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Introduction: The modern food environment facilitates excessive calorie intake,
a major driver of obesity. Glucagon-like peptide 1 (GLP1) is a neuroendocrine
peptide that has been the basis for developing new pharmacotherapies against
obesity. The GLP1 receptor (GLP1R) is expressed in central and peripheral tissues,
and activation of GLP1R reduces food intake, increases the expression of
thermogenic proteins in brown adipose tissue (BAT), and enhances lipolysis in
white adipose tissue (WAT). Obesity decreases the efficiency of GLP1R agonistsin
reducing food intake and body weight. Still, whether palatable food intake before
or during the early development of obesity reduces the effects of GLP1R agonists
on food intake and adipose tissue metabolism remains undetermined. Further,
whether GLP1R expressed in WAT contributes to these effects is unclear.

Methods: Food intake, expression of thermogenic BAT proteins, and WAT
lipolysis were measured after central or peripheral administration of Exendin-4
(EX4), a GLP1R agonist, to mice under intermittent-short exposure to CAF diet (3
h/d for 8 days) or a longer-continuous exposure to CAF diet (24 h/d for 15 days).
Ex-vivo lipolysis was measured after EX4 exposure to WAT samples from mice
fed CAF or control diet for 12 weeks. .

Results: During intermittent-short exposure to CAF diet (3 h/d for 8 days), third
ventricle injection (ICV) and intra-peritoneal administration of EX4 reduced
palatable food intake. Yet, during a longer-continuous exposure to CAF diet
(24 h/d for 15 days), only ICV EX4 administration reduced food intake and body
weight. However, this exposure to CAF diet blocked the increase in uncoupling
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protein 1 (UCP1) caused by ICV EX4 administration in mice fed control diet.
Finally, GLP1R expression in WAT was minimal, and EX4 failed to increase lipolysis
ex-vivo in WAT tissue samples from mice fed CAF or control diet for 12 weeks. .

Discussion: Exposure to a CAF diet during the early stages of obesity reduces the
effects of peripheral and central GLP1R agonists, and WAT does not express a
functional GLP1 receptor. These data support that exposure to the obesogenic
food environment, without the development or manifestation of obesity, can
alter the response to GLP1R agonists. .
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1 Introduction

The modern food environment is obesogenic. The easy access to
various palatable foods rich in fat and carbohydrates results in
excess calorie intake, increasing the risk of obesity and related
diseases (1). This excessive calorie intake is driven by food intake
despite hunger or satiety, a behavior called hedonic intake (2, 3).
Further, repeated palatable food intake alters the mechanisms
regulating food intake, thereby increasing hedonic intake and
body weight gain (4). In rodents, the obesogenic environment is
usually modeled by exposing rodents to diets enriched in a single
macronutrient (i.e., fat or sucrose) (5). However, these diets do not
model the hedonic intake driven by easy access to various palatable
foods observed in the human obesogenic environment. The
cafeteria (CAF) diet overcomes this limitation by using a rotating
schedule of highly palatable human snacks and free access to
standard rodent chow (6). The CAF diet causes hedonic intake
and, over time, severe obesity (7, 8). Thus, the CAF diet is a valuable
model to study not only diet-induced obesity but also the influence
of the obesogenic environment on the control of feeding behavior
and metabolism.

Glucagon-like peptide 1 (GLP1) is an anorexigenic neuroendocrine
peptide that has been the basis for developing pharmacotherapies
against obesity (9). Endogenous GLP1 is released post-prandially by
neuroendocrine L cells of the small and large intestines and by neurons
in the nucleus of the solitary tract that express the pre-proglucagon
peptide (PPG-NTS neurons) (10-12). In rodents, activating the GLP1
receptor (GLP1R) in peripheral tissues (i.e., vagal afferents, enteric
neurons) or different brain regions can reduce food intake (12). Still,
the reduction in weight loss and weight loss caused by activation of
peripheral GLP1R do not require activation of PPG-NTS neurons (13,
14). In rodents, peripheral administration of exendin-4 (EX4), a long-
lasting GLPIR agonist that crosses the blood-brain barrier, activates
GLPI1R in several hypothalamic nuclei (15), including the
paraventricular nucleus (PVN). In this brain region, pharmacological
activation of GLP1R or chemogenetic activation of GLP1R-expressing
neurons reduces the intake of standard rodent food and decreases
operant responding for sucrose (16-19). However, whether activation
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of central GLP1R, including in the PVN, can regulate hedonic intake in
an obesogenic environment similar to the human food environment
remains unclear.

In rodents, diet-induced obesity or the availability of palatable
food reduces the anorectic effect of GLPIR activation by peripheral
EX4 administration (20, 21). However, whether the same results
would be observed after activating central GLP1R by the
intracerebroventricular administration of EX4 is unclear. Also,
whether this apparent resistance to EX4 administration results
from exposure to palatable food or is the consequence of weight
gain after exposure to a palatable diet remains unknown. This
distinction is relevant as palatable food intake can elicit behavioral
and metabolic effects independent of severe weight gain in rodents
(22-24). Overall, whether exposure to an obesogenic environment
before the onset or during early stages of obesity can reduce the
anorectic effects of the central or peripheral administration of
GLPIR agonists remains unclear.

Metabolic effects, in addition to reduced food intake, might
explain the body weight loss caused by GLPIR activation. Central
and peripheral administration of EX4 enhance white adipose tissue
(WAT) lipolysis (25, 26), increase plasma free fatty acid (FFA) and
triglyceride (TG) clearance, and promotes mitochondrial fatty acid
oxidation in brown adipose tissue (BAT), WAT, and muscle (25,
27-30). Concordantly, central and peripheral administration of
GLPIR agonists increases the expression of uncoupling protein 1
(UCP1) and other proteins involved in energy metabolism (i.e.,
Peroxisome proliferator-activated receptor gamma coactivator 1-
alpha or carnitine palmitoyltransferase I) in WAT and BAT, leading
to increased thermogenesis (27, 28, 31). Yet, two questions need to
be answered regarding the effects of GLP1R agonists on WAT. First,
it remains controversial whether exposure to palatable foods before
the onset of obesity can decrease the impact of central and
peripheral EX4 administration on BAT and WAT, or if this effect
is observed only in obese animals (25-27). Second, it is unclear
whether the effects of GLP1R agonists on WAT metabolism are
mediated by direct activation of GLP1R in WAT, as the expression
of a functional GLP1R in this tissue remains controversial (32, 33).

We previously showed that obesity caused by long-term and
continuous access to a CAF diet (24 h/d for 10 weeks) reduced the
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anorectic effects of peripheral EX4 administration (21). Here we
aimed to understand how exposure to an obesogenic environment
modeled by CAF diet could alter the impact of EX4 on food intake,
weight loss, and WAT metabolism. First, we examined whether
different schedules of access during early exposure to a CAF diet
before the onset of obesity reduced the anorectic effects of GLP1R
activation by ICV and intraperitoneal (IP) EX4 administration.
Second, we examined whether EX4 increased WAT lipolysis by
acting in this tissue, and if this effect was also reduced by long-term
exposure to a CAF diet.

2 Methods
2.1 Animals

All experimental protocols were approved by the Institutional
Animal Care and Use Committee at Pontificia Universidad Catolica
de Chile. Male C57BL/6] mice (originally obtained from Jackson
Laboratories and bred at Pontificia Universidad Catolica de Chile,
8-10-week-old at the beginning of experiments) were used in all
experiments. Mice were maintained on a 12:12 h light:dark cycle in
a temperature-controlled room (20-24°C) and had free access to
standard rodent food (i.e., chow) and water, except where noted.
Mice were grouped or singly housed in clear solid-bottom cages
with paper bedding (2:1 mixture of sterilized shredded filter paper
and paper towels) supplemented with environment-enriching
materials. Mice were euthanized by isoflurane (Baxter) overdose
at the end of each experiment.

2.2 Stereotaxic surgeries

Mice anesthetized with isoflurane (5% induction and 1-2%
maintenance) were implanted with a single unilateral cannula (28
gauge, Plastics One) directed at the ventral third ventricle
(ICV,-0.9 mm rostral, 0.0 mm lateral, 4.6 mm below skull
surface) or PVN [-0.9 mm rostral, -0.2 mm lateral, 3.6 mm below
skull surface (34)] using standard stereotaxic procedures (7, 35).
Post-surgery care included ketoprofen (5 mg/kg, intraperitoneal
injection) administered before, 24, and 48 h after surgery. After
surgical recovery, mice were singly housed permanently and
maintained without interventions for at least 7 days before
beginning the experiments.

2.3 Drugs and injections

EX4 (#1933, Tocris Bioscience) and EX3 EX3-(9-39), #2081,
Tocris Bioscience) were dissolved in sterile saline and stored at -20°
C in single-use aliquots. Mice were acclimated to IP injections by
receiving a daily IP injection (0.9% NaCl solution, 200 pL) for three
consecutive days. Mice with ICV or PVN cannulae were acclimated
to intra-cannula injections by receiving a single daily artificial
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cerebrospinal fluid (aCSF) injection, either ICV (0.5 L) or intra-
PVN (0.25 uL), respectively. All injections occurred within the last
hour before lights off. After euthanasia, cannula placement was
verified by histological methods (35). Data from mice with
misplaced cannulae were excluded from the analyses.

2.4 Ex-vivo EX4 treatment of adipose tissue
explants

Inguinal WAT (iWAT) and epididymal WAT (eWAT) depots
were dissected into 50-100 mg pieces and incubated in DMEM
culture media supplemented with 10% fetal bovine serum and
antibiotics (penicillin-streptomycin, #03-031-1B, Biological
Industries) at 37°C and 5% CO, for 24 h (The medium was
changed twice during this period). Next, WAT explants were
treated with vehicle (saline), 100 uM isoproterenol (ISO), or 2.5
nM EX4 for 24 h, followed by KRH buffer (KRBH) plus free fatty
acid bovine serum albumin (BSA) 4% for one h. Then, we
quantified the release of glycerol into the KRBH medium with a
glycerol colorimetric test (#F6428, Sigma). Glycerol release data
were normalized by the protein concentration of the tissue explants.

2.5 Western blot

BAT, iWAT, and eWAT were homogenized in RIPA buffer (150
mmol/L NaCl, 10 mmol/L Tris base, 1% deoxycholic acid, 4.5 mM
EDTA, and 1% Triton), supplemented with PhosStop phosphatase
inhibitor cocktail (#4906845001, Roche) and COmplete® protease
inhibitor cocktail (#11836153001, Roche). The lysate was centrifuged
(12,000 g for 15 min at 4°C), and the protein concentration was
determined by a colorimetric assay (#23277, Pierce). The lysates were
adjusted to 1-2 pg/uL protein in SDS-Page loading buffer (240 mmol/
L Tris-HCI, pH 6.8, 8% SDS, 40% glycerol, and 20% 2-beta-
mercaptoethanol) and heat-denatured at 100°C for 5 min. Twenty
to thirty pg of protein were loaded on a polyacrylamide gel and
electrophoresed at 80-120 V for 1.5 h. Depending on their size, the
proteins were electrotransferred onto nitrocellulose 0.22 microns or
polyvinylidene difluoride (PVDF) 0.45 microns membranes at 90 V
for 1-1.5 h in a transfer buffer (24 mmol/L Tris, 194 mmol/L glycine,
20% methanol) and stained with Ponceau S for 5 minutes.
Membranes were blocked with 5% non-fat milk or BSA in Tris-
buffer saline (TBS) and incubated with primary antibodies (all hosted
in Rabbit; pHSL (phospho-Hormone-Sensitive Lipase), #4139 Cell
Signaling, 1:500; HSL (Hormone Sensitive Lipase), #4107 Cell
Signaling 1:1000; UCP1, #293418 Santa Cruz Biotechnology, 1:100)
overnight at 4°C. Immune complexes were detected using a
peroxidase-conjugate secondary antibody (Goat anti-Rabbit #sc-
2004, Santa Cruz Biotechnology) and the enzyme-substrate ECL
(#20-500-500A and 20-500-500B, Biological Industries). Images
were scanned and analyzed using Image] software. Protein bands
were quantified by ImageJ software and normalized to total protein
(for pHSL) or Ponceau S (for UCP1).
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2.6 Isolation of total RNA, reverse
transcription, and gPCR analysis

The medio basal hypothalamus, iWAT, and eWAT samples
were lysed with TRIzol® (#15596018 Invitrogen). Total RNA was
isolated using PureLink' "' RNA mini kit (#12183018A, Invitrogen).
Reverse transcription was achieved using the High-Capacity cDNA
Reverse Transcription kit (#4368813, Applied Biosystems).
Quantitative polymerase chain reaction (qQPCR) was performed in
duplicates using the SYBR®FAST qPCR kit (#4385612, Applied
Biosystems) with thermal conditions of 20-s preincubation at 95°C
followed by 40 cycles at 95°C for 3 s and 60°C for 30 s. PCR primer
sequences were: GLPIR, forward 5-TAATCACCGTGG
CAGGAAGAG-3’, reverse 5-CTTGAGTGTGAGTCCGGGTT-3’,
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
forward 5-TGTGTCCGTCGTGGATCTGA-3’, reverse 5-TT
GCTGTTGAAGTCGCAGGAG-3’. Gene expression was
calculated as described by (36) using GAPDH as the reference gene.

2.7 Experiment 1. Chow and palatable
food intake after EX4 IP administration
during short-term intermittent
exposure to CAF diet

To determine whether early exposure to CAF diet altered the
anorectic effects of peripheral EX4 administration, we measured

10.3389/fendo.2023.1164047

food intake in response to EX4 IP administration using a within-
subjects design in mice with only chow access and then short and
intermittent exposure to CAF diet (Figure 1A). Mice with only
chow access (n = 8) were acclimated to IP injections and then
injected with vehicle or EX4 IP (10 pg/kg) randomized over days
with 48 h between injections. Food intake was measured 3 h after
each IP injection. Next, after a 10-day wash-out period without
interventions, mice were acclimated to 4 palatable snacks for 3 days
(3h/d; Milk Chocolate, Sugar Cookies, Cheese snacks, and Potato
Chips; see Supplementary Table 1 for commercial names and
detailed nutritional information) while receiving a single daily IP
saline injection. Starting on the fourth day, mice received a vehicle
or EX4 IP injection (10 pg/kg) randomized over days with 48 h
between injections. After IP injections, mice had access to the
palatable snacks for 3 h. Chow and palatable food intake were
measured 3 h post-injection. Thus, including acclimation, mice had
access to the CAF diet for a total of 5 days.

To determine whether the anorectic effects of EX4 IP
administration at 10 pg/kg required activation of central GLP1
receptors, we measured food intake after co-administration of IP
EX4 and ICV administration of the GLPIR antagonist EX3
(Figure 1D). A separate group of mice (n = 5) with only access to
chow were prepared with an ICV cannula and were acclimated for
three consecutive days by receiving an ICV injection of aCSF
15 min. before an IP saline injection. Starting on the fourth day,
mice received a vehicle or EX3 ICV injection (1, 5, and 10 ng)
15 min. before a vehicle or EX4 IP injection (10 ug/kg) with the
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FIGURE 1

Chow and palatable food intake after EX4 IP administration during short-term intermittent exposure to CAF diet. (A) Experimental design for panels
B-C. Mice were exposed to palatable snacks for 3h/d for 5 days, including acclimation and EX4 administration. (B) Chow intake during acclimation to
IP injections (left) and EX4 IP administration (right, N = 8). (C) Chow and snacks intake during acclimation to snacks for 3 h daily (left) and after EX4
IP injection (left, N = 8). (D) Experimental design for panel (E). (E) Chow intake after ICV EX3 administration followed by EX4 IP administration (N = 5).
Y-axis, mean + SEM. Brackets, P<0.05 for pairwise comparisons. Panels A and D were created with BioRender.com.

Frontiers in Endocrinology

04

frontiersin.org


https://biorender.com/
https://doi.org/10.3389/fendo.2023.1164047
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mattar et al.

combination of ICV and IP injections randomized over days with
48 h between the injection days. Chow intake was measured 3 hours
after the EX4 IP injection.

2.8 Experiment 2. Chow and palatable food
intake after EX4 ICV or PVN administration
during short-term exposure to CAF diet

To determine whether early exposure to CAF diet altered the
anorectic effects of central EX4 administration, we measured food
intake in response to EX4 ICV or PVN administration using a
within-subjects design in mice with only chow access and then with
short-term and intermittent exposure to a CAF diet as described in
experiment 1 (Figure 2A). Mice prepared with ICV (n = 10) or PVN

10.3389/fendo.2023.1164047

cannulae (n = 6) were acclimated to intra-cannula injections and
then injected with vehicle or EX4 ICV (10, 25, 100 ng) or into the
PVN (3, 10, 30, 100 ng) with vehicle and EX4 doses randomized
over days with 48 h between injections. The EX4 dosage was known
to reduce intake after ICV or PVN administration (19, 37). After a
10-day washout period without interventions, mice were acclimated
to 4 palatable snacks as in experiment 1 (3h/d for 3 days). Starting
on the fourth day, mice were injected with vehicle or EX4 ICV or
intra-PVN as before. After ICV or PVN injections, mice had access
to palatable foods for 3 h after injections. Chow and palatable food
intake were measured 3 h post-injection. Thus, including
acclimation, mice had access to the CAF diet for a total of 7-8
days. Two mice lost their ICV cannulae during acclimation to ICV
injections. Thus, the final sample size was 8 mice with ICV cannulae
and 6 mice with PVN cannulae.
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Chow and palatable food intake after EX4 ICV or PVN administration during short-term intermittent exposure to CAF diet. (A) Experimental design
Mice were exposed to palatable snacks for 3h/d for 7-8 days (ICV: 7 days, PVN: 8 days), including acclimation and EX4 administration. (B) Chow
intake during acclimation to ICV injections (left) and after EX4 ICV administration (right, N = 8). (C) Chow and snacks intake during acclimation to
snacks for 3 h/d (left) and after EX4 IP injection (right, N = 8). (D) Chow intake during acclimation to PVN injections (left) and after EX4 PVN
administration (right, N = 8). (E) Chow and palatable snacks intake during acclimation to snacks for 3 h/d (left) and after EX4 PVN injection (right, N =
6). Y-axis, mean + SEM. Brackets, P<0.05 for pairwise comparisons. Panel A was created with BioRender.com
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2.9 Experiment 3. Body weight, food
intake, and WAT metabolism and protein
expression after repeated EX4 ICV and IP
administration during continuous exposure
to CAF diet before induction of obesity

To determine whether longer and continuous exposure to CAF
diet before manifesting obesity reduced the anorectic effects of EX4
ICV or IP administration, we measured food intake after ICV or IP
EX4 injections in mice exposed continuously to CAF or control diet
(i.e., 24 h/d chow access) for 15 days (Figure 3A). Mice prepared
with (n = 20) or without (n = 30) an ICV cannulae were singly
housed and randomly assigned to CAF diet (ICV: n = 10, no
surgery: n = 15) or control diet (ICV: n = 10, no surgery: n = 15) for
15 days. The CAF diet consisted of continuous access to 4 palatable
snacks made for human intake that were randomly selected from 20
snacks (Supplementary Table 1) in addition to chow. The palatable
snacks were changed every Monday, Wednesday, and Friday. After
15 days of the dietary intervention, mice were randomly assigned

10.3389/fendo.2023.1164047

within each diet to receive either a daily EX4 ICV (100 ng, n = 12) or
IP (10 pg/kg, n = 16) injection or their respective vehicles (aCSF for
ICV, n = 8; saline for IP injections, n = 14) for 10 days while
maintaining their respective diets. On the tenth day, mice were
euthanized two hours after the last injection, and samples from the
iWAT, eWAT, and BAT were collected to measure pHSL and UCP1
protein levels (Figure 4). The final group sample for mice with ICV
injections was 4-6 mice per group, and for IP-injected mice was 7-8
mice per group. For mice with ICV cannulae, brains were processed
to determine cannula placement. No mice were eliminated due to

misplaced cannulae.

2.10 Experiment 4. WAT lipolysis
after EX4 ex-vivo in mice fed CAF or
control diet for 12 weeks

To determine whether WAT lipolysis caused by EX4
administration was mediated by GLP1R expressed in WAT and
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FIGURE 3

Body weight and food intake after repeated EX4 ICV and IP administration during continuous exposure to CAF diet before induction of obesity

(A) Experimental design. Mice fed CAF diet (N = 25) were exposed continuously (24 h/d) to palatable snacks for 15 days or remained with only
control diet (chow, N = 25) before daily EX4 administration for 10d. (B) Daily 24 h intake (kcal), (C) change in body weight (ABW), and (D) body
weight (BW) on day 15 for mice fed CAF or control diet for 15 days before ICV and IP injection. (E) Total calorie intake, (F) ABW, and (G) Percent of
epididymal WAT to final BW after 10 days of EX4 ICV (100 ng) or IP (10 pg/kg). N = 4-8 for each experimental group. Y-axis, mean + SEM. Brackets,
P<0.05 for pairwise comparisons. Panel A was created using BioRender.com
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modulated by CAF diet, we examined ex-vivo lipolysis caused by
EX4 in WAT tissue explants from mice fed CAF or control diet to
EX4 (Figure 5A). Mice (n = 26) were group-housed and fed CAF or
control diet for 12 weeks (n = 13 per diet) using the CAF diet
described in experiment 3. After completing the dietary
intervention, mice were euthanized during the first half of the
light cycle (07:00-12:00) with excess isoflurane and the mediobasal
hypothalamus, iWAT, eWAT, and mesenteric fat depots were
collected. Samples from the hypothalamus were stored in RNA
later® (#AM7021M, Thermo Fischer), and WAT depots were snap
frozen, stored at -80 °C degrees, and then used for qPCR analysis of
GLPIR. Epididymal and iWAT samples were also tested for ex-vivo
effects of EX4 on lipolysis and expression of pHSL by Western Blot.
The final sample size was n = 11 and n = 12 for the CAF and control
diet, respectively. One mouse per diet was removed from the study
based on veterinary advice due to injuries, and one mouse fed CAF
diet was excluded from the analysis because we failed to collect
inguinal WAT.

2.11 Statistical analysis

Statistical analyses were performed using R v4.1.2. All data are
presented as mean and SEM. Statistical significance was set at P <
0.05. Normality for data was examined by reviewing residual plots.
For experiment 1, chow and snack intake (expressed as calories)
were analyzed as separate endpoints with repeated measures
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ANOVA with the dose of EX4 IP as the independent variable or
with the combination of EX3 ICV and EX4 IP with mice as the
experimental subject. For experiment 2, chow and snack intake
(expressed as calories) were analyzed as separate endpoints with
repeated measures ANOVA with the dose of EX4 ICV or intra-PVN
as independent variables and mice as the experimental subject. For
experiment 3, the effects of the CAF diet on change in body weight,
percent adiposity, and expression of GLP1R were analyzed with
unpaired Student’s t-tests. Changes in glycerol release were
analyzed separately for each dietary intervention (CAF vs.
control) and WAT depot (inguinal and epididymal) with a
repeated measures ANOVA with treatment (vehicle, EX4, and
isoproterenol) as the independent variable and mice as the
experimental subject. For experiment 4, daily intake and change
in body weight during CAF diet feeding were analyzed with a two-
way ANOVA with diet (CAF vs. control) and route of
administration (IP and ICV) as independent variables. Intake,
change in body weight, and percent of eWAT relative to body
weight were analyzed separately with a three-way ANOVA with the
interaction between dietary treatment (CAF vs. control), route of
administration (ICV and IP), and EX4 dose (vehicle vs. dose) as
independent variables. Changes in protein expression were
analyzed separately for each protein of interest and route of
administration with a two-way ANOVA with dietary intervention
(CAF vs. control) and EX4 dose as independent variables. For all
analyses, pairwise comparisons were done with estimated marginal
means and adjusted with false discovery rate.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1164047
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mattar et al.

10.3389/fendo.2023.1164047

A
Diet only
(ZvEEe) ; Ex-vivo glycerol
CAF diet A eWAT, IWAT release + EX4 WE PHSL,
h/d
< - . osses el
kv ' > EUTHANASIA Hypothalamus ~ GLP1R gqPCR
CONTROL diet
1€ . '
wlfie, )
. . . ] O VEH O EX4 mISO
20 . 25+ 0.051 ,62.5- — —
— T 8 o — L
15, % 20+ E 0.04 0 CONTROL S -_GE, 2.0
C R 15 < 0.03- W CAF T > 15/
= 10 9 o x3 " o
o Q 101 @ 0.021 &= 1.0
5i- 2 s Soor =505
o og"
0 0 0.00 v v ~0.0 . . r -
HYP iWAT eWAT CTRL CAF CTRL CAF
IWAT eWAT
F CONTROL CAF G CONTROL CAF
V EX41SO V EX4 1SO V EX41SO V EX41SO
pHSL & 8 83 kDa pHSL .- B &3 02
HSL (W . - HsL
51 — 51 —
_| | | _| | |
0 4- N 4
T O VEH T OVEH
53 = OEX4 9 0 EX4
N 21 mISO O 21 mISO
T T
o 11 o 11
0 - T 0
CONTROL CAF CONTROL
iWAT eWAT
FIGURE 5

WAT lipolysis after EX4 ex-vivo in mice fed CAF or control diet for 12 weeks continuously. (A) Experimental design. (B) Change in body weight (BW)

after 12 weeks of CAF (N

= 11) or control diet (chow only, N = 12). (C) Percent of white adipose tissue (inguinal, mesenteric, subcutaneous, and

epididymal) relative to end-point BW. (D) Expression of GLP1R in the hypothalamus (HYP), epididymal WAT (eWAT), and inguinal WAT (iWAT)
normalized to GAPDH by AACT method (N= 6-7 per group). (E) Release of glycerol in WAT explants from mice fed CAF diet or chow (N = 12 for
chow and N = 11 for CAF). Expression of pHSL relative to HSL in (F) iWAT and (G) eWAT (N = 4-7 per group). Y-axis, mean + SEM. Brackets, P<0.05

for pairwise comparisons. Panel A was created with BioRender.com

3 Results

3.1 Experiment 1. EX4 IP administration
reduced palatable food intake during
short-term exposure to a CAF diet

After acclimation to IP injections (Figure 1B left), EX4 IP
administration reduced chow intake by 60% compared to vehicle
(P < 0.05, Figure 1B right). During acclimation to the CAF diet (3 h/

Frontiers in Endocrinology

d), mice progressively ate more palatable snacks compared to chow
(Figure 1C left; interaction between diet and days, F, 35 - 7.23, P <
0.01). After acclimation, EX4 IP reduced intake of snacks by 75%
compared to vehicle (ty; - 10.64, P < 0.01) without altering chow
intake (P = 0.64, Figure 1C right). Body weight did not change
during the experiment (t;4 - 1.58, P = 0.13). In a separate set of
mice, the reduction of chow intake by EX4 IP administration was
decreased by approximately 50% by an ICV pre-treatment with EX3
(Figure 1E). Together, these data indicate that EX4 IP

administration can reduce short-term (3 h) intake of chow and
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palatable snacks, an effect mediated by peripheral and central
GLP1R receptors.

3.2 Experiment 2. EX4 ICV administration,
but not intra-PVN, reduced palatable
food intake during short-term exposure
to CAF diet

After acclimation to ICV injections (Figure 2B left), EX4 ICV
administration dose-dependently reduced chow intake (Figure 2B
right; F55; - 10.62, P < 0.01). During acclimation to the CAF diet (3
h/d for 3 days), mice progressively ate more palatable snacks
compared to chow (Figure 2C left; interaction between diet and
days: F, 35 - 8.69, P < 0.01). After acclimation to palatable snacks,
EX4 ICV dose-dependently reduced intake of palatable snacks
(Figure 2C right; interaction between diet and EX4: F535 _ 5.06,
P < 0.01). In a separate set of mice, after acclimation to PVN
injections (Figure 2D left), EX4 PVN administration reduced chow
intake (Fy,0 = 12.29, P <0.01), an effect driven by the highest dose of
EX4 tested (Figure 2D right). During acclimation to a CAF diet (3 h/
d), mice progressively ate more snacks (Figure 2E left; interaction
between diet and days: F,,5 - 45.11, P < 0.01). After acclimation,
EX4 PVN administration failed to reduce intake of palatable snacks
(Figure 2F; interaction between diet and EX4: F, 45 — 0.95, P = 0.44).
Body weight did not change during EX4 ICV (t,g - 0.44, P = 0.66) or
PVN administration (t;, = 0.56, P = 0.58). Together, these data show
that the EX4 ICV or PVN administration can reduce chow intake,
but only EX4 ICV administration reduces the intake of
palatable snacks.

3.3 Experiment 3. Repeated EX4 ICV, but
not IP administration, reduces food intake,
causes body weight loss, and alters
expression and regulation of thermogenic
proteins in WAT and BAT during long-term
and continuous exposure to a CAF diet
before the onset of obesity

In mice prepared to receive EX4 ICV or IP administration,
exposure to a CAF diet for 15 days increased daily calorie intake
(Figure 3B; ICV: tyg _ 5.39, P = 0.01; IP: t,5 _ 3.79, P = 0.01) and
caused a body weight gain of ~ 1 gram (Figure 3C; ICV: ty5 _ 2.78,
P =0.01; IP: t,3 - 3.79, P = 0.01) compared to mice fed control diet.
Still, diet did not affect the final body weight on day 15 (Figure 3D;
ICV: tyg - 1.82, P = 0.09; IP: t55 — 0.49, P = 0.62). After 10 days of
single daily EX4 ICV or IP injections, while mice maintained their
respective diets, only EX4 ICV administration reduced total intake
regardless of diet (Figure 3E; EX4: F ;6 - 21.69, P < 0.01; interaction
between diet and EX4: F; ;¢ - 1.05, P = 0.32). The same effects were
observed for body weight gain and eWAT mass, as only EX4 ICV
administration caused weight loss (Figure 3F; main effect of EX4:
F116-72.18, P <0.01; interaction between diet and EX4: F ;4 - 1.74,
P = 0.29) and reduced eWAT (Figure 3G; main effect of EX4:
F116-11.86, P <0.01; interaction between diet and EX4: F; ;4 -0.91,
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P = 0.35). EX4 IP did not affect weight gain or eWAT mass
(Figures 3F, G; P > 0.05 for all effects). These data indicate that
repeated EX4 ICV, but not IP administration, can reduce intake,
body weight, and adiposity during continuous access to a CAF diet.

We next examined whether the route of EX4 administration
(ICV vs. IP) altered the expression of proteins related to lipolysis
and thermogenesis in WAT and BAT. We selected HSL, a key
enzyme in triglyceride hydrolysis that is activated by
phosphorylation (38), and UCP1, an essential protein for
thermogenesis (39). EX4 ICV administration increased the pHSL/
HSL protein levels in mice fed with either CAF or the control diet,
while EX4 IP had no effect regardless of dietary intervention
(Figures 4A, B). Yet, in mice with EX4 ICV or IP administration,
we failed to find differences in the plasma-free fatty acids
independent of diet (Supplementary Figure 1). However, EX4
ICV administration reduced plasma triglycerides and glucose in
mice fed CAF diet (Supplementary Figure 1C-D). EX4 ICV, but not
IP administration, also increased UCP1 in BAT in mice fed control
but not CAF diet (Figures 4C, D). However, for mice who received
vehicle IP injections, UCP1 BAT levels were higher in mice fed CAF
diet compared to those fed chow. Together, these data indicate that
EX4 ICV administration increases pHSL in eWAT of mice fed
control or CAF diet and that EX4 ICV administration increases
UCP1 in BAT in mice fed control but not CAF diet.

3.4 Experiment 4. EX4 ex-vivo does not
induce lipolysis in WAT explants of mice
fed control or CAF diet

Mice fed a CAF diet for 12 weeks had a significantly larger body
weight gain (ABW) and percent adiposity compared to mice fed
control diet (Figures 5B, C; ABW: t,; - 6.17, P < 0.01; %adiposity:
tr1 = 9.52, P < 0.01). Expression of GLPIR in the hypothalamus was
significantly greater by 10-fold compared to either eWAT or iWAT
depots (Figure 5D; F,,; - 21.11, P < 0.01) and GLP1R mRNA was
not affected by diet (Figure 5E; F; 1o = 0.89, P = 0.37). In an ex-vivo
assay for lipolysis with isoproterenol (ISO) as a positive control for
lipolytic activation, EX4 failed to increase glycerol release in eWAT
and iWAT explants from mice fed CAF or control diet despite that
the CAF diet enhanced the lipolytic response to isoproterenol in
eWAT (Figure 5E). EX4 ex-vivo also failed to increase pHSL
expression in the explants from both WAT depots independent of
diet. In contrast, ISO increased pHSL in all WAT depots without
difference between diets (Figures 5F, G). Overall, consistently with
low levels of GLP1R expression in eWAT and iWAT regardless of
diet, direct application of EX4 failed to increase lipolysis in eWAT
and iWAT from mice fed either CAF or control diet.

4 Discussion

This study aimed to understand how exposure to an obesogenic
food environment could alter the effects of EX4 on food intake,
weight loss, and adipose tissue metabolism. We first tested whether
different schedules of CAF diet before the onset of obesity could
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reduce the anorectic, lipolytic, and thermogenic effects of GLP1R
activation by peripheral and central EX4 administration. Second, we
tested whether ex-vivo EX4 would increase WAT lipolysis and if
long-term exposure to a CAF diet influenced lipolysis. Our data
show that, while EX4 ICV and IP administration can reduce intake
of palatable snacks during short-term exposure to a CAF diet (3 h/d
for five to eight days), only EX4 ICV can reduce intake and body
weight in mice with continuous (24 h/d for 15 days) access to a CAF
diet. Finally, ex-vivo EX4 does not increase lipolysis in eWAT and
iWAT explants from lean mice fed a control diet or obese mice fed a
CAF diet for 13 weeks.

We show that EX4 ICV or IP administration, but into PVN, can
reduce palatable food intake during intermittent short-term access
to a CAF diet (Figures 1B, 2B). However, EX4 reduced chow intake
regardless of the administration route. The anorectic effect of EX4
on chow was reduced by a previous ICV administration of the
GLPIR antagonist EX3 (Figure 1C). However, as EX3 was injected
into the ventral third ventricle, its diffusion most likely only reached
periventricular hypothalamic nuclei (40, 41), while the anorectic
actions of EX4 involve vagal-mediated effects and central effects that
engage hypothalamic and extra-hypothalamic GLPIR (15, 42).
Thus, it is unlikely that EX3 administration could have blocked
all central effects of EX4 in this study.

The effects of EX4 in PVN on chow intake were smaller relative
to both EX4 ICV and IP, which is consistent with the expected
engagement of more brain sites that express GLP1R by ICV or IP
EX4 administration. We previously showed that EX4 IP in Balb/c
male mice reduced chow intake but could not block palatable food
intake during short-term access (3 h/d for seven days) to a CAF diet
(21). In the studies presented here, we used male C57BL6/] mice;
thus, strain differences might account for the differences in
sensitivity to EX4 IP administration. The lack of effects of EX4
into the PVN on intake of CAF diet was unexpected, as PVN
receives strong innervation of PPG-NTS neurons and activation of
the GLP1R receptors in this brain region can inhibit chow intake
(16-18). Because ICV injection into the ventral 3 ventricle would
be expected to engage more brain sites than just PVN, this result
suggests that the activation of the GLP1R over several brain sites is
necessary to reduce palatable food intake.

Although EX4 ICV or IP administration can reduce the intake
of chow and palatable snacks during short-term intermittent access
to a CAF diet, only repeated administration of the same ICV EX4
dose reduced intake during continuous and longer exposure to CAF
diet for 15 days. We previously showed that exposing mice to a CAF
diet for ten weeks caused obesity and blocked the anorexigenic
effects of EX4 IP administration on the intake of palatable snacks
(21). In this study, mice only had access to a CAF diet for two weeks,
which caused hedonic intake (indicated by increased intake of
palatable food relative to chow) and a small (~1 g) weight gain
(Figure 3C). Still, this exposure to the CAF diet failed to induce
absolute differences in body weight (Figure 3D), which suggests that
mice were in the early stages of obesity development compared to
mice fed a CAF diet for 12 weeks (Figure 5). Although a higher dose
of EX4 IP in mice with continuous access to a CAF diet might have
reduced intake and caused body weight loss, we highlight the
contrasting results between the effects of EX4 IP during short-
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term exposure to CAF (3 h daily every other day for a total of 5 days
including acclimation) and longer exposure to CAF (continuous
access for a total of 25 days including acclimation). This result
supports that chronic intake of palatable foods can alter the
response to EX4 during the early stages of obesity, which might
contribute to further increases in food intake and body weight
over time.

It is possible that the extended period of the CAF diet could
have also reduced the transport of EX4 into the central nervous
system, which depends on passive mechanisms (43) as well as active
endothelial transport dependent on GLP1 receptor activity (44, 45).
However, whether tanycytes mediate EX4 transport into the brain
has not been examined (46). Future studies should assess whether
CAF diet feeding reduces EX4 transport across the blood-
brain barrier.

Consistent with the differences in their effects on adiposity, EX4
ICV but not IP administration increased pHSL expression
regardless of diet, and only EX4 ICV in mice fed chow increased
BAT UCP1 expression (Figure 4). The latter result is consistent with
data showing that activation of the GLPIR in the dorsal medial
hypothalamus (a brain site likely reached by EX4 ICV
administration into the third ventricle) can increase BAT
thermogenesis (47). Our data show that CAF diet exposure
blocked this effect, suggesting that the weight loss caused by EX4
ICV is primarily due to a reduction in intake rather than the
thermogenesis mediated by UCP1 in BAT. However, confirming
this hypothesis would require direct measurements of energy
expenditure. In mice fed a CAF or control diet for 15d, EX4 ICV
reduced plasma TG and glycemia. However, EX4 ICV failed to
reduce plasma FFA regardless of diet. While in mice fed the control
diet, this could suggest higher clearance of FFA from plasma due to
increased UCP1 expression in BAT (25, 27, 28, 31), this effect is
absent in mice fed CAF diet. Further examination of the effects of
EX4 and CAF diet on WAT metabolism would be needed to
support this hypothesis. Still, these effects are observed without
the manifestation of obesity, suggesting they might reflect a
metabolic dysfunction in WAT associated with inflammation
caused by poor dietary quality (22, 23, 48) as mice fed CAF diet
continued to consume more calories from palatable snacks even
during EX4 injection.

We demonstrated that EX4 failed to increase lipolysis in eWAT
or iWAT explants ex-vivo. This is consistent with a lack of effects in
pHSL and the low levels of GLP1R mRNA detected in these tissues
compared to those in the hypothalamus. These data align with data
from transgenic mice lacking GLP1R WAT expression (49) and the
hypothesis that the effects of activating GLPIR on WAT
metabolism are mediated by activation of the sympathetic
nervous system (33). The lack of effect of EX4 on pHSL
expression in eWAT or iWAT ex-vivo (Figure 5) is also
consistent with the lack of effects of repeated EX4 IP on pHSL in
either tissue, but that EX4 ICV increased pHSL in both WAT depots
regardless of diet. Together, these data support the conclusion that
eWAT and iWAT do not express a functional GLP1R (33).

Our data have clinical implications. Our data support that
exposure to the obesogenic environment, without the
development or manifestation of obesity, is sufficient to alter the
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response to GLP1R agonists. Further, these data suggest that the
anorectic effects of GLP1R activation also depend on the duration of
the exposure to the obesogenic environment. Together, these data
highlight the need to consider the individual food environment and
personal history in the success of anti-obesity interventions for
GLPIR agonists. Our data also suggest that central administration
of GLPIR agonists is more effective in causing weight loss than
peripheral administration, which might impact the pharmacological
designing of new GLP1R agonists over the following years to favor
their brain actions. Similarly, this study, and future ones, will help to
understand which tissues expressing GLP1R are essential in the
anorectic effects of GLPIR agonists. Overall, our findings have
future implications in therapeutical modifications of current GLP1
agonists, considering exposure, administration route, and
tissue specificity.

In conclusion, we showed that either ICV or peripheral EX4
administration reduced palatable food intake during intermittent
and short exposure to a CAF diet. However, EX4 administration
into PVN failed to reduce CAF diet intake. Yet, during continuous
and longer exposure to a CAF diet over 15 days before the
development of obesity, only central activation of GLP1R reduced
intake and caused weight loss. Yet, the same duration of exposure to
a CAF blocked the increase in UCP1 in BAT caused by EX4 ICV
administration. Finally, we demonstrated that WAT expression of
GLPIR and activation are marginal in mice regardless of whether
the animals are fed control or CAF diet. Overall, these results
support the concept that exposure to the obesogenic food
environment without or before the development or manifestation
of obesity can alter the response to GLP1R agonists and that the
effects of GLP1R activation on WAT are not mediated by the direct
action of GLP1R agonists on this tissue regardless of obesity.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee at Pontificia Universidad Catolica
de Chile.

References

1. Levitsky DA, Pacanowski CR. Free will and the obesity epidemic. Public Health
Nutr (2012) 15(1):126-41. doi: 10.1017/S1368980011002187

2. Rossi MA, Stuber GD. Overlapping brain circuits for homeostatic and hedonic
feeding. Cell Metab (2018) 27(1):42-56. doi: 10.1016/j.cmet.2017.09.021

3. Morton GJ, Meek TH, Schwartz MW. Neurobiology of food intake in health and
disease. Nat Rev Neurosci (2014) 15(6):367-78. doi: 10.1038/nrn3745

4. Stice E, Figlewicz DP, Gosnell BA, Levine AS, Pratt WE. The contribution of brain
reward circuits to the obesity epidemic. Neurosci Biobehav Rev (2013) 37(9 Pt A):2047-
58. doi: 10.1016/j.neubiorev.2012.12.001

Frontiers in Endocrinology

11

10.3389/fendo.2023.1164047

Author contributions

CP-L and PM conceived and designed the research; CP-L, PM,
and CJ performed the experiments. CP-L, PM, and CJ analyzed data
and prepared the figures. CP-L drafted the manuscript. All authors
contributed to interpreting experiments, editing, and revising the
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by FONDECYT Regular 1200578 and
SOCHED Grants 2019/1 (to CP-L), FONDECYT Postdoctoral
3190416 (to PM), FONDECYT Regular 1221146 (to VC),
FONDECYT Regular 1230905 (to BK), ANID Beca Doctorado
Nacional 21211997 (to CJ), FONDECYT Regular 1190419 (to
RB), FONDECYT Regular 1200499 (to EM), and ANILLO de
Ciencia y Tecnologia ANID ACT210039 (to CP-L, BK, VC,
and RB).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fend0.2023.1164047/
full#supplementary-material

5. Lutz TA, Woods SC. Overview of animal models of obesity. Curr Protoc
Pharmacol (2012). 58:5.61.1-5.61.18. doi: 10.1002/0471141755.ph0561s58

6. Lalanza JF, Snoeren EMS. The cafeteria diet: a standardized protocol and its effects on
behavior. Neurosci Biobehav Rev (2021) 122:92-119. doi: 10.1016/j.neubiorev.2020.11.003

7. Mattar P, Uribe-Cerda S, Pezoa C, Guarnieri T, Kotz CM, Teske JA, et al. Brain
site-specific regulation of hedonic intake by orexin and DYN peptides: role of the PVN
and obesity. Nutr Neurosci (2022) 25(5):1105-14. doi: 10.1080/1028415X.2020.1840049

8. Sampey BP, Vanhoose AM, Winfield HM, Freemerman AJ, Muehlbauer MJ,
Fueger PT, et al. Cafeteria diet is a robust model of human metabolic syndrome with

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1164047/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1164047/full#supplementary-material
https://doi.org/10.1017/S1368980011002187
https://doi.org/10.1016/j.cmet.2017.09.021
https://doi.org/10.1038/nrn3745
https://doi.org/10.1016/j.neubiorev.2012.12.001
https://doi.org/10.1002/0471141755.ph0561s58
https://doi.org/10.1016/j.neubiorev.2020.11.003
https://doi.org/10.1080/1028415X.2020.1840049
https://doi.org/10.3389/fendo.2023.1164047
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Mattar et al.

liver and adipose inflammation: comparison to high-fat diet. Obes (Silver Spring) (2011)
19(6):1109-17. doi: 10.1038/0by.2011.18

9. Tan Q, Akindehin SE, Orsso CE, Waldner RC, DiMarchi RD, Muller TD, et al. Recent
advances in incretin-based pharmacotherapies for the treatment of obesity and diabetes.
Front Endocrinol (Lausanne) (2022) 13:838410. doi: 10.3389/fend0.2022.838410

10. Hayes MR, Mietlicki-Baase EG, Kanoski SE, De Jonghe BC. Incretins and
amylin: neuroendocrine communication between the gut, pancreas, and brain in
control of food intake and blood glucose. Annu Rev Nutr (2014) 34:237-60. doi:
10.1146/annurev-nutr-071812-161201

11. Andersen A, Lund A, Knop FK, Vilsboll T. Glucagon-like peptide 1 in health and
disease. Nat Rev Endocrinol (2018) 14(7):390-403. doi: 10.1038/s41574-018-0016-2

12. Muller TD, Finan B, Bloom SR, D'Alessio D, Drucker DJ, Flatt PR, et al.
Glucagon-like peptide 1 (GLP-1). Mol Metab (2019) 30:72-130. doi: 10.1016/
j.molmet.2019.09.010

13. Brierley DI, Holt MK, Singh A, de Araujo A, McDougle M, Vergara M, et al.
Central and peripheral GLP-1 systems independently suppress eating. Nat Metab
(2021) 3(2):258-73. doi: 10.1038/s42255-021-00344-4

14. Zhang T, Perkins MH, Chang H, Han W, de Araujo IE. An inter-organ neural
circuit for appetite suppression. Cell (2022) 185(14):2478-94 e28. doi: 10.1016/
j.cell.2022.05.007

15. Baraboi ED, St-Pierre DH, Shooner J, Timofeeva E, Richard D. Brain activation
following peripheral administration of the GLP-1 receptor agonist exendin-4. Am |
Physiol Regul Integr Comp Physiol (2011) 301(4):R1011-24. doi: 10.1152/
ajpregu.00424.2010

16. McMahon LR, Wellman PJ. PVN infusion of GLP-1-(7-36) amide suppresses
feeding but does not induce aversion or alter locomotion in rats. Am ] Physiol (1998)
274(1):R23-9. doi: 10.1152/ajpregu.1998.274.1.R23

17. Liu J, Conde K, Zhang P, Lilascharoen V, Xu Z, Lim BK, et al. Enhanced AMPA
receptor trafficking mediates the anorexigenic effect of endogenous glucagon-like
peptide-1 in the paraventricular hypothalamus. Neuron (2017) 96(4):897-909 e5.
doi: 10.1016/j.neuron.2017.09.042

18. Li C, Navarrete J, Liang-Guallpa J, Lu C, Funderburk SC, Chang RB, et al.
Defined paraventricular hypothalamic populations exhibit differential responses to
food contingent on caloric state. Cell Metab (2019) 29(3):681-94.e5. doi: 10.1016/
j.cmet.2018.10.016

19. Colvin K], Killen HS, Kanter MJ, Halperin MC, Engel L, Currie PJ. Brain site-specific
inhibitory effects of the GLP-1 analogue exendin-4 on alcohol intake and operant responding
for palatable food. Int ] Mol Sci (2020) 21(24):9710. doi: 10.3390/ijms21249710

20. Williams DL, Hyvarinen N, Lilly N, Kay K, Dossat A, Parise E, et al.
Maintenance on a high-fat diet impairs the anorexic response to glucagon-like-
peptide-1 receptor activation. Physiol Behav (2011) 103(5):557-64. doi: 10.1016/
j.physbeh.2011.04.005

21. Mella R, Schmidt CB, Romagnoli PP, Teske JA, Perez-Leighton C. The food
environment, preference, and experience modulate the effects of exendin-4 on food
intake and reward. Obes (Silver Spring) (2017) 25(11):1844-51. doi: 10.1002/0by.21939

22. Williams LM, Campbell FM, Drew JE, Koch C, Hoggard N, Rees WD, et al. The
development of diet-induced obesity and glucose intolerance in C57BL/6 mice on a
high-fat diet consists of distinct phases. PloS One (2014) 9(8):e106159. doi: 10.1371/
journal.pone.0106159

23. Wiedemann MS, Wueest S, Item F, Schoenle E]J, Konrad D. Adipose tissue
inflammation contributes to short-term high-fat diet-induced hepatic insulin
resistance. Am ] Physiol Endocrinol Metab (2013) 305(3):E388-95. doi: 10.1152/
ajpendo.00179.2013

24. Takase K, Tsuneoka Y, Oda S, Kuroda M, Funato H. High-fat diet feeding alters
olfactory-, social-, and reward-related behaviors of mice independent of obesity. Obes
(Silver Spring) (2016) 24(4):886-94. doi: 10.1002/0by.21441

25. Xu F, Lin B, Zheng X, Chen Z, Cao H, Xu H, et al. GLP-1 receptor agonist
promotes brown remodelling in mouse white adipose tissue through SIRTI.
Diabetologia (2016) 59(5):1059-69. doi: 10.1007/s00125-016-3896-5

26. Nogueiras R, Perez-Tilve D, Veyrat-Durebex C, Morgan DA, Varela L, Haynes
WG, et al. Direct control of peripheral lipid deposition by CNS GLP-1 receptor
signaling is mediated by the sympathetic nervous system and blunted in diet-induced
obesity. J Neurosci (2009) 29(18):5916-25. doi: 10.1523/JNEUROSCI.5977-08.2009

27. Kooijman S, Wang Y, Parlevliet ET, Boon MR, Edelschaap D, Snaterse G, et al.
Central GLP-1 receptor signalling accelerates plasma clearance of triacylglycerol and
glucose by activating brown adipose tissue in mice. Diabetologia (2015) 58(11):2637-
46. doi: 10.1007/s00125-015-3727-0

28. Decara J, Rivera P, Arrabal S, Vargas A, Serrano A, Pavon FJ, et al. Cooperative
role of the glucagon-like peptide-1 receptor and beta3-adrenergic-mediated signalling
on fat mass reduction through the downregulation of PKA/AKT/AMPK signalling in

Frontiers in Endocrinology

12

10.3389/fendo.2023.1164047

the adipose tissue and muscle of rats. Acta Physiol (Oxf) (2018) 222(4):e13008. doi:
10.1111/apha.13008

29. El Bekay R, Coin-Araguez L, Fernandez-Garcia D, Oliva-Olivera W, Bernal-
Lopez R, Clemente-Postigo M, et al. Effects of glucagon-like peptide-1 on the
differentiation and metabolism of human adipocytes. Br J Pharmacol (2016) 173
(11):1820-34. doi: 10.1111/bph.13481

30. Vendrell J, El Bekay R, Peral B, Garcia-Fuentes E, Megia A, Macias-Gonzalez M,
et al. Study of the potential association of adipose tissue GLP-1 receptor with obesity
and insulin resistance. Endocrinology (2011) 152(11):4072-9. doi: 10.1210/en.2011-
1070

31. Krieger JP, Santos da Conceicao EP, Sanchez-Watts G, Arnold M, Pettersen KG,
Mohammed M, et al. Glucagon-like peptide-1 regulates brown adipose tissue
thermogenesis via the gut-brain axis in rats. Am ] Physiol Regul Integr Comp Physiol
(2018) 315(4):R708-R20. doi: 10.1152/ajpregu.00068.2018

32. McLean BA, Wong CK, Campbell JE, Hodson DJ, Trapp S, Drucker DJ.
Revisiting the complexity of GLP-1 action from sites of synthesis to receptor
activation. Endocr Rev (2021) 42(2):101-32. doi: 10.1210/endrev/bnaa032

33. Beaudry JL, Drucker DJ. Proglucagon-derived peptides, glucose-dependent
insulinotropic polypeptide, and dipeptidyl peptidase-4-Mechanisms of action in
adipose tissue. Endocrinology (2020) 161(1):bqz029. doi: 10.1210/endocr/bqz029

34. Paxinos G, Franklin KB. Paxinos and franklin's the mouse brain in stereotaxic
coordinates. Cambridge, Massachusetts, USA: Academic press (2019).

35. Alvarez B, Barrientos T, Gac L, Teske JA, Perez-Leighton CE. Effects on hedonic
feeding, energy expenditure and balance of the non-opioid peptide DYN-A(2-17).
Neuroscience (2018) 371:337-45. doi: 10.1016/j.neuroscience.2017.11.044

36. Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res (2001) 29(9):e45. doi: 10.1093/nar/29.9.e45

37. Burmeister MA, Ayala JE, Smouse H, Landivar-Rocha A, Brown JD, Drucker DJ,
et al. The hypothalamic glucagon-like peptide 1 receptor is sufficient but not necessary
for the regulation of energy balance and glucose homeostasis in mice. Diabetes (2017)
66(2):372-84. doi: 10.2337/db16-1102

38. Fruhbeck G, Mendez-Gimenez L, Fernandez-Formoso JA, Fernandez S,
Rodriguez A. Regulation of adipocyte lipolysis. Nutr Res Rev (2014) 27(1):63-93. doi:
10.1017/5095442241400002X

39. Richard D, Picard F. Brown fat biology and thermogenesis. Front Biosci
(Landmark Ed) (2011) 16(4):1233-60. doi: 10.2741/3786

40. Chauhan NB, Siegel GJ, Lichtor T. Distribution of intraventricularly
administered antiamyloid-beta peptide (Abeta) antibody in the mouse brain. J
Neurosci Res (2001) 66(2):231-5. doi: 10.1002/jnr.1215

41. Xia RL, Fu CY, Zhang SF, Jin YT, Zhao FK. Study on the distribution sites and
the molecular mechanism of analgesia after intracerebroventricular injection of rat/
mouse hemokinin-1 in mice. Peptides (2013) 43:113-20. doi: 10.1016/
j-peptides.2013.02.020

42. Abbott CR, Monteiro M, Small CJ, Sajedi A, Smith KL, Parkinson JR, et al. The
inhibitory effects of peripheral administration of peptide YY(3-36) and glucagon-like
peptide-1 on food intake are attenuated by ablation of the vagal-brainstem-
hypothalamic pathway. Brain Res (2005) 1044(1):127-31. doi: 10.1016/
j.brainres.2005.03.011

43. Kastin AJ, Akerstrom V. Entry of exendin-4 into brain is rapid but may be
limited at high doses. Int ] Obes Relat Metab Disord (2003) 27(3):313-8. doi: 10.1038/
5).0.0802206

44. Salameh TS, Rhea EM, Talbot K, Banks WA. Brain uptake pharmacokinetics of
incretin receptor agonists showing promise as alzheimer's and parkinson's disease
therapeutics. Biochem Pharmacol (2020) 180:114187. doi: 10.1016/j.bcp.2020.114187

45. Fu Z, Gong L, Liu J, Wu J, Barrett EJ, Aylor KW, et al. Brain endothelial cells
regulate glucagon-like peptide 1 entry into the brain via a receptor-mediated process.
Front Physiol (2020) 11:555. doi: 10.3389/fphys.2020.00555

46. Secher A, Jelsing J, Baquero AF, Hecksher-Sorensen J, Cowley MA, Dalboge LS,
et al. The arcuate nucleus mediates GLP-1 receptor agonist liraglutide-dependent
weight loss. J Clin Invest (2014) 124(10):4473-88. doi: 10.1172/]CI75276

47. Lee SJ, Sanchez-Watts G, Krieger JP, Pignalosa A, Norell PN, Cortella A, et al.

Loss of dorsomedial hypothalamic GLP-1 signaling reduces BAT thermogenesis and
increases adiposity. Mol Metab (2018) 11:33-46. doi: 10.1016/j.molmet.2018.03.008

48. JiY,Sun S, Xia S, Yang L, Li X, Qi L. Short term high fat diet challenge promotes
alternative macrophage polarization in adipose tissue via natural killer T cells and
interleukin-4. J Biol Chem (2012) 287(29):24378-86. doi: 10.1074/jbc.M112.371807

49. Richards P, Parker HE, Adriaenssens AE, Hodgson JM, Cork SC, Trapp S, et al.
Identification and characterization of GLP-1 receptor-expressing cells using a new
transgenic mouse model. Diabetes (2014) 63(4):1224-33. doi: 10.2337/db13-1440

frontiersin.org


https://doi.org/10.1038/oby.2011.18
https://doi.org/10.3389/fendo.2022.838410
https://doi.org/10.1146/annurev-nutr-071812-161201
https://doi.org/10.1038/s41574-018-0016-2
https://doi.org/10.1016/j.molmet.2019.09.010
https://doi.org/10.1016/j.molmet.2019.09.010
https://doi.org/10.1038/s42255-021-00344-4
https://doi.org/10.1016/j.cell.2022.05.007
https://doi.org/10.1016/j.cell.2022.05.007
https://doi.org/10.1152/ajpregu.00424.2010
https://doi.org/10.1152/ajpregu.00424.2010
https://doi.org/10.1152/ajpregu.1998.274.1.R23
https://doi.org/10.1016/j.neuron.2017.09.042
https://doi.org/10.1016/j.cmet.2018.10.016
https://doi.org/10.1016/j.cmet.2018.10.016
https://doi.org/10.3390/ijms21249710
https://doi.org/10.1016/j.physbeh.2011.04.005
https://doi.org/10.1016/j.physbeh.2011.04.005
https://doi.org/10.1002/oby.21939
https://doi.org/10.1371/journal.pone.0106159
https://doi.org/10.1371/journal.pone.0106159
https://doi.org/10.1152/ajpendo.00179.2013
https://doi.org/10.1152/ajpendo.00179.2013
https://doi.org/10.1002/oby.21441
https://doi.org/10.1007/s00125-016-3896-5
https://doi.org/10.1523/JNEUROSCI.5977-08.2009
https://doi.org/10.1007/s00125-015-3727-0
https://doi.org/10.1111/apha.13008
https://doi.org/10.1111/bph.13481
https://doi.org/10.1210/en.2011-1070
https://doi.org/10.1210/en.2011-1070
https://doi.org/10.1152/ajpregu.00068.2018
https://doi.org/10.1210/endrev/bnaa032
https://doi.org/10.1210/endocr/bqz029
https://doi.org/10.1016/j.neuroscience.2017.11.044
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.2337/db16-1102
https://doi.org/10.1017/S095442241400002X
https://doi.org/10.2741/3786
https://doi.org/10.1002/jnr.1215
https://doi.org/10.1016/j.peptides.2013.02.020
https://doi.org/10.1016/j.peptides.2013.02.020
https://doi.org/10.1016/j.brainres.2005.03.011
https://doi.org/10.1016/j.brainres.2005.03.011
https://doi.org/10.1038/sj.ijo.0802206
https://doi.org/10.1038/sj.ijo.0802206
https://doi.org/10.1016/j.bcp.2020.114187
https://doi.org/10.3389/fphys.2020.00555
https://doi.org/10.1172/JCI75276
https://doi.org/10.1016/j.molmet.2018.03.008
https://doi.org/10.1074/jbc.M112.371807
https://doi.org/10.2337/db13-1440
https://doi.org/10.3389/fendo.2023.1164047
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Impact of short and long exposure to cafeteria diet on food intake and white adipose tissue lipolysis mediated by glucagon-like peptide 1 receptor
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Stereotaxic surgeries
	2.3 Drugs and injections
	2.4 Ex-vivo EX4 treatment of adipose tissue explants
	2.5 Western blot
	2.6 Isolation of total RNA, reverse transcription, and qPCR analysis
	2.7 Experiment 1. Chow and palatable food intake after EX4 IP administration during short-term intermittent exposure to CAF diet
	2.8 Experiment 2. Chow and palatable food intake after EX4 ICV or PVN administration during short-term exposure to CAF diet
	2.9 Experiment 3. Body weight, food intake, and WAT metabolism and protein expression after repeated EX4 ICV and IP administration during continuous exposure to CAF diet before induction of obesity
	2.10 Experiment 4. WAT lipolysis after EX4 ex-vivo in mice fed CAF or control diet for 12 weeks
	2.11 Statistical analysis

	3 Results
	3.1 Experiment 1. EX4 IP administration reduced palatable food intake during short-term exposure to a CAF diet
	3.2 Experiment 2. EX4 ICV administration, but not intra-PVN, reduced palatable food intake during short-term exposure to CAF diet
	3.3 Experiment 3. Repeated EX4 ICV, but not IP administration, reduces food intake, causes body weight loss, and alters expression and regulation of thermogenic proteins in WAT and BAT during long-term and continuous exposure to a CAF diet before the onset of obesity
	3.4 Experiment 4. EX4 ex-vivo does not induce lipolysis in WAT explants of mice fed control or CAF diet

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


