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Aims To investigate the effect of acute P-glycoprotein inhibition by the multidrug-

resistance (MDR) modulator valspodar (SDZ PSC 833; PSC) on the pharmaco-

kinetics, and potentially adverse pharmacodynamic effects of morphine, and its

principal pharmacologically active metabolites, morphine-3-glucuronide (M3G) and

morphine-6-glucuronide (M6G).

Methods In a double-blind, three-way crossover study, the pharmacokinetic and

potentially adverse pharmacodynamic effects (reaction time, transcutaneous PCO2,

blood pressure) of morphine were compared with and without acute inhibition of

P-glycoprotein by PSC. The effects of PSC alone were also evaluated. The study was

performed in 18 healthy male volunteers and pharmacodynamic effects analysed by

measuring the area under the effect (AUE) curve. 150 mg PSC (or its placebo) was

given as an i.v. infusion over 2 h. With the expected inhibition of Pgp 1 h after starting

PSC infusion, 7.5 morphine HCl (or its placebo) was infused over 2 h.

Results The infusion of PSC resulted in blood concentrations expected to inhibit Pgp

mediated transport. While the pharmacokinetics of plasma morphine and M6G. were

unaffected there was a small but statistically signi®cant increase in the AUC and Cmax

of M3G (11.8 and 8.3%, respectively). The tK and tmax were unaffected. The

pharmacokinetic parameters of PSC were not affected by coadministration with

morphine. PSC did not signi®cantly affect the adverse events of morphine, as assessed

by spontaneous reporting. Compared with PSC alone, morphine elicited an increase in

reaction time (Emax 48 ms, compared with the predose absolute reaction time of

644 ms), which was not detected by the alertness-drowsiness score, indicating only

slight sedation. There was a signi®cant decrease in systolic blood pressure (Emin

x9 mmHg), and a trend for a fall in diastolic blood pressure (Emin x14.5 mmHg) and

respiratory rate (Emin x1.8 breatheminx1). For all these parameters, the effects of

PSC/morphine were similar to that of PSC alone, suggesting some attenuation of

morphine's effect. In contrast, morphine caused a signi®cant increase in PCO2 (Emax

0.69 kPa) compared to PSC alone, indicating slight respiratory depression. This

increase was similar to that of the PSC/morphine combination.

Conclusions Acute inhibition of P-glycoprotein by PSC in this setting does not affect

the pharmacokinetic or safety-related pharmacodynamic pro®le of morphine in a

clinically signi®cant manner.

Keywords: healthy volunteers, morphine-3-glucuronide, morphine-6-glucuronide,
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tion is the reduced accumulation of anticancer drugs in

tumour cells caused by increased active drug ef¯ux [1, 2].

This MDR phenotype has been shown to result from

increased expression of a gene designated as human mdr-1

which produces a membrane glycoprotein termed P-

glycoprotein 170 (Pgp) [3].

Valspodar (3k-keto-Bmt1]-[Val2]-cyclosporin; SDZ

PSC833; PSC), an analogue of cyclosporin D, is being

developed for its high potency to reverse the resistance to

chemotherapy of cancer cells with the MDR phenotype

by inhibiting the action of Pgp [4]. It is devoid of

nephrotoxic and immunosuppressive adverse effects.

PSC reverses Pgp-mediated multidrug resistance in

chemotherapy resistant cells in vitro as well as in cancer

patients by inhibiting the binding of anticancer drugs to

Pgp and reducing their extracellular ef¯ux [5±7]. This

results in an enhanced tissue availability of Pgp substrates

[8±10].

While PSC is highly effective in selectively reversing

Pgp-mediated MDR, it is also expected to inhibit the

physiological function of Pgp in various tissues, including

the brain [11, 12], liver [13] and kidney [14]. Therefore,

the net brain uptake of digoxin and quinidine could be

signi®cantly enhanced in mice after oral intake of PSC [15,

16]. Since PSC will be used primarily to treat cancer

patients who may receive morphine concomitantly for

pain control, it is of direct interest that also morphine and

its active metabolite morphine-6-glucuronide (M6G) are

substrates of Pgp [17, 18]. This raises the possibility that

there may be a clinically signi®cant interaction between

PSC and morphine, leading to increased brain concentra-

tions of morphine and M6G by inhibition of their Pgp-

mediated back-extrusion through the blood±brain barrier.

Such an interaction could lead to potentially hazardous

respiratory depression in these patients, justifying study

under controlled clinical conditions. While the effects of

PSC on morphine disposition have not been studied in

animals, the ®nding that there is a two-fold increased net

brain uptake [11, 12] in mdr1a knock-out mice lends

additional support to the notion that Pgp may affect of

brain morphine disposition.

Recently, an interaction of a Pgp-inhibitor with

pharmacokinetic and pharmacodynamic effects of mor-

phine was demonstrated in rats [19]. However, no data on

such an interaction are yet available in humans. Therefore,

the pharmacokinetics of PSC and morphine after

intravenous administration was investigated in the present

human study in healthy volunteers. Because of the target

population of PSC, pharmacodynamic variables focused

on PCO2 and drowsiness (reaction time and visual

analogue scale) rather than the potential analgesic effects

of morphine.
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Figure 1 Mean (ts.e. mean) blood concentrations of PSC after intravenous administration of 150 mg PSC over 2 h with (N) and

without (%) coadministration of an intravenous infusion of 7.5 mg morphine hydrochloride over 2 h starting 1 h later (n=18).

Insert: log-linear representation of data.
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Methods

Subjects

Eighteen healthy male subjects participated in this study.

Subjects were between 20 and 43 years of age (mean

27 years) with heights between 161 and 190 cm (mean

179 cm) and weights between 56 and 84 kg (mean 71 kg).

They were all within 10% of their ideal body weight and

had normal physical and laboratory ®ndings in their

prestudy evaluations. Concomitant medication was not

allowed. Special exclusion criteria were positive ®ndings

in urinary drug screen (alcohol, benzodiazepines, amphe-

tamines, cannabinoids, cocaine, and opiates) and for

cotinine to reduce the likelihood of inclusion of subjects

at risk for drug abuse. Prior to the start of the study, the

Ethics Committee of the University Hospital in Basel

approved the study protocol (June 1997) and written

informed consent of the subjects was obtained.

Drugs

PSC and its matching placebo were supplied by Novartis

Ltd, Basel, CH. Vials contained 500 mg PSC in 10 ml of

vehicle. Placebo contained 10 ml of vehicle. Morphine

hydrochloride (MO) was purchased from Sintetica,

Medrisino, CH. Infusion pump syringes were ®lled as

appropriate with the four different infusion solutions

(150 mg PSC in 75 ml of vehicle, 75 ml of vehicle,

7.5 mg morphine hydrochloride in 40 ml of saline, and

40 ml of saline) under aseptic conditions by the University

of Basel Hospital Pharmacy. This was done by personnel

not directly involved in the study, making it possible to

deliver infusions in a double-blind fashion.

Study design and drug administrations

The study was performed according to a double-blind,

placebo-controlled, three-way cross-over design. Subjects

were randomised to receive each of the three treatments

(PSC+MO; PSC+ placebo; vehicle +MO) once with a

14±21 day washout period between doses. PSC (150 mg)

or vehicle was administered as a 2 h intravenous infusion;

morphine hydrochloride (7.5 mg) or saline were infused

intravenously over 2 h, starting 1 h after the initiation of

the PSC infusion. Infusions were performed using syringe

perfusion pumps (Perfusor compact, B. Braun Medical

AG, Sempach, Switzerland). All post-dose times refer to

the beginning of the infusion of PSC or its vehicle.

Drug administrations were in the morning after an

overnight fast of at least 12 h. A light meal was given 4.5 h

post dose and consumption of fruit tea and decaffeinated

coffee was permitted together with the meal. Eight hours

after dosing, a sandwich was given, followed by supper

10 h post dose. Subjects had to consume the entire

contents of each meal within 30 min. Mineral water was

allowed at all times prior to and following drug

administration.

Subjects were asked to lie supine throughout the course

of the day's measurements in a quiet room. They were
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Figure 2 Mean (ts.e. mean) plasma concentrations of (a)

morphine, (b) morphine-6-glucuronide and (c) morphine-3-

glucuronide after intravenous administration of 7.5 mg morphine

hydrochloride over 2 h with (N) and without (%)

coadministration of an intravenous infusion of 150 mg PSC over

2 h starting 1 h earlier (n=18). Insert: log-linear representation of

data.
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allowed to read/write, but no movies were available as this

was considered to potentially affect pharmacodynamic

measurements.

Blood pressure, pulse, and respiratory rate were assessed

after the subject had rested in the supine position for at

least 3 min. As an additional measure, arterial oxygen

saturation was measured by means of a pulse oxymeter

(Nellcor1 N-1000E, Nellcor GmbH, Idstein, BRD) with

the sensor being placed on the ®nger.

Transcutaneous PCO2

In order to quantify the pharmacodynamic effect of the

drug treatments, potential respiratory depression was

determined by measuring transcutaneous partial pressure

of CO2 (tcPCO2). For this purpose, a TCM-3 Combi

monitor (Radiometer, Copenhagen, Denmark) equipped

with a tcPO2/PCO2 electrode, was used. For measure-

ment, a drop of distilled water was placed on the skin and

the sensor was attached by means of an adhesive ring. The

tcPCO2 was reported to the nearest 0.1 kPa.

Reaction time

Potential sedatory drug effects were evaluated by measur-

ing the BonnDet device [20]. This microcomputer

controlled device recorded interstimulus intervals as

working speed and latency between stimulus (coloured

lights) and appropriate reactions (coloured buttons) as

reaction time. The computer controlled a fast on-line

feedback loop between performance and working speed as

to yield a constant failure rate of 50% over 540 stimuli.

The duration of the test was between 5 and 10 min.

Subjects were made familiar with the procedures prior to

starting the protocol so as to avoid habituation effects. The

Table 1 Adverse events.

Subject PSC PSC+ Morphine Morphine

1 hypoaesthesia *

2 headache *

3 hypoaesthesia *, fatigue *

4 hypoaesthesia *, fatigue *

5 ¯ushing *, GI-discomfort *

6 fatigue * fatigue *

7 ¯ushing *, somnolence *

fatigue {
8 conjunctivitis {, fatigue * ¯ushing *, somnolence * ¯ushing *, fatigue *

9 metallic taste *

10 ¯ushing {, GI-discomfort { ¯ushing {, GI-discomfort { ¯ushing {, GI-discomfort {
paraesthesia*

11 drop-out ¯ushing *, GI-discomfort * drop-out

12 headache {, fatigue {
13 ¯ushing *, dyspnea * ¯ushing {, nausea { ¯ushing *, fatigue {

dyspnea {, hypoaesthesia *

paraesthesia *

14 orthostatic reaction *

15 fatigue {
16 paraesthesia * hypoaesthesia *

18 ¯ushing *, dyspnaea *

nausea *, tachycardia *

111 nausea * fatigue *, headache {

intensity: * mild, { moderate, { severe.
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Figure 3 Mean (ts.e. mean) transcutaneously measured partial

pressure of CO2 (tcPCO2) after intravenous administration of

morphine (%), PSC (%), and their combination (N) (n=18).
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mean reaction time and measure of variability were

reported to the nearest millisecond.

Alertness-drowsiness score

The visual-analogue scale (VAS) for drowsiness was a

horizontal line of 15 cm length. The left-most end stated

`wide awake', the other end `very tired'. The subjects were

asked to mark the line according to his/her own subjective

assessment of alertness-drowsiness. Subjects were not

allowed to refer to their assessments at previous time

points in order to avoid bias.

Pharmacokinetics

Blood samples were drawn through an indwelling cannula

inserted in a forearm vein (contra-lateral arm to that with

infusion line) before administration (baseline) and at

different time points up to 11 h (morphine) and 96 h

(PSC) afterwards. For determination of PSC, 2 ml of

whole blood were collected into an EDTA coated

(polypropylene) tube. For morphine and morphine

metabolites, 5 ml whole blood was collected into

heparinized tubes, centrifuged at 4uC for 15 min at

approximately 800rgravity and plasma was separated.

The tubes were kept frozen at jx20uC pending analysis.

Determination of whole blood PSC concentrations was

performed by radioimmunoassay analysis using the PSC

radioimmunoassay kit (ANAWA Trading SA, Wangen-

ZuÈrich, Switzerland). Determinations were done in

duplicate. The between-run accuracy ranged from

x3.8% to + 5.2%, while between-run coef®cients of

variation ranged from 4.4% to 7.8%. The assay limit of

quanti®cation (LOQ, accuracy within t 20% and

coef®cient of variation j 20%) was set to the lowest

calibration sample concentration, i.e. to 28.1 ng mlx1.

Plasma concentrations of morphine and its metabolites

were determined by a speci®c LC-MS-MS method as

described by Tyrefors et al. [21]. Plasma samples were

spiked with the deuterated internal standard N-CD3

morphine and each sample analysed by h.p.l.c. The

within-study assay validation for morphine showed high

accuracy (93.2±102.2%) and precision (4.5±6.2%). Simi-

larly values were found for both M3G (95.3±102.5% and

10.9±13.1%) and M6G (97.7±103.9% and 8.7±13.2%).

The limit of quanti®cation (LOQ, mean recovery within

80 and 120% and coef®cient of variation j 20%) was set

to the lowest concentration of morphine in the QC

samples, i.e. to 1.00 ng mlx1. For morphine 3-b-D

glucuronide, the LOQ was set up to 5.00 ng mlx1 and for

morphine 6-b-D glucuronide to 2.00 ng mlx1.

The concentration time curves of PSC in blood and

morphine in plasma were evaluated by noncompartmental

analysis using WinNonlin Pro (version 2.0) and the

following parameters determined. Area under the con-

centration-time curve (AUC(0,last)) from time zero to the

last measurable sampling point was calculated by the linear

trapezoidal method. Terminal elimination rate constant lz

was determined from the slope of the regression line of

ln(Ct) vs time, where Ct is the concentration at time t. The

AUC measured from time zero and extrapolated to

Table 2 Pharmacokinetic parameters of PSC.

PSC

PSC+
morphine

Ratio

(%)

95% con®dence

interval P value

Cmax (ngeml±1) 1810t461 1759t481 97.2 86.8±108.9 NS

AUC(0, last) (ng ml±1 h) 8490t3479 8517t3316 100.7 90.3±112.3 NS

t1/2, (h) 16.2t9.8 16.9t8.3 0.71 * x3.03±4.45 NS

AUC(0,?) (ng ml±1 h) 9695t4314 9660t3804 100.7 91.0±111.5 NS

Vz (l) 355t141 373t109 108.1 89.5±130.5 NS

Vss (l) 227t66.9 233t58.3 103.5 90.2±118.9 NS

CL (l h±1) 17.5t5.4 17.3t5.0 99.3 89.7±109.9 NS

n=18; data are given as mean t s.d.; *difference in h; P>0.05.
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Figure 4 Mean (ts.e. mean) change in visual analogue

drowsiness scale from baseline (mm) (morphine (%), morphine

+ PSC (N), and PSC (%); n=18).
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in®nity (AUC(0,?) was calculated as AUC(0,last)

+Ctjz. The maximum concentration observed post-

dose and the time of occurrence were de®ned as Cmax and

tmax, respectively. Elimination half-life (tK) was de®ned as

0.693 jz. Apparent clearance (CL) was de®ned as

DoseeAUC(0,?)x1 and the apparent volume of distribu-

tion at steady-state (Vss) was calculated as MRTinfeCL,

where MRTinf is the mean residence time extrapolated to

in®nity calculated as (AUMC(0,?)/AUC(0,?)-t/2, t

is the infusion duration, and AUMC(0,?) (area under

the ®rst moment curve) determined as AUMC(0,last)

+ (tlasteClast) lz +Clast j2
z . Apparent volume of distribu-

tion (Vz) was de®ned as DoseeAUC(0,?)x1e j1
z (this

term is also known as Varea).

The pharmacodynamic measurements, which were

repeatedly recorded were summarized by means of: the

area under the effect-time curve (AUE) from time 0 to last

available observation by the linear-trapezoidal rule,

maximum effect (Emax), and time to ®rst occurrence of

maximal effect (tmax). AUE, Emax and tmax were calculated

for the change from baseline (predose). For Emax, the value

at predose, i.e. at time = 0, was not included in

determining the maximum effect.

Pharmacokinetic and pharmacodynamic variables were

analysed by an analysis of variance (ANOVA)-model

accounting for sequence, period, and treatment effect, as

well as possible interaction. All statistical calculations were

performed using SAS software (version 6.12). The alpha-

level was set to 0.05 and no alpha adjustment was made for

multiple testing.

Results

Data are given as means t standard deviation (s.d.). All

administrations of morphine were well tolerated (see

Table 1). Several mild to moderate adverse reactions (such

as fatigue, sedation, postural hypotension, nausea, head-

ache, and paraesthesia) were observed, however, the

frequency was similar between the treatments.

The main pharmacokinetic variables of PSC for the

18 healthy subjects are given in Figure 1 and Table 2. All

the pharmacokinetic parameters of PSC were unaffected

by the coadministration of morphine hydrochloride

(Figure 1 and Table 2).

The plasma concentration-time pro®les of morphine

are given in Figure 2a. There was no signi®cant difference

in the pharmacokinetic parameters (Table 3) measured in

the presence of PSC. The plasma concentrations of M6G

were lower-and those of M3G signi®cantly higher-than

the concentrations of morphine (Figure 2a,b, Table 4),

given alone or in the presence of PSC. No differences in

the pharmacokinetic parameters of M6G were observed

after coadministration of morphine hydrochloride and

PSC compared to morphine hydrochloride alone. How-

ever, Cmax, AUC(0,last) and AUC(0,?) of M3G were

signi®cantly increased 8.3%, 11.8 and 7.2% after PSC

coadministration.

Morphine caused a slight and prolonged respiratory

depression (Figures 3 and 5), signi®cantly elevating the

AUE for PCO2 (2.57 kPaeh) compared with PSC alone

(0.44 kPaeh). This effect of morphine was not in¯uenced

by coadministration with PSC (2.9 kPah). The average

absolute increase (Emax) was 0.73 kPa for the PSC/

morphine group vs 0.69 kPa for morphine (Figure 5).

Pulse oxymetry did not show any signi®cant differences

between the three treatments. Following morphine there

was a trend for an early fall in respiratory rate (Figure 5), as

captured by AUE (x20.4 breath minx1 h), compared

with PSC alone (5.9 breath minx1 h). For the combina-

tion of PSC/morphine there was only a slight fall (x3.8

breath minx1 h). None of these changes was signi®cant.

Morphine resulted in a statistically signi®cant prolonga-

tion (Figure 5) of the mean reaction time (198 ms h), as

assessed by AUE curve, compared with PSC alone

(x76.8 ms h). The absolute change (Emax) was however,

slight, the prolongation being 48 ms compared to an

absolute predose reaction time of 644 ms. When given in

combination with PSC the prolongation was completely

abrogated (x118 ms h). The indications for sedation seen

with reaction time were not detected by the alertness-

drowsiness score (Figures 4 and 5). The mean AUE ranged

from x27.8±52.0 mm h and the maximal effect from 21.3

to 26.0 mm occurring between 4.2 and 5.2 h after start of

treatment. None of the differences was statistically

signi®cant.

Compared with PSC alone (Figure 5), morphine

elicited a fall in AUE of systolic and diastolic blood

pressure, the effect being statistically signi®cant only for

the former. The maximal fall of systolic blood pressure

from baseline was x8.9 mmHg for morphine,

x3.1 mmHg for PSC and x4.0 mmHg for the combi-

nation.

Discussion

The main purpose of this study was to investigate the

potential pharmacokinetic and pharmacodynamic inter-

action between the Pgp inhibitor PSC and morphine or its

metabolites in humans. These interactions could be of

considerable clinical importance for several reasons. PSC is

being developed to reverse the resistance of cancer cells to

chemotherapy. This effect is achieved by inhibition of the

membrane ef¯ux pump Pgp, the gene product of the

MDR1 gene. The inhibition of Pgp results in substantial

alteration of drug tissue availability of concomitantly

administered drugs with a potential to cause adverse effects

of those with a narrow safety margin. Of particular

importance is the possibility of enhanced brain disposition

J. Drewe et al.
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caused by a reduction in drug back-extrusion across the

blood brain barrier [11, 12]. Cancer patients will often

require treatment with morphine. Because morphine and

its active metabolite M6G are substrates of Pgp, a clinically

signi®cant interaction could be dangerous.

In the present study we have shown that the

pharmacokinetics of morphine was virtually unaffected

by coadministration of PSC. The apparent terminal half-

lives of morphine were 2.3t0.9 h and 2.4t1.7 h, after

administrations of morphine hydrochloride with and

without coadministration of PSC, respectively. These

values were comparable. However, they were slightly

higher than those values reported in the literature of

1.78t0.4 h [22] and 1.8t0.4 h [23]. Based on these

results, we conclude that PSC administered in clinically

relevant doses (as in this study) did not signi®cantly change

the pharmacokinetics of morphine to a clinically relevant

degree.

In this study, direct measurements of changes in brain

disposition of morphine and its metabolites were not

possible; we therefore relied on peripheral blood

measurements to facilitate interpretation of the drug

interaction and the central pharmacodynamic effects.

Three safety related pharmacodynamic variables were

measured: visual analogue scale of sedation as a subjective

measurement, reaction time as a `neurological' assessment,

and transcutaneous partial pressure of CO2 as a physio-

logical and safety assessment. VAS was subject to a large

intersubject variation, which is presumably the reason why

signi®cant differences between the treatments could not be

detected. This may also be related to the moderately low

dose of morphine. The dose of morphine was chosen with

respect to safety, since data in mdr1a knock-out mice

suggested at least a two-fold increased net brain uptake

[11, 12]. However, it is not clear, whether reaction time

measurements are appropriate parameters for the assess-

ment of cerebral opioid effects since chronic administra-

tion of methadone or morphine in cancer patients did not

Table 3 Pharmacokinetic parameters of morphine.

Morphine

PSC+
Morphine Ratio

95% con®dence

interval P value

tmax (h) ± { ± {
Cmax (ng ml±1) 18.6t4.7 20.4t3.6 109.9 93.2±127.6 NS

AUC(0,last) (ng l±1 h) 45.5t10.6 48.6t8.6 107.0 94.0±121.9 NS

tK (h) 2.4t1.7 2.3t0.9 x0.13 * x1.08±0.82 NS

AUC(0,?) (ng ml±1 h) 49.7t9.2 52.6t9.8 106.0 98.1±114.4 NS

Vz (l) 571t540 470t124 98.9 73.2±133.8 NS

Vss (l) 406t372 305t50 91.1 69.8±118.9 NS

CL (l h±1) 156t28.3 147t22.7 94.8 87.4±102.8 NS

n=18; data are given as mean t s.d. * difference in hours; P>0.05; { assumed to be time of termination of infusion.

Table 4 Pharmacokinetic parameters of morphine glucuronides.

Morphine

Morphine +
PSC Ratio

95% con®dence

interval P value *

Morphine-6-glucuronide

tmax (h) 2.3t0.5 2.3t0.2 n.a. n.a. NS

Cmax (ng ml±1) 16.1t3.4 16.1t3.4 98.1 89.6±107.5 NS

AUC(0,last) (ng ml±1 h) 75.1t17.9 72.5t18.8 94.9 86.7±103.9 NS

t1/2 (h) 3.5t1.0 3.7t1.5 0.19 (1) x0.79±1.16 NS

AUC(0,?) (ng ml±1 h) 89.5t21.3 87.0t20.8 97.4 88.4±107.4 NS

Morphine-3-glucuronide

tmax (h) 2.2t0.3 2.3t0.4 n.a. n.a. NS

Cmax (ng ml±1) 99.8t32.3 108.0t25.1 108.3 100.5±116.7 0.039

AUC(0,last) (ng ml±1 h) 569t154 624t126 111.8 104.6±119.5 0.0026

t1/2 (h) 5.0t1.4 4.8t2.1 x0.14 (1) x0.89±0.60 NS

AUC(0,?) (ng ml±1 h) 700t194 743t162 107.2 100.7±114.1 0.045

n=18; data are given as mean t s.d.; * difference in hours; n.a.=not applicable.
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change reaction times when compared with controls [24,

25]. Since the focus of this study was on variables related to

adverse effects, analgesia was not measured. Additionally,

there was concern that stimuli used to generate analgesic

measurements might affect respiration, confounding the

interpretation of the PCO2 values [26].

There are several possible explanations as to why

augmentation of the central effects of morphine wasn't

seen in the present study. The simplest is that in man, as

opposed to mice, the relative contribution of BBB Pgp

back-extrusion to the disposition of morphine is of minor

importance in relation to its passive diffusion into the brain

and its CSF clearance. A second explanation is that PSC

has caused an elevation in brain morphine. But, since

coadministration of PSC increased plasma concentrations

of M3G, one possible explanation is an inhibitory effect of

M3G on the effects of morphine and M6G at the m-

receptor. This inhibitory effect of M3G was demonstrated

in rats and mice [27, 28], where M3G was able to

completely antagonize the analgesic action of morphine

and M6G. In addition, M3G also abolished the respiratory

depression induced by morphine and M6G [29, 30] in rats.

In human volunteers, M3G is inactive or has an opposite

effect on miosis or saliva production induced by morphine

and M6G [31]. A third possible explanation is that the

chosen methods of pharmacodynamic measurement were

not suf®ciently sensitive. Methods such as measurement of

pupil diameter (known to be sensitive to the central effects

of morphine), or assessment of the sensitivity to CO2

rebreathing were considered and might have had a higher

chance to detect a possible PSC/morphine interaction.

However, our objective was to determine whether there

was a clinically±relevant interaction resulting in a safety

problem which was addressed by measurement of resting

PCO2, vital signs and assessment of the subjects' adverse

events reports. In addition, measurement of pupil

diameters possibly would have jeopardised assessment of

adverse events in a double-blind manner.

In rats, chronic inhibition of Pgp does not affect volume

of distribution and clearance of morphine [19]. M3G

plasma levels were increased, which is similar to our

®ndings albeit to a smaller degree. In addition to tissue

distribution, inhibition of Pgp will also decrease biliary and

renal excretion of its substrates such as morphine and the

more hydrophilic metabolites M6G and M3G. Further-

more, Pgp inhibition decreases tubular secretion of drugs

[14]. There is evidence that the af®nity of morphine

metabolites to renal Pgp is different. In patients with renal

dysfunction, changes in disposition and elimination were

signi®cantly pronounced for morphine than for M3G and

M6G [32]. This may indicate that M3G and M6G are

substrates with higher af®nity to Pgp than morphine itself.

After i.v. administration to humans, a 5-times greater

fraction of the administered dose of M3G was recovered in
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the urine than of M6G [23]. Pgp inhibition may therefore

have a greater effect on tubular secretion of M3G

compared with M6G. As a consequence, Pgp inhibition

will more likely increase M3G than M6G plasma

concentrations.

This increase in M3G may prevent the respiratory

depression induced by morphine and M6G. Therefore,

acute Pgp inhibition will most likely not enhance

respiratory depression in cancer patients receiving mor-

phine for pain control.

On the other hand, we have shown that PSC

pharmacokinetics are not in¯uenced signi®cantly by

coadministration of the Pgp substrate morphine. This is

consistent with the ®nding that PSC, although being a

potent inhibitor of Pgp, is not itself a substrate of this

transporter [4]. Therefore, a change in PSC disposition or

elimination by inhibition of Pgp was not expected.

Therefore, on the basis of clinically relevant measures, it

can be concluded that concomitant treatment with

morphine and PSC does not increase morphine toxicity.
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