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Limiting glucocorticoid secretion increases
the anorexigenic property of Exendin-4
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ABSTRACT

Objective: Glucagon-like peptide-1 (GLP-1) analogs are attractive options for the treatment of type Il diabetes and obesity because of their
incretin and anorexigenic effects. Peripheral administration of the GLP-1R agonist Exendin-4 (Ex-4) also increases glucocorticoid secretion in
rodents and humans, but whether the released glucocorticoids interact with Ex-4’s anorexigenic effect remains unclear.

Methods: To test this, we used two experimental approaches that suppress corticosterone secretion and then assessed Ex-4 effects on eating in
adult male rats. First, we combined acute and chronic low dose dexamethasone treatment with Ex-4. Second, we ablated hindbrain cate-
cholamine neurons projecting to the hypothalamus with anti-dopamine-B-hydroxylase-saporin (DSAP) to block Ex-4-induced corticosterone
secretion.

Results: Combining dexamethasone and Ex-4 produced a larger acute anorexigenic effect than Ex-4 alone. Likewise, chronic dexamethasone
and Ex-4 co-treatment produced a synergistic effect on eating and greater body weight loss in diet-induced obese rats than Ex-4 alone. DSAP
lesions not only blunted Ex-4’s ability to increase corticosterone secretion, but potentiated the anorexigenic effect of Ex-4, indicating that Ex-4-
dependent corticosterone secretion opposes Ex-4’s actions. Consistent with the enhancement of Ex-4’s anorexigenic effect, DSAP lesion altered
Ex-4-dependent changes in neuropeptide Y, preproglucagon, and corticotropin releasing hormone gene expression involved in glucocorticoid
feedback.

Conclusions: Our findings demonstrate that limiting glucocorticoid secretion and actions with low dose dexamethasone or DSAP lesion in-
creases Ex-4’s ability to reduce food intake and body weight. Novel glucocorticoid receptor based mechanisms, therefore, may help enhance

GLP-1-based obesity therapies.

© 2016 The Author(s). Published by Elsevier GmbH. 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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1. INTRODUCTION

Endogenous glucagon-like peptide-1 (GLP-1) contributes to glycemic
control by enhancing glucose-induced insulin secretion and inhibiting
glucagon release [1,2]. In addition to its incretin action, GLP-1 inhibits
eating and gastric emptying by activating peripheral and central
mechanisms [3—7]. Therefore, GLP-1 and its receptor have become
attractive targets for the treatment of type Il diabetes (T2D) and obesity.
Due to the short half-life (<2 min) of native GLP-1, longer acting GLP-1
analogs such as exenatide and liraglutide have been developed, and
they have been approved for the treatment of T2D and, more recently,
obesity [8—10]. GLP-1 analog treatments improve pancreatic B-cell
functions and enhance insulin secretion, thus alleviating hyperglyce-
mia in obese and diabetic patients [11]. The mechanisms of the food
intake and body weight reducing effects of GLP-1 analogs are complex
and appear to recruit central and peripheral GLP-1 receptors (GLP-1R)
[12—15]. Recently, Sisley et al. showed that neuronal GLP-1R, but not
GLP-1R in the visceral nerves, mediate the chronic eating inhibition by

liraglutide [16], emphasizing the importance of central GLP-1R in the
pharmacology of GLP-1 based therapy. The hypothalamic arcuate
nucleus (ARC) and the area postrema (AP) in the hindbrain exhibited a
particular high expression of fluorescent-tagged liraglutide and are
regarded as the major brain sites mediating liraglutide-dependent
weight loss [17].

GLP-1R agonist treatment, however, activates neurons in multiple
brain areas implicated in the control of food intake, glucose meta-
bolism, thermoregulation, and autonomic functions [18—20]. For
instance, Exendin-4 (Ex-4) treatments activate catecholamine (CA)
neurons in hindbrain regions including the AP, the nucleus tractus
solitarii (NTS), and the ventrolateral medulla (VLM), which contribute to
the regulation of heart rate and blood pressure [20,21]. Hindbrain CA
neurons are also known to influence eating and glycemia in gluco-
privation via two distinct pathways, i.e., the activation of 1) the sym-
pathoadrenal response to increase circulating catecholamines, and 2)
the hypothalamic-pituitary-adrenal (HPA) axis to increase corticoste-
rone release [22,23]. In particular, a subset of CA neurons in the NTS
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and VLM projecting to the paraventricular hypothalamus (PVH) are
required for glucoprivic challenges to stimulate eating and cortico-
sterone secretion [24,25]. Neurotoxin-induced ablation of these neu-
rons blunted the corticosterone release and eating response to the
glucoprivic agent 2-deoxy-p-glucose (2DG).

CNS glucose sensing mechanisms also contribute to the eating inhi-
bition by GLP-1 [26]. In fasting and after 2DG treatment, low glucose
availability in the brain blunted the ability of GLP-1 to reduce food
intake in rats, reiterating that GLP-1 is an important regulator of
glucose homeostasis via eating control. Furthermore, acute peripheral
administration of a pharmacological dose of Ex-4 not only produces a
profound eating inhibition, but, paradoxically, also induces hypergly-
cemia by sympathetic nerve and adrenal activation in rats [27]. Indeed,
peripheral administration of GLP-1 or Ex-4 increases HPA activity and
circulating glucocorticoids in rodents (corticosterone) and human
(cortisol) [28]. Because the adrenals do not appear to express GLP-1R
[29], GLP-1 most likely activates a central pathway leading to HPA axis
stimulation [30,31]. Therefore, it is reasonable to speculate that the
activation of CA neurons by Ex-4 stimulates the HPA axis and thus
counterbalances the anorexigenic property of GLP-1R activation when
blood glucose levels are low. Identifying the central mechanism
affecting the potency of GLP-1R agonist treatment will be important for
the improvement of GLP-1-based drug therapies.

To understand the role of HPA axis activation in the eating inhibition by
peripheral Ex-4 administration, we first administered Ex-4 after sup-
pressing corticosterone secretion using low dose dexamethasone, a
long acting synthetic corticoid, in rats fed standard chow diet. This
manipulation increased the anorexigenic potency of Ex-4 and
prompted us to assess the chronic effects of Ex-4 and dexamethasone
co-administration on food intake, body weight, energy expenditure,
and glucose tolerance in diet-induced obese (DIO) rats. Finally, to
investigate the CNS mechanism mediating the Ex-4 effects on the HPA
axis and food intake, we injected anti-dopamine--hydroxylase (DBH)
saporin neurotoxin into the PVH to specifically ablate DBH expressing
neurons projecting to the PVH. Our findings demonstrate that phar-
macological and central lesion approaches to block the downstream
actions of corticosterone can increase the potency of Ex-4 to reduce
food intake, revealing an important balance between GLP-1 and
corticosterone in the regulation of energy homeostasis.

2. MATERIALS AND METHODS

2.1. Animals

Male Sprague Dawley (SD) rats were purchased from Charles River
Laboratories (Sulzfeld, Germany) and housed individually in a climate-
controlled room (temperature: 23 + 2 °C, humidity: 55 + 5%). Rats
were maintained on a 12 h light/dark cycle with ad libitum access to
standard chow diet (No 3436, Provimi Kliba AG, Kaiseraugst,
Switzerland) and tap water, except as noted. All procedures were
approved by the Cantonal Veterinary Office of Zurich.

2.2. Acute dexamethasone and Exendin-4 treatment in lean rats

Twenty-four male SD rats (320—340 g) rats on standard chow diet
were implanted with jugular vein catheters for blood sampling and
recovered for 7 days. The rats were then divided into 4 groups (n = 6)
and received dexamethasone (Sigma—Aldrich, St. Louis, USA, Cat #
31381, 50 pg/kg, s.c.) or PBS 90 min prior to Ex-4 (Bachem,
Switzerland, H-8730, 1 pg/kg, i.p.) at dark onset. Blood was collected
for baseline (90 min prior to dark onset), and at 0 (dark onset), 0.5, 1,
2, 4, and 24 h for the measurements of leptin, insulin, and cortico-
sterone. Food intake, body weight, and energy expenditure were
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measured for 24 h in an open circuit calorimetry phenomaster system
(TSE systems, Bad Homburg, Germany).

2.3. Chronic dexamethasone and Exendin-4 treatment in obese
rats

Another cohort of twenty four male SD rats (320—340 g) were fed 60%
high-fat diet (HFD, Ssniff Spezialdidten GmbH, Soest, Cat # E15742-
34) for 20 weeks and were monitored for body weight gain weekly.
After 20 weeks on HFD, obese rats (600—800 g) were divided into 4
groups (n = 6) and received either dexamethasone (5 1g/kg, s.c.) and/
or Ex-4 (3 ng/kg, s.c.) treatment at dark onset for 14 days. Food intake
and body weight were measured daily. After 14 days, rats were
subjected to indirect calorimetry and to an intraperitoneal glucose
tolerance test. Blood was collected for leptin (fasted) and corticoste-
rone (at the peak time of circadian rhythm) measurements by tail vein
sampling.

2.4. Indirect calorimetry

Respiratory exchange ratio (RER) and heat production (EE) measure-
ments were conducted in an open circuit calorimetry Phenomaster
system (TSE) after 3 days of habituation. Data are presented as the
average RER and EE values in dark, light, and total cycle.

2.5. Glucose tolerance test (IPGTT)

All rats were fasted overnight and treated with 2 g/kg glucose (i.p.).
Tail vein blood was collected at 0, 15, 30, 60, 90, and 120 min after
glucose bolus injection.

2.6. Stereotaxic surgeries

SD rats (320—340 g; pre-surgical body weight) were anesthetized by
intraperitoneal injection of 2 mg/kg Xylazine (Rompun 2%, Provet AG,
Lyssach, Switzerland) and 10 mg/kg BW Ketamin (Ketalar 50 mg/ml,
Pfizer AG, Zurich, Switzerland) and positioned in the stereotaxic
apparatus. Fluorogold (FG, Fluorochrome, LLC USA; 2.5% in PBS) was
unilaterally injected into the PVH (1.8 mm caudal, 0.4 mm lateral to the
bregma, and 7.7 mm ventral to dura) using a glass capillary micro-
pipette connected with polyethylene (PE)-tubing to a microinjector
(Picospritzer lll, Parker Hannifin, Hollis, USA). All FG injected rats
(n = 4) were implanted with intraperitoneal catheters for subsequent
drug injections. Similarly, DSAP (Advanced Targeting Systems, San
Diego, USA; 42 ng/200 nl in phosphate buffer, pH 7.4) or equimolar
concentrations of unconjugated saporin were bilaterally injected into
the PVH of 27 male SD rats. DSAP (n = 17) or SAP (n = 10) injected
rats were implanted with jugular vein catheters for blood sampling.
Previous studies [25,32] indicated that 2 weeks is adequate for the
transport of the immunotoxin and degeneration of the affected neurons
following the injection; therefore, behavioral and metabolic effects
were assessed beginning approximately 3 weeks following DSAP
injections.

2.6.1. 2DG test

To verify the lesion, a glucoprivic feeding test was performed using 2-
deoxy-p-glucose (2DG, Sigma, 200 mg/kg, s.c.). Rats were injected
with 2DG or saline before dark onset. Food intake was measured 4 h
following the injection. Rats showing 30% increase in food intake
(2DG-induced hyperphagia in SAP group) were eliminated from the
analysis in DSAP group.

2.6.2. Food intake measurements

On the day of the experiment, all SAP and DSAP rats were fasted for
4 h and received either Ex-4 (0.3 and 1.0 pg/kg, i.p.) or saline at dark
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onset (within-subjects design). Food intake was measured at 1, 2, 4,
and 24 h after drug infusion.

2.6.3. Gastric emptying

For one week prior to the experiment, rats were adapted to a restricted
feeding schedule: a test meal (4 g chow) was given at the beginning of
the dark phase, and food access was only allowed for 5 h during the
middle of dark phase. On experimental days, all SAP and DSAP rats
received either Ex-4 (1.0 pg/kg, i.p.) or saline and were given a 4 g test
meal containing 1% (w/w) paracetamol (4-acetamido-phenol, Sigma—
Aldrich, Cat # P0300000) and 0.25% (w/w) saccharin (Sigma—
Aldrich). Tail vein blood was taken 30 min prior to dark onset and 20,
40, 60, 90, 120 and 180 min after test meal onset with pre-coated
EDTA micro-cuvettes (SARSTEDT, Nimbrecht Germany, Cat #
444100), immediately placed on wet ice, centrifuged, and stored at
—20 °C until measurement of paracetamol concentrations with a
commercial kit (Cambridge Life Sciences, Ely, England K8002) adapted
for a multiwell plate reader (Synergy MX, BioTek, Winooski, VT, USA).

2.6.4. Blood sampling

Blood sampling was performed during the light phase. After 3 h
fasting, Ex-4 (1.0 pg/kg BW) or saline was then infused through the
intraperitoneal catheters and blood samples were collected at 15, 30,
60, and 120 min after infusion with pre-coated EDTA micro-cuvettes.

2.7. Plasma analysis

Corticosterone was measured using a commercially available corti-
costerone ELISA kit (AssayPro, St. Charles, MO, USA) according to the
manufacturer’s protocol. Glucose levels were analyzed by Cobas MIRA
autoanalyzer (Hoffman LaRoche, Basel, Switzerland). Insulin and leptin
levels were measured by using a Multi-Array Mouse/Rat Insulin and
Leptin kit (Meso Scale Discovery, Gaithersburg, USA).

2.8. Animal perfusion and histology

To detect c-Fos induced by peripheral Ex-4 treatment, rats were fasted
for 3 h and injected with Ex-4 (1.0 pg/kg, i.p., 3 pg, i.c.v.) or saline
before the dark onset. Ninety min after administration, rats were deeply
anesthetized with pentobarbital (100 mg/kg i.p., Cantonal pharmacy,
Zurich, Switzerland) and perfused transcardially with 0.9% saline, fol-
lowed by 4% paraformaldehyde (pH 7.4). The brains were removed,
postfixed for at least 6 h, switched to PBS (0.1 M, pH 7.2) solution
containing 25% glucose, and then snap frozen in dry ice. SDA brain
tissue was generously provided by M. A. Labouesse, ETH Zurich [19].
Brains were then sectioned at 25 pum using a freezing sliding microtome
and stored in a cryoprotectant solution at —20 °C until further pro-
cessing. For c-Fos immunohistochemistry, sections were incubated
with rabbit anti-c-Fos antibody (1:5,000; Santa Cruz Biotechnology,
Santa Cruz, CA, Cat # SC-52) in blocking buffer for 48 h. After incu-
bation, the tissue was rinsed in PBS, incubated in biotinylated donkey
anti-rabbit IgG (1: 1,000; Jackson ImmunoResearch, West Grove, PA,
Cat # 715-065-151) in PBS with 0.3% Triton X-100 (PBST) for 1 h, and
then washed and incubated in avidin-biotin solution (vectastain; Vector
Laboratories, Burlingame, CA, Cat # PK-6100) for 1 h c-Fos immuno-
reactivity was visualized with 3,3’-diaminobenzidine (DAB, Sigma, Cat #
D12384) enhanced with nickel chloride. Sections were then mounted
on gelatin-coated slides, dehydrated in an increasing series of alcohols,
defatted in xylene, and coverslipped with permount (Fisher Scientific,
USA, Cat # SP15-500). For fluorescent staining of c-Fos, DBH, and FG,
tissue sections were incubated in c-Fos antibody (as described above)
and 1: 3000 mouse anti DBH (Milipore Corporation, Tenecula, USA, Cat
# MAB308), 1: 10,000 guinea pig anti FG (Protos Biotech Corp. Cat #
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NM-101) in PBST for 48 h at 4 C. The tissues were then rinsed and
incubated in 1:1000 donkey anti-mouse Alexa Fluor 488 (In Vitrogen,
Waltham, USA, Cat # A-21202), donkey anti-rabbit Alexa Fluor 568
(In Vitrogen, Cat # A- A10042), donkey anti-guinea pig Alexa Fluor 647
(Jackson ImmunoResearch, Cat # 706-605-148) For the verification of
the DBH neuronal lesion, tissue sections were incubated with mouse
anti-DBH antibody (1:10,000) and visualized with the DAB staining
procedure described above.

2.9. Confocal imaging

Immunostained sections were imaged on a laser scanning confocal
microscope (Leica TCS SP, Leica Microsystems, Inc., Bannockburn, IL)
equipped with a 20x glycerol-corrected objective. All images of c-Fos
(using a 488 nm AR laser), DBH (using a 561 nm DPSS laser), and FG
(using a 633 nm HeNe laser) were taken at 1 M increments along the
z-axis of the tissue. Each wavelength was imaged sequentially to avoid
bleed-through of different fluorophores. The stacks of individual optical
slices were analyzed using the Image J software to determine co-
localization. The confocal images are presented as projections of
stacks of optical images. The brightness and contrast of the images
were adjusted in Photoshop to match microscopic visualization (Adobe
Systems Inc., San Jose, CA).

2.10. Gene expression analysis

SAP and DSAP rats were injected with Ex-4 (1 1g/kg, i.p.) or saline and
were decapitated 30 min post injection. Brains were then collected and
frozen in liquid nitrogen and stored at —80 °C for RNA extraction. NTS,
ARC, and PVH areas were mircropunched using anatomical landmarks
and RNA was extracted using Trizol (Life Technologies) according to
the manufacturer’s protocol. RT-qPCR was performed using SYBR
green on a OneStep Plus Real Time PCR instrument (Applied Bio-
systems) and results were analyzed using the 2ddCt method (all primer
sequences available upon request).

2.11. Statistical analysis

Data were analyzed by a Student’s t-test for unpaired normally
distributed values of equal variance using GraphPad Prism (version
6.05 for Windows). Where the dependent variable was affected by two
or more factors, the data were analyzed with ANOVA. When the main
effect or interaction terms were significant, post-hoc analyses using
the Bonferroni correction were performed. Energy expenditure was
also analyzed by a full factorial analysis of covariance, with the body
weight as covariate, using IBM SPSS statistics version 22. Data are
presented as means & SEM. p-values < 0.05 were considered sig-
nificant. All graphs were generated using GraphPad Prism (version
6.05 for Windows).

3. RESULTS

3.1. Acute HPA axis suppression increases the anorexigenic effect
of Ex-4

To test the role of the HPA axis in the Ex-4-induced eating inhibition,
we used dexamethasone to suppress the HPA axis and corticosterone
secretion. Dexamethasone (DXM, 50 pg/kg, s.c.) was administered
90 min prior to Ex-4 (1 pg/kg, i.p.) at dark onset, followed by a series
of blood samplings and food intake and body weight assessments at
24 h (Figure 1A). Dexamethasone rapidly reduced plasma corticoste-
rone levels compared to vehicle and Ex-4 alone (p < 0.01, Figure 1B).
With ad-libitum feeding, Ex-4 (1 pg/kg, i.p.) did not stimulate an acute
(<2 h) increase in plasma corticosterone. Ex-4, however, further
reduced circulating corticosterone in the dexamethasone treated group
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Figure 1: Dexamethasone increases the acute anorexigenic effect of Ex-4. The treatment groups are labeled PBS + PBS (n = 6), PBS + Ex-4 (n = 6), DXM + PBS (n = 6),
and DXM + Ex-4 (n = 6). (A) The experimental paradigm. Dexamethasone (DXM, 50 pg/kg, s.c.) was administered 90 min (—1.5 h) prior to Ex-4 (1 pg/kg, i.p.) treatment at dark
onset (0) in rats fed standard chow diet. (B) Plasma corticosterone level was measured at —1.5, 0 (dark onset), 0.5, 1, 2, 4 h post injection. Drug effect: DXM p < 0.01, multiple
ANOVA (DXM x Ex-4 x Time). (C) 24 h plasma corticosterone levels. Drug effect: DXM p < 0.05, Ex-4 p < 0.005. Only DXM + Ex-4 group significantly reduced corticosterone
compared to vehicle (p < 0.005, 2-way ANOVA). (D) 24 h food intake. Drug effect: DXM p < 0.05, Ex-4 p < 0.05. Only DXM + Ex-4 group significantly reduced food intake
compared to vehicle (p < 0.01, 2-way ANOVA). (E) 24 h body weight change. Dexamethasone reduced body weight (p < 0.0001, 2-way ANOVA). (F) Dexamethasone-induced
leptin secretion. Drug effect: DXM p < 0.001, multiple ANOVA (DXM x Ex-4 x Time). (G) 24 h respiratory exchange ratio (RER). DXM + Ex-4 treatment significantly reduced RER
compared to vehicle (Dark: p < 0.001, Light: p < 0.05, Total: p < 0.001, 2-way ANOVA). (H) 24 h energy expenditure (heat production). Data are mean + SEM. Different letters
indicate a significant difference between the treatment groups after post-hoc Bonferroni-corrected comparisons (p < 0.05).

compared to vehicle at 24 h (p < 0.005, Figure 1C). Similarly, only
dexamethasone and Ex-4 co-treatment resulted in a significant
reduction in 24 h food intake compared to vehicle (p < 0.01,
Figure 1D), suggesting that dexamethasone increases the potency of
Ex-4 to inhibit eating. Dexamethasone reduced body weight at 24 h
(p < 0.0001), and co-treatment with Ex-4 did not further decrease
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body weight (p < 0.0001, Figure 1E) despite the lower food intake.
Dexamethasone increased plasma leptin levels compared to vehicle
and Ex-4 alone (p < 0.001, Figure 1F). There was, however, no dif-
ference in 24 h plasma leptin levels and insulin levels among the
treatment groups (Supplemental Figure 1A—C). Further, dexametha-
sone and Ex-4 independently reduced the respiratory exchange ratio
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Figure 2: Chronic dexamethasone and Ex-4 co-treatment has a synergistic effect on food intake in DIO rats. DIO rats (fed HFD for 20 weeks) received drug (DXM 5 ug/kg,
s.c. and/or Ex-4 3 ug/kg, s.c.) treatments at the dark onset for 14 consecutive days. The treatment groups are labeled PBS + PBS (n = 6), PBS + Ex-4 (n = 6), DXM + PBS
(n = 6), and DXM + Ex-4 (n = 6). (A) Cumulative food intake (kcal/BW) for 14 days. (B) Average daily food intake (kcal/BW) during 14 days. The co-treatment had a synergistic
effect on food intake (DXM x Ex-4 interaction p < 0.05, 2-way ANOVA). (C) Body weight change (% of pre-treatment body weight) during daily drug treatments. (D) Body weight
change after 14 days. Both Ex-4 and dexamethasone caused body weight loss and the co-treatment augmented this effect (PBS + Ex-4 vs. DXM + Ex-4 p < 0.0001; DXM + PBS
vs. DXM + Ex-4 p < 0.0001, 2-way ANOVA). (E) Respiratory exchange ratio (RER). (F) Energy expenditure (EE). (G) Plasma corticosterone levels. (H) Plasma leptin levels after
overnight fasting. Dexamethasone alone increased leptin level compared to vehicle (p < 0.05, 2-way ANOVA). Data are mean + SEM. Different letters indicate a significant
difference between the treatment groups after post-hoc Bonferroni-corrected comparisons (p < 0.05).

(RER) (DXM p < 0.001, Ex-4 p < 0.01), and the drug combination
augmented this effect over 24 h (DXM + Ex-4 vs. PBS + PBS
p < 0.001, Figure 1G). There was no significant effect of dexameth-
asone and/or EX-4 treatment on overall energy expenditure (EE,
Figure 1H). Together, these data demonstrate that the HPA axis sup-
pression by dexamethasone augmented the anorexigenic effect of Ex-4
without affecting EE.
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3.2. Chronic dexamethasone and Ex-4 treatment synergistically
decreases food intake in diet-induced obese (DIO) rats

Next we hypothesized that dexamethasone and Ex-4 co-treatment
should produce a greater appetite and weight reduction in DIO rats fed
a 60% fat diet for 20 weeks. Ex-4 (3 ug/kg BW, s.c.) alone reduced
daily food intake (PBS + Ex-4, 0.11 4 0.001 kcal/BW, p < 0.0001)
and lowered cumulative food intake for 14 days (p < 0.005) compared
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to vehicle, whereas dexamethasone (5 ug/kg BW, s.c.) had no effect on
food intake (Figure 2A and B). Once daily co-treatment of dexameth-
asone and Ex-4 had a synergistic effect (DXM + Ex-4,
0.09 £ 0.002 kcal/BW, p < 0.0001, DXM x Ex-4 interaction
p < 0.05) on average daily food intake (Figure 2B). Weight loss was
relatively mild in the Ex-4 (PBS + Ex-4, 1.5 4 0.3%, p < 0.0001) and
dexamethasone (DXM + PBS, 2.9 + 0.6%, p < 0.0001) groups
compared to vehicle (Figure 2C and D). Similar to the effect on food
intake, dexamethasone and Ex-4 co-treatment for 14 days produced
greater body weight loss (DXM + Ex-4, 6.9 4+ 0.6%, p < 0.0001),
suggesting that the reduction in food intake is a major contributor to
the weight loss. Ex-4 treatment at dark onset reduced RER in the dark
phase (p < 0.0001), but there was no significant effect on total RER
and EE (Figure 2E and F). On the other hand, dexamethasone briefly
increased EE after dark onset (1 h post injection, data not shown) but
did not produce a lasting effect on either RER or EE (Figure 2E and F).
There was no significant effect of dexamethasone and Ex-4 co-treat-
ment on total RER and EE compared to vehicle. Plasma corticosterone
level after 14 days was not different among the treatment groups
(Figure 2G). Furthermore, there was no significant difference in the
mean post-mortem thymus and adrenal gland weights between
treatment groups (Supplemental Table 1). Interestingly, fasting leptin
level was significantly higher after chronic dexamethasone treatment
compared to vehicle (p < 0.05), whereas it was unchanged when
dexamethasone was combined with Ex-4 (Figure 2H). In addition,
dexamethasone treated rats were more glucose intolerant during an
IPGTT compared to vehicle (p < 0.05), but the co-treatment with Ex-4
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Table 1 — FG labeled cells are co-localized with DBH and c-Fos after Ex-4
treatment.

3 sections/animal mNTS (n = 3) VLM (n = 3)
# of FG-IR 32.6 + 4.6 336 £ 6.7
# of FG/Fos-IR 216 + 2.6 19.3 + 5.6
% of FG/Fos double labeling 68.9 + 11.5 55.9 + 6.3
# of FG/Fos/DBH 18.3 £ 1.85 18.6 + 6.1
% of FG/Fos/DBH triple labeling 58 + 8.41 52.8 +7.8

Values represent estimates of mean 4 SEM counts of cells.

prevented this effect (Figure 3A and B). Similarly, Ex-4 prevented
dexamethasone-induced hyperinsulinemia (p < 0.05, Figure 3C and
D). Taken together, these data demonstrate that dexamethasone and
Ex-4 co-treatment increases the efficacy of Ex-4 to reduce body weight
in DIO rats mainly via a reduction in food intake, importantly, without
the negative consequences of dexamethasone on metabolic
parameters.

3.3. Ex-4 activates hindbrain CA neurons projecting to the PVH

To understand the interaction between Ex-4 and the HPA-axis, we next
investigated the central pathway mediating the HPA axis activation by
Ex-4. Peripheral and central Ex-4 treatment (1 pg/kg, i.p. and 3 pg,
i.c.v.) similarly increased c-Fos expression in DBH expressing VLM and
NTS neurons (Supplemental Figure 2A—F). This DBH neuronal
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Figure 3: Ex-4 prevents dexamethasone-induced glucose intolerance. (A) Blood glucose level during an IPGTT. (B) Area under curve (AUC) for glucose. Dexamethasone alone
increased glucose level compared to vehicle (p < 0.05, 2-way ANOVA), but Ex-4 prevented this effect. (C) Plasma insulin level during an IPGTT. * indicates elevated fasting insulin
level in DXM + PBS group (p < 0.01, 2-way ANOVA). (D) Area under curve for insulin. Dexamethasone alone increased insulin level compared to vehicle (p < 0.05, 2-way ANOVA),
but Ex-4 prevented this effect. Data are mean + SEM. Different letters indicate a significant difference between the treatment groups after post-hoc Bonferroni-corrected

comparisons (p < 0.05).
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activation by Ex-4 in the NTS was partially attenuated by sub-
diaphragmatic vagal deafferentation (SDA, Supplemental Figure 2G
and H), suggesting the involvement of both vagal and central GLP-
1R in DBH neuronal activation. These CA neurons contribute to the
maintenance of energy balance via projections to hypothalamic areas
including the PVH and ARC [25,33—35]. The retrograde tracer fluo-
rogold (FG) was then injected into the PVH to trace hindbrain neurons
that were co-labeled with c-Fos and DBH after Ex-4 treatment (1 pg/
kg, i.p.). Fifty-eight % of FG labeled cells in the NTS expressed both
DBH and c-Fos and 53% of triple labeled cells were seen in the VLM
(Table 1 and Supplemental Figure 3A—H). Our results indicate that
peripheral Ex-4 treatment activates hindbrain CA neurons projecting to
the PVH via vagal and central GLP-1R.

3.4. DSAP lesion alters HPA axis activity and the anorexigenic
response to Ex-4

To further investigate the role of CA neuronal activation in response
to Ex-4 treatment, the neurotoxin DBH saporin (DSAP) or unconju-
gated saporin (SAP) was stereotaxically injected into the PVH to
selectively target and ablate DBH neurons projecting to the PVH.
Similar to previous findings, DSAP in the PVH was retrogradely
transported, ablated the DBH cell bodies, and reduced the number
of DBH neurons in the NTS (p < 0.005, Supplemental Figure 4A, C,
E) and VLM (p < 0.0001, Supplemental Figure 4B, D, F). As a
functional verification of the DBH neuronal lesion, 2DG treatment
(300 mg/kg BW, s.c.) induced glucoprivic hyperphagia in SAP rats,
but instead decreased 2 h food intake in DSAP rats (Supplemental
Figure 4G). Next we measured the corticosterone response to pe-
ripheral Ex-4 treatment in DSAP lesioned rats. In the fasting con-
dition, Ex-4 (1 ng/kg, i.p.) increased plasma corticosterone levels in
SAP rats compared to vehicle (p < 0.05, Figure 4A). This immediate
rise in plasma corticosterone following Ex-4 injection was attenu-
ated in DSAP rats (Figure 4A and B), suggesting that the HPA axis
response to Ex-4 during fasting was compromised due to the
hindbrain DBH neuronal lesion. Unlike the attenuated corticosterone
response in DSAP rats, plasma glucose levels were similar in SAP
and DSAP rats after Ex-4 injections (p < 0.05, p < 0.05, respec-
tively, Figure 4C and D). This indicates that separate CA neurons
projecting to the spinal cord were unaffected by DSAP and
increased glucose levels via activation of a sympathomedullary
pathway. Surprisingly, Ex-4 treatment (1 pg/kg, i.p.) caused a
substantial short-term inhibition of eating in DSAP rats compared to
that of SAP rats (p < 0.005, Figure 4E and F). Ex-4 treatment is also
known to inhibit gastric emptying, which contributes to Ex-4-
induced satiation. Gastric emptying was indeed slower in DSAP
rats after Ex-4 treatment compared to SAP rats, indicating that CA
neurons are also involved in the inhibiting effect of Ex-4 on gastric
emptying (Figure 4G and H).

3.5. DBH neuronal ablation alters brain responses to Ex-4

Consistent with previous findings, Ex-4 (1 pg/kg, i.p.) increased the
number of c-Fos expressing cells in the NTS (p < 0.05, Figure 5A
and B) and PVH (p < 0.05, Figure 6A and B). In DSAP lesion rats,
the c-Fos expression induced by Ex-4 was attenuated in the NTS
(Figure 5CG—E), indicating that the DBH neuronal lesion reduced the
number of NTS cells responding to Ex-4. As expected from the
lesion, NTS DBH mRNA expression was significantly lower in DSAP
rats (p < 0.001), whereas NTS NPY mRNA was unaffected by either
lesion or drug (Figure 5F and G). Interestingly, there was a trend
toward a decrease in preproglucagon (PPG) gene expression in the
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NTS of SAP rats (p = 0.06), but this trend was not observed in
DSAP rats (Figure 5H). In the PVH, c-Fos expression in the mag-
nocellular and parvocellular divisions of the PVH was abolished in
DSAP rats (Figure 6C—F). Ex-4 suppressed corticotropin-releasing
hormone (CRH) mRNA in DSAP rats (p < 0.05) but not in SAP
rats (Figure 6H). Neither lesion nor drug affected thyrotropin-
releasing hormone (TRH) and oxytocin mRNA expression in the
PVH (Figure 6G and I). Ex-4 had little effect, however, on the number
of c-Fos positive cells in the ARC in either SAP or DSAP rats
(Figure 7A—E). On the other hand, the number of c-Fos positive
cells was affected by the lesion itself and was higher in the ARC of
DSAP rats than in SAP rats (p < 0.05, Figure 7E). This increase in
c-Fos was localized in B-endorphin positive neurons, indicating that
the DSAP lesion resulted in a tonic activation of proopiomelanocortin
(POMC) expressing cells (Figure 7C, D, and F). Ex-4 treatment did
not affect POMC mRNA expression (Figure 7G), but decreased
neuropeptide Y (NPY, drug effect p < 0.001, Figure 7H) and agouti-
related peptide (AgRP, drug effect p < 0.0001, Figure 7I) mRNA. Ex-
4, however, significantly decreased NPY gene expression in DSAP
rats (p < 0.005) but not in SAP rats, raising the possibility that Ex-4
and corticosterone may interact in the ARC neurons.

4. DISCUSSION

GLP-1R agonist treatment exerts multiple effects beyond the well-
known incretin and anorexigenic properties [36]. Recent reports
demonstrate that peripheral and central GLP-1R agonist treatments
increase sympathetic output and stimulate the HPA axis
[28,30,37,38], but the functional implications of this activation in
the context of eating behavior are unclear. Here we show that the
pharmacological suppression of the HPA axis by dexamethasone
augmented the Ex-4-induced anorexia. Moreover, a prolonged Ex-4
treatment in combination with low dose dexamethasone produced
synergistic reductions of food intake and body weight in DIO rats.
We further demonstrate that the ability of peripheral GLP-1R agonist
Ex-4 administration to stimulate corticosterone secretion involves
hindbrain catecholamine (CA) neurons with ascending projections to
the hypothalamus [23,33,39,40]. Neurotoxin-induced lesions of this
pathway indeed enhanced the anorexigenic effects of Ex-4 when
corticosterone availability was limited. Our data support the idea
that endogenous corticosterone, presumably by a central action,
reduces the anorexigenic effect of Ex-4. This has important clinical
implications for GLP-1R agonist-based drug development and
therapy.
We first assessed the interaction between GLP-1 and the HPA axis by
acutely administering dexamethasone in combination with Ex-4.
Dexamethasone suppresses corticosterone secretion by primarily
acting at the glucocorticoid receptor in the pituitary [41]. It also in-
creases leptin secretion which is linked to dexamethasone-induced
weight loss [42,43]. While the combination of Ex-4 with dexametha-
sone and dexamethasone alone similarly reduced body weight in 24 h,
Ex-4 and dexamethasone co-treatment had a more potent anorexi-
genic effect than either drug alone. After dexamethasone treatment,
the level of systemic corticosterone was negatively correlated with Ex-
4’s anorexigenic effect. It is important to note that dexamethasone, at
the dose we used here, differs from corticosterone in two ways. Its
entry into the brain is very limited by P-glycoprotein expression in the
blood brain barrier (BBB), and it only modestly increases glucocorticoid
action in the periphery [41,44]. Thus, because corticosterone signaling
through CNS glucocorticoid receptor stimulates food intake [45,46],
the
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brain hypocorticoid condition elicited by low dose dexamethasone
should reduce this orexigenic action, thereby allowing Ex-4 to exert its
full anorexigenic effect.

We show that dexamethasone treatment for 14 days at a low dose (1/
10 compared to the acute experiment) resulted in a sustained body
weight loss without a change in food intake in DIO rats. On the other
hand, chronic Ex-4 treatment produced a sustained food intake
reduction, which seems to be the major underlying cause of the
observed weight loss [47]. When combined, dexamethasone and Ex-4
produced synergistic effects on food intake and body weight, but the
mechanisms underlying these effects are unclear. Unlike the acute
dexamethasone administration in lean rats, chronic dexamethasone
treatment did not result in a reduction of plasma corticosterone in DIO
rats. This may be due to an adaptive mechanism to restore HPA activity
in response to prolonged dexamethasone exposure. Since we did not
extensively assess the HPA axis response to the drug treatment, it is
difficult to conclude that chronic dexamethasone-induced HPA sup-
pression potentiated the anorexigenic effect of Ex-4. Based on our
data, it is possible that Ex-4 potentiates dexamethasone-induced
weight loss by suppressing food intake and preventing hyper-
leptinemia and hyperinsulinemia. Although the mechanisms remained
unanswered, we demonstrated the potential interaction between
glucocorticoid and GLP-1 signaling in the control of food intake in DIO
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rats, which prompts further studies to characterize the mechanisms
underlying this effect in this and other models of obesity.
Dexamethasone has potent anti-inflammatory and immunosuppressive
properties [48]. Prolonged exposure to dexamethasone is also known
to induce hyperglycemia, insulin resistance, and, eventually, a con-
dition known as “steroid diabetes” in rodents and man [49,50]. We
also demonstrate that chronic dexamethasone treatment at low dose is
sufficient to increase circulating leptin, and induce more severe
glucose intolerance in DIO rats. When combined with Ex-4, however,
these metabolic parameters were undistinguishable from vehicle
treatment, suggesting that Ex-4 can prevent dexamethasone-induced
diabetes. Recent studies showed that liragluitide and Ex-4 treatments
counteract obesity and glucose intolerance caused by excess gluco-
corticoid [51—53]. These anti-obesity and anti-diabetes effects may be
related to the positive effects of GLP-1R agonists on B-cell mass and
function, but, according to our findings, they may also lie in the po-
tential interaction between GLP-1 and glucocorticoids, resulting in a
greater anorexigenic response. Further studies are necessary to
determine whether dexamethasone and Ex-4 co-treatment (different
doses and frequencies) can improve the metabolic syndrome in
addition to causing weight loss.

Our DSAP experiments clearly demonstrate that corticosterone
secretion induced by peripheral Ex-4 treatment requires intact
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catecholamine (CA) neuronal projections to the hypothalamus. CA
neurons are highly responsive to hindbrain glucose sensing mecha-
nisms and will elicit glucoregulatory responses that increase glucose
production and food intake when glucose availability is reduced
[22,23]. In particular, A1/C1 (VLM) and A2/C2 (NTS) cell groups pro-
jecting to the PVH have been well characterized for the HPA axis
activation and corticosterone secretion in response to glucoprivation
[25,32,54]. NTS and VLM neurons may express GLP-1R [13,15], but a
direct activation of these CA neurons by peripheral GLP-1R agonist
treatment is unlikely. Because the AP is the only area in the hindbrain
accessible to peripherally injected liraglutide [17], it seems more likely
that the activation of NTS and VLM neurons is indirectly mediated by
GLP-1R activation in the AP. The abdominal vagus nerve expresses
GLP-1R and is another route for the peripheral GLP-1R agonists to
activate hindbrain CA neurons [55]. Although the vagus nerve is
essential for relaying endogenous GLP-1 signals to the hindbrain [6],
we recently demonstrated that NTS neuronal activation by peripheral
Ex-4 treatment is not reduced by SDA [19], thereby negating a major
role for the vagus nerve in mediating the effects of peripheral Ex-4
treatments. Indeed, NTS ¢-FOS/DBH co-localization in response to a
pharmacological dose of Ex-4 was only attenuated by SDA, reiterating

that different mechanisms mediate the actions of endogenous GLP-1
and the pharmacological effects of GLP-1R agonists [7].

Our data further demonstrate that the lesion of CA neurons altered the
glucocorticoid feedback mechanism for the hindbrain PPG neurons.
PPG neurons in the NTS produce GLP-1 and are activated by multiple
nutrient/interoceptive signals including leptin and CCK [56—60].
Interestingly, PPG mRNA expression is rapidly and transiently
decreased by glucocorticoid stress responses [61]. In the present
study, an Ex-4-induced inhibition of PPG mRNA expression was not
observed after DSAP lesion which was paralleled by an impaired HPA
response to Ex-4, consistent with the idea that HPA axis activation
inhibits central GLP-1 production. Also, DSAP injection into the PVH
significantly reduced the neuronal activation in the PVH and the NTS,
demonstrating that PVH neuronal activation by Ex-4 requires intact CA
neurons in the hindbrain. Unlike insulin and 2DG, which require CA
input to the PVH to increase CRH expression [62], Ex-4 treatment did
not increase PVH CRH mRNA levels in SAP rats in our experimental
paradigm. Instead, Ex-4 inhibited CRH mRNA, and this inhibition was
more pronounced in the DSAP lesion group. Regardless of this
discrepant finding of CRH expression, our data provide neurochemical
evidence for the altered HPA axis activity and low corticosterone levels
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in response to Ex-4 in the DSAP model. Loss of CA neuronal inputs to
the PVH also disrupts the collateral innervation to the ARC and
increased aMSH-ir fibers to the PVH [35], suggesting that CA inputs to
the hypothalamus are critical for the normal hypothalamic neuro-
circuitry. We observed a similar phenomenon in that DSAP injection
into the PVH increased basal c-Fos activation in ARC POMC cells.
Although the mechanisms underlying these changes are unknown,
hindbrain CA projections to the ARC may also contribute to glucoprivic
eating by providing inhibitory signals to the POMC neurons, preventing
the release of aMSH at the axon terminals in the PVH. Therefore,
increased melanocortin signaling in the hypothalamus may contribute
to the enhanced inhibition of food intake and gastric emptying seen in
DSAP rats in response to Ex-4. In addition to the enhanced melano-
cortin tone, the inhibitory effect of Ex-4 on ARC NPY gene expression
was greater with DSAP lesions, which could be attributed to a reduced
availability of corticosterone in the brain. In contrast to Ex-4, circulating
corticosterone stimulates ARC NPY gene transcription [47,63,64].
Therefore, Ex-4 and corticosterone may affect eating through opposing

actions on NPY expression in the ARC. Because DSAP lesions and
dexamethasone treatment both reduce central corticosterone avail-
ability, this balance may tip in favor of Ex-4’s ability to promote a
negative energy balance.

5. CONCLUSION

GLP-1 based drugs are one of the leading treatment options for obesity
and diabetes [65,66]. Multiple GLP-1 analogs with different pharma-
cokinetics and pharmacodynamics are currently available in the clinic,
and GLP-1 combinational pharmacology (co-administration or single
molecule fusion) is being tested in clinical settings [66]. The mecha-
nisms underlying the anorexigenic effect of GLP-1R agonists are,
however, still elusive, because these GLP-1 analogs activate complex
neural pathways and generate autonomic and neuroendocrine re-
sponses, all of which contribute to the behavioral outcomes. Here we
propose that glucocorticoid counteracts the anorexigenic effects of
GLP-1R agonist treatment. Our findings with low dose dexamethasone
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Figure 8: A proposed interaction between Ex-4 and corticosterone in the control
of food intake. Top panel: The anorexigenic effect of Ex-4 is opposed by a simulta-
neous increase in orexigenic corticosterone action in the CNS. Ex-4 increases corti-
costerone secretion by activating hindbrain CA neurons projecting to the PVH. Middle
panel: Reduced corticosterone secretion by a negative feedback inhibition using
dexamethasone increases the anorexigenic effect of Ex-4. Low panel: Reduced corti-
costerone secretion by ablating the CNS CA pathway using DSAP lesion increases the
anorexigenic effect of Ex-4.

and lesion approaches support the novel concept that the potency of
Ex-4 as an anorexigenic drug is inversely related to glucocorticoid
secretion (Figure 8). Therefore, manipulating glucocorticoid receptor
mechanisms will be of interest for the future design of GLP-1-based
therapies.
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