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xyntomodulin and Glucagon-Like Peptide-1 Differentially
egulate Murine Food Intake and Energy Expenditure
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ackground & Aims: Gut-derived peptides including
hrelin, cholecystokinin (CCK), peptide YY (PYY), gluca-
on-like peptide (GLP-1), and GLP-2 exert overlapping
ctions on energy homeostasis through defined G-pro-
ein-coupled receptors (GPCRs). The proglucagon-de-
ived peptide (PGDP) oxyntomodulin (OXM) is cose-
reted with GLP-1 and inhibits feeding in rodents and
umans; however, a distinct receptor for OXM has not
een identified. Methods: We examined the mecha-
isms mediating oxyntomodulin action using stable cell
ines expressing specific PGDP receptors in vitro and
oth wild-type and knockout mice in vivo. Results: OXM
ctivates signaling pathways in cells through glucagon
r GLP-1 receptors (GLP-1R) but transiently inhibits food
ntake in vivo exclusively through the GLP-1R. Both OXM
nd the GLP-1R agonist exendin-4 (Ex-4) activated neu-
onal c-fos expression in the paraventricular nucleus of
he hypothalamus, the area postrema, and the nucleus
f the solitary tract following intraperitoneal (IP) injec-
ion. However, OXM transiently inhibited food intake in
ild-type mice following intracerebroventricular (ICV)
ut not IP administration, whereas Ex-4 produced a
ore potent and sustained inhibition of food intake

ollowing both ICV and IP administration. The anorectic
ffects of OXM were preserved in Gcgr�/� mice but
bolished in GLP-1R�/� mice. Although central Ex-4 and
XM inhibited feeding via a GLP-1R-dependent mecha-
ism, Ex-4 but not OXM reduced VO2 and respiratory
uotient in wild-type mice. Conclusions: These findings
emonstrate that structurally distinct PGDPs differentially
egulate food intake and energy expenditure by interacting
ith a GLP-1R-dependent pathway. Hence ligand-specific
ctivation of a common GLP-1R increases the complex-
ty of gut-central nervous system pathways regulating
nergy homeostasis and metabolic expenditure.

eptide hormones released from enteroendocrine cells
play an important role in regulating initiation of

eal ingestion and satiety and the integrated control of
nergy homeostasis. Food intake promotes the rapid re-
ease of multiple gut peptides, which can activate ascend-
ng neural pathways or enter the central nervous system
CNS) directly, to terminate food ingestion. Hence, pep-
ide hormones such as ghrelin, cholecystokinin (CCK),
nd peptide YY (PYY) have been implicated as nutrient-
ensitive modulators of feeding behavior, which exert
heir transient actions in part through control of gut
otility and via communication with CNS satiety cen-

ers.1 Furthermore, bariatric surgery is often associated
ith increased circulating levels of anorectic peptides

eleased from the distal gut,2,3 which may contribute to
nhanced regulation of satiety, weight loss, and im-
roved control of glucose homeostasis in selected pa-
ients.4

The proglucagon gene encodes structurally related
roglucagon-derived peptides (PGDPs), including glu-
agon, glucagon-like peptide-1 (GLP-1), glucagon-like
eptide-2 (GLP-2), glicentin, and oxyntomodulin
OXM). The intestinal PGDPs (Figure 1A ) are rapidly
ecreted in response to food intake.5,6 The actions of
LP-1 lower blood glucose through stimulation of glu-

ose-dependent insulin secretion and inhibition of glu-
agon secretion and gastric emptying.7 GLP-1 also in-
ibits food intake following peripheral administration,
esulting in weight loss following administration to
bese diabetic subjects.8 In contrast, GLP-2 up-regulates
ntestinal hexose transport, inhibits gastric motility and
cid secretion, and regulates the mass of the intestinal
pithelium via stimulation of mucosal growth and inhi-
ition of apoptosis.9

Proglucagon processing in the central nervous system
enerates a similar profile of PGDPs to that observed in
he gut.10,11 The CNS actions of GLP-1 are complex and
nclude reduction of food intake, transduction of aversive
ignals, regulation of learning and memory, and neuro-
rotection.12,13 Although much less is known about the
hysiologic importance of GLP-2 in the CNS, intracere-
roventricular administration of GLP-2 inhibits food
ntake in both rats and mice.14,15

Abbreviations used in this paper: CCK, cholecystokinin; Ex-4, ex-
ndin-4; GIPR, GIP receptor; GLP, glucagon-like peptide; GLP-1R,
LP-1 receptor; GLUR, glucagon receptor; GPCRs, G-protein-coupled
eceptors; OXM, oxyntomodulin; PGDP, proglucagon-derived peptide;
YY, peptide YY.

© 2004 by the American Gastroenterological Association
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In contrast to the expanding number of actions de-
cribed for GLP-1 and GLP-2, the biologic activities of
irculating PGDPs such as gut-derived glicentin and
XM are much less understood. Glicentin, a 69 amino

cid peptide containing the sequence of OXM, exhibits
odest intestinotrophic effects.16,17 OXM, a 37 amino

cid peptide containing the sequence of glucagon and an
amino acid carboxyterminal extension (Figure 1A ),

nhibits gastric emptying and gastric acid secretion in
oth rodents and humans18,19 and stimulates intestinal
lucose uptake and decreases pancreatic enzyme secretion
n rats.20,21 Central administration of OXM reduces food
ntake in both fasted and fed rats,22 whereas twice daily
ntracerebroventricular (ICV) or intraperitoneal (IP) in-
ections of OXM decreased both food intake and body
eight gain.23,24 Furthermore, OXM inhibits food in-

ake following parenteral administration to normal hu-
an subjects.25

Although separate receptors have been characterized
or glucagon, GLP-1, and GLP-2,26 pharmacologically
nique binding sites or distinct receptors for glicentin or
XM have not yet been identified. Furthermore, selec-

ive antagonists that specifically block the actions of
XM are not available. Although the truncated lizard
eptide exendin (9-39) (Figure 1A ) inhibits the anorectic
ctions of OXM, exendin (9-39) has been shown to
unction either as a GLP-1, glucose-dependent insuli-
otrophic peptide (GIP), or GLP-2 receptor antago-
ist.14,27,28 OXM binds to porcine glucagon receptors,
lbeit with much lower affinity compared to glucagon29;
owever, OXM can also bind to and activate GLP-1
eceptors, increasing cAMP accumulation and stimulat-
ng somatostatin secretion and H� production in RIN T3
nd rat parietal cell preparations, respectively.30,31 Hence,
he precise molecular mechanisms whereby OXM medi-
tes its biologic actions, including inhibition of food
ntake, remain inconclusive.22

The available data suggest that enteroendocrine-
erived peptides exert distinct biologic actions through
ingle unique receptors; hence, the possibility that 2
tructurally related PGDPs, GLP-1 and OXM, may exert
verlapping biologic actions via a single common recep-

igure 1. Oxyntomodulin stimulates cAMP production via the GLP-1
roglucagon-derived peptides (PGDPs) including oxyntomodulin. The a
nd glucagon are shown below. GLP-1R, glucagon-like peptide-1 recep
ide; MPGF, major proglucagon fragment; IP, intervening peptide. (B–E)
D), or glucagon (E) were pretreated for 5 minutes with 500 nmol/L ex

nmol/L (1), 10 nmol/L (10), or 100 nmol/L (100) of GLP-2, oxy
oncentration in aliquots of lyophilized cell extracts was determined by
orskolin treatment (100 �mol/L) was used as a positive control. Val
ndependent experiments, each performed in triplicate. ***P � 0.001 vs
or has not yet been clearly established. OXM potentially
nteracts with either the glucagon or GLP-1 receptors,
nd GLP-2-dependent modulation of OXM activity has
lso been described.30–32 Furthermore, the mechanism by
hich OXM produces weight loss in rodents has not
een determined, and an effect of OXM on ghrelin secretion
nd/or energy expenditure has been postulated.23,24 Ac-
ordingly, to identify the specific receptor(s) transducing
he biologic effects of OXM, we utilized a combination
f cell lines and both wild-type and receptor knockout
ice for analysis of ligand binding, signal transduction,

ood intake, neuronal activation, and energy expenditure.
he results of these studies provide new evidence that 2
istinct peptide agonists derived from the same proglu-
agon gene activate a single GLP-1–preferring receptor,
et exhibit divergent effects on food intake vs. control of
nergy expenditure.

Materials and Methods
Reagents

Tissue culture medium, serum, and G418 were pur-
hased from Invitrogen (San Diego, CA). Forskolin and
-isobutyl-1-methylxanthine (IBMX) were obtained from
igma (St. Louis, MO). OXM and exendin (9-39) were initially
btained from Dr. Stephen Bloom (Dept. of Metabolic Medi-
ine, Imperial College, Hammersmith Hospital, London,
nited Kingdom) and were subsequently purchased separately

rom California Peptide Research Inc. (Napa, CA). Exendin-4
Ex-4) was obtained from California Peptide Research Inc.
Napa, CA), and human GLP-2 was provided by Bachem Inc.
Torrance, CA).

Cell Culture and Transfections

Baby hamster kidney (BHK) fibroblast cells were
ransfected with cDNA encoding either the rat GIP receptor
GIPR)33 or the rat glucagon receptor (GLUR)34 cloned into
he pcDNA3.1 eukaryotic expression vector (Invitrogen, San
iego, CA) or with pcDNA3.1 alone using Lipofectin reagent

Invitrogen), according to the manufacturer’s protocol. Stable
cDNA3.1-, GIPR-, or GLUR-expressing cell lines were gen-
rated by selection of transfected cells in medium supple-
ented with G418 (0.8 mg/mL) for 2 weeks. Cell culture

tudies were carried out using pools of stable G418-resistant

glucagon receptors in vitro. (A) Structure of proglucagon and the
acid sequences of exendin-4, exendin (9-39), GLP-1, oxyntomodulin,
LUR, glucagon receptor; GRPP, glicentin-related pancreatic polypep-

le BHK cell lines expressing rat receptors for GLP-2 (B), GIP (C), GLP-1
(9-39) [Ex9-39] or medium alone prior to a 10-minute treatment with

odulin (OXM), GIP, exendin-4 (Ex 4), or glucagon (gluc). The cAMP
immunoassay and used to calculate the total cAMP content per well.
re expressed as means � SD and are representative of data from 2
k; #P � 0.05, ##P � 0.01, for peptide- vs. exendin (9-39)-treated cells.
and
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lones maintained in Dulbecco’s modified Eagle’s medium
DMEM; 4.5 g/L glucose) supplemented with 10% fetal bo-
ine serum and 0.05 mg/mL G418. BHK cell lines transfected
ith either the rat GLP-1R or the rat GLP-2R were generated

nd propagated as described previously.35,36

Cell-Based Receptor Activation Studies

BHK cells stably expressing either pcDNA 3.1, GLP-
R, GLP-2R, or GIPR or the GLUR were grown to 70%–
0% confluence in 24-well plates in the absence of G418 at
7°C. All peptides were initially dissolved in phosphate-buff-
red saline (PBS), and cells were treated with individual pep-
ides or 100 �mol/L forskolin in DMEM containing serum and
00 �mol/L IBMX. For peptide treatments, cells were incu-
ated with exendin (9-39) or medium alone for 5 minutes at
7°C, followed by an additional 10-minute incubation in the
resence of different concentrations of Ex-4, GIP, GLP-1,
LP-2, or glucagon. All reactions were carried out in triplicate

nd terminated by the addition of ice-cold absolute ethanol.
ell extracts were collected and stored at �80°C until assayed.
or cAMP determinations, aliquots of ethanol extracts were
yophilized, and cAMP levels were measured using a cAMP
adioimmunoassay kit (Biomedical Technologies, Stoughton,
A).

Animal Experiments

All animal experiments were carried out in accordance
ith protocols and guidelines approved by the Toronto Gen-

ral Hospital Animal Care Committee. Mice were maintained
nder a 12-hour light/dark cycle and allowed free access to
tandard rodent chow and water, except where noted. The
eneration and characterization of GLP-1R�/� mice in the
D-1 genetic background has been described.37–39 GLUR�/�

ice (Gcgr�/�) in the C57BL/6 genetic background were
indly provided by Dr. Erica Nishimura (Dept. of Diabetes
iology, Novo Nordisk A/S, Bagsvaerd, Denmark) and Dr.
aureen Charron (Dept. of Biochemistry, Albert Einstein
ollege of Medicine, Bronx, NY). Age- and sex-matched (14-

o 16-week-old males) wild-type CD-1 or C57BL/6 control
ice were obtained from Charles River Laboratories (Montreal,
uebec, Canada) and were allowed to acclimatize to the animal

acility for a minimum of 1 week.
For analysis of food intake, mice were fasted overnight

16–18 hours), and peptides (dissolved in PBS) or vehicle
PBS) were administered by either IP or ICV injection. For
CV injections, mice were lightly anesthetized using isoflurane
nhalation (Abbott Laboratories Ltd., Saint-Laurent, Quebec,
anada), and peptides or vehicle were administered in a total
olume of 5 �L by injection into the lateral ventricles using a
.5-mm, 30-gauge needle attached to a Hamilton syringe as
escribed.37 Mice were allowed to recover from the anesthetic
approximately 10 minutes) prior to assessment of food intake.
or IP injections, 100 �L of peptide or vehicle were injected
nto the peritoneal cavity. Following peptide administration,
ice were weighed and then placed into individual cages

ontaining preweighed rodent chow, with free access to water.
t 2, 4, 8, and 24 hours following peptide or vehicle admin-
stration, the chow was reweighed, and total food intake (g/g
f body weight) was calculated.

Indirect Calorimetry

Immediately following IP or ICV administration of
BS or peptide, oxygen consumption (VO2) and carbon diox-

de generation (VCO2) were determined by indirect calorime-
ry using an Oxymax System (Columbus Instruments, Colum-
us, OH). Mice were placed into individual metabolic
hambers with free access to food and water. VO2 and VCO2

ere measured, and respiratory exchange ratio (RER; ratio of
O2 to VCO2) was determined at 15-minute intervals for a

otal of 21 hours.

Assessment of c-fos Activation in the
Murine Central Nervous System

The number of c-fos-immunoreactive neurons in spe-
ific brain regions was quantitatively assessed in both wild-
ype CD-1 and GLP-1R�/� mice as described.40,41 Briefly,
nimals were administered an IP injection of PBS or peptide in
100 �L volume. At 60 minutes following injection, mice
ere anesthetized with Somnotol (sodium pentobarbital solu-

ion, MTC Pharmaceuticals, Cambridge, Ontario, Canada). All
ice were perfused intracardially with ice-cold normal saline

ollowed by 4% paraformaldehyde solution. Brains were re-
oved immediately at the end of perfusion and kept in ice-

old 4% paraformaldehyde solution for 3 days then transferred
o a solution containing paraformaldehyde and 10% sucrose for
2 hours. Brains were cut into 25-�m sections using a sliding
icrotome Leica SM2000R (Leica Microsystems, Richmond
ill, Ontario, Canada) and stored at �30°C in a cold cryo-

rotecting solution. Sections were processed for immunocyto-
hemical detection of Fos using a conventional avidin-biotin-
mmuno peroxidase method (Vectastain ABC Elite Kit; Vector
aboratories, CA) as described.40,41 The Fos antibody (Sigma-
ldrich, Oakville, ON) was used at a 1:50,000 dilution. Brain

ections corresponding to the level of the arcuate nucleus
ARC), the medial parvocellular portion of the paraventricular
ucleus of the hypothalamus (PVH), the nucleus of solitary
ract (NTS), and the area postrema (AP) were selected for
nalyses. Sections corresponding to �1.58 mm to 1.94 mm
ARC), �0.70 mm to �1.94 mm (PVH), and �7.48 mm
NTS and AP) from bregma, respectively, were defined accord-
ng to the Mouse Brain Atlas of Franklin and Paxinos.42

GLP-1 Binding Studies
125I-labeled GLP-1 and 125I-labeled oxyntomodulin

specific activity 898 and 868 Ci/mmol, respectively) were
urchased from Peninsula Laboratories (San Carlos, CA). Fro-
en coronal brain sections (16 �m) were thaw mounted onto
lides and preincubated for 20 minutes at room temperature in
ssay buffer [25 mmol/L HEPES buffer (pH 7.4) containing 2
mol/L MgCl2 , 1% BSA, 1 mmol/L dithiothreitol, 0.05%
ween 20, and 0.1% bacitracin]. Sections were incubated for
0 minutes at room temperature in assay buffer containing 60
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mol/L 125I-labeled GLP-1 or 120 pmol/L 125I-labeled oxyn-
omodulin alone or in the presence of 200 nmol/L unlabeled
LP-1, oxyntomodulin, or exendin (9-39). Slides were rinsed
times for 1 minute each in assay buffer at 4°C, dipped in

ce-cold distilled water, and then dried overnight under an air
tream at 4°C. Slides were exposed to film (Kodak BioMax

R) at room temperature for 10 days.

Statistical Analysis

All data are presented as means � SD or SE as indi-
ated. Statistical significance was determined by ANOVA and
onferonni’s posttest using Prism Version 3.03 software

GraphPad Software Inc., San Diego, CA) or by ANOVA
ollowed by Fisher post hoc analysis using StatView (Abacus,
A). A P value � 0.05 was considered to be statistically

ignificant.

Results
To identify the specific receptor(s) through which

XM mediates its effects, we examined the ability of
XM to stimulate cAMP formation in stable clones of
HK fibroblast cells expressing either the rat GLP-2,
IP, GLP-1, or glucagon receptor. In BHK cells express-

ng the GLUR, GLP-2R, or GIPR, treatment with 1 or
0 nmol/L glucagon, GLP-2, or GIP, respectively, elic-
ted a significant rise in cAMP (Figure 1E, 1B, and 1C,
espectively); the stimulatory action of these peptides on
heir known receptors was not inhibited by the GLP-1
eceptor antagonist exendin (9-39) (Figure 1E, 1B, and
C, respectively). Treatment of BHK-GIPR or BHK-
LP-2R cells with OXM (10 or 100 nmol/L) had no

ffect on cAMP production (Figure 1C and 1B, respec-
ively). Conversely, BHK cells that express the rat GLP-1
r glucagon receptors exhibited significant increases in
AMP accumulation in response to treatment with either
heir cognate ligand or OXM (Figure 1D and E ). More-
ver, pretreatment of BHK-GLP-1R cells with exendin
9-39) significantly attenuated the increase in cAMP
roduced in response to the lower concentrations of the
LP-1 receptor agonist Ex-4 (1 nmol/L) or OXM (10
mol/L) (Figure 1D). In contrast, pretreatment of BHK-
LUR cells with exendin (9-39) had no inhibitory effect

n cAMP production in response to glucagon or OXM
Figure 1E ). These results demonstrate that (1) OXM
ctivates both the cloned glucagon and GLP-1 receptors
nd that (2) exendin (9-39) is a functional OXM antag-
nist at the rat GLP-1 but not the glucagon receptor in
itro.

OXM Is a Less Potent GLP-1R Agonist
Compared With Ex-4

The results of experiments in Figure 1D demon-
trate that OXM can function as a GLP-1R agonist,
otentially in an exendin (9-39)-dependent manner. To
etermine the relative potency of OXM vs. Ex-4 at the
LP-1 receptor, we incubated BHK-GLP-1R fibroblasts
ith increasing concentrations of Ex-4 or OXM in the
resence or absence of 1 �mol/L exendin (9-39). Al-
hough both Ex-4 and OXM increased levels of cAMP in
dose-dependent manner, Ex-4 was significantly more

otent than OXM over a range of peptide concentrations
Figure 2; EC50 � 0.27 nmol/L for Ex-4 vs. 13.69
mol/L for OXM), demonstrating that OXM is a com-
aratively weak agonist at the rat GLP-1R. Pretreatment
ith 1 �mol/L exendin (9-39) diminished both the
x-4- and OXM-stimulated elevations in cAMP (Figure
); EC50 � 10.93 nmol/L for Ex-4 � exendin (9-39) and
.61 �mol/L for OXM � exendin (9-39). In contrast,
reatment with exendin (9-39) alone had no effect on
evels of cAMP in BHK-GLP-1R cells (data not shown).
urthermore, the data demonstrate that a 100-fold molar
xcess of exendin (9-39) is required to block the actions
f Ex-4 in vitro.

ICV OXM Inhibits Food Intake in a Dose-
Dependent Manner in Wild-Type Mice

GLP-1, Ex-4, and, more recently, OXM have
een shown to significantly reduce food intake in rodents
nd humans.43–45 To identify the receptor(s) transducing
he anorectic effects of OXM, we administered OXM

igure 2. Oxyntomodulin is a less potent agonist of the rat GLP-1
eceptor than exendin-4 in vitro. A stable BHK cell line expressing the
at GLP-1 receptor (GLP-1R) was pretreated for 5 minutes with 1
mol/L exendin (9-39) or medium alone prior to a 10-minute treat-
ent with increasing concentrations of exendin-4 (Ex 4) or oxynto-
odulin (OXM). cAMP levels in lyophilized aliquots of cell extracts
ere quantified by radioimmunoassay and used to calculate the total
AMP content per well. Values are expressed as means � SD and are
epresentative of data from 2 independent experiments, each per-
ormed in triplicate. **P � 0.01, ***P � 0.001 for Ex 4- vs. OXM-
reated cells.
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1–15 �g) by ICV injection to wild-type mice. OXM, at
CV doses ranging from 5 to 15 �g, significantly re-
uced feeding in wild-type mice for at least 8 hours;
owever, by 24 hours, food intake was not different from
hat of control (PBS)-treated mice (Figure 3A ). A lower
ose (1 �g) of ICV OXM had no effect on food con-
umption in wild-type mice (Figure 3A ). In contrast,
CV administration of 1 �g Ex-4 resulted in a sustained
eduction in food intake over the 24-hour observation
eriod (Figure 3A ). Thus, the inhibitory effect of ICV
XM on food intake in mice is dose dependent but is

ess potent and more transient relative to that of the
LP-1R agonist Ex-4.

ICV OXM Inhibits Food Intake in an Exendin
(9-39)-Dependent Manner

Exendin (9-39) inhibited the anorectic effect of
oth ICV OXM and GLP-2 in rats14,22; hence, the re-
eptor and species specificity of exendin (9-39) as a
GDP receptor antagonist has been questioned because
xendin (9-39) does not inhibit and actually potentiates
he anorectic effects of ICV GLP-2 in wild-type mice.15

entral administration of exendin (9-39) completely
locked the inhibitory effects of ICV OXM on food
ntake and partially reversed the inhibitory effect of Ex-4
n food ingestion (Figure 3B). These data demonstrate
hat exendin (9-39) is also a functional OXM antagonist
n wild-type mice.

ICV OXM Does Not Inhibit Food Intake in
GLP-1R�/� Mice

The results of several studies allude to the possible
xistence of a second GLP-1R in adipocytes, hepatocytes,
nd myocytes that is distinct from the known cloned
ancreatic GLP-1 receptor.46,47 Furthermore, other stud-
es demonstrate a lack of an inhibitory effect of exendin
9-39) on GLP-1 action in the liver and gastrointestinal
ract.48,49 Thus, OXM or, in some instances, Ex-4 might
otentially exert actions via a distinct receptor structur-
lly similar to the known GLP-1R. Nevertheless, ICV
dministration of OXM or Ex-4, at doses that inhibit
ood intake in wild-type mice, had no effect on feeding in
LP-1R�/� mice (Figure 3C ), demonstrating that OXM

nd Ex-4 modulate feeding behavior exclusively through
he known defined GLP-1R.50

IP Administration of OXM Does Not Inhibit
Food Intake in Wild-Type or GLP-1R�/�

Mice

Peripheral administration of GLP-1R agonists re-
uced food intake in both rodents and humans.44,45,51
imilarly, IP OXM inhibited food intake and body
eight gain in rats,24 and intravenous administration of
XM increased satiety and reduced caloric intake in
umans.25 Nevertheless, peripheral administration of
XM, even at pharmacologic doses (15–100 �g), had no

ffect on food intake in wild-type mice (Figure 3D). In
ontrast, a much smaller IP dose of Ex-4 (1.5 �g) sig-
ificantly reduced food intake for 24 hours (Figure 3D).
hese results suggest the existence of species-specific
ifferences in peripherally accessible Ex-4- vs. OXM-
ensitive pathways modulating feeding behavior.

GLP-1R�/� mice exhibit enhanced sensitivity to the
norectic effects of GLP-2,15 suggesting that the presence
r absence of the GLP-1R functionally modulates activ-
ty of feeding pathways regulated by structurally related
GDPs. To determine whether potential anorectic effects
f peripheral OXM could be mediated by a separate
eceptor unmasked by absence of the known GLP-1R, we
easured food intake in GLP-1R�/� mice. IP injection

f either OXM or Ex-4 had no effect on feeding in
LP-1R�/� mice (Figure 3E ). Taken together, the data

btained using both wild-type and GLP-1R�/� animals
emonstrate that, at the doses tested, peripherally ad-
inistered OXM does not modulate feeding behavior in
ice.

ICV OXM Inhibits Food Intake in Gcgr�/�

Mice

OXM interacts with the liver glucagon recep-
or,29 and our experiments with the cloned glucagon
eceptor expressed in BHK cells demonstrate that OXM
s capable of activating signaling pathways through the
cgr (Figure 1E ). To determine whether the Gcgr is also

equired for the inhibitory effect of OXM on feeding in
ivo, we measured food intake in fasting Gcgr�/� mice
n response to ICV OXM. Because the Gcgr�/� mice are

aintained on the C57BL/6 genetic background, we also
easured food intake in wild-type C57BL/6 mice. OXM

ignificantly decreased feeding in both wild-type
57BL/6 (data not shown) and Gcgr�/� mice (Figure
F ), demonstrating that the anorectic effects of OXM do
ot require a functional glucagon receptor.

OXM and Ex-4 Activate c-fos in the Murine
Brain

The observation that Ex-4 but not OXM inhibited
ood intake after IP administration prompted us to ascertain
hether peripheral administration of different GLP-1R

gonists produced comparable activation of CNS regulatory
ircuits implicated in the control of food intake. Ex-4
ignificantly induced neuronal c-fos expression in the para-
entricular nucleus of the hypothalamus, the nucleus of the
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olitary tract, and the area postrema but not in the arcuate
ucleus of wild-type mice (Figure 4). Similarly, IP OXM
dministration produced significant c-fos activation in the
ame brain regions (Figure 4). In contrast, both peptides
ailed to increase c-fos expression following IP administra-
ion in GLP-1R�/� mice (Figure 4).

igure 3. (A) ICV oxyntomodulin inhibits food intake in a dose-depen
ild-type CD-1 mice were anesthetized and given intracerebroventricu

OXM) or exendin-4 (Ex-4). Food intake was measured at 2, 4, 8, and
E; n � 4–7 mice/treatment. **P � 0.01, ***P � 0.001 for PBS-
ild-type mice is blocked by coadministration of exendin (9-39). Wild-t
ere given intracerebroventricular (ICV) injections of either vehicle (PB
f 50 �g exendin (9-39) [Ex(9-39)]. Food intake was measured at 2,
eans � SE and contain data from several independent experiments
BS- vs. peptide-treated mice; #P � 0.05, ##P � 0.01, ###P � 0.00
o effect on food intake in GLP-1R�/� mice. Following an overnig
ntracerebroventricular (ICV) injections of either vehicle (PBS), oxynto
xendin (9-39) (Ex9-39). Food intake was measured at 2, 4, 8, and 24
� 5–12 mice/treatment. (D and E) IP oxyntomodulin has no effect

vernight fast, wild-type CD-1 (D) or GLP-1R�/� (E) mice were given
xendin-4 (Ex-4). Food intake was measured at 2, 4, 8, and 24
ice/treatment. *P � 0.05, **P � 0.01, ***P � 0.001 for PBS- vs.
ice. Gcgr�/� mice were fasted overnight (16 hours), and, the followin

njections of either vehicle (PBS), oxyntomodulin (OXM), or exendin-4
ot 8 hours was selected for this study), and 24 hours postrecovery fro
P � 0.05, **P � 0.01, ***P � 0.001 for PBS- vs. peptide-treated
Acute Administration of Ex-4 but not OXM
Regulates Metabolic Rate in Mice

Although considerable data support an acute in-
ibitory effect of specific PGDPs on food ingestion,
hether these anorectic peptides also regulate metabolic

manner in wild-type mice. Following an overnight (16–18 hour) fast,
CV) injections of vehicle (PBS) or increasing doses of oxyntomodulin
ours postrecovery from injection. Values are expressed as means �
eptide-treated mice. (B) The inhibitory effect of ICV oxyntomodulin in
D-1 mice were fasted overnight (16–18 hours) and the following day
xyntomodulin (OXM), or exendin-4 (Ex-4), in the presence or absence
and 24 hours post-recovery from injection. Values are expressed as
4–20 mice/treatment. *P � 0.05, **P � 0.01, ***P � 0.001 for
peptide- vs. exendin (9-39)-treated mice. (C) ICV oxyntomodulin has
st (16–18 hours), GLP-1R�/� mice were anesthetized and given
lin (OXM), or exendin-4 (Ex-4), in the presence or absence of 50 �g
s postrecovery from injection. Values are expressed as means � SE;
od intake in either wild-type or GLP-1R�/� mice. After a 16–18-hour
peritoneal (IP) injections of vehicle (PBS), oxyntomodulin (OXM), or
postinjection. Values are expressed as means � SE; n � 5–8
e-treated mice. (F ) ICV oxyntomodulin inhibits food intake in Gcgr�/�

, they were lightly anesthetized and given intracerebroventricular (ICV)
. Food intake was measured at 2, 4, 7 (for technical reasons, 7 and
ection. Values are expressed as means � SE; n � 3 mice/treatment.
. Figure 3 continued on facing page.
dent
lar (I
24 h
vs. p
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ate has not been extensively examined. Intracerebroven-
ricular or intraperitoneal administration of OXM in
ild-type mice had no effect on VO2 or the respiratory

xchange ratio (RER), either immediately following pep-
ide injection or in the 21-hour period after OXM ad-
inistration (Figure 5 and data not shown). In contrast,

CV administration of Ex-4 produced a rapid decrease in
O2, which was associated with a significant reduction

n RER over the 21-hour observation period (Figure 5).
imilarly, IP administration of Ex-4, significantly (P �
.01 Ex-4 vs. control) reduced VO2, and RER, but the
ffect was more transient and limited to the first 2 hours
fter peptide administration (data not shown).

OXM Competes for GLP-1 Binding to the
CNS GLP-1 Receptor

To determine whether GLP-1 and OXM function
s competitive peptide ligands at the GLP-1 receptor, we
arried out binding studies using [125I ]-labeled GLP-1
nd sections of the murine central nervous system (Figure
). Discrete binding of radiolabeled GLP-1 was detected
n several regions including the central amygdala, den-
ate gyrus, medial and lateral habenular nucleus, medio-
asal and lateral hypothalamus, and the zona incerta
Figure 6A ). [125I ]-labeled GLP-1 binding was com-
letely blocked in the presence of unlabeled GLP-1, or
he antagonist exendin (9-39), and was markedly dimin-

NS. (A) The number of c-fos immunopositive cells (Fos�) in the
, area postrema (AP), and the nucleus of solitary tract (NTS) and (B)
e hypothalamic paraventricular nucleus (PVH) from wild-type (WT) and
, exendin-4 (EX-4; 1.5 �g), or oxyntomodulin (OXM; 50 �g). Data are
tal vs. control; �P � 0.01, OXM vs. Ex-4; Bar � 200 �m. Statistical

post hoc analysis.
Figure 3. (Cont’d.)
igure 4. IP OXM and Ex-4 stimulate neuronal activity in the murine C
araventricular nucleus of the hypothalamus (PVH), arcuate nucleus (ARC)
epresentative photomicrographs of Fos-stained coronal brain sections of th
LP-1R�/� mice at 60 minutes following IP administration of vehicle (PBS)

epresented as means � SE; n � 4 mice/treatment. *P � 0.01 experimen
ignificance between groups was calculated by ANOVA followed by Fisher



i
c
w
m
[
a
f
s

b
p
c
a
c
s
a
f
m
G

a
t
i
i
r
t
r

f
t
e
t
G
a
i
f
1
i
s
c
e

F
g
I
r

554 BAGGIO ET AL. GASTROENTEROLOGY Vol. 127, No. 2
shed by unlabeled oxyntomodulin (Figure 6B–D). In
ontrast, no detectable binding of [125I ]-labeled GLP-1
as observed using coronal sections from GLP-1R�/�

ice (Figure 6E ). Similarly, much weaker binding of
125I ]-labeled oxyntomodulin was detected in the arcuate
nd supraoptic nucleus using identical coronal sections
rom wild-type but not GLP-1R�/� mice (data not
hown).

Discussion
The concept that 2 distinct peptides modulate

iologic actions through a shared common receptor ap-
ears increasingly likely. For example, PTH and PTHrP
ompete for binding at the PTH receptor, and both EGF
nd TGF-� are ligands for the EGF receptor. Even more
omplexity is evident upon scrutiny of the melanocortin
ystem, in which peptides encoded by different genes,
gouti and agouti-related peptide, compete with MSH
or binding to melanocortin receptors.52 Much less com-

on is the biologic paradigm exemplified by OXM and
LP-1, wherein 2 peptides, derived from the same gene,

igure 5. ICV administration of Ex-4 but not OXM modifies oxygen co
iven intracerebroventricular injections of vehicle (PBS), oxyntomod
mmediately following peptide administration, mice were placed in
espiratory exchange ratio (RER) were measured at 15-minute interva
re ligands for a single common (GLP-1) receptor. Al-
hough it remains possible that OXM actions are mod-
fied by a separate, as yet unidentified receptor or signal-
ng protein, our data obtained using wild-type and
eceptor knockout mice convincingly demonstrate that
he anorectic actions of OXM require a functional GLP-1
eceptor.

Although multiple L-cell-derived peptides secreted
rom the distal gut modulate food ingestion, the anorec-
ic actions of PYY, GLP-1, and GLP-1R agonists such as
xendin-4 have received the most attention because of
heir demonstrated efficacy in human subjects. Both
LP-1 and exendin-4 bind to the CNS GLP-1 receptor53

nd gain access to the CNS following peripheral admin-
stration.54 The inhibitory effects of GLP-1R agonists on
eeding appear mediated through a single known GLP-
R37 and likely involve specific actions on satiety centers,
nhibition of gastric emptying, and modulation of aver-
ive signaling pathways.12,37,43,55 Indeed, repeated or
ontinuous peripheral administration of GLP-1 or ex-
ndin-4 to human subjects produces significant weight

ption and RER in mice. Wild-type CD-1 mice were anesthetized and
OXM; 5 �g), or exendin-4 (Ex-4; 1 �g) in a total volume of 5 �L.
dividual metabolic chambers and oxygen consumption (VO2) and
r a total of 21 hours.
nsum
ulin (
to in
ls fo
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oss in clinical studies.56 In contrast, the potential im-
ortance and mechanism of action for the GLP-2–depen-
ent regulation of feeding behavior remains uncer-
ain14,15 as peripheral infusion of GLP-2 does not
odulate appetite or satiety in human subjects.57

igure 6. 125I-labeled GLP-1 binds to coronal mouse brain sections.
issue sections from wild-type (A–D) and GLP-1R�/� (E) mice were
ncubated with 60 pmol/L 125I-labeled GLP-1 alone (A and E) or in the
resence of 200 nmol/L unlabeled GLP-1 (B), oxyntomodulin (OXM;
), or exendin (9-39) (D). CeA, central amygdala; DG, dentate gyrus;
B, habenular nucleus; LH, lateral hypothalamus; VH, ventral hypo-

halamus; ZI, zona incerta.
Although OXM inhibits food intake in fasted or fed
ats22–24 and more recently in human subjects,25 a sepa-
ate receptor for OXM has not yet been identified, and
he precise receptor and signaling pathway(s) transduc-
ng the anorectic effect of OXM remain uncertain. Our
ata clearly show that, although OXM increases the
evels of cAMP in BHK cells through either the rat
LP-1 or glucagon receptors, OXM inhibits food intake

xclusively through a GLP-1R–dependent pathway.
evertheless, our current data, together with studies of
XM and GLP-1 in rats,24 raise the possibility that
XM and GLP-1R agonists produce differential activa-

ion of separate GLP-1R–dependent signaling pathways
oupled to inhibition of food intake and energy expen-
iture.
The sequence of OXM contains all 29 amino acid

esidues of pancreatic glucagon, followed by an 8 amino
cid carboxyterminal extension (Figure 1A ); hence, it is
ot surprising that OXM might mediate its physiologic
ffects via the glucagon receptor. OXM binds to gluca-
on receptors and stimulates adenylate cyclase activity in
solated porcine hepatocyte membranes.29,32 Alterna-
ively, OXM, like glucagon, might interact with both
lucagon and GLP-1 receptors.58 OXM increased cAMP
ccumulation and stimulated somatostatin secretion
hrough a GLP-1R–dependent mechanism in rat insuli-
oma-derived RIN T3 cells.30 Similarly, OXM stimu-
ated cAMP and H� production in rat parietal cells in an
xendin (9-39)-dependent manner, presumably by inter-
cting with gastric GLP-1 receptors.31 Although OXM
s capable of activating the glucagon receptor in vitro,
ur studies using knockout mice clearly establish that
he anorectic effects of OXM require a functional
LP-1R in vivo.
OXM had no effect on levels of cAMP in BHK-GIPR

r BHK-GLP-2R cells, indicating that OXM is unlikely
o mediate its actions through these receptors. Neverthe-
ess, our data do not exclude the possibility of OXM-
ediated activation of the GIPR or GLP-2R via signal-

ng pathways independent of cAMP, although OXM
ailed to stimulate inositol phosphate turnover or
hanges in cellular free Ca2� in rat islet cells.59 OXM
nteracts with GLP-1 receptors on rat hypothalamic
embranes, yet it displays a binding affinity 2 orders of
agnitude weaker than that of GLP-1.22 Similarly, our

ndings demonstrate that OXM increases cAMP levels
ith similar efficacy but significantly reduced potency

elative to the GLP-1R agonist Ex-4 in BHK-GLP-1R
ells, indicating that OXM is a comparatively weak
gonist at the GLP-1R.
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Our results in wild-type mice suggest that the ano-
ectic effect of ICV OXM is transient, in keeping with a
imilar response to ICV GLP-1 in rodents.43,60 In con-
rast, ICV Ex-4 is more potent and exerts a sustained
norectic effect for at least 24 hours. The greater potency
nd longer duration of Ex-4 action may reflect its longer
alf-life because, in part, of its resistance to proteolytic
nactivation by the ubiquitous protease dipeptidyl pep-
idase IV.61 Although OXM has recently been shown to
nhibit food intake in association with reduced circulat-
ng levels of preprandial ghrelin in normal human sub-
ects,25 whether OXM will prove effective in producing
eight loss in human patients with obesity remains
nknown and requires further investigation.

Does endogenous OXM contribute to regulation of
ood intake in vivo? The GLP-1 receptor is expressed in
ypothalamic regions that regulate appetite and feeding
ehavior.62,63 PGDPs including OXM are synthesized in
he brainstem and, to a lesser extent, in the hypothala-
us64–66 and then transported to distant regions of the
NS. OXM-like immunoreactivity is detectable in the
ypothalamus,67 consistent with an anatomical relation-
hip between OXM, GLP-1R, and hypothalamic centers
egulating food intake. Furthermore, IP administration
f OXM induced c-fos expression in specific brain regions
lso activated by the GLP-1R agonist Ex-4. Hence, these
ndings raise the possibility that gut-derived peripheral
XM might also transmit physiologic signals to the
rain, consistent with previous findings that peripheral
LP-1 administration activates neuronal c-fos in rats.68

lthough our data clearly establish that transient or
enetic interruption of GLP-1R-dependent pathways ab-
ogates the anorectic actions of exogenous OXM in mice,
hether OXM is physiologically important for control of

ood intake cannot yet be determined.
ICV OXM elevated core body temperature and caused
disproportionate reduction in body weight compared
ith pair-fed rats23,24; however, our analysis of energy

xpenditure in mice demonstrated no effect of acute
XM on metabolic rate in wild-type mice. Hence, fur-

her experimentation is required to determine whether
XM exerts a species-specific effect on energy expendi-

ure independent of its anorectic actions. In contrast, a
ingle injection of Ex-4, whether given IP or ICV, re-
uced metabolic rate in mice, consistent with studies
xamining metabolic effects of GLP-1R agonist admin-
stration in rats69 and with human data demonstrating
ignificantly attenuated diet-induced thermogenesis fol-
owing a 4-hour intravenous GLP-1 infusion in normal

ale subjects.70 Taken together, our data clearly impli-
ate a third member of the PGDP family, OXM, as a
otential regulator of acute nutrient ingestion and pro-
ide genetic evidence that a single GLP-1 receptor is
apable of integrating signals from related yet structur-
lly distinct intestinal L-cell peptides, which converge on
egulation of satiety in vivo.

References
1. Korner J, Leibel RL. To eat or not to eat—how the gut talks to the

brain. N Engl J Med 2003;349:926–928.
2. Holst JJ, Sorensen TI, Andersen AN, Stadil F, Andersen B, Laurit-

sen KB, Klein HC. Plasma enteroglucagon after jejunoileal bypass
with 3:1 or 1:3 jejunoileal ratio. Scand J Gastroenterol 1979;14:
205–207.

3. Sorensen TI, Lauritsen KB, Holst JJ, Stadil F, Andersen B. Gut and
pancreatic hormones after jejunoileal bypass with 3:1 or 1:3
jejunoileal ratio. Digestion 1983;26:137–145.

4. Naslund E, Backman L, Holst JJ, Theodorsson E, Hellstrom PM.
Importance of small bowel peptides for the improved glucose
metabolism 20 years after jejunoileal bypass for obesity. Obes
Surg 1998;8:253–260.

5. Drucker DJ. Glucagon-like peptides. Diabetes 1998;47:159–169.
6. Drucker DJ. Minireview: the glucagon-like peptides. Endocrinology

2001;142:521–527.
7. Drucker DJ. Biological actions and therapeutic potential of the

glucagon-like peptides. Gastroenterology 2002;122:531–544.
8. Zander M, Madsbad S, Madsen JL, Holst JJ. Effect of 6-week

course of glucagon-like peptide 1 on glycaemic control, insulin
sensitivity, and 	-cell function in type 2 diabetes: a parallel-group
study. Lancet 2002;359:824–830.

9. Drucker DJ. Glucagon-like peptide 2. J Clin Endocrinol Metab
2001;86:1759–1764.

0. Mojsov S, Heinrich G, Wilson IB, Ravazzola M, Orci L, Habener JF.
Preproglucagon gene expression in pancreas and intestine diver-
sifies at the level of post-translational processing. J Biol Chem
1986;261:11880–11889.

1. Larsen PJ, Tang-Christensen M, Holst JJ, Orskov C. Distribution of
glucagon-like peptide-1 and other preproglucagon-derived pep-
tides in the rat hypothalamus and brainstem. Neuroscience
1997;77:257–270.

2. Kinzig KP, D’Alessio DA, Seeley RJ. The diverse roles of specific
GLP-1 receptors in the control of food intake and the response to
visceral illness. J Neurosci 2002;22:10470–10476.

3. During MJ, Cao L, Zuzga DS, Francis JS, Fitzsimons HL, Jiao X,
Bland RJ, Klugmann M, Banks WA, Drucker DJ, Haile CN. Gluca-
gon-like peptide-1 receptor is involved in learning and neuropro-
tection. Nat Med 2003;9:1173–1179.

4. Tang-Christensen M, Larsen PJ, Thulesen J, Romer J, Vrang N.
The proglucagon-derived peptide, glucagon-like peptide-2, is a
neurotransmitter involved in the regulation of food intake. Nat
Med 2000;6:802–807.

5. Lovshin J, Estall J, Yusta B, Brown TJ, Drucker DJ. Glucagon-like
peptide-2 action in the murine central nervous system is en-
hanced by elimination of GLP-1 receptor signaling. J Biol Chem
2001;276:21489–21499.

6. Myojo S, Tsujikawa T, Sasaki M, Fujiyama Y, Bamba T. Trophic
effects of glicentin on rat small-intestinal mucosa in vivo and in
vitro. J Gastroenterol 1997;32:300–305.

7. Drucker DJ, Ehrlich P, Asa SL, Brubaker PL. Induction of intestinal
epithelial proliferation by glucagon-like peptide 2. Proc Natl Acad
Sci U S A 1996;93:7911–7916.

8. Schjoldager B, Mortensen PE, Myhre J, Christiansen J, Holst JJ.
Oxyntomodulin from distal gut. Role in regulation of gastric and
pancreatic functions. Dig Dis Sci 1989;34:1411–1419.

9. Jarrousse C, Carles-Bonnet C, Niel H, Sabatier R, Audousset-
Puech MP, Blache P, Kervran A, Martinez J, Bataille D. Inhibition



2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

5

August 2004 OXYNTOMODULIN REGULATES ENERGY HOMEOSTASIS 557
of gastric acid secretion by oxyntomodulin and its 19-37 fragment
in the conscious rat. Am J Physiol 1993;264:G816–G823.

0. Collie NL, Zhu Z, Jordan S, Reeve JR Jr. Oxyntomodulin stimu-
lates intestinal glucose uptake in rats. Gastroenterology 1997;
112:1961–1970.

1. Anini Y, Jarrousse C, Chariot J, Nagain C, Yanaihara N, Sasaki K,
Bernad N, Le Nguyen D, Bataille D, Roze C. Oxyntomodulin inhib-
its pancreatic secretion through the nervous system in rats.
Pancreas 2000;20:348–360.

2. Dakin CL, Gunn I, Small CJ, Edwards CM, Hay DL, Smith DM,
Ghatei MA, Bloom SR. Oxyntomodulin inhibits food intake in the
rat. Endocrinology 2001;142:4244–4250.

3. Dakin CL, Small CJ, Park AJ, Seth A, Ghatei MA, Bloom SR.
Repeated ICV administration of oxyntomodulin causes a greater
reduction in body weight gain than in pair-fed rats. Am J Physiol
Endocrinol Metab 2002;283:E1173–E1177.

4. Dakin CL, Small CJ, Batterham RL, Neary NM, Cohen MA, Patter-
son M, Ghatei MA, Bloom SR. Peripheral oxyntomodulin reduces
food intake and body weight gain in rats. Endocrinology 2004;
145:2687–2695.

5. Cohen MA, Ellis SM, Le Roux CW, Batterham RL, Park A, Patter-
son M, Frost GS, Ghatei MA, Bloom SR. Oxyntomodulin sup-
presses appetite and reduces food intake in humans. J Clin
Endocrinol Metab 2003;88:4696–4701.

6. Mayo KE, Miller LJ, Bataille D, Dalle S, Goke B, Thorens B,
Drucker DJ. International Union of Pharmacology. XXXV. The Glu-
cagon Receptor Family. Pharmacol Rev 2003;55:167–194.

7. Eng J, Kleinman WA, Singh L, Singh G, Raufman JP. Isolation and
characterization of exendin 4, an exendin 3 analogue from Helo-
derma suspectum venom. J Biol Chem 1992;267:7402–7405.

8. Wheeler MB, Gelling RW, McIntosh CH, Georgiou J, Brown JC,
Pederson RA. Functional expression of the rat pancreatic islet
glucose-dependent insulinotropic polypeptide receptor: ligand
binding and intracellular signaling properties. Endocrinology
1995;136:4629–4639.

9. Baldissera FG, Holst JJ, Knuhtsen S, Hilsted L, Nielsen OV.
Oxyntomodulin (glicentin-(33-69)): pharmacokinetics, binding to
liver cell membranes, effects on isolated perfused pig pancreas,
and secretion from isolated perfused lower small intestine of
pigs. Regul Pept 1988;21:151–166.

0. Gros L, Thorens B, Bataille D, Kervran A. Glucagon-like peptide-
1-(7-36)amide, oxyntomodulin, and glucagon interact with a com-
mon receptor in a somatostatin-secreting cell line. Endocrinology
1993;133:631–638.

1. Schepp W, Dehne K, Riedel T, Schmidtler J, Schaffer K, Classen
M. Oxyntomodulin: a cAMP-dependent stimulus of rat parietal cell
function via the receptor for glucagon-like peptide-1 (7-36)NH2.
Digestion 1996;57:398–405.

2. Bataille D, Tatemoto K, Gespach C, Jornvall H, Rosselin G, Mutt
V. Isolation of glucagon-37 (bioactive enteroglucagon/oxynto-
modulin) from porcine jejuno-ileum. Characterization of the pep-
tide. FEBS Lett 1982;146:79–86.

3. Usdin TB, Mezey E, Button DC, Brownstein MJ, Bonner TI. Gastric
inhibitory polypeptide receptor, a member of the secretin-vaso-
active intestinal peptide receptor family, is widely distributed in
peripheral organs and the brain. Endocrinology 1993;133:2861–
2870.

4. Carruthers CJL, Unson CG, Kim HN, Sakmar TP. Synthesis and
expression of a gene for the rat glucagon receptor. Replacement
of an aspartic acid in the extracellular domain prevents glucagon
binding. J Biol Chem 1994;269:29321–29328.

5. Li Y, Hansotia T, Yusta B, Ris F, Halban PA, Drucker DJ. Glucagon-
like peptide-1 receptor signaling modulates 	 cell apoptosis.
J Biol Chem 2003;278:471–478.

6. Yusta B, Somwar R, Wang F, Munroe D, Grinstein S, Klip A,
Drucker DJ. Identification of glucagon-like peptide-2 (GLP-2)-acti-
vated signaling pathways in baby hamster kidney fibroblasts
expressing the rat GLP-2 receptor. J Biol Chem 1999;274:
30459–30467.

7. Scrocchi LA, Brown TJ, MacLusky N, Brubaker PL, Auerbach AB,
Joyner AL, Drucker DJ. Glucose intolerance but normal satiety in
mice with a null mutation in the glucagon-like peptide receptor
gene. Nature Med 1996;2:1254–1258.

8. Flamez D, Van Breuseghem A, Scrocchi LA, Quartier E, Pipeleers
D, Drucker DJ, Schuit F. Mouse pancreatic 	 cells exhibit pre-
served glucose competence after disruption of the glucagon-like
peptide 1 receptor gene. Diabetes 1998;47:646–652.

9. Pederson RA, Satkunarajah M, McIntosh CH, Scrocchi LA, Flamez
D, Schuit F, Drucker DJ, Wheeler MB. Enhanced glucose-depen-
dent insulinotropic polypeptide secretion and insulinotropic ac-
tion in glucagon-like peptide 1 receptor �/� mice. Diabetes 1998;
47:1046–1052.

0. Elias CF, Kelly JF, Lee CE, Ahima RS, Drucker DJ, Saper CB,
Elmquist JK. Chemical characterization of leptin-activated neu-
rons in the rat brain. J Comp Neurol 2000;423:261–281.

1. Yamamoto H, Lee CE, Marcus JN, Williams TD, Overton JM,
Lopez ME, Hollenberg AN, Baggio L, Saper CB, Drucker DJ,
Elmquist JK. Glucagon-like peptide-1 receptor stimulation in-
creases blood pressure and heart rate and activates autonomic
regulatory neurons. J Clin Invest 2002;110:43–52.

2. Franklin K, Paxinos G. The mouse brain in sterotaxic coordinates.
San Diego, CA: Academic Press, 1997.

3. Turton MD, O’Shea D, Gunn I, Beak SA, Edwards CMB, Meeran K,
Choi SJ, Taylor GM, Heath MM, Lambert PD, Wilding JPH, Smith
DM, Ghatei MA, Herbert J, Bloom SR. A role for glucagon-like
peptide-1 in the central regulation of feeding. Nature 1996;379:
69–72.

4. Flint A, Raben A, Astrup A, Holst JJ. Glucagon-like peptide 1
promotes satiety and suppresses energy intake in humans. J Clin
Invest 1998;101:515–520.

5. Edwards CM, Stanley SA, Davis R, Brynes AE, Frost GS, Seal LJ,
Ghatei MA, Bloom SR. Exendin-4 reduces fasting and postpran-
dial glucose and decreases energy intake in healthy volunteers.
Am J Physiol Endocrinol Metab 2001;281:E155–E161.

6. Valverde I, Villanueva-Penacarrillo ML. In vitro insulinomimetic
[corrected] effects of GLP-1 in liver, muscle and fat. Acta Physiol
Scand 1996;157:359–360.

7. Redondo A, Trigo MV, Acitores A, Valverde I, Villanueva-Penacar-
rillo ML. Cell signalling of the GLP-1 action in rat liver. Mol Cell
Endocrinol 2003;204:43–50.

8. Nishizawa M, Nakabayashi H, Kawai K, Ito T, Kawakami S, Na-
kagawa A, Niijima A, Uchida K. The hepatic vagal reception of
intraportal GLP-1 is via receptor different from the pancreatic
GLP-1 receptor. J Auton Nerv Syst 2000;80:14–21.

9. Daniel EE, Anvari M, Fox-Threlkeld JE, McDonald TJ. Local, ex-
endin-(9-39)-insensitive, site of action of GLP-1 in canine ileum.
Am J Physiol Gastrointest Liver Physiol 2002;283:G595–G602.

0. Thorens B. Expression cloning of the pancreatic 	 cell receptor
for the gluco-incretin hormone glucagon-like peptide 1. Proc Natl
Acad Sci U S A 1992;89:8641–8645.

1. Szayna M, Doyle ME, Betkey JA, Holloway HW, Spencer RG, Greig
NH, Egan JM. Exendin-4 decelerates food intake, weight gain,
and fat deposition in Zucker rats. Endocrinology 2000;141:
1936–1941.

2. Dinulescu DM, Cone RD. Agouti and agouti-related protein: anal-
ogies and contrasts. J Biol Chem 2000;275:6695–6698.

3. Goke R, Larsen PJ, Mikkelsen JD, Sheikh SP. Distribution of GLP-1
binding sites in the rat brain: evidence that exendin-4 is a ligand of
brain GLP-1 binding sites. Eur J Neurosci 1995;7:2294–2300.

4. Kastin AJ, Akerstrom V. Entry of exendin-4 into brain is rapid but
may be limited at high doses. Int J Obes Relat Metab Disord
2003;27:313–318.

5. Meier JJ, Gallwitz B, Schmidt WE, Nauck MA. Glucagon-like pep-



5

5

5

5

6

6

6

6

6

6

6

6

6

6

7

G
S
d

o
t

D
t

558 BAGGIO ET AL. GASTROENTEROLOGY Vol. 127, No. 2
tide 1 as a regulator of food intake and body weight: therapeutic
perspectives. Eur J Pharmacol 2002;440:269–279.

6. Drucker DJ. Enhancing incretin action for the treatment of type 2
diabetes. Diabetes Care 2003;26:2929–2940.

7. Sorensen LB, Flint A, Raben A, Hartmann B, Holst JJ, Astrup A. No
effect of physiological concentrations of glucagon-like peptide-2
on appetite and energy intake in normal weight subjects (dagger).
Int J Obes Relat Metab Disord 2003;27:450–456.

8. Moens K, Flamez D, Van Schravendijk C, Ling Z, Pipeleers D,
Schuit F. Dual glucagon recognition by pancreatic 	-cells via
glucagon and glucagon-like peptide 1 receptors. Diabetes 1998;
47:66–72.

9. Tani T, Le Quellec A, Jarrousse C, Sladeczek F, Martinez J, Estival
A, Pradayrol L, Bataille D. Oxyntomodulin and related peptides
control somatostatin secretion in RIN T3 cells. Biochim Biophys
Acta 1991;1095:249–254.

0. Donahey JCK, Van Dijk G, Woods SC, Seeley RJ. Intraventricular
GLP-1 reduces short- but not long-term food intake or body weight
in lean and obese rats. Brain Res 1998;779:75–83.

1. Thum A, Hupe-Sodmann K, Goke R, Voigt K, Goke B, McGregor
GP. Endoproteolysis by isolated membrane peptidases reveal
metabolic stability of glucagon-like peptide-1 analogs, exendins-3
and -4. Exp Clin Endocrinol Diabetes 2002;110:113–118.

2. Shughrue PJ, Lane MV, Merchenthaler I. Glucagon-like peptide-1
receptor (GLP1-R) mRNA in the rat hypothalamus. Endocrinology
1996;137:5159–5162.

3. Navarro M, Rodriguez de Fonseca F, Alvarez E, Chowen JA, Zueco
JA, Gomez R, Eng J, Blazquez E. Colocalization of glucagon-like
peptide-1(GLP-1) receptors, glucose transporter GLUT-2, and glu-
cokinase mRNAs in rat hypothalamic cells: evidence for a role of
GLP-1 receptor agonists as an inhibitory signal for food and water
intake. J Neurochem 1996;67:1982–1991.

4. Jin S-LC, Han VKM, Simmons JG, Towle AC, Lauder JM, Lund PK.
Distribution of glucagonlike peptide 1 (GLP-1), glucagon, and
glicentin in the rat brain: an immunocytochemical study. J Comp

Neurol 1988;271:519–532. R
5. Drucker DJ, Asa S. Glucagon gene expression in vertebrate brain.
J Biol Chem 1988;263:13475–13478.

6. Lui EY, Asa SL, Drucker DJ, Lee YC, Brubaker PL. Glucagon and
related peptides in fetal rat hypothalamus in vivo and in vitro.
Endocrinology 1990;126:110–117.

7. Blache P, Kervran A, Bataille D. Oxyntomodulin and glicentin: brain
gut peptides in the rat. Endocrinology 1988;123:2782–2787.

8. Yamamoto H, Kishi T, Lee CE, Choi BJ, Fang H, Hollenberg AN,
Drucker DJ, Elmquist JK. Glucagon-like peptide-1-responsive cat-
echolamine neurons in the area postrema link peripheral gluca-
gon-like peptide-1 with central autonomic control sites. J Neuro-
sci 2003;23:2939–2946.

9. Larsen PJ, Fledelius C, Knudsen LB, Tang-Christensen M. Sys-
temic administration of the long-acting GLP-1 derivative NN2211
induces lasting and reversible weight loss in both normal and
obese rats. Diabetes 2001;50:2530–2539.

0. Flint A, Raben A, Rehfeld JF, Holst JJ, Astrup A. The effect of
glucagon-like peptide-1 on energy expenditure and substrate me-
tabolism in humans. Int J Obes Relat Metab Disord 2000;24:
288–298.

Received September 26, 2003. Accepted April 22, 2004.
Address requests for reprints to: Daniel J. Drucker, M.D., Toronto
eneral Hospital, Banting and Best Diabetes Centre, 200 Elizabeth
t MBRW4R-402, Toronto, Ontario, Canada M5G 2C4. e-mail:
.drucker@utoronto.ca; fax: (416) 978-4108.
Supported in part by operating grants from the Canadian Institutes

f Health Research (CIHR), the Juvenile Diabetes Research Founda-
ion, and the Canadian Diabetes Association (CDA).
Supported in part by operating grants from the CIHR, the Canadian
iabetes Association, and the Juvenile Diabetes Research Foundation,
o D.J.D. D.J.D. is a Senior Scientist of the CIHR and Q.H. is a CDA

esearch fellow.


	Oxyntomodulin and Glucagon-Like Peptide-1 Differentially Regulate Murine Food Intake and Energy Expenditure
	Materials and Methods
	Reagents
	Cell Culture and Transfections
	Cell-Based Receptor Activation Studies
	Animal Experiments
	Indirect Calorimetry
	Assessment of c-fos Activation in the Murine Central Nervous System
	GLP-1 Binding Studies
	Statistical Analysis

	Results
	OXM Is a Less Potent GLP-1R Agonist Compared With Ex-4
	ICV OXM Inhibits Food Intake in a Dose-Dependent Manner in Wild-Type Mice
	ICV OXM Inhibits Food Intake in an Exendin (9-39)-Dependent Manner
	ICV OXM Does Not Inhibit Food Intake in GLP-1R−/− Mice
	IP Administration of OXM Does Not Inhibit Food Intake in Wild-Type or GLP-1R−/− Mice
	ICV OXM Inhibits Food Intake in Gcgr−/− Mice
	OXM and Ex-4 Activate c-fos in the Murine Brain
	Acute Administration of Ex-4 but not OXM Regulates Metabolic Rate in Mice
	OXM Competes for GLP-1 Binding to the CNS GLP-1 Receptor

	Discussion
	References


