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ARTICLE INFO ABSTRACT

Article history: Aims/hypothesis: Brown adipose tissue (BAT) improves energy metabolism by combusting glucose and lipids into

Received 29 October 2019 heat. Agonism of the glucagon-like peptide-1 receptor (GLP-1R) within the central nervous system activates BAT

Accepted 21 January 2020 in mice. Moreover, in patients with type 2 diabetes, GLP-1R agonism lowers body weight and improves glucose

I< ” and lipid levels, possibly involving BAT activation. Interestingly, people from South Asian descent are prone to de-
eyworas:

velop cardiometabolic disease. We studied the effect of GLP-1R agonism on BAT in humans, specifically in South
Asians and Europids without obesity or type 2 diabetes.
Glucagon-like peptide-1 receptor agonism Methods: Twelve Dutch Sguth Asian and 1'2 age- apd BMI-matched Egropid nondiabetic men received 12 weeks
Lipid metabolism extended-release exenatide (Bydureon) in this single-arm prospective study. Before and after treatment, BAT
MRI was visualized by a cold-induced [*®F]FDG-PET/CT scan and a thermoneutral MRI scan, and resting energy expen-
Weight loss diture (REE), substrate oxidation, body composition and fasting plasma glucose and serum lipids were deter-
mined. Appetite was rated using a visual analogue scale.
Results: Since the effect of exenatide on metabolic parameters did not evidently differ between ethnicities, data of
all participants were pooled. Exenatide decreased body weight (—1.5 4= 0.4 kg, p <0.01), without affecting REE or
substrate oxidation, and transiently decreased appetite ratings during the first weeks. Exenatide also lowered tri-
glycerides (—15%, p < 0.05) and total cholesterol (—5%, p < 0.05), and tended to lower glucose levels. Notably,
exenatide increased BAT metabolic volume (+4-28%, p < 0.05) and mean standardized uptake value (4+11%, p <
0.05) ([*®F]FDG-PET/CT), without affecting supraclavicular adipose tissue fat fraction (MRI).
Conclusions/interpretation: We show for the first time that GLP-1R agonism increases ['®F|FDG uptake by BAT in
South Asian and Europid men without obesity or type 2 diabetes.
Trial registry: Clinicaltrials.gov NCT03002675.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Brown adipose tissue
['8F]FDG-PET/CT

- 1. Introduction
Abbreviations: ['®F]FDG, [ '®F]fluorodeoxyglucose; BAT, brown adipose tissue; GLP-1,

glucagon-like peptide-1; GLP-1R, glucagon-like peptide-1 receptor; MRI, magnetic reso-

nance imaging; PET/CT, positron emission tomography/computed tomography; REE, rest-
ing energy expenditure; SUVean, mean standardized uptake value; SUVeai, peak
standardized uptake value; VAS, visual analogue scale.
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Obesity has a major impact on healthcare costs, by contributing to
dysregulated glucose metabolism and dyslipidaemia which may even-
tually culminate in type 2 diabetes and cardiovascular disease [1]. Peo-
ple from South Asian descent are especially prone to develop these
unfavorable metabolic traits, with also higher morbidity and mortality
rates compared with other ethnicities [2]. In presence of cardiometa-
bolic disease during obesity, pharmacotherapy may be considered as

0026-0495/© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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an adjunct to lifestyle therapy to further enhance weight loss [3,4].
Glucagon-like peptide-1 receptor (GLP-1R) agonists have proven effi-
cacy in the treatment of both obesity and type 2 diabetes by lowering
body weight and improving glucose regulation [3-5].

Glucagon-like peptide-1 (GLP-1) is produced by the intestine upon
food intake. GLP-1 subsequently lowers blood glucose levels via stimulat-
ing pancreatic insulin secretion and lowering glucagon secretion, an effect
that can be mimicked by GLP-1R agonism [6]. In addition to improving
postprandial glycaemia, GLP-1R agonists are well-known to induce
weight loss. This weight-lowering effect of GLP-1R agonists occurs at
least in part by lowering food intake via a combination of reducing appe-
tite, increasing satiety and delaying gastric emptying [6]. Furthermore,
GLP-1R agonists are associated with a modest improvement of lipid pro-
file [7] and, albeit not consistently, an increase in resting energy expendi-
ture (REE) in patients with type 2 diabetes [8,9]. Interestingly, preclinical
evidence indicates that energy-combusting brown adipose tissue (BAT)
contributes to the various beneficial metabolic effects of GLP-1R agonists
[8,10,11]. More specifically, central GLP-1R agonism in mice was shown to
increase plasma triglyceride-derived fatty acid and glucose uptake by BAT
and to shift substrate utilization towards lipid oxidation [10,12].

In this study, we hypothesized that chronic GLP-1R agonism acti-
vates BAT in humans, thereby contributing to weight loss and improved
plasma glucose and lipid levels. As a proof of concept, we investigated
the effect of 12 weeks extended-release exenatide on BAT measured
by ['®F]fluorodeoxyglucose positron emission tomography/computed
tomography (['®F]JFDG-PET/CT) and magnetic resonance imaging
(MRI) scans in South Asian and Europid men without obesity or diabe-
tes. In addition, we evaluated the effect of exenatide on body weight and
composition, energy metabolism and plasma glucose and lipid levels.

2. Methods

See the supplemental material for an extensive description of all
analyses.

2.1. Power calculation and participants

We regarded an increase in BAT activity assessed by ['®F]JFDG-PET/
CT of 13% as clinically relevant, and with an SD of 13, a of 0.05 and
of 80% this resulted in 12 subjects per arm. Therefore, twelve healthy
nondiabetic Dutch South Asian and 12 Dutch Europid men were in-
cluded in this study. South Asians and Europids were matched for age
(20-36 years) and BMI (18-27 kg/m?). Exclusion criteria were smoking,
recent participation in a weight loss or exercise program, any significant
chronic disease or renal, hepatic or endocrine disease, use of medication
known to influence glucose or lipid metabolism or BAT activity (e.g. beta
blockers), participation in another study including a pharmaceutical
drug and any contra-indications to undergo an MRI scan.

2.2. Study approval

This study was performed in accordance with the principles of the
revised declaration of Helsinki [13] and approved by the medical ethical
committee of the Leiden University Medical Center (LUMC). All partici-
pants provided written informed consent prior to participation.

2.3. Study design

This single-arm prospective study was conducted between Septem-
ber 2016 and February 2018 at the LUMC. Participants received
extended-release exenatide (Bydureon, AstraZeneca B.V., The Hague,
the Netherlands) 2 mg s.c. once weekly during 12 weeks. Side-effects
and general wellbeing were monitored weekly. Changes in dietary
habits and physical activity were discouraged. Appetite ratings were
monitored every 4 weeks with a visual analogue scale (VAS), which
was filled in during the day in between meals. A study day was

conducted before and after exenatide treatment (Supplemental Fig. 1).
The post-exenatide study day was performed one week after the last in-
jection. Participants were instructed to refrain from physical exercise
48 h prior to these study days and to consume a standardized meal
the evening prior to the study days. After a 10-hour overnight fast,
body composition was determined by bio-impedance analysis
(Bodystat 1500, Bodystat, Douglas, Isle of Man, UK) and an intravenous
cannula was placed in the antecubital vein. An MRI scan (3 T MR,
Philips Ingenia, Philips Healthcare, Best, the Netherlands) was then per-
formed at room temperature to assess the fat fraction and volume of the
supraclavicular adipose tissue depot. Afterwards, wireless iButton tem-
perature loggers were attached to 14 ISO-defined positions to measure
skin temperature [14], and participants took place in a semi supine po-
sition on a bed between two water-perfused blankets (Blanketrol® III,
Cincinnati Sub-Zero Products, Inc., Cincinnati, Ohio, USA) set at a tem-
perature of 32 °C (considered thermoneutrality) for a period of
45 min. During the final 30 min, REE was measured by indirect calorim-
etry (JAEGER™ Vyntus™ CPX, Carefusion, Hochberg, Germany),
followed by a blood draw. Next, a personalized cooling protocol was ap-
plied as described previously [15]. Briefly, the water temperature was
gradually decreased to a minimum of 9 °C during 1 h, followed by a
gradual increase of 2-3 °C, which happened earlier in case of shivering.
Shivering was reported by the participants and visually assessed by the
researchers. Subsequently, cold-induced REE was measured, whereafter
74 MBq ['®F]FDG was administered intravenously and followed by a
PET/CT scan after 1 h of incubation (Horizon with TrueV option, Siemens
Healthcare, Knoxville, USA). The cooling protocol continued until start
of the PET/CT. One South Asian participant was excluded from all ['F]
FDG-PET/CT analyses due to excessive movement during a scan.

2.4. Serum and plasma measurements

Commercially available enzymatic kits were used to measure serum
concentrations of triglycerides, total cholesterol and HDL-cholesterol
(all Roche Diagnostics, Woerden, the Netherlands), free fatty acids
(Wako chemicals, Nuess, Germany) and insulin (Meso Scale Diagnostics
LLC, Rockville, MD, USA), and plasma glucose (Instruchemie, Delfzijl,
the Netherlands). LDL-cholesterol was calculated by the Friedewald
equation [16].

2.5. Statistical analysis

Statistical analyses were performed with SPSS Statistics (version
20.0, IBM Corporation, Armonk, NY, USA) and GraphPad Prism (version
8.0.1.244, GraphPad Software, La Jolla, CA, USA). Baseline characteristics
were compared between ethnicities with a two-tailed unpaired
Student's t-test. Comparisons between variables measured at a similar
temperature were performed with a two-factor mixed design ANOVA,
as they included two factors: exenatide treatment (within-subjects)
and ethnicity (between subjects). Comparisons between variables mea-
sured during both thermoneutrality and cold were analysed with linear
mixed models, which included temperature, exenatide treatment and
ethnicity as fixed factors, and temperature and exenatide treatment as
random effects. For the random effects, i.e. random slopes and inter-
cepts, the model used an unstructured covariance matrix. p-Values are
shown for main effects and interactions as well as for post hoc tests. Cor-
relation analyses were performed using linear regression analysis and
assessed for interaction of ethnicity. A p-value < 0.05 was considered
statistically significant. Data are presented as mean 4+ SEM.

3. Results
3.1. Participant characteristics and compliance

One participant dropped out of the study prior to the first study day
and was replaced by a newly recruited participant. Twenty-four



Table 1
Participant characteristics.
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All participants  Europids South Asians

(N =24) (N=12) (N=12)
Age (yr) 26.5 4+ 0.7 256 +£09 275+09
Height (m) 1.82 + 0.01 1.85+0.02 1.78 + 0.02"
Weight (kg) 793 £2.1 816+26 77.0+33
BMI (kg/m?) 239405 238407 241+08
Serum total cholesterol (mmol/L) 464+ 0.2 4540.2 48 +0.2
Serum triglycerides (mmol/L) 0.98 + 0.07 0.96 +0.10 1.00 &+ 0.11
Plasma glucose (mmol/L) 5.0+ 0.1 50+0.1 49+02
Systolic blood pressure (mm Hg) 121 £ 2 125+ 4 118 +£2
Diastolic blood pressure (mm Hg) 76 £ 2 76 £3 75 +2
Heart rate (bpm) 62 42 66 + 4 58 + 37

Fasted serum lipid and plasma glucose levels are shown. Data were analysed by an unpaired
students t-test and presented as mean 4 SEM. "p < 0.1, {p < 0.01, South Asians vs Europids.

participants completed the study. Clinical characteristics are shown in
Table 1. Blood pressure and heart rate as well as fasting total cholesterol,
triglyceride and glucose levels were within a healthy range. When com-
paring baseline characteristics between ethnicities, South Asians were
shorter than Europids (1.78 4+ 0.02 vs 1.85 4+ 0.02 m, p < 0.01). Age
and BMI were comparable between South Asians and Europids, as
they were matched for these parameters. Total cholesterol, triglyceride
and glucose levels were also comparable between ethnicities.

The weekly s.c. injections with exenatide were generally well toler-
ated. The most frequently reported side-effects were mild and transient,
and were of gastro-intestinal (e.g. nausea, vomiting) and dermatological
origin (e.g subcutaneous nodule). No serious adverse events occurred.
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3.2. Exenatide lowers body weight without affecting resting energy expenditure

We firstly assessed the effect of exenatide on body weight and com-
position in our cohort of non-obese men (Supplemental Table 1).
Exenatide lowered body weight in the total cohort (—1.5 + 04 kg, p <
0.01), mainly due to a reduction in lean mass (—1.1 + 0.4 kg, p <
0.01) rather than fat mass, without affecting the waist-to-hip ratio.
We then evaluated whether ethnicity modifies the effect of exenatide
on these parameters. Here, we observed a trend towards interaction be-
tween the effects of ethnicity and exenatide on fat mass (p = 0.059),
reflecting a decreased fat mass after exenatide only in South Asians
(—1.0 £+ 0.4 kg, p < 0.05) but not in Europids (0.2 + 0.4, p = 0.68, Sup-
plemental Table 1). Body fat percentage was higher in South Asians
compared with Europids at baseline (18.9 4+ 0.9 vs 14.5 + 1.4%, p <
0.01), which remained present after exenatide treatment (18.1 £ 0.8
vs 14.9 + 1.2%, p < 0.05, Supplemental Table 1). Of note, we observed
a negative correlation between baseline body fat percentage and the
exenatide-induced delta fat percentage (data not shown).

Hereafter, we investigated whether an altered energy metabolism
could underlie these weight-lowering effects of exenatide. Aside from a
trend towards a lower glucose oxidation, exenatide did not evidently affect
the REE (nor when corrected for lean mass), respiratory quotient (RQ) or
substrate oxidation in the total study cohort (Fig. 1) or when studying eth-
nicities separately (Supplemental Fig. 2). As expected, both before and
after exenatide, cold exposure increased REE (+7%, p < 0.01 and
+ 11%, p <0.001) and lowered the RQ (—5%, p <0.001 and —3%, p <
0.05), reflected by an increased lipid oxidation (+35%, p < 0.001 and
+28%, p < 0.001) and decreased glucose oxidation (—28%, p < 0.01
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Fig. 1. Exenatide does not affect energy metabolism. The effect of exenatide on thermoneutral and cold-induced resting energy expenditure (REE) (a), respiratory quotient (RQ) (b),
glucose oxidation (c) and lipid oxidation (d) in the total study cohort (N = 24). Pre = before exenatide, post = after exenatide. Data were analysed by linear mixed models and are
presented as mean 4 SEM. White bars are thermoneutral, grey bars are during short term cooling. p-Values for the main effect of exenatide treatment (exenatide) and temperature
(temp) and their interaction (exenatide*temp) are shown below the figures. p < 0.1 post-hoc p-value post vs pre exenatide. §p < 0.05, §§p < 0.05, §§§p < 0.001 post-hoc p-values cold
vs thermoneutrality.
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and —14%, p = 0.12) in the total study cohort (Fig. 1), which was not
significantly different before and after exenatide.

We next investigated the role of a lowered appetite in the weight-
lowering effect of exenatide (Fig. 2). In the total study cohort exenatide re-
duced the hunger sensation (—27%, p < 0.05) and desire to eat (—25%, p <
0.05) after 4 weeks, which was transient. Furthermore, exenatide did not
overtly affect the sensation of fullness or satiety. Ethnicity did not modify
the effect of exenatide on these appetite ratings (Supplemental Fig. 3).

3.3. Exenatide lowers serum lipid levels and tends to lower plasma glucose
levels

We next evaluated the effect of exenatide on glucose and lipid levels
(Fig. 3). In the total study cohort, the main treatment effect showed that
exenatide lowered triglycerides (—15%, p <0.05), without affecting free
fatty acids. In addition, exenatide lowered total cholesterol (—5%, p <
0.05), which was attributable to a trend towards a lowering of LDL-
cholesterol (—5%, p = 0.10) probably in addition to lowering of VLDL/
remnant-cholesterol, rather than HDL-cholesterol. Lastly, exenatide
tended to lower plasma glucose (4.6 & 0.1 vs 4.7 £ 0.0 mmol/L, p =
0.09) without affecting serum insulin levels. Ethnicity did not modify
these effects of exenatide on lipid and glucose levels (Supplemental
Fig.4). However, when comparing ethnicities at baseline (Supplemental
Fig. 4), total cholesterol tended to be higher in South Asians compared
with Europids (4.8 4 0.2 vs 4.2 + 0.1 mmol/L, p = 0.05), explained by
a trend towards higher LDL-cholesterol in South Asians compared
with Europids (3.3 £ 0.3 vs 2.7 4 0.1 mmol/L, p = 0.07). Furthermore,
plasma glucose tended to be higher in South Asians compared with
Europids at baseline (4.8 4 0.1 vs 4.6 4+ 0.1 mmol/L, p = 0.08).

3.4. Exenatide decreases the systolic blood pressure and increases the heart
rate

As GLP-1R agonists are known to affect the cardiovascular system
[17], we evaluated the effect of exenatide on blood pressure and heart
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rate in our study (Supplemental Table 2). In the total study cohort,
exenatide lowered the systolic blood pressure (—4 + 1 mm Hg, p <
0.01) without affecting the diastolic blood pressure, and increased the
heart rate (46 + 1 bpm, p < 0.001). When assessing whether ethnicity
modifies the effect of exenatide on these outcome parameters, we ob-
served that the increase in heart rate was more pronounced in South
Asians compared with Europids (+8 + 1 vs +3 + 1 bpm, p <0.05; Sup-
plemental Table 2).

3.5. Exenatide enhances ['8FJFDG uptake by brown adipose tissue

We next studied the effect of exenatide on BAT ['®F]FDG uptake
(Fig. 4). Notably, in the total study cohort exenatide increased the met-
abolic volume (+28%, p < 0.05) and mean standardized uptake value
(SUVinean) (+11%, p < 0.05) of classical BAT regions, i.e. cervical and
supraclavicular depots. Similar results were observed when additionally
including the upper mediastinal, axillary and paravertebral BAT depots
(Supplemental Table 3). Of note, the effect of exenatide on BAT param-
eters could not be explained by seasonal variation or by changes in body
weight or composition (data not shown). The mean water temperature
to which participants were exposed during the personalized cooling
protocol was also comparable after exenatide (data not shown). Ethnic-
ity did not interact with the effect of exenatide on BAT parameters, and
BAT parameters were comparable between South Asians and Europids
at baseline (Supplemental Table 3). Moreover, exenatide did not affect
the ['8F]FDG uptake of the subcutaneous or visceral white adipose tis-
sue depots (Supplemental Table 4). Exenatide did increase the SUV pean
of the pectoralis major muscle (+16%, p<0.05) and psoas major muscle
(+27% g/mL, p < 0.001) and decreased the SUV ycan Of the trapezius
muscle (—15%, p < 0.05) (Supplemental Table 4). Ethnicity affected
the exenatide-induced decrease in SUVyea;, Of the trapezius muscle (p
< 0.05 for interaction), reflecting a significant decrease in SUV e Of
the trapezius muscle only in South Asians (—24%, p < 0.01) but not in
Europids (—4%, p = 0.72) (Supplemental Table 4).
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Fig. 2. Exenatide lowers the sensation of hunger and desire to eat during the first weeks of treatment. The effect of exenatide on subjective ratings for hunger (a), fullness (b), satiety (c) and
desire to eat (d) measured every 4 weeks in the total study cohort (N = 23). One of the 12 South Asian participants was excluded due to incomplete questionnaires. Higher values (mm)
indicate higher ratings. Data were analysed by a two factor mixed design ANOVA and are presented as mean + SEM. *p < 0.05 effect of exenatide.
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Fig. 3. Exenatide lowers total triglyceride and cholesterol levels, and tends to lower plasma glucose levels. The effect of exenatide on thermoneutral and cold-induced fasted serum
triglycerides (a), free fatty acids (b), total cholesterol (c), LDL-cholesterol (LDL-C) (d), HDL-cholesterol (HDL-C) (e), plasma glucose (f) and serum insulin (g) levels in the total study
cohort (N = 24). Pre = before exenatide, post = after exenatide. Data were analysed by linear mixed models and are presented as mean 4 SEM. White bars are thermoneutral, grey
bars are during short term cooling. p-Values for the main effect of exenatide treatment (exenatide) and temperature (temp) and their interaction (exenatide*temp) are shown below
the figures. "p < 0.1, *p < 0.05 post-hoc p-values post vs pre exenatide. "p < 0.1, §p < 0.05, §§p < 0.01, §§§p < 0.001 post-hoc p-values cold vs thermoneutrality.

Exenatide did not affect the thermoneutral or cold-induced change
in supraclavicular, axillary, proximal or distal body skin temperature
in the total study cohort or in either ethnicity (Supplemental Fig. 5).

3.6. Exenatide does not affect supraclavicular adipose tissue fat fraction
measured with MRI

Lastly, as BAT activation lowers the fat fraction of classical BAT de-
pots by combusting intracellular triglycerides [18], we evaluated the ef-
fect of exenatide on supraclavicular adipose tissue by MRI. Both the fat
fraction (post 0.745 + 0.008 vs pre 0.745 + 0.009, p = 0.96) and vol-
ume (post 30.2 £ 2.9 vs pre 31.0 4 2.8 mL, p = 0.22) of this adipose tis-
sue depot remained unaltered after exenatide in the total study cohort
(Fig. 5) or in either ethnicity (Supplemental Table 5). Interestingly, al-
beit exenatide did not affect supraclavicular adipose tissue mean fat

fraction or volume, Afat fraction negatively correlated with ASUVjean
(Fig. 6) and ASUV yeqi (data not shown) on ['8F]FDG-PET/CT scan. Eth-
nicity did not affect these correlation analyses.

4. Discussion

GLP-1R agonists have multiple favorable metabolic effects additional
to improving glycaemia, including weight loss and lowering lipid levels.
Since preclinical studies have shown a role for central agonism of the
GLP-1R in activating energy-combusting BAT, we aimed to investigate
in a proof-of-principle study the effect of GLP-1R agonism on BAT me-
tabolism in non-obese nondiabetic men. We included both South
Asian and Europid participants, as we have previously shown that
South Asians have an unfavorable energy metabolism compared with
Europids [15]. Here, we show that exenatide lowered body weight
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Fig. 4. Exenatide increases brown adipose tissue metabolic volume and SUV e, The effect
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and serum lipids already in healthy young men, without affecting REE or
substrate utilization. Intriguingly, exenatide increased ['®F]FDG uptake
by BAT, suggesting more metabolically active BAT. The metabolic effects
of exenatide were largely comparable between ethnicities. Our findings
support a role for the GLP-1R in BAT activation in South Asian and
Europid men.

Exenatide lowered body weight in this cohort of lean to mildly over-
weight men. This reduction in body weight was mainly attributable to a
loss of lean mass in both ethnicities, with an additional loss of fat mass in
South Asian participants, without significantly affecting overall body fat
percentage. The reduction in body weight in this study is in line with a
meta-analysis investigating randomized controlled trials conducted in
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Fig. 5. Exenatide does not affect the supraclavicular adipose tissue depot fat fraction or
volume. The effect of exenatide on the supraclavicular adipose tissue depot fat fraction
(a) and volume (b) in the total study cohort (N = 24). Fat fraction thresholds were set
at 0.5-1.0. Pre = before exenatide, post = after exenatide. Data were analysed by a two
factor mixed design ANOVA and are presented as mean 4 SEM.

normoglycemic severe overweight or obese participants, showing a
body weight reduction of 2.5-5.1 kg after 12-24 weeks of treatment
with short-acting exenatide [19]. There were however only two trials
included in this meta-analysis that reported body fat measurements,
and these showed no significant change in overall fat mass [20] or per-
centage [21] compared with placebo. In concordance with previous
studies [15,22], we observed a higher body fat percentage in South
Asians compared with Europids. Since exercise may preserve lean
mass during weight loss [23], we cannot exclude that reduced physical
activity to any extent during the 12-week exenatide treatment period
might have contributed to the loss of lean mass observed in our cohort
of healthy young men, albeit we encouraged participants not to alter
their lifestyle. We observed a negative correlation between baseline
fat percentage and the delta fat percentage upon exenatide treatment,
which is in line with evidence showing that higher baseline adiposity
is associated with a lower relative contribution of lean mass to weight
loss [24]. We therefore propose that the higher baseline body fat per-
centage in South Asians compared with Europids underlies their loss
of fat mass after exenatide treatment.

Food intake is another major determinant of energy balance. Activation
of the GLP-1R has an anorexigenic effect that contributes to weight loss
[25,26]. Here, exenatide treatment did not affect overall appetite as mea-
sured by VAS. However, the sensation of hunger and desire to eat were
lower during the first 4 weeks of treatment. This fits with recent studies
showing that GLP-1R agonists cause changes in central nervous system ac-
tivation to food cues resulting in less reward to food [26]. These effects are
temporarily, which might explain the plateau that is often reached with re-
spect to weight loss. A study using short-term liraglutide suggests that this
might be due to a decrease in fasting leptin levels, resulting in increased re-
ward thereby counteracting the beneficial effects of liraglutide [27]. Albeit
that in our study these appetite changes were transient and restored
within a few weeks, a temporarily reduced food intake presumably con-
tributed to the weight loss of some participants. Interestingly, however,
preclinical evidence showed that weight loss was less pronounced in
mice that were pair-fed to mice treated with centrally administrated
exendin-4 [10]. Moreover, in mice treated chronically with peripherally
administered exendin-4, weight loss continued even after food intake
was restored within a few weeks after initiation of treatment [28]. These
murine studies thus suggest that the weight-lowering effect of GLP-1R
agonism goes beyond merely reducing food intake.

To investigate whether GLP-1R agonism induces weight loss in part
by stimulating energy combustion, we evaluated the effect of exenatide
on REE and substrate utilization. In our study, exenatide did not affect
REE in the total study cohort or in either ethnicity. So far, only two clin-
ical trials have reported an effect of exenatide on REE; one study inves-
tigating short-term treatment with liraglutide in patients with type 2
diabetes [9], and one study investigating long-term treatment with ei-
ther liraglutide or exenatide in patients with type 2 diabetes [8]. How-
ever, our results are in agreement with most studies investigating the
effect of prolonged (5-16 weeks) treatment with a GLP-1R agonist on
energy metabolism, which did not observe differences in REE or any of
the other components of total energy expenditure (i.e. the thermic ef-
fects of feeding and physical activity) [21,29-31]. We cannot exclude
that a possible increase in REE by exenatide is masked in our study by
a lowering in REE that generally accompanies weight loss [32].
Exenatide did also not affect substrate utilization in our study. This ob-
servation is in concordance with Beiroa et al. [8], who showed an un-
changed substrate utilization in patients with type 2 diabetes after one
year of treatment with either exenatide or liraglutide on top of metfor-
min. On the contrary, another study showed that 4 weeks liraglutide in
nondiabetic obese subjects shifted substrate oxidation from glucose to-
wards lipids [31]. This is in line with preclinical studies showing that
centrally administered GLP-1 [12] or exendin-4 [10] increased lipid ox-
idation in diet-induced obese mice. Possibly, the use of different variants
of exenatide (long-acting vs short-acting) and the time after administra-
tion affects measures of energy balance. We can also not exclude that a
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shift in substrate utilization might be too subtle to detect via indirect
calorimetry, especially in our study involving non-obese
normoglycemic humans.

Exenatide tended to lower plasma glucose levels in our study, which
may be mediated by enhanced insulin secretion due to GLP-1R agonism
in pancreatic beta cells, and possibly increased peripheral insulin sensitiv-
ity [5]. Intriguingly, exenatide reduced serum triglycerides and total cho-
lesterol, and tended to lower LDL-cholesterol already in these
normolipidemic participants. We can only speculate about the underlying
mechanisms contributing to the lipid-lowering effects of exenatide.
Firstly, impaired secretion of triglyceride-rich lipoproteins into the circu-
lation (i.e. VLDL from the liver and chylomicrons from the small intes-
tines) following GLP-1R agonism may have lowered lipid levels. In line
with this, one to four weeks peripherally administered exendin-4
lowered circulating VLDL-triglyceride levels in mice, accompanied by re-
duced hepatic VLDL particle production. This resulted, together with de-
creased hepatic lipogenesis, even in reversal of high-fat diet-induced
hepatic steatosis [33,34]. Likewise, an acute infusion with exenatide re-
duced postprandial triglyceride excursions and intestinal lipoprotein pro-
duction in both healthy [35] and insulin-resistant humans [36]. On the
other hand, we hypothesize that exenatide may increase lipids and glu-
cose clearance by peripheral metabolic tissues, as we have previously
shown that central administration of exendin-4 increased lipid and glu-
cose uptake by skeletal muscle and BAT in mice [10].

To further investigate the contribution of peripheral metabolic tis-
sues to the beneficial effects of exenatide, especially that of energy-
combusting BAT, we performed a cold-induced ['®FJFDG-PET/CT scan.
This is the current gold standard to assess BAT metabolic volume and ac-
tivity and involves quantifying glucose uptake by several BAT depots
[37]. Here, we show for the first time that GLP-1R agonism increased
BAT volume and SUV e,y in humans. This is fully compatible with our
previous observation that exendin-4 enhances glucose uptake by BAT
in both lean and diet-induced obese mice [10], although the contribu-
tion of BAT to whole-body metabolism in rodents is more pronounced
compared to humans [38]. Exenatide did not increase ['®FJFDG uptake
by either subcutaneous or visceral white adipose tissue in the current
study, suggesting that GLP-1R agonism in humans might be more in-
volved in promoting substrate utilization by classical BAT depots rather
than browning of white adipose tissue. Glucose uptake as measured by
['8F]FDG PET/CT scan is influenced by insulin sensitivity of the tissue
[39]. Therefore, this method may underestimate measures of BAT me-
tabolism in older subjects and/or subjects with type 2 diabetes, circum-
stances in which BAT becomes more insulin resistant. In our study, it
could be argued that exenatide treatment increases whole-body insulin
sensitivity, which would enhance glucose uptake by BAT. However, we
did not observe a consistent increase in ['®F]JFDG uptake by skeletal
muscles after exenatide, supporting that the enhanced glucose uptake

by BAT truly represents expansion of BAT volume. In addition, to ex-
clude an acute effect of exenatide on BAT metabolism, the post-
exenatide study day was performed one week after the last injection.
It would be interesting to assess whether other GLP-1R agonists, for in-
stance liraglutide 3.0 mg that is currently approved for the treatment of
obesity [40], also enhances glucose uptake specifically by BAT using
['8F]FDG-PET/CT. Importantly, centrally administering either exendin-
41[10] or liraglutide [8] was shown to enhance sympathetic outflow to
BAT in mice. We therefore propose that increased sympathetic output
may mediate the enhanced BAT volume and ['®F]FDG uptake during
GLP-1R agonism in our human study. The increased heart rate we ob-
served after exenatide in this study is in line with previous research
[41] and may also reflect this increased sympathetic outflow.

Profound BAT activation, e.g. via applying a potent sympathetic stim-
ulus by cooling humans until shivering, has been shown to burn intra-
cellular lipids and thereby decrease the fat fraction of classical BAT
depots [18]. However, the fat fraction and volume of the supraclavicular
adipose tissue depot as measured by MRI remained unchanged after
exenatide. As lipid uptake and utilization by activated BAT are strictly
regulated, we cannot exclude that MRI might be unable to quantify a
net increase in intracellular lipid combustion after exenatide. Although
MRI is used less often to assess BAT volume compared with the ['8F]
FDG PET/scan, a recent study showed that these two methods correlate
well (R? = 0.52) in healthy adult subjects [42]. Interestingly, despite an
unchanged overall supraclavicular adipose tissue fat fraction after
exenatide, the Afat fraction on MRI negatively correlated with the
A['®F]FDG uptake on PET/CT. This suggests that BAT metabolism of
some participants was more sensitive to GLP-1R agonism (‘responders’)
than that of others (‘non-responders’), with a lower fat fraction being
associated with more ['®F]FDG uptake and vice versa. Since GLP-1R
agonism in mice increased the uptake of triglyceride-derived fatty
acids by BAT much more robustly compared with deoxyglucose [10],
it would be highly interesting to investigate whether GLP-1R agonism
in humans also increases BAT fatty acid uptake and oxidative metabo-
lism, using ['®F]fluorothiaheptadecanoic acid and [!'CJacetate tracers
by PET/CT, respectively [43]. However, in this respect it should be
noted that BAT in rodents has a larger contribution to resting energy ex-
penditure as compared to BAT in humans. The precise contribution of
activated human BAT to resting energy expenditure remains unclear
so far but estimations based on static and dynamic ['®F]FDG PET/CT
scans vary between 115 and 256 kcal/day [44,45].Furthermore, we can
only speculate about the contribution of increased BAT activity to the
metabolic improvements observed after exenatide in this human study.

This study is not without limitations. As this study was designed
without a placebo arm, we cannot exclude that intra-individual varia-
tions in energy metabolism that may occur over time have affected
our results. Reassuringly, including seasonality as a covariate did not
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influence the statistical analyses. Furthermore, despite increased [ '8F]
FDG uptake by BAT, with our experimental set-up no effect of exenatide
on resting energy expenditure was found. The absence of effect may be
inherent to indirect calorimetry that we used to estimate energy expen-
diture, which only measures oxygen-dependent energy metabolism,
and/or relate to the error of the measurement of indirect calorimetry.
The increase in resting energy expenditure in humans that is expected
from enhanced BAT activity is in fact modest (115 to 256 kcal/day),
which may be below the threshold of a detectable increase in energy ex-
penditure. Notably, we previously showed by pair-feeding experiments
in mice that exendin-4 reduces body fat mass despite equal food intake.
Although these data by definition imply that exendin-4 increases en-
ergy expenditure in mice, increased energy expenditure was not appar-
ent from indirect calorimetry [10]. Future studies investigating the
effects of long-term BAT activation on resting energy expenditure and
its metabolic consequences are therefore highly warranted, probably
with more accurate and/or more advanced techniques. For future stud-
ies, we propose to include continuous measurements by means of a
room calorimeter system, and employ techniques to assess the contri-
bution of non-oxidative energy expenditure. In addition, as mentioned
above, to further explore the effect of GLP-1R agonism on BAT metabo-
lism and energy expenditure, we propose to conduct a future study with
the GLP-1R agonist liraglutide 3.0 mg, that is especially potent with re-
spect to inducing weight loss [46].

In summary, we show that prolonged GLP-1R agonism activates BAT
and improves the metabolic phenotype, including serum lipid profile,
already in non-obese normoglycemic young men, with largely similar
effects observed in South Asian and Europid individuals. Further re-
search investigating the effect of GLP-1R agonism on thermogenesis
and substrate utilization by BAT, and the contribution of BAT to an im-
proved cardiometabolic phenotype upon GLP-1R agonism in patients
with type 2 diabetes is warranted.
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