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Abstract

Background—Preclinical studies in rodents have demonstrated inhibitory effects of glucagon-

like peptide-1 (GLP-1) receptor stimulation on alcohol consumption. The effects of GLP-1 

receptor stimulation on alcohol intake in primates have not been investigated.

Methods—We performed placebo-controlled studies on the effects of the GLP-1 receptor 

agonists exenatide and liraglutide on alcohol consumption in alcohol-preferring male African 

vervet monkeys. Monkeys selected for voluntary alcohol drinking were observed for at least ten 

days of baseline drinking and allocated to drug or vehicle (n=11–12 per group) balanced with 

respect to alcohol intake. Monkeys had access to alcohol 4h/day. In a first study, monkeys were 

treated with exenatide 0.04 mg/kg or vehicle once weekly for five weeks to obtain steady state 

plasma levels. In a second study, monkeys were treated daily with liraglutide (increasing dosing, 

10 to 50 μg/kg/day) or vehicle over two weeks. In both studies, access to alcohol was suspended 

during drug up-titration. Then, alcohol was again made available 4h/day and treatment was 

continued for two weeks, during which alcohol intake was recorded. Observation of alcohol intake 

was continued for a week of drug washout.

Results—Liraglutide and to a lesser extent exenatide significantly reduced alcohol consumption 

without causing any signs of emesis and with no effect on water intake as compared to vehicle.

Conclusions—The present study demonstrates for the first time that GLP-1 receptor agonists 

can reduce voluntary alcohol drinking in non-human primates. The data substantiate the potential 

usefulness of GLP-1 receptor agonists in the treatment of alcohol use disorder.
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INTRODUCTION

Alcohol use disorder (AUD) is a major public health problem in large parts of the world 

including Europe and the United States, imposing a high cost on society and estimated to 

cause 6% of all deaths (WHO 2014; Laramee et al. 2013; CDC 2016). AUD is under-

diagnosed and undertreated, and more than 2/3 of patients in abstinence-oriented treatment 

will relapse within the first year of achieving abstinence (Connor et al. 2016). Currently 

available pharmacotherapies such as disulfiram, naltrexone, acamprosate, nalmefene (in 

Europe) have low to moderate efficacy (Akbar et al. 2017; Del Re et al. 2013; Naglich et al. 

2017; Yardley and Ray 2017). Thus, there remains a strong need for new molecular targets 

in the medical treatment of AUD.

Glucagon-like peptide-1 (GLP-1)-based therapy has been used in the treatment of type 2 

diabetes since 2006. GLP-1 is an incretin hormone secreted from endocrine L-cells of the 

small intestine. GLP-1 has insulinotropic effects and inhibits glucagon release, which 

together lower blood glucose levels (Holst 2007). GLP-1 is also produced as a 

neurotransmitter in the brain and acts centrally to regulate nutrient intake, and GLP-1 

receptors are expressed in brain areas involved with reward and addiction, such as the 

ventral tegmental area and nucleus accumbens in rodents, humans, and non-human primates 

(Alhadeff et al. 2012; Cork et al. 2015; Göke et al. 1995; Heppner et al. 2015; Merchenthaler 

et al. 1999). The GLP-1 system has therefore attracted interest as a potential target for 

treating addictions, and GLP-1 receptor agonists have shown promise in reducing alcohol 

intake in rodents (for review see Jerlhag 2018). Human gene variants of the GLP-1 receptor 

also show an association with the prevalence of AUD and with behavioral and neurological 

responses to alcohol in human laboratory studies (Suchankova et al. 2015).

Endogenous GLP-1 is degraded within minutes, but GLP-1 analogues with significantly 

longer half-lives have been developed as diabetes medications. Here, we tested two different 

clinically used peptide compounds: exenatide, in an extended-release formulation, and 

liraglutide. Pharmacokinetic properties of the two drugs in humans are summarized in Table 

1. Evidence from rodent studies indicates that both exenatide and liraglutide penetrate the 

brain after systemic administration (Hunter and Holscher 2012; Kastin and Akerstrom 2003; 

Kim et al. 2010; Secher et al. 2014). In humans, exenatide (as the slow-release formulation 

Bydureon) requires several weeks to reach steady blood levels, and liraglutide requires 

careful up-titration to reduce side effects such as nausea and vomiting.

With the exception of an early observation of decreased alcohol drinking in diabetic patients 

treated with liraglutide (Kalra 2011), reports on the effects of GLP-1-based treatments on 

alcohol intake have so far been restricted to rodents, and most have focused on acute effects. 

A recent review of preclinical studies on the therapeutic effects of GLP-1 analogs in 

diabetes, which have been much more investigated than addiction-related effect, concluded 

that insights gained from rodent studies “need to be extended and validated in larger animal 
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models, such as pigs and non-human primates (NHPs), before moving into clinical trials” 

(Renner et al. 2016). While the few reports examining GLP-1 receptor distribution in human 

and non-human primate brain indicate good concordance with rodent studies, some 

differences in expression patterns have been reported, including in areas relevant to reward 

and addiction (see Heppner et al. 2015; ten Kulve et al. 2015). Here, we tested the 

hypothesis that chronic administration of GLP-1 receptor agonists would decrease alcohol 

intake in alcohol-preferring vervet monkeys. Similar to humans, the feral Caribbean vervet 

monkey population comprises alcohol avoiders, occasional/moderate alcohol drinkers, and 

relatively heavy drinkers (about 17% of the population) that will consume alcohol to 

intoxication if available, for instance stolen from or offered by tourists (Ervin et al. 1990; 

Juarez et al. 1993). This offers a useful preclinical model of alcohol drinking that may more 

closely reflect some aspects of heavy or harmful drinking in humans, relative to typical 

rodent assays, as well as providing a more relevant pharmacokinetic profile for the tested 

drugs (Fiorentino et al. 2015; Gotfredsen et al. 2014).

MATERIALS AND METHODS

Subjects and housing

Thirty-two drug- and experimentally naïve young adult male (4.6–5.8 kg) vervet monkeys 

(Cercopithecus aethiops) were used (24 for the first study, supplemented with 8 for the 

second study). Subjects were screened for alcohol intake but did not participate in any 

studies prior to those reported here. The subjects were well-acclimated feral monkeys 

derived from an abundant, non-endangered local population (St Kitts and Nevis, the 

Caribbean) or colony-born at the Behavioural Science Foundation (BSF), Saint Kitts, and 

were socially housed in large outdoors wire cages as previously described (Palmour et al. 

1998). To enable individual recording of drinking behaviors, subjects were singly housed for 

the duration of the experiments, in proximity to the group cages. Monkeys were maintained 

on chow (High Protein Monkey Diet; Harlan Teklad, Madison, WI) and fresh local produce; 

water was available ad libitum throughout the experiment, which took place in July-

September (exenatide; typical ambient temperature 27–29°C) and in January-March 

(liraglutide; 22–23°C). All experiments were conducted at the BSF. The project was 

reviewed and approved by the BSF Institutional Animal Care and Use Committee (BSF 

IACUC), operating under the auspices of the Canadian Council on Animal Care (Canadian 

Council on Animal Care Good Animal Practice registration A5028) and all of the 

procedures used in the study were covered by standard operating procedures approved by the 

BSF IACUC. The approval numbers are BSF 1505 for the exenatide study and BSF 1701 for 

the liraglutide study.

Screening for spontaneous alcohol preference

The feral population of monkeys were given a period of 6 weeks after entering the colony to 

adapt, after which they would be screened for alcohol preference. This was done by taking a 

group of 20–24, weighing each one, and housing them individually to be able to accurately 

measure alcohol and water consumption. Each animal was given one bottle containing water 

and one bottle containing an alcohol solution of 10% w/v. Monkeys were first allowed 

24h/day access to alcohol for 5 days, then, access was reduced to 4h/day. Throughout this 
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period, there was no food restriction and no behavioral stress except that of being singly 

caged. The restricted access allows an estimate of the extent to which the animal prefers 

alcohol to water and in both conditions, the gram alcohol/kg/day consumed indicating the 

maximum quantity an animal will consume when access is restricted (4h) or unrestricted 

(24h). This procedure was repeated at least twice.

For colony-bred monkeys, alcohol screening started at about three years of age and was 

repeated about every eight months for at least three times. Thereafter, only males continued 

to be tested, and the ones that were selected for the second study (liraglutide) were all tested 

four or five times before being selected for the study.

To select the 24 animals that participated in the first study (exenatide), 118 animals were 

initially assessed, and those that drank less than 1 g/kg of alcohol in the 4h period were 

excluded. The remaining 79 animals were tested a second time, and the most alcohol-

consuming of those animals were tested further to ensure intake was maintained, and the 24 

monkeys showing the highest alcohol intake were selected for study.

Because alcohol intake was not maintained at as high levels as anticipated in the exenatide 

study, for the subsequent liraglutide study, additional monkeys were screened and eight 

monkeys were replaced with new subjects (three in the liraglutide group and five in the 

vehicle group). The remaining monkeys used in the liraglutide study had previously been 

tested with exenatide (five in the liraglutide group and four in the vehicle group) or placebo 

(four in the liraglutide group, three in the vehicle group). Both the replacement of some of 

the more moderate alcohol consumers and escalation in alcohol intake over time, as 

previously observed (Ervin et al. 1990), resulted in higher baseline alcohol intake in the 

liraglutide study (Fig. S1 online).

Exenatide pilot study

Initially, a tolerability pilot experiment was performed in three monkeys each weighing 

around 5 kilograms. The monkeys were placed in single cages for seven weeks. The 

monkeys were dosed weekly with exenatide s.c. 0.08 mg/kg for 7 weeks. Blood was 

sampled just before each injection in order to estimate plasma levels, and possible 

production of antibodies against exenatide (Fineman et al. 2012). To this end, the monkeys 

were cage squeezed and anesthetized with ketamine s.c. and 2 ml of whole blood were 

drawn from the femoral vein. The animals were observed for possible side effects with 

special focus on vomiting and reduced food intake as well as irritation of the skin at the 

injection sites. The monkeys used in this pilot study were not screened for alcohol 

preference and were not used in the main studies.

Exenatide main study

Monkeys had access to 10% (w/v) alcohol solution and water (two bottle-choice) 4h/day 

from 09:00 to 13:00, 5 days/week (Monday – Friday). Baseline drinking behavior was 

recorded for two weeks, at the end of which animals were assigned to drug or vehicle group 

balanced for alcohol intake. Then, access to alcohol was suspended for five weeks and 

exenatide or vehicle treatment was initiated (see Fig. 1). Exenatide was administered 

subcutaneously following cage squeezing once weekly at a dose of 0.04 mg/kg for seven 
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weeks, five weeks of up-titration during which alcohol access was withheld, then after re-

introduction of alcohol. Volumes of water and ethanol solution consumed were recorded by 

observers blinded to treatment condition.

Because exenatide can induce antibody formation in humans (Fineman et al. 2012), 

exenatide blood levels and exenatide-specific antibodies were monitored from blood samples 

collected before treatment start and after two and four weeks of treatment, and at study 

completion. At the last blood sampling, blood for measurement of blood alcohol 

concentrations was also collected.

Liraglutide pilot study

In a pilot study, three monkeys, weighing around 5 kilograms each, were cage squeezed 

daily and dosed with liraglutide s.c., 10 μg/kg for three days, 24 μg/kg for three days, 48 

μg/kg for three days, and 72 μg/kg for three days. The animals were observed for possible 

side effects with special focus on vomiting, reduced food intake, or skin irritation at the 

injection sites. The initial dosing levels were selected based on previous studies with 

liraglutide in macaque monkeys (personal communication, Dr. Lotte Bjerre Knudsen, Novo 

Nordisk A/S). These monkeys were not screened for alcohol preference and were not used in 

the main experiments.

Liraglutide main study

Monkeys had access to alcohol from 09:00 to 13:00, 6 days/week (Monday – Saturday). 

Baseline drinking behavior was recorded for three weeks, at the end of which animals were 

assigned to liraglutide or vehicle group, balanced for alcohol intake. Then, access to alcohol 

was suspended and the monkeys were up-titrated over two weeks from an initial dose of 10 

μg/kg/day to a target dose of 50 μg/kg/day (selected based on the pilot study), with a four 

days dose escalation interval (see Fig. 1). The up-titration was done individually dependent 

on the observation of side effects. Then, liraglutide treatment was continued for two weeks 

after the reintroduction of alcohol access. Finally, treatment was stopped and alcohol 

drinking was observed for one more week (washout period). In contrast to exenatide, the 

levels of anti-liraglutide antibodies in liraglutide-treated humans are low and do not impact 

safety or efficacy (Buse et al. 2011). Therefore, anti-liraglutide antibodies were not 

measured.

Blood Alcohol Analysis

Alcohol levels were determined at the Laboratory of Professor Kristian Linnet, Department 

of Forensic Medicines, University of Copenhagen, Denmark, using gas chromatography 

with a detection limit of 0.01 percent by volume (exenatide study), and at Laboratory of 

Neuropsychiatry using a commercial alcohol oxidase-based assay calibrated using 0.5 

mg/ml alcohol standards (Analox Instruments Ltd, The Vale, London; liraglutide study, and 

repeat measure of the exenatide study).

Analysis of exenatide and anti-exenatide antibodies

Plasma levels of exenatide and production of anti-exenatide antibodies were determined at 

the Department of Biomedical Sciences, University of Copenhagen. The sensitivity of the 
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exenatide assay was <1 pmol/L. Samples were diluted 10-fold in assay buffer. For estimation 

of antibodies against exenatide, plasma samples were incubated with 125-I-labelled exendin 

9–39, which binds to the antiserum as full-length exenatide, and tracer antibody complexes 

separated from the mixture using plasma-coated charcoal as in the exenatide 

radioimmunoassay. Increases in tracer binding, above that observed in plasma from subjects 

never exposed to exenatide, is indicative of the presence of antibodies.

Drugs

Exenatide and liraglutide were purchased from the Rigshospitalet hospital pharmacy. 

Exenatide was purchased as the slow-release microsphere formulation Bydureon® weekly 

injection pens (AstraZeneca); the Bydureon vehicle solution was used as control. Liraglutide 

was purchased as Victoza® daily injection pens (Novo Nordisk); physiological saline was 

used as vehicle control. Alcohol was local rum purchased from St. Lucia (Denrose Strong 

Rum, 80% alcohol v/v) at St. Kitts and diluted to 20% in water, yielding an ethanol 

concentration of 10.15% (w/v).

Statistical analyses

Because baseline alcohol intake differed between studies, data were analyzed separately for 

each study. Alcohol intake and water intake were analyzed by mixed-model ANOVA with 

treatment group as a between-subjects factor and day as a repeated-measures factor. Intakes 

were analyzed separately for baseline, treatment, and washout periods. For exenatide, 

treatment was analyzed separately for the two treatment weeks due to the difference in blood 

levels before and after testing. Significant interactions were followed by multiple 

comparisons of treatment on each day (adjusted for false discovery rate). Blood alcohol 

levels were compared by two-tailed unpaired-sample t-test (drug vs. vehicle). All data are 

presented as means ± standard error of the mean (s.e.m.). Effects showing p<0.05 and which 

survived correction for false discovery rate (Benjamini-Hochberg procedure, false discovery 

rate limit set at 5%) were considered significant. Analyses were performed using Stata/SE 

for Mac. Post-hoc power analyses performed using G*power 3 (Faul et al. 2007) yielded a 

power of >0.95 for both treatments.

RESULTS

Exenatide pilot study

Plasma levels of exenatide were measured at high concentrations with peak levels at week 

five (4.08, 5.13, and 2.25 nM, see Table S1). Anti-exenatide antibodies were detected in two 

out of three monkeys. The antibody titer was low in monkey O8756 but in O8684 titer 

increased to high levels in the last two weeks. No emetic events, irritation of the skin at the 

injection sites, or other adverse effects were observed. No change in water or food intake 

was observed. Consequently, even though plasma levels of exenatide in the monkeys were 

substantially higher than in humans, we decided to use the same dose in the main exenatide 

experiment, i.e., 0.08 mg/kg s.c. once weekly.
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Exenatide main study

Alcohol intake and water intake did not differ between the vehicle and treatment group 

during the baseline period (p > 0.7; Fig. 2a). Both alcohol and water intake varied as a 

function of observation day ([F(9,189) = 23.6, p < 0.0001] and [F(9,189) = 5.71, p < 0.0001] 

respectively) but with no significant group by day interaction (Fig. S2a,b online).

Exenatide plasma levels increased through the treatment period, with negligible plasma 

levels at week 2, rising to blood levels in the high therapeutic range in humans by week 4 

(Fig. S3 online). One monkey was excluded from the study due to high antibody levels 

against exenatide.

When alcohol was again made available, exenatide-treated animals drank significantly less 

alcohol relative to vehicle during the first week [F(1,21) = 6.80, p = 0.02], with no effect of 

day or treatment by day interaction (Fig. 3a). Water intake during the 4h daily observation 

periods was related to day only [F(4,84) = 5.87, p = 0.0003], with no effect of treatment or 

interaction (Fig. 3b). During the second week, there was no significant effect of treatment on 

alcohol intake or on water intake. Both alcohol and water intake varied by day during the 

second week ([F(4,84) = 6.83, p = 0.0001], [F(4,84) = 11.1, p < 0.0001]), with no significant 

treatment by day interaction. Alcohol intake appeared to vary more during this period, also 

in the vehicle group, relative to baseline or the first treatment period. Alcohol plasma 

concentrations in blood collected just after a drinking session (Wednesday of the second 

treatment week) did not differ between groups (Fig. 4a). Average alcohol intake did not 

correlate significantly with blood exenatide levels (data not shown). No emetic events, 

reduction in food intake, or irritation of the skin at the injection sites were observed at any 

time during the seven weeks of exenatide treatment.

Liraglutide pilot study

No emetic events or other signs of nausea or skin irritation were detected at any of the doses 

tested. Water and food intake were unchanged.

Liraglutide main study

Alcohol intake and water intake did not differ between the vehicle and treatment group 

during the baseline period (p > 0.5; Fig 2c,d). Both alcohol and water intake varied as a 

function of observation day ([F(11,242) = 4.79, p < 0.0001] and [F(11,242) = 7.36, p < 

0.0001] respectively), with a significant group by day interaction for alcohol intake 

[F(11,242) = 3.93, p < 0.0001] and a trend for water intake (p = 0.06; Suppl. Fig 2c,d). 

However, there was no clear trend to this variation (Fig S2c online).

During the treatment period, liraglutide significantly decreased alcohol intake relative to the 

vehicle group [F(1,22) = 17.3, p = 0.0004] (Fig. 5a). Alcohol intake was also related to day 

[F(11,242) = 5.08, p < 0.0001], with a treatment by day interaction [F(11,242) = 2.44, p = 

0.007]. Water intake was related to day only [F(11,242) = 2.80, p = 0.002], with no effect of 

treatment or interaction. Alcohol plasma concentrations in blood collected just after the last 

drinking session was significantly lower in the liraglutide group relative to vehicle (p < 0.05; 

Fig. 4b). During the washout period, the main effect of treatment on alcohol intake 
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disappeared, but there was a significant effect of day [F(5,110) = 3.31, p = 0.008] and a 

treatment by day interaction [F(5,110) = 9.24, p < 0.0001]. The interaction reflects that 

alcohol intake remained reduced in the liraglutide group on the first day after the Sunday 

break (i.e., 2nd day drug-free), followed by an apparent rebound effect on the second day, 

after which intake returned to vehicle levels. No post-hoc comparisons during washout were 

significant after correcting for false discovery rate. Water intake remained related only to 

day [F(5,110) = 3.83, p = 0.003]. No emetic events, change in food intake, or irritation of the 

skin at the injection sites were observed.

DISCUSSION

The present study demonstrates that GLP-1 receptor agonist treatment can reduce voluntary 

alcohol drinking in non-human primates. Liraglutide, and to a lesser degree exenatide, 

reduced alcohol consumption without causing overt signs of nausea or other side effects, and 

with no effect on water intake, as compared to vehicle.

Since there were no records available regarding the use of the GLP-1 receptor agonist 

exenatide in vervet monkeys, we first performed a pilot experiment, testing exenatide in the 

once weekly formulation Bydureon®. In humans, Bydureon® is dosed 2 mg s.c. once 

weekly equivalent to 0.029 mg/kg for a person weighing 70 kg. Anticipating moderately 

faster metabolism in the monkeys, we decided to test a slightly higher dose of 0.04 mg/kg. 

Plasma levels of exenatide reached approximately ten to twenty times the steady-state levels 

reported in humans, which are about 0.05–0.2 nM (Fineman et al. 2011; Lonborg et al. 

2012). Despite the high levels, exenatide was well tolerated with no signs of emesis, and the 

dose of 0.04 mg/kg was therefore used in the main exenatide experiment. As is sometimes 

observed in humans, some monkeys developed antibodies to exenatide. Liraglutide has 

previously been tested for tolerability and toxicity in macaque monkeys (macaca 

fascicularis; Gotfredsen et al. 2014; Nyborg et al. 2012) and was expected to be well 

tolerated in vervets, which we confirmed in the pilot study. In the main drug studies, both 

exenatide and liraglutide were well tolerated.

Chronic treatment with either GLP-1 agonist decreased alcohol intake relative to vehicle in 

the present investigation. These findings confirm and extend published studies in rats and 

mice. Both exenatide and liraglutide decreased alcohol intake in rats and mice when 

administered as acute treatment (Egecioglu et al. 2013; Shirazi et al. 2013; Sirohi et al. 

2016; Vallöf et al. 2016). Liraglutide showed a more robust effect, but since we only tested a 

single dose of each drug, it is difficult to draw conclusions on the relative effectiveness of 

the two treatments. The higher baseline alcohol intake in the liraglutide study may have 

contributed to the apparent difference in efficacy. In rodents, at least some studies reported 

that GLP-1 receptor agonists reduced drinking only or more reliably in subjects with 

relatively higher intake of alcohol (Shirazi et al. 2013; Suchankova et al. 2015). It is also 

possible that the daily dosing used with liraglutide provided a more stable plasma level of 

the drug relative to the weekly exenatide dosing, which may not have produced as stable 

plasma levels in the vervet monkeys as is reported for humans with this formulation 

(Fineman et al. 2011).
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Importantly, the present data indicate that GLP-1 receptor stimulation can produce sustained 

reduction in drinking without showing signs of tolerance after chronic treatment, and that 

such treatment is effective in subjects with a longer history of alcohol exposure. This is in 

agreement with the few rodent studies using repeated administration. The synthetic GLP-1 

receptor agonist AC3174 only significantly reduced drinking after repeated administration, 

in mice having extended alcohol exposure (Suchankova et al. 2015). We recently showed 

that daily administration of exenatide for 16 days strongly reduced alcohol intake in mice, in 

a design similar to the present study (8 days of exenatide dosing during suspended alcohol 

access, continued treatment during resumed access, washout (Thomsen et al. 2017). One-

week repeated administration of liraglutide similarly reduced drinking in rats (Vallöf et al. 

2016). It is possible that stress related to the single housing of the animals during treatment 

and testing modulated effects of the treatment in the present investigation. Although our 

results in socially housed mice suggest this may not be an important factor (Thomsen et al. 

2017), it would be valuable to be able to refine the present non-human primate paradigm to 

allow for the recording of individual drinking patterns under social housing conditions. 

Other limitations of the study include relatively short study duration, a lack of positive 

control e.g., naltrexone, and the inclusion of only male monkeys. In baboons, naltrexone 

reduced drinking to a degree comparable to our liraglutide effect (Holtyn et al. 2017). 

Finally, both this study and our previous mouse study (Thomsen et al. 2017) tested 

(sub)chronic GLP-1 receptor agonist administration initiated under conditions of suspended 

alcohol access (which may reflects aspects relevant to relapse in humans). For increased 

clinical relevance, it would be relevant to also test administration of the ligands in subjects 

that have continued access to alcohol during treatment.

Based on the present data, it cannot be excluded that GLP-1 receptor agonist treatments 

reduced alcohol intake by increasing alcohol’s potency, thus requiring less alcohol to 

produce a same level of intoxication, however that interpretation is unlikely for two main 

reasons. First, GLP-1 receptor agonists blunt alcohol-induced increases in striatal dopamine 

efflux, and decrease the rewarding effects of alcohol measured by conditioned place 

preference (Egecioglu et al. 2013; Shirazi et al. 2013; Vallöf et al. 2016). Second, we found 

that mice treated with exenatide waited significantly longer than vehicle-treated mice to take 

their first drink of alcohol after forced abstinence, consistent with decreased alcohol craving 

or decreased motivation to seek alcohol (Thomsen et al. 2017). GLP-1 receptor agonists also 

have a well-documented effect on food and fluid intake, raising the possibility that 

modulation of ingestive behaviors and calorie intake contributed to the observed decrease in 

alcohol drinking (Dickson et al. 2012; McKay et al. 2014; Tang-Christensen et al. 1996; 

Turton et al. 1996). However, the existing evidence indicates that GLP-1 receptor 

stimulation modulates the addictive/rewarding properties of alcohol in the brain, rather than 

modifying alcohol metabolism or reducing ingestive behaviors generally. The above-

mentioned effects of GLP-1 analogs on dopamine release and reward support this 

interpretation (Egecioglu et al. 2013; Shirazi et al. 2013; Vallöf et al. 2016). Further, we 

showed that exenatide also decreased alcohol self-administered via the venous route in mice, 

bypassing any potential effects on oral ingestion (Sørensen et al. 2016). Studies using 

genetically engineered mice suggested that effects of exenatide on food intake are mediated 

partly in peripheral tissues while effects on alcohol intake are mediated in the brain (Sirohi 
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et al. 2016). Finally, water intake was not reduced in the present study, in agreement with 

some rodent studies in which water intake was unchanged or increased (Egecioglu et al. 

2013; Thomsen et al. 2017; Vallöf et al. 2016). Liraglutide (acute dosing) did not affect 

blood alcohol after an intraperitoneal injection of alcohol in mice (Vallöf et al. 2016), 

suggesting that modulation of alcohol metabolism is unlikely to explain the findings. It is, 

however, possible that GLP-1 receptor agonists decrease alcohol drinking through a 

qualitative change in the effects of alcohol, such as increased aversive properties, rather than, 

or in addition to, reducing the rewarding properties of alcohol.

In conclusion, we show for the first time that GLP-1 receptor agonists can reduce voluntary 

alcohol drinking in non-human primates. Both GLP-1 agonists investigated, exenatide and 

liraglutide, demonstrated efficacy without showing emesis or signs of nausea. The results are 

in concordance with effects of exenatide and liraglutide in rodents and strongly support 

initiation of clinical trials investigating the potential of GLP-1-based medications in patients 

suffering from AUD. Accordingly, we have initiated a randomized double-blinded placebo-

controlled clinical trial investigating the effects of once-weekly exenatide on alcohol intake 

in patients with AUD (ClinicalTrials.gov identifier: NCT03232112; Antonsen et al. 2018)
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Fig. 1. Diagram of the experimental designs
Schematic representation of the experimental phases for exenatide (a) and liraglutide (b). For 

experiment phase, open boxes represent no treatment, grey boxes represent weekly 

(exenatide) or daily (liraglutide) administration of drug or vehicle. For access to alcohol, 

black bars represent daily 4h access, open bars represent no access. Arrows represent blood 

sampling.
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Fig. 2. Intake of alcohol and water at baseline
Daily alcohol and water intake averaged over the baseline assessment period for the 

exenatide study (a,b) and the liraglutide study (c,d). Ordinates: alcohol intake in g/kg/4h 

(top), water intake in ml/kg/4h (bottom). Data are group means, bars represent s.e.m. n=12, 

except for the exenatide group, n=11.
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Fig. 3. Effect of exenatide on intake of alcohol and water
Daily alcohol (a) and water (b) intake during the exenatide treatment. Abscissa: days of 

alcohol access after initiation of the GLP-1 receptor agonist treatment. Ordinates and group 

sizes as in Fig. 2. *p < 0.05 exenatide vs. vehicle ANOVA main effect.
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Fig. 4. Effect of exenatide and liraglutide on plasma alcohol levels
Plasma alcohol levels from blood taken immediately after a 4h drinking session, taken the 

last liraglutide/vehicle treatment day, and Wednesday of the last exenatide/vehicle treatment 

week. *p < 0.05. Ordinates: plasma alcohol in mg/ml. Group sizes as in Fig. 2. Exe: 

exenatide, Veh: vehicle, Lira: liraglutide. *p < 0.05 liraglutide vs. vehicle.
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Fig. 5. Effect of liraglutide on intake of alcohol and water
Daily alcohol (a) and water (b) intake during the liraglutide treatment and washout. 

Abscissa, days of alcohol access after initiation of the GLP-1 receptor agonist treatment. 

Ordinates and group sizes as in Fig. 2. *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle.
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Table 1

Comparison of the two tested treatments, human data (http://pro.medicin.dk/Medicin/Praeparater/4752 ; 

Jacobsen et al. 2016; Syed and McCormack 2015).

Liraglutide (Victoza®) Exenatide (Bydureon®)

Dosing 1.8 mg s.c. once daily 2.0 mg s.c. once weekly

Tmax 8–14 hours Gradual increase in plasma levels over 6–7 weeks

Duration of action 24 hours Can be measured in plasma around 10 weeks after the last dose

T1/2 13 hours See above

Bioavailability 55% 25%
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