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The A118G single-nucleotide polymorphism (SNP rs1799971) in the μ-opioid receptor gene, OPRM1, has been much studied in relation
to alcohol use disorders. The reported effects of allelic variation at this SNP on alcohol-related behaviors, and on opioid receptor
antagonist treatments, have been inconsistent. We investigated the pharmacogenetic interaction between A118G variation and the effects
of two μ-opioid receptor antagonists in a clinical lab setting. Fifty-six overweight and moderate–heavy drinkers were prospectively stratified
by genotype (29 AA homozygotes, 27 carriers of at least 1 G allele) in a double-blind placebo-controlled, three-period crossover design
with naltrexone (NTX; 25 mg OD for 2 days, then 50 mg OD for 3 days) and GSK1521498 (10 mg OD for 5 days). The primary end
point was regional brain activation by the contrast between alcohol and neutral tastes measured using functional magnetic resonance
imaging (fMRI). Secondary end points included other fMRI contrasts, subjective responses to intravenous alcohol challenge, and food intake.
GSK1521498 (but not NTX) significantly attenuated fMRI activation by appetitive tastes in the midbrain and amygdala. GSK1521498 (and
NTX to a lesser extent) significantly affected self-reported responses to alcohol infusion. Both drugs reduced food intake. Across all end
points, there was less robust evidence for significant effects of OPRM1 allelic variation, or for pharmacogenetic interactions between
genotype and drug treatment. These results do not support strong modulatory effects of OPRM1 genetic variation on opioid receptor
antagonist attenuation of alcohol- and food-related behaviors. However, they do support further investigation of GSK1521498 as a
potential therapeutic for alcohol use and eating disorders.
Neuropsychopharmacology (2016) 41, 2647–2657; doi:10.1038/npp.2016.60; published online 18 May 2016
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INTRODUCTION

The A118G polymorphism in the μ-opioid receptor (MOR)
gene (OPRM1) has attracted much attention as a putative
modulator of opioid antagonist treatment response in
alcohol use disorders. This single-nucleotide polymorphism
(SNP) rs1799971 in exon 1 of OPRM1 causes an adenine to

guanine substitution leading to the replacement of aspar-
agine with aspartic acid at a putative N-glycosylation site
(N40D) of the MOR (Huang et al, 2012). Although the minor
G allele is often thought to result in a gain of function of the
MOR, the evidence is equivocal.
Cellular assays (Beyer et al, 2004; Bond et al, 1998) and

rodent models (Mague et al, 2009; Ramchandani et al, 2011)
have demonstrated that G allele carriage causes both increased
and decreased response to opioid agonists and antagonists. In
macaques, the G allele of the C77G OPRM1 polymorphism
was associated with increased β-endorphin binding affinity,
greater alcohol preference and consumption, as well as greater
decreases in preference and consumption following naltrexone
(NTX) administration (Barr et al, 2007, 2010).
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In humans, G allele carriage (G+) was associated with
greater feelings of intoxication, stimulation, sedation, and
happiness following pharmacokinetically controlled alcohol
infusion (Ray and Hutchison, 2004). Heavy G+ drinkers had
greater approach tendencies for alcohol (Wiers et al, 2009),
greater self-reported alcohol craving in a cue reactivity task
(van den Wildenberg et al, 2007), and greater intravenous
self-administration of ethanol than AA homozygotes
(Hendershot et al, 2014). In functional neuroimaging studies,
G-carriers had greater brain activation to alcohol taste in
reward regions, including the striatum and orbitofrontal
cortex (Filbey et al, 2008), and reduced frontostriatal
connectivity (Ray et al, 2013). PET imaging has shown
greater striatal dopamine release to intravenous alcohol
administration in G-carriers (Ramchandani et al, 2011).
However, G-carriage had no effects on drinking behavior

measured in alcohol-dependent subjects (Anton et al, 2012)
and effects on alcohol-related behaviors were moderated by
dopamine transporter genes (Anton et al, 2012; Ray et al,
2014; Schacht et al, 2013). Even in studies that have reported
positive evidence of some phenotypic associations with
A118G allelic variation, the results have not been consistent
across all the phenotypes measured (Ray et al, 2012). Initial
findings of better treatment response to NTX in alcohol-
dependent G+ patients from post hoc analyses of clinical trial
data (Anton et al, 2008; Oslin et al, 2003) have not been
consistently replicated (Arias et al, 2006; Gelernter et al,
2007). Most evidence suggests that the A118G SNP is not a
risk factor for alcohol dependence, at least in Caucasian
populations (Arias et al, 2006; Rouvinen-Lagerstrom et al,
2013; Schwantes-An et al, 2016); although there is stronger
evidence for this in East Asian populations (Chen et al,
2012). Greater frequency of the G allele has been reported in
obese binge eating disorder (BED) patients (Davis et al,
2009), and GG homozygous subjects demonstrated higher
preference for sweet, fatty foods (Davis et al, 2011). The
G allele has also been associated with a greater dose
requirement for opioid analgesia (see the meta-analysis by
Hwang et al, 2014 and references therein).
GSK1521498 is a novel μ-opioid receptor antagonist (Ignar

et al, 2011; Kelly et al, 2015) with some inverse agonist
properties that is being investigated for the treatment of
disorders of compulsive consumption of food, alcohol, and
drugs. GSK1521498 has been differentiated from NTX in a
series of human, animal, and cellular models in terms of its
opioid receptor pharmacology, its pharmacokinetics, and its
greater pharmacodynamic efficacy on functional magnetic
resonance imaging (fMRI) activation by fruit juice, on
consumption of food and alcohol, and on behavioral models
of drug seeking behavior for heroin, cocaine, and alcohol
(Ignar et al, 2011; Rabiner et al, 2011; Kelly et al, 2015;
Giuliano et al, 2012, 2013, 2015; Ripley et al, 2015). In
humans, GSK1521498 reduced the pleasurable response to
high-fat/high-sugar food samples (Nathan et al, 2012;
Ziauddeen et al, 2013a), food intake (Ziauddeen et al,
2013a), attentional bias to foods (Chamberlain et al, 2012),
and fMRI activation by food images (Cambridge et al, 2012).
In a 28-day dosing study of patients with obesity and high
levels of binge eating behaviors, GSK1521498 did not cause
significant placebo-controlled weight loss; however, post hoc
genetic analysis suggested greater weight loss in the small

number of G+ patients compared with AA homozygotes
(Ziauddeen et al, 2013a).
In this context, we aimed to assess the effects of allelic

variation at the A118G SNP on a range of pharmacodynamic
markers of rewarding consumption of alcohol and food, and
to explore the potential pharmacogenetic interaction between
OPRM1 genotype and μ-opioid receptor antagonism by both
NTX and GSK1521498. We studied healthy overweight
moderate–heavy drinkers in an experimental medicine
study, prospectively balanced to measure genetic and drug
effects in a sample comprising approximately equal numbers
of AA and G+ participants. We predicted (1) that opioid
receptor antagonists would attenuate markers of alcohol- and
food-related reward processing; (2) that there would be a
significant pharmacogenetic interaction between A118G
genotype and opioid antagonist drug treatment; and (3)
given that G allele enhances opioidergic effects (Ray and
Hutchison, 2004; Ramchandani et al, 2011; Filbey et al,
2008), we predicted that G carriage would have functionally
opposite effects to opioid antagonist drugs.

MATERIALS AND METHODS

Participants

A total of 56 volunteers (n= 49 (88%) males) aged 18–65
years (mean± SD, 44.3± 11.1 years) with body mass
index ⩾ 22 kg/m2 (mean 28.9± 3.5 kg/m2) were enrolled
after providing written informed consent. The study was
approved by the London Riverside Research Ethics Com-
mittee, UK, and registered with EudraCT (2012-002479-32)
and ClinicalTrials.gov (NCT01738867).
A total of 27 participants (48% G+) carried at least one

copy of the G allele at the OPRM1 A118G SNP and 29
participants (52% AA) were AA homozygotes (see Supple-
mentary Table S1). The alcohol consumption criterion for
inclusion was ⩾ 3 drinks (⩾2 for women) consumed on at
least 2 days per week on average, or a score of ⩾ 6
(mean± SD, 8.0± 3.5, AA 8.8± 3.8, G+ 7.3± 3.1) on the
Alcohol Use Disorders Identification Test (AUDIT)
(Supplementary Table S2).
Exclusion criteria were a history of axis-I disorders

including substance dependence or abuse (assessed by the
Mini-International Neuropsychiatric Interview (MINI);
Sheehan et al, 1998); positive screen for illicit drugs; heavy
tobacco smoking (415 cigarettes/day); Beck Depression
Inventory II (Beck et al, 1961) total score 413; and/or
Columbia Suicide Severity Rating Scale (C-SSRS) (Posner
et al, 2007) score 40.

Design

In a randomized, double-blind, placebo-controlled, 3-period
crossover design, participants received 5 days of treatment
with placebo, GSK1521498 10 mg, or NTX 50 mg (25 mg on
first 2 days) in each treatment period. Participants were
randomly assigned to one of the six possible sequences of
treatment to counterbalance order effects. The double blind
was maintained using a double-dummy design whereby
participants received two tablets on each treatment day
(GSK1521498 or GSK1521498-matched placebo and NTX or
NTX-matched placebo). The doses were predicted to achieve
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comparable 24-h average receptor occupancy (~90%) for
both drugs on day 5 based on previous studies (Rabiner et al,
2011; Ziauddeen et al, 2013a). The dosing regimen for NTX
closely followed prior protocols (Schacht et al, 2013; Anton
et al, 2012) and achieved the maximum recommended
clinical dose (50 mg). The washout period between treat-
ments was a minimum of 14 and maximum of 24 days;
equivalent to 415 times the plasma half-life of GSK1521498
(20 h), NTX (6 h), or 6-β-naltrexol, its principal active
metabolite (13 h) (Rabiner et al, 2011).
A sample size of 48 subjects (24 per genotype) in a three-

way crossover design was calculated to provide 80% power to
detect a pharmacogenetic interaction of standardized effect
size (mean difference/between-subject SD) of 0.82 with two-
tailed P= 0.05, based on prior data (Hernandez-Avila et al,
2003; Ziauddeen et al, 2013a). The primary end points
specified a priori were alcohol vs neutral taste contrasts
estimated in anatomically defined regions of interest.

Procedures

The study design and testing schedule are summarized in
Figure 1, top panel (see Supplementary Methods and
Supplementary Table S3 for details).

fMRI taste paradigm. During scanning, small quantities of
liquid (0.9 ml per trial) were delivered directly into

participant’s mouths: two appetitive stimuli (the participant’s
preferred alcoholic beverage and fruit juice) and a neutral
taste control (25 mM KCl, 2 mM NaHCO3) (Claus et al,
2011; Filbey et al, 2008 Rabiner et al, 2011). In each trial
(Figure 1 bottom panel), a letter cue was visually presented to
indicate which taste was about to be delivered (eg, ‘A’ for
alcohol). Each cue was presented 32 times and on 75% of
trials it was followed by presentation of the word ‘TASTE’
and the delivery of the corresponding liquid. Participants
were instructed to hold the liquid in their mouth until the
word ‘SWALLOW’ was presented 3 s later. The same
preferred beverage was administered in all three treatment
periods for an individual participant, thus controlling the
within-subject variability in alcohol consumption and
exposure.

fMRI data acquisition and analysis. Gradient echo
echoplanar imaging data were acquired on a 3-Tesla Siemens
Trio scanner with a 225 mm field of view. For each session,
929 volumes were acquired using a T2*-weighted sequence
with repetition time (TR)= 2000ms; echo times TE1= 13ms,
TE2= 31ms; flip angle= 80; and matrix size= 64× 64. A total
of 36 slices, 3 mm thick with an interslice gap of 1 mm,
provided whole brain coverage in an oblique axial orientation.
The first six scans were discarded to allow for equilibration of
the MR signal.

Figure 1 Overview of study design (a) and study procedures (b). In each treatment period, participants were admitted to the GSK Clinical Unit Cambridge
(CUC) on day 1 for an overnight stay. They underwent safety assessments, routine blood tests, and received their first dose (GSK1521498 10 mg, NTX 25 mg,
or placebo). On day 2, participants received their second dose, repeated safety assessments, and were discharged with medication doses for days 3 and 4.
They returned to the CUC on the afternoon of day 4 and underwent pain threshold assessments, an intravenous alcohol infusion challenge, and were served a
buffet dinner. After an overnight fast, they received their final dose on day 5, then underwent fMRI scanning followed by hedonic taste response tests and an
ad libitum snacking paradigm. Participants were discharged at the end of day 5 after final safety assessments. Participants attended a follow-up assessment
7–10 days after completion of the final washout period. (c) Overview of fMRI taste paradigm and trial structure.
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Data were analyzed by statistical parametric mapping
using the SPM8 program (www.fil.ion.ucl.ac.uk). All images
were realigned and regressed on the estimated 3D movement
parameters, spatially normalized to a standard template, and
smoothed with a 6 mm full-width-at-half-maximum Gaus-
sian kernel. The time series were high-pass filtered (cutoff
frequency of 1/120 Hz) and serial autocorrelations were
estimated using an AR(1) model. At the first level analysis
for each subject, the following events were modeled: cue
(2 s, 32 per taste stimulus), taste delivery (3 s, 24 per
stimulus), taste omission (3 s, 8 per stimulus), swallow
(5 s), and urge scale (4 s). All events were modeled as boxcar
functions convolved with the canonical hemodynamic
response function and its temporal derivative, and covarying
for motion realignment parameters. The key contrasts were
alcohol versus neutral taste, and juice versus neutral taste,
and were estimated only in the taste delivery trials (24 per
stimulus) in the prior regions of interest (ROIs): the nucleus
accumbens, the caudate nucleus, the putamen, the insula, the
orbitofrontal cortex (OFC), and the amygdala bilaterally; and
the midbrain (defined using the PickAtlas tool in SPM8;
Maldjian et al, 2003). In addition, functional ROIs were
defined by identifying the subset of voxels across all
anatomical ROIs that were significantly activated by both
taste contrasts on average over all treatments for all
participants with familywise error of false positive activation
controlled at PFWEo0.05.

Alcohol infusion challenge. This paradigm was implemen-
ted as specified previously (Ray and Hutchison, 2007; Ray
et al, 2012). Ethanol (5%) was infused intravenously at rates
of 0.166 and 0.126 ml/min ×weight (kg) for males and
females, respectively. At target breath alcohol concentrations
(BrAC) of 0.02, 0.04, and 0.06 g/dl, measured instantaneously
by breathalyzer, subjective responses, eg ‘high’, were
examined using the Subjective High Assessment Scale
(SHAS) (Schuckit, 1980), the Alcohol Rating Scale (ARS)
(Ray and Hutchison, 2007), the Profile of Mood States-Brief
(POMS-B) (McNair and Heuchert, 2005), and the Biphasic
Alcohol Effects Scale (BAES) (Martin et al, 1993).

Hedonic and consummatory responses to food rewards.
Eating behavior was measured as in previous studies of
GSK1521498 (Ziauddeen et al, 2013a). Hedonic taste
preference was self-reported on a nine-point scale in
response to tasting small quantities of dairy products with
varying fat and sugar content. Ad libitum calorie consump-
tion was measured in a snacking paradigm, where partici-
pants could eat a selection of favorite snack foods, and
separately in a buffet paradigm, where participants could
choose to eat food items of variable (20, 40, or 60%) fat
concentration.

Pressure pain threshold (PPT) and tolerance (PPTol).
Pain sensitivity was assessed at the left and right trapezius
points using a validated algometer to apply pressure at a rate
of ∼ 0.5 kg/cm2/s. Participants indicated when the sensation
of pressure first became painful (PPT) and then intolerable
(PPTol).

Cortisol. Peripheral venous blood was sampled on day 1
and day 5 before dose, at approximately the same time, and
on day 5 after dose.

Pharmacokinetics (PK). Pharmacokinetics (PK) samples
were collected on day 4 (∼12 h after dose) and on day 5
(before dose and ∼ 1, 2, 3.5, 4.5, and 6 h after dose) and were
analyzed by noncompartmental methods with Phoenix
WinNonlin v. 6.3 (Pharsight, a Certara Company, Cary,
NC). The maximum observed plasma concentration (Cmax),
time to Cmax (Tmax), and area under the plasma
concentration–time curve (AUC(0–t) and AUC(0–24)), were
estimated.

Safety. Safety was assessed by cognitive measures of
sedation and psychomotor function as described previously
(Ziauddeen et al, 2013a, b; Bond and Lader, 1974), clinical
questionnaires (POMS-B (McNair and Heuchert, 2005),
Beck’s Anxiety Inventory [BAI] (Beck et al, 1988), Beck’s
Depression Inventory [BDI-II] (Beck et al, 1961), C-SSRS
(Posner et al, 2007)), cardiovascular parameters, adverse
events, and clinical biochemistry.

Statistical Analysis

The primary and secondary end points (including fMRI
contrasts in each anatomical ROI) were analyzed in
accordance with a prior analysis plan. A repeated measures,
mixed effects model was fit to the data for each end point
with genotype, treatment, period, and genotype × treatment
interaction as fixed effects for all end points; participants
were modeled as random effects. For the fMRI analyses
outliers were defined as measurements with a mean
(absolute) standardized residual 42 after model fitting, or
with a maximum standardized residual 44. All analyses
were carried out using PROC MIXED in SAS and nlme in R.
No formal corrections were made for multiple comparisons
but fMRI analyses were restricted to a prior set of ROIs. All
results are also presented descriptively as least square mean
differences of drug treatment compared with placebo, or
118G+ compared with AA118.

RESULTS

fMRI Taste Paradigm: Anatomical ROIs

Following the removal of 8 outliers, data from 133 treatment
sessions were included in the final analysis (AA118: 22 PBO,
23 NTX, 25 GSK1521498; 118G+: 19 PBO, 20 NTX, 24
GSK1521498). For each of the seven anatomical ROIs, fMRI
activation was estimated for the contrast between alcohol
and neutral tastes, and for the contrast between juice and
neutral tastes. The alcohol vs neutral taste contrast was the
primary end point per protocol; juice vs neutral and other
taste-related contrasts were secondary end points.
GSK1521498 significantly attenuated amygdala activation
by the alcohol vs neutral taste contrast compared with
placebo (t= 2.42, df= 75, P= 0.05), but there were no
significant effects of naltrexone or genotype or pharmaco-
genetic interaction on the primary end point at any of the
anatomical ROIs (Supplementary Figure S3).
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For a more extensive analysis of the fMRI data, we used a
linear model to estimate and test the main factorial effects of
genotype (AA, G+), treatment (GSK1521498, NTX, PBO),
taste (alcohol vs neutral or juice vs neutral), and period
(sessions 1, 2, or 3). We also estimated the two-way
interactions between genotype × treatment, treatment × taste,
and genotype × taste, and the three-way interaction between
treatment × genotype × taste. Inclusion of the eight outliers
did not change the findings. The results are reported in full
for all fixed effects and regions in Supplementary Table S4
and least square mean differences averaged over contrasts are
summarized graphically in Figure 2.
The main effect of treatment was significant in the

amygdala (F2, 202= 4.77, P= 0.01) and in the midbrain
(F2, 202= 6.15, P= 0.002). After conservatively using the
Bonferroni correction for multiple comparisons, the treat-
ment effect in the midbrain remained significant. There were
no significant effects of treatment in any other anatomical
ROIs. The main effects of taste and genotype were not
significant in any ROI. The treatment × genotype interaction
was not significant in any ROI, although it was on the cusp
of nominal significance (F2, 202= 3.04, P= 0.05) for the
caudate nucleus (Figure 2, left-hand panels). There were no
significant treatment × contrast or treatment × genotype ×
taste interactions.

The post hoc analysis of pairwise differences between
treatment effects in the amygdala and the midbrain
demonstrated that GSK1521498 treatment significantly
attenuated appetitive brain activation, ie, the average over
both alcohol vs neutral and juice vs neutral taste contrasts,
compared both with placebo (amygdala, t= 2.51, df= 202,
P= 0.03; midbrain, t= 3.37, df= 202, P= 0.003) and naltrex-
one (amygdala, t= 2.7, df= 208, P= 0.02; midbrain, t= 2.6,
df= 202, P= 0.03; Figure 2).

fMRI Taste Paradigm: Functional ROIs

Two clusters of appetitively activated voxels defined a
functional ROI in the left and right amygdala (PFWEo0.05).
There was a significant effect of treatment on amygdala
activation (F2, 202= 3.88, P= 0.02). The genotype × treatment
interaction was close to nominal significance (F2, 202,
P= 0.057). The main effect of genotype was not significant
(Figure 2).

Alcohol Infusion Challenge

Across nearly all measures of the subjective response to
alcohol (ARS, SHAS, BAES, and POMS-B), there were
significant effects of increasing breath alcohol concentration
(BrAC) and period. On average over all BrAC levels, there
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Figure 2 Treatment and genotype effects on fMRI measures of brain activation by alcohol and fruit juice tastes compared with neutral taste. (Top left)
Treatment effects of GSK1521498 and NTX (least square mean difference compared with placebo; y axis) for anatomical ROIs, on average over genotype.
(Top right) Treatment effects of GSK1521498 and NTX (least square mean difference compared with placebo; y axis) for functional ROI in amygdala, on
average over genotype. (Bottom left) Treatment effects of GSK1521498 and NTX (least square mean difference compared with placebo; y axis) for
anatomical ROIs, plotted separately by genotype (AA or G+). (Bottom right) Treatment effects of GSK1521498 and NTX (least square mean difference
compared with placebo; y axis) for functional ROI in amygdala, plotted separately by genotype (AA or G+). Statistically significant effects are highlighted:
*Po0.05, **Po0.01 for treatment versus placebo; #Po0.05 for NTX versus GSK1521498. There were no significant treatment by genotype interactions.
However, in the midbrain ROI and the amygdala fROI, the overall treatment effect was driven by the G-carriers.
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were significant treatment effects on the ARS (F2, 550= 3.74,
P= 0.024; PBO4GSK1521498, t= 2.71, P= 0.019), the
SHAS (F2, 549= 5.295, P= 0.005; PBO4GSK1521498,
t= 2.44, P= 0.039, NTX4GSK1521498, t= 2.79, P= 0.015),
the BAES stimulant subscale (F2, 550= 3.16, P= 0.043;
PBO4NTX, t= 2.82, P= 0.014), and the POMS-B vigor
subscale (F2, 550= 8.82, Po0.001; PBO4GSK1521498,
t= 2.47, P= 0.036, PBO4NTX, t= 4.34, Po0.001). There
was a significant effect of genotype (F2, 53= 8.1,P= 0.006) and
treatment × genotype interaction (F2, 550= 3.83, P= 0.022)
only on the POMS-B confusion subscale (see Figure 3 and
Supplementary Tables S5–S9.

Eating Behaviors

There was a significant effect of treatment on total calorie
consumption in both the buffet dinner (F2, 93= 9.34,
P= 0.0002) and the snacking session (F2, 98= 7.84,
P= 0.0007). The post hoc analysis of pairwise differences
between treatments demonstrated that, compared with
placebo, both GSK1521498 and NTX reduced consumption
of the buffet by ∼ 270 calories (GSK1521498, t= 4.33, df= 90,
P= 0.0001; NTX, t= 4.47, df= 90, P= 0.0001), and both
drugs also significantly reduced snacking (GSK1521498,
t= 2.71, df= 98, P= 0.022; NTX, t= 3.95, df= 98,
P= 0.0004; Figure 4). There were no significant effects of

genotype or treatment × genotype interaction on eating
behavior.
There were no significant effects of treatment, genotype, or

treatment × genotype interaction on hedonic evaluation of
fatty and sugary food samples; the period effect was highly
significant on many of these scales (see Supplementary
Tables S10–S12).

Plasma Cortisol

There was a significant effect of treatment on plasma
cortisol concentration before dose on day 5 (F2, 96= 9.48,
P= 0.0002). The post hoc analysis of pairwise treatment
differences demonstrated that compared with placebo
both GSK1521498 and NTX significantly increased
plasma cortisol (GSK1521498, t= 3.26, df= 96, P= 0.004;
NTX, t= 4.16, df= 4.16, P= 0.0002). There were no
significant effects of genotype or treatment × genotype (see
Supplementary Table S13).

Pressure Pain Threshold

There were no significant effects of treatment, genotype, or
treatment × genotype interaction on pressure pain tolerance
or threshold (see Supplementary Table S14).
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Figure 3 Results of subjective rating scales from the alcohol infusion challenge: the plots show the least square means for each treatment compared with
placebo across both genotypes at each breath alcohol concentration; error bars are SE of the LS means. GSK1521498 significantly attenuated the hedonic
response to alcohol as measured by the Alcohol Rating Scale (ARS) and the Subjective High Assessment Scale (SHAS), ie, alcohol was overall less pleasurable
(see top panel). NTX decreased the experienced stimulating effects of alcohol (BAES stimulant items) such as elation and excitement as well as feelings of
vigor and energy (POMS-B vigor). All significant effects are main effects of treatment across all breath alcohol concentrations. *Po0.05 versus placebo,
#po0.05 NTX vs GSK1521498. ***po0.001.
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Descriptive Analysis of Treatment and Genotype Effects
on all End Points

To compare treatment and genotype effects across all end
points, the experimental data were Z-transformed and the
estimated fixed effects of genotype and treatment plotted
across all measures (see Figure 5). These data demonstrate
that G-carriage was associated with numerically greater
hedonic response to fatty and sugary foods, and greater self-
reported effects of alcohol infusion. However, the effects of
genotype were generally estimated with less precision than
the effects of treatment.

Pharmacokinetics

The PK parameters of both drugs are summarized in more
detail in Supplementary Table S15. Mean exposures and
between-subject variability for both GSK1521498 and NTX
were consistent with prior reports (Mason et al, 2002;
Nathan et al, 2012; Rabiner et al, 2011) and did not differ
between AA and G+ subjects.
For GSK1521498 treatment, PK parameters of area under

the curve of time versus plasma concentration, AUC(0− t),
and peak plasma concentration, Cmax, were both positively
correlated with drug effects on appetitive activation in the
amygdala (AUC r= 0.3, P= 0.035, Cmax r= 0.36, P= 0.012)
and in the midbrain (AUC r= 0.36, P= 0.012, Cmax r= 0.31,

P= 0.028). There were no significant correlations between
any pharmacodynamic effects of NTX and the pharmacoki-
netic parameters of NTX or 6-β naltrexol (its principal
metabolite).

Safety

The most commonly reported adverse events (AEs) across all
treatments were headache (percentage of participants
experiencing at least one episode: 23% PBO, 50% NTX,
40% GSK1521498), fatigue (12% PBO, 22% NTX, 18%
GSK1521498), and nausea (6% PBO, 32% NTX, 16%
GSK1521498). The incidence of AEs was higher for both
NTX and GSK1521498 compared with placebo, but was
somewhat lower for GSK1521498 than for NTX (see
Supplementary Table S16 for details). One serious adverse
event (SAE) of asthenia was reported on day 2 of NTX
treatment period and was considered to be treatment related.
The participant was withdrawn from the study and the SAE
resolved 9 h later.
There were no clinically significant effects of treatment or

treatment × genotype interaction on cardiovascular para-
meters, cognitive tests, or routine bloods (see Supple-
mentary Tables S17–S20). There were some significant
effects of genotype on cognitive function: AA homozygotes
had longer response latencies for motor response on
attentional tests (see Supplementary Table S19).
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Figure 4 Treatment and genotype effects on ad libitum calorie consumption. (Top left) Treatment effects of GSK1521498 and NTX (least square mean
difference compared with placebo; y axis) in the ad libitum buffet paradigm on average over genotype. (Top right) Treatment effects of GSK1521498 and NTX
(least square mean difference compared with placebo; y axis) in the ad libitum snacking paradigm on average over genotype. (Bottom left) Treatment effects of
GSK1521498 and NTX (least square mean difference compared with placebo; y axis) for the buffet paradigm, plotted separately by genotype (AA or G+).
(Bottom right) Treatment effects of GSK1521498 and NTX (least square mean difference compared with placebo; y axis) for the snacking paradigm, plotted
separately by genotype (AA or G+). Statistically significant effects are highlighted: *Po0.05, **Po0.01, ***Po0.001 for treatment versus placebo.
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DISCUSSION

This study is the first randomized, double-blind, genetically
stratified, balanced crossover experimental medicine study to
test the effect of allelic variation in the μ-opioid receptor
gene, the effects of two μ-opioid receptor antagonist drugs,
and the pharmacogenetic interactions between them on
a range of alcohol- and food-related end points measured in
a clinical lab setting.
In a sample of predominantly male, overweight moderate–

heavy drinkers, we demonstrated that GSK1521498 treat-
ment significantly attenuated the primary end point of fMRI
activation by the alcohol vs neutral taste contrast in the
amygdala. More generally, we used mixed models to estimate
the main effects of genotype, treatment, taste, and period;
and the two-way interactions between these factors. The
main effect of taste was not significant for any ROI, ie, fMRI
activation by the alcohol vs neutral contrast was not different
to activation by the juice vs neutral contrast. The main effect
of treatment (on both appetitive taste contrasts) was
significant in two of the a priori anatomically defined ROIs.

In both the amygdala and the midbrain, this treatment effect
reflected significant attenuation of appetitive activation by
GSK1521498 compared with both placebo and NTX; and
these pharmacodynamic effects of GSK1521498 were
positively correlated with PK measures of peripheral
exposure. These results are convergent with prior data
(Rabiner et al, 2011), demonstrating significant attenuation
by μ-opioid receptor antagonist drugs of amygdala activation
by an experimentally very similar juice vs neutral contrast;
however, the taste stimuli and contrasts tested here are not so
directly comparable to the methods of previous studies that
have used either fruit juice (Filbey et al, 2007, 2008) or
distilled water (Ray et al, 2014), as the neutral taste
contrasted with alcohol taste. It is important to acknowledge
that such pharmacological fMRI signals may be confounded
by drug effects on cerebral blood flow; and that these results
in a male-dominated sample may not generalize to the
pharmacogenetics of OPRM1 in women. In addition, there
is a potential limitation of assessing responses to alcohol
in the morning (a time of day not normally associated with
nondependent alcohol consumption) and all the fMRI
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Figure 5 Treatment and genotype effects across all end points. The effects of treatment (NTX and GSK1521498 bars represent LS mean differences
between NTX and placebo, and GSK1521498 and placebo, averaged over genotype) and the effects of genotype (A118G bar represent LS mean difference
between G+ and AA, averaged over treatments) are shown for the normalized fMRI, alcohol challenge, eating behavior, and other end points. The SHAS
(Subjective High Assessment Scale), ARS (Alcohol Rating Scale), and the BAES (Biphasic Alcohol Effects Scale) sedative items and stimulant items subscales are
self-report measures from the alcohol infusion challenge. For most end points apart from cortisol, where the effects are in opposite directions, genotype effects
represented by a bar extending to the right of the midline indicate a numerically greater effect in the G+ group compared with the AA homozygotes;
treatment effects represented by a bar extending to the left of the midline indicate a numerically greater effect in the GSK1521498 or NTX groups compared
with placebo. Statistically significant effects are highlighted: *Po0.05, **Po0.01, ***Po0.001 for treatment versus placebo; #Po0.05 for NTX versus
GSK1521498.
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sessions took place in the morning. However, GSK1521498
also demonstrated significant effects on subjective changes
on the ARS and SHAS scales following controlled alcohol
infusion. On both these measures, GSK1521498 significantly
reduced feelings of intoxication and high from, and liking
for, alcohol compared with placebo, and on the SHAS scale
compared with NTX as well. Both GSK1521498 and NTX
significantly reduced feelings of vigor (POMS-B vigor
subscale). NTX significantly reduced the experienced stimu-
lating effects of alcohol (BAES stimulant items subscale) as
shown previously (King et al, 1997).
There were significant treatment effects on total calories

consumed ad libitum in a buffet and a snacking paradigm.
The effects of both opioid antagonists on reduced calorie
consumption are consistent with prior results for
GSK1521498 (Ziauddeen et al, 2013a) and NTX (Yeomans
and Gray, 2002). The finding that both antagonists
significantly increased plasma cortisol concentrations is also
consistent with prior data (Hernandez-Avila et al, 2003) and
theory implicating MOR signaling as an inhibitor of ACTH
secretion by the pituitary.
In short, the primary and other end points of the study

demonstrate reasonably robust and significant effects of drug
treatment. However, the pharmacogenetic interaction was
only on the cusp of significance for three of the many end
points tested: the anatomical ROI for caudate (P= 0.05), the
functional ROI for amygdala (P= 0.057), and one of the self-
reported questionnaire subscales (POMS-B confusion) in the
alcohol infusion experiment (P= 0.02).
Two key methodological issues might have detracted from

a clearer demonstration of hypothetically predicted effects of
the A118G SNP on MOR antagonism. First, we sampled
moderate–heavy drinkers rather than patients with alcohol
dependence. There is some prior evidence (van den
Wildenberg et al, 2007; Wiers et al, 2009; but see Anton
et al, 2012; Schacht et al, 2013) to suggest that the
pharmacogenetic interaction of OPRM1 and opioid receptor
antagonist drugs may be greater in alcohol-dependent
patients (rather than nondependent, frequent alcohol
drinkers). Second, the sample size may have been too small
to detect a pharmacogenetic effect. However, the sample size
was defined by a prior calculation that predicted 80% power
to refute the null hypothesis if it was false. We note that our
final sample included a larger number of G+ participants
(27) than several studies that have demonstrated a significant
pharmacogenetic interaction with unbalanced genotype
groups (Ray and Hutchison, 2004 (23AA, 15G+); Ray et al,
2013 (23AA, 20G+); Filbey et al, 2008 (33AA, 11G+)). Two
other studies that have more evenly balanced the genotype
groups (Anton et al, 2012 (40AA, 43G+); Schacht et al, 2013
(38AA, 36G+)) have not replicated a significant pharmaco-
genetic interaction. A recent randomized control trial of
NTX in 221 alcohol-dependent subjects, which included one
of the largest samples of G-carriers in a prospectively
designed experiment (82G+), also did not demonstrate a
significant pharmacogenetic interaction (Oslin et al, 2015).
We conclude that these data provide further evidence for

GSK1521498 as a potential therapeutic for disorders of
alcohol or food consumption. However, they do not provide
such strong support for hypothetically predicted effects of a
significant interaction between μ-opioid receptor antagonists
and allelic variation at the A118G SNP on the OPRM1 gene.
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