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Tariquidar, a Selective P-glycoprotein Inbibitor, Does Not
Potentiate Loperamide’s Opioid Brain Effects in Humans
despite Full Inbibition of Lympbocyte P-glycoprotein

Daniel Kurnik, M.D.,* Gbenga G. Sofowora, M.D.,* John P. Donahue, Ph.D.,T Usha B. Nair, Ph.D., T
Grant R. Wilkinson, Ph.D.,§# Alastair J. J. Wood, M.D.,§ Mordechai Muszkat, M.D.||

Background: Loperamide, a potent opioid, has been used as
an in vivo probe to assess P-glycoprotein activity at the blood—
brain barrier, because P-glycoprotein inhibition allows loper-
amide to cross the blood—brain barrier and exert its central
opioid effects. In humans, studies with nonselective and mod-
erately potent inhibitors resulted in mild opioid effects but
were confounded by the concurrent inhibition of loperamide’s
metabolism. The authors studied the effect of the highly selec-
tive, potent P-glycoprotein inhibitor tariquidar on loperamide’s
central opioid effects.

Methods: In a randomized, double-blind, crossover study,
nine healthy subjects received on 2 study days oral loperamide
(32 mg) followed by an intravenous infusion of either tariqui-
dar (150 mg) or placebo. Central opioid effects (pupil diameter,
sedation) were measured for 12 h, and blood samples were
drawn up to 48 h after drug administration to determine plasma
loperamide concentrations and ex vivo P-glycoprotein activity
in T lymphocytes. Values for pupil diameter and loperamide
concentrations were plotted over time, and the areas under the
curves on the tariquidar and placebo study day were compared
within each subject.

Results: Tariquidar did not significantly affect loperamide’s
central effects (median reduction in pupil diameter area under
the curve, 6.9% [interquartile range, —1.4 to 12.1%]; P = 0.11) or
plasma loperamide concentrations (P = 0.12) but profoundly
inhibited P-glycoprotein in lymphocytes by 93.7% (95% confi-
dence interval, 92.0-95.3%).

Conclusion: These results suggest that despite full inhibition
of lymphocyte P-glycoprotein, the selective P-glycoprotein in-
hibitor tariquidar does not potentiate loperamide’s opioid brain
effects in humans.

THE penetration of drugs into the brain is often limited
by the presence of a functional blood- brain barrier. One
of its important components is the efflux transporter
P-glycoprotein localized on the luminal side of the brain
capillary endothelial cell. In certain clinical conditions,
increasing cerebral drug concentrations without a con-

* Research Fellow, T Research Assistant Professor, I Senior Research Special-
ist, § Professor of Medicine and Pharmacology, Departments of Medicine and
Pharmacology, Vanderbilt University School of Medicine. || Senior Lecturer,
Division of Clinical Pharmacology, Hadassah Hospital, Hebrew University, Jerusa-
lem, Israel. # Deceased.

Received from the Division of Clinical Pharmacology, Departments of Medi-
cine and Pharmacology, Vanderbilt University School of Medicine, Nashville,
Tennessee. Submitted for publication February 11, 2008. Accepted for publica-
tion July 29, 2008. Supported by grant Nos. GM-31304 and RR-00095 from the US
Public Health Service, Bethesda, Maryland. Drs. Muszkat and Kurnik were recip-
ients of a Merck Sharp & Dohme International Clinical Fellowship in Clinical
Pharmacology, Whitehouse Station, New Jersey. Xenova Limited, Slough, United
Kingdom, provided tariquidar.

Address correspondence to Dr. Muszkat: Division of Clinical Pharmacology,
Department of Medicine, Hadassah University Hospital, Jerusalem 91120, Israel.
muszkatm@hadassah.org.il. Information on purchasing reprints may be found at
www.anesthesiology.org or on the masthead page at the beginning of this issue.
ANESTHESIOLOGY's articles are made freely accessible to all readers, for personal use
only, 6 months from the cover date of the issue.

Anesthesiology, V 109, No 6, Dec 2008

comitant change in systemic levels would be advanta-
geous. One way of achieving this would be to impair
brain P-glycoprotein by use of a pharmacologic inhibitor.
Several proof-of-principle studies in rodents, using selec-
tive and potent third-generation inhibitors such as zosu-
quidar/LY-335979," elacridar/GF-120918,%>"° and tarig-
uidar/XR-9576,” have demonstrated increased central
nervous system effects associated with enhanced drug
concentrations in the brain— often many-fold. Recently,
positron emission tomography imaging studies using
C''labeled probes in higher species (pigs and nonhu-
man primates)®® also demonstrated greatly increased
brain levels of the labeled drugs after the administration
of third-generation P-glycoprotein inhibitors, whereas a
study in humans showed a more modest increase.'’

Although positron emission tomography imaging is a
powerful tool for such studies, it requires suitable
probes and sophisticated and expensive instrumenta-
tion/facilities. An alternative and attractive approach that
has been suggested is based on the use of a drug with
intrinsic central activity which, however, under normal
circumstances does not exhibit this characteristic be-
cause P-glycoprotein at the blood- brain barrier limits its
entry into the brain. Accordingly, if the barrier’s function
is reduced by inhibition of P-glycoprotein, the probe
drug will presumably enter the brain and, under appro-
priate conditions, its central nervous system effects
could be measured. Loperamide, a up-opioid receptor
agonist with potency similar to that of morphine,'"'?
has been used as such a probe in studies in mice lacking
P-glycoprotein'>™'> or in which the transporter’s func-
tion had been pharmacologically inhibited.” In P-glyco-
protein “knockout” mice [mdrla (—/—)], loperamide
brain concentration was increased 13- to 65-fold com-
pared with wild-type mice, and loperamide induced se-
vere central opiate toxicity (even at low doses) that was
not observed in mice with intact P-glycoprotein.'>'
Administration of potent and selective third-generation
P-glycoprotein inhibitors such as tariquidar and elacridar
to mice with intact P-glycoprotein resulted in a dose-
dependent increase in loperamide’s brain penetration
and analgesic effects, transforming loperamide into a
centrally active opiate.”

On the basis of the above assumptions and animal
findings, the centrally mediated effects of loperamide
have been used to investigate in vivo P-glycoprotein
function at the blood-brain barrier in humans. Such
studies have involved possible genetic regulation
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of Pglycoprotein activity'®!” and drug interactions by

potential or known P-glycoprotein inhibitors.'®~** How-
ever, these studies have been limited to P-glycoprotein
inhibitors with low selectivity and potency (inhibition
constant K, in the millimolar range), e.g., quinidine and
ritonavir, that produce significant changes in loperam-
ide’s metabolism and its systemic plasma concentra-
tions,'”?° which confound interpretation of any
changes in its central effects and, in addition, could
produce significant adverse effects in vivo.

Potent and selective third-generation P-glycoprotein
inhibitors such as tariquidar, which do not affect loper-
amide’s metabolism and have been demonstrated to pro-
duce pronounced and prolonged inhibition of P-glycopro-
tein function in various tissues,”?'™*® overcome the
disadvantages of older inhibitors. Accordingly, we designed
a study to examine the effects of tariquidar on loperamide’s
disposition and central nervous system effects in humans.
Our hypothesis was that at doses expected to produce
extensive systemic P-glycoprotein inhibition, tariquidar
would not affect loperamide’s disposition but would result
in profound central opioid effects.

Materials and Methods

The studies were approved by the Vanderbilt Univer-
sity Institutional Review Board, Nashville, Tennessee,
and each subject provided written informed consent. All
subjects were healthy as determined by the absence of
significant clinical abnormalities on medical history,
physical examination, and routine laboratory tests and
refrained from taking any medications for at least 1 week
before the study.

Study 1: Dose-finding Study

Initially, an open-label dose-escalation study was per-
formed to determine the dose of loperamide that could
be safely coadministered with tariquidar and would
produce measurable central opioid effects without
clinically significant reductions in blood pressure or
blood oxygen saturation. Fifteen white subjects (11
men), aged 26.9 * 5.3 yr (mean * SD) and with a
body mass index of 24.9 *= 3.0 kg/m?, were studied.
After an overnight fast, subjects were first pretreated
with tariquidar (Xenova Ltd., Slough, United Kingdom),
150 mg diluted in 500 ml dextrose, 5%, infused intrave-
nously over 30 min. This regimen has been shown to
completely block P-glycoprotein-mediated substrate ef-
flux from lymphocytes for up to 24 h in healthy sub-
jects.?! Thirty minutes after the completion of the tariq-
uidar infusion, an oral capsule of loperamide (Spectrum
Pharmacy Products, Tucson, AZ) prepared by the
Vanderbilt University Medical School compounding
pharmacy at a dose of 0.5, 1, 2, 4, 6, 8, 12, 14, 16, 32, or
48 mg was then serially administered on separate days to
one subject (n = 3 at the 32-mg dose).

Anesthesiology, V 109, No 6, Dec 2008

Central opioid effects were determined by changes in
alertness and pupil size. A subjective visual analog scale
(VAS) was used to evaluate level of sedation, with 0
representing “asleep” and 10 representing “wide
awake.” In addition, short-term memory recall was as-
sessed using a digit symbol substitution test (DSST).**
Pupil constriction was measured after 5 min of adapta-
tion to dim light by an infrared pupillometer (RK-
726PCI; ISCAN Inc., Burlington, MA). During the mea-
surement, the subjects fixed their gaze at a dot placed at
eye level 3 m in front of them. The pupillometer auto-
matically collected 1,800 images of the eye over 30 s and
determined the mean pupil size over this period. All
three of the above measures were performed before and
every 30 min for 12 h after loperamide administration. In
addition, heart rate and blood oxygen saturation were
monitored continuously by a bedside cardiac monitor
(Dynamap, MPS; Johnson & Johnson Medical, Tampa,
FL), which also was used to determine blood pressure
every 15 min.

Study 2: Crossover Study

Study Design and Procedures. The second study
was designed as a randomized, double-blind, two-way
crossover study. On 2 study days separated by 14 days,
subjects received an intravenous infusion over 30 min of
either placebo (5% dextrose) or tariquidar (150 mg di-
luted in 500 ml dextrose, 5%). Thirty minutes after com-
pletion of the infusion, they swallowed a single oral dose
of 32 mg loperamide (capsules prepared by the Vander-
bilt University Hospital Investigational Drug Pharmacy).
The nine subjects (eight men) consisted of seven white
and two black subjects, aged 24.1 * 4.4 yr (mean * SD)
and with a body mass index of 25.0 + 4.1 kg/m?. All
studies were performed after an overnight fast, and sub-
jects continued fasting until 4 h after the loperamide
administration. Pupil diameter, sedation VAS, and DSST
were evaluated, as described in the previous paragraph,
before and every 30 min for 12 h after loperamide
administration. In addition, serial blood samples (10 ml)
were obtained through an indwelling catheter before
and at 0.25,0.5,1, 1.5, 2,3, 4, 6,8, 12, 24, and 48 h after
loperamide administration. One aliquot was collected in
EDTA tubes; after separation, the plasma was stored at
—20°C until analyzed for loperamide concentrations. Up
to 24 h after loperamide administration, plasma from
another aliquot was obtained from an acid- citrate- dex-
trose anticoagulated sample and stored at 4°C until used
in the dye efflux procedure the following morning.
Whole blood was also collected at baseline before the
administration of tariquidar, maintained at room tempera-
ture, and used as a source of CD4" and CD8" T lympho-
cytes on the following morning.

Loperamide Concentrations. The plasma concen-
tration of loperamide was determined by a validated
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positive ion, electrospray, tandem liquid chromatogra-
phy-liquid chromatography-mass spectrometry as de-
scribed by He et al.>® Briefly, this involved tertbutyl-
methyl ether extraction of a plasma sample buffered to
pH 9.6 with sodium carbonate. The organic extract was
then evaporated to dryness under nitrogen at 40°C, and
the residue was reconstituted with 200 ul ammonium
acetate:methanol (1:4), 20 mwm. Gradient, liquid chroma-
tography with 20 mM ammonium acetate-acetonitrile
and a Luna C18 reverse-phase column (Phenomenex,
Torrence, CA) was then used and the eluting com-
pounds analyzed by a TSQ 700 mass spectrometer
(Finnegan, San Jose, CA). Daughter ions m/z 477 — 226
and m/z 519 — 266 corresponding to loperamide and
O-acetyl loperamide (internal standard) were monitored.
The loperamide assay had an intraday relative SD of
2.1-4.6% and an interday relative SD of 8.3-14.5%.

Ex Vivo Lymphocyte P-glycoprotein Assay. The
functional activity of P-glycoprotein in lymphocytes
from each individual subject was determined by a dye
efflux method.?® In brief, this involved loading cells with
3,3-diethyloxacarbocyanine iodide (DiOC,(3)) by incu-
bating 5 ml prestudy acid- citrate- dextrose anticoagu-
lated whole blood with an equal volume of 100 nm
DiOC,(3) in Dulbecco phosphate-buffered saline (In-
vitrogen Corp., Carlsbad, CA) for 15 min at 37°C. Cells
were separated by centrifugation at 400g, washed once
with 10 ml ice-cold phosphate-buffered saline, and dis-
tributed in 40-ul aliquots to each well of a 96-deep well
microplate. Cells were subsequently incubated with 60
ul test plasma (the prestudy sample, the prestudy sample
to which 50 um verapamil had been added, or the indi-
vidual serial plasma samples collected over 48 h) at 37°C
for 60 min. Lymphocytes were then labeled with fluoro-
chrome-conjugated monoclonal antibodies (CD4-PE,
CD8-PerCP-Cy5.5, and CD45RA-APC; BD Pharmingen,
San Diego, CA) for 30 min on ice. Erythrocytes were
lysed with Optilyse B according to the manufacturer’s
instructions (Immunotech, Marseille, France), and cells
were pelleted by centrifugation at 400g for 5 min at 4°C.
After washing with ice-cold phosphate-buffered saline,
the cells were fixed with 2% paraformaldehyde in phos-
phate-buffered saline. The cellular DiIOC,(3) content was
quantified by a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA). Fluorescence was detected
after excitation at 488 nm, through a 530-nm band-pass
filter. Data were analyzed with WinMDI software, ver-
sion 2.8 (J. Trotter, Scripps Institute, La Jolla, CA). Naive
cells were defined by positive surface staining for
CD45RA. The percentage of total and naive CD8 and
CD4 T lymphocytes that effluxed DiIOC,(3) (% dim cells)
was established by setting the gate between dim (dye
efflux positive) and bright (dye efflux negative) cell
populations based on the prestudy positive control sam-
ple with verapamil, which inhibited all DiOC,(3) efflux
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in every subject (data not shown). For each test sample,
the percentage inhibition was quantified by determining
the percentage of dim cells and linearly interpolating this
value in comparison with incubation with verapamil
(100% inhibition) or without verapamil (0% inhibition).
Repeat examination of successive lymphocyte batches
from the same subjects (untreated) showed small assay
variability (intraday and interday coefficients of varia-
tion, 1.6% and 2.8%).

Statistical Analysis

For every subject and study day, absolute pupil diam-
eters (0-12 h), scores of the alertness test (0-12 h), and
loperamide plasma concentrations (0-48 h) were plot-
ted against time, and the areas under the curves (area
under the loperamide concentration curve [AUC];
area under the pupil, VAS, and DSST effect curves
[AUE,,,,i, AUEy,s, and AUE gy, respectively]) were cal-
culated using the trapezoidal method (GraphPad Prism
version 4; GraphPad Software, San Diego, CA) as the sum
of the individual areas under each segment of the time
response- concentration curve.?” For one subject, blood
samples for the determination of loperamide concentra-
tions and the lymphocyte P-glycoprotein assay were
available only up to 12 h after dosing, and she was
excluded from the statistical analysis of AUC,,, and
lymphocyte P-glycoprotein activity. The paired Wil-
coxon signed rank test was used for within-subject com-
parisons of the AUCs between the placebo and tariqui-
dar study days (SPSS version 13; SPSS Inc., Chicago, IL).
Data are presented as mean * SD or median and inter-
quartile range (IQR) for nonnormally distributed data. All
tests were two-tailed, and P < 0.05 was considered
statistically significant.

Results

Dose-finding Study

The purpose of this study was to determine the safety of
loperamide when coadministered with the maximum sin-
gle dose of tariquidar approved for human studies (150
mg). Over the oral loperamide dose range of 0.5-32 mg, no
untoward effects were noted. However, in the single sub-
ject receiving 48 mg loperamide, systolic blood pressure
gradually decreased by 30 mmHg 3 h post loperamide dose
before returning to baseline within 8 h, and sedation, nau-
sea, and constipation developed and gradually improved
over 48-72 h. Accordingly, we studied two additional sub-
jects with a dose of 32 mg, and no adverse effects were
observed. Therefore, we chose a loperamide dose of 32 mg
for the subsequent crossover study.

Crossover Study
No significant changes in blood pressure or other ad-
verse events were noted in study 2, except for one
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Fig. 1. Individual pupil size-time curves for the 12-h period after the administration of loperamide (32 mg) and either placebo

(black dotted line) or tariquidar (gray solid line).

subject who reported prolonged tiredness after receiv-
ing loperamide on both the tariquidar and placebo days.

Pupil Constriction

Baseline pupil diameters did not differ on the 2 study
days (P = 0.59). Tariquidar did not increase loperam-
ide’s miotic effects (fig. 1). There was no significant
difference in pupil diameter AUE,_,,, between the pla-
cebo and tariquidar days (median, 65.8 mm - h [IQR,
44.7 to 80.9] and 49.4 mm - h [IQR, 39.9 to 77.9],
respectively; P = 0.11; fig. 2), and the median percent
decline in AUE was 6.9% (IQR, —1.4 to 12.1). In fact, in
six of the nine subjects, the pupil diameter-time curves
on the tariquidar and placebo days were virtually super-
imposable (fig. 1). Only one subject (subject 4) showed
pronounced pupil constriction after tariquidar, resulting
in a decline in pupil diameter AUE of 36.5%; this was
accompanied by a marked increase in loperamide
plasma concentrations after tariquidar, with C_,  in-
creasing from 3.7 to 8.9 ng/ml and the loperamide AUC
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increasing by 133% (see Loperamide Pharmacokinetics
section, last sentence).

Alertness Scores

No changes in alertness were observed between the
placebo and tariquidar days of the study. For the VAS, the
median AUE,, areas under the measure-time curves over
12 h were 34.6 cm - h AQR, 22.9 to 49.2) and 36.6 cm - h
AQR, 20.4 to 49.2) on the placebo and tariquidar days,
respectively (P = 1.0), and there was no difference in mini-
mal, maximal, median, or mean VAS score (all P > 0.58).
Similarly, the median AUE 441 (248 correct matches - h [IQR,
232 to 271] and 244 correct matches - h [IQR, 216 to 267] on
the placebo and tariquidar days, respectively; P = 0.48) and
minimal, maximal, mean, and median DSST scores were com-
parable between the 2 study days (all P > 0.48).

Lymphbocyte P-glycoprotein Inbibition Ex Vivo
Dye efflux from lymphocytes obtained from subse-
quent blood samples during 24 h after placebo adminis-

20z Iudy 60 uo 3senb Aq Jpd-€z000-000218002-27S0000/2€29¥2/2601/9/60 1 /4pd-8[o1E/ABO|0ISOUISaUE/WOD JIBYIIDA|IS ZESE//:A)Y WOl papeojumoq



1096

KURNIK ET AL.

1101
1004
—
m-
.\ —aA
801 —
5:6 \A
£ . i
£ 70 B 'y
uf 6
=
<
50+ » \4:
40' .\‘
304
20

Placebo

Fig. 2. Area under the pupil size-over—time curve [AUE ,,, ;i co-12)]
for the 12-h period after the administration of loperamide (32
mg) and either placebo or tariquidar. There was no significant
decline in AUE,,; after tariquidar (P = 0.11).

Tariq'uidar

tration was unaffected as compared with baseline (mean
dye efflux at 24 h, 96.9 * 8.4% of baseline; fig. 3).
However, dye efflux from lymphocytes obtained after
administration of tariquidar was dramatically reduced
within 5 min of beginning the tariquidar infusion to a
mean * SD of 6.3 = 2.0% of the baseline value, corre-
sponding to a mean 93.7% (95% confidence interval,
92.0-95.3%; range, 90.0-96.7%) inhibition. During the
24 h after tariquidar administration, dye efflux from
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Fig. 3. Ex vivo inhibition of dye efflux from T lymphocytes for
the 24-h period after placebo (gray bars) or tariquidar (black
bars). Bars represent the mean percentage of dim naive CD8-
lymphocytes that actively efflux the dye through P-glycoprotein
activity; error bars represent the SEM.
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lymphocytes ranged between 6% and 13% of its baseline
value, and remained low (9.0 = 4.5%) at 24 h after
tariquidar infusion (fig. 3), thus indicating prolonged and
almost total inhibition of P-glycoprotein on lymphocytes.

Loperamide Pharmacokinetics

The area under the loperamide plasma concentration-
time curve (0-48 h) after tariquidar administration did
not significantly differ from that after placebo (median
AUC, 126.5 ng - h/ml [IQR, 100.3 to 156.6] and 87.8 ng -
h/ml [IQR, 65.7 to 156.0] for tariquidar and placebo, re-
spectively; P = 0.12). However, in both phases of the
study, there was considerable (11- to 16-fold) interindi-
vidual variability in the AUC of loperamide plasma concen-
trations. Visual inspection of the individual plasma concen-
tration-time curve (fig. 4) suggested that in seven subjects
coadministration of tariquidar did not substantially affect
loperamide’s AUC, whereas in two subjects (4 and 8) it was
markedly higher after tariquidar (increases of 133% and
104%, respectively). The maximum plasma concentration
did not differ significantly on the 2 study days (median, 8.5
ng/ml [IQR, 7.3 to 10.3] and 5.7 ng/ml [IQR, 3.8 to 12.1]
for tariquidar and placebo, respectively; P = 0.52).

Discussion

This is the first human study to use loperamide’s cen-
tral nervous system effects (pupil constriction and seda-
tion) as a measure of P-glycoprotein function at the
blood-brain barrier after inhibition with a highly spe-
cific and potent third-generation P-glycoprotein inhibi-
tor. Tariquidar did not significantly affect loperamide
plasma concentrations, but fully inhibited P-glycoprotein
activity in lymphocytes. In contrast, tariquidar did not
affect loperamide’s central nervous system effects, sug-
gesting, in keeping with our recent findings in mice, that
P-glycoprotein localized at the blood-brain barrier is
more resistant to inhibition than at the lymphocyte.”

Differential P-glycoprotein Inbibition by Tariquidar

Previous studies in humans have demonstrated that
after infusion of tariquidar at doses of 1.0-2.0 mg/kg
body weight, comparable to the fixed dose (150 mg)
administered in our study, P-glycoprotein mediated ef-
flux of its substrate rhodamine-123 from lymphocytes
was fully inhibited, and such inhibition was maintained
for greater than 24 h.>' Moreover, uptake of the P-
glycoprotein substrate **™Tc-sestamibi into various tis-
sues was also impaired after administration of a 150-mg
dose of tariquidar,?? and studies in animals with compa-
rable doses also suggested significant inhibition in many
tissues. Therefore, the current observation indicating
94% mean inhibition of DiOC,(3) efflux from lympho-
cytes is entirely consistent with these previous findings.
The surprising lack of effect of tariquidar on loperam-
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Fig. 4. Individual loperamide plasma concentration—time curves for the 48-h period after the administration of loperamide (32 mg)
and either placebo (black dotted line) or tariquidar (gray solid line). Loperamide plasma concentrations were not available for

subject 1 after the 12-h time point.

ide’s central effects was therefore of great interest. The
median difference between the placebo and tariquidar
days in our main outcome, area under the pupil diameter
curve (AUE,,,;p, was only 6.7% (P = 0.11), a difference
much smaller in magnitude and statistical significance
than that expected for a centrally active opiate with
similar potency as morphine.

We have recently shown in animals that P-glycoprotein
inhibition at the blood-brain barrier requires substan-
tially greater doses/concentrations of inhibitor than
other tissue sites, such as lymphocytes.” Therefore, al-
though the brain uptake of P-glycoprotein substrates
such as nelfinavir,' loperamide,” and verapamil®® can be
increased many-fold in animals by large dosages of inhib-
itor, these doses far exceed those attainable in the clin-
ical setting. For example, tariquidar’s ICs, for increasing
loperamide’s brain:plasma concentration is 5.7 mg/kg in
mice, approximately 19-fold higher than the ICs, for
P-glycoprotein inhibition in lymphocytes.” Therefore, as-
suming that tariquidar potency is comparable in humans
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and rodents at the blood-brain barrier, as has been
shown for cyclosporine,*® the standard tariquidar dose
in humans (approximately 2 mg/kg), although sufficient
to fully inhibit lymphocyte P-glycoprotein, is at the
lower end of the dose-response curve for P-glycoprotein
inhibition at the blood-brain barrier. The reasons for
such organ-specific sensitivity to P-glycoprotein inhibi-
tion are unclear, but differences between lymphocytes
and the blood-brain barrier in P-glycoprotein structure
(e.g., “mini P-glycoprotein”),?® localization (e.g., caveo-
lae),*° or expression®' may play a role.”

Loperamide as P-glycoprotein Probe

Previous clinical studies used loperamide as an in vivo
probe of brain P-glycoprotein function associated with
different genetic variants of the transporter16’17 or after
the coadministration of known P-glycoprotein inhibi-
tors.'®1932 These studies had several limitations,
namely, the use of inhibitors (quinidine and ritonavir)
that are not particularly potent or effective P-glycopro-
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tein inhibitors but, in addition, impair loperamide’s me-
tabolism and thus result in significantly elevated systemic
drug levels,"”"° further complicating data interpretation.
To overcome these limitations, we used a selective and
potent third-generation P-glycoprotein inhibitor, tariquidar,
at a dose previously demonstrated to produce a marked
decrease in transporter activity in various tissues, including
brain and lymphocytes.>' > In contrast to nonselective
inhibitors, tariquidar does not inhibit CYP3A and thus does
not affect loperamide metabolism. However, P-glycopro-
tein inhibition at the intestinal brush border could poten-
tially increase loperamide’s bioavailability, as suggested for
morphine.** Although we did not find a statistically signif-
icant increase in loperamide AUC after tariquidar, with
plasma concentration-time curves almost superimposable
for seven of nine subjects, our study was not designed to
examine this, and we cannot rule out small increases
(<1.5-fold) in loperamide AUC in our study design.

To maximize the ability to detect a central opioid
effect, we performed our study with the highest loper-
amide dose determined to be safe when coadministered
with tariquidar (32 mg). This dose was 33-100% higher
than the loperamide doses (16-24 mg) used in previous
studies in which central effects of loperamide after the
administration of a P-glycoprotein inhibitor have been
reported.'”'® Nevertheless, an alternative explanation
for the lack of central loperamide effects in the presence
of full P-glycoprotein inhibition in lymphocytes in our
study is that the dose and resulting plasma concentra-
tions of loperamide were not sufficiently high to achieve
effective brain levels, even if P-glycoprotein inhibition
were sufficient to allow loperamide to penetrate into the
brain.

Brain uptake of a P-glycoprotein probe depends both
on its plasma concentrations and P-glycoprotein activity
at the blood-brain barrier. Therefore, an ideal in vivo
probe should be safe to administer in dose producing
plasma concentrations that result in a measurable central
effect, and the plasma level-time profile should be rela-
tively consistent between individuals. However, we
found considerable interindividual variability in loperam-
ide’s concentration-time profile. This is not entirely un-
expected, because, besides being a substrate for P-gly-
coprotein, loperamide is extensively metabolized by
CYP3A3* As a result, the drug’s oral bioavailability
would be expected to be low and highly variable. >’

Conclusion

The goal of achieving enhanced brain penetration of
drugs in humans by inhibiting P-glycoprotein function
at the blood’s brain barrier seems to be considerably
more difficult than suggested by proof-of-principle
studies in animals and human P-glycoprotein inhibi-
tion studies in other organs. A possible reason for this
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is greater resistance of brain P-glycoprotein to inhibi-
tion compared with other tissues, such as T lympho-
cytes, as we have previously shown in mice. Whether
this holds true for other recently developed inhibitors,
such as zosuquidar, elacridar, and laniquidar, which
seem to have different mechanisms of interaction with
P-glycoprotein,” remains to be determined. The find-
ings also suggest that, despite loperamide’s intrinsic
characteristics as a putative centrally active opiate,
other factors, including highly variable oral availability
and a shallow dose-response curve, make it a less than
ideal probe for the in vivo assessment of P-glycopro-
tein activity at the blood- brain barrier.

We are indebted to Gail Mayo, R.N. (Research Nurse, Division of Clinical
Pharmacology, Vanderbilt University, Nashville, Tennessee), for her assistance
with subject recruitment, blood sampling, and data collection.
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