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Abstract
Previous data suggests that the adiposity signal leptin reduces food intake in part by enhancing
sensitivity to short-term signals that promote meal termination, including glucagon-like peptide 1
(GLP-1). We hypothesized that maintenance on a high-fat (HF) diet, which causes resistance to
leptin, would impair GLP-1′s ability to reduce food intake. To test this hypothesis, we examined
the anorexic responses to intraperitoneal injection of 100 μg/kg GLP-1 and 1 μg/kg exendin-4
(Ex-4), the potent, degradation resistant GLP-1 receptor agonist, in Wistar rats maintained on a
low-fat (10%; LF) or HF (60%) diet for 4-6 weeks. Rats maintained on each of these diets were
tested twice, once while consuming LF food and once while consuming HF food, to distinguish
between effects of acute vs. chronic consumption of HF food. LF-maintained rats tested on LF diet
reduced 60-min dark phase intake in response to GLP-1, but HF-maintained rats failed to respond
to GLP-1 whether they were tested on HF or LF diet. LF-maintained rats tested on HF diet also
showed no response, suggesting that even brief exposure to HF diet can impair sensitivity to
GLP-1 receptor activation. Both LF- and HF-maintained rats showed significant anorexic
responses to Ex4 at 4 h post-treatment, but only LF-maintained rats had significantly reduced
intake and body weight 24 h after injections. To determine whether the ability of endogenous
GLP-1 to promote satiation is impaired by HF maintenance, we examined the response to exendin
3 (9-39) (Ex9), a GLP-1 receptor antagonist. In LF-maintained rats, Ex9 increased intake
significantly, but HF-maintained rats reduced food intake in response to Ex9. These data support
the suggestion that maintenance on HF diet reduces the anorexic effects of GLP-1 receptor
activation, and this phenomenon may contribute to overconsumption of high-fat foods.
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1. Introduction
Glucagon-like peptide 1 (GLP-1), an incretin hormone secreted by intestinal L-cells in
response to ingested nutrients, is widely considered to play a physiological role in the
control of food intake (1). Several laboratories have shown that peripheral administration of
GLP-1 and GLP-1 receptor (GLP-1-R) agonists reduce food intake (2), and peripheral
administration of the GLP-1-R antagonist exendin (9-39) (Ex9) increases food intake under
some conditions (3). Intraperitoneal injection of Ex9 also attenuates nutrient preload-
induced satiety, suggesting that endogenous GLP-1-R stimulation plays a role in the intake-
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suppressive effects of nutrients delivered into the gastrointestinal tract (3). The development
of diet-induced obesity (DIO) involves a deficit in satiation signaling, whereby animals
maintained on a high-fat (HF) diet take larger meals than low-fat (LF)-fed controls (4, 5).
We hypothesized that maintenance on a HF diet impairs the ability of GLP-1 to promote
satiation, an effect that could contribute to overconsumption during DIO.

There are several reasons to believe that defective GLP-1 function could play a role in the
development of obesity. It has recently been reported that the potent GLP-1-R agonist
exendin-4 (Ex4) has a reduced anorexic effect in DIO-prone Osbourne-Mendel rats
compared with obesity-resistant S5B/Pl rats (6). The known interactions between GLP-1 and
the adiposity hormone leptin also support this hypothesis. HF-DIO rats show leptin
resistance, a state in which circulating leptin levels are high but leptin receptor signaling is
impaired (7). In lean rats, fasting (which decreases leptin levels) attenuates the anorexic
response to GLP-1 and Ex4, and this effect is reversed by physiologic-dose leptin
replacement (8). Moreover, rats that lack functional leptin receptors (fak/fak rats) failed to
respond to GLP-1 at doses that significantly decrease intake in wild-type controls (8). These
data suggest that reduced leptin levels or lack of leptin receptor signaling can impair
sensitivity to GLP-1, and may contribute to the overconsumption and weight gain observed
in leptin- and leptin-receptor deficient models. We hypothesized that HF diet-induced leptin
resistance could blunt the response to GLP-1-R activation in a similar manner.

Here, we asked whether Wistar rats maintained on HF diet show a reduced anorexic
response to GLP-1 and Ex4 treatment compared with rats maintained on a low fat (LF) diet.
We examined the rats' feeding responses to GLP-1 and Ex4 under conditions that would
allow us to distinguish between effects of chronic HF consumption vs. acute HF diet
exposure. All rats were tested on their maintenance diet and also tested while consuming the
non-maintenance diet (i.e., LF-maintained rats tested while consuming HF food; HF-
maintained rats tested while consuming LF food). Our results provide clear evidence that
maintenance on HF diet impairs the anorexic response to GLP-1-R activation. We then
asked whether the role of endogenous GLP-1 in satiation is affected by HF diet
maintenance. It has been reported that maintenance on HF diet for 8 weeks reduces baseline
plasma active GLP-1 levels as well as the magnitude of the postprandial GLP-1 response
(9). We evaluated plasma GLP-1 levels after 4 weeks on HF or LF diet, to determine
whether such changes occur early in the course of HF-DIO. Such an effect would support
the suggestion that circulating GLP-1 levels have less of an impact on feeding in HF-
maintained rats. We directly assessed this by examining the response of HF- and LF-
maintained rats to GLP-1-R blockade with Ex9. If HF-maintained rats release less GLP-1
and/or are less sensitive to endogenous activation of GLP-1-R than LF rats, then the
orexigenic effect of Ex9 should be impaired in HF rats.

2. Materials and Methods
2.1. Subjects

Naïve male Wistar rats (Charles River, Wilmington, MA) were individually housed in
standard Plexiglass cages with food hoppers. The room was temperature controlled and
maintained on a 12 h light:12 h dark cycle. Distilled water was available ad libitum. Rats
were maintained on standard rat chow (Purina, St. Louis, MO) with ad libitum access until
they were switched to LF- or HF diets (D12450B and D12492, respectively, from Research
Diets, New Brunswick, NJ) as described below (see Table 1 for details of diet composition).
All subjects were handled daily and habituated to ip injections of saline before the
experiments began. Body weight was measured daily and food intake was measured
continuously. All experimental procedures were approved by the Florida State University
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institutional animal care and use committee, and conform to the standards of the Guide for
the Care and Use of Laboratory Animals (National Research Council 2010).

2.2. Drugs
GLP-1 (7-36) and amylin were purchased from Bachem (Torrence, CA). Ex4 and Ex9 were
purchased from California Peptide Research (Napa, CA). Each was dissolved in sterile 0.9%
saline for injections. The doses used here (100 μg/kg GLP-1, 1 μg/kg Ex4, and 100 μg/kg
Ex9) were chosen to be low, near-threshold doses based on our own published (8) and
unpublished dose response studies, as well as those of other research groups (10).

2.3. Experimental Procedures
2.3.1. Experiment 1: Effect of HF diet on the anorexic response to GLP-1—Rats
(n = 14) were first tested for responsiveness to GLP-1 while maintained on standard chow
diet, in a within-subjects design. On test days, food was removed 3 hrs prior to onset of the
dark cycle. Each rat received either a 100 μg/kg dose of GLP-1 or 1 ml saline, administered
ip 20 minutes before the onset of the dark cycle. Pre-weighed food was returned to the
subjects immediately prior to onset of dark. Food was weighed 60 min after injections. The
animals' treatments were counterbalanced with at least 48 h between injections. Next, we
divided the rats into 2 weight- and intake-matched groups: low-fat (LF, 10%) or high-fat
(HF, 60%) diet (See Table 1).

After 4 weeks of ad libitum access to the LF or HF food, the anorexic response to GLP-1
was tested again. Rats were each tested twice, once on the maintenance diet and once on the
other diet, to allow us to distinguish between any effects of longer-term maintenance on a
HF diet vs. acute ingestion of HF food. Therefore, each rat received 4 experimental
conditions: vehicle/HF diet; GLP-1/HF diet; vehicle/LF diet; GLP-1/LF diet. To limit food
neophobia, rats were exposed to the non-maintenance diet for the first 60 min of the dark
phase on 2 occasions several days before the drug conditions took place. On experimental
days, food was removed 3 hrs prior to onset of the dark cycle. Each rat received either 1 ml
saline or 100 μg/kg GLP-1 ip 20 minutes before the onset of the dark cycle. Pre-weighed
food was returned to the subjects immediately prior to onset of dark, and then food was
weighed 60 min after injections. On days when rats were tested on their non-maintenance
diet, the test food was removed after the 60 min measurement and was replaced with their
maintenance diet. Drug and diet conditions were counterbalanced across the four test days,
with 48 - 72 h between injections.

2.3.2. Experiment 2: Effect of HF diet on the anorexic response to Ex4—Rats (n
= 22) were divided into LF or HF groups, matched for body weight and chow intake. After 6
weeks on LF or HF diet, their responses to Ex4 were examined as follows.

On experimental days, food was removed 3 hrs prior to onset of the dark cycle. Each rat
received either a 1 μg/kg dose of Ex4 or 1 ml saline, administered ip within 20 minutes
before the onset of the dark cycle. Pre-weighed food was returned to the subjects
immediately prior to onset of dark. Food was weighed at 4 and 24 h after injections, and
body weight was measured before injections and 24 h later. The animals' treatments were
counterbalanced with 72 h between injections.

As in Experiment 1, we assessed the effect of Ex4 on food intake while the animals
consumed their maintenance diet and also on a separate occasion when they were given the
other diet. Even at low doses, Ex4′s anorexic effect is more robust and longer in duration
than that of GLP-1, so we used a slightly different design for this experiment. Here, rats
were tested for responsiveness to Ex4 on their maintenance diets first. Next, they were given
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access to their non-maintenance diet exclusively for 24 h, to minimize neophobia during the
subsequent test. They were then given ad lib access to their maintenance diet for 72 h before
the first day of the Ex4 test, to allow for washout of any metabolic effects that may have
resulted from the 1-day exposure to the non-maintenance diet. At that point, rats received
either saline or Ex4 injections as described above, but were then given their non-
maintenance diet as their only choice of food for the next 24 h. Food was weighed at 4 and
24 h after injections. This was done as a between-subjects test because multiple days of
exposure to the non-maintenance diet could have significant gastrointestinal or metabolic
effects (e.g., rats that had been maintained on HF diet may begin to lose weight when put on
LF diet for several days).

2.3.3. Experiment 3: Effect of amylin on food intake in HF-maintained rats—
When HF-maintained rats were tested on LF diet, intakes after vehicle injections were low
compared with baselines under other conditions. This complicates the interpretation of the
lack of GLP-1 and Ex4 effects in HF-maintained rats tested on LF food, because it raises the
concern that we simply have a floor effect in this test situation. We therefore performed this
control experiment to demonstrate that other anorexigenic agents can still suppress intake in
HF-maintained rats consuming LF food. We examined the effect of amylin, a hormone
produced by the pancreas, because it has been shown that HF maintenance does not impair
rats' ability to respond to this treatment (11).

The HF-maintained rats from Experiment 2 were used in this experiment 1 week after the
last Ex4 test. Food was removed 3 hrs prior to onset of the dark cycle. A between-subjects
design was used in which each rat received either a 10 μg/kg dose of amylin or 1 ml saline
administered ip within 20 minutes before the onset of the dark cycle. Pre-weighed LF food
was returned to the subjects immediately prior to onset of dark. Food was weighed at 1, 4,
and 24 h after injections. Body weight was measured before injections and 24 h after
treatment.

2.3.4. Experiment 4: Effect of HF diet maintenance on plasma GLP-1 levels—
The same subjects in Experiment 2 were used to determine whether a change in endogenous
GLP-1 levels occurs as early as 4 weeks after onset of HF diet maintenance. Rats were
fasted overnight and then anesthetized briefly with isofluorane (2 to 4% in 1 liter oxygen/
minute) for retro-orbital blood sampling. Approximately 1 ml of blood from each rat was
collected into tubes containing a cocktail of 0.25 M EDTA, 200 U/ml Heparin, 283 uM
aprotin, and 1.3 mM diprotin A (Sigma-Aldrich, St Louis, MO). Plasma was stored at −80°C
until biologically active GLP-1 (7-36 amide) and GLP-1 (7-37) levels were measured via
ELISA (Millipore, Billerica, MA) according to the manufacturer's instructions. This assay
has a detection limit of 2 pM, and we obtained an average intra-assay CV of 3.5%, average
inter-assay CV of 9.9%, and recovery rate of 93.9% on quality controls.

2.3.5. Experiment 5: Effect of HF diet on the feeding response to a GLP-1-R
antagonist—After 1 week of recovery from drug treatments, the same rats from
Experiment 1 were used in this study. We have previously shown that Ex9 has an orexigenic
effect only at times when spontaneous food intake is minimal (3). Therefore, we tested the
response to Ex9 during the light cycle. Food was removed 2 h before injections, and the
injections took place approximately 6 h into the light phase. Each rat received either 1 ml
saline or 100 μg/kg Ex9 ip, and pre-weighed food (maintenance diet) was returned
immediately after injections. Food intake was measured 60 min later. Injection conditions
were counterbalanced and separated by 48 h.
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2.4. Statistical Analysis
Body weight was compared across the LF and HF groups via 2-way ANOVA with group
and time as factors. The effects of HF diet maintenance, diet consumed during the test, and
drug treatment on food intake were evaluated by mixed-design 2 or 3 factor ANOVA, with
post hoc analysis by Tukey's HSD where appropriate. One-tailed Student's t-tests were used
for between-group comparisons in Experiments 3 and 4. The pattern of results was the same
whether food intake data were analyzed in the form of grams consumed or kcal consumed,
but we present the data here as kcal consumed for ease of comparison between LF and HF
intake. P values of < 0.05 were taken to be significant.

3. Results
3.1. Experiment 1: Effect of HF diet on the anorexic response to GLP-1

Maintenance on HF diet significantly increased body weight over time, with significant
divergence starting after just 1 week on HF vs. LF diet (interaction between diet and time:
F(1, 8) = 3.72, p < 0.001)(see Figure 1A). All subjects showed a robust anorexic response to
GLP-1 during the pre-test on standard chow diet (p < 0.05), and LF-maintained controls
tested on LF diet showed a decrease in food intake (p < 0.05) after GLP-1 treatment that was
similar in magnitude to their pre-test response (see Figure 2). In contrast, rats maintained on
HF diet for 4 weeks prior to the second GLP-1 test failed to respond to the drug regardless
of whether they were tested on HF or LF food (see Figure 2). Acute ingestion of HF diet
also had an impact on GLP-1 response; LF-maintained rats tested with HF diet for 60 min
did not show a significant reduction in HF food intake after GLP-1 treatment (see Figure 2).
ANOVA yielded significant interactions among maintenance diet and GLP-1 (F (1, 13) =
12.5, p < 0.01) and between test diet and GLP-1 (F (1, 13) = 4.6, p < 0.05).

3.2. Experiment 2: Effect of HF diet on the anorexic response to Ex4
Rats on HF diet gained weight at a faster rate than LF controls, with significant divergence
beginning at 1 week after starting on HF or LF diet (interaction between diet and time: F (1,
20) = 5.19, p < 0.001)(see Figure 1B). Because rats in this experiment started on HF or LF
diet at a lower mean body weight than rats in the previous experiment, we compared body
weights across the 2 experiments from weeks 4-8 (the period during which drug responses
were tested) with 3-way ANOVA in which week, diet, and experiment were factors. There
were no significant main effects or interactions with experiment; only time and diet affected
weight. Therefore, the effects of HF diet on body weight over time did not differ across the 2
experiments.

When rats were tested on their maintenance diet, Ex4 reduced food intake significantly at 4
h post-injections in both groups to a similar degree (p < 0.05)(see Figure 3A). However, we
observed a different pattern at 24 h post-injections, where there was a significant interaction
between maintenance diet and Ex4 (F(1, 20) = 10.6, p < 0.01). LF rats showed a significant
anorexic effect of Ex4 at that time (p < 0.05), whereas HF rats no longer showed a response
(See Figure 3B). Similarly, overnight body weight gain was reduced by Ex4 in LF rats (p <
0.05) but not affected in HF rats (interaction between maintenance diet and Ex4: F (1, 20) =
11.23. p < 0.01)(See Figure 3C).

In the second Ex4 trial, during which rats had access to the diet that they had not been
maintained on (i.e., LF-maintained rats eating HF food, HF-maintained rats eating LF food),
we obtained a similar pattern of results. LF-maintained rats showed a significant anorexic
response to Ex4 at 4 and 24 h post-treatment (p's < 0.05) (see Figures 3A and 3B). Again,
Ex4 suppressed intake in HF-maintained rats at 4 h (p < 0.05) but failed to do so at 24 h
post-treatment. HF-maintained rats had lower baseline intakes when consuming LF food at
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both 4 and 24 h post-treatment relative to LF-maintained rats (p < 0.05). There were
significant interactions between maintenance diet and drug at 4 h (F(1, 20) = 7.17, p < 0.05)
and at 24 h (F(1, 20) = 7.26, p < 0.05). Ex4 also significantly limited body weight gain over
the 24-h period in LF-maintained rats (p < 0.05), but had no significant effect on body
weight change in HF-maintained rats (see Figure 3C).

3.3. Experiment 3: Effect of amylin on food intake in HF-maintained rats
HF-maintained rats tested on LF food intake ingested the same amount within 60 min after
ip saline as rats under the same conditions in Experiment 1. From that relatively low
baseline, amylin significantly reduced intake by 26% (t (9) = 2.27, p < 0.05) (see Figure
4A). The same was true at 4 h (see Figure 4B) and 24 h post-treatment (see Figure 4C);
amylin significantly reduced food intake compared with a relatively low vehicle baseline (4-
h t (9) = 5.09, p < 0.001; 24-h t (9) = 4.44, p < 0.01). Body weight was also significantly
reduced by amylin (see Figure 5D) relative to vehicle (t (9) = 2.29, p < 0.05).

3.4. Experiment 3: Effect of HF diet maintenance on plasma GLP-1 levels
Rats maintained on HF diet for 4 weeks had significantly lower active GLP-1 levels in
plasma compared with rats maintained on LF diet for the same period (t (24) = 1.9, p < 0.05)
(See Figure 5).

3.5. Experiment 4: Effect of HF diet on the feeding response to a GLP-1-R antagonist
The GLP-1-R antagonist Ex9 significantly increased light-phase food intake 60 min after
injections in LF-maintained rats (p < 0.05)(see Figure 6). Surprisingly, Ex9 had the opposite
effect in HF-maintained rats, robustly decreasing their intake relative to vehicle (p < 0.05).
ANOVA revealed a significant interaction between maintenance diet and Ex9 (F (1, 13) =
24.95, p < 0.001).

4. Discussion
The studies presented here demonstrate that maintenance on HF diet for 4-6 weeks alters
rats' ability to show anorexic responses to GLP-1-R activation. Food intake reduction
induced by GLP-1, itself, as well as to the more potent GLP-1-R agonist Ex4, was
significantly impaired by chronic HF diet consumption, regardless of what food the rats
consumed during the test. We also observed that the decrease in plasma GLP-1 levels occurs
as early as 4 weeks into HF diet maintenance. Thus, HF-maintained rats are producing less
active GLP-1 (9) and are also less sensitive to its anorexic effects. This supports the
suggestion that endogenous GLP-1 would be less relevant for food intake control in these
animals, a hypothesis that we tested by examining the intake response to the GLP-1-R
antagonist Ex9. Blockade of GLP-1-R elevated food intake as expected in LF-maintained
rats, but we observed a decrease in intake when Ex9 was administered to HF-maintained
rats. Taken together, our results suggest that HF diet maintenance alters the GLP-1 system in
such a way that it no longer functions to promote satiation.

We observed that the 100 μg/kg dose of GLP-1, which was effective in chow-fed rats and
LF-maintained rats tested on LF food, failed to significantly suppress food intake in LF-
maintained rats when they were tested with HF food. This supports the idea that GLP-1 may
be less effective at suppressing intake of HF diets even in lean subjects that have relatively
little prior experience with HF food. At present, we can only speculate about the mechanism
for this effect. It has been reported that peripheral GLP-1-R antagonism is less effective at
increasing food intake under conditions that produce relatively high baseline spontaneous
intake (intake of chow at the onset of the dark cycle, intake of vanilla Ensure during short-
term tests in the light cycle) (3). One possible interpretation of those results is that GLP-1-R
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activation is less influential when rats are more highly motivated to consume. Here, LF rats
received short-term access to highly palatable HF food, and this may have created a high-
motivation situation. A number of researchers have proposed that factors such as palatability
and reward can “override” gastrointestinal signals that would otherwise reduce food intake
(12, 13), and this may explain the result observed here.

Chronic consumption of HF diet has an impact beyond that observed with a single HF meal,
because HF-maintained rats failed to respond to GLP-1 whether they were tested on LF or
HF food. When we examined the response to Ex4, we found that LF-maintained rats showed
the typical anorexic response regardless of food consumed during the test. HF-maintained
rats also responded to Ex4 during the first 4 h post-treatment, but their response was short-
lived compared with LF-maintained rats that still showed significant anorexia at 24-h post-
treatment. This is not the first time it has been observed that Ex4 produces more robust and
longer-lasting effects than GLP-1, a difference that is at least in part due to the significantly
shorter half-life of active GLP-1 (14). Peripherally administered GLP-1 has been shown to
affect food intake through peripheral, but not central, GLP-1-R (3). Although the short-term
(i.e., within several hours after treatment) effects of Ex4 are thought to be mediated through
peripheral GLP-1-R and require an intact vagus nerve (15), Ex4 can freely cross the blood-
brain barrier (16). Because of Ex4′s much longer half-life, it is plausible that at least the
longer-duration effects of Ex4 observed here are mediated by central GLP-1-R. It is also
worth noting that the differences between GLP-1 and Ex4 extend beyond half-life. Several
studies have demonstrated effects of Ex4 that differ from those of GLP-1 and are not
blocked by GLP-1-R antagonism, leading to speculation that there may be an as yet
undiscovered receptor that is activated by Ex4 and not GLP-1 (17, 18). We suggest that
these differences between the two treatments may account for the pattern of results observed
across these experiments.

When HF-maintained rats were tested on LF food in Experiments 1 and 2, their baseline
intakes were reduced compared with other conditions. This may be because the HF-
maintained rats had adapted to the more calorically dense diet and require more than 24 h on
LF food to adjust to the less dense diet. It is also possible that differences in taste, texture, or
palatability contributed to the lower baseline intakes in this condition. Regardless of the
reason for the reduced baseline, it raises the concern that we have a floor effect and cannot
interpret the lack of GLP-1 or Ex4 effects in these tests as a meaningful result. We reject
that possibility for several reasons. Most importantly, we demonstrated that low baseline
intake in HF-maintained rats consuming LF food does not prevent amylin from effectively
reducing food intake. Amylin significantly reduced 60-min food intake in HF-maintained
rats consuming LF food during the test. Rats injected with saline in this control study
ingested the same amount as rats under the same conditions in Experiment 1. Amylin also
significantly reduced 4- and 24-h intake under these conditions, with a relatively low vehicle
baseline at 24 h in particular. In addition, we saw in Experiment 2 that Ex4 significantly
reduced food intake in HF-maintained rats tested on LF food at the 4 h measurement.
Together, these data demonstrate that low baseline intake does not prevent the effects of
anorexigenic treatments. This further supports our conclusion that HF-maintenance impairs
rats' sensitivity to GLP-1-R activation independent of the food consumed during the test.

The orexigenic effect of GLP-1-R blockade has been taken as an indication that endogenous
GLP-1 plays a role in the control of food intake. Others have reported that fasting plasma
GLP-1 levels along with the nutrient-induced rise in plasma GLP-1 are reduced by HF diet
maintenance (9), and we confirmed that the effect on fasting plasma GLP-1 level is present
after as few as 4 weeks on HF diet. Thus, the HF-maintained rat has less endogenous GLP-1
available to suppress food intake and we hypothesize that it would be less sensitive to
whatever GLP-1 it does produce. Under these circumstances, GLP-1-R antagonism should
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have little orexigenic effect compared with that observed in LF-maintained rats. When we
tested this hypothesis directly, we were surprised to find that not only did Ex9 fail to
increase food intake in HF-maintained rats, it decreased intake instead. HF-maintained rats
showed a relatively high baseline level of intake in this test, but that cannot account for the
anorexic effect of Ex9 observed here. We have previously shown that Ex9 simply has no
effect in lean chow-fed rats in situations where baseline intakes are high (3). Thus, the
present finding would seem to suggest that chronic consumption of a HF diet fundamentally
changes the nature of the response to GLP-1-R activation. Although unexpected, the idea
that such an effect may occur is not unprecedented. Knauf and colleagues (19) reported that
CNS administration of Ex9 protects against the insulin resistance that normally occurs as a
consequence of HF-DIO, a surprising finding given that pharmacologic activation of GLP-1-
R via Ex4 improves HF-DIO-induced insulin resistance (20). Recently, it was reported that
GLP-1-R knock-out mice are also protected against HF-induced insulin resistance, and
moreover, female GLP-1-R knock-out mice were protected against weight gain on HF diet
(21). These effects coupled with the data presented here strongly suggest that although
pharmacologic activation of GLP-1-R in HF-DIO subjects can reduce feeding, body weight,
and some of the undesirable metabolic effects of such diets (14, 22), the endogenous GLP-1
functions quite differently.

It was already established that HF diet maintenance modulates responsiveness to other
satiation/satiety signals. For example, Covasa and colleagues have shown that the anorexic
responses to cholecystokinin (CCK) and bombesin are impaired in rats maintained on HF
diets (11). The reduction in sensitivity to CCK has been most well studied, and it is useful to
compare that phenomenon with the current data focusing on GLP-1. The roles of GLP-1 and
CCK in the control of food intake are similar in many respects. Both hormones contribute to
nutrient-induced satiation, and both require an intact vagus nerve in order to affect food
intake when delivered ip (23), although other routes of administration of GLP-1 successfully
reduce food intake in a vagus-independent manner (24). In the case of CCK, the mechanism
for the change in effectiveness when rats are maintained on HF diet may be related to CCK
production and release by the intestine. Consumption of HF food promotes CCK release,
and it has been suggested that these higher circulating levels of CCK cause its receptors to
desensitize (25). By contrast, HF feeding causes a small but significant decrease circulating
GLP-1 (present results and reference 9), so it seems unlikely that a change in plasma GLP-1
levels is the mechanism for altered sensitivity to exogenous GLP-1-R agonist
administration.

We suggested above that the LF-maintained rats loss of response to GLP-1 when they were
tested on HF food may be related to the palatability or hedonic value of the HF food. HF-
maintained rats' reduction in response to GLP-1 and Ex4 was observed regardless of which
food they were eating when tested. Therefore, we propose that the mechanism for this
chronic HF feeding effect is distinct from the effect of acute HF ingestion. Although we
cannot yet explain how HF diet alters responsiveness to GLP-1-R activation, there are
several broad possibilities to consider. First, the change in sensitivity may occur in the
periphery. For example, GLP-1-R expression by vagal afferent neurons could be reduced by
HF maintenance. Alternatively, the change may occur at the level of the caudal brainstem
neurons that are the first to receive the incoming vagal afferent signal. Another plausible
scenario is that chronic HF diet consumption alters hypothalamic or other forebrain neurons
that play a role in generating the anorexic response downstream of the initial GLP-1-R
activation. If GLP-1 or Ex4 act on non-vagal receptor populations, then HF diet maintenance
may be acting to alter sensitivity at those sites, central or peripheral. These potential
mechanisms of action are not mutually exclusive.
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We based our hypothesis that the anorexic response to GLP-1 would be impaired by HF diet
maintenance in part on the finding that states of low leptin signaling or complete loss of
leptin signaling blunted the effects of GLP-1 (8). It is well established that maintenance on
HF diet leads to leptin resistance (7), and even just 3 days of voluntary overfeeding on a
moderately high fat (33%) diet impairs the anorexic and metabolic effects of leptin (26).
Given these previous results, there is little doubt that the rats in the present studies were
leptin resistant after 4-8 weeks of maintenance on a 60% fat diet although we did not
directly assess leptin resistance here. Even so, it remains possible that some other
consequence of HF maintenance is responsible for the change in responsiveness to GLP-1-R
activation. We have yet to determine whether overconsumption and weight gain is required
for is change in sensitivity, or if we would see the same changes in response to GLP-1-R
activation in rats maintained on a restricted HF diet so that do not gain weight. It is also
possible that this effect is not dependent on the fat content of the diet, but rather on the
increased caloric density or decreased carbohydrate content of the HF diet used here. All of
these possibilities warrant further investigation.

There is no doubt that GLP-1-R activation via chronic Ex4 treatment, usually delivered at
higher doses, is effective at reducing food intake and body weight in HF-DIO rat models
(22, 27). Similarly, it has been documented that the synthetic form, exenatide, has intake-
and body weight-reducing effects in obese humans (28). Here, we used low, near-threshold
doses (8, 10) of GLP-1 and Ex4 to show that HF-maintenance changes sensitivity to these
treatments. Our data suggests that an individual on HF diet requires greater GLP-1-R
stimulation to produce an anorexic effect compared with an individual on LF diet. In
addition, we show that HF diet alters the ability of endogenous GLP-1 to suppress intake.
Taken together, the evidence suggests that impairment in the anorexic response to GLP-1
may contribute to overconsumption and weight gain when individuals chronically consume
HF diets.
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Figure 1.
Body weight over time for rats in Experiments 1 and 4 (A) and Experiments 2 and 3 (B).
Data are means ± SEM, *p < 0.05.
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Figure 2.
Food intake (kcal) 60 min after ip injection of either saline vehicle (open bars) or 100 μg/kg
GLP-1 (black bars). All subjects were tested on standard chow before they were placed on
LF or HF diet, and were then tested after 4 weeks on LF or HF diet. Each rat was tested once
while consuming LF diet and once while consuming HF diet during the 60-min test period.
Data are means ± SEM, *p < 0.05 relative to vehicle.
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Figure 3.
Food intake (kcal) 4 h (A) and 24 h (B) after ip injection of saline vehicle (open bars) or 1
μg/kg Ex4 (black bars). Panel C shows body weight change (g) over the 24 h following
these injections. Rats were tested after 6 weeks on LF or HF diet. The results of 2 tests of
Ex4 response are shown: the first test was conducted while rats consumed the diet on which
they were maintained, whereas in the second test, they had access to their non-maintenance
diet only. Data are means ± SEM, *p < 0.05 relative to vehicle.
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Figure 4.
Food intake (kcal) 60 min (A), 4 h (B) and 24 h (C) after ip injection of saline vehicle (open
bars) or 10 μg/kg amylin (black bars). Body weight change is shown in panel D. HF-
maintained rats were tested while consuming LF diet, to rule out an effect of low baseline
intakes as the explanation for lack of GLP-1 and Ex4 effects. Data are means ± SEM, *p <
0.05 relative to vehicle.
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Figure 5.
Plasma levels of biologically active GLP-1 (pM) in rats maintained on LF or HF diet for 4
weeks. Data are means ± SEM, *p < 0.05.
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Figure 6.
Food intake (kcal) 60 min after ip injection of saline vehicle (open bars) or 100 μg/kg Ex9
(black bars). Rats were tested after 7 weeks on LF or HF diet. Data are means ± SEM, *p <
0.05 relative to vehicle.
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Table 1

Composition and energy density of low-fat (LF) and high-fat (HF) diets used in these studies.

% kcal from:

Diet Protein Carbohydrate Fat kcal/g

LF 20 70 10 3.85

HF 20 20 60 5.24
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