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OBJECTIVE

This study examined the effect of exenatide on brain activity measured by functional
(f)MRI and on insulin secretion in lean and obese normal-glucose-tolerant individuals.

RESEARCH DESIGN AND METHODS

The brain fMRI signal in response to high-calorie-content food pictures was mea-
sured with and without intravenous exenatide infusion in 10 lean and 10 obese
healthy volunteers. Insulin secretion was measured with a two-step (+100 and
+200 mg/dL) hyperglycemic clamp with exenatide and with saline infusion.

RESULTS

The brain fMRI signal in response to food pictures in amygdala, insula, hippocam-
pus, and frontal cortex was significantly greater in obese versus lean individuals.
Intravenous exenatide significantly inhibited the fMRI signal in response to food
pictures in obese individuals but did not affect the brain fMRI signal in lean
subjects. Conversely, exenatide infusion caused an 18.5-fold increase in insulin
secretion in lean individuals compared with an 8.8-fold increase in obese subjects.
No significant correlation was observed between inhibition of the brain fMRI
signal and increase in insulin secretion during exenatide infusion.

CONCLUSIONS

Exenatide causes greater augmentation in insulin secretion in lean compared with
obese individuals but inhibits the brain response to food pictures only in obese
individuals.

Increased food intake plays a central role in the development of the obesity epi-
demic we are witnessing and is responsible formultiple public health problems, e.g.,
diabetes and cardiovascular disease (1–3). The brain, and the hypothalamus, in
particular, plays a central role in the regulation of appetite and food intake by
integrating neural, nutrient, and hormonal signals that converge directly and in-
directly via neuronal circuits (4). The corticolimbic system, which is involved in the
reward response, also affects appetite and food intake via connections to the
hypothalamus (4). Studies with functional (f)MRI have demonstrated that visualiz-
ing pictures of high caloric food stimulates activity in several brain areas associated
with the reward system, including the prefrontal cortex, nucleus accumbens, ventral
striatum, insula, hippocampus, and amygdala (5,6). Further, the magnitude of the
fMRI signal in these brain areas in response to visualizing pictures of high caloric
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food correlates with the BMI and pre-
dicted the magnitude of weight loss
in a lifestyle intervention program (7).
Glucagon-like peptide 1 receptor ag-

onists (GLP-1 RAs) are a class of antidia-
betic drugs that, in addition to lowering
the plasma glucose concentration, sup-
press appetite and promote weight loss
(8). GLP-1 RAs strongly potentiate glucose-
stimulated insulin secretion from the
b-cell and inhibit glucagon secretion
from the a-cell, both of which contrib-
ute to the glucose-lowering effect of
this class of drugs. Studies in experimen-
tal animals and in people have demon-
strated that the weight loss associated
with GLP-1 RAs results from a central
action to suppress appetite (9). Systemic
GLP-1 RA administration in people pro-
motes weight loss, and systemic and
central administration of GLP-1 both re-
duce food intake in rodents (9). Con-
versely, blockade of the GLP-1 receptor
with exendin 9-39 results in hyperphagia
and attenuates satiety after a meal in
rodents and in people (10,11). Clinical
studies have demonstrated resistance
to the action of GLP-1 RAs on pancreatic
insulin secretion in patients with type 2
diabetes (12) and that the defect in
insulin secretion can be improved by
normalization/near normalization of the
plasmaglucoseconcentrationwith4weeks
of intensive insulin therapy (13).
The aim of the current study was to

compare the relationship between the
central (brain) and pancreatic actions
of GLP-1 RA activation in lean and obese
individuals with normal glucose toler-
ance (13).

RESEARCH DESIGN AND METHODS

Subjects
Two groups of subjects participated in the
current study: 10 lean (BMI ,26 kg/m2)
and 10 obese (BMI.30 kg/m2) individu-
als with normal glucose tolerance. All
subjects were in general good health
and had normal liver, cardiopulmonary,
and kidney function as determined by
medical history, physical examination,
screening blood tests, electrocardio-
gram, and urinalysis. Subjects had a nor-
mal oral glucose tolerance test (OGTT)
result according to the American Diabe-
tes Association (ADA) criteria. No subject
was taking any medications, including
over-the-counter medications, and all
subjects had stable body weight during
the 3 months preceding the study (62 lb).

No subject participated in an excessively
heavy exercise program. Lean and obese
subjects were matched for sex and age.
The study protocol was approved by the
University of Texas Health Science Cen-
ter at San Antonio Institutional Review
Board, and informed written consent was
obtained from all subjects before their
participation.

Research Design
After screening, eligible subjects re-
ceived the following tests: 1) 75-g OGTT;
2) two-step hyperglycemic clamp with
saline infusion; 3) two-step hyperglyce-
mic clamp with intravenous exenatide
infusion; and 4) fMRI measurement of
brain activity in response to food cues
before and during exenatide infusion.
Tests were performed in a random or-
der, and each test was performed on a
separate day, 5–14 days apart, after a
10- to 12-h overnight fast.

OGTT

Before the start of the OGTT, a polyeth-
ylene catheter was placed into an ante-
cubital vein, and blood samples were
collected at230,215, and 0min before
and at 15, 30, 45, 60, 75, 90, 105, and
120 min after glucose (75 g) ingestion
for measurement of plasma glucose
and insulin concentrations. On the day
of the OGTT, body weight and height
were measured, and waist circumfer-
ence was determined at the narrowest
part of the torso

Hyperglycemic Clamp

All subjects received a two-step (+100
and +200 mg/dL above the fasting level)
hyperglycemic clamp, with each step last-
ing 60 min (14). Before the start of the
hyperglycemic clamp, a catheter was
placed into an antecubital vein for the
infusion of glucose. A second catheter
was inserted retrogradely into a vein on
the dorsum of the hand, and the hand
was placed into a thermoregulated box
heated to 608C. After three baseline
samples were obtained, plasma glucose
concentration was acutely raised and
maintained at 100 mg/dL above fasting
level for 60 min by the adjustment of a
variable infusion of 20% glucose. At
60 min, the plasma glucose concentra-
tion was acutely raised and maintained
at 200 mg/dL above the fasting level for
an additional 60 min. Blood samples
were collected every 2 min from 0 to
10 min and every 10 min from 14 to

120 min for the measurement of plasma
insulin concentration. Plasma glucose
concentration was measured every
2 min during the first 14 min and every
5 min thereafter.

Brain Imaging

Brain response to food cues was mea-
sured with fMRI performed during the
saline and exenatide infusion. In prelimi-
nary experiments, we observed a decrease
in fasting plasma glucose concentration
in response to the intravenous exenatide
infusion. Therefore, during brain imaging
studies, the plasma glucose concentration
was clamped at the subject’s fasting
plasma glucose level.

All subjects reported to the Research
Imaging Institute at 8:00 A.M. after a 10-
to 12-h overnight fast. A catheter was
placed into an antecubital vein for the
infusion of glucose. A second catheter
was inserted retrogradely into a vein
on the dorsum of the hand for blood
withdrawal, and the hand was placed
into a thermoregulated box heated to
608C. Before the saline or exenatide in-
fusion, brain activity was measured
with fMRI in response to food cues and
nonfood-containing pictures. After the
baseline data collection (time 0) was
completed, a prime (0.3 mg over 1 min)
continuous (0.05 mg/min) infusion of ex-
enatide was started, and at 30 min, brain
fMRI signal in response to food cues was
repeated.We previously have shown (15)
that this exenatide infusion rate produces
plasma exenatide concentrations similar
to peak plasma exenatide levels after a
10 mg subcutaneous injection of exena-
tide, and there was no relationship
between BMI and plasma exenatide
concentration. In a prior study (16) we
demonstrated that the effect of exena-
tide on cerebral glucose metabolism was
observed within 30 min after a 5 mg sub-
cutaneous exenatide injection. During
the exenatide infusion, the plasma glu-
cose concentration was measured every
5 min, and a variable dextrose (20%) was
infused to maintain the plasma glucose
concentration at the fasting level.

Visual Stimulation Paradigm
Three types of visual stimuli were used:
food images, nonfood images, and a
blank screen. The food images were
popular, high-calorie-content foods, in-
cluding cheeseburgers, hot dogs, French
fries, cake, cookies, and ice cream. Non-
food images were outdoor landscape
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scenes, including mountains, lakes, riv-
ers, trees, and flowers. The blank screen
was uniformly black, with a fixation
cross. Subjects were instructed to fixate
on the cross, when present, and to main-
tain fixation to the center of the screen
when the cross was not present. No
other task was required. Stimulus pre-
sentation and image-data acquisition
was in block-design format, with one
type of stimulus presented in each 30-s
block. Stimulus-presentation time was
synchronized with image repetition time
(TR), at 3 s per image. Thirty 30-s blocks
(10 images/block)d10 blocks of food im-
ages, 10 blocks of nonfood images, and
10 blocks of black backgrounddwere
shown to each subject over an acquisi-
tion period of 15 min. Stimuli were pre-
sented via a Windows computer running
E-prime 2.0 software (Psychology Soft-
ware Tools, Sharpsburg, VA). Images
were back-projected onto a translucent
screen located at the back of the scanning
bed and were visible via a mirror mounted
on the head coil. To avoid habituation, in-
dividual pictures did not repeat within or
between acquisition blocks.

Image Acquisition
All image data were acquired with a
3-Tesla, research-dedicated Siemens
TIM/TRIO (Erlangen, Germany) at the
Research Imaging Institute. Each partici-
pant’s head was secured with foam pad-
ding and a chin holder to minimize
head motion. For anatomic localiza-
tion and spatial normalization, a three-
dimensional, high-resolution, T1-weighted
anatomical MRI was obtained (TR =
2,200 ms, echo time = 2.72 ms, inver-
sion time = 766 ms, flip angle = 138, and
resolution of 1 3 1 3 1 mm). Thereaf-
ter, whole-brain T2* blood oxygen level
dependent effect (BOLD) fMRI volumes
were acquired using Echo Planar Imag-
ing (EPI) at TR = 3,000 ms, echo time =
30 ms, an in-plane spatial resolution of
1.7 3 1.7 mm, as 3-mm-thick sagittal
slices. Each BOLD acquisition contained
310 time points (310 volumes) obtained
over 15 min.

Image Data Analysis
Functional imaging data were prepro-
cessed and analyzed using the FSL
4.1.6 analysis package, distributed by
the Oxford Centre for Functional MRI
of the Brain (http://www.fmrib.ox.ac
.uk/fsl/). Raw data were corrected for
head motion and spatially smoothed

using a nonisotropic Gaussian kernel
(full width half maximum = 5 mm)
with a high-pass filter of 100 s. Statistical
contrasts were performed within the
general linear model construct, with a
Z-score threshold.2.3, with correction
for multiple comparisons by Gaussian
random field modeling. Voxel-wise con-
trasts were performed for the food ver-
sus nonfood conditions per condition
and per group, as follows: 1) lean pre-
exenatide; 2) lean postexenatide; 3)
obese pre-exenatide; and 4) obese
postexenatide. These contrasts were
used to confirm the overall perfor-
mance of the visual-food-cue paradigm
at eliciting food cue–specific responses
per group. Voxel-wise statistical con-
trasts were performed using the MNI-
152 template and then transformed into
Talairach space (17) for automated ana-
tomical labeling (15) and interpretation. A
priori regions of interest (ROIs) (i.e., right
insula, left insula, right amygdala, hypo-
thalamus, right hippocampus, and frontal
cortex) were determined based on previ-
ous studies (18,19).

Data Analysis and Statistical Methods
First-phase insulin secretion during
the first step of the hyperglycemic
clamp was calculated as the mean in-
crement in plasma insulin concentra-
tion between 0 and 10 min (DI0–10)
(14). Second-phase insulin secretion
during the first step of the hyperglycemic
clamp was calculated as the mean in-
crement in plasma insulin concentra-
tion between 10 and 60 min. Insulin
secretion during the second step of the
hyperglycemic clamp was calculated as
the mean increment in plasma insulin
concentration between 60 and 120 min
(DI60–120). The effect of exenatide on

insulin secretion was calculated as the ra-
tio of the increment in plasma insulin con-
centration during the hyperglycemic
clamp (DI10–120) with versus without ex-
enatide. The mean glucose infusion rate
divided by the mean plasma insulin con-
centration during specific time pointswas
calculated as an index of whole-body sen-
sitivity to insulin.

Data are presented as themean6 SE.
Simple Pearson correlation was used to
assess the relationship among variables.
Statistical significance was considered
at P , 0.05.

Analytical Techniques
Plasma glucose was measured by the
glucose oxidase reaction (Glucose Oxi-
dase Analyzer; Beckman, Fullerton, CA).
Plasma insulin concentration was mea-
sured by radioimmunoassay (Linco Re-
search, St. Louis, MO). Plasma glucagon
was measured by radioimmunoassay
(EMD Millipore Corp., Chicago, IL).

RESULTS

Table 1 presents the baseline character-
istics of the study participants. Lean and
obese subjects were matched in age,
sex, and fasting plasma glucose concen-
tration. Although obese subjects had a
slightly higher 2-h plasma glucose con-
centration (114 6 4 vs. 94 6 8 mg/dL,
P = 0.03), all subjects had normal glu-
cose tolerance according to the ADA
criteria. As per study design, obese indi-
viduals had a markedly greater BMI
(33.16 1.1 kg/m2) than lean individuals
(23.9 6 0.8, P , 0.0001). As expected,
obese individuals had a significantly
higher fasting plasma insulin concentra-
tion and a significantly lower glucose in-
fusion rate during the hyperglycemic
clamp (Table 1).

Table 1—Baseline characteristics

Lean Obese P value

Age (years) 44 6 6 45 6 5 NS

Sex (% male) 44 50 NS

BMI (kg/m2) 23.9 6 0.8 33.1 6 1.1 ,0.0001

Plasma glucose
Fasting (mg/dL) 95 6 2 94 6 2 NS
2-h (mg/dL) 94 6 8 114 6 4 0.03

Fasting plasma insulin (mU/mL) 3.1 6 1.6 14.0 6 7.1 ,0.05

GIR (100)/MPI
First step (mg/kg z min) 26.9 6 2.6 9.3 6 1.6 0.0001
Second step (mg/kg z min) 30.4 6 4.2 8.6 6 1.5 0.0003

GIR, glucose infusion rate; MPI, mean plasma insulin concentration during hyperglycemic clamp
performed with saline.
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Effect of Exenatide Infusion on Insulin
Secretion in Lean andObese Individuals
Compared with lean subjects, obese in-
dividuals had significantly greater first-
phase insulin secretion as measured by
the incremental area under the plasma in-
sulin concentration during the first 10 min
of the hyperglycemic clamp (ΔI0–10) (8.06
2.2 and 3.1 6 0.4 mU/mL, P , 0.05) per-
formed with saline infusion. Similarly,
ΔI(10–60) and ΔI(60–120) were significantly
greater in obese individuals than in lean
individuals (Table 2).
Plasma glucose concentration was

clamped at the fasting level (96 6
1 mU/mL) during exenatide infusion.
However, despite euglycemia, exenatide
infusion stimulated insulin secretion and
suppressed glucagon secretion in both
obese and lean individuals. Exenatide in-
fusion caused amarked increase in insulin
secretion in both obese and lean individ-
uals (Fig. 1). The incremental area under
the plasma insulin concentration during
the hyperglycemic clamp increased from
48 to 801 mU/mL z h after exenatide in-
fusion in lean individuals and from 179
to 1,116 mU/mL z h in obese subjects.
Thus, exenatide caused an 18.5-fold in-
crease inΔI0–120 during the hyperglycemic
clamp in lean individuals compared with
an 8.8-fold increase in obese individuals
(P , 0.05). During exenatide infusion, the
fasting plasma glucagon declined simi-
larly in lean (39 6 3 to 35 6 3 pg/mL,
P , 0.05) and obese (41 6 3 to 37 6
3 pg/mL, P, 0.05) individuals.

Brain Response to Food Pictures
in Lean and Obese Individuals
Brain activity, measured with fMRI in re-
sponse to food pictures with high caloric
value, was greater in obese individuals
than in lean individuals in multiple
brain areas associated with the reward
system (Fig. 2). The difference in brain
fMRI signal in response to food pic-
tures between obese and lean groups
was statistically significant in the left in-
sula, right amygdala, right hippocampus,
and frontal cortex (Fig. 2). Interestingly,
the fMRI signal in the hypothalamus,
which plays a central role in the regula-
tion of food intake, was significantly
greater in lean individuals compared
with obese individuals (P , 0.05).

Effect of Exenatide Infusion on fMRI
Signal in Response to Food Pictures
Exenatide infusion caused a significant
decrease in the fMRI signal in response

to food pictures in the left insula, right
amygdala, right hippocampus, and fron-
tal cortex in obese subjects (Fig. 3).
However, exenatide infusion did not
affect the fMRI signal in any brain area
in lean individuals. In obese subjects,
exenatide infusion caused an increase in
the hypothalamic fMRI signal but had no
effect in lean individuals. Thus, during ex-
enatide infusion, the brain fMRI signal in
response to foodpictures in the hypothal-
amus and other brain areas associated
with the reward system was comparable
in lean and obese individuals.

No correlation was found between
the increase in plasma insulin signal

and the decrease in the plasma glucagon
signal versus the fMRI signal in any of the
brain regions. There was no significant
correlation between themagnitude of in-
crement in insulin secretion caused by
exenatide infusion during the hyperglyce-
mic clamp and the effect of exenatide on
fMRI signal in any brain area.

CONCLUSIONS

The major finding of the current study is
that the pancreatic and central (brain)
actions of the GLP-1 RA exenatide are
very different in obese versus lean in-
dividuals. Although exenatide infusion
enhanced glucose-stimulated insulin

Table 2—Effect of exenatide on the incremental area under the plasma insulin
concentration curve (mU/mL) during the hyperglycemic clamp

Saline Exenatide Exenatide/saline

Lean
1st phase, ΔI(0–10) 3.1 6 0.4 12.7 6 2.1 4.4
2nd phase, 1st step, ΔI(10–60) 12.9 6 1.4 206 6 41 18.6
2nd phase, 2nd step, ΔI(60–120) 32.5 6 4.5 582 6 66 21.6
Total ΔI(0–120) 48 6 6 801 6 107 18.5

Obese
1st phase, ΔI(0–10) 8.0 6 2.2* 22 6 2 4.2
2nd phase, 1st step, ΔI(10–60) 42.6 6 9.6* 339 6 71 13.1**
2nd phase, 2nd step, (60–120) 128.5 6 33* 756 6 94 9.3**
Total ΔI(0–120) 179 6 44* 1,116 6 152 8.8**

*P , 0.05 vs. lean subjects. **P , 0.01 vs. lean subjects.

Figure 1—Plasma insulin concentrations during the hyperglycemic clamp in lean and obese
individuals during saline infusion (top left) and during exenatide infusion (top right). Note the
expanded scale for plasma insulin response after exenatide infusion (top right). The relationship
between the fold-increase in insulin secretion during the hyperglycemic clamp during the ex-
enatide infusion relative to baseline vs. BMI is shown on the bottom.
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secretion from the b-cells in both lean
and obese individuals, exenatide failed
to exert any stimulatory (amygdala, insula,
hippocampus, frontal cortex)/inhibitory
(hypothalamus) effects on specific brain
areas involved in the regulation of food
reward and appetite in lean subjects,
whereas robust effects on brain fMRI sig-
nal in response to food pictures were ob-
served in obese subjects.
Exenatide infusion caused a marked

increase in insulin secretion during the
hyperglycemic clamp in lean individuals
(18-fold increase), whereas the aug-
mentation of insulin secretion by exena-
tide in obese individuals was attenuated

by approximately one-half (;9-fold in-
crease), suggesting resistance to exenatide
action on the b-cell in obese individuals.
This suggests that obesity is associated
with decreased ability of GLP-1 RA activa-
tion to augment glucose-stimulated insu-
lin secretion.

Moreover, exenatide infusion stimu-
lated insulin secretion at euglycemic con-
ditions during the fMRI study, and similar
to hyperglycemic conditions, the increase
in plasma insulin concentration caused by
exenatide was twofold greater in lean
compared with obese individuals. Previ-
ous studies have demonstrated resistance
to the pancreatic action of GLP-1 RAs

in individuals with type 2 diabetes
is partly acquired secondary to chronic
hyperglycemia (13). Correction of the
plasma glucose concentration with
4 weeks of intensive insulin treatment
partly restored theb-cell responsiveness
to GLP-1 RAs (13). All participants in the
current study had a normal OGTT result
according to the ADA criteria. Thus, the
decreased efficacy of GLP-1 RA on insulin
secretion with increasing in BMI cannot
be attributed to hyperglycemia. It could
be argued that the decreased b-cell re-
sponsiveness to exenatide in obese indi-
viduals is part of a more global defect in
b-cell function. Against this, however, is
the normal increase in plasma insulin re-
sponse as well as the increased DI/DG
response during the OGTT and during
the hyperglycemic clamp.

Although themagnitude of the insulin
secretory response to intravenous glu-
cose (hyperglycemic clamp) was re-
duced in obese compared with lean
individuals, exenatide clearly exerted a
significant action to augment insulin se-
cretion in the obese group. In marked
contrast, the ability of exenatide to af-
fect brain activity (measured by fMRI) in
multiple areas of the central nervous
system was completely absent in lean,
normal-glucose-tolerant individuals.
Consistent with previous studies (20,21),
obese individuals manifested an accen-
tuated brain fMRI signal in response to
food pictures of high caloric density com-
pared with lean subjects in brain areas
(insula, hippocampus, amygdala, frontal
cortex) that have been shown to be as-
sociated with the reward system. How-
ever, unlike its stimulatory effect in
obese subjects on brain areas involved
with food reward, exenatide markedly
inhibited the hypothalamic fMRI signal
in obese individuals but had no signifi-
cant effect on the hypothalamic fMRI
signal in lean subjects.

In a previous study, van Bloemendaal
et al. (20) attributed their inability to
detect a significant action of exenatide on
the brain fMRI signal in lean individuals to
the small size of the signal. Although this
possibility cannot be excluded, we were
able to detect a significant effect of ex-
enatide on the fMRI hypothalamic signal
in obese individuals. Further, the fMRI sig-
nal was reduced during exenatide infusion
in the obese group and became compara-
ble to that in lean individuals. We there-
fore believe that the exenatide infusion

Figure 2—The fMRI signal (Z-score) in lean and obese individuals during the saline infusion.
*P , 0.05.
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“corrected the abnormal” fMRI signal in
obese individuals.
Our results demonstrate a clear disso-

ciation between the stimulatory action
of exenatide on insulin secretion and the
complete lack of effect of exenatide on
brain areas involved in the regulation of
food intake in lean subjects. No correla-
tion was observed between stimulation
of insulin secretion and the effect of ex-
enatide on brain fMRI signal. Of note,
the effect of exenatide on fMRI activity
in the hypothalamus was opposite to
that in other brain areas associated
with the reward system. Obese individ-
uals had a smaller hypothalamic fMRI
signal in response to food cues than
lean subjects, and exenatide infusion
enhanced the hypothalamic fMRI signal.
Consistent with this, we (22) previously
demonstrated a diminished hypotha-
lamic fMRI signal in response to glucose
ingestion in obese individuals compared
with lean individuals. Thus, it is possible
that the fMRI signal measured in the
hypothalamus represents an inhibitory
signal that suppresses food intake and
that this signal is attenuated in obese
compared with lean individuals. The
fMRI signal in response to food cues in
obese subjects during exenatide infusion

was similar to that in lean subjects during
saline infusion.

The brain signal (amygdala, insula,
hippocampus, frontal cortex) measured
with fMRI in response to pictures with
high caloric food value is thought to
represent a neural response that stimu-
lates the appetite, and its suppression
with GLP-1 RAs has been postulated to
represent a central appetite-suppressant
effect that promotes weight loss. Consis-
tent with this scenario, subjects with a
greater fMRI response to pictures of
high caloric food had greater difficulty
in losing weight in a lifestyle interven-
tion program (7). However, despite lack
of significant effect of exenatide infusion
on brain fMRI activity in lean, normal-
glucose-tolerant individuals, clinical
studies have demonstrated that GLP-1
RA treatment in patients with type 2
diabetes causes weight loss in lean as
well as in obese individuals (23).

The current study has some limita-
tions. Plasma exenatide concentrations
were not measured during the exena-
tide infusion. Differences in exenatide
clearance rate and/or exenatide dist-
ribution in the plasma volume between
lean and obese individuals could have
resulted in lower plasma exenatide

concentrations in obese individuals and
contributed to the attenuation of the
pancreatic effect of exenatide with in-
creasing BMI. However, because ex-
enatide clearance is primarily renal,
all participants had normal renal func-
tion, and the estimated glomerular filtra-
tion rate was comparable in lean and
obese individuals (119 vs. 123 mL/min),
it is unlikely that the plasma exenatide
concentration varied significantly be-
tween the two groups. Moreover, the
exenatide infusion exerted a greater ef-
fect on the brain fMRI signal in obese
versus lean individuals, which argues
against the possibility of lower plasma
exenatide concentrations in the obese
group. Another limitation is that exendin
9-39 was not used to confirm the speci-
ficity of the exenatide effects in the cur-
rent study. Because only lean and obese
subjects without diabetes were included
in the current study, extrapolation of
results from normal-glucose-tolerant
subjects to those with diabetes is not
warranted.

Acknowledgments. The authors thank Sandra
Martinez, RN, for her excellent care of the
patients during the study and Lorrie Albarado
and Shannon Balmer, from the University of Texas
Health Science Center, for their expert secretarial
assistance in preparation of the manuscript.
Funding. The salary received by R.D. is partly
supported by the South Texas Veterans Health
Care System. This study was partly supported by
Qatar Foundation grant NPRP 4-248-3-076
and National Institutes of Health grant ROI
DK097554-01 toM.A.-G.Exenatidewasprovided
by AstraZeneca.
Duality of Interest. R.D. is on the advisory
boards of AstraZeneca, Novo Nordisk, Janssen,
Intarcia, and Boehringer Ingelheim; receives re-
search support from Bristol-Myers Squibb,
Boehringer Ingelheim, Takeda, and AstraZeneca;
and is on the speaker’s bureaus of Novo Nordisk
and AstraZeneca. No other potential conflicts of
interest relevant to this article were reported.
Author Contributions. R.E., G.D., C.H., M.A.-A.,
and J.A. generated the data. G.D., T.D., and J.L.
contributed to data analysis. R.D., M.Z., and
A.J. reviewed and revised the manuscript.
M.A.-G. designed the study, wrote the protocol,
contributed todata generationanddata analysis,
and wrote the manuscript. M.A.-G. is the guar-
antor of this work and, as such, had full access to
all the data in the study and takes responsibility
for the integrity of the data and the accuracy of
the data analysis.

References
1. Flegal KM, Carroll MD, Kit BK, Ogden CL.
Prevalence of obesity and trends in the distri-
bution of body mass index among US adults,
1999-2010. JAMA 2012;307:491–497

Figure 3—The effect of exenatide and saline infusion on the fMRI signal (Z-score) in the left insula
and amygdala in obese individuals. *P , 0.05.

care.diabetesjournals.org Eldor and Associates 1809

http://care.diabetesjournals.org


2. Reaven GM. Insulin resistance: the link be-
tween obesity and cardiovascular disease. Med
Clin North Am 2011;95:875–892
3. DeFronzo RA, Ferrannini E, Groop L, et al.
Type 2 diabetes mellitus. Nat Rev Dis Primers
2015;1:15019
4. Hussain SS, Bloom SR. The regulation of food
intake by the gut-brain axis: implications for
obesity. Int J Obes 2013;37:625–633
5. Tang DW, Fellows LK, Small DM, Dagher A.
Food and drug cues activate similar brain re-
gions: ameta-analysis of functionalMRI studies.
Physiol Behav 2012;106:317–324
6. Stoeckel LE, Weller RE, Cook EW 3rd, Twieg
DB, Knowlton RC, Cox JE. Widespread reward-
system activation in obese women in response
to pictures of high-calorie foods. Neuroimage
2008;41:636–647
7. MurdaughDL, Cox JE, Cook EW 3rd,Weller RE.
fMRI reactivity to high-calorie food pictures
predicts short- and long-term outcome in a
weight-loss program. Neuroimage 2012;59:
2709–2721
8. Drucker DJ, Nauck MA. The incretin system:
glucagon-like peptide-1 receptor agonists and
dipeptidyl peptidase-4 inhibitors in type 2 dia-
betes. Lancet 2006;368:1696–1705
9. van Bloemendaal L, Ten Kulve JS, la Fleur SE,
Ijzerman RG, Diamant M. Effects of glucagon-
like peptide 1 on appetite and body weight:
focus on the CNS. J Endocrinol 2014;221:T1–
T16

10. ten Kulve JS, Veltman DJ, van Bloemendaal L,
et al. Endogenous GLP-1 mediates postprandial
reductions in activation in central reward and sa-
tiety areas in patients with type 2 diabetes. Dia-
betologia 2015;58:2688–2698
11. Williams DL, Baskin DG, Schwartz MW. Ev-
idence that intestinal glucagon-like peptide-1
plays a physiological role in satiety. Endocrinol-
ogy 2009;150:1680–1687
12. Chang AM, Jakobsen G, Sturis J, et al. The
GLP-1 derivative NN2211 restores beta-cell sen-
sitivity to glucose in type 2 diabetic patients
after a single dose. Diabetes 2003;52:1786–1791
13. Højberg PV, Vilsbøll T, Rabøl R, et al. Four
weeks of near-normalisation of blood glucose
improves the insulin response to glucagon-like
peptide-1 and glucose-dependent insulino-
tropic polypeptide in patients with type 2 dia-
betes. Diabetologia 2009;52:199–207
14. DeFronzo RA, Tobin JD, Andres R. Glucose
clamp technique: a method for quantifying in-
sulin secretion and resistance. Am J Physiol
1979;237:E214–E223
15. Cervera A, Wajcberg E, Sriwijitkamol A, et al.
Mechanism of action of exenatide to reduce post-
prandial hyperglycemia in type 2 diabetes. Am J
Physiol Endocrinol Metab 2008;294:E846–E852
16. Daniele G, Iozzo P, Molina-Carrion M, et al.
Exenatide regulates cerebral glucose metabo-
lism in brain areas associated with glucose ho-
meostasis and reward system. Diabetes 2015;
64:3406–3412

17. Lancaster JL, Tordesillas-GutiérrezD,Martinez
M, et al. Bias between MNI and Talairach coordi-
nates analyzed using the ICBM-152 brain tem-
plate. Hum Brain Mapp 2007;28:1194–1205
18. Lancaster JL, Woldorff MG, Parsons LM, et al.
Automated Talairach atlas labels for functional
brainmapping.HumBrainMapp2000;10:120–131
19. Lancaster JL, Rainey LH, Summerlin JL, et al.
Automated labeling of the human brain: a pre-
liminary report on the development and evalu-
ation of a forward-transform method. Hum
Brain Mapp 1997;5:238–242
20. van Bloemendaal L, IJzerman RG, Ten Kulve
JS, et al. GLP-1 receptor activation modulates
appetite- and reward-related brain areas in hu-
mans. Diabetes 2014;63:4186–4196
21. van Bloemendaal L, Veltman DJ, Ten Kulve
JS, et al. Brain reward-system activation in re-
sponse to anticipation and consumption of pal-
atable food is altered by glucagon-like peptide-1
receptor activation in humans. Diabetes Obes
Metab 2015;17:878–886
22. Matsuda M, Liu Y, Mahankali S, et al. Al-
tered hypothalamic function in response to glu-
cose ingestion in obese humans. Diabetes 1999;
48:1801–1806
23. Rosenstock J, Shenouda SK, Bergenstal RM,
et al. Baseline factors associated with glycemic
control and weight loss when exenatide twice
daily is added to optimized insulin glargine in
patients with type 2 diabetes. Diabetes Care
2012;35:955–958

1810 Brain and Pancreatic Actions of Exenatide Diabetes Care Volume 39, October 2016


