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Abstract

Glucagon-like peptide 1 (GLP-1) has incretin effects that are well-documented, but the
independent role of GLP-1 action in human satiety perception is debated. We hypothesized that
blockade of GLP-1 receptors would suppress postprandial satiety and increase voluntary food
intake. After an overnight fast, 8 normal weight participants (7 men, BMI 19-24.7 kg/m2, age 19—
29 yr) were enrolled in a double-blind, placebo-controlled, randomized crossover study of the
GLP-1 antagonist Exendin-[9-39] (Ex-9) to determine if the satiating effects of a meal are
dependent on GLP-1 signaling in humans. Following a fasting blood draw, iv infusion of Ex-9
(600-750 pmol/kg/min) or saline began. Thirty minutes later, subjects consumed a standardized
breakfast followed 90 minutes later (at the predicted time of maximal endogenous circulating
GLP-1) by an ad libitum buffet meal to objectively measure satiety. Infusions ended once the
buffet meal was complete. Visual analog scale ratings of hunger and fullness and serial
assessments of plasma glucose, insulin, and GLP-1 concentrations were done throughout the
experiment. Contrary to the hypothesis, during Ex-9 infusion subjects reported a greater decrease
in hunger due to consumption of the breakfast (Ex-9 —62+5 Placebo —41+9; P=0.01) than during
placebo. There were no differences in ad libitum caloric intake between Ex-9 and placebo. Ex-9
increased glucose, insulin, and endogenous GLP-1, which may have counteracted any effects of
Ex-9 infusion to block satiety signaling. Blockade of GLP-1 receptors failed to suppress subjective
satiety following a standardized meal or increase voluntary food intake in healthy, normal-weight
subjects.
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INTRODUCTION

Glucagon-like peptide 1 (GLP-1) is an incretin hormone released from the gut in response to
food intake (D'Alessio and Vahl, 2004). Along with stimulating glucose-dependent insulin
release (Drucker, 2006), GLP-1 reduces food intake in rodents (Williams et al., 2009). In
humans, infusions of GLP-1 induce subjective satiety and reduce food intake (Flint et al.,
1998) and synthetic GLP-1 agonists used to treat type 2 diabetes reduce both food intake and
body weight (Edwards et al., 2001, DeFronzo et al., 2005). However, some studies suggest
that GLP-1’s effects on satiety are dependent on synergism with other gut-derived satiety
signals (Beglinger and Degen, 2006, De Silva et al., 2011) or are subject to physiologic
condition such as elevated endogenous GLP-1, which occurs following gastric bypass
surgery (Abegg et al., 2013).

Exendin-[9-39] (Ex-9) is a synthetic competitive antagonist to GLP-1 at the GLP-1 receptor.
Ex-9 blocks the anorectic effect of both endogenous and exogenous GLP-1 in rodents
(Chelikani et al., 2005, Williams et al., 2009). In humans, Ex-9 can suppress the
insulinotropic effects of exogenous as well as endogenous GLP-1 stimulated by an oral
glucose load (Schirra et al., 1998, Edwards et al., 1999, Salehi et al., 2008). However, the
effects of Ex-9 on satiety have not been tested in humans.

In a double-blind, placebo-controlled, randomized crossover study, we used Ex-9 to
investigate whether the satiating effects of a meal are dependent on endogenous GLP-1
signaling. While peak GLP-1 blood levels occur 30-60 minutes into the postprandial state
(Flint et al., 1998, Flint et al., 2001, Verdich et al., 2001, Tomasik et al., 2002) and might
play a role in satiation during meals, levels remain elevated for at least 180 minutes after
meals (Verdich et al., 2001). It is unknown what role GLP-1 plays in enhancing satiety and
suppressing further food intake in humans during the inter-meal interval, but animal studies
demonstrate that Ex-9 has larger effects on food intake at times when baseline intake is low
(Williams et al., 2009). We therefore presented subjects with an ad libitum buffet meal at a
time point between meals when subjects would not normally be eating. We hypothesized
that Ex-9 would suppress postprandial satiety and thereby increase hunger and voluntary
food intake at a buffet meal.

SUBJECTS AND METHODS

Participants

Eight subjects (7 male, 1 female) were recruited by posted and print advertisements.
Eligibility criteria were age 18-29 yr with a BMI 18.5-25 kg/m? and habitual breakfast eater
(4 or more times per week). Participants had mean BMI of 23.4+2.0 kg/m? (range 19-24.7)
and a mean age of 23.9+3.3 years (range 19-29). Exclusion criteria were: any chronic health
conditions including diabetes; recent change in appetite; current dieting for weight loss;
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restrained eating; history of obesity, eating disorders, or weight loss surgery; random blood
glucose >140 mg/dL; abnormal electrocardiogram, complete blood count, or kidney
function; pregnancy; oral contraceptive use; smoking, drug or heavy alcohol use (>2 drinks
a day); allergy or intolerance to study foods; vegetarian or vegan; extreme vigorous exercise
(>21 hours per week); or medications known to alter appetite (e.g., atypical anti-psychotics).
Study procedures were approved by the University of Washington (UW) Human Subjects
Division and the U.S. Food and Drug Administration (IND #108604). All participants
provided written informed consent.

Exendin-[9-39] acetate (Clinalfa, Merck Biosciences, Germany) was diluted in 0.9%
sodium chloride solution for administration via intravenous infusion. Prior use of Ex-9 in
humans reveals that infusions of 300 pmol/kg/min reduce the insulinotropic action of GLP-1
(Schirra et al., 1998), whereas at higher doses of 500 (Edwards et al., 1999) and 600
pmol/kg/min (Salehi et al., 2008) the effect is completely blocked. Because doses sufficient
to suppress satiety are unknown, the initial dose provided to 2 subjects was 600 pmol/kg/
min. Thereafter, the dose was increased to 750 pmol/kg/min to achieve a maximal effect on
satiety while ensuring that Ex-9 was safely tolerated. The placebo infusion was intravenous
saline. Subjects were monitored throughout the study (EKG, symptoms) and no adverse
events occurred.

Blinding and Randomization

Investigators and subjects were blinded to the treatment condition. Non-blinded pharmacists
randomly assigned condition order in a blocked, counterbalanced design. Packaging and
labeling of test and control infusions were identical.

Study Procedures

Subjects were asked to follow their usual eating habits and not to engage in strenuous
activity prior to the study. Subjects fasted overnight beginning at 9:30 pm and arrived at the
UW Clinical Research Center at 7:00 am the next morning. Following 2 antecubital or
forearm 1V placements, vital sign assessment, and a fasting blood draw, the randomly
assigned infusion of either saline or Ex-9 was started at 8:00 am. Subjects then immediately
drank a liquid solution of D-xylose consisting of 15g in 100mL of water (Letco Medical;
Decauter, AL) (Medhus et al., 2000, Salehi et al., 2008). Administration of D-xylose with
serial monitoring of blood levels was used as an indirect measure of nutrient entry into the
duodenum (Pressman et al., 1987) and hence of gastric emptying (Drent et al., 1995, Frank
etal., 1998, Salehi et al., 2008). After 30 minutes of infusion, subjects then had 15 minutes
to consume a standardized breakfast meal (toast, orange juice, eggs; 35% fat, 20% protein,
45% carbohydrate). Meals were equal to 20%, 33%, or 40% of subjects’ estimated daily
caloric needs (calculated by the Mifflin-St. Jeor equation and an activity factor). The size of
the breakfast meal was varied as part of dose-response testing, however each subject
received an identical meal during both Ex-9 and placebo infusions therefore group data were
collapsed to examine our primary outcome of the effect of Ex-9 on satiety. Vital signs, blood
draws and subjective satiety evaluations were repeated every 30 min. Ninety minutes after
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the start of the standardized breakfast subjects were presented with an ad libitum buffet meal
at which they had 30 minutes to eat; however due to procedural delays the actual time
between breakfast and the buffet varied, but was matched within subjects. This is reflected
as hash marks in figures. Participants were not informed that the buffet was part of the study
or that their food intake was being monitored until after all study procedures were complete.
The 90-minute time point was chosen to represent a time at which subjects would not
normally be eating as Ex-9 has larger effects on food intake at times when baseline intake is
low (Williams et al., 2009). In humans, the effect of a preload on subsequent food intake
diminishes with time (Rolls et al., 1991, Almiron-Roig et al., 2004). Moreover, after similar
nutrient loads, subjective measures of satiety and GLP-1 levels remain elevated for 90
minutes, then return to baseline after approximately 150-180 minutes (Flint et al., 1998,
Flint et al., 2001, Verdich et al., 2001, Vilsboll et al., 2003). Therefore, we sought to
complete all ad libitum food intake well before the time at which GLP-1 would no longer be
physiologically active. Infusions ended after the buffet meal.

Body weight and eating behavior

Height and weight were recorded to calculate BMI (weight(kg)/height(m?2)). To identify
individuals who may be less likely to eat according to their appetite, we administered the
Revised Restraint Scale (Herman CP, 1980) as well as the Three-factor Eating Questionnaire
(TFEQ).

Subjective appetite ratings

Serial visual analog scales (VAS) (Flint et al., 2000) were used to assess hunger and fullness
at 30 minute intervals. Each scale was presented on a single sheet of paper with one the
following statements on each side of a 100 mm line: “I am not hungry at all.” to “I have
never been more hungry.” Or “I am not full at all.” to “I have never felt more full.” Subjects
ratings were recorded by marking an “X” on a 100 mm scale.

Ad libitum buffet meal. The purpose of the buffet meal was to objectively measure satiety as
well as food choice. The buffet included a wide range of foods suitable for a morning or
midday meal. Foods varied in hedonic appeal, caloric and macronutrient content (e.g.
bagels, turkey, fruit, pastries) and were provided in excess of estimated energy requirements
(~5000 kcal). All uneaten food was weighed to determine total intake and macronutrients
consumed (ProNutra, Viocare Technologies, Princeton, NJ).

Blood sampling

Blood samples were collected in EDTA tubes containing protease inhibitor, aprotinin and a
dipeptidyl peptidase-4 inhibitor. Samples were cold centrifuged at —4°C and plasma was
stored at —80°C. Glucose and D-xylose were measured by the hexokinase and colorimetric
method, respectively (Eberts et al., 1979). Plasma insulin was measured by two-site
immunoenzymometric assay using a Tosoh 2000 auto-analyzer (San Francisco, CA) with an
assay sensitivity level of 0.5uU/mL. Total GLP-1 was measured by ELISA (ALPCO
Diagnostics; Salem, NH) with an assay sensitivity level of 0.6 pmol/L and 100% specificity
to GLP-1 (7-36) and GLP-1 (9-36). Intra- and inter-assay coefficients of variation for
reference plasma for insulin and GLP-1 are between 2.0-2.8% and 3.7-9.5%, respectively.
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Statistical analysis

RESULTS

Participants

Means and standard deviations are presented for descriptive statistics. Means and standard
error of the mean are presented for all outcomes and graphs. Incremental area under the
curve (AUC) was calculated using the trapezoidal method. Repeated m easures two-way
ANOVA was used to evaluate: 1) treatment effect (matched) over multiple time points and
2) interactions between treatment and time points. Paired t-tests (2-tailed) were used to test
group differences between Ex-9 and placebo. Three implausible glucose values were
excluded (<70 mg/dL) and one subject was missing data for all GLP-1 timepoints. Statistical
analyses were performed with GraphPad Prism (La Jolla, CA) and STATA (13.1; College
Station, TX) and results were considered significant at P<0.05.

Eight participants (7 male, 1 female) self-reported fasting 8:00 AM hunger and fullness
ratings that did not differ between treatment days (Figure 1A, Hunger: Ex-9 65£3.0 mm,
Placebo 56+5.8 mm, P=0.11; Fullness: Ex-9 14+3.4 mm, Placebo 18+7.0 mm, P=0.42).
Fasting plasma glucose, insulin, and GLP-1 concentrations also did not differ between
treatment days (Glucose: Ex-9 92.9+8.9 mg/dL, Placebo 94.1+9.6 mg/dL, P=0.56; Insulin:
Ex-9 4.88+1.7 uU/mL, Placebo 5.5+4.5 uU/mL, P=0.59; GLP-1: Ex-9 17.2+18.3 pmol/L,
Placebo 16.0+£17.6 pmol/L, P=0.36).

Effect of Ex-9 on subjective appetite and food intake

The standardized breakfast and buffet meal produced expected effects over time on VAS
hunger and fullness ratings (Figure 1 A-B). We found no effect of treatment with Ex-9 on
either hunger (F1 7=0.29, P=0.61) or fullness (F; 7=0.04, P=0.85). Contrary to the
hypothesis, Ex-9 infusion decreased hunger ratings more due to consumption of the
standardized breakfast (-62+6 mm) as compared to placebo infusion (-41+9 mm, P=0.01).
Increases in fullness ratings following breakfast were comparable between treatments (Ex-9
5448 mm, Placebo 58+8 mm, P=0.49). We tested if the effect of Ex-9 on appetite varied
over time and found no evidence for interactions between treatment and time point for
hunger (F3 19=2.14, P=0.13) or fullness (F3 19=1.21, P=0.33).

Total caloric intake at the buffet meal did not differ with Ex-9 treatment (Ex-9 910+£187
kcal, Placebo 9984220 kcal, P=0.54, Figure 1C) nor did energy intake calculated as a
percentage of total daily needs (Ex-9 29+6%, Placebo 32+7%, P=0.53). There was a
tendency for subjects to consume less percentage of calories from fat on the placebo day
(Ex-9 38.0+5%, Placebo 36.9+5%, P=0.05), but otherwise there were no differences in
macronutrients consumed between conditions (Protein: Ex-9 12.6+2%, Placebo 13.6+2%,
P=0.48; Carbohydrate: Ex-9 49.4+6%, Placebo 49.6+6%, P=0.90). Following the ad libitum
buffet, subjects reported being less full during the Ex-9 treatment (Ex-9: 81+3 mm, Placebo
89+2 mm, P=0.02, Figure 1B). Of note, on the Ex-9 treatment day, subjects consumed, on
average, 88 less total kilocalories at the buffet, a non-significant difference which may
nonetheless have contributed to feeling less full. The change in VAS hunger and fullness
scores resulting from the buffet meal did not differ during Ex-9 treatment compared to
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placebo (Hunger: Ex-9 —19+5 mm, Placebo —23+7 mm, P=0.61; Fullness: Ex-9 166 mm,
Placebo 27£8 mm, P=0.22). It is possible a “floor effect” may have prevented subjects from
expressing greater changes in subjective satiety, particularly for hunger, as most were
scoring at the extreme of the 1-100 mm range after the buffet meal.

Effect of Ex-9 on plasma glucose, insulin, and GLP-1 concentrations

Treatment with Ex-9 significantly increased glucose (F1 7=8.40, P=0.02, Figure 2A) and
GLP-1 concentrations (F1 g=15.43, P<0.01, Figure 2B) and tended to increase insulin
(F1,7=5.24, P=0.06, Figure 2C). Time by treatment interactions were present for both
glucose and insulin (Glucose: F3 16=3.40, P<0.05; Insulin: F3 19=6.01, P<0.01) As seen in
Figures 2A and 2C, glucose concentrations were elevated with Ex-9 treatment compared to
placebo most strongly before breakfast and after breakfast and insulin concentrations were
elevated most strongly after the buffet. Ex-9 infusion increased endogenous GLP-1
concentrations most strongly following breakfast, prior to the buffet meal and following the
buffet meal (Figure 2B).

Effect of Ex-9 on gastric emptying

A trend suggested some effect of Ex-9 to lower D-xylose concentrations (F1 7=4.91; P=0.06,
Figure 2D), although we cannot rule out that peak D-xylose concentrations during Ex-9
infusion preceded the 30-minute post-ingestion assessment.

DISCUSSION

Contrary to our hypothesis, we did not find that blockade of GLP-1 action was sufficient to
reduce meal-induced satiety in humans, although effects of the antagonist were
demonstrated on the incretin system. In fact, subjective hunger was suppressed to a greater
degree by Ex-9 than by placebo infusion when subjects consumed a calorically matched
standardized meal. There were no differences in ad libitum caloric intake. Although we saw
no evidence that Ex-9 blocked satiety throughout the controlled intake period of the study,
subjects did report slightly less fullness at the final time point assessed after the ad libitum
buffet meal. Serial blood sampling demonstrated hyperglycemia, hyperinsulinemia, and
elevated GLP-1 levels during Ex-9 infusion that together may have paradoxically promoted
satiety. This is the first study to specifically focus on the effect of Ex-9 on subjective and
behavioral measures of satiety in humans.

Elevated plasma glucose and insulin levels resulting from Ex-9 treatment (Calabria et al.,
2012, Jorgensen et al., 2013) offer one explanation for the lack of effect on appetite of Ex-9.
Hyperglycemia alone or in an insulin-dependent manner can suppress hunger in humans
(Gielkens et al., 1998, Russell et al., 2001) and lower food intake in rodents (Davis et al.,
1981, Kurata et al., 1986). Differences in the rate of nutrient emptying into the duodenum
during Ex-9 infusion did not appear to explain the findings because we noted minimal
effects of Ex-9 on gastric emptying. It is possible, however, that the tendency toward lower
D-xylose levels we found reflects that peak D-xylose concentrations preceded the 30-minute
post-ingestion assessment, potentially indicating enhanced gastric transit due to GLP-1
receptor blockade. The lack of an early post-ingestion time point limits interpretation of
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these data, but early nutrient delivery to the intestines cannot be entirely ruled out and may
have stimulated endogenous GLP-1 release. In fact, endogenous GLP-1 levels were
increased by Ex-9 infusion in the current study, as has been shown previously (Jorgensen et
al., 2013). If receptor blockade was incomplete or increased sympathetic tone occurred
(Perez-Tilve et al., 2010), then elevated endogenous GLP-1 concentrations could have
counteracted the effect of Ex-9 to stimulate appetite. However, the significant differences
we observed in glucose, insulin, and GLP-1 concentrations during Ex-9 treatment suggest
that both doses provided achieved physiologically significant if not complete receptor
blockade. One alternative interpretation of the elevated endogenous GLP-1 levels is the
existence of a negative feedback loop in which activation of GLP-1 receptors on
enteroendocrine cells are necessary to inhibit further GLP-1 secretion (Jorgensen et al.,
2013). In sum, blockade of GLP-1 receptors was not sufficient to reduce meal-induced
satiety in humans, but concurrent blockade of GLP-1’s incretin effects complicates
interpretation of the results.

Several limitations of the study bear mentioning. First, we did not measure levels of either
glucagon or peptide Y'Y (3-36), which can also increase during Ex-9 infusion in humans
(Edwards et al., 1999) and these hormones could have played a role in the paradoxical effect
of Ex-9 to reduce self-reported hunger induced by a meal. Second, all but one of the
participants were men. Third, the study was powered to detect increases in caloric intake at
the buffet (300-400 kcal) due to Ex-9 and no such effects were found. Instead, a small
reduction in caloric intake at the buffet meal and increased post-meal VAS hunger scores
were observed during Ex-9 treatment. Much larger sample sizes would be required to
evaluate whether these effects were due to chance alone. Fourth, gastric emptying was
measured indirectly by the appearance of the absorbed nutrient D-xylose solution in the
bloodstream, and a rapid gastric emptying of the solid food breakfast meal could have been
missed. Fifth, we studied post-meal satiety and further study is required to test whether
GLP-1 is necessary to reduce hunger during fasting or to enhance meal termination or
satiation. Finally, there was variability in the size of the standardized meals between subjects
and therefore average hormonal excursions must be interpreted with caution.

Given these caveats, these findings are nonetheless in line with prior studies showing that
GLP-1 may not act independently, but rather in concert with other hormones and nutrients to
promote satiety. Several studies do show effects of exogenous GLP-1(Flint et al., 1998,
Gutzwiller et al., 1999, Gutzwiller et al., 1999, Degen et al., 2006) or GLP-1 agonists
(Edwards et al., 2001) on appetite in humans. However, Ex-9 treatment alone in rats does
not produce effects on food intake (Ruttimann et al., 2010), but when given in combination
with leptin, it can attenuate the anorectic effect of leptin (Zhao et al., 2012). Also, infusion
of GLP-1 was insufficient to significantly reduce food intake or modulate neural responses
to visual food cues, whereas GLP-1 in combination with peptide Y'Y (3-36) did suppress
food intake and regional brain activation (De Silva et al., 2011). Moreover, w hen glucose
utilization in the central nervous system is blocked, the anorectic effect of intraventricular
GLP-1 is diminished (Sandoval et al., 2012). In sum, GLP-1 infusion or receptor stimulation
appears to be sufficient to promote meal-related satiety in humans in a dose-dependent
manner (Verdich et al., 2001). The current data do not support an independent physiologic
role for GLP-1 in postprandial satiety in humans. In other words, intact GLP-1 signaling
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may not be necessary for relatively normal satiety processing, as evidenced by studies in
GLP-1 receptor knockout mice (Ayala et al., 2010).

Because of the possibility that hyperglycemia and hyperinsulinemia counteracted any effect
of Ex-9 on appetite, future studies could monitor satiety whilst controlling for the effects of
GLP-1 receptor blockade on glucose and insulin through clamp methodologies.
Alternatively, monitoring of peptide Y'Y (3-36) and glucagon during Ex-9 could be
informative as to the mechanism of paradoxical enhancement in satiety during Ex-9
infusion. In addition, recent data suggest that higher doses of Ex-9 than used in the current
study can be given safely (Jorgensen et al., 2013), which might further enhance the near-
complete receptor blockade assumed to be achieved with this and other studies (Edwards et
al., 1999). Future studies could also target the genetic or physiologic mechanisms underlying
documented individual variability of response to GLP-1 agonists (D'Alessio and Vahl, 2004,
DeFronzo et al., 2005, Drucker, 2006) among healthy subjects and those with altered
metabolic states, such as obesity and diabetes.

Following acceptance of this manuscript, Steinert et al (2014) published a similar study
using Ex-9 in healthy men. Similar to the current study, they found no effect of intravenous
infusion of Ex-9 on ad libitum food intake following a preload meal. They report a slight
attenuation of meal-induced suppression of self-reported desire to eat with Ex-9 treatment,
but only after a glucose preload, not a mixed-meal which would compare to the current
study. Furthermore, they also report an elevation of GLP-1 with Ex-9 treatment and also a
rise in total peptide Y'Y and glucagon with both a glucose and mixed-meal preload. As
discussed above and reported by Seinert and colleagues, the elevation of peptide Y'Y (3-36)
and glucagon by Ex-9 treatment could likely interfere with the hypothesized de-satiating
effect of Ex-9 (Steinert et al., 2014). These published findings further support our
conclusions that although GLP-1 is involved in satiation, it is not autonomous, and may not
even play a strong role.
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Figure 1. The effect of Ex-9 on appetite ratings and food intake

Ex-9 had no overall effect on hunger (A) or fullness (B) ratings throughout the experimental
protocol. Hunger ratings tended to be lower after the standardized breakfast whereas fullness
ratings were significantly lower after the buffet meal during Ex-9 treatment. Buffet intake
did not differ between treatment days (C). All time points are 30 minutes apart except for
between Post-Breakfast and Pre-Buffet (indicated by hash marks) where actual time elapsed
was ~60-90 min. and was matched within subjects. Ex-9, Exendin-[9-39], VAS, visual

analog scale, *P<0.05, #P=0.05.
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Figure 2. Plasma glucose, insulin, GLP-1, and D-xylose concentrations during Ex-9 and placebo
infusion

Inset bar graphs represent incremental area under the curve (AUC) for the corresponding
hormone throughout the protocol period. There was a main effect of Ex-9 for plasma
glucose (A; F1 7=8.84; P=0.02) and GLP-1 (B; F1 =17.94; P<0.01), and a trend was present
for insulin as well (C; Fq 7=5.10; P=0.06). Compared to placebo, Ex-9 treatment increased
AUC values in insulin and GLP-1. Time point specific analyses revealed that Ex-9 infusion
as compared to placebo resulted in elevations in levels of: A) glucose after infusion
initiation and after breakfast, C) insulin after the buffet meal and B) GLP-1 after the
breakfast meal and prior to the buffet. D-xylose concentrations were not significantly
different between treatments (D; F1 7=4.35; P=0.08). All time points are 30 minutes apart
except for between Post-Breakfast and Pre-Buffet (indicated by hash marks) where actual
time elapsed was ~60-90 min. and was matched within subjects. A, C &D: N=8 for all
points except for Post-Infusion where N=6. B: N=7 for all time points except for Post-
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Infusion where N=5. Ex-9, Exendin-[9-39], GLP-1, glucagon-like peptide-1, #P=0.086,
*P<0.05, **P<0.01.
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