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The intersectionality between diabetes medications and nicotine consumption

was assessed in female and male rats. Briefly, the rats were fed a high-fat diet

(HFD) or regular diet (RD) for 4 weeks. Then separate groups received vehicle or

a low dose of streptozotocin (STZ; 25 mg/kg). Three days later, insulin

resistance was assessed by measuring plasma glucose levels for 180min

following an injection of insulin (0.75 U/kg). The rats were then prepared

with jugular catheters, and they were given 23 h access to nicotine

intravenous self-administration (IVSA) in 4 days cycles with 3 days of forced

abstinence in their home cages where they consumed their respective diet.

During the IVSA sessions, operant responses for food and water and changes in

body weight were recorded. Prior to administration of the pharmacotherapies,

the rats were given access to two doses of nicotine (0.015 then 0.03 mg/kg for

the remainder of the study). Then, daily injections of the pharmacotherapies

were given at the onset of dark cycle (6 p.m.) in the following order: 1)

dapagliflozin (3.0 then 10.0 mg/kg), 2) insulin (0.75 U/kg twice), and 3)

bromocriptine (3.0 then 10.0 mg/kg). The results suggest that our HFD+STZ

regiment induced insulin resistance in female and male rats. Also, the HFD-fed

rats displayed higher nicotine intake than RD controls, regardless of sex.

Administration of insulin, but not dapagliflozin or bromocriptine, normalized

nicotine intake in HFD-fed rats to control levels. These results have clinical

implications regarding the potential efficacy of insulin to control excessive

nicotine intake in persons with diabetes.
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Introduction

Persons withmetabolic disorders, such as diabetes experience

compounded health consequences (cardiovascular disease,

cancer, and stroke) and higher mortality rates following

chronic nicotine use [1–4]. Obese individuals that are

diagnosed with Type 2 diabetes (T2D) are more likely to use

tobacco products, perhaps due to the ability of nicotine to

suppress appetite and control weight gain [5–7]. Persons with

diabetes display lower smoking cessation rates, and they express

greater concern about gaining weight if they cease their nicotine

consumption as compared to smokers without diabetes [8, 9].

The latter reports also show that compared to the general

population, persons with diabetes report slightly higher rates

of smoking (12.3%) as compared to non-diabetic persons (8.6%).

Despite relatively similar rates of smoking behavior, nicotine use

in persons with diabetes is concerning given that nicotine

exacerbates insulin resistance and facilitates the development

of T2D [10, 11]. Given the health challenges associated with

insulin resistance and concurrent nicotine use, it is essential to

understand the effects of diabetes medications on nicotine use.

The present study also included concurrent measures of weight

gain as well as food and water intake as additional indices of the

effects of our pharmacological agents in insulin resistant rats.

These pre-clinical data are essential for the development and safe

application of medications that might reduce nicotine intake in

persons with diabetes.

With the recent rise in obesity rates, there has been a great

deal of interest in finding pharmacological interventions that

improve the health outcomes of persons living with T2D. There

are newmedications that improve the metabolic profile of people

with T2D while also reducing their nicotine use, such as GLP-1r

agonists [12]. With these data in mind, the present study

compared the effects of commonly prescribed medications for

diabetes (dapagliflozin, insulin, and bromocriptine) on nicotine

intake in female and male rats displaying insulin resistance.

Dapagliflozin (Farxiga®) is a medication that lowers blood

glucose levels in individuals with T2D via inhibition of renal

glucose reabsorption through blockade of sodium-glucose

cotransporter 2 (SGLT2) which increases urinary glucose

excretion [13]. Insulin (Humulin R®) is a widely prescribed

medication for managing the symptoms of diabetes by

promoting glucose uptake into cells and decreasing glucose

levels in the body [14, 15]. Bromocriptine (Cycloset®) is used

to improve insulin sensitivity and enhance glucose homeostasis

by stimulating dopamine receptors in the brain which decreases

prolactin levels and increases insulin receptor sensitivity [16].

Given the primary role of activation of dopamine systems in

motivated behaviors, bromocriptine may reduce the

development of nicotine dependence while also alleviating the

negative health consequences of T2D [17].

Using rodent models, previous work has assessed the effects

of insulin dysregulation on the behavioral effects of nicotine, as

reviewed in [18]. Work in our laboratory has revealed that

administration of streptozotocin (STZ), a drug that causes

hypoinsulinemia by destroying insulin-producing β-cells,
enhances conditioned place preference (CPP) and intravenous

self-administration (IVSA) [19, 20]. More recently, a report from

our laboratory revealed that consumption of a high-fat diet

(HFD) increased nicotine IVSA, and this effect was greater in

female versus male rats [21]. The latter study included

administration of a low dose of STZ to induce insulin

resistance after 4 weeks of HFD feeding. This protocol has

been used to reliably induce insulin resistance in rats

following a chronic HFD feeding regimen [22, 23]. Indeed,

this protocol produces cardiac and metabolic dysfunction as

well as hyperglycemia and hypertriglyceridemia [24]. The

combination of HFD+STZ simulates the prolonged HFD

intake, obesity, pancreatic β-cell dysfunction, and the

emergence of insulin resistance.

The present study assessed the impact of three different

medications used to treat diabetes on nicotine intake in

female and male rats. The reinforcing effects of nicotine were

assessed using 23 h to nicotine IVSA with 3 days intervening days

of abstinence. During the IVSA sessions, changes in body weight,

food intake, and water consumption were also examined. Here

we are testing the hypothesis that pharmacological interventions

that reduce insulin resistance will also decrease nicotine

consumption in rats. This hypothesis is based upon prior

research demonstrating that insulin supplementation reduced

the reinforcing effects of nicotine in STZ-treated rats [25].

Additionally, we predict female rats will self-administer higher

amounts of nicotine when compared to males.

Materials and methods

Subjects

Outbred female and male Wistar rats (n = 35 total) from

Envigo Inc., United States were housed in a humidity- and

temperature-controlled vivarium using a 12 h light/dark cycle

with lights off at 6:00 p.m. Rats were ad-libitum fed either regular

diet (RD; 3.1 kcal/g, 17% kcal from fat) or a HFD (5.1 kcal/g, 60%

kcal from fat). The food was purchased from Envigo Teklad

(Madison, WI, United States #TD.06414). All rats were handled

for 3–5 days prior to the start of the experiment. The animals

were cared for in compliance with the Guide for the Care and Use

of Laboratory Animals, and all procedures were approved by the

UTEP Institutional Animal Care and Use Committee.

Experimental design

The present study assessed the effects of 3 different FDA-

approved agents used to treat diabetes: dapagliflozin (Farxiga®),
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insulin (Humulin R®), and bromocriptine (Cycloset®). These
drugs were included because they are commonly prescribed in

persons with T2D and they differ with respect to their direct or

indirect regulation of glucose levels. Separate groups of rats

received a RD (n = 4 female and 5 male) or a HFD (n =

7 female and 8 male) for 4 weeks. These rats then received a

low dose of STZ (25 mg/kg, subcutaneous), and 3 days later the

rats were given an insulin resistance test, as described below. A

group of RD rats that did not receive the low dose of STZ (n =

6 female and 5 male) were also included to assess the potential

effects of STZ alone. The results revealed that nicotine intake was

similar in RD (40.16 ± 10.64) versus RD+STZ (34.38 ± 6.31)

during IVSA of the 0.03 mg/kg dose of nicotine. Similarly, food

and water intake as well as changes in body weight were similar in

RD versus RD+STZ controls. These data suggest that a low dose

of STZ does not impact nicotine intake on its own and that the

RD+STZ group provides an appropriate control comparison for

the pharmacological effects observed in HFD-fed rats. During

each session, nicotine lever presses, weight changes, food intake,

and water responses were concomitantly recorded. Figure 1

depicts our experimental timeline.

Drugs

(−) Nicotine hydrogen tartrate salt was obtained from the

NIDA Drug Supply Program (Research Triangle, Bethesda, MD)

and was dissolved in 0.9% sterile saline (pH 7.4). The nicotine

solutions were prepared fresh every day and were adjusted to the

rats’ body weight from the previous day. The STZ was purchased

from Millipore Sigma (St. Louis, MO) and was dissolved in a

citrate buffer (0.1 M citric acid and 0.1 M Na citrate, pH 6.0).

Fresh solutions of STZ were administered within 15 min of

preparation for each animal. Insulin was obtained from

Humulin® (Indianapolis, IN) and was dissolved in 0.9% sterile

saline (pH 7.4). Dapagliflozin was dissolved in propylene glycol

(100%) and bromocriptine mesylate was dissolved in a water/

propylene glycol (100%) solution (60/40). Bromocriptine and

dapagliflozin were purchased from Millipore Sigma (St. Louis,

MO). Cefazolin® antibiotic was purchased from Henry Schein

(Melville, NY) and was dissolved in a heparin solution. All rats

received all doses and drugs.

Feeding regimen and insulin challenge test

The rats were fed a RD (3.1 kcal/g, 17% kcal from fat) or a

HFD (5.1 kcal/g, 60% kcal from fat) that was purchased from

Envigo Teklad (Madison, WI, Catalogue number: TD.06414).

Rats were given ad libitum access to their respective diet

throughout the experimental timeline. The HFD was stored at

4°C and both diets were replenished each day at 11 a.m. when the

food intake and body weights were recorded. On Day 35 of the

feeding regimen, the rats received an injection of STZ (25 mg/kg,

subcutaneous). Three days later, the rats were tested for insulin

resistance following a 16 h food deprivation period. The rats were

given an injection of insulin (0.75 U/kg; intraperitoneal), and

blood samples were collected 15, 30, 60, 120, and 180 min later.

The blood samples were collected using a lancet to prick the tip of

the tail to extract a small drop of blood that was placed on a

glucose test strip. Glucose levels were analyzed using a glucose

meter that was calibrated for rodent blood (AlphaTRAK®, Abbott
Park, IL). Their respective food regimen was replaced

immediately after the insulin resistance test.

IVSA testing

The IVSA procedures were based on previous work in our

laboratory using 23 h access to nicotine IVSA in rats [19, 20]. The

FIGURE 1
Timeline and design of experimental procedures. Female (red symbol) and male (blue symbol) rats received a regular diet (RD) or high fat diet
(HFD) for 32 days. On day 35, rats received vehicle or streptozotocin (STZ; 25 mg/kg) followed by an insulin challenge to assess insulin resistance
(day 38). All rats were subjected to food and water training for 3 days in the operant chambers (days 39-41) followed by catheter surgeries and
recovery (days 42-49). All rats were then introduced to nicotine intravenous self-administration (IVSA) that occurred for 2 dose cycles (0.015
and 0.03 mg/kg) for 4 days each prior to receiving administration of diabetes pharmacotherapies (days 50-60). Rats then received various
medications for diabetes, including dapagliflozin (days 64-74; 3.0 and 10.0 mg/kg), insulin (days 78-88; 0.75 U/kg), and bromocriptine (days 92-102;
3.0 and 10.0 mg/kg). Nicotine, food, water, and weight changes were recorded during IVSA testing.
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day after the insulin resistance test, the rats were placed into

operant chambers where they had access to a feeding cup that

contained their respective diet. The rats were also allowed to

nosepoke in a hole that activated the delivery of 0.1 mL

aliquots of water into an adjacent metal dipper cup on a fixed

ratio-1 (FR-1) schedule of reinforcement. All rats reached stable

levels of water responding prior to catheter surgery, which

occurred between Days 42–45 of the feeding regimen. The rats

were anesthetized using an isoflurane/oxygen vapor mixture (1%–

3%) and were then prepared with IV catheters into the jugular

vein, as previously described [21]. The rats were given a 4–7 day

recovery period in their home cage with ad libitum access to water

and their respective RD or HFD. The catheters were flushed daily

(0.2 mL) with an antibiotic solution containing Cefazolin® and

heparin (30 USP units/mL). Following recovery, the rats were

placed back into the operant chambers where they were given

23 h access to nicotine IVSA on an FR-1 schedule of reinforcement

for different doses of nicotine (0.015 and then 0.03 mg/kg/0.1 mL

infusion). Each dose was available for 4 consecutive days with

3 intervening days of forced abstinence in their home cage. The

active lever delivered a 1 s infusion of nicotine followed by a 20 s

time-out period where responses were recorded but had no

consequences. Responses on the inactive lever were recorded

but had no scheduled consequences. In the next phases of the

study, the rats had access to the same dose of nicotine (0.03 mg/kg,

intravenous), but the rats received administration of two doses of

three different medications that are used clinically to decrease

insulin resistance. Each day of IVSA testing, the rats were removed

from their operant chamber at the onset of their dark cycle (6 p.m.)

and were injected with the same dose of the medication that was

being tested that week. Specifically, the rats first received

dapagliflozin at a dose of 3.0 mg/kg (subcutaneous) for four

nights, and the following week they received 10.0 mg/kg

(subcutaneous) for another four nights. These doses were based

on previous work comparing the effects of nicotine CPP in HFD-

fed rats [26]. The following week, the rats received insulin at a dose

of 0.75 U/kg (intraperitoneal), and the next week they received the

same dose for another 4 nights. The dose of insulin was used based

on a prior study comparing nicotine intake in HFD-fed rats [21].

In the last phase of the study, the rats received bromocriptine at a

dose of 3.0 mg/kg (subcutaneous) for 4 nights, and the following

week they received 10.0 mg/kg for another four nights. The high

dose of bromocriptine has been shown to alter gastrointestinal

transit via a dopamine-mediated mechanism [27]. During each

IVSA session, lever presses for nicotine, weight change, food

intake, and water responses were recorded.

Statistical analyses

Glucose levels were analyzed using a 3-way analysis of

variance (ANOVA) with Diet (RD versus HFD) and Sex

(female versus male) as between subject factors and Time as a

within-subject factor. The food intake data were adjusted to

reflect caloric value of the RD (g x 3.1) or the HFD (g x 5.1). Also,

the rats’ weights were expressed as % weight change (daily

value−initial value) ÷ initial value × 100%) relative to the first

day of IVSA for each treatment. An initial analysis that included

Diet and Sex as between-subject factors and Dose as a within-

subject factor revealed that there were no significant differences

across Dose of both nicotine and treatments. Since our effects

were similar across doses of nicotine and the pharmacological

agents, the subsequent analyses included 2-way ANOVAs that

included Diet and Sex as between-subject factors. All datasets

depict individual female (shown in red) andmale (shown in blue)

rats. Where sex differences were not observed, the analyses

collapsed across female and male rats. However, where

significant interactions were observed, post hoc analyses were

conducted, and Bonferroni corrections were applied to the

resultant p values. All graphs were generated using Graphpad

Prism version 8 and analyzed on SPSS IBM software.

Results

Figure 2 depicts glucose levels in female and male rats that

were fed a RD or a HFD. The analysis revealed that there was no

interaction between Diet, Sex, and Time [F(1,20)=0.66, p = 0.43].

However, there was a main effect of Diet [F(1,20)=8.00, p = 0.01],

with rats that were fed a HFD displaying higher glucose levels as

compared to RD controls regardless of sex. Accordingly, there

was no main effect of Sex [F(1,20)=2.11, p = 0.16].

Figure 3 depicts lever presses for nicotine, % weight change,

caloric intake, and nosepoke responses for water in rats that were

fed a RD or a HFD. The analysis of nicotine lever presses revealed

there was no interaction between Diet and Sex [F(1,44)= 0.23, p =

FIGURE 2
Glucose levels expressed in mg/dL following an insulin
challenge in rats that received a RD or a HFD. The data are
expressed as mean (±SEM). The red symbols reflect females and
blue symbols reflect males that were fed a HFD. The white
symbols reflect both female and male RD controls. Blood samples
were collected during baseline and 15, 30, 60, 120, and 180 min
after an injection of insulin (0.75 U/kg). The asterisks (*) denote a
difference from RD controls (p ≤ 0.05).
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0.63]. There was a main effect of Diet [F(1,44)=8.14, p = 0.01], but

not Sex [F(1,44) = 0.001, p = 0.98]. Specifically, rats that were fed a

HFD displayed more lever presses for nicotine as compared to

RD controls regardless of sex. The analysis of % weight change

revealed there was no interaction between Diet and Sex

[F(1,44)=0.003, p = 0.96]. There was a main effect of Diet

[F(1,44) = 6.89, p = 0.01], but not Sex [F(1,44) = 1.24, p = 0.27],

with HFD rats displaying greater weight change than RD controls

regardless of sex. The analysis of caloric intake revealed there was

no interaction between Diet and Sex [F(1,44) = 0.48, p = 0.49].

There was a main effect of Sex [F(1,44) = 11.68, p = 0.001], but not

Diet [F(1,44) = 0.05, p = 0.82], with males consuming more

calories than females regardless of their diet regimen. The

analysis of nosepokes for water revealed there was no

interaction between Diet and Sex [F(1,44) = 0.09, p = 0.77].

However, there were significant main effects of Diet [F(1,44) =

3.89, p = 0.05] and Sex [F(1,44) = 44.41, p ≤ 0.001], with rats that

were fed a HFD responding more for water than RD controls and

males consuming more water than females.

Figure 4 depicts lever presses for nicotine, % weight change,

caloric intake, and nosepoke responses for water in rats were

treated with dapagliflozin. The analysis of nicotine intake

revealed there was no interaction between Diet and Sex

[F(1,38)= 0.065, p = 0.80]. There was a main effect of Diet

[F(1,38) = 8.23, p = 0.01], but not Sex [F(1,38) = 0.21, p = 0.65].

Rats that were fed a HFD displayed more lever presses for

nicotine as compared to RD controls regardless of sex. The

analysis of % weight change revealed there was no interaction

between Diet and Sex [F(1,38) = 1.27, p = 0.27]. Also, there was no

main effect of Diet [F(1,38) = 0.032, p = 0.86] or Sex [F(1,38) = 3.82,

p = 0.58]. The analysis of caloric intake revealed there was an

interaction between Diet and Sex [F(1,38) = 6.84, p = 0.01]. Post

hoc analyses revealed that male HFD rats consumed more

calories than male RD controls (p < 0.05). The analysis of

nosepokes for water revealed there was no interaction between

Diet and Sex [F(1,38) = 3.36, p = 0.08]. Also, there were no main

effects of Diet [F(1,38) = 3.21, p = 0.08] or Sex [F(1,38) = 1.23,

p = 0.27].

FIGURE 3
Lever presses for nicotine (A), %weight change (B), caloric intake (C), and nosepokes for water (D) during IVSA of nicotine. The data are
expressed as mean values across the 4 days of IVSA (±SEM). The red symbols reflect females and the blue symbols reflect males that were fed a RD
(white bars) or a HFD (black bars). The number signs denote (#) a significant sex difference, the asterisks (*) denote a difference from RD controls
(p ≤ 0.05).
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Figure 5 depicts lever presses for nicotine, % weight change,

caloric intake, and nosepoke responses for water in rats that were

treated with insulin. The analysis of nicotine intake revealed there

was no interaction between Diet and Sex [F(1,44) = 2.20, p = 0.15].

Also, there were nomain effects of Diet [F(1,44) = 0.66, p = 0.42] or

Sex [F(1,44) = 0.25, p = 0.62]. The analysis of % weight change

revealed there was an interaction between Diet and Sex [F(1,44) =

3.92, p = 0.05]. Post hoc analyses revealed that female rats

displayed a greater increase in body weight than males

regardless of their diet regimen (p < 0.05). The analysis of

caloric intake revealed there was no interaction between Diet

and Sex [F(1,44) = 0.28, p = 0.60]. However, there were significant

main effects of Diet [F(1,44) = 15.17, p ≤ 0.001] and Sex [F(1,44) =

11.54, p = 0.001]. Rats that were given access to a HFD consumed

more calories than RD controls and males consumed more

calories than females. The analysis of nosepokes for water

revealed there was no interaction between Diet and Sex

[F(1,44) = 1.32, p = 0.26]. There were also no main effects of

Diet [F(1,44) = 0.90, p = 0.35] or Sex [F(1,44) = 3.02, p = 0.09].

Figure 6 depicts lever presses for nicotine, % weight change,

caloric intake, and nosepoke responses for water in rats that were

treated with bromocriptine. The analysis of nicotine intake

revealed there was no interaction between Diet and Sex

[F(1,44) = 2.53, p = 0.12]. There was a significant main effect

of Diet [F(1,44) = 11.88, p = 0.001], but not Sex [F(1,44) = 0.40, p =

0.53]. Rats that were given access to a HFD displayed more lever

presses for nicotine as compared to RD controls regardless of sex.

The analysis of % body weight revealed there was no interaction

between Diet and Sex [F(1,44) = 0.39, p = 0.54]. There were also no

main effects of Diet [F(1,44) = 0.002, p = 0.97] or Sex [F(1,44) =

0.000, p = 1.00]. The analysis of caloric intake revealed there was

no interaction between Diet and Sex [F(1,44) = 0.04, p = 0.84].

However, there were significant main effects of Diet [F(1,44) =

11.12, p = 0.002] and Sex [F(1,44) = 21.44, p ≤ 0.001], with HFD

rats consuming more calories than RD controls and males

consuming more calories than females. The analysis of

nosepokes for water revealed there was no interaction between

Diet and Sex [F(1,44) = 0.94, p = 0.34]. There were also no main

FIGURE 4
Lever presses for nicotine (A), %weight change (B), caloric intake (C), and nosepokes for water (D) following administration of dapagliflozin. The
data are expressed asmean values across the 4 days of IVSA (±SEM). The red symbols reflect females and the blue symbols reflectmales that were fed
a RD (white bars) or a HFD (black bars). The number signs denote (#) a significant sex difference, the asterisks (*) denote a difference fromRD controls
(p ≤ 0.05).
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effects of Diet [F(1,44) = 0.34, p = 0.57] or Sex [F(1,44) = 2.16,

p = 0.15].

Discussion

To summarize, the challenge injection of insulin decreased

glucose levels in RD controls regardless of sex. The ability of

insulin to lower glucose levels was suppressed in HFD-fed female

and male rats. These data serve as an indicator of the

development of insulin resistance in our experimental

protocol. A summary of our effects is provided in Table 1.

Prior to any treatment interventions, all the HFD-fed rats

displayed higher levels of nicotine intake as compared to RD

controls. As one might expect, the HFD-fed rats also gained less

weight than RD controls likely due to the appetite suppressant

effects of nicotine [28]. Regardless of diet, all male rats displayed

higher caloric intake than females, consistent with prior work

[29]. All the HFD-fed rats displayed more water intake than RD

controls, which is another indicator of the development of insulin

resistance in our protocol. Of the diabetes medications that were

examined, insulin was the only drug that normalized the high

levels of nicotine intake in HFD-fed rats to RD control levels.

Dapagliflozin and bromocriptine administration normalized the

weight gain that was observed in HFD-fed rats. This finding is

consistent with prior work showing that bromocriptine and

dapagliflozin reduce body weight, improve glucose tolerance,

catabolic function, and tissue adiposity [30, 31]. The high levels

of caloric intake observed in HFD-fed male rats was not altered

by any of our pharmacological interventions. In contrast, all our

pharmacological interventions normalized the high levels of

water intake observed in HFD-fed rats.

The major goal of this study was to assess the impact of

diabetes medications on nicotine intake in a rodent model that

induces insulin resistance. Prior studies in rodents have assessed

insulin resistance by giving a challenge injection of insulin and

measuring the degree to which peripheral glucose levels are

reduced [32]. The emergence of insulin resistance is evidenced

FIGURE 5
Lever presses for nicotine (A), %weight change (B), caloric intake (C), and nosepokes for water (D) following administration of insulin. The data
are expressed as mean values across the 4 days of IVSA (±SEM). The red symbols reflect females and the blue symbols reflect males that were fed a
RD (white bars) or a HFD (black bars). The number signs denote (#) a significant sex difference, the asterisks (*) denote a difference from RD controls
(p ≤ 0.05).
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by the inability of insulin to lower glucose from baseline levels

[25]. The present study employed a 4 weeks HFD feeding

regimen followed by an injection of a low dose of STZ. In

response to a challenge injection of insulin, the HFD-fed rats

displayed higher glucose levels than RD controls, suggesting that

our feeding regimen combined with administration of a low dose

of STZ induced insulin resistance. There was a non-significant

trend for males to display slightly higher levels of glucose than

females, an effect that may have been expected from prior studies

comparing sex differences in plasma glucose levels [21, 26].

A major focus of this study was to examine whether diabetes

medications alter the reinforcing effects of nicotine. We first

compared the effects of HFD versus RD on IVSA of different

doses of nicotine. The results revealed that HFD-fed rats

displayed significantly higher nicotine intake than RD

controls, consistent with a prior nicotine IVSA study in

insulin resistant rats [21]. The finding that a disruption in

insulin systems increases nicotine reward is consistent with a

prior report showing that a subthreshold dose of nicotine only

produced CPP in a sub-set of HFD-fed rats that also displayed

insulin resistance [26]. In support of the role of insulin in

modulating nicotine intake, the present study also revealed

that dapagliflozin and bromocriptine, which reduce glucose

levels via an insulin-independent mechanism, did not alter the

excessive nicotine intake observed in our insulin resistant rats.

Regarding sex differences, the present study revealed that

male rats displayed higher caloric intake than females during

the nicotine IVSA sessions and following administration of

the diabetes medications. This pattern of results is consistent

with prior work showing that male rats consume more calories

than females [29]. Importantly, our results revealed that

insulin was equally effective at normalizing the excessive

nicotine intake in HFD-fed female and male rats. These

data suggest that clinical interventions employing insulin

supplementation may be equally effective in managing

diabetes and promoting nicotine cessation in females and

males in a clinical setting.

There are some limitations to consider with the present

study. First, our within-subject design utilized repeated

administration of the pharmacotherapies in the same rats

across time. Thus, each drug treatment may have impacted

the effects of the subsequent pharmacotherapies. Our

FIGURE 6
Lever presses for nicotine (A), %weight change (B), caloric intake (C), and nosepokes for water (D) following administration of bromocriptine.
The data are expressed as mean values across the 4 days of IVSA (±SEM). The red symbols reflect females and the blue symbols reflect males that
were fed a RD (white bars) or aHFD (black bars). The number signs denote (#) a significant sex difference, the asterisks (*) denote a difference fromRD
controls (p ≤ 0.05).
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pharmacotherapies may have also improved themetabolic profile

and the blood glucose levels of our HFD-fed rats across our

treatment regimen. Future studies are needed to determine

whether changes in nicotine intake coincide with

improvements in plasma and/or brain biomarkers of

metabolic syndrome. Future work is also needed to determine

whether our pharmacotherapies normalize blood glucose levels

as the rats are self-administering nicotine. The recent

introduction and widespread use of glucagon-like peptide

1 receptor (GLP-1R) agonists presents new opportunities to

study the therapeutic potential of these anti-obesity

medications on nicotine dependence in individuals displaying

T2D. Indeed, recent reports have revealed that GLP-1 agonists

reduce substance use and alcohol dependence [12, 33]. Thus,

future studies might examine the effects of novel medications

that stimulate GLP-1Rs on excessive nicotine intake in rodent

models of diabetes. Future studies might also examine the effects

of other diabetes medications such as metformin on nicotine

intake in insulin resistant rats.

In conclusion, the present study suggests that direct activation of

insulin systems is necessary for reducing the excessive nicotine

intake observed in insulin-resistant rats. These data imply that

medications that directly activate insulin may be most effective in

reducing nicotine use in persons with diabetes. Regarding

mechanisms, our prior work revealed that hypoinsulinemia

suppresses dopamine transmission in the mesolimbic reward

pathway, and this effect was normalized to control levels

following insulin supplementation [34]. Thus, excessive nicotine

intake produced by insulin resistance is likely modulated via insulin

modulation of dopamine transmission. A prior clinical report

revealed that the dopamine agonist, bromocriptine, reduced

cigarette smoking in healthy smokers [25]. Thus, future studies

are needed to understand the complex interplay between insulin and

dopamine in the progression of nicotine dependence in persons with

diabetes.
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