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Acute nicotine intake increases feeding behavior through
decreasing glucagon signaling in dependent male and female
rats
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Olivier Georgel
LDepartment of Psychiatry, University of California San Diego, La Jolla, CA 92093, USA

2The Scripps Research Institute, La Jolla, CA 92037, USA

3-Institut de Neurosciences de la Timone, Aix-Marseille Université, Marseille, 13005, France

Abstract

Chronic use of nicotine is known to dysregulate metabolic signaling through altering circulating
levels of feeding-related hormones, contributing to the onset of disorders like type 2 diabetes.
However, little is known about the acute effects of nicotine on hormonal signaling. We

previously identified an acute increase in food intake following acute nicotine, and we sought

to determine whether this behavior was due to a change in hormone levels. We first identified

that acute nicotine injection produces an increase in feeding behavior in dependent rats, but

not nondependent rats. We confirmed that chronic nicotine use increases circulating levels of
insulin, leptin, and ghrelin, and these correlate with rats’ body weight and food intake. Acute
nicotine injection in dependent animals decreased circulating GLP-1 and glucagon levels, and
administration of glucagon prior to acute nicotine injection prevented the acute increase in feeding
behavior. Thus, acute nicotine injection increases feeding behavior in dependent rats by decreasing
glucagon signaling.

Keywords
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Introduction

Cessation of nicotine use is difficult for most smokers, with fewer than ten percent

of smokers successfully quitting. A commonly cited reason that hinders quitting is the
increased weight gain and cravings that smokers report following abstinence. Nicotine

use has canonically been thought to decrease food intake and increase satiety signaling;
however, this dogma may not hold true at a short timescale. We previously reported that
acute nicotine intake produced an acute increase in feeding behavior in nicotine-dependent
ratsL. While we observe this paradoxical effect of nicotine intake on feeding behavior, the
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mechanism by which acute nicotine produces this increased feeding is unknown. As nicotine
is known to alter feeding behavior and energy metabolism?3, it is important to understand
how nicotine may interact with these feeding hormones.

Nicotine is mainly studied for its actions within the central nervous system, but nicotine

also acts on nicotinic acetylcholine receptors on cardiac and skeletal muscle cells as well as
parasympathetic nerve cells to increase activity and produce physiologically stimulating
effects?6. Outside of the brain, tissues like white adipose tissue and organs like the
pancreas, stomach, and small intestine secrete a wide variety of peptides in response to the
body’s physiological state to drive hunger and satiety behaviors. These chemicals enter the
circulation and often cross the blood-brain barrier to activate neuronal signaling pathways
that control food intake. A summary of some key feeding-related hormones and their
functions can be found in Table 1 below. Chronic nicotine use has been shown to decrease
food intake, body weight gain, and increase energy expenditure, so it may be hypothesized
that there would be an increase in circulating hormones that increase satiety — leptin,

insulin, glucagon, GLP-1, PYY —and a decrease in ghrelin which promotes hunger and
feeding. Yet studies measuring the effect of nicotine on these feeding hormones have yielded
mixed results. Leptin levels have been shown to either increase or decrease following
nicotine use, making it unclear whether chronic nicotine use increases leptin sensitivity or
resistance’"12. Ghrelin levels have been shown to increase after acute and chronic nicotine
use3-15, Chronic nicotine use has been linked to the propensity for metabolic disorders like
type 2 diabetes, and this can be partially due to the induction of insulin resistance following
chronic nicotine use; however, many studies show a positive effect of nicotine administration
on improving insulin sensitivity in diabetic subjects'6-18, Another contribution of smoking to
type 2 diabetes risk is its ability to reduce plasma glucose levels, potentially due to elevated
glucagon in the fasted statel®.

However, little is still known about the acute effect of nicotine on hormonal changes.

The goal of this study is to determine the contribution of feeding-related hormones

toward producing this acute increased feeding behavior following nicotine intake. Having
previously identified this behavioral phenomenon in rats made dependent to nicotine by
intravenous self-administration, we first wanted to determine whether we could replicate the
acute increase in feeding behavior in a passive model of nicotine dependence. Extended
access to nicotine self-administration is a model with high face validity and is ideal

for exploring changes in nicotine-taking behaviors. However, there is a greater amount

of variability in nicotine intake across animals, so it is desirable to standardize nicotine
exposure across animals in order to investigate factors that may contribute to this behavioral
phenomenon. We developed a model consisting of subcutaneous injections of nicotine
administered before and in combination with osmotic minipumps delivering a low dose of
nicotine that still elicits dependence in rats3. We hypothesized that using this model, acute
nicotine administration would increase pro-feeding hormone levels and decrease pro-satiety
hormone levels, thus contributing to increased feeding behavior.
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Adult male and female Wistar rats (8-10 weeks at the start of the study; Charles River,
Hollister, CA, USA) were used for the experiments. The rats were group-housed and
maintained on a 12 h/12 h light/dark cycle (lights off at 10:00 AM) with ad /ibitum access

to food (45 mg grain-based tablets, TestDiet, St. Louis, MO, USA) and tap water. Body
weights of all rats were recorded daily throughout the study. All of the animal procedures
were approved by the University of California San Diego Institutional Animal Care and Use
Committee and were in accordance with National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

Nicotine hydrogen tartrate (Glentham, USA) was dissolved in 0.9% sterile saline and

pH was adjusted to 7.0. For osmotic minipump delivery, nicotine solution was prepared
according to rats’ body weight, loaded into osmotic minipumps (Alzet 2ML4, Braintree
Scientific, USA) and delivered at a rate of 1 mg/kg/day (free base). Subcutaneous injections
of nicotine were administered at a dose of either 0.09 mg/kg/300 pL/injection or 0.18
mg/kg/600 pL/injection dissolved in 0.9% saline. All hormones were purchased from
Bachem (Torrance, CA) and administered via subcutaneous injection at the following doses:
5 ug/kg glucagon, 10 pg/kg peptide YY (PYY) (3-36), 20 ug/kg glucagon-like peptide 1
(GLP-1) (7-36 amide).

Experiment 1: Passive model of nicotine exposure

Adult male and female Wistar rats (N = 10 M, 10 F) were first trained in operant chambers
to nosepoke for food and water on a fixed-ratio (FR1) schedule of responding in 21 h
sessions to establish baseline food and water intake. Sham injections of 0.9% saline were
administered subcutaneously during this period to habituate rats to injections. Rats were
then given injections of 0 mg/kg nicotine (saline, vehicle), 0.09 mg/kg nicotine (to match

a reinforcing dose of 3 intravenous infusions within the self-administration model3%), or
0.18 mg/kg nicotine (to provide a higher dose due to the pharmacokinetics of subcutaneous
delivery). All rats were given all treatments in a pseudo-randomized order, where equal
numbers of males and females were administered each treatment, but the treatment order
was randomized so not all animals received the same treatment on the same day. Animals
were given a 24 h washout period between each treatment. All rats received their first
injection at the start of the dark cycle, were placed in operant chambers, and the 21 h food
and water intake session was started. Three additional injections of the same dose were
given during the dark cycle 2.5 h apart; the half-life of nicotine administered subcutaneously
is approximately 30 min, so this allowed for a clearance of > 95% nicotine from the previous
injection before the next one was administered. Rats were briefly removed from the operant
chambers, injected, and placed back in the chamber, resulting in a 10 s window where they
were unable to press for food or water.

Following the above nondependent treatments, rats were surgically implanted with osmotic
minipumps containing 1 mg/kg/day nicotine (free base). This dose was chosen as it is
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enough to elicit nicotine dependence after 2 weeks, but still a low enough dose to allow

for the added effect of the subcutaneous injections of nicotine based on reports summarized
by Matta et a/. that show 1 mg/kg/day nicotine produces behavioral and physiological
effects consistent with habitual nicotine users3®37. This dose has also been shown to
increase withdrawal-like behaviors in rats following administration for 1-2 weeks38:39, After
a 2-week period to establish nicotine dependence, rats were again given 4 injections of 0
mg/kg, 0.09 mg/kg, or 0.18 mg/kg nicotine throughout the dark cycle, and food and water
intake events were recorded during the 21 h sessions. A 24 h washout period was given
between each treatment. Minipumps remained on board during these injections so rats were
nicotine-dependent during this period. Poststimulus time histograms (PSTH) were generated
to examine the effect of nicotine injection on food intake. The average number of food
intake events within each 10 s bin of the 20 min window following each injection was
calculated, and then an average value for all 4 injections was obtained.

Experiment 2: Effect of nicotine dependence and acute nicotine injection on circulating
hormone levels

A cohort of male and female rats (N = 6 M, 6 F) were placed into operant conditioning
chambers and trained to self-administer food via lever press and water via nosepoke in 21

h sessions for 5-7 days or until stable baseline intake was reached. During this time, rats
were habituated to injection with 2-3 subcutaneous injections of 0.9% saline prior to the start
of the experiment. All rats were subcutaneously injected with either 0.18 mg/kg nicotine or
0.9% saline (vehicle). All blood collections were performed in a 1-2 h window between the
end of the light cycle and start of the dark cycle; this time was consistent for all collections
throughout the study. For the nondependent time points, 200 uL blood was collected via tail
vein puncture in chilled EDTA-coated tubes at baseline (30 min prior to injection; 30-60 min
prior to the start of the dark cycle) and 10 min post-nicotine or saline injection. Rats were
fasted for 2 h prior to baseline blood collection and were not allowed access to food until all
blood collections were complete. Following blood collection, rats were placed into operant
chambers and food and water intake was recorded in 21 h sessions. Rats were then surgically
implanted subcutaneously with osmotic minipumps containing 1 mg/kg/day nicotine. Rats
were allowed to establish dependence to nicotine for 2 weeks, and injections were repeated
with minipump on board to maintain nicotine dependence. 200 pL blood was again collected
30 min before injection (baseline, dependent) and 10 min post-injection (post-injection,
dependent) time points. Following blood collection, rats were placed into operant chambers
and food and water intake was recorded in 21 h sessions. For extended time course blood
collection, blood collection was performed separately where 200 uL blood was collected at
baseline, 10 min, 30 min and 60 min post-injection (4 separate blood collections); rats were
not given access to food in operant chambers until all 4 blood collections were completed.
All blood samples were kept on ice after collection, centrifuged at 4°C and 3000 rpm, and
plasma was extracted and stored at —80°C until use.

Experiment 3: Effect of hormone administration on acute feeding behavior following
nicotine injection

A second cohort of male and female rats (N = 6 M, 6 F) were placed into operant
conditioning chambers and trained to self-administer food via lever press and water via
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nosepoke in 21 h sessions for 5-7 days or until stable baseline intake was reached. During
this time, rats were habituated to injection with 2-3 subcutaneous injections of 0.9%

saline prior to the start of the experiment. Rats were subcutaneously injected with either

5 ug/kg glucagon, 10 pg/kg PYY, or 20 pg/kg GLP-1. These doses were chosen based on
literature reports using subcutaneous or intraperitoneal injections of these hormones (not
long-lasting analogs or mimetics with a different pharmacokinetic profile) in rats that report
physiological and behavioral effects*0-44. 10 min post-glucagon or PYY injection, and 1 min
post-GLP-1 injection, rats were injected with 0.18 mg/kg nicotine or 0.9% saline (vehicle).
These timepoints were chosen in order to allow for presence of hormone in the system at

the time of nicotine injection. As in the above experiment, 200 uL blood was collected via
tail vein puncture in EDTA-coated at baseline (30 min prior to injection; 30-60 min prior

to the start of the dark cycle), and 10 min post-nicotine or saline injection (nondependent).
Rats were fasted for 2 h prior to baseline blood collection and were not allowed access

to food until all blood collections were complete. Following blood collection, rats were
placed into operant chambers and food and water intake was recorded in 21 h sessions. Rats
were given a 24 h washout period in between hormone injections. Rats were then surgically
implanted subcutaneously with osmotic minipumps containing 1 mg/kg/day nicotine. Rats
were allowed to establish dependence to nicotine for 2 weeks, and injections were repeated
with minipump on board to maintain nicotine dependence. 200 UL blood was again collected
at baseline and post-injection time points. Following blood collection, rats were placed into
operant chambers, and food and water intake was recorded in 21 h sessions. All blood
samples were kept on ice after collection, centrifuged at 3000 rpm, and plasma was extracted
and stored at —80°C until use. Food intake data were collected in 10 s bins throughout the 21
h operant session. Data were smoothed by taking the running average of the data 30 s before
and after each data point, and the values between 6 and 9 minutes were chosen to focus on
as this is the window in which we expect to see the increased feeding behavior following
nicotine injection. These values were plotted as post-stimulus time histograms (PSTH).

Analysis of circulating hormone levels

Plasma samples were analyzed using a custom Mesoscale Discovery (MSD) U-PLEX plate
assay (Mesoscale Discovery, Rockville, MD, USA). A general strength of the MSD analysis
platform is the ability to quantify multiple analytes within the same sample, thus reducing
variability between replicates. Analytes of interest were leptin, active ghrelin, insulin,
glucagon, active GLP-1, and PY'Y. Prior to 200 uL blood collection, 2 uL 1X dipeptidyl
peptidase 1V (DPP-1V) inhibitor (MilliporeSigma, Burlington, MA, USA) and 6 pL 1X
protease inhibitor cocktail containing AEBSF and aprotinin (P2714, Sigma Aldrich, St.
Louis, MO, USA) were added to blood collection tubes to prevent degradation of active
ghrelin and active GLP-1. Plates were first prepared with antibody linkers for analytes of
interest such that all wells were calibrated to bind all analytes of interest. 25 L of each
thawed plasma sample (diluted 1:2 in MSD Metabolic Assay Working Solution) were added
in duplicate wells to the plate, and incubated for 2 h while shaking. Plates were then
washed 3x with wash buffer (1X PBS + 0.05% Tween-20), and detection antibody solution
was added to the wells and incubated for 1 h while shaking. Plates were washed 3x with
wash buffer and read buffer was added to wells immediately following last wash. Plates
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were read using MESO QuickPlex SQ 120MM plate reader (Mesoscale Discovery). Analyte
concentrations in samples were calculated using MSD Discovery Workbench software.

Statistical analysis

Results

All of the data was analyzed using Prism 9 software (GraphPad, San Diego, CA, USA).
Outliers were removed prior to analysis using Grubb’s outlier test. All data analyses
combine males and females as we did not see a significant effect of sex (data not shown).
Data were tested for normality using the D’ Agostino & Pearson test, and as data passed

the test of normality, parametric analyses were subsequently used. For repeated measures
analysis, sphericity was assumed as data sets between groups had equal variances. Food

and water intake following nicotine injections were analyzed using 1-way repeated measures
analysis of variance (RM ANOVA) with Tukey’s multiple comparisons post hoc. Baseline
hormone levels in nondependent vs. dependent rats, hormone levels following subcutaneous
injection of nicotine or saline, and hormone levels following subcutaneous injection of
hormone were analyzed using paired #tests. Correlational analyses of hormone levels

vs. body weight, hormone levels vs. baseline food intake, and food intake post-injection

vs. hormone level post-injection were performed using Pearson’s correlational analysis.
Analysis of circulating hormone time course following injection was performed using 1-way
RM ANOVA with Tukey’s multiple comparisons post hoc. PSTH of food intake following
injection of hormone and nicotine or saline was analyzed using 2-way RM ANOVA with
Sidak’s multiple comparisons post hoc. Effect sizes for all significant data are reported by
12 (ANOVA) or Hedges’ g (t-tests) as guided in the detailed report by Lakens*®. All data are
expressed as mean + SEM.

Validation of acute feeding behavior using a passive model of nicotine administration

In nondependent rats, nicotine injection at either 0.09 mg/kg or 0.18 mg/kg did not elicit

a significant increase in food intake compared to saline injection (Fig. 2A-B). However,
following establishment of nicotine dependence with osmotic minipump, nicotine injection
produced a significant increase in food intake (time x treatment interaction p < 0.0001,
Fl238,6783) = 1.388, 2 = 0.0407; main effect of time p< 0.0001, A235,6783) = 3.074, n? =
0.0449; Fig. 2C). Tukey’s multiple comparisons post hoc revealed that 0.18 mg/kg nicotine
significantly increased food intake between 5:40 and 7:40 min and 0.09 mg/kg nicotine
significantly increased food intake between 6:20 and 7:50 min and again between 8:40

and 9:00 min. Analysis of nicotine dose using 1-way RM ANOVA with Tukey’s post hoc
showed that both doses of nicotine significantly increased food intake (o= 0.0004, n2 =
0.3708) with no significant difference between doses (Fig. 2D). These results confirm that
the acute increase in feeding behavior in nicotine-dependent rats is reproducible in a passive
model of nicotine intake.

We similarly assessed the ability of the passive model to elicit increased drinking behavior
following nicotine intake. In nondependent rats, nicotine injection at either 0.09 mg/kg

or 0.18 mg/kg did not elicit a significant increase in water intake compared to saline
injection (Fig. 3A-B). However, following establishment of nicotine dependence with
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osmotic minipump, nicotine injection produced a significant increase in water intake (time

X treatment interaction p = 0.0298, F3g 6783) = 1.184, 12 = 0.0366; main effect of time
p<0.0001, Fp3g6783) = 6.099, 12 = 0.0892; Fig. 3C). Tukey’s multiple comparisons post
hoc revealed that 0.09 mg/kg nicotine significantly increased water intake between 5:40 and
6:00 min compared to both 0.18 mg/kg nicotine and saline and significantly decreased water
intake between 1:50 and 2:00 min compared to the other groups. Analysis of nicotine dose
using 1-way RM ANOVA revealed a significant difference between groups, but Tukey’s post
hoc analysis did not further elucidate a difference between groups, although there was a
trend towards a difference between nicotine doses in water intake (p = 0.0545, 0.18 mg/kg
vs. 0.09 mg/kg; Fig. 3D). These results also confirm that the acute increase in drinking
behavior in nicotine-dependent rats is reproducible in a passive model of nicotine intake.

Nicotine dependence increases circulating insulin, leptin, and ghrelin levels and produces
insulin tolerance

We first sought to understand the effects of chronic nicotine administration on changes in
circulating hormone levels in rats. We hypothesized that chronic nicotine administration
would increase circulating levels of leptin, insulin, glucagon, GLP-1, and PYY, coinciding
with long-term nicotine use and decreasing overall feeding behavior and body weight

gain. To test this hypothesis, we employed a within-subjects study where we sampled
plasma from male and female rats before (nondependent) and with implantation of osmotic
minipumps containing 1 mg/kg/day nicotine (dependent). Baseline samples were collected
at nondependent and dependent timepoints prior to acute injections of nicotine or saline.
We collected baseline samples collection in both experimental cohorts studying hormonal
changes, therefore we combined the data from both cohorts for increased statistical power.

At baseline in dependent rats vs. nondependent rats, we observed a significant increase

in insulin levels (p=0.0005, t=4.121, g= 0.9641, paired ttest; Fig. 4A). Leptin levels
were also significantly increased at baseline (p=0.0109, = 2.792, g = 0.6465, paired
ttest; Fig. 4B). Interestingly, we also observed a significant increase in circulating active
ghrelin levels (p=0.0024, t=3.455, g=0.7792, paired £test; Fig. 4C). There was no
significant difference in baseline circulating levels of active GLP-1, glucagon, or PYY
between nondependent and dependent rats (Fig. 4D-F). Contrary to our hypothesis, these
results show that chronic nicotine administration increases circulating levels of both satiety
and hunger-related hormones.

As insulin and leptin levels are strongly tied to body weight and food intake, we sought to
identify whether the increased levels of these hormones correlated with these measures. In
dependent rats, circulating insulin levels at baseline strongly positively correlated with body
weight (R2 = 0.6645, p= 0.0022; Fig. 5A). However, at baseline there was only a weak
inverse correlation between insulin levels and 24 h food intake (Fig. 5B). We observed a
significant positive correlation between circulating leptin levels and body weight at baseline
(R2=0.6123, p=0.0044; Fig. 5C). We also observed a significant inverse correlation
between circulating leptin levels and 24 h food intake at baseline (R = 0.4814, p=0.0179;
Fig. 5D). Thus, the data confirm that insulin and leptin levels are positively correlated with
body weight and leptin is negatively correlated with food intake.
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Nicotine injection decreases active GLP-1 and glucagon levels in dependent rats

Next, we wanted to identify the effects of acute nicotine injection on circulating hormone
levels in dependent rats to potentially elucidate the contributions of these hormones on
increased feeding behavior. Since we hypothesized that acute nicotine would decrease pro-
satiety hormones and increase pro-feeding hormones, we sought to determine whether these
hormone levels could predict food intake at 30 min post-injection of nicotine. We expected
to see an inverse correlation between the plasma levels of pro-satiety hormones and food
intake, which would indicate a reduction in secretion of these hormones to subsequently
increase feeding. There was no significant correlation between insulin, leptin, or ghrelin
levels and food intake following injection of either saline or nicotine (Fig. 6A-C). Contrary
to our hypothesis, we found that hormones that promote satiety and decrease feeding were
positively correlated with food intake. Indeed, we observed a significant positive correlation
between food intake following nicotine injection and active GLP-1 levels (R? = 0.4868,

p = 0.0249; Fig. 6D), glucagon levels (R2 = 0.5106, p= 0.0202; Fig. 6E), and PYY

levels (R? = 0.4125, p = 0.0453; Fig. 6F) in dependent rats. These correlations were

not present following saline injection. However, this positive correlation for the hormone
levels 10 minutes post-nicotine injection does not make sense with the increased feeding
behavior 30 min post-injection. This data suggests that nicotine is altering signaling of
these hormones. Therefore, we wanted to further measure the circulating hormone levels at
different timepoints to see if there were any changes that could explain the behavior.

To further understand the effects of nicotine injection on these three hormones, we sampled
plasma at additional time points following injection in dependent rats to establish a time
course of hormone level changes. Following saline injection, there was no significant
difference in active GLP-1 levels across the time course (Fig. 7A). However, 1-way

RM ANOVA revealed that nicotine injection significantly decreased active GLP-1 levels
(F(1.788,16.09) = 9219, p=0.0027, n2 = 0.5061; Fig. 7B). Post hoc analysis using Tukey’s
multiple comparisons test identified a significant decrease in active GLP-1 levels at 10

min and 30 min post-injection (o < 0.05), but not 60 min post-injection, compared to
baseline levels. Similarly, there was no significant effect of saline injection on glucagon
levels across all sampled timepoints (Fig. 7C), but glucagon levels significantly decreased
following acute injection of nicotine (F(1.350,12.15) = 8.597, p= 0.0084, 12 = 0.4885; Fig.
7D). Tukey’s multiple comparisons post hoc revealed that glucagon levels were significantly
decreased only at 10 min post-injection compared to baseline levels (p < 0.05). Conversely,
saline injection produced a significant decrease in PY'Y levels (F(2.403,21.62) = 7.613, p=
0.0021, n2 = 0.2747; Fig. 7E); post hoc analysis revealed a significant decrease at all time
points compared to baseline. Nicotine injection produced a similar decrease in PYY levels
(F(1.914,17.23) = 12.20, p=0.0006, 12 = 0.5755; Fig. 7F). Tukey’s multiple comparisons
post hoc showed that nicotine significantly decreased PYYY levels at 10 min and 60 min
post-injection compared to baseline levels. Because this effect was seen following both
saline and nicotine injections, the decrease in PY'Y levels is not specific to acute nicotine
injection. Thus, our results show that glucagon and active GLP-1 exhibit a decrease in
circulating levels following acute nicotine injection.
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Glucagon administration prevents the acute increase in feeding behavior following

nicotine injection
As acute nicotine injection decreased circulating glucagon and active GLP-1 levels, we
hypothesized that this decrease in pro-satiety hormone levels might contribute to the
increase in feeding behavior following acute nicotine injection in dependent rats. To test
this hypothesis, we administered subcutaneous injections of these hormones prior to nicotine
or saline injection and measured the subsequent short-term food intake. We validated the
efficacy of the hormone injection and confirmed that following the injection of GLP-1,
glucagon, or PYY, there was a significant increase in the plasma levels of these hormones
(GLP-1 p=0.0035, ¢t=3.913, g=2.217; glucagon p=0.0142, t=3.030, g =1.108; PYY p
=0.0003, t=5.684, g=2.927) (Fig. 8A, C, E).

To assess the effect of hormone injection on feeding behavior, a within-subjects study

was performed, so that all rats were given injections of each hormone prior to nicotine

or saline injection (N = 6/group). After nicotine or saline injection, rats were placed in
operant chambers and food intake was recorded in 10 s bins for 20 minutes. Average

food intake was analyzed using PSTH. Control data of food intake following nicotine or
saline injection without additional hormone injection was also used for comparison, and we
observed that acute nicotine injection did increase food intake (treatment p = 0.05). 2-way
RM ANOVA of food intake following active GLP-1 injection showed no significant effect of
hormone treatment on food intake following nicotine injection (Fig. 8B). Analysis of food
intake following glucagon injection revealed a significant effect of glucagon administration
on decreasing food intake following nicotine injection (F 3 44y = 5.513, p= 0.0027, 7=
0.1249; Fig. 8D). 2-way RM ANOVA of PYY administration on food intake showed a

trend towards the significant effect of hormone treatment (F(3 44) = 2.719, p= 0.0559; Fig.
8F), but there was no clear effect of hormone administration on decreasing food intake
following nicotine injection. These results show that glucagon administration prevented food
intake following nicotine injection, suggesting that the decrease in glucagon levels following
nicotine injection contributes to the increased feeding behavior phenomenon.

Discussion

This study aimed to examine the effects of acute and chronic nicotine exposure on
circulating feeding hormones and identify their contribution to the increased feeding
behavior following nicotine exposure. We developed a model of passive nicotine exposure
in which we validated an acute increase in food intake following nicotine injection in
dependent rats. We confirmed that long-term nicotine intake produces increased levels of
circulating leptin, insulin, and ghrelin. Acute nicotine injection in dependent rats altered
the relationship between GLP-1, glucagon, and PYY levels and short-term food intake,
and decreased GLP-1 and glucagon levels. Administration of glucagon prevented the acute
increase in feeding behavior following nicotine injection in dependent rats. These results
show that glucagon may be decreased with acute nicotine injection and contribute to the
acute increase in food intake produced by nicotine.

Establishment of nicotine dependence via 1 mg/kg/day nicotine for 2 weeks produced
approximately a 30% increase in circulating leptin levels and a 50% increase in circulating
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insulin levels. Nicotine dependence also produced a 50% increase in circulating active
ghrelin levels. We observed this increase across a large sample size, providing confidence in
these results. Insulin and leptin are also adiposity signals, and we confirmed that circulating
insulin and leptin levels positively correlated with body weight and negatively correlated
with food intake, as expected. The increases in leptin, insulin, and ghrelin are consistent
with previous literature and suggests that chronic nicotine use mediates peripheral regulation
of feeding and energy metabolism®16:46.47 Few studies have looked at the acute effects

of nicotine on hormone levels in short timescales (minutes); notably, plasma ghrelin has
been seen to increase after smokingl4. While the hormones we studied have been shown to
produce effects within minutes of secretion, most of these hormones peak in signaling over a
longer period of time (minutes-hours)48-50.

At baseline, we did not observe an effect of nicotine dependence on circulating levels of
GLP-1, glucagon, or PYY. These hormones are secreted as a postprandial response, and
since our rats were fasted prior to sample collection, we would expect no change in the
circulating levels of these hormones. We did observe a significant decrease in glucagon and
GLP-1 levels following acute nicotine injection in dependent rats. Active GLP-1 exhibited a
persistent decrease in circulating levels up to 30 min post-nicotine injection. Active GLP-1
and glucagon have short lifespans (seconds-minutes), especially as active GLP-1 quickly
gets degraded by DPP-1V®152, This may explain inconsistency in our results, as it is harder
to accurately capture the circulating hormone levels. PYY levels were decreased following
both saline and nicotine injections; PYY is acutely affected by stress®3, which may explain
our results despite habituation of rats to sham injections before the experiment.

We also saw that GLP-1, glucagon, and PYYY levels and food intake were positively
correlated following nicotine injection. We expected circulating levels of satiety-inducing
hormones to inversely correlate with subsequent food intake, as these hormone levels
increase postprandially to decrease feeding. The rats were fasted prior to the injections

and blood collection to remove any confounding variable effects of individual food intake
and related hormone secretion; however, this effect appears to be specific to the nicotine
injection as we did not see the same correlation following saline injection, thus ruling out a
general effect of feeding behavior. It is apparent that nicotine injection is altering signaling
of these hormones; the decreased levels of hormone at 10 min post-injection may suggest a
delayed release by nicotine, leading to an acute increase in feeding but an overall decrease in
feeding.

Finally, we found that subcutaneous administration of glucagon prior to injection of nicotine
in dependent rats prevented the acute increase in feeding behavior. We injected glucagon

to allow for peak levels in the circulation at the time of nicotine injection®1, so that if
nicotine was decreasing glucagon levels the effect would be masked. While we did inject
GLP-1 immediately before injecting nicotine to avoid excessive degradation by DPP-1V,

it is possible the lack of observed effect could be due to insufficient GLP-1 within the
circulation. Studies examining the effects of GLP-1 administration on long-term changes

in food intake and body weight use GLP-1 mimetics or GLP-1 receptor agonists that

are not degraded by DPP-1V, such as liraglutide or exenatide, respectively®*. However,
GLP-1, glucagon, and PYY have all been studied as potential therapeutics for obesity

Horm Behav. Author manuscript; available in PMC 2024 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shankar et al. Page 11

treatments®>-59, and our results validate the potential of these compounds to restore the
hormonal dysregulation of feeding due to nicotine.

We focused on nicotine’s effects on the homeostatic peripheral signaling of leptin, ghrelin,
insulin, glucagon, GLP-1, and PY'Y. However, an important consideration is that many of
these hormones do have the ability to directly or indirectly affect central nervous system
signaling. Insulin, leptin, ghrelin, and PY'Y can directly bind to neurons in orexigenic and
anorexigenic regions. The NTS contains GLP-1 expressing neurons that project to multiple
regions. Consequently, these regions can signal back to the periphery or produce additional
signals that contribute to the circulating levels of hormones in the plasma. Given nicotine’s
rapid circulation and time of action within the brain, it is possible that hormone signaling
may be altered centrally before it becomes altered peripherally. This may potentially explain
why we did not see changes in peripheral hormone levels of leptin, insulin, ghrelin, and
PYY following acute nicotine injection.

Conclusions

Overall, the results from this study have shown that nicotine alters peripheral signaling of
feeding-related hormones, and these hormones contribute to the acute increase in food intake
following acute nicotine in dependent rats. Further study is needed to characterize the effects
of nicotine on these hormones more thoroughly and how peripheral vs. central signaling may
contribute to feeding behaviors. Understanding the broad effects of nicotine on homeostatic
regulation of feeding can provide greater insight into nicotine’s mechanisms of action and
potential avenues for therapeutic treatment.

Acknowledgments

This work was supported by the UC San Diego Preclinical Addiction Research Consortium and Tobacco-Related
Disease Research Program grant #12RT-0099.

References

1. Shankar K, Ambroggi F & George O Microstructural meal pattern analysis reveals a
paradoxical acute increase in food intake after nicotine despite its long-term anorexigenic effects.
Psychopharmacology 239, 807-818 (2022). [PubMed: 35129671]

2. Bellinger LL, Wellman PJ, Harris RBS, Kelso EW & Kramer PR The effects of chronic nicotine on
meal patterns, food intake, metabolism and body weight of male rats. Pharmacology Biochemistry
and Behavior 95, 92-99 (2010). [PubMed: 20035781]

3. Rupprecht LE et al. Self-administered nicotine increases fat metabolism and suppresses weight gain
in male rats. Psychopharmacology 235, 1131-1140 (2018). [PubMed: 29354872]

4. Neff RA, Humphrey J, Mihalevich M & Mendelowitz D Nicotine Enhances Presynaptic and
Postsynaptic Glutamatergic Neurotransmission to Activate Cardiac Parasympathetic Neurons.
Circulation Research 83, 1241-1247 (1998). [PubMed: 9851941]

5. Zoli M, Pucci S, Vilella A & Gotti C Neuronal and Extraneuronal Nicotinic Acetylcholine
Receptors. Curr Neuropharmacol 16, 338—-349 (2018). [PubMed: 28901280]

6. Haass M & Kiibler W Nicotine and sympathetic neurotransmission. Cardiovasc Drug Ther 10,
657-665 (1997).

7. Chen H, Saad S, Sandow SL & Bertrand PP Cigarette Smoking and Brain Regulation of Energy
Homeostasis. Front Pharmacol 3, (2012).

Horm Behav. Author manuscript; available in PMC 2024 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shankar et al.

Page 12

8. Wei M, Stern MP & Haffner SM Serum leptin levels in Mexican Americans and non-Hispanic

whites: Association with body mass index and cigarette smoking. Annals of Epidemiology 7, 81-86
(1997). [PubMed: 9099395]

9. Eliasson B & Smith U Leptin levels in smokers and long-term users of nicotine gum. European

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Journal of Clinical Investigation 29, 145-152 (1999). [PubMed: 10093001]
10.

Li MD, Parker SL & Kane JK Regulation of Feeding-Associated Peptides and Receptors by
Nicotine. Molecular Neurobiology 22, 143-166 (2000). [PubMed: 11414277]

Li MD & Kane JK Effect of nicotine on the expression of leptin and forebrain leptin receptors in
the rat. Brain Research 991, 222-231 (2003). [PubMed: 14575895]

Reseland JE et al. Cigarette smoking may reduce plasma leptin concentration via catecholamines.
Prostaglandins, Leukotrienes and Essential Fatty Acids 73, 43-49 (2005). [PubMed: 15964536]
Ali SS, Hamed EA, Ayuob NN, Ali AS & Suliman MI Effects of different routes of nicotine
administration on gastric morphology and hormonal secretion in rats. Experimental Physiology
100, 881-895 (2015). [PubMed: 26079093]

Bouros D. et al. Smoking Acutely Increases Plasma Ghrelin Concentrations. Clinical Chemistry
52, 777-778 (2006). [PubMed: 16595837]

Kokkinos A. et al. Differentiation in the short- and long-term effects of smoking on plasma total
ghrelin concentrations between male nonsmokers and habitual smokers. Metabolism 56, 523-527
(2007). [PubMed: 17379011]

Wu Y. et al. Activation of AMPKa2 in adipocytes is essential for nicotine-induced insulin
resistance in vivo. Nature Medicine 21, 373-382 (2015).

Seoane-Collazo P. et al. Nicotine improves obesity and hepatic steatosis and ER stress in diet-
induced obese male rats. Endocrinology 155, 1679-1689 (2014). [PubMed: 24517227]

Cruz B. et al. Insulin modulates the strong reinforcing effects of nicotine and changes in insulin
biomarkers in a rodent model of diabetes. Neuropsychopharmacology 1 (2019) doi:10.1038/
$41386-018-0306-3.

Grgndahl MF et al. Effects of Smoking Versus Nonsmoking on Postprandial Glucose Metabolism
in Heavy Smokers Compared With Nonsmokers. Diabetes Care 41, 1260-1267 (2018). [PubMed:
29602793]

Cowley MA et al. The Distribution and Mechanism of Action of Ghrelin in the CNS Demonstrates
a Novel Hypothalamic Circuit Regulating Energy Homeostasis. Neuron 37, 649-661 (2003).
[PubMed: 12597862]

Miiller TD et al. Ghrelin. Mol Metab 4, 437-460 (2015). [PubMed: 26042199]

Abizaid A & Horvath TL Ghrelin and the central regulation of feeding and energy balance. Indian
J Endocrinol Metab 16, S617-S626 (2012). [PubMed: 23565498]

Serrenho D, Santos SD & Carvalho AL The Role of Ghrelin in Regulating Synaptic Function and
Plasticity of Feeding-Associated Circuits. Frontiers in Cellular Neuroscience 13, (2019).

Jong AD, Strubbe JH & Steffens AB Hypothalamic influence on insulin and glucagon release in
the rat.

Woods SC, Lutz TA, Geary N & Langhans W Pancreatic signals controlling food intake; insulin,
glucagon and amylin. Philos Trans R Soc Lond B Biol Sci 361, 1219-1235 (2006). [PubMed:
16815800]

Air EL, Benoit SC, Blake Smith KA, Clegg DJ & Woods SC Acute third ventricular administration
of insulin decreases food intake in two paradigms. Pharmacology Biochemistry and Behavior 72,
423-429 (2002). [PubMed: 11900815]

Foster LA, Ames NK & Emery RS Food intake and serum insulin responses to intraventricular
infusions of insulin and IGF-I. Physiology & Behavior 50, 745-749 (1991). [PubMed: 1663628]
Dodd GT & Tiganis T Insulin action in the brain: Roles in energy and glucose homeostasis. Journal
of Neuroendocrinology 29, 12513 (2017).

Park H-K & Ahima RS Physiology of leptin: energy homeostasis, neuroendocrine function and
metabolism. Metabolism 64, 24-34 (2015). [PubMed: 25199978]

Pénicaud L, Meillon S & Brondel L Leptin and the central control of feeding behavior. Biochimie
94, 2069-2074 (2012). [PubMed: 22546505]

Horm Behav. Author manuscript; available in PMC 2024 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shankar et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 13

Coll AP, Farooqi IS & O’Rahilly S The Hormonal Control of Food Intake. Cell 129, 251-262
(2007). [PubMed: 17448988]

Koda S. et al. The Role of the Vagal Nerve in Peripheral PY'Y3-36-Induced Feeding Reduction in
Rats. Endocrinology 146, 2369-2375 (2005). [PubMed: 15718279]

Nonaka N, Shioda S, Niehoff ML & Banks WA Characterization of Blood-Brain Barrier
Permeability to PY'Y3-36 in the Mouse. J Pharmacol Exp Ther 306, 948-953 (2003). [PubMed:
12750431]

Blevins JE, Chelikani PK, Haver AC & Reidelberger RD PY'Y(3-36) Induces Fos in the Arcuate
Nucleus and in both Catecholaminergic and Non-catecholaminergic Neurons in the Nucleus
Tractus Solitarius of Rats. Peptides 29, 112-119 (2008). [PubMed: 18082288]

Matta SG et al. Guidelines on nicotine dose selection for in vivo research. Psychopharmacology
190, 269-319 (2007). [PubMed: 16896961]

O’Dell LE et al. Extended Access to Nicotine Self-Administration Leads to Dependence: Circadian
Measures, Withdrawal Measures, and Extinction Behavior in Rats. J Pharmacol Exp Ther 320,
180-193 (2007). [PubMed: 17050784]

Benwell ME, Balfour DJ & Birrell CE Desensitization of the nicotine-induced mesolimbic
dopamine responses during constant infusion with nicotine. Br J Pharmacol 114, 454-460 (1995).
[PubMed: 7881744]

O’Dell LE et al. Diminished nicotine withdrawal in adolescent rats: implications for vulnerability
to addiction. Psychopharmacology 186, 612—-619 (2006). [PubMed: 16598454]

Reynaga DD, Cano M, Belluzzi JD & Leslie FM Chronic exposure to cigarette smoke extract
increases nicotine withdrawal symptoms in adult and adolescent male rats. Adv. Drug Alcohol
Res. 3, 11324 (2023). [PubMed: 38389812]

Batterham RL et al. Gut hormone PY'Y3-36 physiologically inhibits food intake. Nature 418,
650-654 (2002). [PubMed: 12167864]

Dirnena-Fusini I, Am MK, Fougner AL, Carlsen SM & Christiansen SC Intraperitoneal,
subcutaneous and intravenous glucagon delivery and subsequent glucose response in rats: a
randomized controlled crossover trial. BMJ Open Diabetes Res Care 6, e000560 (2018).
Gil-Lozano M. et al. GLP-1(7-36)-amide and Exendin-4 Stimulate the HPA Axis in Rodents and
Humans. Endocrinology 151, 2629-2640 (2010). [PubMed: 20363879]

Yao Y. et al. Glucagon-Like Peptide-1 Modulates Cholesterol Homeostasis by Suppressing the
miR-19b-Induced Downregulation of ABCAL. Cellular Physiology and Biochemistry 50, 679-693
(2018). [PubMed: 30308521]

Challis BG et al. Acute effects of PY'Y3-36 on food intake and hypothalamic neuropeptide
expression in the mouse. Biochemical and Biophysical Research Communications 311, 915-919
(2003). [PubMed: 14623268]

Lakens D. Calculating and reporting effect sizes to facilitate cumulative science: a practical primer
for t-tests and ANOVAs. Frontiers in Psychology 4, (2013).

Tomoda K. et al. Changes of ghrelin and leptin levels in plasma by cigarette smoke in rats. The
Journal of Toxicological Sciences 37, 131-138 (2012). [PubMed: 22293417]

Fagerberg B, Hultén LM & Hulthe J Plasma ghrelin, body fat, insulin resistance, and smoking in
clinically healthy men: the atherosclerosis and insulin resistance study. Metabolism 52, 1460-1463
(2003). [PubMed: 14624407]

Jéquier E. Leptin Signaling, Adiposity, and Energy Balance. Annals of the New York Academy of
Sciences 967, 379-388 (2002). [PubMed: 12079865]

Castafieda TR, Tong J, Datta R, Culler M & Tschép MH Ghrelin in the regulation of body weight
and metabolism. Frontiers in Neuroendocrinology 31, 44-60 (2010). [PubMed: 19896496]
Sanlioglu AD, Altunbas HA, Balci MK, Griffith TS & Sanlioglu S Clinical utility of insulin and
insulin analogs. Islets 5, 67—78 (2013). [PubMed: 23584214]

Holst JJ The Physiology of Glucagon-like Peptide 1. Physiological Reviews 87, 1409-1439 (2007).
[PubMed: 17928588]

Venugopal SK, Sankar P & Jialal | Physiology, Glucagon. in StatPearls (StatPearls Publishing,
2023).

Horm Behav. Author manuscript; available in PMC 2024 September 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shankar et al.

53.

54.

55.

56.

57.

58.

59.

Page 14

Kiessl GRR & Laessle RG Stress inhibits PY'Y secretion in obese and normal weight women. Eat
Weight Disord 21, 245-249 (2016). [PubMed: 26497508]

Drucker DJ GLP-1 physiology informs the pharmacotherapy of obesity. Molecular Metabolism 57,
101351 (2022). [PubMed: 34626851]

Reidelberger RD, Haver AC, Chelikani PK & Buescher JL Effects of different intermittent peptide
YY (3-36) dosing strategies on food intake, body weight, and adiposity in diet-induced obese

rats. American Journal of Physiology-Regulatory, Integrative and Comparative Physiology 295,
R449-R458 (2008). [PubMed: 18550871]

@stergaard S, Paulsson JF, Kjergaard Gerstenberg M & Wulff BS The Design of a GLP-1/PYY
Dual Acting Agonist. Angewandte Chemie International Edition 60, 8268—8275 (2021). [PubMed:
33448563]

Néslund E. et al. Prandial subcutaneous injections of glucagon-like peptide-1 cause weight loss in
obese human subjects. British Journal of Nutrition 91, 439-446 (2004). [PubMed: 15005830]
Sanchez-Garrido MA et al. GLP-1/glucagon receptor co-agonism for treatment of obesity.
Diabetologia 60, 1851-1861 (2017). [PubMed: 28733905]

Del Prato S, Gallwitz B, Holst JJ & Meier JJ The incretin/glucagon system as a target for
pharmacotherapy of obesity. Obes Rev 23, e13372 (2022). [PubMed: 34713962]

Horm Behav. Author manuscript; available in PMC 2024 September 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Shankar et al.

Page 15

Experiment 1
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Experimental timelines. Operant sessions (21 h) are shown with black boxes to represent
dark cycle (12 h) and light boxes to represent light cycle (9 h). 3 h window in between
operant sessions were used as needed to collect baseline blood (30-60 min before start

of dark cycle) or inject hormone (1-10 min before saline or nicotine injection at start of
dark cycle). Minipumps were implanted prior to session 1 start, and animals were left

to establish dependence for 14 days before injections and blood collections. Experiment

1: Injections of saline or nicotine (black arrows). Injections were administered prior to
minipump implantation and with minipump on board. Experiment 2: Blood collection (red
arrows) at baseline and post-injection of nicotine or saline (black arrows). Injections were
administered prior to minipump implantation and with minipump on board. Experiment 3:
Hormone administration (blue arrows) prior to injection of nicotine or saline (black arrows)
and either blood collection (red arrows) or measurement of food intake. Injections were
administered prior to minipump implantation and with minipump on board.
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Figure2.
Analysis of feeding behavior in nondependent (top) and dependent (bottom) rats using a

passive model of chronic nicotine exposure. A) PSTH of average number of food intake
events 20 min following injection of 0 mg/kg nicotine (saline, gray), 0.09 mg/kg nicotine
(light orange), or 0.18 mg/kg nicotine (dark orange) in nondependent rats. B) Average
number of food intake events per rat in 20 min following injection of 0 mg/kg nicotine
(saline, gray), 0.09 mg/kg nicotine (light orange), or 0.18 mg/kg nicotine (dark orange).
Squares represent females, circles represent males. C) PSTH of average number of food
intake events 20 min following injection of 0 mg/kg nicotine (saline, gray), 0.09 mg/kg
nicotine (light orange), or 0.18 mg/kg nicotine (dark orange) in dependent rats. p < 0.0001,
2-way RM ANOVA. D) Average number of food intake events per rat in 20 min following
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injection of 0 mg/kg nicotine (saline, gray), 0.09 mg/kg nicotine (light orange), or 0.18
mg/kg nicotine (dark orange). Squares represent females, circles represent males. p =
0.0004, 1-way RM ANOVA. *p < 0.05 for 0.09 mg/kg vs. 0 mg/kg, #p < 0.05 for 0.18
mg/kg vs. 0 mg/kg, Tukey’s multiple comparisons post hoc. N = 20 per group.
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Figure 3.
Analysis of drinking behavior in nondependent (top) and dependent (bottom) rats using

passive model of nicotine intake. A) PSTH of average number of water intake events 20 min
following injection of 0 mg/kg nicotine (saline, gray), 0.09 mg/kg nicotine (light blue), or
0.18 mg/kg nicotine (dark blue) in nondependent rats. B) Average number of food intake
events per rat in 20 min following injection of 0 mg/kg nicotine (saline, gray), 0.09 mg/kg
nicotine (light blue), or 0.18 mg/kg nicotine (dark blue). Squares represent females, circles
represent males. C) PSTH of average number of food intake events 20 min following
injection of 0 mg/kg nicotine (saline, gray), 0.09 mg/kg nicotine (light blue), or 0.18 mg/kg
nicotine (dark blue) in dependent rats. p = 0.0298, 2-way RM ANOVA. D) Average number
of food intake events per rat in 20 min following injection of 0 mg/kg nicotine (saline, gray),
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0.09 mg/kg nicotine (light blue), or 0.18 mg/kg nicotine (dark blue). Squares represent
females, circles represent males. p = 0.0545, 1-way RM ANOVA. Ip < 0.05 for 0.09 mg/kg
vs. 0.18 mg/kg, Tukey’s multiple comparisons post hoc. N = 20 per group.
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Figure 4.
Baseline plasma levels of hormones in nondependent vs. dependent rats. Squares represent

females, circles represent males. A) Insulin levels in nondependent (left) and dependent
(right) rats. p = 0.0005, paired t-test. B) Leptin levels in nondependent (left) and dependent
(right) rats. p = 0.01009, paired t-test. C) Ghrelin levels in nondependent (left) and dependent
(right) rats. p = 0.0024, paired t-test. D) GLP-1 levels in nondependent (left) and dependent
(right) rats. E) Glucagon levels in nondependent (left) and dependent (right) rats. F) PYY
levels in nondependent (left) and dependent (right) rats. N = 24 per group.
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Baseline Insulin vs Food Intake
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Correlation of baseline insulin and leptin levels with baseline food intake and body weight
in dependent rats. Squares represent females, circles represent males. A) Plasma insulin
levels vs. body weight. p = 0.0022, R? = 0.6645, Pearson’s correlational analysis. B) Plasma
insulin levels vs. baseline 24 h food intake. R? = 0.2206, Pearson’s correlational analysis.

C) Plasma leptin levels vs. body weight. p = 0.0044, R? = 0.6123, Pearson’s correlational
analysis. D) Plasma leptin levels vs. baseline 24 h food intake. p = 0.0179, RZ = 0.4814,
Pearson’s correlational analysis. N =12 (6 M, 6 F).
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Figure 6.
Correlation of plasma levels of hormones 10 min following acute nicotine injection with

short-term food intake 30 min following injection in dependent rats. Squares represent
females, circles represent males. A) Insulin levels vs. food intake following saline (gray
dots) or nicotine (pink dots) injection. B) Leptin levels vs. food intake following saline

(gray dots) or nicotine (orange dots) injection. C) Ghrelin levels vs. food intake following
saline (gray dots) or nicotine (blue dots) injection. D) GLP-1 levels vs. food intake following
saline (gray dots) or nicotine (green dots) injection. Nicotine injection p = 0.0249, R? =
0.4868, Pearson’s correlational analysis. E) Glucagon levels vs. food intake following saline
(gray dots) or nicotine (purple dots) injection. Nicotine injection p = 0.0202, R? = 0.5106,
Pearson’s correlational analysis. F) PYY levels vs. food intake following saline (gray dots)
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or nicotine (blue dots) injection. Nicotine injection p = 0.0453, R? = 0.4125, Pearson’s
correlational analysis. Dashed line represents best-fit line of saline data points. Solid line
represents best-fit line of nicotine data points. N = 10-12 per group.
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Figure7.

Time course of plasma levels of hormones following acute nicotine injection in dependent
rats. Graphs show paired samples for each rat. Acute injection of nicotine or saline is
represented at time t = 0 by black arrow on x-axis. A) GLP-1 levels following saline
injection. B) GLP-1 levels following nicotine injection. p = 0.0027, 1-way RM ANOVA. C)
Glucagon levels following saline injection. D) Glucagon levels following nicotine injection.
p = 0.0084, 1-way RM ANOVA. E) PYY levels following saline injection. p = 0.0021,
1-way RM ANOVA. F) PYY levels following nicotine injection. p = 0.0006, 1-way RM
ANOVA. *p < 0.05, **p < 0.01, Tukey’s multiple comparisons post hoc. N = 12 per group.
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Food intake following hormone treatment and acute nicotine injection in dependent rats.
Squares represent females, circles represent males. A) GLP-1 levels following GLP-1
injection. p = 0.0035, paired t-test. Black squares represent rats subsequently receiving
saline injection, colored squares represent rats subsequently receiving nicotine injection. B)
Food intake events following injection of GLP-1 and either saline or nicotine. C) Glucagon
levels following glucagon injection. p = 0.0142, paired t-test. Black squares represent rats
subsequently receiving saline injection (N = 6), colored squares represent rats subsequently
receiving nicotine injection (N = 6). D) Food intake events following injection of glucagon
and either saline or nicotine. Main effect of treatment p = 0.0027, 2-way RM ANOVA.
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E) PYY levels following PYY injection. p = 0.0003, paired t-test. Black squares represent
rats subsequently receiving saline injection, colored squares represent rats subsequently
receiving nicotine injection. F) Food intake events following injection of PY'Y and either
saline or nicotine. N = 6 per group.
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Table 1.

Feeding-related hormones and their role in increasing or decreasing food intake.

Page 27

Rolein .
Hormone Feeding Source Function References
Stomach and . . .
Ghrelin Hunger hypothalamic Activates AgRP nguron_s, stimulates feeding Serrenho et al., 2019%
20-22 ehavior
neurons
: Stimulates hepatic glucose production, decreases Jong et al.?*
Glucagon Satiety Pancreas food intake by reducing meal size Al-Massadi et al., 2019
. Kreymann et al., 1987
Gluga%%r;—lllke Satiety Intestine and NTS Stimulates insulin production, inhibits glucagon Wang et al., 1995
?GpLP-l) neurons secretion, decreases food intake Gutniak et al., 1992
Skibicka, 2013
Woods et al., 20062
: : Reduces blood glucose levels, decrease food intake | Air et al., 200226
Insulin Satiety Pancreas through stimulation of anorexigenic neurons Foster et al., 199127
Dodd and Tiganis, 201728
; Decreases feeding behavior through activation of : 30
Leptin Satiety Subc_utaneo_us thglte anorexigenic neurons and inhibition of orexigenic Penicaud et al., 3912
adipose tissue! heurons Coll et al., 2007
Pentide YY Inhibits food intake through binding to Y2 receptors | Koda et al., 2005%2
(pPYY) Satiety | Small and large intestine on vagal afferents and in the arcuate nucleus and Nonaka et al., 200333

NTS

Blevins et al., 200834
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