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Context: Activation of MC4R with the synthetic agonist RM-493 decreases body weight and increases energy expenditure (EE) in non-human primates. The effects of MC4R agonists on EE in
humans have not been examined to date.
Objective:, Design, and Setting: In a randomized, double-blind, placebo-controlled, crossover
study, we examined the effects of the MC4R agonist, RM-493, on resting EE (REE) in obese subjects
in an inpatient setting.
Study Participants and Methods: Twelve healthy adults (6 M, 6 F) with BMI 35.7 ⫾ 2.9 kg/m2 (mean,
SD) received RM-493 (1 mg/24 h) or placebo by continuous subcutaneous infusion over 72 hours,
followed immediately by crossover to the alternate treatment. All subjects received a weightmaintenance diet (50% carbohydrate, 30% fat, 20% protein) and performed 30 minutes of standardized exercise daily. Continuous EE was measured on the third treatment day in a room calorimeter and REE in the fasting state was defined as the mean of two 30-minute resting periods.
Results: RM-493 increased REE vs. placebo by 6.4% (95% CI: 0.68 to 13.02 %), on average by 111
kcal/24h (95% CI: 15 to 207 kcal, p⫽0.03). Total daily EE trended higher while the thermic effect
of a test meal and exercise EE did not differ significantly. The 23-h non-exercise respiratory quotient
was lower during RM-493 treatment (0.833 ⫾ 0.021 vs. 0.848 ⫾ 0.022, p⫽0.02). No adverse effect
on heart rate or blood pressure was observed.
Conclusions: Short-term administration of the MC4R agonist, RM-493 increases REE and shifts
substrate oxidation to fat in obese individuals.

T

he central melanocortin system, comprised of melanocortins (MCs), agouti, agouti-related proteins and
their receptors (MCRs), integrates neural, metabolic, and
hormonal signals serving a critical role in the maintenance
of body weight (1, 2). The MCs are a family of peptide
hormones, including ␣-melanocyte-stimulating hormone
(MSH), ␤-MSH, ␥-MSH, and adrenocorticotropic hormone (ACTH) derived from a common precursor, pro-

opiomelanocortin (POMC). Activation of MC subtype 4
receptors (MC4Rs) in the hypothalamus in animal models
reduces food intake, increases energy expenditure, and
causes weight loss when given chronically (3). In humans,
the most frequent monogenic etiology of obesity is haploinsufficiency of the MC4R, highlighting a role for the
MC4R in energy homeostasis (4). This is exemplified in
the Pima Indian population with a high prevalence of

ISSN Print 0021-972X ISSN Online 1945-7197
Printed in U.S.A.
Copyright © 2015 by the Endocrine Society
Received November 7, 2014. Accepted February 6, 2015.

Abbreviations:

doi: 10.1210/jc.2014-4024

J Clin Endocrinol Metab

jcem.endojournals.org

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 13 February 2015. at 00:21 For personal use only. No other uses without permission. . All rights reserved.

1

2

MC4R-agonist increases Energy Expenditure

J Clin Endocrinol Metab

apnea, or recent illness, pregnancy, cancer or surgery were excluded at the initial
screening visit.
Eligible subjects were admitted to the
Metabolic Clinical Research Unit at the
NIH Clinical Center for an 8-day inpatient stay (Figure 1). On the day of admission, subjects started a weight-maintenance diet (50% carbohydrate, 30%
fat, and 20% protein); consumption of
caffeine, alcohol, and tobacco use was
Figure 1. Study design. Subjects received 72-hour infusions of RM-493 or placebo and then
prohibited. Each subject exercised daily
immediately were crossed over to the other treatment. In each period, after 48-hour of
for 30-minutes on a treadmill at the same
treatment, subjects entered the metabolic chamber at 8am. REEC was measured at 09:30 –10:00
self-selected settings (speed and grade)
and 10:30 –11:00, meals were at 12:00 (40% of kcal), 18:30 (50% of kcal), and 21:00 (10% of
and was continuously monitored with
kcal), exercise was at 17:00 –17:30, and REEH was measured after leaving the chamber.
triaxial
accelerometers
(Actigraph
GT3X⫹, Actigraph LLC, Pensacola, FL)
on the wrist and hip, measuring spontaMC4R loss of function variants, associated with obesity,
neous and volitional physical activity. Body weight, BP and pulse
type 2 diabetes mellitus and lower 24-hour, resting and were measured daily in the fasting state. Subjects were randomsleeping energy expenditure (5). Polymorphisms near ized to receive RM-493 1.0 mg/24-hour or placebo for 72-hour
MC4R also contribute to common obesity (6). Thus, by continuous, subcutaneous infusion using an insulin pump
MC4R is an attractive target for the treatment of obesity (OmniPod® Insulet, Bedford, MA) starting at 00:80 on the second day of admission (period 1). At the end of this infusion, the
(7).
subjects were directly crossed over to a 72-hour infusion with the
The five MCR subtypes have diverse expression and
other treatment (period 2). After completion of the final assessbinding profiles, both in the central nervous system (CNS) ments of period 2, subjects completed the study and were
and peripherally, and play a role in the regulation of sexual discharged.

function, pigmentation, inflammation, analgesia, immunomodulation, blood pressure (BP), and steroidogenesis
in addition to energy homeostasis (8). Several synthetic
MC4R agonists have reached clinical trial, but each suffered from either a lack of efficacy or from cardiovascular
adverse effects (7). The small peptide MC4R agonist RM493, administered by subcutaneous infusion for eight
weeks in obese rhesus macaques, decreased food intake,
reduced body weight, and improved glucose tolerance (9).
The initial decrease in food intake coupled with a sustained increase in energy expenditure (EE) caused 13.5%
weight loss over 8 weeks, without adverse cardiovascular
effects. Whether agonists of the MC4R pathway similarly
increase EE in humans is not known. Here we test if brief
administration of RM-493 increases resting energy expenditure (REE) in obese human subjects.

Subjects and Methods
Study Design and Study Subjects
The Institutional Review Board of the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK) approved
the
study
protocol
(ClinicalTrials.gov
identifier
NCT01867437). Written informed consent was obtained from
all subjects. Twelve volunteers (6 male, 6 female) in general good
health between the age of 18 and 50 years with a body mass index
(BMI) between 30 and 40 kg/m2 were enrolled. Subjects with
diabetes, hypertension, liver enzymes more than 1.5 times the
upper limit of normal, thyroid dysfunction, symptomatic sleep

Study procedures
Energy expenditure measurements and substrate
oxidation
Each subject underwent continuous recordings of EE and respiratory quotient (RQ) in a whole-room indirect calorimeter
(referred to subsequently as a metabolic chamber) at thermoneutrality (24.6 ⫾ 0.7EC) on the third day of each treatment
period. The subjects were fasting from 20:00 and entered the
chamber at 08:00 for 23-hour, as described (10 –12). The primary outcome, REEC was defined as the average resting EE in the
metabolic chamber from 09:30 (49.5-hour after starting treatment) to 10:00 and 10:30 to 11:00 while the subject was fasting,
completely still, and awake in a seated position under the observation of a member of the research team. REE defined in our
study and basal metabolic rate (BMR) are very similar in important aspects (performed after 10 –12 hour fast, at thermoneutrality, awake, at rest without physical and psychological stress)
but differ slightly in posture (semirecumbent sitting vs supine).
REE is a precise surrogate for BMR (10). By allowing the subject
to acclimate to the chamber for 90 minutes and then using two
30-minute measurement periods, we achieve a coefficient of variation of 2.5%, which was similar to previous metabolic chamber
REE measurements (11), maximizing sensitivity to detect
changes in REEC. The 30-minute interval between sessions allows subject movement, improving compliance during the measurement periods. The semirecumbent position of the subject
allowed direct observation of the subject to assure that they did
not fall asleep.
Subjects consumed a standardized test meal containing 40%
of their daily energy requirements from 11:30 to 12:00. The
thermic effect of food (TEF) was assessed by averaging data
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collected from 11:30 –15:00. Exercise EE was assessed during
the subject’s daily 30-minute of treadmill walking. Sleeping EE
was assessed from 00:00 to 04:00. Data collected during the
periods of REEC and SEE were excluded if microwave activity
was ⬎ 2% (24% of the SEE and 3% of the REE data were
excluded) (12). Total energy expenditure (TEE) and average RQ
of the 23-hour chamber period excluded the 30-minute exercise
period.
As a secondary measure, REEH was measured using a hood
indirect calorimetry cart system (Parvo Medics TrueOne® 2400,
Sandy, UT) immediately after exiting the chamber in fasted and
resting state.
Body composition. Total body fat content, total fat mass, and fat
free mass were measured using dual-energy X-ray absorptiometry scanner (Lunar iDXA, GE Healthcare, Madison, WI, USA).
MC4R genotyping. The coding regions of MC4R were sequenced at Eurofins Genomics (Louisville, KY).
Biochemical measurements. Blood was drawn daily after an
overnight fast. All clinical chemistry testing was performed by
the Department of Laboratory Medicine, Clinical Center, NIH.
Glucose, insulin, c-peptide, total glucagon-like peptide-1 (GLP1), free fatty acids (FFA), triglycerides, TSH, total T4, prolactin,
and 24-hour urine cortisol, irisin, total ghrelin, FGF-21, and
total peptide YY (PYY) were measured as described in supplemental material. Total T3, free T3, and free T4 were measured
by LC-MS/MS with electrospray ionization (Agilent 6460 mass
spectrophotometer and Agilent 1200 HPLC, Agilent Technologies, Wilmington, DE).

Statistical analysis
Descriptive analysis results are reported as mean and standard deviation, if not specified. Comparisons of responses between pre- and post-treatment were performed using paired t test
for normal continuous variables. Normality was checked using
Q-Q plots before comparisons and skewed variables were logarithm transformed. Based on coefficient of variation of 2.5%,
the study had, a priori, 80% power to detect a difference of 2.5%
in REEC with 12 subjects. In comparison, REEH (5.4% CV for
ParvoMedic cart) requires 39 subjects to detect this difference
(13).
Mixed model regression was used to identify the association
between the repeated measurements of response variables with
treatment, with adjusting for baseline, for glucose, insulin, cpeptide, FFA, triglycerides, total GLP-1, hormones, REEH, andcardiovascular parameters (SBP, DBP, HR). For metabolic variables we included data from fasting daily blood draws
corresponding to 24, 48, and 72-hour of drug or placebo. The
REEH and vital signs obtained at 72-hour, the maximal duration
of treatment, were analyzed. Absence of treatment-by-period
interaction effects were confirmed for all variables studied.
Analyses were performed using SAS (version 9.3; SAS Institute, Cary, NC) and JMP (version 10.0; SAS Institute, Cary, NC)
with significance being P ⬍ .05. All statistical testing was twosided and not corrected for multiple comparisons.
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Results
Baseline clinical characteristics of study subjects. This
study used a cross-over design where each study participant randomly received either placebo or RM-493 and
then was crossed to the alternate treatment. Fifteen subjects were screened and all of the 12 eligible subjects were
randomized and completed the study (Supplemental figure 1). Baseline clinical characteristics are reported in Table 1. All participants were weight-stable, normotensive,
nondiabetic, and had normal thyroid function at baseline.
Participants were obese (Grade I and II; 35.7 ⫾ 2.9 kg/m2;
104 ⫾ 10 kg), with a body fat of 49.2 ⫾ 1.5% in the
women and 32.5 ⫾ 6.8% in the men. No subjects had exon
nucleotide variants of MC4R associated with obesity
(Supplemental material).
Administration of placebo and RM-493. Placebo or RM493 was administered as a continuous subcutaneous infusion during each 72-hour treatment period. Plasma RM493 levels at 24-hour (5.88 ⫾ 0.59 ng/mL) were similar to
those at 72-hour of treatment (5.95 ⫾ 0.88 ng/mL). To
confirm drug washout, the RM-493 plasma levels were
measured during the second treatment period: in the six
participants who received RM-493 in the first period,
RM-493 levels were 0.50 ⫾ 0.20 ng/mL after 24h and
undetectable (detection limit of assay ⬍ 0.50 ng/mL: personal communication from Rhythm) after 48-hour of placebo-treatment, ie, prior to the studies in the metabolic
chamber.
Effects of RM-493 on resting energy expenditure (REE).
All participants complied with the metabolic diet and standard exercise routine and maintained their body weight
throughout the study. The primary endpoint, REEC, was
significantly increased by treatment with RM-493
(1856 ⫾ 369 vs. 1745 ⫾ 359 kcal/d with placebo, P ⫽
.028) (Figure 1), a treatment increase of 110 kcal/d (95%
CI: 15 to 207 kcal/d). No period effect (P ⫽ .32) or treatment-period interaction (P ⫽ .30) was observed. REEH
was also measured as a secondary outcome after 72-hour
of RM-493 administration. REEH trended higher by 79 ⫾
130 kcal/d (95% CI: – 4 to 162 kcal/d, P ⫽ .059) compared
to placebo (Table 2).
Effects of RM-493 on total energy expenditure (TEE) and
its components, respiratory quotient (RQ), and physical
activity. The metabolic chamber assessments of 23-hour
nonexercise, exercise, and sleeping EE and TEF did not
differ between the treatment arms (Table 2). 23-hour nonexercise RQ was significantly lower during RM-493 treatment vs. placebo (0.833 ⫾ 0.021 vs. 0.848 ⫾ 0.022, P ⫽
.02) indicating a shift towards fat oxidation. Spontaneous
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Baseline clinical characteristics of 12 study subjects
34.9 ⴞ
11.3

Age, years
Sex, F:M
Race, Black:Latino:White
Body Composition
BMI, kg/m2
Females
Males
Lean body mass, kg
Females
Males
% body fat
Females
Males
Cardiovascular Parameters
SBP, mmHg
DBP, mmHg
HR, bpm
Metabolic Parameters
Fasting glucose, mg/dL
Hemoglobin A1C, %
Fasting insulin, mcU/mL
Fasting C-peptide, ng/mL
QUICKI
Lipids
Total Cholesterol, mg/dL
Calculated LDL, mg/dL
HDL, mg/dL
Triglycerides, mg/dL
Free Fatty Acid, mEq/liter

6:6
9:1:2
38.0 ⫾ 1.6
33.4 ⫾ 1.9
48.0 ⫾ 5.6
67.2 ⫾ 8.5
49.2 ⫾ 1.5
32.5 ⫾ 6.8
115 ⫾ 13
62 ⫾ 11
64 ⫾ 9.8
91 ⫾ 6
5.5 ⫾ 0.3
18 ⫾ 11
3.0 ⫾ 1.2
0.32 ⫾ 0.03
163 ⫾ 32
88 ⫾ 32
51 ⫾ 15
139 ⫾ 69
0.454 ⫾ 0.105

Values shown as means ⫾ SD

Table 2. Energy expenditure, respiratory quotient, and spontaneous physical activity after placebo and RM-493
administration in obese individuals.
RM-493
REEC (kcal/d)
REEH (kcal/d)
TEE (kcal/d)
Components of TEE
Sleeping EE (kcal/m)
Exercise EE *(kcal/m)
TEF (kcal/m)
23-h RQ **
Spontaneous Physical Activity
Hip counts / minute
Wrist counts / minute
Steps / minute
% Sedentary Time

Placebo

P
value

1856 ⫾ 369
1849 ⫾ 388
2509 ⫾ 420

1745 ⫾ 359
1769 ⫾ 379
2457 ⫾ 399

0.028
0.059
0.089

1.35 ⫾ 0.19
4.49 ⫾ 0.96
1.81 ⫾ 0.31
0.83 ⫾ 0.02

1.35 ⫾ 0.18
4.49 ⫾ 1.05
1.76 ⫾ 0.33
0.85 ⫾ 0.02

0.938
0.998
0.145
0.017

304 ⫾ 108
1307 ⫾ 335
3.22 ⫾ 1.32
80.7 ⫾ 4.9

325 ⫾ 85
1245 ⫾ 465
3.51 ⫾ 1.10
80.7 ⫾ 4.6

0.300
0.434
0.333
0.940

Post-treatment values shown are unadjusted means ⫾ SD Post-treatment values were adjusted for baseline value and treatment group using a
mixed model regression. p values indicate significance for comparisons between RM-493 and placebo. * n ⫽ 10, two patients were excluded from
analysis because of markedly different exercise efforts during the two phases.
** Averaged RQ over all non-exercise periods in the chamber.

and volitional physical activities as measured by hip and
wrist accelerometers were similar in both treatment phases
(Table 2).
EffectsofRM-493onmetabolicparametersandhormonal
profile. RM-493 treatment was associated with small in-

creases in plasma fasting glucose, insulin, C-peptide, triglyceride, FFA, and total GLP-1 and PYY levels (Table 3).
TSH levels were higher, albeit in the normal range following RM-493 administration, although there was no effect
on total or free T3 and T4 levels (Table 3). Similarly, there
were no differences in urinary cortisol adjusted for creat-
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Metabolic parameters and hormone levels after placebo and RM-493 administration in obese individuals.
RM-493

Metabolic Parameters
Fasting Glucose, mg/dL
Fasting Insulin, mcU/mL
Fasting C-peptide, ng/mL
Triglycerides, mg/dL
Free Fatty Acid,
mEq/liter
Total GLP-1, pmol/liter
Total PYY, pg/ml
Thyroid Parameters
TSH, mcIU/mL
T3, ng/dL
T4, mcg/dL
Free T3, pg/mL
Free T4, ng/dL

Placebo

p
value

95 ⫾ 5.8
26.2 ⫾ 16
3.6 ⫾ 1.2
150 ⫾ 70
0.442 ⫾ 0.1

91 ⫾ 3.6
18.4 ⫾ 12
3.2 ⫾ 1.2
129 ⫾ 54
0.334 ⫾ 0.1

0.003
0.008
0.043
0.035
0.009

3.24 ⫾ 1.15
53.0 ⫾ 19.1

2.27 ⫾ 0.96
38.7 ⫾ 16.6

0.003
0.037

1.86 ⫾ 1.0
119 ⫾ 40
8.9 ⫾ 1.3
2.6 ⫾ 0.8
2.2 ⫾ 0.4

1.51 ⫾ 0.73
112 ⫾ 36
8.7 ⫾ 1.7
2.5 ⫾ 0.7
2.1 ⫾ 0.3

0.009
0.324
0.382
0.312
0.308

Post-treatment values shown are unadjusted means ⫾ SD Post-treatment values were adjusted for baseline value and treatment group using a
mixed model regression. P values indicate significance indicate significance for comparisons between RM-493- and placebo.

inine excretion and plasma levels of prolactin, ghrelin,
irisin, and FGF-21 levels between the treatment groups
(Supplemental Table 1).
Adverse effects associated with RM-493 and placebo
administration. MC4R agonists have been previously reported to increase BP and heart rate (9, 14). No differences
were observed in systolic (118 ⫾ 10 vs. 118 ⫾ 9 mm of Hg,
P ⫽ .69) or diastolic (68 ⫾ 8 vs. 69 ⫾ 10 mmHg, P ⫽ .56)
BP or in heart rate (67 ⫾ 9 vs. 69 ⫾ 11 bpm. P ⫽ .11) by
72-hour of treatment. During the RM-493 treatment
phase, headache (n ⫽ 3), arthralgia (n ⫽ 2), nausea (n ⫽
2), spontaneous penile erections (n ⫽ 1), female genital
sensitivity (n ⫽ 2) were reported symptoms that were characterized as mild, transient, and resolved without sequelae. At the end of the study, 10 out of 12 participants
correctly identified their RM-493 treatment order
assignment.

Discussion
Safe pharmacotherapeutic options are needed to treat obesity. The role of the MC system in maintaining the balance
between caloric intake and EE makes it an attractive target
for therapeutic development (7, 8). We report the first
clinical study of the effect of a MC4R agonist on EE. RM493 administration increased REE measured in the metabolic chamber by 6.4% or 110 kcal/d. Consistent with
these findings, RM-493 increased REE measured by hood
indirect calorimetry, a less robust method, by 4.7% (⬃79
kcal/d, P ⫽ .059). These results are concordant with studies demonstrating increases of EE by melanocortin agonists in wild-type rodents (15, 16), but not in MC4R-

deficient mice (17). The increase in REE is comparable to
the increase in energy expenditure caused by single doses
of sibutramine (18) or caffeine (19).
In our human study, RM-493 administration increased
fat oxidation and circulating FFA levels. In rodents,
MC4R agonists also increased fat oxidation, which was
inhibited by the MCR antagonist, SHU9119 (15) and was
lost in MC4R knockout mice (20). Note that in our study
there was no confounding reduction in food intake to account for the lower RQ. Considering that low fatty acid
oxidation is associated with increased risk of obesity (21),
MC4R agonists may aid in weight loss by initiating a shift
in substrate oxidation.
RM-493 (formerly BIM-22 493), is a cyclic peptide
(Acetyl-L-arginyl-[L-cysteinyl-D-alanyl-L-histidinyl-Dphenylalanyl-L-arginyl-L-tryptophanyl-L-cysteine-]amide) full agonist (EC50 ⫽ 0.27 nM) of human MC4R
and binds with a Ki of 2.1 nM and ⬃10-fold selectivity
over human MC3R (7). We administered RM-493 at 1
mg/24-hour, producing steady-state plasma concentrations of ⬃5 nM. Since RM-493 is not efficiently bound by
plasma proteins, this concentration should activate
MC4Rs, assuming it reaches the relevant tissue sites. Thus,
the increase in REE by RM-493 is likely via agonism at
MC4R.
In this small study, no significant effect of RM-493 on
TEE, SEE, or TEF was found, possibly due to insufficient
power. Further clinical studies are required to determine if
the increase in REE is sustained and leads to weight loss in
humans. However, in nonhuman primates, 8-week administration of RM-493 was associated with an increase
(⬃14%) in total EE as measured by double-labeled water
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and weight loss continued even after animals normalized
food intake (9).
Chronic administration of RM-493 in Rhesus monkeys
improved glucose tolerance and reduced serum triglycerides in the setting of weight loss (9). By contrast, we observed during short term treatment with stable caloric intake, RM-493 administration increased plasma
triglyceride and FFA levels, likely via adipose tissue lipolysis. In rodents, central administration of MTII triggers
lipid mobilization, increases sympathetic drive to white
adipose tissue (22) and increases skeletal muscle AMPactivated protein kinase activity, which increases skeletal
muscle FFA ␤-oxidation (23). The lower 23-hour nonexercise RQ following RM-493 administration in the current study reflects this increased fatty acid oxidation.
In contrast to the acute lowering of plasma insulin levels
with MC4R agonists, in this study we observed statistically significant, but very small, increases in fasting plasma
glucose, insulin, and C-peptide levels. The previously
tested MC4R agonist LY2112688 (acetyl-D-arginyl-[Lcysteinyl-L-glutamyl-L-histidinyl-D-phenylalanyl-Larginyl-L-tryptophanyl-L-cysteine]-amide) did not affect glucose and insulin levels (14). Consistent with this, in
ongoing clinical studies of RM-493 (up to 12 weeks) no
potentially adverse and/or significant changes in glucose,
insulin and triglyceride parameters have been observed
(unpublished results). Longer term clinical studies with
RM-493 on insulin sensitivity are needed to put these observations in perspective. Similar to our findings, prior
rodent studies show that central MCR stimulation can
enhance hepatic glucose production, accompanied by a
nonsignificant increase in fasting glucose levels (24). RM493 treatment had no significant effect on urinary free
cortisol levels or thyroid hormone levels. There was a
small but significant increase in TSH levels, which may be
explained by MC4R activation of hypothalamic TRH expression (25).
Recently, MC4R receptor activation in intestinal epithelial L-cells has been shown to acutely increase GLP-1
and PYY secretion in vivo in mice, and in colon explants
from both mice and human (26). Similar to the rodent
data, fasting total GLP-1 and PYY levels were slightly, but
significantly increased during RM-493 administration in
our study. Thus, it is possible that MC4R-induced GLP-1
production may contribute to eventual beneficial effects
on insulin and glucose, while PYY (assumed to be PYY3–
36) can positively impact energy metabolism during obesity treatment. It is possible that increases in both peptides
may contribute to the weight loss effect of RM-493. Given
the small number of patients evaluated, these studies require follow up in larger populations.
Unlike LY2112688, short term administration of RM-

J Clin Endocrinol Metab

493 was not associated with increased BP and heart rate
(14). In an acute nonhuman primate study, both
LY2112688 and RM-493 reduced food intake, while only
LY2112688 increased heart rate and BP (9). The current
study and additional phase 1 studies in which RM-493
was dosed for up to 28 days (unpublished results), did not
elicit adverse cardiovascular effects. In our study, nausea,
penile erections, and female genital sensitivity were observed, similar to other studies of melanocortin agonists in
humans (14, 27–29). Larger, long term clinical trials will
be required to evaluate overall safety and tolerability of
RM-493 for the treatment of obesity, including cardiovascular effects.
Our study has several limitations. First, the treatment
duration in this proof-of-concept study was 72 hours; longer studies are needed to see if the REE increase and
changes in other analytes is sustained. Second, the study
was small, powered to detect changes in REEmeasured in
a sensitive metabolic chamber, and was not powered to
detect changes in TEE, SEE, or TEF. Third, 75% of study
participants were African American. Although, there is no
evidence to suggest racial or ethnic differences in response
to MC4R agonists, studies with a more diverse population
would increase the generality of our findings. Fourth,
while not detected, we cannot completely rule out the possibility of carry-over effects, since patients entered the second crossover period without an extended washout.
In summary, we report that a three-day administration
of a MC4R agonist, RM-493, significantly increased REE
and preferentially increased fat oxidation in obese individuals. RM-493 exhibited minimal side effects and no
pressor effects observed with prior MC4R agonists in development. Our study provides a mechanistic rationale for
the use of selective MC4R agonists, in the treatment of
obesity and the metabolic syndrome. Longer-term studies
in obese individuals are necessary to determine whether
MC4R agonists are effective therapeutic agents for weight
loss.

Figure 2. Effect of RM-493 vs placebo on resting energy expenditure
(REEC) at the end of treatment period. REEC was measured on the third
treatment day of each treatment arm in the metabolic chamber at
thermoneutrality in the resting, postabsorptive state as the mean of
two 30-minute rest periods. Individual data points and aggregate data
with error bars are overall mean ⫾ 95% CI. P values indicate
significance of treatment differences using a paired t test.
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