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Abstract

Rationale—Nicotine cessation is associated with increased consumption of highly palatable
foods and body weight gain in most smokers. Concerns about body weight gain are a major barrier
to maintaining long-term smoking abstinence, and current treatments for nicotine use disorder
(NUD) delay, but do not prevent, body weight gain during abstinence. Glucagon-like peptide-1
receptor (GLP-1R) agonists reduce food intake and are FDA-approved for treating obesity.
However, the effects of GLP-1R agonist monotherapy on nicotine seeking and withdrawal-induced
hyperphagia are unknown.

Objectives—We screened the efficacy of the long-lasting GLP-1R agonist liraglutide to reduce
nicotine-mediated behaviors including voluntary nicotine taking, as well as nicotine seeking and
hyperphagia during withdrawal.

Methods—Male and female rats self-administered intravenous nicotine (0.03 mg/kg/inf) for ~21
days. Daily liraglutide administration (25 pg/kg, i.p.) started on the last self-administration day
and continued throughout the extinction and reinstatement phases of the experiment. Once nicotine
taking was extinguished, the reinstatement of nicotine-seeking behavior was assessed after an
acute priming injection of nicotine (0.2 mg/kg, s.c.) and re-exposure to conditioned light cues.
Using a novel model of nicotine withdrawal-induced hyperphagia, intake of a high fat diet (HFD)
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was measured during home cage abstinence in male and female rats with a history of nicotine
self-administration.

Results—Liraglutide attenuated nicotine self-administration and reinstatement in male and
female rats. Repeated liraglutide attenuated withdrawal-induced hyperphagia and body weight
gain in male and female rats at a dose that was not associated with malaise-like effects.

Conclusions—These findings support further studies investigating the translational potential of
GLP-1R agonists to treat NUD.

Keywords

Nicotine; glucagon-like peptide-1; body weight; relapse; food intake; withdrawal; relapse;
tobacco; obesity

Introduction

Cigarette smoking is the leading cause of preventable disease, disability, and death in the
United States (CDC 2020). While smoking cessation at any age significantly increases life
expectancy (Taylor et al. 2002), fewer than 1 in 10 smokers who attempt to quit smoking
are successful (Babb et al. 2017). Smoking cessation increases consumption of highly
palatable foods, and 80-90% of smokers who quit gain weight (Bush et al. 2016; Chao et
al. 2019; Perkins et al. 1990; Spring et al. 2003; Stamford et al. 1986; Williamson et al.
1991). Specifically, most smokers who quit gain an average of 5-15 pounds in the first few
months of abstinence, while some smokers (13-14%) gain more than 20 pounds (Bush et
al. 2016). Concerns about weight gain are a major barrier to achieving long-term smoking
abstinence for both men and women (Audrain-McGovern and Benowitz 2011; Klesges et
al. 1988; Meyers et al. 1997). Treatments for nicotine use disorder (NUD) like nicotine
replacement therapy (NRT), varenicline, and bupropion decrease relapse to nicotine use.
However, their long-term efficacy is modest, and these treatments delay, but do not prevent,
body weight gain during smoking abstinence (Audrain-McGovern and Benowitz 2011;
Bush et al. 2016; Farley et al. 2012; Mills et al. 2012). Therefore, it is critical to identify
novel pharmacotherapies that promote sustained smoking abstinence while minimizing post-
cessation increases in caloric intake and subsequent body weight gain (Audrain-McGovern
and Benowitz 2011; Bush et al. 2016).

Glucagon-like peptide-1 receptor (GLP-1R) agonists reduce food intake in laboratory
animals and humans and are FDA-approved for weight loss (Knudsen 2010; Vilshgll

et al. 2007; Wilding et al. 2021). Systemic administration of GLP-1R agonists also
decreases the rewarding and reinforcing effects of licit and illicit drugs (Douton et al.
2022; Douton et al. 2020; Egecioglu et al. 2013; Evans et al. 2022; Hernandez and
Schmidt 2019; Jerlhag 2019; Merkel et al. 2021; Zhang et al. 2020; Zhang et al. 2021).
With regard to nicotine, GLP-1R agonists attenuate nicotine self-administration, nicotine-
induced conditioned place preference (CPP), and nicotine-evoked dopamine release in the
nucleus accumbens of rodents, suggesting that these medications could be re-purposed for
treating NUD (Egecioglu et al. 2013; Tuesta et al. 2017). Consistent with these results,

a recent clinical study showed that concurrent administration of a GLP-1R agonist and
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NRT increased abstinence rates and reduced body weight gain versus NRT alone in human
smokers (Yammine et al. 2021). While these findings support GLP-1R agonists as adjunct
treatments for NUD, no studies to our knowledge have investigated the efficacy of GLP-1R
agonist monotherapy alone to reduce the reinstatement of nicotine-seeking behavior, an
animal model of relapse, and prevent nicotine withdrawal-induced hyperphagia and body
weight gain (Schmidt et al. 2018).

The first goal of this study was to determine the efficacy of the long-acting GLP-1R agonist
liraglutide to attenuate nicotine taking and seeking in male and female rats. To investigate
the effects of a GLP-1R agonist on withdrawal phenotypes, we established a novel rodent
model of withdrawal-induced hyperphagia and body weight gain following twice daily
nicotine self-administration. The second goal of this study was to determine if repeated daily
administration of liraglutide during abstinence prevented withdrawal-induced hyperphagia
and body weight gain in male and female rats. Our results indicate that GLP-1R agonist
monotherapy alone is sufficient to reduce nicotine taking and seeking, as well as nicotine
withdrawal-induced hyperphagia and body weight gain in rats.

Materials and methods

Drugs

(-)Nicotine hydrogen tartrate salt (Sigma Aldrich, St. Louis, MO, USA) was dissolved in
sterile 0.9% saline (pH was adjusted to 7.4+0.5 with sodium hydroxide). Nicotine doses
are reported as freebase concentrations and are based on our previously published nicotine
self-administration studies in rats (Ashare et al. 2017; Hopkins et al. 2012; Kimmey et al.
2012). Liraglutide (Abcam, Boston, MA, USA) was dissolved in Tris-buffered 0.9% saline
with Tween 80 (pH=8.0). The dose of liraglutide administered and time course of treatment
were based on our previous rat studies (Hayes et al. 2011; Liberini et al. 2019).

Animals and housing

Male (7=63) and female (/7=58) Sprague-Dawley rats (Rattus norvegicus) weighing 225-250
g were obtained from Taconic Laboratories (Germantown NY, USA). Rats were housed
individually on a 12 h/12 h reverse light-dark cycle with water available ad /ibitum. All

rats were mildly food restricted (~25 g chow daily) to ~90-95% of their free-feeding

body weight following recovery from surgery. Mild food restriction was used to facilitate
acquisition and maintenance of nicotine self-administration similar to previously published
studies from our laboratory and others (Ashare et al. 2017; Corrigall and Coen 1989;
Fowler and Kenny 2011; Hopkins et al. 2012; Kimmey et al. 2014). All behavioral tests
were conducted during the dark phase. All experimental protocols were consistent with the
guidelines issued by the National Institutes of Health and were approved by the Institutional
Animal Care and Use Committee of the University of Pennsylvania.

Catheter surgery

Drug-naive rats were handled daily and allowed one week to acclimate to their home cages
upon arrival. Prior to surgery, rats were anesthetized with 80 mg/kg ketamine (Midwest
Veterinary Supply, Valley Forge, PA, USA) and 12 mg/kg xylazine (Sigma Aldrich, St.
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Louis, MO, USA). An indwelling silastic catheter (SAI Infusion Technologies, Lake Villa,
IL, USA) was inserted into the right external jugular vein, sutured securely in place, and
connected to a mesh back-mount that was implanted subcutaneously above the shoulder
blades. To prevent infection and maintain patency, catheters were flushed daily with 0.2 ml
of a solution of the antibiotic Timentin (0.93 mg/ml, Spectrum Chemical, New Brunswick,
NJ, USA) dissolved in heparinized 0.9% saline (Butler Schein, Dublin, OH, USA). When
not in use, catheters were sealed with plastic obturators. Rats were allowed a minimum of
seven days to recover from surgery before behavioral testing commenced.

Nicotine self-administration

Nicotine self-administration was performed as described previously (Ashare et al. 2017;
Hopkins et al. 2012; Kimmey et al. 2014; Lee et al. 2014; Maurer et al. 2017; Maurer

et al. 2022). Briefly, drug-naive rats were placed in operant conditioning chambers (Med-
Associates Inc., East Fair-field, VT, USA) and allowed to lever press for intravenous
infusions of nicotine (0.03 mg/kg nicotine/59 pl saline, infused over 5 s) on a fixed-ratio

1 (FR1) schedule of reinforcement. Each nicotine infusion was paired with a contingent 10
s light cue that was illuminated directly above the active lever (i.e., drug-paired lever). Each
infusion was followed by a 20 s timeout period, during which the chamber light was turned
off and active lever responses were tabulated but had no scheduled consequences. Responses
made on the inactive lever, which had no scheduled consequences, were also recorded, and
used as a measure of nonspecific behavioral activity. All self-administration sessions were
two hours in duration.

Experiment 1: Determine the effects of liraglutide on nicotine taking and seeking in male
and female rats

Male (/7=18) and female (/7=24) rats acquired nicotine self-administration as described
above. Nicotine self-administration sessions were 2-h in duration and were conducted once
daily five days per week (Mon-Fri). Once a rat achieved >15 infusions of nicotine during
three consecutive self-administration sessions on the FR1 schedule, the rat was switched
subsequently to a fixed-ratio 3 (FR3) schedule of reinforcement. Rats self-administered
nicotine for a total of 19-22 days (Fig. 1A). Rats were then randomly divided into two
groups that self-administered equivalent nicotine infusions, and a between-subjects design
was used to screen the efficacy of liraglutide to reduce nicotine consumption. Rats were
pretreated with vehicle or liraglutide (25 pg/kg, i.p.) 10 min prior to the beginning of their
last self-administration test session.

Rats continued to receive daily treatments of vehicle or liraglutide (25 pg/kg, i.p.) as they
proceeded through the extinction and reinstatement phases of the experiment (Fig. 1A).
After the effects of acute liraglutide were tested on nicotine self-administration, drug taking
was extinguished by replacing the nicotine solution with saline and turning off the drug-
paired cue light. Daily extinction sessions continued until responding on the active lever was
<25% of the total active lever responses completed on the second to last day of nicotine self-
administration (i.e., the day prior to investigating the acute effects of liraglutide pretreatment
on nicotine self-administration). It took 4-7 days for all rats to meet this criterion. Once
nicotine taking was extinguished, rats entered the reinstatement phase of the experiment.
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The ability of an acute priming injection of nicotine (0.2 mg/ kg, s.c.) and re-exposure to
the cue light to reinstate drug-seeking behavior was assessed. The priming dose of nicotine
was based on our previously published reinstatement studies in rats (Kimmey et al. 2014;
Lee et al. 2014; Maurer et al. 2017). During reinstatement test sessions, every 3™ lever press
resulted in an infusion of saline and illumination of the cue light previously paired with
nicotine taking during the self-administration phase.

Experiment 2: Determine the effects of repeated liraglutide on nicotine withdrawal-induced
hyperphagia and body weight gain in male and female rats

Separate groups of drug-naive male (/7=45) and female (/7=34) rats were individually
housed in custom-made hanging wire-bottom cages throughout Experiment 2 in order to
measure daily food and water intake. Rats acquired nicotine self-administration on a FR1
schedule of reinforcement as described above. Each rat that was allowed to respond for
contingent infusions of nicotine was paired with a yoked rat that received infusions of
saline. While lever pressing for the yoked saline rats had no scheduled consequences,

these rats received the same number and temporal pattern of infusions as self-administered
by their paired nicotine-experimental rat (Maurer et al. 2022). This yoked-pair design
allowed us to measure intake of food, water, and kaolin as well as body weight in rats
undergoing identical experimental conditions but without exposure to nicotine. Importantly,
this design allowed for direct comparisons between the effects of liraglutide in nicotine-
experienced rats versus yoked saline controls to identify potential interactions between
liraglutide and nicotine experience on food intake, pica, and body weight gain. Nicotine
self-administration sessions were conducted once daily for five days, and then twice daily
for 17 additional days for a total of 22 continuous days of self-administration (Fig. 1B).
Beginning on self-administration day 15, all rats received an additional 5 g of chow each
day until they were feeding ad /ibitum. Previous studies showed that nicotine-exposed

male rats with access to normal chow did not develop hyperphagia during abstinence
(Grunberg et al. 1984). Consistent with these findings, we found that male rats with

access to normal chow did not develop hyperphagia during abstinence following once daily
nicotine self-administration sessions in our pilot studies (Figure S1). Importantly, human
smokers demonstrate increased preference for palatable foods (Perkins et al. 1990; Spring
et al. 2003), and nicotine withdrawal increases caloric intake specifically via increased
consumption of high fat foods (Anker et al. 2021). These results suggest that the availability
of palatable food may be necessary for hyperphagia to develop during nicotine withdrawal
in rats. Therefore, beginning on self-administration day 20, rats were given ad libitum
access to a high fat diet (HFD; Rodent Diet D12492; Research Diets, New Brunswick, New
Jersey), which continued through the completion of the experiment (Fig. 1B). Both nicotine-
experimental and yoked saline rats were divided randomly into vehicle or liraglutide
treatment groups with equivalent body weights and nicotine exposure (i.e., saline/vehicle,
saline/liraglutide, nicotine/vehicle, and nicotine/liraglutide). Starting on the final day of
nicotine self-administration, rats were pretreated with vehicle or liraglutide (25 pg/kg, i.p.)
10 min prior to the beginning of the operant test session. Rats then continued to receive
daily systemic infusions of vehicle or liraglutide for 10 consecutive withdrawal days in their
home cages. Food and water intake were measured daily. Our model used twice daily (i.e.,
two daily two-hour operant sessions separated by 3 hours) nicotine self-administration, in
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contrast to previous studies where nicotine was delivered via subcutaneous minipumps,

experimenter-delivered infusions, or non-contingent nicotine infusions (Bellinger et al.

2003; Bellinger et al. 2010; Bishop et al. 2002; Levin et al. 1987; Miyata et al. 2001). Given

that smokers smoke compulsively throughout the day to maintain plasma nicotine levels, our

model of hyperphagia during nicotine withdrawal more accurately parallels human smokers
and adds an important translational component to the current literature (Benowitz 2009;
Lerman et al. 2007; Shiffman et al. 2014).

Ad libitum food and water intake

On each day of withdrawal, food spillage was collected on papers placed beneath the
hanging wire cages. Cumulative chow intake was measured as the difference in weight of
the food hoppers between two time points to the nearest 0.1 g minus the weight of spilled
crumbs. Feeding measurements, body weight, and water intake were measured daily, 24-h
post infusion.

Pica/kaolin intake

Statistics

Pica is a model of malaise-like behavior in which rats consume a non-nutritive substance,
such as kaolin clay, in response to an emetic agent (Mitchell et al. 1976). To measure
pica in Experiment 2, rats were habituated to ad /ibitum kaolin clay in their hanging wire
cages for four days before withdrawal, similar to our previously published pica studies in
nicotine-experienced rats (Ashare et al. 2017; Hopkins et al. 2012; Kimmey et al. 2014).
Kaolin intake was measured as the difference in weight of the kaolin hopper between two
time points to the nearest 0.1 g minus the weight of spilled crumbs. Intake was measured
24-h post liraglutide injection during each day of withdrawal.

For all self-administration and reinstatement experiments, total active and inactive lever
responses were analyzed with two-way analyses of variance (ANOVASs) with drug treatment
and lever as factors. Total number of infusions were analyzed with one-way ANOVAS.
Percent of control body weight was calculated by normalizing each rat’s body weight to

the average body weight of the yoked saline/vehicle treated controls on the same day (body
weight/average saline/vehicle body weight x 100). Daily 24-h food intake and percent

of control body weight data were analyzed with two-way ANOVAs. Water and kaolin
intake were analyzed with repeated measures (RM) two-way ANOVAs. Two-way ANOVAS
were used to analyze cumulative food intake data. Saline vs. nicotine experience and drug
treatment were factors in these analyses. All data are presented as mean + SEM. To ensure
robust and reliable results, the behavioral effects of liraglutide were tested in at least two
cohorts of rats per experiment. Experimenters were blinded to treatment assignments during
the testing phase of each experiment.
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Acute liraglutide administration attenuates voluntary nicotine taking in male and female

rats

The efficacy of liraglutide was tested in male and female rats self-administering nicotine
on a FR3 schedule of reinforcement on their final day of self-administration. Total

lever responses in male rats pretreated with vehicle (7=9) or 25 pg/kg liraglutide (7=9)
were analyzed with a two-way ANOVA, which revealed significant main effects of

lever [F(1, 32)=57.74, p<0.0001] and treatment [F(1, 32)=13.74, p<0.001]. Subsequent
pairwise analyses indicated that total active lever responses were significantly decreased
in liraglutide-treated male rats compared to vehicle-treated controls (Bonferroni, p<0.01)
(Fig. 2A). Consistent with these findings, liraglutide-treated male rats self-administered
significantly less nicotine compared to control rats [t(16)=2.43, p<0.05] (Fig. 2B). Total
lever responses in female rats pretreated with vehicle (7=11) or 25 pg/kg liraglutide
(m=13) were analyzed with a two-way ANOVA, which revealed significant main effects
of lever [F(1, 44)=62.06, p<0.0001] and treatment [F(1, 44)=4.30, p<0.05]. Subsequent
pairwise analyses revealed that total active lever responses were significantly decreased
in liraglutide-treated female rats compared to vehicle-treated controls (Bonferroni, p<0.05)
(Fig. 2C). Female rats pretreated with liraglutide also self-administered significantly less
nicotine infusions than control rats [t(22)=2.22, p<0.05] (Fig. 2D). These studies indicate
that GLP-1R agonist monotherapy is sufficient to attenuate nicotine self-administration in
male and female rats.

Repeated liraglutide administration during abstinence attenuates nicotine seeking in male
and female rats

To determine if repeated administration of liraglutide is sufficient to attenuate the
reinstatement of nicotine-seeking behavior, male and female rats were pretreated daily with
systemic vehicle or liraglutide before extinction and reinstatement test sessions. Repeated
liraglutide administration significantly decreased the number of days required to reach
extinction criteria in male [t(13)=2.82, p<0.05] (Fig. 3A) and female [t(17)=2.73, p<0.05]
(Fig. 3C) rats. Total lever responses during subsequent reinstatement test sessions were
analyzed with separate two-way ANOVAS, which revealed significant main effects of lever
[F(1, 24)=60.86, p<0.0001] and treatment [F(1, 24)=5.31, p<0.05] in male rats (Fig. 3B) and
a significant lever x treatment interaction [F(1, 36)=6.03, p<0.05] in female rats (Fig. 3D).
Subsequent pairwise analyses indicated that total active lever responses were significantly
decreased in male (7=7) and female (7=12) rats pretreated with liraglutide compared to
vehicle-treated controls (7=8 male rats & =7 female rats) (Bonferroni, £<0.05). Taken
together, these results demonstrate that repeated liraglutide administration during abstinence
is sufficient to attenuate nicotine reinstatement in male and female rats.

Repeated liraglutide administration prevents nicotine withdrawal-induced hyperphagia and
body weight gain in male rats

To determine if liraglutide reduces nicotine withdrawal-induced hyperphagia, male and
female rats were pretreated with vehicle or 25 ug/kg liraglutide starting on the last
day of nicotine self-administration and throughout the subsequent 10-day abstinence
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period. Male nicotine-experienced and yoked saline control rats were randomly divided
into four treatment groups: yoked saline/vehicle (/7=8), yoked saline/liraglutide (7=14),
nicotine/vehicle (7=10), and nicotine/liraglutide (7=13). On the first day of treatment, acute
liraglutide reduced nicotine self-administration (Figure S2A & 2B), consistent with our
findings in Fig. 2. Acute liraglutide pretreatment also decreased 24-h HFD intake (Figure
S2C) and water intake (Figure S2E), but did not affect body weight or kaolin intake in male
rats (Figure S2D & 2F).

Daily food intake data during withdrawal were analyzed with two-way ANOVAs, which
revealed significant nicotine x liraglutide interactions on withdrawal days 9 [F(1, 41)=5.10,
p<0.05] and 10 [F(1, 41)=4.48, p<0.05] (Fig. 4A). Subsequent pairwise analyses revealed
a significant increase in HFD intake in the nicotine/vehicle group compared to the saline/
vehicle controls on withdrawal day 10, a significant decrease in HFD intake in nicotine/
liraglutide rats compared to nicotine/vehicle rats on withdrawal days 1 and 5-10, and a
significant decrease in HFD intake in saline/liraglutide rats compared to saline/vehicle rats
on withdrawal days 3 and 7 (Tukey’s, p<0.05). Cumulative HFD intake over the 10-day
withdrawal period was analyzed with a two-way ANOVA, which revealed significant main
effects of liraglutide [F(1, 41)=36.53, p<0.0001] and nicotine [F(1, 41)=4.93, p<0.05] (Fig.
4B). There was no significant liraglutide x nicotine interaction [F(1, 41)=3.06, p=0.088].
Subsequent pairwise analyses indicated that liraglutide administration significantly reduced
consumption of HFD in both the saline- and nicotine-experienced rats (Tukey’s, p<0.05).
While not statistically significant, there was a trend towards increased hyperphagia over
the 10-day withdrawal period in the nicotine-experienced rats versus the saline controls
(Tukey’s, p=0.06). Body weight data were analyzed with a RM two-way ANOVA, which
revealed a significant time x treatment interaction [F(18, 261)=3.17, p<0.0001] (Fig. 4C).
Separate pairwise analyses indicated that body weight was significantly reduced in nicotine-
experienced rats treated with liraglutide compared to nicotine-experienced rats treated with
vehicle on withdrawal days 4-10 (Tukey’s, p<0.05). No effects of liraglutide were found
on daily water intake (Fig. 4D) or kaolin consumption (Fig. 4E) during withdrawal. These
results demonstrate that repeated liraglutide is sufficient to attenuate nicotine withdrawal-
induced hyperphagia and body weight gain in male rats.

Repeated liraglutide administration prevents nicotine withdrawal-induced hyperphagia and
body weight gain in female rats

Female nicotine-experienced and yoked saline control rats were randomly divided into

four treatment groups: yoked saline/vehicle (7=9), yoked saline/liraglutide (/7=6), nicotine/
vehicle (/7=8), and nicotine/liraglutide (7=11). On the first day of treatment, acute liraglutide
attenuated nicotine self-administration in female rats (Figure S3A & 3B), consistent with our
findings in Fig. 2. Acute liraglutide pretreatment also decreased 24-h HFD intake (Figure
S3C), but did not affect body weight, water consumption, or kaolin intake in female rats
(Figure S3D-F).

Daily HFD intake data during withdrawal were analyzed with two-way ANOVAs, which
revealed significant main effects of nicotine on daily HFD intake on withdrawal days 2
[F(1, 33)=17.31, p<0.001], 4 [F(1, 33)=12.16, p<0.01], 7 [F(1, 33)=5.62 p<0.05], and 8
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[F(1, 33)=10.21, p<0.01], and significant main effects of liraglutide on withdrawal days

1 [F(1, 33)=16.21, p<0.001], 2 [F(1, 33)=17.31, p<0.001], 3 [F(1, 33)=12.61, p<0.01], 4
[F(1, 33)=15.21, p<0.0001], 5 [F(1, 33)=9.35, p<0.01], 6 [F(1, 33)=6.00, p<0.05], 7 [F(1,
33)=4.97, p<0.05], 8 [F(1, 33)=13.44, p<0.001], 9 [F(1, 33)=17.21, p<0.001], and 10 [F

(1, 33)=26.30, p<0.0001] (Fig. 5A). Subsequent pairwise analyses revealed a significant
increase in HFD intake in the nicotine/vehicle group compared to the saline/vehicle controls
on withdrawal days 2, 4, and 8 (Tukey’s, p<0.05), and a significant decrease in HFD intake
in nicotine/liraglutide rats compared to nicotine/vehicle rats on withdrawal days 1-6 and
8-10 (Tukey’s, p<0.01). Cumulative HFD intake over the 10-day withdrawal period was
analyzed with a two-way ANOVA, which revealed significant main effects of liraglutide
[F(1, 33)=29.42, p<0.0001] and nicotine [F(1, 33)=8.59, p<0.01], as well as a significant
liraglutide x nicotine interaction [F(1,33)=4.39, p<0.05] (Fig. 5B). Subsequent pairwise
analyses indicated that nicotine taking significantly increased HFD intake in vehicle-treated
rats (Tukey’s, p<0.01), and liraglutide administration significantly reduced HFD intake

in nicotine-experienced rats (Tukey’s, p<0.0001). Body weight data were analyzed with

a RM two-way ANOVA, which revealed a significant time x treatment interaction [F

(18, 225) = 3.67, p<0.0001] (Fig. 5C). Body weight was significantly reduced in nicotine-
experienced rats treated with liraglutide compared to nicotine-experienced rats treated with
vehicle on withdrawal days 6-10 (Tukey’s, p<0.05). There were no effects of liraglutide on
water intake (Fig. 5D) and kaolin consumption (Fig. 5E) during withdrawal. These results
demonstrate that repeated liraglutide is sufficient to attenuate nicotine withdrawal-induced
hyperphagia and body weight gain in female rats.

Discussion

The present findings indicate that GLP-1R monotherapy alone is sufficient to reduce
nicotine-mediated behaviors in rats. Acute and repeated administration of the GLP-1R
agonist liraglutide attenuated nicotine self-administration and reinstatement, respectively,

in male and female rats. Repeated administration of liraglutide during abstinence also
prevented nicotine withdrawal-induced hyperphagia and body weight gain in male and
female rats. At the dose tested, liraglutide did not elicit pica in nicotine-experienced rats,
indicating that the suppressive effects of liraglutide on nicotine-mediated behaviors and
withdrawal-induced hyperphagia are likely not due to adverse malaise-like effects. Taken
together, these findings support further studies investigating the clinical potential of GLP-1R
agonists as novel pharmacotherapies for treating nicotine use disorder (NUD).

Recent preclinical studies showed that systemic administration of a dipeptidyl peptidase-4
(DPPI1V) inhibitor — a drug that blocks the breakdown of endogenous GLP-1 — and a short-
acting GLP-1R agonist decreased the rewarding effects of nicotine in rodents (Egecioglu

et al. 2013; Tuesta et al. 2017). Consistent with these effects, chemogenetic activation of
GLP-1-producing neurons in the nucleus tractus solitarius, the primary source of central
GLP-1, attenuated nicotine taking whereas knockdown or pharmacological inhibition of
GLP-1Rs increased nicotine consumption in male mice (Tuesta et al. 2017). Together, these
studies indicate that activation of central GLP-1Rs is sufficient to reduce nicotine-mediated
behaviors. Our study extends these findings by showing that the GLP-1R agonist liraglutide
attenuated nicotine self-administration in both male and female rats. This study is the first,
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to our knowledge, to demonstrate the efficacy of a GLP-1R agonist in decreasing voluntary
nicotine taking in female rats. The neural mechanisms underlying the suppressive effects
of GLP-1R agonists on nicotine taking are likely to be complex and incorporate multiple
neural circuits involved in reward and aversion. While our study does not investigate these
potential mechanisms, previous studies showed that activation of presynaptic GLP-1Rs

on medial habenula terminals in the interpeduncular nucleus promoted avoidance-like
behaviors that served to titrate nicotine intake and decrease nicotine consumption (Tuesta
et al. 2017). GLP-1Rs are expressed throughout the brain, including the mesolimbic
dopamine system (Merchenthaler et al. 1999). Given that GLP-1R agonists decrease
nicotine-evoked dopamine release in the nucleus accumbens (NAc) (Egecioglu et al. 2013),
it is possible and likely that activating GLP-1Rs in the NAc and ventral tegmental area
(VTA) may also attenuate nicotine taking and seeking via effects on striatal dopamine
signaling. This hypothesis is supported by studies showing that activation of GLP-1Rs

in the mesoaccumbens pathway is sufficient to reduce drug taking and seeking as well

as drug-evoked phasic dopamine cell firing (Fortin and Roitman 2017; Hernandez et al.
2018; Hernandez et al. 2019; Schmidt et al. 2016). Understanding the central mechanisms
underlying the suppressive effects of GLP-1R agonists on nicotine taking may lead to novel
GLP-1R-based approaches to treating NUD and optimizing the health benefits of smoking
cessation.

We also discovered that activating GLP-1Rs during abstinence decreased the number of days
required to extinguish nicotine taking and attenuated subsequent nicotine-seeking behavior
in male and female rats. These results are consistent with previous studies showing that
systemic administration of the GLP-1R agonist exendin-4 facilitated extinction of cocaine-
induced CPP and decreased subsequent cocaine priming-induced reinstatement of CPP in
mice (Zhu et al. 2021). Together, these findings suggest that the combination of GLP-1R
agonist treatment and daily extinction training may facilitate extinction learning-related
plasticity. Emerging evidence indicates that GLP-1R activation increases glutamate signaling
and AMPA receptor trafficking in drug-naive rats (Liu et al. 2017; Mietlicki-Baase et

al. 2013; Ohtake et al. 2014; Park et al. 2018). Since enhanced glutamatergic signaling
including upregulation of AMPA receptors facilitates extinction and decreases drug seeking
(Chesworth and Corbit 2017; Sutton et al. 2003), these findings suggest that GLP-1R
agonists may enhance glutamate-mediated synaptic plasticity and facilitate extinction
learning to reduce nicotine seeking during abstinence. Repeated liraglutide effectively
reduced drug seeking elicited by both a priming injection of nicotine and re-exposure to
conditioned light cues that were previously paired with nicotine infusions during the self-
administration phase of the experiment. Given that different neural circuits and mechanisms
regulate drug-versus cue-primed reinstatement of drug seeking (Schmidt et al. 2018), it will
be important to investigate the effects of GLP-1R agonists on these systems to more fully
realize the translational potential of these pharmacotherapies for NUD.

The majority of smokers who quit gain weight (Bush et al. 2016; Chao et al. 2019;
Stamford et al. 1986), and concerns about body weight gain are a major barrier to achieving
long-term smoking abstinence (Bush et al. 2016). Smoking cessation-induced body weight
gain is mediated, in part, by hyperphagia and increased consumption of highly palatable
foods (Anker et al. 2021; Epstein et al. 2004; Perkins et al. 1990; Spring et al. 2003).
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Previous preclinical studies have modeled increased food intake during nicotine abstinence.
However, these studies are limited in their face validity in that nicotine was delivered

via subcutaneous minipumps, experimenter-delivered infusions, or non-contingent nicotine
infusions (Bellinger et al. 2003; Bellinger et al. 2010; Bishop et al. 2002; Levin et al.

1987; Miyata et al. 2001). Here, we established a novel rodent model of withdrawal-induced
hyperphagia and body weight gain following twice daily nicotine self-administration. We
found that withdrawal following voluntary nicotine taking increased consumption of a

high fat diet (HFD) in male and female rats. Interestingly, food intake was significantly
increased over more withdrawal days in female versus male rats. This is consistent with
previous studies demonstrating increased hyperphagia and rate of body weight gain in
female, but not male rats, with access to bland food during withdrawal following nicotine
exposure via osmotic minipump (Grunberg et al. 1984; Grunberg et al. 1986). These results
suggest that females may be more susceptible to nicotine withdrawal-induced hyperphagia
regardless of food palatability, a hypothesis also supported by clinical studies showing that
women gain more weight than men during smoking cessation attempts (Kasteridis and

Yen 2012; Williamson et al. 1991). Parallel studies using a standard chow diet did not
produce withdrawal-induced hyperphagia following nicotine self-administration in male rats
(Figure S1). These results are consistent with a previous nicotine osmotic minipump study
that showed no hyperphagia during abstinence in male rats with access to standard chow
(Grunberg et al. 1984). Overall, these results are consistent with human epidemiological
data indicating that nicotine withdrawal increased motivation for/ consumption of highly
palatable foods (Anker et al. 2021; Epstein et al. 2004; Perkins et al. 1990; Spring et al.
2003), demonstrating that this phenotype is driven, in part, by consumption of a Western
diet. In contrast to the present study, nicotine abstinence increased intake of standard chow
in food-restricted female mice (Mannucci et al. 2005). Together with our findings, this
suggests that nicotine may have complex reinforcement-enhancing effects on food that are
unmasked under conditions of food scarcity or high palatability (Caggiula et al. 2001;
Donny et al. 2011). The neural mechanisms underlying the effects of Ex-4 on withdrawal-
induced hyperphagia are unknown. However, previous studies have demonstrated that
nicotine affects feeding behavior via complex interactions with cholinergic receptors (Jo

et al. 2002). Furthermore, nicotine withdrawal has been shown to alter dopamine signaling
dynamics (Epping-Jordan et al. 1998; Jo et al. 2002; Zhang et al. 2012). Given that GLP-1Rs
have been shown to play a role in cholinergic signaling and GLP-1R agonism suppresses
phasic dopamine responses to a food-predictive cue (Konanur et al. 2020; Tuesta et al.
2017), future studies should investigate the impact of nicotine withdrawal and subsequent
GLP-R agonist treatment on measures of cholinergic and dopaminergic activity.

In our study and in other studies of hyperphagia during nicotine abstinence, nicotine-
experienced rats gained weight throughout the withdrawal period (Bellinger et al. 2003;
Bellinger et al. 2010; Levin et al. 1987; Miyata et al. 2001). However, these withdrawal
periods are relatively short (i.e., 7-14 days) and the nicotine-experienced rats did not

weigh more than yoked saline control rats at the end of abstinence. In contrast, former
smokers weigh more than never smokers (Klesges et al. 1989), and their greatest weight gain
occurs six months after quitting smoking (Klesges et al. 1997). Therefore, one limitation

of these preclinical studies is their relatively short duration of withdrawal, which may
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not be sufficient to reveal weight gain above controls. Tolerance did not develop to the
effects of repeated liraglutide on hyperphagia and body weight gain in our model. While
these promising findings suggest that liraglutide may maintain its efficacy in attenuating
nicotine withdrawal-induced hyperphagia and body weight gain over prolonged periods of
time, more comprehensive studies incorporating different doses of liraglutide, and longer
withdrawal periods are required to determine the long-term effects of GLP-1R agonists.
Interestingly, our results suggest that the effects of liraglutide on body weight may incubate
throughout withdrawal and be sex-dependent (i.e., greater in females than males). These
potential incubation effects should be studied in future studies that incorporate longer
withdrawal periods. The most notable adverse effect of GLP-1R agonists is nhausea or
malaise, which can limit patient compliance (Bettge et al. 2017; Vilsbgll et al. 2012).

We identified a behaviorally selective dose of liraglutide that did not produce malaise-like
effects (i.e., pica) in nicotine-experienced rats. These results indicate that liraglutide is
well-tolerated at a relatively low dose that prevents withdrawal-induced hyperphagia and
body weight gain in nicotine-experienced rats. Since diverse patient populations smoke, it
will also be important to screen the effects of GLP-1R agonists in rodent models of obesity
and type Il diabetes to enhance the translational potential of these findings.

Our preclinical findings are consistent with a recent clinical study that showed that
administration of the GLP-1R agonist exenatide in combination with NRT improved
smoking abstinence rates, reduced withdrawal symptoms and craving, and mitigated post-
cessation weight gain compared to NRT alone (Yammine et al. 2021). Smokers treated with
exenatide had a 19.5% higher rate of abstinence and achieved a 5.6 Ib body weight loss after
six weeks of treatment compared to placebo-treated controls. Importantly, those treated with
exenatide and NRT reported adverse effects that were mild in severity and did not result in
treatment discontinuation. Adverse effects did not occur at a rate significantly different than
the control group, and there were no reports of nausea, hypoglycemia, or vomiting. Coupled
with our findings that GLP-1R monotherapy alone did not produce malaise-like effects in
rats, this research suggests that liraglutide alone may be well-tolerated in treatment-seeking
smokers. While the mechanisms underlying reduced body weight gain in former smokers
treated with exenatide and NRT are not clear, our preclinical studies demonstrate that
GLP-1R monotherapy prevented withdrawal-induced hyperphagia in nicotine-experienced
rats given access to a HFD. In addition to investigating the efficacy of GLP-1R monotherapy
in human smokers, it will also be important to determine how GLP-1R activation during
nicotine withdrawal affects macronutrient preference and food intake.

Conclusion

In summary, our studies showed that GLP-1R agonist mono-therapy is sufficient to attenuate
voluntary nicotine taking and seeking, and nicotine withdrawal-induced hyperphagia and
body weight gain in male and female rats. These findings support and expand an

emerging literature that suggests that GLP-1R agonists may be efficacious treatments

for NUD. Future studies should compare the efficacy and side effect profiles of

liraglutide monotherapy versus a combinatorial therapy with NRT to determine the most
efficacious and safe treatment. The efficacy of next-generation GLP-1R agonists with
improved pharmacokinetics (e.g., semaglutide) and dual agonists of GLP-1Rs and other
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neuropeptide receptor systems including glucose-dependent insulinotropic polypeptide
(GIP) and neuropeptide type 2 receptors (Y2Rs) should also be assessed (Hayes et al.

2021; Merkel et al. 2021). These results support further clinical trials of liraglutide and other
GLP-1R agonists for preventing nicotine withdrawal-induced hyperphagia and body weight
gain. Findings from this study raise the intriguing possibility that GLP-1R monotherapy
alone could reduce nicotine withdrawal-induced hyperphagia and body weight gain and
thereby remove one of the biggest obstacles toward achieving long-term abstinence in
human smokers.
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Refer to Web version on PubMed Central for supplementary material.
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A. Experiment 1: Nicotine Self-Administration and Reinstatement
Liraglutide (0 or 25.0 ug/kg i.p.)

| Nicotine Self-Admin (0.03 mg/kg/inf) | Extinction  |Reinstatement]
| 19-22 Days | 4-7 Days | |

B. Experiment 2: Nicotine Withdrawal-Induced Hyperphaghia and Body Weight Gain

Normal Chow High Fat Diet
Liraglutide (0 or 25.0 ug/kg i.p.)

Nicotine Self-Admin (0.03 mg/kg/inf)

| or Yoked Saline | Home Cage Abstinence |
| xpaily | 2x Daily | |
Day:1 5 22 32

Fig. 1.

E)?perimental Timeline. (A) Experiment 1: Rats self-administered nicotine in 2-hour
sessions for 19-22 days. Nicotine-taking behavior was then extinguished by replacing the
nicotine solution with a saline solution. Reinstatement of nicotine-seeking behavior was
then assessed. Rats were pretreated daily with vehicle or liraglutide prior to their last
nicotine self-administration session and subsequent extinction and reinstatement sessions.
(B) Experiment 2: Rats self-administered nicotine or received yoked saline injections for 22
days during two daily 2-h operant sessions. Rats were pretreated with vehicle or liraglutide
prior to the last nicotine self-administration session. Treatments continued daily throughout
the subsequent withdrawal period. Rats experienced 10 consecutive days of withdrawal in
their home cages.
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B. Male: Nicotine Self-Admin
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Acute liraglutide administration attenuated nicotine self-administration in male and female
rats. Total active lever responses (A & C) and nicotine infusions (B & D) were significantly
reduced in both male and female rats treated with 25 pg/kg liraglutide versus vehicle-treated
controls on their final day of nicotine self-administration. (males: 7=9/treatment; females:
=11 vehicle, =13 liraglutide; * p<0.05,** p<0.01, Bonferroni or un-paired t-test).
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B. Male: Reinstatement
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Repeated liraglutide administration during abstinence facilitated extinction of drug

taking and attenuated subsequent nicotine-seeking behavior. (A) Repeated liraglutide
administration decreased total days required to extinguish nicotine taking in male rats (7=7
vehicle, n=8 liraglutide; *p<0.05, un-paired t-test). (B) Repeated liraglutide administration
significantly attenuated active lever responding during reinstatement tests in male rats
(*p<0.05, Bonferroni). (C) Repeated liraglutide administration decreased total days required
to extinguish nicotine taking in female rats (=12 vehicle, 7=7 liraglutide; *p<0.05, un-
paired t-test). (D) epeated liraglutide administration significantly attenuated active lever
responding during reinstatement tests in female rats (**p<0.01, Bonferroni).
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Fig. 4.
Repeated liraglutide administration prevented nicotine withdrawal-induced hyperphagia

and body weight gain in male rats. (A) Repeated liraglutide administration attenuated

daily HFD intake during nicotine abstinence (7= 8 saline/vehicle, 14 saline/liraglutide,

10 nicotine/vehicle, 13 nicotine/liraglutide; *p<0.05 vs saline/vehicle, ~p<0.05 vs nicotine/
vehicle, Tukey’s). (B) Repeated liraglutide administration decreased cumulative HFD intake
during nicotine abstinence in both saline- and nicotine-experienced male rats (*p<0.05,
**<0.0001, Tukey’s). (C) Repeated liraglutide administration prevented body weight gain
during withdrawal in nicotine-experienced male rats (*p<0.05, Tukey’s). There were no
effects of repeated liraglutide on daily water intake (D) and kaolin intake (E) during nicotine
withdrawal in male rats.
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Fig. 5.

Repeated liraglutide administration prevented nicotine withdrawal-induced hyperphagia and
body weight gain in female rats. (A) Repeated liraglutide administration attenuated daily
HFD intake during nicotine abstinence (/=9 saline/vehicle, 6 saline/liraglutide, 8 nicotine/
vehicle, 11 nicotine/liraglutide: *p<0.05 vs saline/ vehicle, ~p<0.05 vs nicotine/vehicle,
Tukey’s). (B) Repeated liraglutide administration decreased cumulative HFD intake during
nicotine abstinence in nicotine-experienced female rats (*p<0.01, **p<0.0001, Tukey’s).
(C) Repeated liraglutide administration prevented body weight gain during withdrawal in
nicotine-experienced female rats (*p<0.05, Tukey’s). There were no effects of repeated
liraglutide on daily water intake (D) and kaolin intake (E) during nicotine withdrawal in
female rats.
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