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Summary
Background Glucagon-like peptide1 receptor (GLP-1R) agonists have been found to reduce alcohol drinking in ro-
dents and overweight patients with alcohol use disorder (AUD). However, the probability of low semaglutide doses,
an agonist with higher potency and affinity for GLP-1R, to attenuate alcohol-related responses in rodents and the
underlying neuronal mechanisms is unknown.

Methods In the intermittent access model, we examined the ability of semaglutide to decrease alcohol intake and
block relapse-like drinking, as well as imaging the binding of fluorescently marked semaglutide to nucleus
accumbens (NAc) in both male and female rats. The suppressive effect of semaglutide on alcohol-induced
locomotor stimulation and in vivo dopamine release in NAc was tested in male mice. We evaluated effect of
semaglutide on the in vivo release of dopamine metabolites (DOPAC and HVA) and gene expression of enzymes
metabolising dopamine (MAOA and COMT) in male mice.

Findings In male and female rats, acute and repeated semaglutide administration reduced alcohol intake and pre-
vented relapse-like drinking. Moreover, fluorescently labelled semaglutide was detected in NAc of alcohol-drinking
male and female rats. Further, semaglutide attenuated the ability of alcohol to cause hyperlocomotion and to
elevate dopamine in NAc in male mice. As further shown in male mice, semaglutide enhanced DOPAC and HVA
in NAc when alcohol was onboard and increased the gene expression of COMT and MAOA.

Interpretation Altogether, this indicates that semaglutide reduces alcohol drinking behaviours, possibly via a
reduction in alcohol-induced reward and NAc dependent mechanisms. As semaglutide also decreased body weight of
alcohol-drinking rats of both sexes, upcoming clinical studies should test the plausibility that semaglutide reduces
alcohol intake and body weight in overweight AUD patients.
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Introduction
Alcohol use disorder (AUD) is a prevalent neuropsy-
chiatric disorder, considered as a major health and
socio-economic burden for individuals and society at
large.1 It is a multifaceted condition where high intake
over prolonged period of time is important for the
manifestation of the disease. Moreover, relapse drinking
is another major challenge for patients with AUD. Both
alcohol drinking and relapse drinking are to some extent
driven by alcohol’s rewarding properties (for review
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see2), which in humans correlates with an increase in
dopamine in nucleus accumbens (NAc).3 This dopa-
mine elevation is also evident in rodents and further
associated with a locomotor stimulation in male mice.4–8

Together these behaviours reflect activation of the
mesolimbic dopamine system, and tentatively reward-
like behaviours (for review see9). While sensitivity to
alcohol’s rewarding properties is regarded as a risk
factor for the development of AUD later in life,10 addi-
tional factors exist. AUD is a multifaceted disorder, and
ience and Physiology, The Sahlgrenska Academy at the University of
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Research in context

Evidence before this study
The glucagon-like peptide1 receptor (GLP-1R) has recently
emerged as a viable candidate target to treat alcohol use
disorder (AUD). Specifically, agonists of the GLP-1R have
previously been shown to prevent alcohol-related responses
in rodents and reduce alcohol drinking in overweight patients
with AUD. Semaglutide is the first long-acting and orally-
administered GLP-1R agonist that has been clinically approved
for the treatment of type II diabetes and obesity. Moreover,
semaglutide has higher potency and affinity for the GLP-1R.
While a high dose of semaglutide (0.1 mg/kg) acutely
decreases alcohol intake in male rats, the influence of low
semaglutide doses (0.026 and 0.052 mg/kg) on alcohol-
related responses tentatively associated with AUD processes
are unknown.

Added value of this study
This study provides insight into semaglutide’s ability to
reduce alcohol intake, prevent relapse drinking in alcohol-
drinking male and female rats. Moreover, it further reveales
that semaglutide prevents alcohol’s stimulatory and
dopamine-enhancing properties. It is further found that
semaglutide together with alcohol enhances the dopamine
metabolism within the nucleus accumbens and that
semaglutide binds to this area in alcohol-drinking rats of both
sexes.

Implications of all the available evidence
This study provides evidence for the anecdotal reports of
obese patients treated with semaglutide who also claim
reduced alcohol intake. Hence, future research should explore
the possibility of semaglutide decreasing alcohol intake in
patients with AUD, particularly those who are overweight.
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it involves several crucial aspects such as stress reac-
tivity, impulsivity, decision-making, emotional regula-
tion, and social factors. Thus, these processes need to be
taken into account for the treatment and prevention of
this disorder.

Given the heterogeneity of AUD, the few available
treatment options display limited clinical efficacy.11

The need for new therapies is thus substantial and
novel treatments can be identified by establishing the
neurobiological mechanisms underlying the develop-
ment of AUD. Although these neurobiological mech-
anisms are complex, both preclinical and clinical
findings suggest the gut-brain peptide glucagon-like
peptide-1 (GLP-1) as an important modulator of the
neurobiological mechanisms underlying the develop-
ment of AUD.12–14 Specifically, several GLP-1 receptor
(GLP-1R) agonists suppress alcohol intake, alcohol-
seeking behaviour and alcohol-induced activation of
the mesolimbic dopamine system in male rodents,15–18

a finding replicated in female rats.17 Similarly, the
GLP-1R agonist exenatide reduces alcohol consump-
tion in overweight AUD patients19 and polymorphisms
of the GLP-1R is associated with AUD diagnosis in
humans.14 Besides establishing that GLP-1 pathway
may serve as potential treatment of AUD, these data
provide validity to the preclinical studies. Although
numerous GLP-1R agonists are available clinically,
semaglutide is the first long-acting agent used
perorally for both diabetes type II20 and obesity.21

Compared to other GLP-1R agonists, semaglutide has
a greater weight loss and glucose-lowering effect,
which is attributed to its higher potency and affinity for
GLP-1R (for review see22). Due to adverse effects
associated with its clinical use, the implementation of
lower doses of semaglutide may confer potential ben-
efits. While a high dose of semaglutide has been
shown to acutely decrease alcohol intake in male rats,23

the effects of lower doses of semaglutide on alcohol-
related responses potentially associated with AUD
have yet to be defined. Additionally, the underlying
neurobiological mechanisms of semaglutide remains
unknown. Therefore, we conducted a series of experi-
ments combining behavioural, neurochemical, and
molecular approaches in rats and mice to investigate
these knowledge gaps.

Initial tests of alcohol-drinking male and female rats
explored the ability of acute or repeated administration
of low semaglutide doses to reduce alcohol consump-
tion. Further experiments were conducted on alcohol-
drinking rats of both sexes to evaluate the potential of
semaglutide in preventing relapse-like drinking
following alcohol abstinence. As alcohol drinking and
relapse-like drinking involve reward-like behaviours,
additional tests were conducted in male mice to explore
the potential impact of semaglutide on such behaviours.
Therefore, the efficacy of semaglutide to inhibit alcohol-
induced hyperlocomotion and lower the dopamine
levels in NAc shell (NAcS) was investigated. On a
similar note, the possibility that semaglutide suppress
the intake of rewarding/palatable foods was tested. As
dopamine signalling in NAc participates in alcohol’s
reward-associated responses we explore the potential
interaction between semaglutide and dopamine signal-
ling in NAc in a series of experiment. After systemic
injection of semaglutide, we imaged the binding of
fluorescently labelled semaglutide in the NAcS of
alcohol-drinking male and female rats. Then, we inves-
tigated the possibility that semaglutide augments the
levels of dopamine metabolites and the expression of
enzymes degrading dopamine in NAc in male mice with
alcohol onboard. To confirm this effect, the ex vivo levels
of dopamine and its metabolites were measured in NAc
www.thelancet.com Vol 93 July, 2023
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in alcohol-drinking male and female rats treated
repeatedly with semaglutide. To further explore the
interaction between semaglutide and dopamine, sem-
agltuide’s suppressive effect on dopamine driven be-
haviours24,25 was examined in alcohol-naïve male and
female rats.

Together, the present behavioural, neurochemical
and molecular experiments provide further insight into
the potential of semaglutide to reduce several alcohol-
related responses tentatively via dopamine mecha-
nisms within NAc. These data may provide a basis for
future clinical trials testing semaglutide treatment in
patients with AUD.
Methods
Animals
Adult age-matched male and female Rcc/Han Wistar
rats (weight at arrival was approximately 150–200 g for
females, and 200–240 g for males; Envigo, Horst,
Netherlands) were used as this species and strain
evinces a voluntary high and stable alcohol consump-
tion inducing pharmacologically relevant blood alcohol
concentrations.26 Rcc/Han Wistar rats were chosen
since prior research shows that other GLP-1R agonists
decreases alcohol consumption in the same strain15–17

and as mice in our hands display less robust alcohol
intake. Although mice were not used for alcohol intake
studies, a similar outcome is expected in mice as
previous studies show a similar treatment effect by
other GLP-1R agonists on alcohol intake in rats, mice
and non-human primates.16,18,27–29 Adult male NMRI
mice (approximately 28–32 g at arrival; Charles River,
Sulzfeld, Germany) were used when assessing the
treatment response on alcohol-induced locomotor
stimulation, dopamine release in NAc and conditioned
place preference (CPP). In contrast to rats, male NMRI
mice were used since this sex and strain previously
displayed a distinct stimulatory response to alcohol.
This allows for comparison between previously ac-
quired data where male mice have been used.30,31 It is
imperative to take into account the potential differ-
ences in response and molecular mechanisms between
sexes, as female mice were omitted for the mice ex-
periments. Although it might be beneficial to conduct
all experiments in one species, rats or mice were
chosen to the test where the most robust outcome is
obtained. Moreover, the combination of data from rats
and mice is commonly observed as they reflect
different aspects of alcohol responses.15,16,30,32,33

For all experiments, both rats and mice had free
access to tap water and food (chow) and were kept in
rooms with 20 ◦C and 50% humidity. All animals had
standardised enrichment according to protocol at the
animal facility. Rats in the alcohol drinking experiment
were maintained at a reversed light/dark cycle, while a
regular 12/12-h light/dark cycle was used for the
www.thelancet.com Vol 93 July, 2023
rodents in the other experiments. Before any test, the
rodents habituated at least one week in the animal fa-
cility and 1 h to the experimental room.

Ethics
To adhere to the principles of the 3R (refine, reduce,
replace), we limit the number of animals used in each
treatment group based on previous experience and prior
power analysis. The sample size was determined
through a power analysis based on a 5% significance
level, an effect size of 0.2 standard deviations or higher,
a two-tailed direction of the effect and an 80% study
power. We consider a sample size of seven or more
sufficient to demonstrate statistically significant effects.
Our general pre-set exclusion criteria eliminate rodents
with abnormal behaviours, poor health or weight loss
exceeding 15%. Specific exclusion criteria for each test
are define under each experimental section. We also
follow the ARRIVE (Animal Research: Reporting of
In Vivo Experiments) guidelines and obtained ethical
approval for each experiment from the Swedish Ethical
Committee on Animal Research in Gothenburg, Swe-
den (ethical numbers: 1457/18, 3276/18, 3348/20). All
experiments adhered animal use guidelines and ethical
approval. Endpoints according to approved ethics is
substantial weight loss, alterations of normal behaviours
or if the surgically implanted probes were displaced
from skull bone. Besides the exploration and novelty
seeking experiment, no animal was included in more
than one test.

Drugs
For the drinking experiments alcohol (95%; Solveco,
Stockholm, Sweden) was diluted in tap water to a final
concentration of 20%. For experiments using systemic
administration, 15% alcohol (1.75 g/kg) was dissolved in
vehicle (0.9% NaCl) and was injected intraperitoneally
5 min prior to the experiment. Semaglutide (Apoteket
AB, Gothenburg, Sweden) was dissolved in vehicle
(0.9% NaCl) and injected subcutaneously (sc) 60 min
prior to alcohol exposure or behavioural experiment.
Semaglutide was obtained as a solution ready for human
use, extensively dissolved before injection, and there-
fore, no additional substances were added to the vehicle.
It was used at two doses (0.026 or 0.052 mg/kg), which
are lower than the dose tested before (0.1 mg/kg).23 As
the initial drinking experiment revealed that the lowest
dose (0.026 mg/kg) reduced alcohol intake, this dose
was used for subsequent experiments. Additionally, the
higher dose was avoided for further use as it in male rats
lowered the water intake. Although semaglutide is
administered weekly in humans it has to be injected
daily in rodents due to its rapid metabolism in rodents.34

The fluorescently labelled semaglutide (CY3-
semaglutide; NNC0113-0217; NovoNordisk Global,
Bagsværd, Denmark; 0.026 mg/kg active peptide; sc)
was dissolved in vehicle (7.9 ml of 50 mM sodium
3
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phostphate, 70 mM sodium chloride and 0.007% poly-
sorbate 20 in MQ water) as instructed by NovoNordisk.35

Experimental designs
As summarised in Table 1, a combination of behav-
ioural, neurochemical and molecular experiments have
been used to highlight the ability of semaglutide to
reduce alcohol-related responses and to define molecu-
lar underpinnings. Before each experiment was con-
ducted, a protocol describing the research question, key
design features, and analysis plan was prepared. The
experimenter who performed the experiment, collected
data and did the initial analysis was aware of the treat-
ment allocation. To limit the possible confounding fac-
tor for this, only pre-set exclusion criteria was used
when analysing the data obtained. Additionally, the
principal investigator unaware of treatments did a final
check of all raw data and statistical analysis. To mini-
mise the influence of potential confounders, the order
of treatments was stratified, with treatments being
mixed for each animal cage and for each apparatus used
in the experiment.

Effects of acute or repeated administration of semaglutide
alcohol intake in male and female rats
As high alcohol intake over prolonged period of time is
important for the manifestation of AUD, we explored
the potential of semaglutide to reduce alcohol intake in
male and female rats. In each alcohol drinking experi-
ment the intermittent access model was used, where
individually housed male or female rats could choose
between one alcohol (20%) bottle and one water bottle
for three 24-h sessions per week (Monday, Wednesday,
Friday) and two water bottles the remaining days.15,36

The bottles were changed when lights were turned
down. In this model alcohol consumption escalates to
high, stable levels without using sucrose fading or
forced procedures,26,37 and the model has been proposed
to reflect several aspects of alcohol abuse.38 Predictive
validity of this model has been suggested as acampro-
sate (anti-AUD medication) reduces alcohol intake in
this model but not in continuous access models.26,39

While others report an alcohol deprivation effect in
this model,40,41 this is not evident in our studies. In this
model, we measure the intake of alcohol, water and food
as well as body weight throughout the experiments, and
the rat’s consumed alcohol for 8–10 weeks before
treatment initiation (baseline drinking). For all experi-
ments, the baseline alcohol intake was similar between
rats later assigned to semaglutide or vehicle treatment.
Baseline alcohol intake was used to stratify the experi-
mental rats, such that the vehicle-treated group was
matched with the semaglutide-treated group based on
similar pre-treatment drinking behaviour. The following
treatment groups were used for each experiment: sem-
aglutide or vehicle. Pre-set exclusion criterion was
leaking bottles.
To investigate the acute effects of semaglutide on
alcohol intake (Fig. 1A), male (n = 24) or female (n = 24)
rats were treated with vehicle or semaglutide (0.026 mg/
kg, sc) 60 min prior to alcohol exposure. In these initial
experiments semaglutide was administered once a week
(on Mondays) for three consecutive weeks in an attempt
to identify the lowest effective dose for reducing alcohol
intake. Subsequent experiments explored semaglutide’s
dose-dependent effect on alcohol drinking. Therefore,
male (n = 24) or female (n = 24) rats were injected once
weekly (Mondays) with a slightly higher dose of sem-
aglutide (0.052 mg/kg) or vehicle (Fig. 1A) 60 min prior
alcohol exposure.

Further studies were conducted to test the ability of
repeated semaglutide to reduce alcohol intake (Fig. 1F)
over a longer alcohol drinking period. Semaglutide
(0.026 mg/kg) or vehicle was injected at five subsequent
alcohol drinking sessions (Monday, Wednesday, Friday,
Monday, Wednesday) to male (n = 24) and female rats
(n = 24).

Effects of acute semaglutide treatment on relapse-like
drinking in male and female rats
The inability of patients with AUD to abstain from
alcohol during abstinence is a central phenomenon for
the AUD diagnosis and involves craving for alcohol. The
alcohol deprivation model can be used to reflect relapse-
like drinking in male rats.42 The hypothesis that sem-
aglutide prevents relapse-like drinking in the alcohol
deprivation model was then tested in additional rats of
both sexes (Fig. 1I). After 8 weeks of intermittent access
to alcohol, male (n = 33) or female (n = 31) rats were
deprived of alcohol for 9 days. 60 min prior to alcohol
reintroduction, the rats were treated with vehicle or
semaglutide (0.026 mg/kg, sc). Thereafter alcohol was
reintroduced continually for 48 h (Monday-Tuesday).
Their alcohol intake was then measured after 4 (0–4)
hours, as well as 24 (0–24) and 48 (24–48) hours, after
the alcohol reintroduction. Relapse-like drinking is
defined as the % change from the alcohol intake during
baseline. The intake as baseline and at reintroduction
was also compared for both vehicle and semaglutide
treated rats.

Effects of acute semaglutide treatment on alcohol’s ability to
activate the mesolimbic dopamine system in male mice
Alcohol activates the mesolimbic dopamine system
causing a locomotor stimulation and dopamine release
in NAcS; alcohol responses tentatively associated with
reward in humans (for review see9). The potential of
semagltuide to supress alcohol-induced locomotor
stimulation and dopamine release in NAcS was there-
fore tested in male mice.

The 1-h locomotor activity (distance travelled) was
registered in six open field boxes (42 × 42 × 20 cm; Med
Associates Inc; Georgia, Vermont, USA) as described
previously.15,36 Activity was measured by 16 × 16 infrared
www.thelancet.com Vol 93 July, 2023
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No Experiment Species Sex Rational Main figure Additional outcome

1 Effects of semaglutide on alcohol
intake for 8–10 weeks
a. Acute, 0.026 mg/kg
b. Acute, 0.052 mg/kg
c. Repeated, 0.026 mg/kg

Rats Males
Females

High intake over prolonged period of time is
important for the manifestation of alcohol use
disorder.

1 Influence of semaglutide on food intake (Fig. 2),
alcohol preference, water and total fluid intake and
body weight (Supplementary Figs. S2, S3 and S5)

2 Effects of semaglutide on relapse-like
drinking in the alcohol deprivation
model

Rats Males
Females

Abstinence to alcohol causes relapse-like drinking, a
behaviour reflecting the inability to abstain from
alcohol. This is an important aspect of alcohol use
disorder.

1 Influence of semaglutide on alcohol preference, water,
total fluid and food intake as well as body weight
(Supplementary Fig. S7)

3 Effects of semaglutide treatment on
alcohol-induced locomotor
stimulation

Mice Males Alcohol causes a release of dopamine in NAcS in
rodents and humans, an effect associated with an
increase locomotor activity, thus reflecting the acute
effects of alcohol.

3 Effects on other locomoto activity parameters
(Supplementary Fig. S8)

4 Effects of semaglutide treatment on
alcohol-induced dopamine release in
NAcS, in vivo

Mice Males The ability of alcohol to enhance dopamine in NAcS is
associated with the rewarding experience in man and
is a risk factor for a later alcohol use disorder
diagnosis

3 Effects of semaglutide together with alcohol on the
release of dopamine metabolites (HVA, DOPAC;
Fig. 4). These additional data explore the possibility
that semaglutide together with alcohol changes the
metabolism of dopamine. This contributes to the
identification of underlying molecular underpinnings.
Effects on other monoaminergic neurotransmission in
NAcS (Supplementary Fig. S11).

5 Effects of semaglutide treatment on
alcohol-induced conditioned place
preference

Mice Males The memory of the alcohol reward is an important
aspect of the alcohol use disorder process, a
behaviour that can be measured in the memory of
conditioned place preference test

Result section

6 Effects of semaglutide treatment on
the intake of rewarding foods

Mice Males The possibility that semaglutide reduces other types
of reward was further explored in feeding
experiments, where the intake of rewarding/palatable
foods was measured

3 Effects on other feeding parameters at 4-h time point
(Supplementary Fig. S9) and at 2-h time point
(Supplementary Fig. S10).

7 Effects of alcohol/semaglutide on
dopamine-related gene expression

Mice Males To explore if semaglutide and alcohol increases the
expression of the enzymes metabolizing dopamine
(MAOA, MAOB, COMT) in NAc.

4 Gene expression in the VTA (Supplementary Fig. S13).

8 Effects of semaglutide on ex vivo
dopaminergic neurotransmission in
NAcS and NAcC from alcohol
drinking rats of both sexes.

Rats Males
Females

To further explore the possibility that semaglutide
together with alcohol changes dopamine metabolism

Supplementary
Fig. S12

Additional ex vivo data from other brain areas
(Supplementary Fig. S13 and Supplementary
Table S1–S2)

9 Effects of semaglutide on other
dopamine driven behaviours, alcohol
naïve

Rats Males
Females

To explore the possibility that semaglutide affects
exploratory behaviours and novelty seeking.

Supplementary
Fig. S12

10 Detection of fluorescently labelled
semaglutide in NACS of alcohol
drinking rats

Rats Males
Females

As semaglutide increases the metabolism of
dopamine in NAcS when alcohol is onboard, we
hypothesise that fluorescently labelled semaglutide
may be preset and exert its effects locally in NAc.

3

11 Effects of semaglutide on cAMP in
NAc, alcohol naïve

Mice Males
Females

To understand the effects of semaglutide within the
NAc on cAMP, a key downstream signalling molecule
of GLP-1R was measured in the NAc

Supplementary
Fig. S14

cAMP in amygdala, VTA, NTS (Supplementary
Fig. S14)

12 Effects of semaglutide on activity
and anxiety-like behaviours

Rats Males
Females

Activity and anxiety are tentative confounding factors
to the semaglutide reduced alcohol intake, a
possibility explored in locomotor activity and elevated
plus maze experiments

Supplementary
Fig. S15

Summary of all experiments conducted. Description of species and sex used, the rational for conducting the experiments, description figure/supplementary material where the results can be found, and
additional outcome obtained (besides the main findings). Nucleus accumbens shell (NAcS) and core (NAcC), ventral tegmental area (VTA), nucleus tractus solitarius (NTS), glucagon-like peptide-1 (GLP-1R).

Table 1: Summary of experiments conducted.

Articles
beams located at two different levels. Grouped-housed
mice were used for the present experiment. The male
mice were allocated to treatment groups using a cage-
stratified approach to ensure that all treatments were
represented within each cage, and a box-stratified
approach to ensure that different treatment were allo-
cated to all open filed boxes used. The following treat-
ment groups were used: vehicle–vehicle, vehicle-alcohol,
www.thelancet.com Vol 93 July, 2023
semaglutide-vehicle, semaglutide-alcohol. 12 male mice
were assigned to vehicle–vehicle and semaglutide-
vehicle treatment. 18 male mice were assigned to
vehicle-alcohol and semaglutide-alcohol, as the response
variation is higher by alcohol. In this experiment, male
mice (n = 60) were injected with semaglutide (0.026 mg/
kg) or vehicle. They were then allowed 60-min to
habituate to the open field boxes that are ventilated, dim
5

www.thelancet.com/digital-health


0

100

200

300

0

2

4

6

8

10

1 2 3 4 5
0

3

6

9

12

*

**

*

1 2 3 4 5
0

3

6

9

12

* ** **

** **

1 2 3 4 5 6 7 8 9
0

3

6

9

12

** *

1 2 3 4 5 6 7 8 9
0

3

6

9

12

**

* **

1 2 3 4 5 6 7 8 9
0

3

6

9

12

***

*** **

1 2 3 4 5 6 7 8 9
0

3

6

9

12

*** ***

***

Al
co

ho
l in

ta
ke

 (g
/k

g)

Alcohol drinking session Alcohol drinking session

Alcohol drinking sessionAlcohol drinking sessiog n

Al
co

ho
l in

ta
ke

 (g
/k

g)

Al
co

ho
l in

ta
ke

 (g
/k

g)
Al

co
ho

l in
ta

ke
 (g

/k
g)

Alcohol drinking session

Al
co

ho
l in

ta
ke

 (g
/k

g)

Alcohol drinking session

Al
co

ho
l in

ta
ke

 (g
/k

g)

VVVeVV h
Sem, 0.026 mgSS /kg/ g < 0.0001

VeVV h
Sem, 0.052 mmg/km g

VeVV h
Sem, 0.026 mg/k 0.026, 0.026 000 g g < 00.0000 1

< 0.0001
VeVV hhh
Sem, 0.052 mg/km, 0.05m, 0.05 mg g 00< 0.000 1

VeVV h
Sem, 0.026 mg/kg

 0.0013

** *** ***

R
el

ap
se

-li
ke

in
ta

ke
(%

)

Al
co

ho
l in

ta
ke

 (g
/k

g)

R
el

ap
se

lik
e 

in
ta

ke
(%

)

Al
co

ho
l in

ta
ke

 (g
/k

g)

Veh    Sem                          VV Veh    Sem        VV Veh  SeVV m
     4 h                                           24 h                 48h

Veh     SeVV m
4 h

4

VVVeeeVVVVVV hhh
Sem, 0.026 mg/kg

 0.0013

0

100

200

300 **

Veh     SeVV m
24 h

Veh     SeVV m
48 h

0

5

10

15

20 *

    

A

F

I

B D

EC

G H

J K L M

Fig. 1: Semaglutide treatment decreases alcohol intake and prevents relapse drinking in male and female rats. (A) Schematic illustration of
the alcohol drinking experiment, in which semaglutide was injected acutely at three alcohol drinking sessions (S1, S4, S7). (B) In male rats,

Articles

6 www.thelancet.com Vol 93 July, 2023

www.thelancet.com/digital-health


Articles
lit (3 lux) and sound isolated. Thereafter, the male mice
were treated with alcohol (1.75 g/kg) or vehicle and the
distance travelled in the open field boxes was measured.
Stereotypic counts, vertical counts, and average velocity
were also recorded. Pre-set exclusion criterion was intra-
cage male aggressive behaviours as this negatively in-
fluences normal behaviours.

Next, the ability of semaglutide to lower the alcohol-
induced dopamine release in NAcS was measured in
freely moving male mice. First, by means of a surgical
procedure43,44 a probe was inserted unilaterally in NacS
(Supplementary Fig. S1) of male mice (n = 40). The
mice were anesthetized using Isoflurane Baxter
(administered by a Univentor 400 Anaesthesia Unit
from Univentor Ldt, Zeitun, Malta). They were then
placed on a heating pad in a stereotaxic frame (David
Kopf Instruments, Tujunga, CA, USA). Pain relief was
provided through local application of Xylocaine Adren-
aline (5 μg/ml; from Pfizer Inic, New York, NY, USA)
and sc injection of Caprofen (5 mg/kg; Astra Zeneca,
Gothenburg, Sweden). The surgical site was prepared by
exposing the skull bone and drilling a hole for the probe
at coordinates relative to bregma of 1.3 mm anterior,
±0.5 mm lateral to midline, and −4.6 mm ventral, as
well as one additional hole for anchoring screw. The
probe was implanted unilaterally and alternated between
the left and right sides of the brain. Following the sur-
gery, the mice were held individually for two recovery
days.

Thereafter the in vivomicrodialysis was conducted43,44

where the following treatment groups were used;
vehicle–vehicle, vehicle-alcohol, semaglutide-vehicle,
semaglutide-alcohol (n = 56). Mice were allocated to
treatment groups to ensure each treatment was tested in
every microdialysis setup (6 at each occasion). Pre-set
exclusion criteria were loss of implantation, misplaced
semaglutide (0.026 mg/kg, n = 12) reduces the overall alcohol intake com
drinking session 1 and 7. (C) As further shown in males, in comparison to
intake at each treatment session. Similarly, compared with vehicle (n = 12
(E) 0.052 mg/kg (n = 12), reduce alcohol intake at each treatment sessi
experiment, in which semaglutide was injected repeatedly at five subsequ
repeated semaglutide (0.026 mg/kg, n = 12) treatment reduces alcohol i
comparison to vehicle (n = 12), repeated semaglutide treatment (0.026
evident at drinking session 2, 3 and 4 in males, and at each session in fem
which the effect of semaglutide on relapse-like drinking after alcohol wit
exposure, thereafter the rats consumed alcohol for 48 h. (J) The % incre
aglutide. Specifically, alcohol withdrawal induces a relapse drinking (t (13
agltuide blocks the relapse-like drinking (t (14) = 2.67, P = 0.0187, pai
decreases the alcohol intake 24 and 48 h after treatment. (L) In female rat
(dotted line). Indetail, alcohol withdrawal trends to cause relapse-like drink
this was prevented by semaglutide treatment (t (15) = 4.65, P = 0.0003, p
is also evident 24 and 48 h after semaglutide treatment. Overall intera
ANOVA with repeated measures is stated in figure. J–K data were analys
were not replicated. Data are presented as mean ± SEM, significant data a
time of injection.
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probes and technical difficulties during microdialysis.
At the test day, a microperfusion pump (U-864 Syringe
Pump: AgnThós AB) was connected to the probe with
the perfusion rate of 1.6 μl/min and the mice habituated
for 2 h. Three baseline samples were collected and the
mice were then injected with semaglutide (0.026 mg/kg)
or vehicle followed by alcohol (1.75 g/kg) or vehicle.
Thereafter, samples were collected every 20 min for
three additional hours, allowing identification of treat-
ment outcome over time in freely moving mice. The
levels of dopamine, noradrenaline, serotonin, L-DOPA,
and their metabolites (HVA, DOPAC, 3-MT, NM, 5-
HIAA) were detected using a two dimensional high-
performance liquid chromatography together with
electrochemical detection (HPLC-EC) system, according
to a modified protocol.45 After termination, the probe
location was verified with microtome, and only mice
with correct placements were included in the analysis
(Supplementary Fig. S1A and B). Besides evaluting the
treatment effect on the dopamine release compared to
baseline, the outcome on the area under the curve
(AUC) was analysed.

As memory of the alcohol reward is an important
aspect of the AUD process, the effect of semaglutide on
this was explored by means of the memory of CPP
(mCPP) test as described previously.15,16,30 In brief, a two-
chambered CPP apparatus with distinct tactile and vi-
sual cues was used in dim-light (3 lux). The paradigm
consists of pre-conditioning (day 1), conditioning (days
2–5), and post-conditioning (day 6), where each session
is 20 min. A biased design was used, in which alcohol
was conditioned to the least preferred side during pre-
conditioning. The injections were altered between
morning an afternoon in a balanced design. After the
pre-test in which the group housed male mice (n = 16)
were allowed to explore the entire CPP arena after a
pared to vehicle (n = 12); a reduction specifically evident at alcohol
vehicle (n = 12) semaglutide (0.052 mg/kg, n = 12) decreases alcohol
in each test) both semaglutide doses, (D) 0.026 mg/kg (n = 12) and
on in female rats. (F) Schematic illustration of the alcohol drinking
ent alcohol drinking sessions (S1, S2, S3, S4, S5). (G) In this design,
ntake in male rats compared to vehicle (n = 12). (H) Additionally, in
mg/kg, n = 12) lowered alcohol intake in female rats. This decline is
ales. (I) Schematic illustration of the alcohol drinking experiment, in
hdrawal was tested. Semaglutide is injected 60 min prior to alcohol
ase in alcohol intake from baseline (dotted line) is reduced by sem-
) = 3.29, P = 0.0059, paired t-test, n = 14) in male rats, and sem-
red t-test, n = 15) (data not shown). (K) Additionally, semaglutide
s, semaglutide reduces the % increase in alcohol intake from baseline
ing (t (14) = 1.18, P = 0.1287, paired t-test, n = 14) in female rats and
aired t-test, n = 16) (data not shown). (M) The reduced alcohol intake
ction effect (B–E) and overall treatment effect (G–H) from two-way
ed with a paired t-test and K-L wih an unpared t-test. Experiments
re illustrated by *P < 0.05, **P < 0.01, ***P < 0.001. Syringe indicates
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vehicle injection, the mice were conditioned to alcohol
(1.75 g/kg) for four days.15,16,30 At post-test the mice were
injected with vehicle or semaglutide (0.026 mg/kg) and
the male mice were allowed to explore the entire CPP
arena. Mice were assigned to either alcohol-vehicle or
alcohol-semaglutide treatments. The mice were strati-
fied into treatment based on initial side preference and
time of day (morning or afternoon) in which the alcohol
conditioning occurred. Additional control mCPP tests
were conducted in other male mice (n = 16), which
aimed to exclude the possibility that semaglutide has an
effect on mCPP per se. Given the long half-life of sem-
aglutide, together with the design of CPP for alcohol,
conditioned approach behaviour (i.e, reflection of
reward) could not be tested. CPP is determined by
subtracting the time spent in the alcohol-conditioned
chamber during the pre-conditioning phase from that
in the post-conditioning phase, and dividing the differ-
ence by the total time spent in the CPP apparatus.
Jumping out of the CPP apparatus is pre-set exclusion
criterion.

Effects of acute semaglutide treatment on the intake of
rewarding/palatable foods in alcohol-naïve male mice
The possibility that semaglutide reduces other types of
reward was further explored in feeding experiments,
where the intake of rewarding/palatable foods46 was
measured in alcohol-naïve male mice treated with
semaglutide. As described previously,47,48 the group-
housed mice were pre-exposed to peanut butter (Crun-
chy, Green Choice, 590 kcal/100 g, n = 24) or Nutella
(Ferrero, 514 kcal/100 g; n = 16) in their home cage
daily (4 h per day for 3 days), where they also had ad lib
access to chow. On the experiment day, the mice were
injected with semaglutide (0.026 mg/kg) or vehicle,
placed in an individual novel cage where they had free
access to regular food (chow) and either peanut butter or
Nutella. Mice were allocated to treatment groups to
ensure equal distribution the following treatment
groups were used: semaglutide and vehicle. The con-
sumption of chow and rewarding food, the preference
(defined as percentual ratio of rewarding food to total
food ingested), and caloric intake was measured at 2-
and 4-h timepoints. Excessive bedding stuck in
rewarding food is the pre-set exclusion criterion.

Effects of semaglutide and alcohol treatment on the
expression of the enzymes metabolizing dopamine in NAc in
male mice
As the in vivo microdialysis findings revealed that sem-
aglutide in combination with alcohol increased the levels
of the dopamine metabolites DOPAC and HVA in NAcS
of male mice, we hypothesized that the treatment com-
bination enhances the expression of the enzymes
metabolizing dopamine (MAOA, MAOB, COMT) of male
mice.49 To exclude the possibility that this effect was
mediated instead via changes in reuptake, the treatment
effect on expression of the dopamine reuptake trans-
porter (DAT) was also tested. Therefore, group-housed
male mice (n = 10) were injected with semaglutide
(0.026 mg/kg) or vehicle followed by an alcohol (1.75 g/
kg) injection. Mice were allocated to treatment groups to
ensure equal distribution and the following treatment
groups were used: alcohol-semaglutide and alcohol-
vehicle. One hour later (corresponding to elevated
DOPAC, HVA levels in the in vivo microdialysis experi-
ment), the male mice were sacrificed, the brains were
collected and placed in brain slicing matrix, NAcS and
NAc core (NAcC) were rapidly punched out. Ex vivo tis-
sue was stored in −80 ◦C until further qPCR analysis.
Total RNA was extracted, purified and amplified as
done before.32,50 The expression of the MAOA, MAOB,
COMT and DAT genes (ThermoFisher, MAOA;
Mm00558004_m1, MAOB; Mm00555412_m1, COMT;
Mm00514377_m1, DAT; Mm00438396_m1; Catalogue
number 4331182) was normalized to the geometric mean
of beta-actin (ThermoFisher, Mm01205647_g1; Cata-
logue number 4331182). Thereafter, the expression
COMT, MAOA, MAOB and DAT genes, were expressed
as fold change relative to vehicle-alcohol. Besides NAc,
the expression of these dopamine related genes was
investigated in the area projecting to NAc, namely the
ventral tegmental area (VTA). The pre-set exclusion cri-
terion was contamination of samples.

Effects of semaglutide on ex vivo levels of dopamine
metabolites in NAc in alcohol-drinking male and female rats
To further explore the potential of semaglutide together
with alcohol to enhance dopamine metabolism in NAc,
the ex vivo levels of monoamines and their metabolites
were measured in NAcS and NAcC of alcohol-drinking
male and female rats treated with semaglutide. While
in vivo microdialysis assess the release of dopamine
metabolites in freely moving male mice over time,
ex vivo HPLC measures neurotransmission in one area
at one time point after termination. Therefore, the
in vivo data provides more details, and the ex vivo data
should be considered as a complement. Thus, after
repeated vehicle or semaglutide (0.026 mg/kg) treat-
ments (5 occasions), the alcohol-drinking rats were
sacrificed, brains were collected, brain areas were
punched out and stored in −80 ◦C. The ex vivo levels of
monoamines (dopamine, noradrenaline, serotonin), the
dopamine pre-cursor (L-DOPA) and metabolites
(DOPAC, HVA, 3-MT, 5-HIAA) were determined by an
established HPLC-EC method.48 Moreover, to gain
insight into neurotransmission in other reward related
areas that modulate alcohol responses35,51–54 the ex vivo
levels of these neurotransmitters were analysed in VTA,
laterodorsal tegmental nucleus, paraventricular thal-
amus and lateral septum. The pre-set exclusion criterion
was contamination of samples.
www.thelancet.com Vol 93 July, 2023
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Effects of semaglutide treatment on dopamine driven
behaviours in alcohol-naïve male and female rats
To further explore the possibility that semaglutide af-
fects dopaminergic neurotransmission, its influence on
dopamine driven behaviours like exploration and nov-
elty-seeking24,25 was tested in alcohol-naïve male (n = 20)
and female (n = 20) rats that were group-housed. Rats
were allocated to treatment groups to ensure equal dis-
tribution and the following treatment groups were used:
semaglutide and vehicle. Semaglutide (0.026 mg/kg) or
vehicle was injected and 60 min later the rats were
placed in the centre of the open field boxes
(42 × 42 × 20 cm; Med Associates Inc) that are sound
isolated and dim lit (3 lux). They explored the arena for
60 min, were removed shortly and a novel object (Lego
piece, 3 × 3 × 3 cm) was placed in the centre of arena.
Then, the rats explored the object and arena for two
additional minutes. For both tests, time spent in inner/
novel zone (15 × 15 cm) and corners, as well as zone
entries were analysed by Observer XT software (Noldus,
Wagenegen, Netherlands). To prevent treatment bias in
scoring, the person responsible for scoring was required
to have an inter- and intraindividual scoring reliability of
at least 90%. Pre-set exclusion criterion was intra-cage
aggressive behaviours as this negatively influences
normal behaviours.

Detection of the fluorescently labelled semaglutide in NAcS of
alcohol-drinking male and female rats
As semaglutide increases the metabolism of dopamine
in NAcS when alcohol is onboard, we hypothesise that
fluorescently labelled semaglutide is present and
possibly exerts its effects locally in this area. After 10
weeks of alcohol drinking, CY3-semaglutide or vehicle
was injected acutely to male (n = 2) and female (n = 2)
rats in order to investigate the possibility that CY3-
semaglutide could reach NAcS. 60 min later the rats
were perfused, the brains were removed and post-fixed,
cut into 40 μm NAc sections and stored as described
previously.32 The brain sections were washed with TBS
(Tris-buffered saline) and mounted on adhesion glass
slides (SuperFrost Plus™, ThermoFisher Scientific,
Waltham, MA, USA) and coverslips using a few drops of
mounting media (ProLong™ Gold Antifade, Life Tech-
nologies Europe BV). A ZEISS Axio observer Z1 with a
20× objective and the ZEN microscope software was
used to image CY3-semaglutide. Blood within slices
dampens the visualisation in microscopes and was
therefore used as pre-set exclusion criterion.

Effects of semaglutide treatment on cAMP in NAc of alcohol-
naïve male mice
While the in vivo micodialysis experiments in male
mice revealed an enhanced dopamine metabolism by
semaglutide together with alcohol, semaglutide did
not change dopamine, DOPAC and HVA per se. We
therefore hypothesis that semaglutide does not
www.thelancet.com Vol 93 July, 2023
activate NAc neurons when interjected alone. To
explore this, the effect of semaglutide (0.026 mg/kg)
on cAMP, a key downstream signalling molecule of
GLP-1R,55,56 was measured in the NAc. To explore
other tentative areas targeted by semaglutide, cAMP
was measured in areas projecting to NAc (amygdala,
VTA or nucleus tractus solitarius (NTS)). Alcohol-
naïve group-housed male mice (n = 14) were treated
with vehicle or semaglutide, sacrificed after 60 min
and the above-mentioned brain regions were punched
out and kept in −80 ◦C until further ELISA (Catalog
number: ADI-900-066A) analysis according to manu-
facturer’s instructions. Mice were allocated to treat-
ment groups to ensure equal distribution and the
following treatment groups were used: semaglutide
and vehicle. Contamination of samples was the pre-set
exclusion criterion.

Effects of acute treatment with semaglutide on locomotor
activity and anxiety-like behaviours in alcohol-naïve male and
female rats
Activity and anxiety are tentative confounding factors to
the semaglutide reduced alcohol intake, a possibility
explored in locomotor activity and elevated plus maze
(EPM) experiments.57,58 After 30-min habituation to the
open field boxes (42 × 42 × 20 cm, Med Associates Inc)
that are ventilated, dim lit (3 lux), alcohol-naïve male
(n = 20) and female (n = 20) rats were injected with
semaglutide (0.026 mg/kg) or vehicle, and their 60-min
activity was recorded. Distance travelled, vertical counts,
zone entries and time in inner zone were analysed. In
the EPM test, alcohol-naïve male (n = 20) and female
(n = 20) rats were injected with semaglutide (0.026 mg/
kg) or vehicle and placed in the centre of the EPM, that
consists of closed (40 cm high walls) and open arms
elevated 70 cm above the floor. Time in the open and
closed arms, and central zones was analysed by
Observer XT software (Noldus, Wageningen,
Netherlands). For both tests, the rats were allocated to
treatment groups to ensure equal distribution and the
following treatment groups were used: semaglutide and
vehicle. Pre-set exclusion criterion was intra-cage
aggressive behaviours as this negatively influences
normal behaviours.

Statistical analysis
All statistical analysis was conducted using Prism 9.0
(GraphPad Software, Inc., CA, USA). The data from the
alcohol drinking experiments and the in vivo micro-
dialysis experiment were analysed with a repeated two-
way ANOVA, followed by the recommended post-hoc
test (Tukey’s or Bonferroni). The remaining experi-
ments were analysed by unpaired t-test (two treatment
groups) or one-way ANOVA (four treatment groups),
followed by the recommended post-hoc test (Tukey’s).
The probability of P < 0.05 is considered as statistically
significant.
9
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Role of the funding source
The funding sources did not play a role for the study
design, collection, analysis, and interpretation.
Results
Acute and repeated semaglutide treatment
decreases alcohol intake in male and female rats
The initial alcohol drinking experiments were conduct-
ed to explore the potential of semaglutide to dose-
dependently reduce alcohol-drinking in rats of both
sexes.

Both semaglutide doses decreased alcohol intake in
male (Fig. 1B and C) and female (Fig. 1D and E) rats. In
male rats, compared to vehicle (n = 12) there was an
overall interaction (F(8,176) = 7.64, P < 0.0001) and time
(F(8,176) = 8.44, P < 0.0001), but not treatment
(F(1,22) = 0.69, P = 0.4160), effect on alcohol intake by
semaglutide (0.026 mg/kg, n = 12) (two-way ANOVA,
with repeated measures). Specifically, this decrease was
evident at alcohol drinking session 1 and 7 (P < 0.05, S7;
P < 0.001, S1; Tukey’s posthoc test). Additionally in
males, in comparison to vehicle (n = 12) there was an
overall interaction (F(8,176) = 7.81, P < 0.0001), time
(F(8,176) = 24.43, P < 0.0001) and tend toward treatment
(F(1,22) = 3.86, P = 0.0623) effect on alcohol drinking by
semaglutide (0.052 mg/kg, n = 12) (two-way ANOVA,
with repeated measures). The lowered alcohol intake
was shown at each alcohol session (P < 0.001, S7;
P < 0.0001, S1, S4; Tukey’s posthoc test). Moreover,
semaglutide (0.026 mg/kg) decreased the preference for
alcohol, without altering the water intake or total fluid
intake and reduced body weight (Supplementary
Fig. S2A–D, I). It is further found in males that the
higher semaglutide dose (0.052 mg/kg) had an overall
interaction effect on alcohol preference, and that the
posthoc tested revealed a lowered alcohol preference at
session 8 and trend towards a reduction at session 5
(Supplementary Fig. S2E and I). Moreover, semaglutide
(0.052 mg/kg) decreased water, total fluid and the body
weight in males (Supplementary Fig. S2F–H and I).

As in male rats, both semaglutide doses reduced
alcohol intake in female rats (Fig. 1D–E). Specifically,
there was an overall interaction (F(8,176) = 7.86,
P < 0.0001) and time (F(8,176) = 10.71, P < 0.0001), but
not treatment (F(1,22) = 2.64, P = 0.1183), effect on
alcohol consumption by semaglutide (0.026 mg/kg,
n = 12) compared to vehicle (n = 12) (two-way ANOVA,
with repeated measures). This reduction was observed
at each alcohol drinking session (P < 0.05, S4; P < 0.001,
S1, S7; Tukey’s posthoc test). Moreover, semaglutide
(0.052 mg/kg, n = 12) had an overall interaction
(F(8,176) = 14.30, P < 0.0001) and time
(F(8,176) = 41.22, P < 0.0001), but not treatment
(F(1,22) = 2.39, P = 0.1363), effect on alcohol intake
compared to vehicle (n = 12) (two-way ANOVA, with
repeated measures). The ability of semaglutide to reduce
alcohol intake was found at each alcohol drinking ses-
sion (P < 0.0001, S1, S4, S7; Tukey’s posthoc test). Both
doses of semaglutide decreased the preference for
alcohol, increased both water intake, and total fluid
intake as well as lowered the overall body weight in fe-
male rats (Supplementary Fig. S3A–H and I).

For both male and female rats, alcohol intake did not
differ between treatment groups on days without sem-
aglutide injections, suggesting that the drug was fully
metabolised between sessions (data not shown).

In rats of both sexes, the dose of 0.052 mg/kg
reduced alcohol consumption more than 0.026 mg/kg
(Supplementary Fig. S4A, B and M). This dose-
response effect was also true for food intake, but not
for the body weight reduction (Supplementary
Fig. S4C–F and M). Moreover, the dose of 0.026 mg/
kg reduced alcohol intake and food intake with the
same magnitude in both sexes (Supplementary
Fig. S4G, H and M). For this dose there was an
overall interaction effect on body weight between
sexes, where the reduction tended to be higher in
males (Supplementary Fig. S4I and M). The dose of
0.052 mg/kg decreased alcohol intake more in fe-
males, while it decreased food intake and body weight
to a greater extent in males (Supplementary Fig. S4J–L
and M).

Repeated semaglutide treatment reduced alcohol
intake in both sexes (Fig. 1G–H). In male rats, there was
an overall treatment (F(1,22) = 13.46, P = 0.0013) and
time (F(4,88) = 12.45, P < 0.0001), but not interaction
(F(4,88) = 0.63, P = 0.6421), effect on alcohol drinking by
semaglutide (n = 12) compared to vehicle (n = 12) (two-
way ANOVA with repeated measures). This decline was
evident at drinking session 2, 3 and 4 (P < 0.05, S2, S3;
P < 0.01, S4; Tukey’s posthoc test). Moreover, in males,
repeated semaglutide treatment neither altered the
alcohol preference or water intake, but had an overall
reduction on total fluid intake and decreased the body
weight (Supplementary Fig. S5A–D and I).

In female rats, semaglutide (n = 12) had an overall
treatment (F(1,22) = 13.68, P = 0.0013) and time
(F(4,88) = 26.61, P < 0.0001), but not interaction
(F(4,88) = 0.47, P = 0.7553), effect on alcohol drinking
compared to vehicle (n = 12) (two-way ANOVA with
repeated measures). Semaglutide lowered alcohol con-
sumption at each session in females (P < 0.05, S1;
P < 0.01, S2, S3, S4, S5; Tukey’s posthoc test). Addi-
tionally, in females, repeated semaglutide treatment
decreased alcohol preference, and body weight, and
increased water intake and tended to enhance total fluid
intake (Supplementary Fig. S5E–H and I).

Just as for acute treatment, the ability of repeated
semaglutide to reduce alcohol drinking or food intake,
was similar between sexes, whereas the body weight
reduction was more evident in males (Supplementary
Fig. S6A–C and D). No animals were excluded in
these initial alcohol drinking experiments. While each
www.thelancet.com Vol 93 July, 2023
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experiment was only conducted once, the use of
different doses and acute versus repeated treatment
show the same treatment outcome.

Semaglutide treatment prevents alcohol drinking
after withdrawal in alcohol-drinking male and
female rats
An essential characteristic of AUD patients is their
inability to refrain from alcohol consumption during
abstinence, making it a critical feature to address in
treatment. Therefore, the ability of semaglutide to pre-
vent relapse-like drinking in the alcohol deprivation
model was tested in alcohol exposed rats of both sexes.
In males, withdrawal induced a relapse drinking
(t (13) = 3.29, P = 0.0059, n = 14; paired t-test), and this
relapse-like drinking was blocked by semaglutide
(t (14) = 2.67, P = 0.0187, n = 15; paired t-test) (data not
shown). Specifically, the % increase in alcohol intake
from baseline was reduced by semaglutide (t (27) = 3.66,
P = 0.0011; Fig. 1J; unpaired t-test). Moreover, the
alcohol intake was lower in male rats treated with
semaglutide at 24 (t (27) = 5.09, P < 0.0001, unpaired t-
test) and 48 (t (27) = 5.03, P < 0.0001, unpaired t-test)
hours after treatment (Fig. 1K). In this alcohol depriva-
tion experiment, semaglutide decreased alcohol prefer-
ence and food intake, increased water and total fluid
intake, whereas it reduced body weight change in males
(Supplementary Fig. S7A–M and AB). Two vehicle and
two semaglutide treated male rats were excluded due to
leaking bottles.

In female rats, alcohol withdrawal showed a trend
towards relapse-like drinking (t (14) = 1.18, P = 0.1287,
n = 14, paired t-test) and this was not evident after
semaglutide treatment (t (15) = 4.65, P = 0.0003, n = 16;
paired t-test) (data not shown). In addition, the % in-
crease in alcohol intake from baseline was reduced by
semaglutide (t (29) = 3.14, P = 0.0039, unpaired t-test;
Fig. 1L). Similarly, semaglutide lowered the alcohol
intake 24 (t (29) = 3.99, P = 0.0004) and 48 (t (29) = 3.79,
P = 0.0007) hours after treatment (Fig. 1M; unpaired t-
test). Furthermore, in females semaglutide decreased
alcohol preference and food intake, increased water and
total intake, whereas it lowered the body weight change
(Supplementary Fig. S7N–Z and AB). One vehicle
treated female rat was excluded due to leaking bottles.

Semaglutide decreases food intake in both male
and female alcohol-drinking rats
Acute or repeated treatment with semaglutide, at both at
doses, decreased food intake in male (Fig. 2A–C) and
female (Fig. 2D–F) rats. In males, there was an overall
effect on food intake by 0.026 mg/kg of semaglutide
(time, F(8,176) = 33.75, P < 0.0001; treatment,
F(1,22) = 24.45, P < 0.0001; interaction, F(8,176) = 52.38,
P < 0.0001; two-way ANOVA, with repeated measures).
Specifically, this decrease was evident at all alcohol
drinking sessions (P < 0.001; Tukey’s posthoc test). It was
www.thelancet.com Vol 93 July, 2023
further evident in males, that there was an overall effect
on food intake by 0.052 mg/kg of semaglutide (time,
F(8,176) = 85.12, P < 0.0001; treatment,
F(1,22) = 50.40, P < 0.0001; interaction, F(8,176) = 84.29,
P < 0.0001; two-way ANOVA, with repeated measures).
This reduction was evident at all alcohol drinking ses-
sions (P < 0.001; Tukey’s posthoc test). Additionally in
males, repeated treatment with semaglutide (0.026 mg/
kg) had an overall treatment (F(1,22) = 41.03, P < 0.0001),
interaction (F(4,88) = 11.59, P < 0.0001), but not time
(F(4,88) = 1.15, P = 0.3391), effect on food intake (two-
way ANOVA, with repeated measures). The lowered food
intake was found at each treatment session (P < 0.05, S5;
P < 0.01, S4; P < 0.0001, S1, S2, S3 Tukey’s posthoc test).

In female rats, there was an overall effect on
food intake by 0.026 mg/kg of semaglutide (time,
F(8,176) = 19.30, P < 0.0001; treatment,
F(1,22) = 13.70, P = 0.0012; interaction,
F(8,176) = 29.28, P < 0.0001; two-way ANOVA, with
repeated measures). Specifically, this decrease was
evident at all alcohol drinking sessions (P < 0.001;
Tukey’s posthoc test). An overall effect on food intake
by 0.052 mg/kg of semaglutide was further found in
females (time, F(8,176) = 77.28, P < 0.0001; treat-
ment, F(1,22) = 29.02, P < 0.0001; interaction,
F(8,176) = 71.93, P < 0.0001; two-way ANOVA, with
repeated measures). This reduction was evident at all
alcohol drinking sessions (P < 0.001; Tukey’s posthoc
test). On a similar note, repeated treatment of sem-
aglutide (0.026 mg/kg) decreased the intake of food
(time, F(4,88) = 2.82, P = 0.0296; treatment,
F(1,22) = 26.49, P < 0.0001; interaction, F(4,88) = 7.64,
P < 0.0001). The lowered food intake was evident at
each alcohol drinking session (P < 0.05, S3, S5;
P < 0.0001, S1, S2; Tukey’s posthoc test).

Semaglutide reduces alcohol-induced activation of
the mesolimbic dopamine system in male mice
The hypothesis that semaglutide inhibits alcohol-
induced hyperlocomotion and lowers the dopamine
levels in NAcS was tested in male mice. This was based
on previous findings that alcohol consumption in-
creases dopamine levels in the NAcS in both humans
and rodents, which is linked to locomotor stimulation in
mice.4–8 Moreover, this dopamine increase is associated
with alcohol’s rewarding experience in humans and
contributes to an increased risk for an AUD diagnosis
later on.3,10 Intriguingly, semaglutide blocked the
alcohol-induced locomotor stimulation and dopamine
release in NAcS in male mice (Fig. 2A–B).

Supportively, there was an overall effect
(F(3,53) = 8.20, P = 0.0001; one-way ANOVA) on loco-
motor activity after acute administration of semaglutide
followed by alcohol treatment. Compared to vehicle
(n = 12), alcohol (n = 18) caused a locomotor stimulation
(P = 0.0015; Bonferroni posthoc test). This locomotor
stimulation was blocked by semaglutide (P = 0.0027;
11
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Fig. 2: Semaglutide reduces the intake of food in alcohol drinking male and female rats. In male rats, semaglutide at both doses, (A)
0.026 mg/kg (n = 12) and (B) 0.052 mg/kg (n = 12) reduce the overall food intake compared to vehicle (n = 12 in each test); a reduction evident
at each treatment session. (C) Compared to vehicle (n = 12), repeated semaglutide treatment (0.026 mg/kg) lowers the overall intake of food in
male rats. This decline is found at each treatment session. Similarly, compared with vehicle (n = 12 in each test) both semaglutide doses, (D)
0.026 mg/kg (n = 12) and (E) 0.052 mg/kg (n = 12), decrease food intake at each treatment drinking session in female rats. (F) Additionally, in
comparison to vehicle (n = 12), repeated semaglutide treatment (0.026 mg/kg, n = 12) decreases the food intake in females, a reduction evident
at alcohol drinking session 1, 2, 3 and 5. Overall interaction effect (A–F) from two-way ANOVA with repeated measures is stated in the figure.
Experiments were not replicated Data are presented as mean ± SEM, significant data are illustrated by *P < 0.05, **P < 0.01, ***P < 0.001.
Syringe indicates time of injection.
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Bonferroni posthoc test, n = 15). Semaglutide (n = 12)
had no effect on locomotor activity compared to vehicle
(P > 0.999; Bonferroni posthoc test). Although this lo-
comotor activity test was not replicated, internal-
replication should be considered. Indeed, each run
tests 6 mice, allowing for 10 replicates with similar
treatment response between each run. Three male mice
were excluded from the semaglutide-alcohol group due
to pre-set exclusion criteria. The male mice had similar
level of activity at habituation (Supplementary Fig. S8A
and E). Effects of alcohol and semaglutide on other lo-
comotor activity parameters are shown in
Supplementary Fig. S8B–D and E.

In male mice, acute administration of semaglutide
followed by an alcohol injection had an overall effect on
the in vivo levels of dopamine in NAcS (time,
F(14,504) = 2.57, P = 0.0014; treatment, F(3,36) = 7.91,
P = 0.0004; interaction, F(42,504) = 2.03, P = 0.0002;
two-way ANOVA with repeated measures). Compared to
vehicle (n = 12), alcohol (n = 11) caused a dopamine
release (40 min, P = 0.0003; 60 min, P < 0.0001; 80 min,
P = 0.0009; 100 min, P < 0.0001; 120 min, P = 0.0006;
140 min, P = 0.0133; 180 min, P < 0.0001; Tukey’s
posthoc test). Semaglutide (n = 8) lowered the dopamine
release in NAcS after alcohol (60 min, P = 0.0401;
180 min, P = 0.0327; Tukey’s posthoc test). Moreover,
semaglutide did not affect activity or dopamine per se
(n = 9, Tukey’s posthoc test). Moreover, there was an
overall effect on AUC (F(3,36) = 6.36, P = 0.0014, two-
way ANOVA; data not shown), where alcohol
increased the AUC of the dopamine release (P = 0.0021,
Bonferroni posthoc test), and semaglutide did not alter
www.thelancet.com Vol 93 July, 2023
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dopamine per se (P > 0.999, Bonferroni posthoc test) and
tended to reduce the alcohol-induced increase
(P = 0.1681, Bonferroni posthoc test). 14 mice were
excluded due to pre-set criteria. While these experi-
ments were not replicated, intra-experiment replication
should be considered as each experiment tests 6 mice
and there was a similar treatment response between
each run.

As further shown in male mice, semaglutide
(10.6 ± 5.0%, n = 8) did not inhibit the memory
consolidation of alcohol reward (9.5 ± 4.1%, n = 8) in the
CPP paradigm (t14 = 1.70, P = 0.8677), at a dose of
semaglutide that did not affect the mCPP per se
(t14 = 0.32, P = 0.7547; vehicle, 0.4 ± 4.5%;
semaglutide −1.7 ± 4.7%, n = 8 per group). No animals
were excluded due to pre-set exclusion criterion and
these experiments were not replicated.

Semaglutide decreases the consumption of
rewarding foods in alcohol-naïve male mice
In an attempt to further support semaglutide’s ability
to suppress reward-associated behaviours, experiments
were conducted on alcohol-naïve male mice to observe
their responses to rewarding food46 in the presence of
semaglutide. Supportively, semaglutide lowered the 4-
h intake of peanut butter (t (22) = 3.85, P = 0.0009,
unpaired t-test; n = 12 per treatment group) and
Nutella (t (14) = 3.03, P = 0.0090, unpaired t-test; n = 8
per treatment group) (Fig. 3C–D). Although semaglu-
tide in both experiments increased chow intake as a
compensation, it reduced the total caloric intake and
the preference for rewarding foods (Supplementary
Fig. S9A–G). Furthermore, semaglutide had similar
effects on the 2-h timepoint (Supplementary
Fig. S10A–I). No animals were excluded due to the
pre-set exclusion criterion and these experiments were
not replicated.

Fluorescently labelled semaglutide is detected in
NAcS in alcohol-drinking male and female rats
As semaglutide attenuates dopamine release in NAcS by
alcohol, the possibility that CY3-semaglutide reaches
NAcS after its systemic administration was imaged in
alcohol-drinking male and female rats. In this experi-
ment, a CY3-semaglutide signal was detected in NAcS
while no CY3-semaglutide signal was detected after
vehicle injection (Fig. 3E–H).

Semaglutide enhances metabolism of dopamine in
NAc of male mice when alcohol is onboard
As semaglutide supressed the ability of alcohol to acti-
vate the mesolimbic dopamine system in male mice and
as CY3-semaglutide was detected in NAcS, the possi-
bility that semaglutide augments the dopamine meta-
bolism in NAc was tested.

By means of in vivo microdialysis experiments
(number of animals identical to above in vivo
www.thelancet.com Vol 93 July, 2023
experiments, and no replication of experiment), the
levels of dopamine metabolites were measured in NAc
of semaglutide treated male mice with alcohol onboard.
In male mice treated with semaglutide together with
alcohol, there was an overall effect on DOPAC levels in
NAcS (treatment, F(3,36) = 6.10, P = 0.0018; time,
F(14,504) = 10.17, P < 0.0001; interaction,
F(42,504) = 3.92, P < 0.0001, two-way ANOVA with
repeated measures; Fig. 4A). Alcohol increased DOPAC
levels compared to vehicle (40 min, P = 0.0247, 60 min,
P = 0.0120; 80 min, P = 0.0001; 100 min, P = 0.0089;
Tukey’s posthoc test). An increase was also evident in
male mice treated with both semaglutide and alcohol
(40 min, P < 0.0001; 60 min, P < 0.0001; 80 min,
P < 0.0001; 100 min, P < 0.0001; 140 min, P = 0.0247;
Tukey’s posthoc test). Compared to alcohol alone, the
combination of semaglutide and alcohol elevated
DOPAC (40 min, P < 0.0001; 60 min, P = 0.0308;
Tukey’s posthoc test). Similarly, there was an overall
effect on HVA levels in NAcS of male mice treated with
semaglutide together with alcohol (treatment,
F(3,36) = 10.47, P = 0.0468; time, F(14,504) = 2.85,
P = 0.0004; interaction, F(42,504) = 1.92, P = 0.0007;
two-way ANOVA with repeated measures; Fig. 4B) in
male mice. Compared to vehicle (40 min, P < 0.0001;
60 min, P = 0.0040; 80 min, P = 0.0011; 100 min,
P = 0.0026; 120 min, P = 0.0233; 140 min, P = 0.0107;
160 min, P = 0.0048; Tukey’s posthoc test) or alcohol
(40: P = 0.0071; Tukey’s posthoc test), the combination
of semaglutide and alcohol enhanced the HVA levels in
NAcS. Semaglutide alone did neither affect DOPAC or
HVA.

In separate experiment of male mice, the expression
of enzymes degrading dopamine was measured as an
increased expression of dopamine metabolising en-
zymes could explained the increase in dopamine me-
tabolites. In these experiments, semaglutide together
with alcohol increased the NAc gene expression of
MAOA (t (8) = 2.38, P = 0.0447, unpaired t-test) and
COMT (t (8) = 6.41, P = 0.0002, unpaired t-test), but not
MAOB (t (8) = 0.83, P = 0.4322, unpaired t-test) or DAT
(t (8) = 0.0002, P = 0.9966, unpaired t-test) compared to
alcohol (Fig. 4C–F, n = 5 for each treatment group). No
animals were excluded due to pre-set exclusion criterion
and experiments were not replicated.

Semaglutide influences the metabolism of
dopamine in NAc of alcohol-drinking male and
female rats and enhances dopamine driven
behaviours in alcohol naïve male and female rats
To confirm the enhanced dopamine metabolism
observed in male mice, ex vivo levels of dopamine and
its metabolites were measured in NAc in alcohol-
drinking male and female rats treated with semaglu-
tide. Semaglutide enhanced ex vivo dopaminergic
neurotransmission in NAcS and NAcC (Panel A,
Supplementary Fig. S12A–X) of alcohol-drinking rats of
13
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Fig. 3: In male mice, semaglutide attenuates the alcohol-induced locomotor stimulation and dopamine release in nucleus accumbens
shell as well as decreases the consumption of rewarding foods. (A) Compared to vehicle (n = 12), alcohol (n = 18) causes a locomotor
stimulation, and acute administration of semaglutide (0.026 mg/kg, n = 15) blocks the alcohol-induced locomotor stimulation in male mice.
Additionally, semaglutide (n = 12) does not affect the activity of mice per se. (data analysed with one-way ANOVA) (B) In comparison to vehicle
(n = 12), alcohol (n = 11) enhances the dopamine levels in nucleus accumbens shell of male mice. Semaglutide (n = 8) attenuates the ability of
alcohol to increase dopamine in male mice, while it (n = 9) alone does not alter the dopamine levels. Data analysed with a two-way ANOVA
with repeated measures. Together these findings indicate that semaglutide supresses the reward-like behaviours associated with alcohol of male
mice. In further support for semaglutide’s ability to suppress reward, it reduces the 4-h intake of (C) peanut butter (n = 12 per group) and (D)
Nutella (n = 8 per group) in male mice. Data analysed with unpaired t-test. These findings have led to the hypothesis that semaglutide acts
within the nucleus accumbens shell. (E) Illustration of the selected part of nucleus accumbens shell where the fluorescently labeled semaglutide
(CY3-semaglutide) is detected. After systemic administration, CY3-semaglutide is detected in nucleus accumbens shell of alcohol drinking (F)
male and (G) female rats. (H) This signal not found in alcohol drinking rats injected with vehicle. Experiments were not replicated. Data are
presented as mean ± SEM, significant data are illustrated by *P < 0.05, **P < 0.01, ***P < 0.001. +P < 0.05, ++P < 0.001 when comparing
vehicle-alcohol versus semaglutide-alcohol in the microdialysis experiment.

Articles

14
both sexes. Effects of semaglutide on dopamine driven
behaviours24,25 was tested to support the ability of sem-
aglutide to influence dopamine signalling. Supportively,
in alcohol-naïve rats of both sexes semaglutide
increased exploration and novelty-seeking (Panel B,
Supplementary Fig. S12A–L). No animals were excluded
due to pre-set exclusion criterion (n = 10 per treatment
group) and the experiments were not replicated.
www.thelancet.com Vol 93 July, 2023

www.thelancet.com/digital-health


A B

C E

D F

Fig. 4: Semaglutide enhances dopamine metabolism in nucleus accumbens when alcohol is onboard. The in vivo microdialysis experiment
reveals that the (A) DOPAC and (B) HVA levels in nucleus accumbens (NAc) shell are higher in male mice treated with the combination of
semaglutide and alcohol compared to those treated with only alcohol (n = 12 for vehicle–vehicle, n = 18 for vehicle-alcohol, n = 12 for
semaglutide-vehicle, n = 15 for semaglutide-alcohol; two-way ANOVA with repeated measures). These results indicate that semaglutide en-
hances the metabolism of dopamine when alcohol is onboard. In support, the NAc gene expression of (C) MAOA and (D) COMT, but not (E)
MAOB and (F) DAT, is higher in male mice treated with both semaglutide and alcohol compared to those treated with alcohol (n = 5 for both
treatment groups, unpaired t-test). Experiments were not replicated. Data are presented as mean ± SEM, significant data are illustrated by
*P < 0.05, **P < 0.01, ***P < 0.001 in comparison to vehicle treatment; +P < 0.05, ++P < 0.01, +++P < 0.001 when comparing alcohol treatment
to the combination of semaglutide and alcohol.
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Effects of semaglutide and alcohol on
neurotransmission and gene expression in other
brain regions
Further data was obtained from the above experiments
and these were analysed to explore the possibility of
semaglutide to alter neurotransmission in other brain
areas (n = 5–7, samples excluded due to pre-set
www.thelancet.com Vol 93 July, 2023
exclusion criterion). Supplementary material summa-
rises the effects of i) effects on monoaminergic neuro-
transmission in NAcS and NAcC of alcohol-drinking
male and female rats (Supplementary Table 1), ii)
semaglutide and alcohol treatment on gene expression
in the VTA of male mice (Supplementary Fig. S13A–D
and Q), iii) semaglutide treatment on ex vivo
15

www.thelancet.com/digital-health


Articles

16
neurotransmission in VTA of alcohol-drinking rats of
both sexes (Supplementary Fig. S13E–P and Q and
Supplementary Table S1) and iv) monoaminergic
neurotransmission in laterodorsal tegmental area, par-
aventricular thalamus, lateral septum from alcohol-
drinking male and female rats (Supplementary
Table S2). From these additional analysis VTA of male
mice/rats was found as one region of interest. Experi-
ments were not replicated.

The in vivo microdialysis experiment indicated that
male mice’s neurotransmission in NAc remained un-
affected by semaglutide administration alone. We
therefore hypothesised that semaglutide does not acti-
vate neurons in NAc when given alone. Supportively,
semaglutide did not affect cAMP in NAc of male mice,
while it tended to increase cAMP in amygdala, without
affecting cAMP in VTA or NTS (Supplementary
Fig. S14A–D and E, 6 and 7 per treatment group).
Three samples excluded due to the pre-set exclusion
criterion. Experiments were not replicated.

Semaglutide influences anxiety-like behaviours in
alcohol naïve female rats
Semaglutide effects on activity and anxiety-like behav-
iours were tested as such behaviours are tentative con-
founding factors towards semaglutide’s ability to reduce
alcohol intake. In alcohol naïve rats with a similar ac-
tivity during habituation, semaglutide increased dis-
tance travelled, vertical counts and average velocity in
males and elevated time in inner zone in females in a
locomotor activity test (Supplementary Fig. S15A–L and
S; n = 10 per treatment group). Although semaglutide
did not influence anxiety-like behaviours of male rats, it
decreased time in centre and increased time in closed
arms in females in an EPM test (Supplementary
Fig. S15M–R and S; n = 10 per treatment group). No
animals were excluded due to pre-set exclusion crite-
rion, and experiments were not replicated.
Discussion
In this study, we present a diverse range of behavioural,
molecular, and neurochemical evidence that supports
the ability of semaglutide to significantly reduce alcohol-
related responses in male and female rats, highlighting
its potential as a promising treatment option for AUD.

While previous research demonstrated that a single
injection of a higher dose of semaglutide (0.1 mg/kg)
can decrease alcohol consumption in male rats,23 our
study builds upon these findings. Specifically, we pro-
vide new evidence that acute treatment with low sem-
aglutide doses (0.026 and 0.052 mg/kg) profoundly and
dose-dependently suppressed alcohol drinking in both
male and female rats. Besides establishing a dose-
response effect, these data defined a low dose that
reduced alcohol drinking that potentially may be asso-
ciated with less side-effects. Similarly, the decline in
alcohol intake in both sexes was found throughout the
repeated semaglutide treatment period. Although a
profound reduction over time shows promise for the
treatment of patients with AUD, further studies are
necessary to evaluate the efficacy of semaglutide when
administered for prolonged periods. Given that high
intake over prolonged period of time is important for
the manifestation of the disease, we hypothesise that
semaglutide might be helpful for treatment of AUD.
While a profound and similar decrease in alcohol intake
was observed by the 0.026 mg/kg dose in rats of both
sexes, the reduction was more evident in females after
the higher dose (0.052 mg/kg). A sex-dependent effect
was also evident by dulaglutide, another GLP-1R
agonist, as its alcohol lowering ability is more pro-
nounced in males compared to females.17 Moreover,
semaglutide reduced the preference for alcohol in both
sexes. Specifically, semaglutide at 0.026 mg/kg dose
acutely decreased alcohol preference in male and female
rats. Repeated treatment with this dose tended to
decrease preference in males and significantly reduced
it in females. The 0.052 mg/kg dose lowered preference
in females, but the outcome was unclear in males as it
declined both alcohol and water intake. Alcohol with-
drawal induced relapse-like drinking in male rats and
tended to increase it in females, and semaglutide pre-
vented this relapse-like drinking in both males and fe-
males. This finding might be relevant in humans as the
inability to abstain from alcohol is a central aspect for
patients with AUD. As further found in this relapse-like
drinking experiment, the ability of semaglutide to
reduce alcohol intake was evident both at 24 and 48 h
after treatment. These findings are consistent with
previous studies with other GLP-1R agonists in
rodents15–17,59 and in overweight AUD patients,19 and
they may therefore be indicative of a beneficial clinical
use. Furthermore, semaglutide can be administered
orally once weekly, an advantage for the prospective use
in patients with AUD.60 One additional benefit of sem-
aglutide is that, similar to dulaglutide, liraglutide, and
exendin-4,15,17,28 it did not exhibit tolerance towards its
alcohol suppressing properties. On the other hand, five
treatment sessions might be too few to identify toler-
ance, however this was not the case for liraglutide.15 It
should also be noted that rats, rather than mice were
used for the present drinking experiments. Although
up-coming experiments should evaluate the impact of
semaglutide on alcohol drinking in mice, a similar
outcome is expected as another GLP-1R agonist, exen-
din-4, reduces alcohol intake in both species.16,18,27–29,61

On a similar note, pharmaceuticals targeting ghrelin,
another the gut-brain, display a similar outcome in rats
and mice.30,62–64

Here, we demonstrated in male mice that semaglu-
tide attenuated the alcohol-induced locomotor stimula-
tion and lowered the release of dopamine in NacS after
alcohol, a finding in accordance with data on other GLP-
www.thelancet.com Vol 93 July, 2023
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1R agonists.15,16,65 We therefore suggest that semaglu-
tide’s ability to suppress alcohol-induced activation of
the mesolimbic system, and tentatively reward, is one
aspect that contribute towards its ability to reduce
alcohol consumption and prevent relapse-like drinking.
As reward cannot be directly measured in rodents, hu-
man studies are warranted to investigate the potential of
semaglutide on the rewarding experience of alcohol.
Notably, these findings might be relevant as the expe-
rience of alcohol reward is a risk factor for AUD diag-
nosis later in life.10 It should however be noted that
reward is one aspect controlling alcohol consumption
and factors like impulsivity, stress reactivity and
continued intake despite negative consequences also
modulate alcohol drinking. Up-coming rodent and hu-
man tests should therefore explore the potential of
semaglutide to modulate such factors. The ability of
semaglutide to suppress activation of the mesolimbic
dopamine system, and tentatively reward was further
evident as it reduced both the intake and preference for
rewarding foods in alcohol-naïve male mice. On a
similar note, exendin-4 reduces the consumption of
rewarding foods and the reward thereof.61,66–71 It should
however be noted that semaglutide also increased the
chow intake, an outcome plausibly due to compensation
for the decrease in rewarding foods. Since semaglutide
decreases chow intake in situations where no rewarding
food is available,35,72 the present data implies that sem-
aglutide reduces the intake of the most rewarding food
in a choice situation. The exclusion of female mice in
these mice experiments is a limitation, as the possibility
of sex-specific effects of semaglutide on these behav-
iours cannot be ruled out.

While we suggest that semaglutide reduces alcohol
consumption due to reward attenuation, at least in
males, other factors might influence the obtained data.
One of these is malaise, a common side effect by GLP-
1R agonists,73 including semaglutide.74 However, this
appears less likely as semaglutide blocked the alcohol-
induced hyperlocomotion and lowered the elevated
dopamine levels in NacS, which both are alcohol-related
responses not affected by malaise.4,6,75–77 As low doses of
semaglutide do not cause malaise in one, but not in
another study,74,78 the effects of low semaglutide doses
on conditioned taste aversion or pica intake in rodents
exposed to alcohol should be explored. Another tentative
confounding factor is memory alteration, which is
improbable as we show that semaglutide did not alter
the memory of alcohol reward in the CPP test. While
sedation could potentially account for the reduced
alcohol consumption observed, it is improbable due to
the increased activity observed during locomotor activity
testing with semaglutide administration alone.
Although not investigated in this study, increased stress
is unlikely to be a contributing factor as all GLP-1R
agonists tested decrease alcohol consumption, but
either increase or decrease corticosterone.79,80 As
www.thelancet.com Vol 93 July, 2023
opposed to exendin-4 and GLP-1,81 semaglutide slightly
enhanced anxiety-like behaviours in female rats which
might influence the obtained data and further suggests
that anxiety levels should carefully be monitored in
anxiety prone patients, and in particular women, treated
with semaglutide. The possibility that the caloric content
of alcohol influences the suppressed alcohol consump-
tion by GLP-1R agonists is less likely as they show
similar effects on drugs that, of course, do not have
calories.65–69 Although the semaglutide solution con-
tained other substances that could potentially affect the
obtained data, the extensive dilution makes it less likely
to have had a significant impact.

The present data further demonstrated that sem-
aglutide together with alcohol enhanced the dopamine
metabolism in NAc of male subjects. In male mice, the
combined treatment of alcohol and semaglutide resulted
in an increase in the in vivo levels of both DOPAC and
HVA in NAcS, which may be attributed to the upregu-
lated gene expression of MAOA and COMT in NAc.
Although tested at different conditions, similarities be-
tween rats and mice in this regard appear to exist.
Indeed, alcohol-drinking male rats treated with sem-
aglutide displayed enhanced ex vivo levels of dopamine
metabolites in both NAcS and NAcC. The elevated
dopamine metabolism evident in male mice and rats
may be due to a direct effect of semaglutide in NAc.
Supportively, fluorescently labelled semaglutide was
detected in this region in alcohol-drinking male rats
after its systemic administration. It should however be
noted that semaglutide did not increase cAMP, dopa-
mine, HVA or DOPAC in NAc of alcohol-naïve male
mice, indicating that alcohol is necessary for semalgu-
tide to alter dopamine metabolism. Given that dopa-
mine in NAc is associated to alcohols rewarding
properties3 and that treatment-induced enhancement of
dopamine metabolism reduces dopamine levels in NAc,
we postulate that semaglutide attenuates the reward-like
responses to alcohol. The NAc receives dopaminergic
innervation from the VTA, a region mediating reward-
related processes and the dopamine release in
NAc.59,69,82 It is therefore of interest that the combination
of alcohol and semaglutide reduced genes expression of
dopamine metabolising enzymes in male mice and
decreased the ex vivo levels in alcohol-drinking male
rats. A reduced dopamine tone within the VTA may thus
also contribute to semaglutide’s ability to suppress
alcohol-related responses. The findings that semaglutide
increased dopamine-driven behaviours such as explo-
ration and novelty-seeking83 provide further support for
its interaction with dopamine signalling.

It should be further noted that semaglutide attenu-
ated the alcohol-induced dopamine release through
enhanced dopamine metabolism rather than increased
dopamine reuptake. Notably, the gene expression of
DAT was unaffected by treatment in male mice. The
effects of semaglutide and alcohol on in vivo levels of
17
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dopamine metabolites and gene expression were not
studied in female rats, and different mechanisms may
be relevant for females. However, it is worth noting that
the potential relevance of the interaction between sem-
aglutide, alcohol and dopamine for females cannot be
dismissed. Supportively, ex vivo neurochemical data
demonstrated changes in dopamine metabolism in the
NAc of female rats that consumed alcohol. Additionally,
after systemic administration of fluorescently labelled
semaglutide, it was detected in NAc of female rats
exposed to alcohol.

In the present study, the fluorescently labelled sem-
aglutide was detected in NAcS of both male and female
alcohol-drinking rat, indicating that semaglutide exerts
its effects locally in the NAc. As it previously has been
suggested that semaglutide mainly penetrates circum-
ventricular organs and that its distribution is limited,35

we suggest an increased BBB penetration following
alcohol drinking84 may contribute to the ability of sem-
aglutide to reach NAc. A role of GLP-1R in NAc in
modulating alcohol response are provided by previous
data demonstrating that local infusion of exendin-4 into
NAcS decreases alcohol consumption in rats of both
sexes.31,85 Moreover, the NAc expression of the GLP-1R
gene is elevated in high-compared to low-alcohol
preferring rats.31 Although it remains to be demon-
strated in upcoming studies, we propose that semaglu-
tide acts within the NAc to enhance dopamine
metabolism which in turn suppresses alcohol-induced
reward and decreases alcohol drinking.

While dopamine in the NAc appears to play a crucial
role in the interaction between alcohol and semaglutide,
other reward-related areas such as the amygdala86,87 may
also be of interest. It is worth noting that semaglutide
tended to increase cAMP in this region in alcohol naive
mice. Unlike the lateral septum, the laterodorsal
tegmental area and paraventricular thalamus, which
showed altered monoaminergic neurotransmission in
alcohol-drinking rats, may also be of interest for the
understanding semaglutide’s mechanisms of action.

In addition to the observed reduction in alcohol
intake, semaglutide dose-dependently decreased chow
intake and reduced body weight in alcohol-drinking
male and female rats. Moreover, semaglutide reduced
the total caloric intake in alcohol-naïve male mice.
Supportively, preclinical and clinical studies show an
anorexigenic effect by higher semaglutide doses21,35,88,89

and by other GLP-1R agonists.15,90–92 Moreover, a body
weight reduction is evident by semaglutide, dulaglutide,
liraglutide and exendin-4 in obese rodents35,88,93,94 and by
dulaglutide and liraglutide in alcohol-drinking rats.17,23

While 0.026 mg/kg of semaglutide reduced feeding
similarly in both sexes, the dose of 0.052 mg/kg had a
more profound effect in males. Moreover, the reduction
in body weight by both semaglutide doses was more
pronounced in males. The mechanisms behind the
observed sex differences in response to GLP-1R agonists
remain unclear, but could be related to sex hormones.
Indeed, oestrogen has been shown to influence the
response to these agonists in feeding studies.95,96

Moreover, pharmacokinetic differences and sex-
specific molecular mechanisms like monoamines in
the VTA may also play important roles.

The findings that semaglutide reduced alcohol and
food intake, lowered body weight in both male and fe-
male rats, and decreased the intake of rewarding foods
in male mice, collectively indicate that semaglutide has
an overall suppressive effect on motivation for rewards.
On a similar note, other GLP-1R agonists have been
shown to attenuate the responses to addictive drugs
including nicotine, cocaine and opioids (for review
see97). Moreover, activation of GLP-1R has been shown
to suppress the reward value associated with food and
reduce the motivation to acquire both ordinary chow
and highly rewarding food items.98 The impact of GLP-1
on the overall motivation for rewards appears to extend
to other gut-brain peptides. For instance, ghrelin has
been shown to enhance responses to alcohol, drugs of
abuse and foods.97,98

It is worth noting that semaglutide exhibits a dif-
ferential effect on water consumption based on sex.
Specifically, an increase in water intake was observed in
females, whereas males showed no change or a decrease
in water intake. On a similar note, other GLP-1R ago-
nists increase water intake in males. Whether this
elevation in females is a consequence of the decreased
alcohol intake or depends on neurobiological un-
derpinnings remains unknown.15–17 It is worth consid-
ering the potential involvement of vasopressin in the
observed increase in water intake since GLP-1R signal-
ling inhibits the production of this hormone.99 Another
tentative factor that may contribute to the increased
water intake observed with semaglutide is GLP-1’s
ability to enhance sodium excretion.100 Moreover, the
neuronal mechanisms contributing towards the sex-
divergent effects is most likely complex, but may
involve factors such as differing sensitivity of osmor-
eceptors in the hypothalamus or variations in vaso-
pressin levels between the sexes.101

In conclusion, semaglutide was found to decrease
alcohol intake and reduce relapse-like drinking in rats of
both sexes. By blocking the alcohol-induced hyper-
locomotion and dopamine elevation in the NAc, sem-
aglutide may attenuate alcohol reward and consequently
suppress alcohol consumption. These findings further
suggest that semaglutide could be a promising treat-
ment for AUD, particularly in overweight patients, with
a potential mechanism of action involving dopamine
metabolism in the NAc.

Contributors
CA designed the study, conducted hands-on work, analysed data,
managed literature search, and wrote the first draft of manuscript. CEE
performed parts of the hands-on work, and developed methodology.
OTS, QZ, SBS, SW, MTA, LZ and DV performed parts of the hands-on
www.thelancet.com Vol 93 July, 2023

www.thelancet.com/digital-health


Articles
work. EJ designed the study, managed literature search, analysed data,
wrote the manuscript and was responsible for funding investigation and
project administration. All authors contributed to the conception,
interpretation, writing the manuscript, figure outline/design, met
criteria for authorship and approved the final manuscript. Underlying
data from OTS, QZ, SBS, SW, MTA, LZ and DV was after initially ac-
cess/verification by experimenter also accessed and verified by CA and
EJH. Underlying data from CA was after initial access/verification by
experimenter also accessed and verified by EJH and OTS or SW. All
authors had access to all data.

Data sharing statement
Data collected for the study will be made available and shared to others
though contact to the following address: elisabet.jerlhag@pharm.gu.se.
The data will be share with anyone who wants to do additional analysis
of the data and therefore the data will be shared after approval of a
proposal, and with a signed data access agreement.

Declaration of interests
EJ has secured funding for the current project, with the support being
facilitated by the University. Additionally, EJ has authored a book
chapter and consequently received royalties. These financial consider-
ations have had no bearing on the project including the design of the
experiments, the analysis and interpretation of the data, and the writing
of the manuscript. The remaining authors declare no conflict of interest.

Acknowledgment
The study was supported by grants from the Swedish Research Council
(2019-01676), LUA/ALF (grant no. 723941) from the Sahlgrenska Uni-
versity Hospital and the Swedish brain foundation.

Angie Abdalaziz did not meet all criteria for authorship, but is
gratefully acknowledged for valuable technical assistance.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.ebiom.2023.104642.
References
1 Ferrari AJ, Norman RE, Freedman G, et al. The burden attributable

to mental and substance use disorders as risk factors for suicide:
findings from the Global Burden of Disease Study 2010. PLoS One.
2014;9(4):e91936.

2 Koob GF. Neurocircuitry of alcohol addiction: synthesis from ani-
mal models. Handb Clin Neurol. 2014;125:33–54.

3 Boileau I, Assaad JM, Pihl RO, et al. Alcohol promotes dopamine
release in the human nucleus accumbens. Synapse. 2003;49(4):226–
231.

4 Engel JA, Fahlke C, Hulthe P, et al. Biochemical and behavioral
evidence for an interaction between ethanol and calcium channel
antagonists. J Neural Transm. 1988;74(3):181–193.

5 Imperato A, Di Chiara G. Preferential stimulation of dopamine
release in the nucleus accumbens of freely moving rats by ethanol.
J Pharmacol Exp Ther. 1986;239(1):219–228.

6 Blomqvist O, Soderpalm B, Engel JA. Ethanol-induced locomotor
activity: involvement of central nicotinic acetylcholine receptors?
Brain Res Bull. 1992;29(2):173–178.

7 Di Michele S, Ericson M, Sillén U, Engel JA, Söderpalm B. The role
of catecholamines in desmopressin induced locomotor stimulation.
J Neural Transm. 1998;105(10-12):1103–1115.

8 Engel J, Strombom U, Svensson TH, Waldeck B. Suppression by
alpha-methyltyrosine of ethanol-induced locomotor stimulation:
partial reversal by L-dopa. Psychopharmacologia. 1974;37(3):275–
279.

9 Jayaram-Lindström N, Ericson M, Steensland P, Jerlhag E. Dopa-
mine and alcohol dependence: from bench to clinic. In: Meil W, ed.
Recent advances in drug addiction research and clinical applications.
IntechOpen; 2016:81–114. https://doi.org/10.5772/63144.

10 King A, Vena A, Hasin DS, deWit H, O’Connor SJ, Cao D. Sub-
jective responses to alcohol in the development and maintenance of
alcohol use disorder. Am J Psychiatry. 2021;178(6):560–571.
www.thelancet.com Vol 93 July, 2023
11 Heilig M, Egli M. Pharmacological treatment of alcohol depen-
dence: target symptoms and target mechanisms. Pharmacol Ther.
2006;111(3):855–876.

12 Jerlhag E. GLP-1 signaling and alcohol-mediated behaviors preclinical
and clinical evidence. 2018:343–349.

13 Jerlhag E. Gut-brain axis and addictive disorders: a review with focus
on alcohol and drugs of abuse. Pharmacol Ther. 2019;196:1–14.

14 Suchankova P, Yan J, Schwandt ML, et al. The glucagon-like pep-
tide-1 receptor as a potential treatment target in alcohol use dis-
order: evidence from human genetic association studies and a
mouse model of alcohol dependence. Transl Psychiatry.
2015;5(6):e583.

15 Vallöf D, Maccioni P, Colombo G, et al. The glucagon-like peptide 1
receptor agonist liraglutide attenuates the reinforcing properties of
alcohol in rodents. Addict Biol. 2016;21(2):422–437.

16 Egecioglu E, Steensland P, Fredriksson I, Feltmann K, Engel J,
Jerlhag E. The glucagon-like peptide 1 analogue Exendin-4 attenu-
ates alcohol mediated behaviors in rodents. Psychoneuroendocrinol-
ogy. 2013;38(8):1259–1270.

17 Vallöf D, Kalafateli AL, Jerlhag E. Long-term treatment with a
glucagon-like peptide-1 receptor agonist reduces ethanol intake in
male and female rats. Transl Psychiatry. 2020;10(1):238.

18 Sørensen G, Caine SB, Thomsen M. Effects of the GLP-1 agonist
exendin-4 on intravenous ethanol self-administration in mice.
Alcohol Clin Exp Res. 2016;40(10):2247–2252.

19 Klausen MK, Thomsen M, Wortwein G, Fink-Jensen A. The role of
glucagon-like peptide 1 (GLP-1) in addictive disorders. Br J Phar-
macol. 2022;179(4):625–641.

20 Nauck MA, Quast DR, Wefers J, Meier JJ. GLP-1 receptor agonists
in the treatment of type 2 diabetes - state-of-the-art. Mol Metab.
2021;46:101102.

21 Wilding JPH, Batterham RL, Calanna S, et al. Once-weekly sem-
aglutide in adults with overweight or obesity. N Engl J Med.
2021;384(11):989–1002.

22 Bucheit JD, Pamulapati LG, Carter N, Malloy K, Dixon DL,
Sisson EM. Oral semaglutide: a review of the first oral glucagon-like
peptide 1 receptor agonist. Diabetes Technol Ther. 2020;22(1):10–18.

23 Marty VN, Farokhnia M, Munier JJ, Mulpuri Y, Leggio L,
Spigelman I. Long-acting glucagon-like peptide-1 receptor agonists
suppress voluntary alcohol intake in male Wistar rats. Front Neu-
rosci. 2020;14:599646.

24 Costa VD, Tran VL, Turchi J, Averbeck BB. Dopamine modulates
novelty seeking behavior during decision making. Behav Neurosci.
2014;128(5):556–566.

25 Deyoung CG. The neuromodulator of exploration: a unifying theory
of the role of dopamine in personality. Front Hum Neurosci.
2013;7:762.

26 Simms JA, Steensland P, Medina B, et al. Intermittent access to
20% ethanol induces high ethanol consumption in long-evans and
Wistar rats. Alcohol Clin Exp Res. 2008;32(10):1816–1823.

27 Sirohi S, Schurdak JD, Seeley RJ, Benoit SC, Davis JF. Central &
peripheral glucagon-like peptide-1 receptor signaling differentially
regulate addictive behaviors. Physiol Behav. 2016;161:140–144.

28 Thomsen M, Dencker D, Wortwein G, et al. The glucagon-like
peptide 1 receptor agonist Exendin-4 decreases relapse-like drink-
ing in socially housed mice. Pharmacol Biochem Behav.
2017;160:14–20.

29 Thomsen M, Holst JJ, Molander A, Linnet K, Ptito M, Fink-
Jensen A. Effects of glucagon-like peptide 1 analogs on alcohol
intake in alcohol-preferring vervet monkeys. Psychopharmacology
(Berl). 2019;236(2):603–611.

30 Jerlhag E, Egecioglu E, Landgren S, et al. Requirement of central
ghrelin signaling for alcohol reward. Proc Natl Acad Sci U S A.
2009;106(27):11318–11323.

31 Vallöf D, Kalafateli AL, Jerlhag E. Brain region specific glucagon-
like peptide-1 receptors regulate alcohol-induced behaviors in ro-
dents. Psychoneuroendocrinology. 2019;103:284–295.

32 Kalafateli AL, Satir TM, Vallof D, Zetterberg H, Jerlhag E. An
amylin and calcitonin receptor agonist modulates alcohol behaviors
by acting on reward-related areas in the brain. Prog Neurobiol.
2021;200:101969.

33 Kalafateli AL, Vallof D, Jerlhag E. Activation of amylin receptors
attenuates alcohol-mediated behaviours in rodents. Addict Biol.
2019;24(3):388–402.

34 Jensen L, Helleberg H, Roffel A, et al. Absorption, metabolism and
excretion of the GLP-1 analogue semaglutide in humans and
nonclinical species. Eur J Pharm Sci. 2017;104:31–41.
19

mailto:elisabet.jerlhag@pharm.gu.se
https://doi.org/10.1016/j.ebiom.2023.104642
https://doi.org/10.1016/j.ebiom.2023.104642
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref1
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref1
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref1
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref1
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref2
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref2
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref3
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref3
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref3
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref4
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref4
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref4
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref5
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref5
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref5
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref6
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref6
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref6
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref7
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref7
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref7
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref8
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref8
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref8
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref8
https://doi.org/10.5772/63144
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref10
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref10
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref10
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref11
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref11
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref11
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref12
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref12
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref13
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref13
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref14
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref14
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref14
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref14
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref14
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref15
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref15
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref15
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref16
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref16
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref16
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref16
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref17
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref17
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref17
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref18
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref18
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref18
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref19
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref19
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref19
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref20
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref20
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref20
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref21
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref21
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref21
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref22
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref22
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref22
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref23
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref23
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref23
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref23
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref24
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref24
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref24
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref25
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref25
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref25
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref26
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref26
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref26
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref27
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref27
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref27
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref28
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref28
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref28
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref28
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref29
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref29
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref29
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref29
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref30
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref30
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref30
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref31
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref31
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref31
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref32
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref32
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref32
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref32
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref33
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref33
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref33
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref34
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref34
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref34
www.thelancet.com/digital-health


Articles

20
35 Gabery S, Salinas CG, Paulsen SJ, et al. Semaglutide lowers body
weight in rodents via distributed neural pathways. JCI Insight.
2020;5(6):e133429.

36 Kalafateli AL, Vallöf D, Colombo G, Lorrai I, Maccioni P, Jerlhag E.
An amylin analogue attenuates alcohol-related behaviours in
various animal models of alcohol use disorder. Neuro-
psychopharmacology. 2019;44(6):1093–1102.

37 Wise RA. Maximization of ethanol intake in the rat. Adv Exp Med
Biol. 1975;59:279–294.

38 Carnicella S, Ron D, Barak S. Intermittent ethanol access schedule
in rats as a preclinical model of alcohol abuse. Alcohol.
2014;48(3):243–252.

39 Cippitelli A, Damadzic R, Singley E, et al. Pharmacological
blockade of corticotropin-releasing hormone receptor 1 (CRH1R)
reduces voluntary consumption of high alcohol concentrations in
non-dependent Wistar rats. Pharmacol Biochem Behav.
2012;100(3):522–529.

40 Kang S, Li J, Zuo W, et al. Downregulation of M-channels in lateral
habenula mediates hyperalgesia during alcohol withdrawal in rats.
Sci Rep. 2019;9(1):2714.

41 Fu R, Mei Q, Shiwalkar N, et al. Anxiety during alcohol withdrawal
involves 5-HT2C receptors and M-channels in the lateral habenula.
Neuropharmacology. 2020;163:107863.

42 Sanchis-Segura C, Spanagel R. Behavioural assessment of drug
reinforcement and addictive features in rodents: an overview.
Addict Biol. 2006;11(1):2–38.

43 Jerlhag E, Egecioglu E, Dickson SL, Andersson ME, Svensson L,
Engel J. Ghrelin stimulates locomotor activity and accumbal
dopamine-overflow via central cholinergic systems in mice: impli-
cations for its involvement in brain reward. Addict Biol.
2006;11(1):45–54.

44 Jerlhag E, Janson AC, Waters S, Engel JA. Concomitant release of
ventral tegmental acetylcholine and accumbal dopamine by ghrelin
in rats. PLoS One. 2012;7(11):e49557.

45 Lindgren HS, Andersson DR, Lagerkvist S, Nissbrandt H,
Cenci MA. L-DOPA-induced dopamine efflux in the striatum and
the substantia nigra in a rat model of Parkinson’s disease: temporal
and quantitative relationship to the expression of dyskinesia.
J Neurochem. 2010;112(6):1465–1476.

46 Berridge KC. Food reward: brain substrates of wanting and liking.
Neurosci Biobehav Rev. 1996;20(1):1–25.

47 Egecioglu E, Jerlhag E, Salome N, et al. Ghrelin increases intake of
rewarding food in rodents. Addict Biol. 2010;15(3):304–311.

48 Prieto-Garcia L, Egecioglu E, Studer E, Westberg L, Jerlhag E.
Ghrelin and GHS-R1A signaling within the ventral and laterodorsal
tegmental area regulate sexual behavior in sexually naïve male
mice. Psychoneuroendocrinology. 2015;62:392–402.

49 Finberg JPM. Inhibitors of MAO-B and COMT: their effects on
brain dopamine levels and uses in Parkinson’s disease. J Neural
Transm. 2019;126(4):433–448.

50 Vestlund J, Zhang Q, Shevchouk OT, et al. Activation of
glucagon-like peptide-1 receptors reduces the acquisition of
aggression-like behaviors in male mice. Transl Psychiatry. 2022;
12(1):445.

51 Ong ZY, Liu JJ, Pang ZP, Grill HJ. Paraventricular thalamic control
of food intake and reward: role of glucagon-like peptide-1 receptor
signaling. Neuropsychopharmacology. 2017;42(12):2387–2397.

52 Millan EZ, Ong Z, McNally GP. Paraventricular thalamus: gateway
to feeding, appetitive motivation, and drug addiction. Prog Brain
Res. 2017;235:113–137.

53 Olds J, Milner P. Positive reinforcement produced by electrical
stimulation of septal area and other regions of rat brain. J Comp
Physiol Psychol. 1954;47(6):419–427.

54 Jonsson S, Morud J, Stomberg R, Ericson M, Söderpalm B.
Involvement of lateral septum in alcohol’s dopamine-elevating ef-
fect in the rat. Addict Biol. 2017;22(1):93–102.

55 Reiner DJ, Mietlicki-Baase EG, McGrath LE, et al. Astrocytes
regulate GLP-1 receptor-mediated effects on energy balance.
J Neurosci. 2016;36(12):3531–3540.

56 Hayes MR. Neuronal and intracellular signaling pathways medi-
ating GLP-1 energy balance and glycemic effects. Physiol Behav.
2012;106(3):413–416.

57 Rodgers RJ, Dalvi A. Anxiety, defence and the elevated plus-maze.
Neurosci Biobehav Rev. 1997;21(6):801–810.

58 Campos AC, Fogaça MV, Aguiar DC, Guimarães FS. Animal
models of anxiety disorders and stress. Braz J Psychiatry.
2013;35(2):S101–S111.
59 Shirazi RH, Dickson SL, Skibicka KP. Gut peptide GLP-1 and its
analogue, exendin-4, decrease alcohol intake and reward. PLoS One.
2013;8(4):e61965.

60 Anderson SL, Beutel TR, Trujillo JM. Oral semaglutide in type 2
diabetes. J Diabetes Complications. 2020;34(4):107520.

61 Dickson SL, Shirazi RH, Hansson C, Bergquist F, Nissbrandt H,
Skibicka KP. The glucagon-like peptide 1 (GLP-1) analogue,
exendin-4, decreases the rewarding value of food: a new role for
mesolimbic GLP-1 receptors. J Neurosci. 2012;32(14):4812–
4820.

62 Bahi A, Tolle V, Fehrentz JA, et al. Ghrelin knockout mice show
decreased voluntary alcohol consumption and reduced ethanol-
induced conditioned place preference. Peptides. 2013;43:48–55.

63 Landgren S, Simms JA, Hyytia P, Engel JA, Bartlett SE, Jerlhag E.
Ghrelin receptor (GHS-R1A) antagonism suppresses both operant
alcohol self-administration and high alcohol consumption in rats.
Addict Biol. 2012;17(1):86–94.

64 Gomez JL, Cunningham CL, Finn DA, et al. Differential effects of
ghrelin antagonists on alcohol drinking and reinforcement in
mouse and rat models of alcohol dependence. Neuropharmacology.
2015;97:182–193.

65 Vallof D, Vestlund J, Jerlhag E. Glucagon-like peptide-1 receptors
within the nucleus of the solitary tract regulate alcohol-mediated
behaviors in rodents. Neuropharmacology. 2019;149:124–132.

66 Alhadeff AL, Rupprecht LE, Hayes MR. GLP-1 neurons in the
nucleus of the solitary tract project directly to the ventral tegmental
area and nucleus accumbens to control for food intake. Endocri-
nology. 2012;153(2):647–658.

67 Mietlicki-Baase EG, Ortinski PI, Rupprecht LE, et al. The food
intake-suppressive effects of glucagon-like peptide-1 receptor
signaling in the ventral tegmental area are mediated by AMPA/
kainate receptors. Am J Physiol Endocrinol Metab.
2013;305(11):E1367–E1374.

68 Mul JD, Begg DP, Barrera JG, et al. High-fat diet changes the
temporal profile of GLP-1 receptor-mediated hypophagia in rats.
Am J Physiol Regul Integr Comp Physiol. 2013;305(1):R68–R77.

69 Colvin KJ, Killen HS, Kanter MJ, Halperin MC, Currie PJ, Engel L.
Brain site-specific inhibitory effects of the GLP-1 analogue exendin-
4 on alcohol intake and operant responding for palatable food. Int J
Mol Sci. 2020;21(24):1–15.

70 Mella R, Schmidt CB, Romagnoli PP, Teske JA, Perez-Leighton C.
The food environment, preference, and experience modulate the
effects of exendin-4 on food intake and reward. Obesity.
2017;25(11):1844–1851.

71 Szayna M, Doyle ME, Betkey JA, et al. Exendin-4 decelerates food
intake, weight gain, and fat deposition in Zucker rats. Endocri-
nology. 2000;141(6):1936–1941.

72 Brierley DI, Holt MK, Singh A, et al. Central and peripheral GLP-1
systems independently suppress eating. Nat Metab. 2021;3(2):258–
273.

73 Kanoski SE, Rupprecht LE, Fortin SM, De Jonghe BC, Hayes MR.
The role of nausea in food intake and body weight suppression by
peripheral GLP-1 receptor agonists, exendin-4 and liraglutide.
Neuropharmacology. 2012;62(5-6):1916–1927.

74 Ghidewon M, Wald HS, McKnight AD, et al. Growth differentia-
tion factor 15 (GDF15) and semaglutide inhibit food intake and
body weight through largely distinct, additive mechanisms. Diabetes
Obes Metab. 2022;24(6):1010–1020.

75 Frye GD, Breese GR. An evaluation of the locomotor stimulating
action of ethanol in rats and mice. Psychopharmacology (Berl).
1981;75(4):372–379.

76 Doyon WM, York JL, Diaz LM, Samson HH, Czachowski CL,
Gonzales RA. Dopamine activity in the nucleus accumbens during
consummatory phases of oral ethanol self-administration. Alcohol
Clin Exp Res. 2003;27(10):1573–1582.

77 Engel J, Enerbäck C, Fahlke C. Serotonergic and dopaminergic
involvement in ethanol intake. New York: Springers Verlag; 1992.

78 Zhou F, Song P, Tang X, et al. Discovery of once-weekly, peptide-
based selective GLP-1 and cholecystokinin 2 receptors co-agonizts.
Peptides. 2022;153:170811.

79 Korsatko S, Jensen L, Brunner M, et al. Effect of once-weekly
semaglutide on the counterregulatory response to hypoglycaemia
in people with type 2 diabetes: a randomized, placebo-controlled,
double-blind, crossover trial. Diabetes Obes Metab. 2018;20(11):
2565–2573.

80 Möller C, Sommer W, Thorsell A, Rimondini R, Heilig M. Anx-
iogenic-like action of centrally administered glucagon-like peptide-1
www.thelancet.com Vol 93 July, 2023

http://refhub.elsevier.com/S2352-3964(23)00207-4/sref35
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref35
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref35
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref36
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref36
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref36
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref36
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref37
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref37
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref38
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref38
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref38
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref39
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref39
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref39
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref39
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref39
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref40
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref40
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref40
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref41
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref41
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref41
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref42
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref42
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref42
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref43
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref43
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref43
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref43
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref43
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref44
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref44
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref44
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref45
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref45
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref45
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref45
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref45
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref46
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref46
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref47
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref47
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref48
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref48
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref48
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref48
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref49
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref49
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref49
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref50
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref50
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref50
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref50
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref51
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref51
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref51
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref52
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref52
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref52
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref53
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref53
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref53
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref54
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref54
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref54
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref55
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref55
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref55
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref56
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref56
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref56
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref57
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref57
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref58
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref58
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref58
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref59
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref59
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref59
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref60
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref60
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref61
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref61
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref61
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref61
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref61
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref62
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref62
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref62
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref63
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref63
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref63
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref63
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref64
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref64
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref64
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref64
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref65
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref65
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref65
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref66
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref66
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref66
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref66
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref67
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref67
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref67
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref67
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref67
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref68
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref68
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref68
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref69
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref69
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref69
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref69
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref70
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref70
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref70
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref70
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref71
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref71
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref71
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref72
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref72
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref72
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref73
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref73
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref73
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref73
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref74
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref74
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref74
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref74
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref75
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref75
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref75
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref76
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref76
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref76
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref76
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref77
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref77
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref78
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref78
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref78
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref79
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref79
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref79
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref79
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref79
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref80
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref80
www.thelancet.com/digital-health


Articles
in a punished drinking test. Prog Neuropsychopharmacol Biol Psy-
chiatry. 2002;26(1):119–122.

81 Aygun H. Exendin-4 increases absence-like seizures and anxiety-
depression-like behaviors in WAG/Rij rats. Epilepsy Behav.
2021;123:108246.

82 Dixon TN, McNally GP, Ong ZY. Glucagon-like peptide-1 receptor
signaling in the ventral tegmental area reduces alcohol self-
administration in male rats. Alcohol Clin Exp Res.
2020;44(10):2118–2129.

83 Akiti K, Tsutsui-Kimura I, Xie Y, et al. Striatal dopamine explains
novelty-induced behavioral dynamics and individual variability in
threat prediction. Neuron. 2022;110(22):3789–3804.e9.

84 Vore AS, Deak T. Alcohol, inflammation, and blood-brain barrier
function in health and disease across development. Int Rev Neu-
robiol. 2022;161:209–249.

85 Abtahi S, Howell E, Currie PJ. Accumbal ghrelin and glucagon-like
peptide 1 signaling in alcohol reward in female rats. Neuroreport.
2018;29(12):1046–1053.

86 Heilig M, Koob GF. A key role for corticotropin-releasing factor in
alcohol dependence. Trends Neurosci. 2007;30(8):399–406.

87 Spanagel R, Noori HR, Heilig M. Stress and alcohol interactions:
animal studies and clinical significance. Trends Neurosci.
2014;37(4):219–227.

88 Martins FF, Santos-Reis T, Marinho TS, Aguila MB, Mandarim-de-
Lacerda CA. Hypothalamic anorexigenic signaling pathways (leptin,
amylin, and proopiomelanocortin) are semaglutide (GLP-1 analog)
targets in obesity control in mice. Life Sci. 2022;313:121268.

89 O’Neil PM, Birkenfeld AL, McGowan B, et al. Efficacy and safety of
semaglutide compared with liraglutide and placebo for weight loss
in patients with obesity: a randomised, double-blind, placebo and
active controlled, dose-ranging, phase 2 trial. Lancet.
2018;392(10148):637–649.

90 Turton MD, O’Shea D, Gunn I, et al. A role for glucagon-like
peptide-1 in the central regulation of feeding. Nature (London).
1996;379(6560):69–72.

91 Abbott CR, Monteiro M, Small CJ, et al. The inhibitory effects of
peripheral administration of peptide YY 3–36 and glucagon-like
www.thelancet.com Vol 93 July, 2023
peptide-1 on food intake are attenuated by ablation of the vagal–
brainstem–hypothalamic pathway. Brain Res. 2005;1044(1):127–
131.

92 Chelikani PK, Haver AC, Reidelberger RD. Intravenous infusion of
glucagon-like peptide-1 potently inhibits food intake, sham feeding,
and gastric emptying in rats. Am J Physiol Regul Integr Comp Physiol.
2005;288(6):R1695–R1706.

93 Raun K, von Voss P, Gotfredsen CF, Golozoubova V, Rolin B,
Knudsen LB. Liraglutide, a long-acting glucagon-like peptide-1
analog, reduces body weight and food intake in obese candy-fed
rats, whereas a dipeptidyl peptidase-IV inhibitor, vildagliptin,
does not. Diabetes. 2007;56(1):8–15.

94 Killion EA, Wang J, Yie J, et al. Anti-obesity effects of GIPR an-
tagonists alone and in combination with GLP-1R agonists in pre-
clinical models. Sci Transl Med. 2018;10(472):eaat3392.

95 Asarian L, Abegg K, Geary N, Schiesser M, Lutz TA, Bueter M.
Estradiol increases body weight loss and gut-peptide satiation after
Roux-en-Y gastric bypass in ovariectomized rats. Gastroenterology.
2012;143(2):325–327.e2.

96 Richard JE, Anderberg RH, López-Ferreras L, Olandersson K,
Skibicka KP. Sex and estrogens alter the action of glucagon-like
peptide-1 on reward. Biol Sex Differ. 2016;7:6.

97 Tufvesson-Alm M, Shevchouk OT, Jerlhag E. Insight into the role
of the gut-brain axis in alcohol-related responses: emphasis on
GLP-1, amylin, and ghrelin. Front Psychiatry. 2022;13:1092828.

98 Decarie-Spain L, Kanoski SE. Ghrelin and glucagon-like peptide-1:
a gut-brain Axis battle for food reward. Nutrients. 2021;13(3):977.

99 Greenwood MP, Greenwood M, Barez-Lopez S, et al. Osmoadaptive
GLP-1R signalling in hypothalamic neurones inhibits antidiuretic
hormone synthesis and release. Mol Metab. 2023;70:101692.

100 Gutzwiller JP, Tschopp S, Bock A, et al. Glucagon-like peptide 1
induces natriuresis in healthy subjects and in insulin-resistant
obese men. J Clin Endocrinol Metab. 2004;89(6):3055–3061.

101 Verbalis JG. Disorders of water metabolism: diabetes insipidus and
the syndrome of inappropriate antidiuretic hormone secretion. In:
Fliers E, Korbonits M, Romijin JA, eds. Handbook of clinical
neurology. 2014;124:37–52.
21

http://refhub.elsevier.com/S2352-3964(23)00207-4/sref80
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref80
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref81
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref81
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref81
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref82
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref82
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref82
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref82
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref83
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref83
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref83
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref84
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref84
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref84
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref85
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref85
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref85
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref86
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref86
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref87
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref87
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref87
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref88
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref88
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref88
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref88
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref89
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref89
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref89
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref89
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref89
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref90
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref90
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref90
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref91
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref91
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref91
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref91
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref91
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref92
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref92
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref92
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref92
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref93
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref93
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref93
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref93
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref93
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref94
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref94
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref94
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref95
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref95
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref95
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref95
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref96
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref96
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref96
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref97
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref97
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref97
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref98
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref98
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref99
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref99
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref99
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref100
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref100
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref100
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref101
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref101
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref101
http://refhub.elsevier.com/S2352-3964(23)00207-4/sref101
www.thelancet.com/digital-health

	Semaglutide reduces alcohol intake and relapse-like drinking in male and female rats
	Introduction
	Methods
	Animals
	Ethics
	Drugs
	Experimental designs
	Effects of acute or repeated administration of semaglutide alcohol intake in male and female rats
	Effects of acute semaglutide treatment on relapse-like drinking in male and female rats
	Effects of acute semaglutide treatment on alcohol's ability to activate the mesolimbic dopamine system in male mice
	Effects of acute semaglutide treatment on the intake of rewarding/palatable foods in alcohol-naïve male mice
	Effects of semaglutide and alcohol treatment on the expression of the enzymes metabolizing dopamine in NAc in male mice
	Effects of semaglutide on ex vivo levels of dopamine metabolites in NAc in alcohol-drinking male and female rats
	Effects of semaglutide treatment on dopamine driven behaviours in alcohol-naïve male and female rats
	Detection of the fluorescently labelled semaglutide in NAcS of alcohol-drinking male and female rats
	Effects of semaglutide treatment on cAMP in NAc of alcohol-naïve male mice
	Effects of acute treatment with semaglutide on locomotor activity and anxiety-like behaviours in alcohol-naïve male and fem ...

	Statistical analysis
	Role of the funding source

	Results
	Acute and repeated semaglutide treatment decreases alcohol intake in male and female rats
	Semaglutide treatment prevents alcohol drinking after withdrawal in alcohol-drinking male and female rats
	Semaglutide decreases food intake in both male and female alcohol-drinking rats
	Semaglutide reduces alcohol-induced activation of the mesolimbic dopamine system in male mice
	Semaglutide decreases the consumption of rewarding foods in alcohol-naïve male mice
	Fluorescently labelled semaglutide is detected in NAcS in alcohol-drinking male and female rats
	Semaglutide enhances metabolism of dopamine in NAc of male mice when alcohol is onboard
	Semaglutide influences the metabolism of dopamine in NAc of alcohol-drinking male and female rats and enhances dopamine dri ...
	Effects of semaglutide and alcohol on neurotransmission and gene expression in other brain regions
	Semaglutide influences anxiety-like behaviours in alcohol naïve female rats

	Discussion
	ContributorsCA designed the study, conducted hands-on work, analysed data, managed literature search, and wrote the first d ...
	Data sharing statementData collected for the study will be made available and shared to others though contact to the follow ...
	Declaration of interests
	Acknowledgment
	Appendix A. Supplementary data
	References


