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Glucagon-Like Peptide-1 Regulation
of Carbohydrate Intake Is Differentially
Affected by Obesogenic Diets

Carolyn E. Pritchett' and Andras Hajnal'

The incretin hormone glucagon-like peptide-1 (GLP-1) has been implicated in the regulation of appetite by acting as
an anorexigenic gut-brain signal. The postprandial release of GLP-1 can be blunted in obese humans and animals.
However, it remains unknown whether obesogenic diets with varying fat and carbohydrate content may differentially
influence the effectiveness of GLP-1 feedback. To investigate this, male Sprague-Dawley rats were fed a standard
(low fat) chow diet, or one of two high-energy diets varying in fat content (45 or 60 kcal%) for 28 weeks. Intake of
sucrose and fructose solutions, two commonly added sugars in the Western diet, was then tested in nondeprived
rats following administration of the GLP-1 receptor agonist, Exendin-4 (0, 0.5, 1, 2, 3ug/kg; s.c.). Exendin-4 dose-
dependently reduced short (2h) sucrose and fructose intake. This effect was significantly attenuated in rats fed more
dietary fat, despite both diets resulting in obesity. These findings demonstrate that intake of carbohydrates when
offered as treats can be regulated by GLP-1 and suggests that dietary fat consumption, rather than extra calories

or obesity, may lead to impaired GLP-1 feedback to curb carbohydrate intake. Future studies are warranted to
investigate the relevance of these observations to humans and to elucidate the underlying mechanisms.
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INTRODUCTION
With the escalating prevalence of high-energy diets, increased
attention must be given to the physiological changes that follow
chronic consumption of obesogenic diets leading to obesity.
Obesogenic diets include those high in fat, carbohydrates or
combinations of these macronutrients (1). Such diets are read-
ily consumed by both animals and humans and often lead to
weight gain (1,2). Such diet-induced obesity is associated with
changes in a number of physiological signals (3,4). One such
signal is the gut hormone glucagon-like peptide-1 (GLP-1).
GLP-1 is released by enteroendocrine L cells of the ileum
following ingestion of a meal (5-7). While GLP-1 is able to
produce feelings of satiety in lean and obese humans following
peripheral administration (8,9), postprandial GLP-1 release
has also been shown to be reduced in some obese humans and
animals (10,11). Normally, GLP-1 release results in a suppres-
sion of food intake (6,7). Reports show that exogenous GLP-1,
as well as the synthetic analog Exendin-4, also reduces food
intake when administered systemically or directly into the
brain in normal weight animals (12,13). While less studied,
others have also begun to investigate how GLP-1 influences
aspects of sucrose consumption (14). The effects of GLP-1
receptor activation in a model of diet-induced obesity, and

its role in hedonically driven consumption (i.e., consumption
driven by palatably of the food, rather than hunger), are not
as well characterized. Differences due to various obesogenic
diets also remain unknown, although the varying plasma
GLP-1 levels of obese individuals indicate potential differences
(10,11,15-17). Such ambiguity points strongly to factors other
than the presence of obesity alone in producing GLP-1 dysreg-
ulation. Therefore, we investigated how different obesogenic
diets may influence the inhibitory effects on carbohydrate
intake produced by activation of the GLP-1 receptor using the
long-acting synthetic GLP-1 analog Exendin-4.

Obesogenic diets, such as high-sugar and high-fat diets,
often produce hyperphagia leading to increased body weight
and fat mass, and over time can eventually cause hyperinsu-
lemia, hyperleptinemia, and insulin resistance (4,18). Based
on the macronutrient content and similarities between the
obesogenic diet-fed rat and the obese human, these diet-
induced obesity models are considered applicable to human
obesity (3). On this basis, we used two obesogenic diets of
varying macronutient content to induce weight gain in rats.
Obese rats and their lean counterparts were then tested in a
one-bottle intake test of two sweet carbohydrate solutions
with and without activation of GLP-1 receptors. We chose two
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common carbohydrates, sucrose and fructose, which are both
preferred by rats and humans but have been shown to differ in
their postingestive effects, including their rewarding proper-
ties. Specifically, whereas sucrose has been shown to produce
conditioned effects based on both its taste and postingestive
properties (19), fructose appears to exert behaviorally rel-
evant stimulation exclusively by its taste and not by reinforcing
postingestive effects (20). To our knowledge, changes in intake
of these common carbohydrates following activation of GLP-1
receptors are yet unreported in obese rats. Furthermore, rats
remained sated with ad libitum food available throughout the
experiments to discern the possible role of GLP-1 in hedonic
(palatability-driven) consumption, instead of consumption due
to homeostatic regulation (hunger due to caloric deprivation).

METHODS AND PROCEDURES

Animals

Naive adult male Sprague-Dawley rats (Charles River, Wilmington,
MA) weighing 250-275g at the beginning of the study were housed in
individual cages in a temperature-controlled vivarium and maintained
on a 12:12-h light-dark cycle (lights on at 07:00). Animals were main-
tained on ad libitum standard laboratory chow (Chow; n = 8), a high-fat
content, high-energy diet (HFHE; n = 11) or a high energy diet consist-
ing of both fat and carbohydrate content (FCHE; n = 11). Animals were
maintained on the diet for 28 weeks prior to experiments and through-
out the testing period. During this time, rats received equal but limited
exposure to sucrose and fructose in behavior-only test paradigms. Food
and water were available ad libitum throughout testing.

Diets, test solutions, and drugs

Standard laboratory chow (Teklad no. 2018, Somerville, NJ) was used
as the control diet (3.4kcal/g, 17% kcal from fat, 60% kcal from carbo-
hydrates, and 23% kcal from protein). The high-energy diets were nutri-
tionally complete diets obtained from Research Diets (New Brunswick,
NJ). The high-fat high-energy diet (HFHE; Research Diets no. D12492)
consisted of 5.24 kcal/g (60% kcal from fat, 20% kcal from carbohydrates,
and 20%kcal from protein). The fat-carbohydrate high-energy diet
(FCHE; Research Diets no. D12451) consisted of 4.73 kcal/g (45%kcal
from fat, 35%kcal from carbohydrates, and 20%kcal from protein).
Sucrose and fructose (Fisher-Scientific, Fair Lawn, NJ) were dissolved in
filtered tap water (source identical to water available in home cages) and
prepared no more than 24-h prior to testing. Exendin-4 was obtained
from Tocris Biosciences (Ellisville, MO) and dissolved in sterile saline
containing 1% albumin. Vehicle, i.e., saline containing 1% albumin, was
used as the control solution.

Behavioral tests

To test the effects of GLP-1 on carbohydrate consumption, we used
the synthetic analog Exendin-4 (0, 0.5, 1, 2, and 3 pg/kg; s.c.). Previous
research has shown that doses within this range reduce chow intake
in rats (21,22). Whereas many studies have been carried out in food-
deprived rats, in our design the rats were fed ad libitum throughout the
whole experiment, including the test phase. The rationale for that is the
fact that an increasing number of calories consumed by the average US
adult comes from high-sugar content beverages and snacks which are
consumed independent of main meals, i.e., as treats (23,24). All tests
were conducted in the middle of the light phase and in the home cage.
Test solutions were administered via a single 100-ml bottle attached to
the front of the home cage, with the spout extending into the home cage.
Rats were trained to lick sucrose and fructose in this manner prior to
Exendin-4 testing. Animals were treated with Exendin-4 10 min before
2-h access to 0.3 mol/l sucrose solution. Animals were given 4 days to
recover, and then Exendin-4 was administered immediately prior to

2-h access to 0.4mol/l fructose. These concentrations were chosen as
they are readily consumed by rats and have been used extensively in the
literature (25,26). Amount consumed (in ml) was measured. A mini-
mum of 2 days was given between injections.

Statistical analyses

Body weight data were analyzed using a two-way analysis of variance
(ANOVA) with diet and dose as the independent variables, with sepa-
rate ANOVAs conducted for body weight during sucrose and fructose
testing periods.

Carbohydrate intake was measured as ml consumed. To evaluate dif-
ferences in baseline intake, a two-way ANOVA was conducted on intake
after vehicle (0 ug/kg) with diet group and carbohydrate as independ-
ent variables. The ANOVA revealed no effect of Diet (F 25y = 2.8802,
P =0.06) or Diet x Carbohydrate (F(ZM =0.7096, P = 0.50), but did
reveal a significant difference on baseline intake of the two carbohydrates
(F, 2y = 8.1669, P < 0.01). Therefore, intake was converted to percent
reduction from baseline (intake following dose X of Exendin-4/intake
following 0 ug/kg Exendin-4 (27)) and is presented as mean + s.e.m.
Percent reduction was analyzed using a two-way ANOVA with Diet and
Treatment (0, 0.5, 1, 2, or 3 ug/kg Exendin-4) as independent variables.
Data were further analyzed for median inhibitory dose (ID,), calcu-
lated as previously described (28) and compared as a function of Diet
and Carbohydrate using Student’s ¢-tests. For all experiments, significant
findings were further analyzed using Fischer’s least significant difference
post hoc tests when appropriate. For all statistical analyses, the software
Statistica (version 6.0, StatSoft, Tulsa OK) was used.

RESULTS
Body weight
ANOVA revealed a consistent difference in body weight
between Chow and obesogenic diet groups throughout the
experiment. For the sucrose test period, ANOVA revealed
a significant effect of Diet (F(Z,m) = 68.16, P < 0.001) but not
Dose (F(5,162) = 0.06, P = 0.998) or Diet x Dose interaction
(Fiyo162 = 0.01, P = 1.00) on body weight. Post hoc analysis
showed HFHE and FCHE rats weighed significantly more
than Chow rats at each time point, while no significant differ-
ences were observed between obese groups (vs. Chow, HFHE:
P <0.001; FCHE: P < 0.001, all time points, Figure 1a).
ANOVA also revealed a significant effect of Diet (F,  , =
56.62, P < 0.001) but not Dose (F(5Y162 =0.02, P =0.999) or Diet
x Dose interaction (F(wm) = 0.01, P = 1.00) on body weight
throughout the fructose test period. Post hoc analysis again
showed Chow rats had significantly lower body weight than
HFHE or FCHE at each time point, but no significant differ-
ences were observed between obesogenic diet groups (vs. Chow,
HFHE: P < 0.001; FCHE: P < 0.01, all time points, Figure 1b).

Effects of GLP-1 receptor agonist on sucrose intake

A two-way ANOVA of normalized sucrose intake revealed
significant effects of Diet (F(z,135) =9.468, P < 0.001) and Dose
(F(4,135) = 66.636, P < 0.001) but not a significant Diet x Dose
interaction (F . = 0.990, P = 0.45) on percent reduction
of baseline (Figure 2). Whereas all groups showed a dose-
dependent reduction in sucrose intake, the effect was con-
tingent upon diet conditions, with post hoc analysis showing
overall sucrose intake was suppressed in HFHE rats to a lesser
degree than FCHE (P < 0.01) and Chow (P < 0.001). Analysis

of dose effects revealed that Exendin-4 significantly reduced

www.obesityjournal.org



ARTICLES

a 1,000 ® HFHE
u FCHE
950 1 M Chow

Body weight (g)

Baseline

Sucrose
Exendin-4 (ug/kg)

BEHAVIOR AND PSYCHOLOGY

b

1,000 7 m HFHE

4 FCHE

950 1 o Chow
C)
£
=)
[
E
>
°
o
om

Baseline

Fructose
Exendin-4 (ug/kg)

Figure 1 Body weight during pharmacological tests. Rats maintained on obesogenic diets for 28 weeks and throughout testing had significantly
higher body weight than Chow-fed rats. There was no difference in body weight between HFHE or FCHE groups. (a) Average body weight by groups
throughout the sucrose tests administered 24 h after no treatment (baseline weight), vehicle (0pg/kg) or Exendin-4 treatment. (b) Body weight by
group throughout the fructose test measured 24 h after no treatment, vehicle, or Exendin-4 treatment. *P < 0.01, **P < 0.001 compared to Chow at
the same time point. FCHE, fat—carbohydrate high energy diet; HFHE, high-fat content, high energy diet.
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Figure 2 Changes in sucrose intake following Exendin-4. Data are
depicted as a reduction from baseline intake (i.e., intake following
vehicle injection; set at 100% on y-axis). Sucrose intake was significantly
reduced from baseline in all groups at 1, 2, and 3ug/kg. However,
Exendin-4 was less effective at suppressing sucrose intake in HFHE
rats. **P < 0.01; ***P < 0.001 compared to 0ug/kg Exendin-4. #P < 0.01,
##P < 0.001 indicates diet group differences. FCHE, fat—carbohydrate
high energy diet; HFHE, high-fat content, high energy diet.

sucrose intake in HFHE rats at 1 pg/kg and higher doses (1, 2,
and 3 pg/kg; all P < 0.001) while all doses suppressed sucrose
intake in FCHE rats (0.5ug/kg: P < 0.01; 1, 2, and 3 pg/kg:
P <0.001). Chow rats showed reductions at 1 ug/kg and above
(1, 2, and 3 pug/kg; all P < 0.001).

Effects of GLP-1 receptor agonist on fructose intake

A two-way ANOVA of normalized fructose intake revealed
significant effects of Diet (F(Zym) = 14.329, P < 0.001) and
Dose (F<4,135) =25.549, P < 0.001) but not a significant Diet x
Dose interaction (F = 1.097, P = 0.369; Figure 3). All
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Figure 3 Changes in fructose intake following Exendin-4. Data are
depicted as in Figure 2. Fructose intake was reduced in FCHE and
Chow by all doses. Only the highest doses, 2 and 3 ug/kg Exendin-4,
significantly reduced intake in HFHE rats, which were overall less
sensitive to Exendin-4 than FCHE and Chow groups. **P < 0.01;
***P < 0.001 compared to Oug/kg Exendin-4. ##P < 0.001 indicates
diet group differences. FCHE, fat—carbohydrate high energy diet;
HFHE, high-fat content, high energy diet.

groups showed a dose-dependent reduction in fructose
intake, with differential sensitivity by different diet condi-
tions. Suppression of fructose intake in HFHE was blunted
compared to FCHE (P < 0.001) or Chow rats (P <0.001). Post
hoc analyses of percent reduction from baseline revealed
that only the highest doses (2ug/kg: P < 0.01; 3 ug/kg:
P < 0.001) reduced intake in HFHE rats. All doses signifi-
cantly reduced intake in FCHE rats in a dose-dependent
manner (0.5ug/kg: P < 0.01; 1, 2, and 3 pug/kg: P < 0.001).
Chow rats also showed a dose-dependent reduction in
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Table 1 Effectiveness of GLP-1 receptor stimulation by
Exendin-4 as calculated by median inhibitory dose (ID,)

Diet effect on ID,, (ug/kg)

HFHE FCHE Chow
Sucrose 3.3+ 1.1%# 22+0.3 25+0.1
Fructose 3.7 £ 1.9%# 1.6+0.3 1.5+09

The calculated doses at which intake is reduced by 50% of vehicle baseline
(Opgrkg) are depicted. **P > 0.01; compared to Chow, *P < 0.01 compared to
FCHE.

FCHE, fat—carbohydrate high-energy diet; GLP, glucagon-like peptide; HFHE,
high-fat content, high-energy diet.

fructose intake following all Exendin-4 doses (0.5 pg/kg:
P <0.01; 1 pg/kg: P < 0.01; 2 and 3 pg/kg: P < 0.001).

ID50

Calculation and analyses of the ID,  revealed significant differ-
ences in the sensitivity to Exendin-4 based on diet (Table 1).
Calculation of the ID,  for both tests further supported the find-
ings of the previous analysis and demonstrated that HFHE rats
were the least sensitive of all groups to Exendin-4 treatment.
For sucrose, independent t-tests revealed significant differ-
ences between HFHE and FCHE groups (¢(86) = 2.99, P < 0.01)
and HFHE and Chow groups (#(74) = 2.34, P < 0.05), but not
between FCHE and Chow groups (#(74) = 0.061, P = 0.952).
Analysis of the ID_ for fructose again revealed significant differ-
ences between HFHE and FCHE groups (¢(86) = 2.71, P < 0.01)
and HFHE and Chow groups (#(74) = 2.62, P < 0.01) but not
between FCHE and Chow groups (£(74) = 0.061, P = 0.952).

DISCUSSION

The present study assessed the sensitivity to GLP-1 receptor
activation in two animal models of dietary obesity on sup-
pressing intake of palatable carbohydrates. Extended exposure
to the obesogenic diets resulted in significantly greater body
weight in HFHE and FCHE groups compared to Chow con-
trols, while no differences were observed between obesogenic
diet groups (Figure 1). In contrast, we observed marked dif-
ferences between diet groups following Exendin-4 treatment.
HFHE rats were less sensitive overall to GLP-1 receptor acti-
vation, particularly when fructose was the test stimulus.
Exendin-4 treatments did not significantly alter body weight
measured 24 h after the injection, indicating GLP-1’s effects on
carbohydrate intake were not likely due to a marked effect on
homeostatic, energy-regulatory systems. These data support
the notion that palatable carbohydrate intake above and beyond
homeostatic needs can be regulated by GLP-1 receptor activa-
tion. Furthermore, this data demonstrate for the first time that
GLP-1 signaling may be differentially altered in different mod-
els of dietary obesity, possibly explaining some of the incon-
gruent findings on GLP-1 release in obese humans (10,15-17).
We found that rats fed a high-energy diet from which the
kilocalories came predominantly from high dietary fat con-
tent were markedly less sensitive to the inhibitory effects of
Exendin-4 (Figures 2 and 3). On the other hand, rats on a
high-energy diet consisting of moderately high dietary fat and

4

carbohydrate content did not differ from lean controls, despite
their significantly greater body weight (Figure 1). These find-
ings were further supported by analyzing the inhibitory dose
at which intake was reduced to 50% of baseline (ID, , Table 1).
For both sucrose and fructose, HFHE rats required a higher
ID, than FCHE- or Chow-fed rats. These findings collectively
suggest that a history of dietary fat intake, not obesity alone,
may diminish GLP-1 signaling to curb carbohydrate intake.

Previous research has shown that Exendin-4 administered
peripherally reduces chow intake in hungry rats (22). Studies
in lean and obese humans have also shown suppression of
appetite and the intake of a balanced meal following GLP-1
administration (8,9). Our data show that a GLP-1 receptor
agonist can also potently reduce the intake of palatable car-
bohydrates in lean and obese rats when tested in a sated state.
This is a novel observation and is relevant to understanding
GLP-1’s role in hedonic-driven eating, i.e., intake that is inde-
pendent of the drive due to actual energy deficits. Relevant
to this are the reports from both human and animal studies
demonstrating increased postprandial GLP-1 release follow-
ing Roux-en-Y gastric bypass (16,29) and ileal interposition
surgeries (30,31), both of which are also known to reduce
appetite despite restricted caloric intake. Furthermore, gastric
bypass but not food restriction appears to reduce behavioral
and neural taste functions for sweet taste in obese rats (32).
One potential explanation of these findings is that GLP-1 may
directly engage the food reward system in addition to energy
regulatory circuits. In fact, current research in our labora-
tory strongly suggests that GLP-1 released endogenously may
modulate activity of dopamine neurons in the ventral tegmen-
tal area in vivo (unpublished data)

An additional riddle is the relationship between GLP-1 sig-
naling, palatable carbohydrates, and obesity. We observed a
blunted response in obese HFHE rats compared to chow con-
trols. Such effects could be due to a reduction in endogenous
GLP-1 release in obese HFHE rats. Recent research by Williams
and colleagues (33) has shown that rats maintained for 4 weeks
on a high-fat, high-energy diet identical to that used in the
present study had lower fasting levels of active GLP-1 compared
to rats fed a high-carbohydrate (70%), low-fat (10%) diet. In this
study, similar to our study, the high-fat diet-fed rats also exhib-
ited a blunted response to Exendin-4 treatment in 24-h food
intake tests, compared to the low-fat, high-carbohydrate diet-
fed group. Unfortunately, chow-fed controls were not available
for comparison in that study. Previous research has also shown
that GLP-1 secretion may be induced by both sucrose and fruc-
tose (34,35). Though not measured directly, these observations
along with the study by Williams and colleagues collectively
suggest that a reduction in endogenous GLP-1 secretion may
result from extended exposure to high-fat diets, and this in turn
could lead to impaired processing of taste (36).

In addition to a plausible change in the regulation of periph-
eral taste information (36,37), GLP-1 may also alter central
taste processing. In fact, central GLP-1 administration has
been shown to reduce sham feeding of sucrose (14). Changes
to the behavioral sequence of sucrose ingestion following

www.obesityjournal.org
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GLP-1 administration indicate that central GLP-1 may indeed
regulate positive-feedback from a meal, and in turn, reduce
intake of palatable foods by attenuating the perceived orosen-
sory reward of the palatable food (14,34,38).

Taken together, one potential implication of these findings is
that excessive consumption of high dietary fat may render ano-
rexigenic gut-brain feedback less effective and in turn, increased
stimulation by sweet taste on intake may remain unchecked.
Thus, successful treatment of overweight and obesity may
require a reduction of the desire to overconsume palatable and
obesogenic foods, as well as restoration of diminished anorexi-
genic signals. A similar effect has been achieved by gastric bypass
surgery, which increases postprandial GLP-1 response and also
reduces appetite and sweet cravings (16,17,32). Improved under-
standing of the underlying mechanisms could help with devel-
oping an effective noninvasive treatment of obesity by reducing
the drive to overconsume palatable foods. Furthermore, these
findings caution that in the quest for identifying novel drug tar-
gets, conflicting responses may occur due to differences in the
source of obesity, including macronutrient content of the diet.
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