynamics after oral
methadone. This does not explain however, why quini-
dine enhanced loperamide [21] but not methadone brain
access. More generally, it remains unknown whether
quinidine is the optimal in vivo probe for determining
P-gp participation in brain drug penetration, as dis-
cussed previously [60].

One potential limitation of this investigation merits
mention. Methadone used clinically is a racemate,
although the (R)-enantiomer is 10-50 times more potent
than its antipode [8]. This investigation evaluated the
clinical effects, pharmacokinetics and pharmacodyman-
ics of the racemate, rather than individual enantiomers.
Since quinidine did not affect the concentration-effect
relationship of the racemate, it is unlikely that those
of the more active (R)-enantiomer were affected. It
remains unknown, however, whether there are stereose-
lective differences in the effects of quinidine on oral
methadone absorption.

In summary, this investigation showed that quinidine,
used as an in vivo inhibitor probe for intestinal and brain
P-gp, increased the plasma concentrations of oral meth-
adone in the absorption phase and the extent of miosis
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in healthy subjects, but had no influence on methadone
pharmacodynamics in humans. This suggests a role for
P-gp in the intestinal disposition of oral methadone and
a potential for P-gp mediated drug interactions and
pharmacogenetic variability, but the exact role for P-gp
in brain methadone access requires further investigation.
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