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Abstract

We assessed the efficacy of simultaneous agonism at the gluca-
gon-like peptide-1 receptor (GLP-1R) and the melanocortin-4
receptor (MC4R) for the treatment of obesity and diabetes in
rodents. Diet-induced obese (DIO) mice were chronically treated
with either the long-acting GLP-1R agonist liraglutide, the MC4R
agonist RM-493 or a combination of RM-493 and liraglutide.
Co-treatment of DIO mice with RM-493 and liraglutide improves
body weight loss and enhances glycemic control and cholesterol
metabolism beyond what can be achieved with either mono-
therapy. The superior metabolic efficacy of this combination
therapy is attributed to the anorectic and glycemic actions of
both drugs, along with the ability of RM-493 to increase energy
expenditure. Interestingly, compared to mice treated with lira-
glutide alone, hypothalamic Glp-1r expression was higher in mice
treated with the combination therapy after both acute and
chronic treatment. Further, RM-493 enhanced hypothalamic
Mc4r expression. Hence, co-dosing with MC4R and GLP-1R agon-
ists increases expression of each receptor, indicative of mini-
mized receptor desensitization. Together, these findings suggest
potential opportunities for employing combination treatments
that comprise parallel MC4R and GLP-1R agonism for the treat-
ment of obesity and diabetes.
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Introduction

The worldwide prevalence of obesity and its associated metabolic
complications is an increasing threat to public health (Wang et al,
2011). As a result, the development of safe and effective pharmaco-
therapies is a global priority. The etiology of metabolic disease is
complex, with diverse pathophysiological mechanisms, emphasizing
the challenges inherent in the development of medicinal options for
the disorder (Kopelman, 2000; Scheen & Van Gaal, 2014). This is
exemplified by the poor success rate in the development of anti-
obesity drugs, as less than a handful of pharmacotherapies for obes-
ity have progressed through regulatory approval (Rueda-Clausen
et al, 2013). Recent clinical and pre-clinical advances indicate that
simultaneously targeting more than one signaling pathway could
lead to superior metabolic efficacy and fewer adverse events
compared to traditional mono-therapies (Greenway & Bray, 2010;
Rodgers et al, 2012; Sadry & Drucker, 2013). Simultaneous targeting
of multiple metabolic pathways can be realized either via co-
administration of distinct hormones (Muller et al, 2012; Clemmensen
et al, 2014) or through employing unimolecular co-agonists that
combine and integrate several hormone action profiles as well as
different modes of pharmacological action (Day et al, 2009; Pocai
et al, 2009; Finan et al, 2012, 2013, 2015).

The melanocortin-4 receptor (MC4R) plays a seminal role in regu-
lating energy metabolism (Tao, 2010). Stimulation of pro-opiomela-
nocortin (POMC) expressing neurons in the hypothalamic arcuate
nucleus results in the synthesis, cleavage and release of several bioac-
tive peptides, including the endogenous MC4R-agonists o-MSH,
B-MSH and y-MSH (Castro & Morrison, 1997). Ligand-induced activa-
tion of MC4R results in inhibition of food intake and stimulation of
energy expenditure, promoting a negative energy balance (McMinn
et al, 2000; Balthasar et al, 2005). These observations and the finding
that a plethora of MC4R loss-of-function variants predispose to
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human obesity have made the MC4R an attractive target for the
development of novel, anti-obesity pharmacotherapies (Huszar
et al, 1997; Yeo et al, 1998; Farooqi et al, 2003). Furthermore,
MC4R-agonism enhances peripheral insulin sensitivity and
improves glucose tolerance in rodents and non-human primates
(Obici et al, 2001; Kievit et al, 2013), implying that MC4R-based
drug therapies hold promise for treatment of type 2 diabetes and
obesity. Unfortunately, adverse effects, including increased blood
pressure and heart rate, have hampered the clinical progression of
MC4R-based therapeutics thus far (Fani et al, 2014). Nevertheless,
a new MC4R agonist, RM-493 (previously BIM-22493), was
recently shown to decrease adiposity, increase energy expenditure
and improve glucose metabolism with no detrimental cardiovascu-
lar effects in DIO rhesus macaques (Kievit et al, 2013), providing
proof of concept for the use of MC4R-agonists to safely treat the
metabolic syndrome. RM-493 is a small synthetic peptide with a
unique activity profile distinct from other clinically tested MC4R
agonists, including LY-2112688, and is currently in phase IIA clini-
cal trials for the treatment of obesity and the metabolic syndrome.

Glucagon-like peptide-1 receptor (GLP-1R) agonists represent the
best-in-class pharmacotherapies for treating type 2 diabetes (Drucker &
Nauck, 2006). Emerging evidence supports that GLP-1R agonism can
lower body weight in obese subjects (Astrup et al, 2009; Madsbad,
2014), corroborating rodent studies. In humans, however, the anorectic
efficacy of GLP-1 mimetics is modest (Vilsboll et al, 2012). Interest-
ingly, recent studies have shown that integrating GLP-1R agonism with
glucagon receptor agonism can enhance the weight-lowering properties
of both entities in rodents (Day et al, 2009; Pocai et al, 2009) and
humans (Cegla et al, 2014). Balancing glucagon action with incretin-
based agonism adds a thermogenic dimension that elicits weight loss
without compromising the anti-diabetic and anorexigenic properties
residing within GLP-1R agonism. The concept of using co-agonists or
the co-administration of two or more hormones with complementary
pharmacological properties can be expanded to include a multitude of
novel combinatorial treatment regimes. It is anticipated that these may
represent valuable personalized treatment opportunities for the meta-
bolic syndrome.

Metabolic benefits of MC4R and GLP-1R dual agonism

Christoffer Clemmensen et al

The aim of the present study was to evaluate the efficacy of
adjunctive administration of the novel MC4R agonist RM-493 (cur-
rently in a phase 2 clinical trial) and the anti-diabetic GLP-1R
agonist liraglutide to improve glucose and energy metabolism in
DIO mice. Based on the efficacies of MC4R and GLP-1R agonists to
lower body weight and to improve glycemic control through distinct
signaling mechanisms, we hypothesized that co-administration of
these compounds may produce metabolic benefits superior to what
can be accomplished with corresponding mono-therapies. In line
with our hypothesis, we report that co-treatment with RM-493 and
liraglutide amplifies body weight loss and cholesterol metabolism
and enhances glycemic control in DIO mice. The augmented meta-
bolic efficacy was attributed to unique actions of liraglutide and
RM-493 to reduce caloric intake, increase energy expenditure and
improve cholesterol and glucose control. This is the first study to
demonstrate significantly enhanced efficacy that results from
combining MC4R and GLP-1R agonism for the treatment of obesity
and diabetes.

Results

RM-493 and liraglutide co-treatment enhances weight loss
in DIO mice

To test if simultaneous targeting of GLP-1R and MC4R promotes
metabolic benefits beyond the respective mono-therapies, 28-week-
old male DIO mice (51.92 + 0.84 g) were treated for 5 consecutive
days with liraglutide (10 nmol/kg/day), RM-493 (3.6 umol/kg/
day), the combination of liraglutide (10 nmol/kg/day) and RM-493
(3.6 umol/kg/day) or vehicle control. Based on an in vivo dose titra-
tion with liraglutide and RM-493, dosages were selected to evaluate
whether adjunctive therapy exceeds the benefits of each mono-
therapy. Five days of treatment with either mono-therapy signifi-
cantly decreased body weight relative to vehicle controls (P < 0.001)
(Fig 1A and Supplementary Fig S1A). As expected from dose selec-
tion, there was no difference in weight reduction between mice
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Figure 1. Effect of liraglutide and RM-493 co-treatment on body weight and body composition in DIO mice.

A-C Five-day treatment of DIO male mice with vehicle (white), liraglutide (10 nmol/kg) (gray), RM-493 (3.6 umol/kg) (black), or liraglutide (L0 nmol/kg) and RM-493
(3.6 pmol/kg) (checkered). Effects on (A) body weight and (B, C) body composition. Compounds were administered by daily subcutaneous injections. Data represent

means £ SEM; n = 8; *P < 0.05, **P < 0.01, ***P < 0.001.
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treated with liraglutide and mice treated with RM-493 alone
(Fig 1A and Supplementary Fig S1A). However, co-treatment with
liraglutide and RM-493 resulted in a greater weight loss relative to
mice treated with either mono-therapy (P < 0.001 relative to both
mono-therapies) (Fig 1A) which was reflected in minor body
composition alterations (Fig 1B and C and Supplementary Fig S1B
and C).

The metabolic benefits of RM-493 and liraglutide
co-administration are linked to parallel changes in food intake
and energy expenditure

In line with previous reports showing that MC4R agonism promotes
energy expenditure (Chen et al, 2000), we observed amplified
energy expenditure in mice treated with RM-493 alone and in mice
treated with the combination of RM-493 and liraglutide relative to
both vehicle-treated mice and mice treated with liraglutide alone
(P <0.001) (Fig 2A and B). Thus, the induction of energy expendi-
ture is attributed to the presence of MC4R activity. In accordance
with decreased body fat mass, both mono-therapies and the combi-
nation therapy yielded a similar reduction in the respiratory
exchange ratio (RER) relative to vehicle-treated controls
(P <0.001), indicating a shift toward higher lipid utilization
(Fig 2C). Importantly, the RM-493-induced increase in energy
expenditure was not reflected in changes in locomotor activity
(Fig 2D). Both RM-493 and liraglutide mono-therapy decreased calo-
ric intake relative to vehicle controls (Fig 2E). Interestingly, the
combination therapy induced a greater reduction in food intake
compared to both RM-493 (P < 0.01) and liraglutide (P < 0.05)
mono-therapy. All compound treatments decreased the number of
voluntary meals consumed (Fig 2F) rather than the meal size
(Fig 2G). Thus, the co-administration of RM-493 and liraglutide not
only profits from MC4R-mediated amplification of thermogenic
pathways but it also benefits from the unique anorexigenic efficacy
of each individual compound.

We explored the molecular underpinnings of the anorexigenic
response by measuring transcript levels of relevant hypothalamic
markers after acute treatment. After 2 days of treatment,
RM-493 increased hypothalamic mRNA levels of Pomc (P < 0.01),
neuropeptide Y (Npy) (P < 0.05) and agouti-related peptide (Agrp)
(P < 0.05). The RM-493-induced increase in Npy and Pomc expres-
sion observed after 48-h acute treatment was normalized after
5 days of chronic treatment, whereas Agrp mRNA levels remained
elevated (Fig 3B). Strikingly, we observed higher expression of
hypothalamic Glp-1r in mice treated with the combination therapy
compared to liraglutide mono-therapy, after both 48-h acute treat-
ment and 5 days of chronic treatment (Fig 3A and B).

Co-administration of RM-493 and liraglutide enhances the
glycemic benefits compared to the respective mono-therapies

After 5 days of treatment, fasting levels of blood glucose were
equally reduced in mice treated with liraglutide and in mice treated
with the combination therapy relative to vehicle controls (both
P < 0.001; Fig 4A). However, only the co-administration of liraglu-
tide and RM-493, and not the corresponding individual treatments,
improved glucose tolerance (P < 0.01) (Fig 4B and C) and decreased
fasting levels of insulin (P < 0.05) (Fig 4D) at the doses tested here.

© 2015 The Authors
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Notably, glucose-stimulated insulin secretion was decreased follow-
ing treatment with either mono-therapy and this effect was ampli-
fied by adjunctive administration of RM-493 and liraglutide,
suggesting that the combination therapy enhances insulin sensitivity
beyond the mono-therapies (Fig 4E and F). Corroborating the
enhanced insulin action in mice treated with the combination ther-
apy, the homeostasis model assessment of insulin resistance
(HOMA-IR) showed improved insulin sensitivity only in mice
treated with the combination therapy (Fig 4G). However, both indi-
vidual treatments and their co-administration caused similar glucose
clearance following a bolus insulin challenge (Fig 4H). Neverthe-
less, insulin-induced phosphorylation of AKTS®™73 (p-AKTS™73)
was increased in liver samples of mice treated with the combination
therapy but not in mice treated with either mono-therapy (Fig 4I).
Notably, no effect on p-AKT®*™?? induction between any group was
observed in soleus muscle or epididymal white adipose tissue
(Supplementary Fig S2A and B).

Co-administration of RM-493 and liraglutide improves
cholesterol metabolism compared to the
respective mono-therapies

After 7 days of treatment, plasma levels of cholesterol were
decreased in mice treated with liraglutide (P < 0.05), and this
effect was enhanced by adjunctive administration of liraglutide and
RM-493 (P < 0.01; Table 1). The decreased levels of plasma choles-
terol observed by the combination therapy were attributed to a
substantial decrease (64% relative to vehicle) in low-density lipo-
protein (LDL), and not high-density lipoprotein (HDL), which is
enhanced compared to the effect of liraglutide (35%) and RM-493
(46%) alone (Fig 5A). Whereas plasma levels of cholesterol were
decreased, hepatic levels of cholesterol were increased following
treatment with the combination therapy (Fig 5B), suggesting that
cholesterol uptake is enhanced. In line with this notion, the expres-
sion of Pcsk9 and Idol, both negative regulators of the low-density
lipoprotein receptor (Ldlr), were decreased in livers of mice treated
with both mono-therapies and the combination therapy (Fig 5C).
Moreover, hepatic expression of Hmgcr, a key regulator of choles-
terol biosynthesis, was decreased in the liver of mice treated with
the mono-therapies and the combination therapy, whereas Abcgs,
a regulator of secretion of cholesterol into bile, was increased by
the combination therapy only (Fig SD). Conversely, the expression
of several markers associated with cholesterol uptake and metabo-
lism were decreased following treatment with both the mono-
therapies and the combination therapy, indicating hepatic regula-
tory mechanisms controlling cholesterol uptake and turnover are
activated.

The energy and glucose metabolic benefits associated with the
co-administration of RM-493 and liraglutide are preserved
during prolonged treatment

The beneficial effects of the RM-493 and liraglutide co-administration
to improve body weight and glycemia were also confirmed in a
more chronic setting. DIO mice co-treated for 22 days with liraglu-
tide and RM-493 exhibited a 35.36 &+ 0.82% weight loss, a signifi-
cant amplification of the weight loss observed with either liraglutide
(29.55 £+ 1.66; P < 0.001) or RM-493 (24.55 + 1.33%, P < 0.001)
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Figure 2. Effect of liraglutide and RM-493 co-treatment on energy metabolic parameters in DIO mice.
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A-G Five-day treatment of DIO male mice with vehicle (white), liraglutide (L0 nmol/kg) (gray), RM-493 (3.6 umol/kg) (black), or liraglutide (10 nmol/kg) and RM-493
(3.6 umol/kg) (checkered). Effects on (A, B) energy expenditure, (C) respiratory exchange ratio (RER), (D) locomotor activity, (E) cumulative food intake, (F) meal
number and (G) meal size. Compounds were administered by daily subcutaneous injections. Data represent means £ SEM; n = 8; *P < 0.05, **P < 0.01,

***p < 0.001.
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Table 1. Effect of liraglutide and RM-493 co-treatment on plasma lipids in DIO mice.

Plasma lipids Vehicle Liraglutide RM-493 Liraglutide and RM-493
Cholesterol (mg/dl) 220.0 + 19.2 1599 + 9.8* 183.0 £+ 93 1412 + 14.4*
Triglycerides (mg/dl) 795 + 93 56.8 -+ 5.1 89.8 + 85 69.7 + 31

NEFA (mg/dl) 261 + 25 257 £ 19 270 + 19 233 + 09

Plasma lipid parameters in DIO mice maintained on a HFD and treated for 7 days with vehicle, liraglutide (10 nmol/kg), RM-493 (3.6 umol/kg), or liraglutide
(10 nmol/kg) and RM-493 (3.6 umol/kg). Compounds were administered by daily subcutaneous injections. Data represent means + SEM; n = 8; *P < 0.05,

**P < 0.01 versus vehicle.
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Figure 3. Effect of liraglutide and RM-493 co-treatment on

hypothalamic gene expression in DIO mice.

A, B Treatment-induced changes in hypothalamic gene expression in DIO
mice treated for 2 (A) or 5 (B) days with vehicle (white), liraglutide
(10 nmol/kg) (gray), RM-493 (3.6 umol/kg) (black), or liraglutide (10 nmol/
kg) and RM-493 (3.6 pmol/kg) (checkered). Compounds were
administered by daily subcutaneous injections, and the last injection was
provided 2 h prior to tissues sampling. Data represent means + SEM;
n = 8;*P < 0.05, **P < 0.01, %P < 0,001, comparison between treatment
and vehicle control. P < 0.05, #P < 0.01, ###P < 0.001, comparison to
liraglutide. *P < 0.05, comparison to RM-493.

alone (Fig 6A and Supplementary Fig S1D). In accordance with the
S5-day study, we did not observe a difference in weight reduction
between mice treated with either mono-therapy. The weight loss
observed with both mono-therapies and the combination therapy
was reflected in a reduction in food intake, albeit without significant

© 2015 The Authors

differences between these treatment groups (Fig 6B). Importantly,
the prolonged treatment regime revealed a greater reduction of fat
mass in mice treated with the combination therapy compared to
mice treated with either agent alone (Fig 6C). However, whereas
RM-493 selectively reduced body fat mass, liraglutide and the co-
administration of RM-493 and liraglutide caused a reduction in both
lean and fat mass (Fig 6D). Finally, in line with the 5-day study, the
prolonged combinatorial treatment led not only to a greater loss in
body weight but also to a greater improvement in glucose tolerance
compared to either individual therapy (Fig 6E and F).

Discussion

Mimicking incretin biology has become a major therapeutic enter-
prise for treating type 2 diabetes (Garber, 2011). Emerging evidence
supports that GLP-1R agonism may exhibit relevant weight-lowering
properties in obese human subjects (Madsbad, 2014). However, the
clinical applicability of GLP-1R analogs to reverse obesity and
improve metabolic rearrangements is suboptimal and associated
with dose-limiting adverse gastrointestinal events (Meier, 2012). In
light of this, novel combination therapies that aim to broaden the
therapeutic potential of GLP-1R agonism may provide unique oppor-
tunities for optimum treatment of metabolic disorders. In addition
to complementary mechanisms of action, sub-threshold doses may
sufficiently uphold pharmacological efficacy, while ameliorating
adverse events associated with the respective mono-therapies. In
the present study, we show that co-administration of the MC4R
agonist RM-493, currently in phase II clinical trials, and the anti-
diabetic GLP-1R agonist liraglutide yields superior metabolic
outcomes relative to the corresponding individual therapies. The
superior efficacy is due to a more pronounced effect to lower body
fat mass, which is mediated by the combined anorectic actions of
RM-493 and liraglutide along with the thermogenic properties aris-
ing from RM-493 action. In addition, adjunctive administration of
RM-493 and liraglutide improves glucose tolerance and insulin
sensitivity, lowers fasting levels of glucose and insulin and
decreases cholesterol levels beyond what can be achieved with the
corresponding mono-therapies.

In agreement with a recent study in non-human primates (Kievit
et al, 2013), we confirm in mice that treatment with RM-493 as a
stand-alone therapy can reverse diet-induced obesity. Importantly,
we demonstrate for the first time that the metabolic effects of
RM-493 on energy and glucose metabolism can be potentiated by
adjunctive GLP-1R agonism. On average, DIO mice that were treated
for 22 days with RM-493 obtained a 24.5% weight loss. This weight
loss is a consequence of a reduction in body fat mass and not lean
mass and is evident despite the maintenance of the mice on a

EMBO Molecular Medicine 5
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Figure 4. Effect of liraglutide and RM-493 co-treatment on glucose metabolism in DIO mice.

A-l

Glucose metabolic parameters were assessed following 5 days of treatment of DIO male mice with vehicle (white), liraglutide (10 nmol/kg) (gray), RM-493

(3.6 pmol/kg) (black), or liraglutide (10 nmol/kg) and RM-493 (3.6 umol/kg) (checkered). (A) Fasted blood glucose levels, (B, C) glucose tolerance, (D) fasted insulin
levels, (E, F) glucose-induced insulin secretion, (G) HOMA-IR, (H) insulin sensitivity and (1) hepatic phosphorylation of AKT (p-AKT**"*%) were analyzed. Compounds
were administered by daily subcutaneous injections. To assess insulin-stimulated p-AKT**™2 insulin (n = 5) or saline (n = 3) was injected 10 min prior to liver
sampling. Data represent means + SEM; n = 8 in (A—H); *P < 0.05, **P < 0.01, ***P < 0.001.

high-fat, high-sucrose diet throughout the experiment, emphasizing
the powerful weight-lowering properties of RM-493. Whereas the
negative energy balance linked to RM-493 treatment appears to be a
consequence of a parallel reduction in caloric intake and an increase
in energy expenditure, liraglutide lowers body weight exclusively
through reducing caloric intake. Co-administration of RM-493 and
liraglutide complementarily decreases food intake without compro-
mising the increased energy metabolism arising from MC4R activity
and leads to a greater weight loss relative to each agonist as a
mono-therapeutic. This enhanced weight loss is sustained under
chronic treatment conditions.

EMBO Molecular Medicine

At the cellular level, we observed an 83% reduction in hypotha-
lamic GlpIr mRNA levels following acute (48 h) treatment with
liraglutide. The liraglutide-mediated down-regulation of GlpIr was
prevented when RM-493 was administered in combination with lira-
glutide. The putative role for RM-493 to maintain GlpIr expression
was reinforced by a 5-day follow-up study, which demonstrated
amplified hypothalamic Glplr expression in mice treated with the
combination therapy relative to vehicle- or liraglutide-treated mice.
Accordingly, the superior metabolic efficacy of the combination ther-
apy seems, at least in part, attributable to MC4R-mediated enhanced
GLP-1R signaling. We also observed that RM-493 mono-therapy

© 2015 The Authors
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Figure 5. Effect of liraglutide and RM-493 co-treatment on cholesterol metabolism in DIO mice.

A-D Cholesterol metabolic parameters were assessed following 5 days of treatment of DIO male mice with vehicle (white), liraglutide (10 nmol/kg) (gray), RM-493
(3.6 umol/kg) (black), or liraglutide (L0 nmol/kg) and RM-493 (3.6 pumol/kg) (checkered). (A) Plasma lipoprotein fractions, (B) liver cholesterol levels, (C) expression of
genes implicated in hepatic cholesterol and lipoprotein uptake and (D) expression of genes implicated in cholesterol and bile acid metabolism and excretion were
analyzed. Data represent means & SEM; n = 8; *P < 0.05, **P < 0.01, ***P < 0.001.

acutely increased both orexigenic (Npy and Agrp) and anorexigenic
signals (Pomc) in the hypothalamus. The increase in Agrp and Npy
coincides with a previous study showing that DIO mice treated with
the MC4R ligand MTII have increased hypothalamic Npy and Agrp
mRNA levels (Bluher et al, 2004). The amplified orexigenic signaling
may represent a counter-regulatory physiological response imposed
by the negative energy balance. Unlike Bliiher et al 2004, however,

© 2015 The Authors

who report that both short-term and long-term treatment with MT-II
decreases hypothalamic Pomc mRNA levels, we find that RM-493
treatment transiently increased Pomc mRNA levels (78%). These
conflicting Pomc expression data may relate to differences in
sampling time, treatment regimes and/or treatment duration, but
might also reflect differences in pharmacological properties between
MT-II and RM-493. These central biomarkers of energy metabolism
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Figure 6. Effect of long-term liraglutide and RM-493 co-treatment on obesity and glucose metabolism in DIO mice.

A-F 22 days of treatment of DIO male mice with vehicle (white), liraglutide (10 nmol/kg) (gray), RM-493 (3.6 pmol/kg) (black), or liraglutide (10 nmol/kg) and RM-493
(3.6 umol/kg) (checkered). Effects on (A) body weight, (B) cumulative food intake, (C, D) body composition and (E, F) glucose tolerance. Compounds were
administered by daily subcutaneous injections. Data represent means + SEM; n = 8; *P < 0.05, **P < 0.01, ***P < 0.001.

were normalized when liraglutide was administered in combination
with RM-493 except for Agrp, which remained elevated. Whether the
differential transcriptional regulations arise as a result of biological
feedback at the circuitry level or as a consequence of direct cellular
crosstalk between MC4R-positive neurons and GLP-1R-positive
neurons remains to be established. Thus, future studies are
warranted to define the molecular details of the combinatorial
benefits of MC4R and GLP-1R agonism in energy metabolism.

In accordance with existing literature, we observed that treat-
ment with liraglutide enhances glycemic control in DIO mice. In
agreement with a previous report (Kievit et al, 2013), we identified
that RM-493 improves diet-induced insulin resistance. Importantly,

8 EMBO Molecular Medicine

relative to RM-493 and liraglutide as stand-alone therapies, the
glycemic benefits were amplified with their co-administration. Thus,
to significantly reverse diet-induced glucose intolerance and hyper-
insulinemia, co-treatment of RM-493 and liraglutide was required.
The improved insulin sensitivity is primarily attributed to the liver
as indicated by enhanced hepatic insulin signaling but not adipose-
and skeletal muscle insulin signaling. Moreover, the combination of
RM-493 and liraglutide enhanced the ability of both drugs to
improve diet-induced disturbances in lipoprotein and cholesterol
metabolisms, emphasizing the broad potential of combining liraglu-
tide and RM-493 for treatment of the metabolic syndrome. The
observation that the combination therapy has preferential efficacy to

© 2015 The Authors
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lower LDL but not HDL may hold translational value. These cumula-
tive effects on hepatic metabolism suggest that a substantial contri-
bution of the synergistic effects on glucose and lipid handling
converges at the liver.

Taken together, our data reveal an unprecedented opportunity
for treating diet-induced metabolic disorders with parallel pharma-
cological targeting of GLP-1R and MC4R. We show that combination
therapy of the MC4R agonist RM-493, which has shown to be highly
selective and safe in terms of its cardiovascular profile, with the
GLP-1R agonist liraglutide potently reverses diet-induced obesity
and improves glucose metabolism. Furthermore, the metabolic
benefits associated with RM-493 and liraglutide combination ther-
apy were superior to the metabolic benefits observed with the corre-
sponding mono-therapies. These results align with a growing body
of evidence showing that poly-pharmacological therapies may hold
promise for the treatment of obesity and diabetes.

Materials and Methods

Animals and diet

Six- to eight-week-old male C57Bl/6 mice were given ad libitum
access to a high-fat, high-sugar diet comprising 58% kcal fat
(D12331; Research Diets, New Brunswick, NJ). The mice had free
access to water and were maintained at 23 + 1°C, constant humid-
ity and on a 12-h light-dark cycle. Mice were maintained under
these conditions for a minimum of 20 weeks before study initiation.
At study start, mice were randomized into groups matched for body
weight and body composition, with similar variance. No animals
were excluded due to illness or outlier results; therefore, no exclu-
sion determination was required. All animal studies were approved
by the Animal Ethics Committee of the government of Upper
Bavaria, Germany, and all experiments were performed according to
the guidelines of the Institutional Animal Care and Use Committee
of the Helmholtz Center Munich, Bavaria, Germany.

In vivo pharmacological and energy metabolism studies

Compounds were administered subcutaneously 1 h before the onset
of the dark phase. Co-administration of compounds was administered
by single formulated injections. Researchers were not blinded to the
treatment groups. Body composition (fat and lean mass) was analyzed
using a magnetic resonance whole-body composition analyzer (Echo-
MRI, Houston, TX). Assessment of energy intake, energy expenditure
and home-cage activity were performed using an indirect calorimetry
system (TSE PhenoMaster, TSE Systems, Bad Homburg, Germany).
Following 48 h of acclimatization, O, consumption and CO, produc-
tion were measured every 10 min for a total of 115 h. Total energy
expenditure was analyzed using ANCOVA, with body weight as
covariate as previously suggested (Tschop et al, 2012). Home-cage
locomotor activity was determined using an ActiMot infrared light
beam system integrated in the calorimetry system.

Glucose metabolism studies

Glucose tolerance was analyzed in 6-h-fasted mice, following an
intraperitoneal challenge with 1.5 g glucose per kg body weight.

© 2015 The Authors
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Glucose levels were measured in blood sampled from the tail veins
before (0 min) and at 15, 30, 60 and 120 min post injection. To
measure glucose-stimulated insulin secretion, blood was collected
from tail veins into EDTA-coated microvette tubes (Sarstedt) at time
points 0, 15 and 60 min post glucose injection. Insulin sensitivity
was assessed in 6-h-fasted mice following an intraperitoneal (IP)
injection of 0.7 U of insulin (Actrapid) per kg body weight. Blood
glucose levels were measured before (0 min) and at 15, 30, 60 and
120 min after the insulin injection.

Chemical analysis of plasma and tissue

Blood samples were collected 2 h after the last injection. Blood was
obtained from tail veins into EDTA-coated microvette tubes (Sar-
stedt), centrifuged at 5,000 g, and plasma was stored at —80°C.
Commercially available kits were used to measure plasma levels of
cholesterol (Wako Chemicals, Neuss, Germany), free fatty acids,
NEFA (Wako Chemicals, Neuss, Germany), TG (Wako Chemicals,
Neuss, Germany) and insulin (ALPCO Diagnostics, Salem, NH) as
per the manufacturer’s instructions. For lipoprotein separation,
samples from eight animals per group were pooled (0.20 ml) and
subjected to fast-performance liquid chromatography (FPLC) gel
filtration on two Superose 6 columns connected in series as
described previously (Hofmann et al, 2008). Hepatic lipids were
extracted as described previously (Folch et al, 1957), and choles-
terol content was quantified using a commercially available kit
(Thermo Scientific, Middletown, VA).

Gene expression analysis

Gene expression profiling in the hypothalamus was performed in
mice treated with compounds for 2 or 5 consecutive days, whereas
gene expression profiling in the liver was performed in mice treated
with compounds for 5 consecutive days. For tissue collection, mice
were fasted for 4 h and treated with compounds 2 h prior to tissue
collection. Hypothalamic and liver gene expression was profiled
with quantitative real-time RT-PCR using either TagMan single
probes or SYBR Green with validated primers. The relative expres-
sion of the selected hypothalamic genes was normalized to the refer-
ence gene hypoxanthine-guanine phosphoribosyltransferase (Hprt)
and, in the selected hepatic genes, to the reference gene peptidyl-
prolyl cis-trans isomerase b (Ppib).

Western blotting

For protein quantification, mice were euthanized by cervical dis-
location 10 min after an IP injection of 1 mg of insulin (Apidra) per
kg body weight or saline, and tissues (liver, soleus muscle and
epididymal white adipose tissue) were rapidly frozen in liquid nitro-
gen and stored at —80°C until further analysis. Tissues were lysed in
ice-cold RIPA lysis buffer (Sigma-Aldrich, Germany) containing
protease (Thermo Scientific, Rockford, IL) inhibitor using Qiagen
tissue homogenizer.

Proteins were separated on Criterion gel (Bio-Rad, Germany) and
transferred on to nitrocellulose membranes. Membranes were incu-
bated with primary antibody (Pathscan Multiplex, Cell Signaling,
Danvers, MA) overnight (dilution: 1:1,000), and fluorescent-labeled
secondary antibody (IRDye 800CW goat anti-rabbit IgG, LI-COR
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The paper explained

Problem

Obesity and diabetes constitute immense threats to global health and
economic well-being. Unfortunately, limited efficacy and adverse side
effects thus far have hampered the success of weight-lowering and
anti-diabetic medicines. Emerging evidence points to the parallel
targeting of multiple metabolic systems as a possible solution to
bringing about efficacious and sustained weight loss and metabolic
improvements.

Results

We assessed the metabolic efficacy of combination therapy of the
FDA approved anti-diabetic drug liraglutide and a novel anti-obesity
drug candidate (RM-493), which activates the melanocortin-4 receptor
(MC4R). We show that chronic combination treatment of diet-induced
obese mice with liraglutide and RM-493 amplifies weight loss and
improves glycemic and cholesterol control beyond that of either drug
used as a mono-therapy.

Impact

Our findings reveal an unprecedented opportunity for treating diet-
induced metabolic disorders with complementary pharmacologies
targeting GLP-1R and MC4R, and thus support the emerging concept
of treating the metabolic syndrome with poly-pharmacy.

Biosciences, Nebraska, USA) was used to visualize phosphorylated
proteins using LI-COR imaging system (dilution 1:15,000).

Statistics

Statistical differences were performed on data distributed in a normal
pattern using one- or two-way ANOVA followed by Bonferroni’s post
hoc analysis as appropriate, or an unpaired two-tailed Student’s
t-test. All results are presented as mean + SEM, and P < 0.05 was
considered significant. Group size estimations were determined by
power calculation to minimally yield an 80% chance to detect a
significant change in body weight of P < 0.05. Exact P-values are
provided in Supplementary Table S1.

Supplementary information for this article is available online:
http://embomolmed.embopress.org

Acknowledgements

We thank Keith Gottesdiener, Cathy Foster and Silke Morin for helpful discus-
sion and support. We thank Sebastian Cucuruz and Verena Dubb for technical
assistance. This work was supported by grants from the Deutsche Forschungs-
gemeinschaft (DFG TS226/1-1) and the Alfred Benzon Foundation (C.C.).
Rhythm is a privately held Biotechnology company and provided partial finan-
cial support for the study.

Author contributions

CC conceptualized the study design, performed the experiments, analyzed the
data and wrote the manuscript. BF, KF, RZT, BL, LS, DH and NG assisted the
experimental part, evaluated the data and helped draft the manuscript. CM,
BH, SMH and MHT contributed to the study design, data interpretation and
helped draft the manuscript. LVdP provided substantial contributions to the
study design, interpretation of the data and editing of the manuscript. TDM
co-conceptualized the study design, assisted in the experimental part,

EMBO Molecular Medicine

Metabolic benefits of MC4R and GLP-1R dual agonism

Christoffer Clemmensen et al

evaluated the data and edited the manuscript. TDM is the guarantor of the
work and had full access to all data and is responsible for the integrity of the
analysis and presentation of the results.

Conflict of interest
BH and LVdP are currently employed at Rhythm Pharmaceuticals Inc. The
other authors declare that they have no conflict of interest.

References

Astrup A, Rossner S, Van Gaal L, Rissanen A, Niskanen L, Al Hakim M, Madsen
J, Rasmussen MF, Lean ME, Group NNS (2009) Effects of liraglutide in the
treatment of obesity: a randomised, double-blind, placebo-controlled
study. Lancet 374: 16061616

Balthasar N, Dalgaard LT, Lee CE, Yu J, Funahashi H, Williams T, Ferreira M, Tang
V, McGovern RA, Kenny CD et al (2005) Divergence of melanocortin pathways
in the control of food intake and energy expenditure. Cell 123: 493505

Bluher S, Ziotopoulou M, Bullen JW Jr, Moschos SJ, Ungsunan L, Kokkotou E,
Maratos-Flier E, Mantzoros CS (2004) Responsiveness to peripherally
administered melanocortins in lean and obese mice. Diabetes 53: 82—90

Castro MG, Morrison E (1997) Post-translational processing of proopiomelanocortin
in the pituitary and in the brain. Crit Rev Neurobiol 11: 3557

Cegla J, Troke RC, Jones B, Tharakan G, Kenkre J, McCullough KA, Lim CT,
Parvizi N, Hussein M, Chambers ES et al (2014) Co-infusion of low-dose
glucagon-like peptide-1 (GLP-1) and glucagon in man results in a
reduction in food intake. Diabetes 63: 37113720

Chen AS, Metzger |M, Trumbauer ME, Guan XM, Yu H, Frazier EG, Marsh D,
Forrest M), Gopal-Truter S, Fisher | et al (2000) Role of the melanocortin-4
receptor in metabolic rate and food intake in mice. Transgenic Res 9:
145-154

Clemmensen C, Chabenne J, Finan B, Sullivan L, Fischer K, Kuchler D, Sehrer
L, Ograjsek T, Hofmann SM, Schriever SC et al (2014) GLP-1/glucagon
coagonism restores leptin responsiveness in obese mice chronically
maintained on an obesogenic diet. Diabetes 63: 14221427

Day JW, Ottaway N, Patterson T, Gelfanov V, Smiley D, Gidda J, Findeisen H,
Bruemmer D, Drucker DJ, Chaudhary N et al (2009) A new glucagon and
GLP-1 co-agonist eliminates obesity in rodents. Nat Chem Biol 5: 749757

Drucker DJ, Nauck MA (2006) The incretin system: glucagon-like peptide-1
receptor agonists and dipeptidyl peptidase-4 inhibitors in type 2 diabetes.
Lancet 368: 1696 —1705

Fani L, Bak S, Delhanty P, van Rossum EF, van den Akker EL (2014) The
melanocortin-4 receptor as target for obesity treatment: a systematic review
of emerging pharmacological therapeutic options. Int / Obes 38: 163169

Farooqi IS, Keogh JM, Yeo GS, Lank EJ, Cheetham T, O’Rahilly S (2003) Clinical
spectrum of obesity and mutations in the melanocortin 4 receptor gene.
N Engl | Med 348: 1085—1095

Finan B, Yang B, Ottaway N, Stemmer K, Muller TD, Yi CX, Habegger K,
Schriever SC, Garcia-Caceres C, Kabra DG et al (2012) Targeted estrogen
delivery reverses the metabolic syndrome. Nat Med 18: 18471856

Finan B, Ma T, Ottaway N, Muller TD, Habegger KM, Heppner KM, Kirchner H,
Holland J, Hembree ), Raver C et al (2013) Unimolecular dual incretins
maximize metabolic benefits in rodents, monkeys, and humans. Sci Trans!
Med 5: 209ra151

Finan B, Yang B, Ottaway N, Smiley DL, Ma T, Clemmensen C, Chabenne |,
Zhang L, Habegger KM, Fischer K et al (2015) A rationally designed
monomeric peptide triagonist corrects obesity and diabetes in rodents.
Nat Med 21: 27 -36

© 2015 The Authors



Published online: February 4, 2015
Christoffer Clemmensen et al

Folch J, Lees M, Sloane Stanley GH (1957) A simple method for the isolation and
purification of total lipids from animal tissues. J Biol Chem 226: 497 —509
Garber A (2011) Long-acting glucagon-like peptide 1 receptor agonists: a review
of their efficacy and tolerability. Diabetes Care 34(Suppl 2): S279—5284

Greenway FL, Bray GA (2010) Combination drugs for treating obesity. Curr
DiabRep 10: 108 —115

Hofmann SM, Perez-Tilve D, Greer TM, Coburn BA, Grant E, Basford JE, Tschop
MH, Hui DY (2008) Defective lipid delivery modulates glucose tolerance
and metabolic response to diet in apolipoprotein E-deficient mice.
Diabetes 57: 5-12

Huszar D, Lynch CA, Fairchild-Huntress V, Dunmore JH, Fang Q, Berkemeier
LR, Gu W, Kesterson RA, Boston BA, Cone RD et al (1997) Targeted
disruption of the melanocortin-4 receptor results in obesity in mice. Cell
88:131-141

Kievit P, Halem H, Marks DL, Dong JZ, Glavas MM, Sinnayah P, Pranger L,
Cowley MA, Grove KL, Culler MD (2013) Chronic treatment with a
melanocortin-4 receptor agonist causes weight loss, reduces insulin
resistance, and improves cardiovascular function in diet-induced obese
rhesus macaques. Diabetes 62: 490 — 497

Kopelman PG (2000) Obesity as a medical problem. Nature 404: 635-643

Madsbad S (2014) The role of glucagon-like peptide-1 impairment in
obesity and potential therapeutic implications. Diabetes Obes Metab 16:
9-21

McMinn JE, Wilkinson CW, Havel PJ, Woods SC, Schwartz MW (2000) Effect
of intracerebroventricular alpha-MSH on food intake, adiposity, c-Fos
induction, and neuropeptide expression. Am J Physiol Regul Integr Comp
Physiol 279: R695—R703

Meier J) (2012) GLP-1 receptor agonists for individualized treatment of type 2
diabetes mellitus. Nat Rev Endocrinol 8: 728 —742

Muller TD, Sullivan LM, Habegger K, Yi CX, Kabra D, Grant E, Ottaway N,
Krishna R, Holland |, Hembree | et al (2012) Restoration of leptin
responsiveness in diet-induced obese mice using an optimized
leptin analog in combination with exendin-4 or FGF21. J Pept Sci 18:
383-393

© 2015 The Authors

Metabolic benefits of MC4R and GLP-1R dual agonism

Obici S, Feng Z, Tan J, Liu L, Karkanias G, Rossetti L (2001) Central melanocortin
receptors regulate insulin action. J Clin Investig 108: 1079 —1085

Pocai A, Carrington PE, Adams JR, Wright M, Eiermann G, Zhu L, Du X, Petrov
A, Lassman ME, Jiang G et al (2009) Glucagon-like peptide 1/glucagon
receptor dual agonism reverses obesity in mice. Diabetes 58: 2258 — 2266

Rodgers R], Tschop MH, Wilding JP (2012) Anti-obesity drugs: past, present
and future. Dis Model Mech 5: 621—-626

Rueda-Clausen CF, Padwal RS, Sharma AM (2013) New pharmacological
approaches for obesity management. Nat Rev Endocrinol 9: 467 —478

Sadry SA, Drucker DJ (2013) Emerging combinatorial hormone therapies
for the treatment of obesity and T2DM. Nat Rev Endocrinol 9: 425—433

Scheen A, Van Gaal LF (2014) Combating the dual burden: therapeutic
targeting of common pathways in obesity and type 2 diabetes. Lancet
Diabetes Endocrinol 2: 911—922

Tao YX (2010) The melanocortin-4 receptor: physiology, pharmacology, and
pathophysiology. Endocr Rev 31: 506 —543

Tschop MH, Speakman JR, Arch JR, Auwerx J, Bruning JC, Chan L, Eckel RH,
Farese RV Jr, Galgani JE, Hambly C et al (2012) A guide to analysis of
mouse energy metabolism. Nat Methods 9: 5763

Vilsboll T, Christensen M, Junker AE, Knop FK, Gluud LL (2012) Effects of
glucagon-like peptide-1 receptor agonists on weight loss: systematic
review and meta-analyses of randomised controlled trials. BMJ 344: d7771

Wang YC, McPherson K, Marsh T, Gortmaker SL, Brown M (2011) Health and
economic burden of the projected obesity trends in the USA and the UK.
Lancet 378: 815—-825

Yeo GS, Faroogi IS, Aminian S, Halsall D), Stanhope RG, O’Rahilly S (1998) A
frameshift mutation in MC4R associated with dominantly inherited
human obesity. Nat Genet 20: 111112

@ License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

EMBO Molecular Medicine

EMBO Molecular Medicine

11



Published online: February 4, 2015



