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Direct Control of Brown Adipose Tissue Thermogenesis
by Central Nervous System Glucagon-Like Peptide-1
Receptor Signaling
Sarah H. Lockie,1,2 Kristy M. Heppner,1 Nilika Chaudhary,1 Joseph R Chabenne,3 Donald A. Morgan,4
Christelle Veyrat-Durebex,5 Gayathri Ananthakrishnan,1 Françoise Rohner-Jeanrenaud,5
Daniel J. Drucker,6 Richard DiMarchi,3 Kamal Rahmouni,4 Brian J. Oldﬁeld,2 Matthias H. Tschöp,1
and Diego Perez-Tilve1

We studied interscapular brown adipose tissue (iBAT) activity in
wild-type (WT) and glucagon-like peptide 1 receptor (GLP-1R)–
deﬁcient mice after the administration of the proglucagon-derived peptides (PGDPs) glucagon-like peptide (GLP-1), glucagon
(GCG), and oxyntomodulin (OXM) directly into the brain. Intracerebroventricular injection of PGDPs reduces body weight and
increases iBAT thermogenesis. This was independent of changes
in feeding and insulin responsiveness but correlated with increased activity of sympathetic ﬁbers innervating brown adipose tissue (BAT). Despite being a GCG receptor agonist,
OXM requires GLP-1R activation to induce iBAT thermogenesis.
The increase in thermogenesis in WT mice correlates with increased expression of genes upregulated by adrenergic signaling and required for iBAT thermogenesis, including PGC1a and
UCP-1. In spite of the increase in iBAT thermogenesis induced
by GLP-1R activation in WT mice, Glp1r2/2 mice exhibit a normal response to cold exposure, demonstrating that endogenous
GLP-1R signaling is not essential for appropriate thermogenic
response after cold exposure. Our data suggest that the increase in BAT thermogenesis may be an additional mechanism whereby pharmacological GLP-1R activation controls
energy balance.

T

he increasing incidence of type 2 diabetes (T2D)
and obesity worldwide has prompted the need
for new therapies. Agonism of the receptor for
glucagon-like peptide-1 (GLP-1) is currently one
of the most successfully and widely used therapies for
T2D. GLP-1 is a product of proglucagon that also gives rise
to glucagon (GCG) and oxyntomodulin (OXM) (1). Both
GLP-1 and its receptor (GLP-1R) are expressed in peripheral tissues and in areas of the central nervous system
(CNS) involved in the control of energy balance. Treatment
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with GLP-1R agonists improves glycemic control and
reduces body weight in diabetic humans (2). Studies in
animals have demonstrated that CNS–GLP-1R signaling
contributes to the body weight–reducing effect of these
agonists (3).
GCG is produced in the a cells of the pancreatic islets
and is involved in the maintenance of euglycemia. Although its exogenous administration induces body weight
loss associated with anorexia and increased energy expenditure (4), GCG has been traditionally dismissed as
a potential drug target because of its diabetogenic effects.
However, recent preclinical data have shown that simultaneous activation of both GLP-1R and GCG receptor
(GCGR) leads to greater efﬁcacy in both glycemic control
and weight loss than the activation of GLP-1R alone (5,6).
OXM can bind to and activate both GLP-1R and GCGR
(7), and studies with rodents (8,9) and humans (10)
suggest that it may be efﬁcacious in treating obesity and
diabetes. OXM regulates feeding, at least in part, through
GLP-1R (7,11). There is evidence that OXM action in the
CNS reduces body weight by increasing energy expenditure (12). This may involve activation of brown adipose
tissue (BAT) metabolism, since intracerebroventricular
(ICV) administration of OXM reduces the weight of
interscapular BAT (iBAT) pads and increases body temperature in rats (12). The relative contribution of GLP-1R
and GCGR to this process has never been investigated;
however, it is known that GCG regulates iBAT activity,
and this may be, at least in part, centrally mediated (13).
The contribution of GLP-1R to the control of energy expenditure, and more speciﬁcally to BAT metabolism,
remains largely unknown.
The sympathetic nervous system (SNS) is essential for
control of BAT metabolism by the CNS (14) and is involved
in the CNS–GLP-1R control of lipid metabolism in white
adipose tissue (WAT) (15). This, in addition to the evidence that GCG may increase BAT thermogenesis through
actions in the CNS (13), led us to hypothesize that the
action(s) of GCGR and GLP-1R in the brain controls BAT
thermogenesis through the SNS. Here, we show that central administration of both GCGR and GLP-1R agonists
increased SNS activity to iBAT and induced thermogenesis. Thus, we propose that CNS–GLP-1R may contribute to the control of energy balance by regulating BAT
thermogenesis. The existence of functional BAT in adult
humans has now been determined (16–18), and effort
needs to be directed toward a better understanding of the
regulation of this tissue as a target for antiobesity therapeutics. The increase in BAT metabolism described here
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may contribute to the weight loss induced by GCGR and
GLP-1R agonists in both animal models and humans.
RESEARCH DESIGN AND METHODS
Peptide synthesis. Peptides were synthesized as previously described (6). We
used native GLP-1-(7-36)NH2 and OXM. In order to increase the solubility of
GCG, we substituted aspartic acid for an asparagine at position 28 and a glutamic acid for a threonine at position 29. The resulting GCG (Asn28, Thr29)
was tested in vitro using human embryonic kidney 293 cells cotransfected with
the GCGR as previously described (6), and its ability to stimulate cAMP production was indistinguishable from native GCG.
Animals. We used single-housed male 12- to 14-week-old C57BL/6J mice (The
Jackson Laboratory) or GLP-1R knockout (Glp1r2/2) mice, generated as
previously described (19) and bred at the University of Cincinnati. Mice were
maintained on a 12:12-h light-dark cycle at 22°C with free access to water and
to either a standard chow (Harlan Teklad) or a diabetogenic diet (58% kcal
from fat; Research Diets) as indicated. All studies were approved by and
performed following the guidelines of the institutional animal care and use
committees of the University of Cincinnati, University of Iowa, University of
Geneva, and Monash University.
Administration of peptides and fasting
Chronic ICV infusion. ICV minipumps (Alzet; Durect, Cupertino, CA) were
implanted as previously described (20). The vehicle for GLP-1 and OXM was
saline, whereas the vehicle for GCG was PBS. Doses are as speciﬁed in RESULTS.
Acute ICV injection. ICV cannulae were placed as previously described (20)
and secured with glue (Tarzan’s grip) and dental cement. Mice were lightly
restrained using a cloth, and the peptides were administered through an injector inserted into the guide cannula at a dose of 1 nmol (GLP-1 and OXM) or
0.4 nmol (GCG) in 1.5 uL vehicle. Previous reports demonstrate that comparable ICV doses of GLP-1 (21) and OXM (9) reduce feeding in rats.
The injector was left in place for 20 s before removal. Injections were
performed just before the onset of the dark phase.
Intraperitoneal injection. Mice were injected intraperitoneally before the
dark phase with equimolar amounts of peptides as administered in the acute
ICV studies—just in a volume of 200 uL vehicle.
Fasting/refeeding. Just before the onset of the dark phase, food was removed
from the fasting group. At the onset of light, they received back 2 g of food,
which was the average amount consumed in 24 h by the GLP-1– and OXM ICV–
treated mice in previous experiments.
BAT sympathetic nerve recordings. We measured sympathetic nerve activity (SNA) in iBAT in mice 1 week after implantation of an ICV cannula. A
nerve fascicle projecting to the iBAT pad was isolated, and the recording and
anesthesia protocols were carried out as previously described (15). Baseline
SNA was recorded for 10 min followed by ICV administration of vehicle (2 mL)
or peptide. (GLP-1 and OXM were administered at 1 and 0.1 nmol in 2 mL
saline, and GCG was administered at 0.4 nmol in 2 mL PBS.) SNA responses to
GLP-1, OXM, GCG, and vehicle were recorded continuously for 240 min; after
this procedure, mice were killed with a lethal dose of ketamine/xylazine. The
integrated voltage after death (background noise) was subtracted from the
total integrated voltage to calculate actual iBAT SNA.
BAT temperature telemetry. Temperature-sensitive transmitters (E-mitters;
Mini Mitter, Bend, OR) were implanted into a blunt-dissected pocket underneath
the iBAT through a 1-cm incision made posterior to the scapulae either simultaneously (for chronic infusion) or 3 days after implantation of ICV cannula (for
acute injections). Data were collected via receiver plate (ER-4000; Minimitter).
For determination of alterations in iBAT temperature in response to the decreasing environmental temperature, probes were implanted as above; however,
mice were housed in chambers with integrated control of ambient temperature
and simultaneous measurement of food intake, locomotor activity, and energy
expenditure by indirect calorimetry (TSE Systems, Chesterﬁeld, MO).
Euglycemic-hyperinsulinemic clamps. Mice were ﬁtted with ICV cannula and
minipumps administering 2.5 nmol/day GLP-1, OXM, or vehicle as described
above. Food intake and body weight were monitored for 3 days. To control for the
effect of weight loss on insulin responsiveness, we pair-fed a group of mice to the
GLP-1 treatment group. Mice were then reanesthetized (80 mg/kg pentobarbital
sodium salt, Esconarkon; Streuli Pharma, Uznach, Switzerland) without previous fasting, and euglycemic-hyperinsulinemic clamps were performed as
previously described (22). Hepatic glucose production and glucose infusion rate
to maintain euglycemia were measured under basal and insulin-stimulated
conditions (18 mU/kg, Actrapid HM; Novo Nordisk Pharma, Zurich, Switzerland)
using D-[3-3H]glucose (16.6 mCi/kg/min; Perkin Elmer, Waltham, MA).
Quantitative PCR. RNA from iBAT, WAT, and liver was extracted using
a commercially available kit (RNeasy; Qiagen, Valencia, CA) following the
manufacturer’s instructions. After DNase I treatment (Invitrogen, Carlsbad,
CA), cDNA was synthesized using SuperScript-III (Invitrogen), and gene expression was determined by quantitative PCR using gene-speciﬁc TaqMan
2
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assays (Life Technologies, Carlsbad, CA). Gene expression was evaluated
using the D-D Ct method. The housekeeping gene was HPRT.
Plasma measurements. Triiodothyronine (T3) levels were determined by RIA
(MP Biomedicals, Cleveland, OH) following the manufacturer’s instructions.
Statistical analysis. Data are presented as means 6 SEM. Student t test for
independent samples was used for comparisons between two groups. Twoway ANOVA followed by Bonferroni correction test or Tukey post hoc test
was used for comparisons between multiple, independent groups.

RESULTS

ICV GLP-1, OXM, and GCG signiﬁcantly reduced food intake
and body weight over a 4-day period as expected (Fig. 1).
Infusion of either GLP-1 or OXM at 0.75 nmol/day in
chow-fed and diet-induced obese (DIO) mice signiﬁcantly
decreased food intake (Fig. 1A and B) and body weight

FIG. 1. Central chronic infusion of GLP-1R and GCGR agonists induces
sustained body weight (BW) loss. ICV GLP-1 and OXM signiﬁcantly
reduced feeding (A, chow fed and B, DIO) and body weight (C, chow fed
and D, DIO) in chow-fed and high-fat diet (HFD)-fed DIO mice. ICV
GCG did not affect feeding in lean chow-fed mice (E) but reduced food
intake in DIO mice (F). Despite the lack of an anorectic effect, ICV
GCG signiﬁcantly reduced body weight in lean chow-fed mice (G) and in
DIO mice (H). Data are expressed as mean 6 SE percentage of change
(for body weight) or kilojoules (kJ) (for food intake) vs. the corresponding control group (n = 6–8). A signiﬁcant main effect was required before post hoc testing. (P < 0.05, two-way repeated-measures
ANOVA.) **P < 0.01, *P < 0.05 vs. corresponding vehicle (VH); two-way
ANOVA with Bonferroni post hoc test. For C and D, the asterisks above
relate to OXM, and those below relate to GLP-1.
diabetes.diabetesjournals.org
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(Fig. 1C and D) across the 4 days. GCG was infused at 0.4
nmol/day because of limitations of solubility. At this dose,
GCG reduced feeding only in DIO mice (Fig. 1E and F).
However, ICV GCG signiﬁcantly reduced body weight in
both chow- and high-fat–fed mice (Fig. 1G and H) (P ,
0.05). This decrease in body weight is consistent with
increased energy expenditure previously attributed to
GCG (4).
Given that one of the mechanisms by which GCG induces
energy expenditure is by activating iBAT thermogenesis, we
measured iBAT temperature after an acute ICV injection of
GCG in mice. ICV GCG (bolus dose of 0.4 nmol) caused
a trend toward increased iBAT thermogenesis across a 24-h
recording window (P = 0.08) (Fig. 2A). Consistent with its
activity as GCGR agonist, ICV administration of OXM signiﬁcantly increased iBAT temperature during the 24 h after
injection (Fig. 2B). Interestingly, ICV GLP-1 injection also
increased iBAT temperature (Fig. 2C). The average iBAT
temperature across the ﬁrst half of the dark phase was
signiﬁcantly higher for all three peptides (Fig. 2D–F). Again,
GCG did not affect feeding (Fig. 2G). The increase in iBAT
temperature induced by ICV OXM or GLP-1 occurred despite
the profound suppression of food intake assessed 2 h post
injection (Fig. 2H and I). Food intake at 24 h was not different from vehicle-treated controls for any group (data not
shown).
Our expectation was that reduced food intake associated
with fasting would normally cause a decrease in thermogenesis as an energy-preservation mechanism; however, to
rule out the possibility that the reduced food intake itself
could drive an increase in iBAT temperature, we performed
an experiment designed to mirror the feeding behavior of
the GLP-1– and OXM-treated mice. Fasting during the dark
phase signiﬁcantly lowered iBAT temperature by the end of
the 12-h period (P , 0.05), and the reinstatement of food
completely restored normal iBAT temperature (Fig. 2J). In
contrast to ICV injection, intraperitoneal administration
of equimolar doses of the peptides did not increase iBAT
temperature (Fig. 2K), further suggesting that this effect
requires signaling at the CNS.
Home cage locomotion remained unchanged either after
ICV GCG (Fig. 4M) or OXM (Fig. 4L) or after fasting (Fig. 4O)
but was signiﬁcantly suppressed during the ﬁrst hour after
ICV GLP-1, consistent with previous ﬁndings in rats (21).
SNA is a necessary component of CNS-mediated BAT
thermogenesis. We measured SNA from the nerves innervating iBAT after acute ICV administration of the
peptides. All peptides increased iBAT-SNA (Fig. 3A–C).
The average SNA for the ﬁnal hour of recording was signiﬁcantly higher for all groups (Fig. 3D–F), demonstrating
that GCG, OXM, and GLP-1 are capable of independently
increasing sympathetic drive to iBAT.
Given that both GLP-1R and GCGR bind OXM and since
we had demonstrated that the cognate ligands for both
receptors increase iBAT thermogenesis, we used mice with
genetic disruption of the Glp1r to identify the relative contribution of this receptor to OXM’s thermogenic capacity.
To this end, we infused OXM into GLP-1R knockout mice
(Glp1r2/2). In contrast to a robust thermogenic OXM response in the WT littermate controls (Fig. 4A), Glp1r2/2
mice had no thermogenic response to OXM when they were
continuously infused by mini-pump (Fig. 4B). The average
iBAT temperature in OXM-treated WT mice was signiﬁcantly higher than in vehicle-treated mice during both the
dark and light phases (Fig. 4C), while there were no signiﬁcant differences in the Glp1r2/2 mice (Fig. 4D). The
diabetes.diabetesjournals.org

sustained increase in iBAT temperature induced by ICV
OXM did not correlate with plasma T3 levels (Fig. 4E).
Importantly, the effect of ICV OXM on iBAT temperature
persisted beyond the effect on food intake in the WT mice
(Fig. 4F). As expected, there were no differences in
feeding between groups in the Glp1r2/2 mice (Fig. 4G).
Likewise, ICV OXM did not alter locomotor activity (Fig.
4H and I).
To gain insights into the molecular mechanisms that
mediate the thermogenic action of OXM, we assessed the
effect of ICV OXM for 72 h on the iBAT gene expression
proﬁle in WT and Glp1r2/2 mice. Given that during this
period ICV OXM signiﬁcantly reduced food intake and body
weight (Fig. 1A), we pair-fed the WT vehicle control group
to allow for comparisons independent of feeding effects. As
a result of pair-feeding, both WT vehicle and OXM-infused
mice lost a similar amount of weight during the duration of
the infusion (WT saline 210.6 6 0.4% vs. WT OXM 210.1 6
1.8%; Glp1r2/2 saline 23.4 6 1% vs. Glp1r2/2 OXM 24.3 6
0.8%) (WT vs. knockout, P , 0.001). ICV OXM in WT, but
not in Glp1r2/2 mice, increased the expression of genes
associated with higher thermogenic activity of BAT. Speciﬁcally, ICV OXM increased the expression of peroxisome
proliferator–activated receptor g coactivator 1-a (PGC1a)
and its genetic target uncoupling protein 1 (UCP-1), the key
protein responsible for thermogenesis in the mitochondria
(Fig. 5A and B), although this increase did not result in
a detectable change in UCP-1 protein content (data not
shown). UCP-1 expression in the inguinal and retroperitoneal white fat pads was not altered (data not shown). ICV
OXM also increased the expression of type II iodothyronine
deiodinase (DIO2) in BAT, required for the intracellular
conversion of thyroxine (T4) to 3,39,5-triiodothyronine (T3)
(Fig. 5C). Consistent with a higher adrenergic stimulation,
ICV OXM signiﬁcantly increased the expression of the
metabolic regulator ﬁbroblast growth factor 21 (FGF21) in
iBAT (Fig. 5D). In contrast, FGF21 gene expression levels
did not increase in the inguinal or retroperitoneal fat pads or
in the liver (data not shown). ICV OXM increased monocarboxylate transporter 1 (MCT1), GLUT4, and lipoprotein
lipase (LPL), which are involved in the transport of metabolites across cell membranes (Fig. 5E–G). ICV OXM increased acetoacetyl-CoA synthetase (AACS) and fatty acid
synthase (FASN) expression, suggesting that it stimulates
lipogenesis in BAT. In contrast, ICV OXM did not affect the
expression of carnitine palmitoyltransferase-1b (Fig. 5J),
required for the transport of fatty acids inside of the mitochondria, or increased expression of genes involved in the
iBAT differentiation (PRDM16) (Fig. 5K) or mitochondrial
biogenesis (nuclear respiratory factor-1 [NRF-1]) (Fig. 5L).
In order to assess whether the increase in iBAT metabolism could be associated with changes in insulin responsiveness, we performed hyperinsulinemic-euglycemic
clamps in mice treated ICV for 3 days with either GLP-1 or
OXM or pair-fed to the GLP-1 group. ICV OXM and GLP-1
reduced body weight but did not signiﬁcantly affect peripheral insulin responsiveness compared with pair-fed
mice (Table 1). These data suggest that CNS–GLP-1R speciﬁcally regulates iBAT thermogenesis, independent of
changes in food intake or glucose homeostasis.
In view of the signiﬁcant and sustained increase in iBAT
temperature induced by CNS–GLP-1R signaling, we hypothesized that GLP-1R may be required for the appropriate stimulation of iBAT metabolism by cold exposure.
To test this, we compared the response of Glp1r2/2 mice
to their WT littermates when exposed to ambient cold. We
DIABETES
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FIG. 2. Acute central injection of GLP-1R and GCGR agonists increases BAT thermogenesis. BAT temperature (Temp) was increased with acute ICV
administration of GCG (A), OXM (B), and GLP-1 (C). Repeated-measures ANOVA showed signiﬁcant main effects for GLP-1 and OXM and a main-effect
P value of 0.08 for GCG across the 24-h period. Average iBAT temperature over the ﬁrst half of the dark phase was signiﬁcantly higher for all compounds
(ID-F) as determined by a t test (*P < 0.05, **P < 0.01). Two-hour food intake after injection and onset of the dark phase was signiﬁcantly depressed in
OXM (H) and GLP-1 (I) but unaffected with GCG (G) as determined by a t test (**P < 0.01). J: 12 h of fasting signiﬁcantly reduces iBAT temperature,
with normal temperature reinstated after a meal (2 g chow, indicated by arrow); repeated-measures ANOVA shows signiﬁcant main effect during the
dark phase only (P < 0.05). K: Intraperitoneal injection of the same nanomole dose of peptides as used in A–I did not affect iBAT thermogenesis;
individual t tests for each dark and light phase, P > 0.05. In contrast with ICV GLP-1 (N), ICV GCG, OXM, or food restriction did not signiﬁcantly affect
the home cage locomotor activity (Loc. Act) despite their effect on iBAT temperature (L, M, and O, respectively). Data are expressed as means 6 SE
(n = 6–8). ***P < 0.01 vs. vehicle (VH); two-way ANOVA with Bonferroni post hoc test. hr, hour; Ad Lib, ad libitum; cnts, counts.
4
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FIG. 3. Acute central injection of GLP-1R and GCGR agonists increases electrophysiological activity of the sympathetic ﬁbers that innervate the
iBAT. Activity of sympathetic nerves projecting to iBAT increased after acute ICV administration of GCG (A), OXM (B), or GLP-1 (C). Repeatedmeasures ANOVA shows a signiﬁcant main effect for all compounds at all doses; P < 0.01. D–F: Histograms on the right show average % increase
for ﬁnal hour, which was signiﬁcant for all compounds as determined by one-way ANOVA with Tukey post hoc (D and E) and Student t test (F)
(*P < 0.05, **P < 0.01). Data are expressed as means 6 SE (n = 6–8). VH, vehicle.

were not able to detect any differences in food intake,
locomotor activity, whole-body energy expenditure, or
iBAT temperature (Fig. 6A–D) between Glp1r2/2 mice and
WT littermates during extended, decremental cold exposure from 24 to 14°C. Additionally, both genotypes maintained a stable core temperature over 8 h of acute cold
exposure at 4°C (Fig. 6E). However, since nonshivering
thermogenesis is not essential for the maintenance of body
core temperature (BCT) in response to an acute cold exposure (14), these data do not exclude the possibility that
Glp1r2/2 mice may have impaired activation of the thermogenic pathways in iBAT in response to an acute cold
challenge. Therefore, we evaluated the expression of genes
required for the activation of the iBAT thermogenesis in
response to a 2-h cold exposure at 4°C in another cohort of
lean, chow-fed WT and Glp1r2/2 mice. Although the 2-h
cold challenge was insufﬁcient to induce higher UCP-1
gene expression (Fig. 6F), it led to a signiﬁcant increase in
PGC-1a and DIO2 expression in both WT and Glp1r2/2
mice (Fig. 6G and H) compared with control mice maintained at room temperature. Despite similar body weights
(WT 26.3 g 6 0.9 vs. knockout 24.4 g 6 0.9, P . 0.05) and
adiposity (Fig. 6I), Glp1r2/2 mice showed signiﬁcantly
higher iBAT mass (Fig. 6J). These data demonstrate that
GLP-1R signaling is not essential for the activation of iBAT
diabetes.diabetesjournals.org

in response to cold but suggest that it is required for
normal control of iBAT function.
DISCUSSION

GLP-1R agonists are widely used for the treatment of T2D
owing to their ability to improve glycemic control and to
induce body weight loss. A new generation of drugs combining both GLP-1R and GCGR have demonstrated further
potency in reducing body weight in preclinical animal models. Yet, the speciﬁc mechanisms whereby either the GLP-1R
or GCGR contributes to the reduction of body weight are
not completely understood. Here, we demonstrate that in
addition to body weight loss, ICV administration of the preproglucagon-derived peptides GLP-1, OXM, and GCG increases iBAT thermogenesis by increasing SNS activity
and without altering peripheral insulin responsiveness.
Although GLP-1R activation potently induces iBAT thermogenesis, endogenous physiological GLP-1R signaling is
not essential for normal induction of cold-induced iBAT
thermogenesis. We propose that iBAT thermogenesis may
be one of the multiple mechanisms by which, along with
reduced food intake (21) and decreased lipid accumulation
in WAT (15), pharmacological CNS–GLP-1R activation
contributes to the maintenance of energy balance.
DIABETES
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FIG. 4. Chronic CNS infusion of OXM induces a sustained increase in BAT thermogenesis that requires a functional GLP-1R. ICV infusion of OXM
induces a sustained increase in iBAT thermogenesis over the course of 6 days in WT mice (A), which is completely absent in the Glp1r2/2 mouse
(B). The average increase over 5 days in iBAT temperature induced by OXM is signiﬁcant in both the light and dark phases in WT mice (C) but not
in the Glp1r2/2 mice (D). The ICV OXM–induced iBAT thermogenesis does not correlate with increased plasma T3, as measured at the end of the
study (E). Food intake (F and G) and home cage locomotor activity (Loc. Act) (H and I) of WT and Glp1r2/2 mice during the period of ICV OXM
infusion. Data are expressed as means 6 SE (n = 6–8). *P < 0.05, **P < 0.01 vs. corresponding vehicle (VH); two-way ANOVA with Bonferroni post
hoc test. KO, knockout; cnts, counts.

Although there is old evidence for the role of GCG in the
control of energy balance, its low solubility has been
a limiting factor for studying its effects in vivo. Here, we
overcome that limitation by using a more hydrophilic
GCG analog. The food intake–independent effect on body
weight that we observed in ICV GCG–treated mice supports a role for GCG in stimulating energy expenditure.
One of the proposed mechanisms by which GCG increases
energy expenditure is through the activation of iBAT
thermogenesis (23,24). Pretreatment with a b-adrenergic
receptor antagonist abolishes the effect of GCG on oxygen
consumption in rats in vivo, suggesting that the effect of
GCG on iBAT may be attributed to, at least in part, the release catecholamines (25). Adrenergic signaling is a critical
regulator of iBAT metabolism and is mainly provided to the
iBAT by SNS innervation. Given that in our experiments
6
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acute ICV GCG increases both iBAT thermogenesis and
the activity of the SNS ﬁbers innervating the BAT, we
suggest that the CNS mediates some of the effects of GCG
on energy expenditure by increasing iBAT thermogenesis
via SNS. Whether the brain is a target for GCG has been
a matter of debate, but others have shown that GCGR
signaling in the CNS contributes to the control of energy
balance (26,27). Furthermore, the GCGR is expressed in
the rat brain (28), and immunohistochemical studies have
reported GCG immunoreactivity in the CNS of humans
and rodents (29,30). Despite this evidence, the exact
neuroanatomical substrate for the control of iBAT
metabolism by CNS-GCG signaling remains to be fully
characterized.
OXM may play a role in the control of energy expenditure (12). As yet, no distinct OXM receptor has been
diabetes.diabetesjournals.org
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FIG. 5. CNS infusion of OXM increases the expression of genes involved in thermogenesis in the iBAT of WT mice but not in Glp1r2/2 mice. PGC1a
(A), UCP-1 (B), DIO2 (C), and FGF21 (D) gene expression in BAT is increased in WT but not in GLP-1R knockout mice after 3-day ICV OXM
infusion. Similarly, ICV OXM increased the expression of genes involved in energy metabolism, such as MCT1 (E), GLUT-4 (F), LPL (G), AACS
(H), FASN (I), CPT1B (J), PRDM16 (K), and NRF1 (L) in iBAT of WT mice. WT vehicle (VH)-treated mice were pair-fed with the WT OXM group.
Data are expressed as means 6 SE (n = 6–8). *P < 0.05, **P < 0.01, **P < 0.001 vs. corresponding vehicle; two-way ANOVA with Bonferroni post
hoc test. KO, knockout; a.u., arbitrary unit.

described; its effects have been attributed to its interaction
with either GLP-1R or GCGR (7). The increase in the iBAT
thermogenesis induced by ICV OXM is consistent with its
partial agonism on the GCGR; however, here we show that
ICV GLP-1 increases iBAT thermogenesis, and we demonstrate that the classical Glp1r is required for the activation of the iBAT by ICV OXM. Surprisingly, we did not
see any residual thermogenic effect of ICV OXM in the
Glp1r2/2 mice that could be attributed to activation of
the GCGR by OXM. These ﬁndings strengthen the role of

the GLP-1R in the control of iBAT thermogenesis; however, we cannot exclude that the GCGR contributes to the
iBAT activation induced by ICV OXM in WT mice. Similarly
to OXM, GCG can activate the GLP-1R (31), but this requires
concentrations well in excess of those used here where we
infused GCG, OXM, and GLP-1 in the same molar range.
Future studies involving the ICV infusion of OXM and GCG
in GCGR-deﬁcient mice may contribute to understanding
the speciﬁc role of GCGR in the iBAT activation by GCG
and OXM.

TABLE 1
Parameters of hyperinsulinemic-euglycemic clamp
DBW (g)
Vehicle
GLP-1
OXM
Pair fed

1.2
22.9
24.1
22.5

6
6
6
6

0.4
0.2**
1.3**
0.5*

GIR (mg/min/kg)
49.2
66.5
59.7
64.6

6
6
6
6

1.7
4.3
4.7
6.9

Rd/HGP
(mg/min/kg)
16.1
14.4
16.6
11.2

6
6
6
6

1.5
0.7
1.3#
1.2

Glucose (mmol/L)
Basal
Final

Clamp Rd
(mg/min/kg)
39.8
46.5
47.3
39.1

6
6
6
6

3.5
5.3
4.4
5.0

6.5
5.2
4.6
3.8

6
6
6
6

0.4
0.3*#
0.3**#
0.1**

5.5
5.8
6.0
5.2

6
6
6
6

0.3
0.3
0.4
0.2

Insulin (ng/mL)
Basal
Final
1.5
1.0
0.8
0.7

6
6
6
6

0.1
0.1
0.2
0.3

9.9
15.6
9.2
9.5

6
6
6
6

1.1
1.7^
1.5
1.7

Data are means 6 SE. BW, body weight; GIR, glucose infusion rate; HGP, hepatic glucose production. *P , 0.05 compared with vehicle, **P ,
0.01 compared with vehicle, #P , 0.05 compared with pair fed, ^P , 0.05 compared with OXM, one-way ANOVA with Tukey posttest.
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FIG. 6. GLP-1R signaling is not critical for the control of BAT thermogenesis in response to changes in ambient temperature. WT and Glp1r2/2 mice
implanted with a telemeter temperature transmitter in the iBAT were exposed to decreasing ambient temperature from 24 to 14°C in decrements
of 2°C per day. The decrease in ambient temperature led to a similar increase in food intake (A) in both WT and Glp1r2/2 mice paralleled by an
increase in locomotor activity (Loc. Act) (B) and energy expenditure (EE) (C). Both WT and knockout mice maintained similar iBAT temperature,
including circadian-dependent oscillations (D). E–J: Response to an acute cold exposure: WT and Glp1r2/2 mice fed with standard chow ad libitum
and housed always at room temperature were singly housed and exposed to 4°C for 8 h. BCT was measured using a rectal probe (E). Another set of
mice was exposed to 4°C for 2 h before euthanasia, while the corresponding control groups were maintained at room temperature. UCP-1 (F),
PGC1a (G), and DIO2 (H) gene expression was assessed in BAT. Fat mass was measured using nuclear magnetic resonance to calculate adiposity
(I). iBAT was carefully dissected and weighted (J). Food was removed at the beginning of the cold exposure, which started 2 h after the onset of
the light phase. Data are expressed as means 6 SE (A–E, n = 8; F–J, n = 5–6). ##P < 0.01 Glp1r2/2 vs. WT; ***P < 0.001 vs. corresponding vehicle;
two-way ANOVA with Bonferroni post hoc test. Temp, temperature; cnts, counts; KO, knockout.

Interestingly, both OXM and GLP-1 increase iBAT temperature despite inducing a profound anorexia. This is
important because food restriction is accompanied by
a decrease in iBAT metabolism (Fig. 2J) associated with
lower sympathetic signaling (14), which appears to be
circumvented after central GLP-1R activation.
There is evidence that CNS–GLP-1 contributes to the
control of BCT, although the mechanisms through which
8
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it does so are not well characterized. The GLP-1R agonist
exendin-4 reduces BCT in conscious rats (32–34) and
mice (35). This is, at least in part, attributed to hindbrain
GLP-1R signaling (33). Intriguingly, acute intravenous or
ICV administration of GLP-1 increases BCT in anesthetized
rats (36) and ICV OXM increases rectal temperature in the
same animal model (12). OXM does not affect BCT in WT
mice but reduces it in dopamine b-hydroxylase–deﬁcient
diabetes.diabetesjournals.org
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mice that lack adrenergic signaling (37), raising the possibility that CNS–GLP-1R simultaneously regulates several
mechanisms involved in the control of BCT, one of which
induces hyperthermia and requires adrenergic signaling.
Our data suggest that this is iBAT thermogenesis.
The GLP-1R–dependent increase in iBAT thermogenesis
induced by ICV OXM is consistent with both the increase
in iBAT SNS activity and the expression changes in iBAT
genes that reﬂect increased adrenergic signal, namely, increased levels of PGC1a, UCP-1, DIO2, and FGF21 (Fig.
5A–C). Hepatic FGF21 contributes to the activation of
iBAT thermogenesis in neonates (38) and in iBAT increases
after cold exposure in vivo or after incubation of brown
adipocytes with adrenergic receptor agonists in vitro
(39,40); however, the role of BAT-derived FGF21 remains
to be fully elucidated. ICV OXM also increased the expression of genes involved in the uptake of metabolic
substrates from the extracellular space, such as MCT-1,
GLUT4, and LPL. MCT-1 is the most abundant monocarboxylate transporter in iBAT (41) and regulates the
uptake of lactate and ketone bodies. The increase in
GLUT4 expression suggests that CNS–GLP-1 signaling
contributes to increased insulin-stimulated glucose uptake
in BAT. This is supported by recent data showing that
a long-lasting GLP-1 agonist similarly increases insulin
responsiveness in this tissue (42). Cold exposure increases
plasma triglyceride uptake (43), as well as lipogenesis in
iBAT (44,45). Thus, the increased expression of LPL,
AACS, and FASN after ICV OXM in WT mice further supports the role of SNS mediating the CNS–GLP-1R control
of iBAT metabolism. Interestingly, Glp1r2/2 mice have
increased percentage of iBAT mass per mouse. Although
the cause of this increase remains to be elucidated, it is
consistent with a decreased SNS tone in iBAT, given that
mice with impaired adrenergic signaling have larger iBAT
(46,47). In view of the CNS–GLP-1R induction of iBAT
thermogenesis, we tested the importance of this receptor
in overall thermoregulatory control by challenging WT
mice and GLP-1R–deﬁcient littermates with cold exposure. Glp1r2/2 mice maintained appropriate iBAT thermogenesis and BCT in response to cold exposure. Thus,
assuming that Glp1r2/2 mice do not display any compensatory adaptation for the congenital loss of GLP-1R, we can
conclude that GLP-1R signaling is not essential to regulate
homeothermia.
In summary, in this study, we demonstrate that both
GCGR and GLP-1R action in the CNS control iBAT thermogenesis. Although GLP-1R is not essential for homeothermic control in response to ambient cold, it uses the
common efferent mechanisms, namely, the SNS, to increase iBAT thermogenesis. We propose that iBAT thermogenesis is one of the multiple mechanisms by which,
along with the control of feeding and WAT metabolism,
pharmacological CNS–GLP-1R contributes to the maintenance of energy balance.
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