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Objective: The physiology of the weight-reduced (WR) state suggests that pharmacologic agents affect-

ing energy homeostasis may have greater efficacy in WR individuals. Our aim was to establish a protocol

that allows for evaluation of efficacy of weight maintenance agents and to assess the effectiveness of

AZD2820, a novel melanocortin 4 receptor (MC4R) agonist in such a paradigm.

Methods: MC4R agonist was administered in stratified doses to mice who were either fed high-fat diet

ad libitum (AL) throughout the study; or stabilized at a 20% reduced body weight (BW), administered the

drug for 4 weeks, and thereafter released from caloric restriction while continuing to receive the drug

(WR).

Results: After release of WR mice to AL feeding, the high-dose group (53.4 nmol/day) regained 12.4%

less BW than their vehicle-treated controls since the beginning of drug treatment. In WR mice, 10.8

nmol/day of the agonist was sufficient to maintain these animals at 95.1% of initial BW versus 53.4 nmol/

day required to maintain the BW of AL animals (94.5%).

Conclusions: In the WR state, the MC4R agonist was comparably efficacious to a five-fold higher dose

in the AL state. This protocol provides a model for evaluating the mechanisms and quantitative efficacy

of weight-maintenance strategies and agents.

Obesity (2014) 22, 1287-1295. doi:10.1002/oby.20678

Introduction
Using diet and exercise many obese individuals are capable of los-

ing weight but are unable to maintain this reduced body weight

(BW) for extended periods of time (1). Resistance to the mainte-

nance of a weight-reduced (WR) state results from the coordinate

action of systems regulating energy intake and output to favor

weight regain. WR individuals and rodents are hyperphagic and their

energy expenditure (EE) is decreased beyond what would be pre-

dicted for their lower body mass and composition (2-4). Changes in

neuroendocrine axis, decreased circulating concentrations of leptin

and bioactive thyroid hormones, and decreased sympathetic nervous

system tone and increased parasympathetic nervous system tone pro-

mote the BW regain (2). In rodents, weight reduction decreases the

proportion of excitatory synapses on anorexigenic POMC neurons in

the arcuate nucleus of the hypothalamus (3). Behavioral studies indi-

cate that WR humans are hungrier, have decreased perception of

how many calories they have eaten and have reduced satiation (5).

These phenotypes are associated with characteristic changes in fMRI

activity in regions of the brain mediating homeostatic and hedonic

responses to food (6,7).

Most of the physiological and neurofunctional changes that accom-

pany maintenance of a reduced BW in either lean or obese individu-

als can be reversed with low doses of exogenous leptin sufficient to

return the circulating leptin levels to those present at the usual BW

(6-9). These responses are similar to those seen in patients with con-

genital leptin deficiency (10-12). Administration of exogenous leptin

to obese or never-obese humans at their usual weights—even at

doses sufficient to raise circulating leptin concentrations to supra-

physiological levels—has modest or no effect on BW (13). Similar

to the effects of leptin, WR individuals may have increased sensitiv-

ity to other relevant molecules, influencing strategies for the design

and application of weight-maintaining pharmacologic agents.

The melanocortin (MC) system is a downstream target of leptin

(14). The MC4 receptor (MC4R) is a G-protein-coupled receptor

expressed primarily in paraventricular hypothalamus (PVH), dorsal
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motor nucleus of the vagus (DMV), thalamus, and hippocampus

(15,16). In addition, MC4Rs are also found outside of the CNS

including in the nodose and dorsal root ganglia (17,18). Two major

neuronal populations in the hypothalamus, the anorexigenic proopio-

melanocortin (POMC) and orexigenic Agouti-related protein

(AgRP)/Neuropeptide Y (NPY)/GABA neurons, are activated and

inhibited by leptin, respectively, to reciprocally mediate energy bal-

ance through the MC4 receptors (14). a-MSH, one of the peptides

released from POMC neurons, is an agonist of MC4R whereas the

AgRP is an inverse agonist of this receptor. Mc4r-null mice are

obese due to both increased food intake and reduced EE (19). Mice

overexpressing a-MSH display increased EE (20). Administration of

MC4R agonists to mice or rats promotes weight loss by decreasing

food intake and/or increasing EE, identifying MC4R as a potential

pharmacological target (21,22).

Physiologically, the weight-reduced state is one of relative leptin

deficiency in which the expression of hypothalamic AgRP and

NPY neuropeptides is increased (23,24) and Pomc expression is

decreased (25). These changes can be largely normalized with

administration of exogenous leptin (26). In the WR state, treatment

with an MC4R agonist might be efficacious as well. Leptin has lit-

tle or no efficacy when administered at a usual BW (13); MC4R

agonist might also be expected to have greater efficacy in the

weight-reduced state.

In this study we examined the long-term effects of a potent and

selective cyclic peptide MC4R partial agonist (AZD2820; MC4R:

EC50 1 nM in cAMP generation assay, 38% efficacy vs. NDP-a-

MSH, and MC3R: binding Ki 9 nM, no agonist efficacy detected

[AstraZeneca data on file]) (27) on induction of weight loss and on

maintenance of reduced BW in diet-induced obese (DIO) mice. We

found that, in the weight-reduced state, the dose required for equal

efficacy of AZD2820 with regard to BW maintenance was decreased

nearly five-fold.

Methods
Animals
18-week-old male mice C57BL/6J fed with high-fat diet (HFD;

Research Diets, Inc. D12492i, 60% kcal from fat) starting at 6

weeks of age were obtained from Jackson Laboratory (Bar Harbor,

ME). Throughout the study, animals were maintained at room ambi-

ent 22�C-24�C with a 12-hr dark-light cycle (lights on at 07:00 hr)

in a pathogen-free barrier facility. The protocol was approved by the

Columbia University Institutional Animal Care and Use Committee.

Study design (schematized in Figure 1)
After the 5-week acclimatization period, mice were randomly

assigned to one of the following groups: (a) maintained on HFD ad

Figure 1 Schematic of protocol to assess the effects of a novel MC4R agonist (AZD2820) on maintenance of reduced
body weight in DIO mice. Timepoints of physiological measurements and pharmacological treatment are indicated by
arrows. WR, weight reduction; Body Comp, Body Composition; Calo, Calorimetry; Sac, Sacrifice; Time 0, mice arrived
at the Columbia facility and began the 5-week acclimatization period.
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libitum (AL group, n 5 40) throughout the study or (b) weight reduced

(WR group, n 5 40) to 80% of their initial weight by caloric restric-

tion (CR). Eight weeks after the WR group entered the CR phase, both

AL and WR groups were further randomized to receive either low

(2.64 nmol/day), intermediate (10.8 nmol/day), or high (53.4 nmol/

day) dose of AZD2820 dissolved in 5% mannitol solution or vehicle

(5% mannitol solution; n 5 20 per treatment; n 5 10 WR and n 5 10

AL) via implanted subcutaneous mini-osmotic pumps (Alzet Model

2004) to allow for delivery at a steady infusion flow rate (0.25 lL/hr).

The pumps were replaced at 4 week intervals throughout the experi-

ment for a total of 12 weeks of treatment. Four weeks following the

initiation of drug administration (week 17; Figure 1), WR mice were

released from CR and returned to AL food access (weight re-gain

phase). AL group continued ad libitum HFD feeding. During the last

week of drug administration (11-12 weeks following the onset of drug

administration) mice were placed in metabolic cages for 72 hr to

assess their EE and were then sacrificed immediately following

removal from metabolic chambers.

Food intake was measured over 48 hr every 2-3 weeks in all AL mice

throughout the study. The first week after release of WR mice from

CR, food intake was measured daily (see Supporting Information).

Mini-pump implantation
Three mini-osmotic pump implantations (at 4 week intervals) were

performed in each mouse over the 12 weeks of AZD2820 adminis-

tration according to the manufacturer’s recommendations (see Sup-

porting Information).

Body weight, body composition, and food intake
BW was measured (60.1 g) weekly in AL groups throughout the

experiment and daily in the WR groups during CR phase using an

Ohaus Scout Pro 200 g scale (N€anikon Switzerland, 08:00-08:30 hr).

Body composition was measured by time–domain-NMR (Minispec

Analyst AD; Bruker Optics, Silberstreifen, Germany) (28) prior to

the initiation of CR (week 5), before the insertion of each mini-

pump (weeks 13, 17, and 21) and at the time of sacrifice (week 25).

Food intake was recorded daily for the WR mice during the CR

phase (week 5-17) and every 2-3 weeks for AL mice over 48 hr by

weighing feeding baskets that were designed specifically to reduce

food spillage.

Serum or plasma assays
Blood was obtained by retro-orbital bleed following a 4.5-hr fast at sev-

eral time points (weeks 5, 13, 17, 24, and 25 [Figure 1]). The plasma

Figure 2 Percent initial body weight post pump #1 implantation of mice fed a HFD throughout the study (A) and treated with MC4R agonist or vehicle
and weight reduced by 20% prior to administration of the drug (B). Percent initial body weight in medium-WR mice compared with high-AL group (C)
and in low-WR mice compared with medium-AL group (D). Medium and low dose in WR mice is sufficient to maintain them at the same percentage
initial body weight as AL mice treated with a high and medium dose of MC4R agonist, respectively. Mean initial body weight (g) (SEM) is given for
each group in the figure legend (A, B). Nominal doses of AZD2820—High: 53.4 nmol/day; medium: 10.8 nmol/day; low: 2.64 nmol/day. Each data
point represents mean percent body weight for each group with SEM.
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Figure 3 Percent body weight change (A) or regain (B) at 12 weeks of drug treatment plotted individually for each mouse against plasma concentration
of MC4R agonist. AL (A) and WR (B) mice are plotted separately. Black bars are % BW change means for each group. Note, the drug concentration
(x-axis) is plotted on a log scale.

Figure 4 Fat mass (A, B) and lean mass (C, D) in mice maintained on HFD AL throughout the study (A, C) or weight reduced by 20% prior to drug
administration (B, D) measured prior to and 12 weeks after MC4R agonist treatment. Formerly WR mice given high nominal drug dose (53.4 nmol/
day) achieved a significantly lower body fat than the controls after an 8 week body weight regain period. Nominal doses of AZD2820—High: 53.4
nmol/day; medium: 10.8 nmol/day; low: 2.64 nmol/day. Each data point represents mean fat mass or lean (fat free mass) for each group with SEM.
*P < 0.05 between vehicle- and high dose-treated groups by Student’s t-test.
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concentrations of AZD2820 were determined after protein precipitation,

by liquid chromatography with mass spectrometric detection (LLOQ 2

nmol/L). Leptin was assayed using Quantikine ELISA kit (R&D Sys-

tems) and insulin using the Crystal Chem Ultra Sensitive Mouse Insulin

ELISA Kit (Crystal Chem). Glucose was measured at the same time as

blood collection using the FreeStyle Lite Blood Glucose Monitoring Sys-

tem (Abbott Laboratories; see Supporting Information).

Indirect calorimetry
EE and physical activity were measured with a LabMaster-CaloSys-

Calorimetry System (TSE Systems, Bad Homburg, Germany) at the

end of the study (week 25, immediately prior to sacrifice; see Sup-

porting Information).

Results
Body weight and body composition
Prior to food restriction, BW of all groups were equal (by design). 40

mice were maintained on HFD ad libitum throughout the study (AL

group) and their weights are reported as percent initial BW—defined as

BW (g) on any given day divided by BW (g) on day 0 of the experiment

3 100 (when the first mini-pump was implanted; Figure 2A). 40 mice

fed with HFD were calorically restricted to reduce their weights by 20%.

Weights are reported as percent initial BW which in the case of WR mice

is defined as BW (g) on any given day divided by BW on the day prior to

start of the calorie restriction (CR) phase 3 100 (on day 0 when the first

mini-pump was implanted; Figure 2B).

Mice maintained on the AL feeding regimen for the duration of the

study lost weight when treated with high-drug dose (53.4 nmol/day)

compared with their vehicle-treated controls (5% mannitol). The

high dose-AL lost 5.5% 6 4.2% versus control-AL which gained

3.5% 6 1.8% (P 5 0.042; Figure 2A). Intermediate drug dose

(medium; 10.8 nmol/day) treated mice also lost weight (1.0% 6

2.5%) but were not significantly different from the vehicle-treated

controls (Figure 2A). There was a dose–response relationship regard-

ing drug efficacy in WR mice (Figure 2B). Eight weeks after WR

mice were released from CR and allowed AL access to HFD, the

high-dose group regained 10.0% 6 2.6% of their BW since the

beginning of the drug treatment compared with 22.4% 6 2.2% in

Figure 5 Circulating leptin concentrations (ng/mL) in mice maintained on HFD AL throughout the study (A) or weight reduced by 20% prior to drug
administration (B) measured at different timepoints during the study. As expected from the fat mass data, circulating leptin levels are lower in high
dose-treated animals (both AL and WR) after at least 11 weeks of treatment. Regression of circulating leptin (ng/mL) against fat mass (g) in all mice at
4 weeks (C) and 12 weeks (D) of MC4R agonist treatment. The circle denotes WR mice which have an increased plasma leptin concentrations relative
to fat mass compared with the vehicle-treated AL mice. This effect is independent of MC4R agonist treatment and is reversed after formerly WR mice
had returned to AL feeding for 8 weeks (D). Nominal doses of AZD2820—High: 53.4 nmol/day; medium: 10.8 nmol/day; low: 2.64 nmol/day. Each
data point represents mean value for each group with SEM. *P < 0.05 between vehicle- and high dose-treated groups by Student’s t-test.
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the vehicle-treated control group (P 5 0.0027; Figure 2B). In WR

mice, an intermediate dose of the agonist was sufficient to maintain

these animals at 95.1% 6 3.7% of initial BW versus 94.5% 6 4.2%

in the high dose-AL mice (Figure 2C). Similarly, low dose

AZD2820 (2.64 nmol/day) in WR mice kept them at 98.4% 6 3.0%

of initial BW compared with 99.0% 6 2.5% in the medium dose-

AL mice (neither group was significantly lower than their respective

controls, but both show a trend toward lower % initial BW; Figure

2D). Whereas weight-reduced animals are sensitive to the agonist

even in the lowest concentration (Figure 3B), mice fed AL require

an agonist concentration of >10 nM to produce weight loss (Figure

3A). Thus, mice in the WR state were more sensitive to the MC4R

agonist and required an approximately five-fold lower dose of the

agonist to achieve a response comparable to that required in the AL

state (Figure 2C, D).

The change in BW in response to MC4R agonist administration was

primarily accounted for by changes in fat mass. Following the

MC4R agonist treatment, fat mass stratified according to changes in

BW (Figure 4A, B). The WR group treated with high-drug dose had

a significantly lower body fat mass after 8 weeks of drug adminis-

tration compared with their vehicle-treated controls (at 8 weeks of

drug: high-WR: 11.9 6 0.6 g vs. control-WR: 15.8 6 1.5 g; P 5

0.030; data not shown; at 12 weeks of drug: high-WR: 12.2 6 0.5 g

vs. control-WR: 16.5 6 1.6 g; P 5 0.015; Figure 4B). Mice fed AL

and given high dose, as well as medium dose-treated mice (in both

AL and formerly WR state), showed a trend toward reduced fat

mass at 8 and 12 weeks of drug treatment (Figure 4A). Lean mass

of WR mice was lower than AL mice only during the CR phase; no

difference was noted among any of the groups in response to

AZD2820 treatment after the release of WR mice to AL feeding

(Figure 4C, D).

Plasma hormones and glucose
As expected, fasting plasma leptin and insulin levels maintained pro-

portionality to fat mass following weight loss (Figures 5 and 6). By

the end of the study, both AL and formerly WR mice treated with

high-dose MC4R agonist had significantly lower circulating leptin

Figure 6 Circulating insulin (from plasma; A, B) and glucose (from venous tail blood; C, D) concentrations in mice maintained on HFD AL throughout
the study (A, C) or weight reduced by 20% prior to drug administration (B, D) measured at different timepoints during the study. Nominal doses of
AZD2820—High: 53.4 nmol/day; medium: 10.8 nmol/day; low: 2.64 nmol/day. Each data point represents mean value for each group with SEM.
*P < 0.05 between vehicle- and high dose-treated groups by Student’s t-test.
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levels compared with their respective vehicle-treated controls (Fig-

ure 5A, B). Circulating insulin concentrations were significantly

reduced in high dose-WR mice compared with WR controls (Figure

6B). Medium dose-treated mice showed a trend toward a decrease in

circulating leptin and insulin levels (Figures 5A, B and 6A, B). At 4

weeks of drug treatment, while WR mice were still calorie

restricted, their plasma leptin concentrations were increased relative

to fat mass when compared with a regression of leptin versus fat

mass in the vehicle-treated AL fed mice (Figure 5C). This increase

in leptin levels was not correlated with MC4R agonist dose,

occurred only in WR animals, and was reversed after formerly WR

mice had returned to AL feeding for 8 weeks (Figure 5D). Fasting

blood glucose levels were not different among groups throughout

the study (Figure 6C, D).

Food intake
No difference was found among the groups in the 24 hr food intake

measurements taken 1 week after the first mini-pump implantation

and every 2-3 weeks thereafter (data not shown). Food intake was

also measured more precisely at the end of the study when mice

were housed in metabolic chambers for 48 hr (Figure 7). Similarly,

there were no differences detected in food intake.

Energy expenditure
Immediately prior to sacrifice, mice were placed in metabolic cham-

bers for assessment of EE. Absolute total EE (TEE) and resting EE

(REE) did not differ among treatment groups which did not differ

significantly in lean body mass; fat mass was lower in the WR high

dose-treated mice compared with the controls (Figure 8D) but their

TEE and REE was the same (REE in high-WR: 10.1 6 0.3 kcal/24

hr vs. control-WR: 10.4 6 0.3 kcal/24 hr; TEE in high-WR 13.3 6

0.4 kcal/24 hr vs. control-WR: 13.3 6 0.3 kcal/24 hr; Figure 8A,

B). The limited number of mice in the control group (n 5 10) and

the low variation in lean mass among all mice limited power to

build a significant regression model to calculate the residual EE val-

ues for the treatment groups. Ratio of TEE and REE (Figure 8E) to

lean mass was not different among the treatment groups. However,

the ratios of TEE and REE to BW were higher in high dose-(WR

and AL combined) treated animals (REE in high dose: 0.226 6

0.005 kcal/g/24 hr vs. control: 0.209 6 0.005 kcal/g/24 hr; P 5

0.02; TEE in high dose 0.294 6 0.006 kcal/g/24 hr vs. control:

0.272 6 0.006 kcal/g/24 hr; P 5 0.012; data not shown. Respiratory

exchange ratio (RER or respiratory quotient [RQ]) and physical

activity were not different among treatment groups (data not

shown).

Drug delivery verification
AZD2820 plasma concentrations measured after 4, 11, and 12-13

weeks of drug treatment were indistinguishable between AL and

WR groups. AZD2820 treatment caused penile erection in all mice

regardless of drug dose but was not observed in vehicle-treated

mice. Every mouse was assessed visually three times throughout the

study. There was no sign of drug tolerance as the penile erection

persisted until the end of the study.

Discussion
The purpose of this study was to establish a study protocol to enable

evaluation of the efficacy of weight maintenance agents, and to

assess the effectiveness of a novel MC4R partial agonist (AZD2820)

(27) in the maintenance of reduced BW. We found that in the WR

state a 53 lower drug exposure is sufficient to maintain mice at a

reduced weight versus the dose required to induce that degree of

weight loss in AL mice. Mice in the WR state are consequently

more sensitive to the MC4R partial agonist.

We were unable to detect quantitatively significant differences in

food intake or EE related to the AZD2820 administration. However,

these studies were conducted relatively late in the treatment (11-12

weeks post start of agent). Also, subtle differences in food intake

too small to measure (especially in mice) can accumulate into sig-

nificant weight change. The ultimate differences in body mass and

composition indicate that differences in energy balance must have

occurred.

The effects of MC4R agonists on energy homeostasis have been

assessed in animal studies (21,29-31). Food intake (FI) is initially

suppressed—most strongly in the first day of treatment, and lasting

for about a week—but then returns to control levels. In longer term

studies (21,22,32), weight loss occurs initially as a result of

decreased food intake but persistence of weight loss throughout the

drug treatment period suggests that relative elevation of EE plays a

role in sustaining the reduced BW. Hamilton et al. showed that, in

DIO rats, FI was significantly suppressed during the first week of

continuous 28-day MTII (MC4R and MC3R full agonist) treatment,

whereas EE was increased 3 days after the start of agonist adminis-

tration (22). An 8-week treatment with a novel MC4R agonist in

DIO Rhesus macaques caused weight loss (13.5%), due to decreased

food intake (�25%-35%) for the first 2 weeks. EE was measured at

baseline and at 8 weeks after drug treatment and showed a 14%

increase suggesting that reduced food intake is an initial transient

response, and that elevated EE may explain the persistence of

reduced BW and contribute to the weight loss as well (32).

Using a paradigm similar to the one used here, DIO rats were either

fed AL throughout the study or fed calories reduced (CR) by 30%

or 60% (versus AL) for 2 weeks, followed by 4 weeks of MTII

Figure 7 24 hr food intake in mice maintained on HFD diet AL throughout the study
or weight reduced by 20% prior to drug administration measured at 12-13 weeks
of drug treatment during calorimetry assessment (TSE LabMaster system). Mean
body weight is provided for each group. Nominal doses of AZD2820—High: 53.4
nmol/day; medium: 10.8 nmol/day; low: 2.64 nmol/day. Each data point represents
mean 24 hr food intake for each group with SEM.
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treatment (at either low [0.3 mg/kg/day] or ten-fold higher dose)

(33). In the AL state, both MTII doses were equally efficacious in

inducing weight loss; but in the CR groups (both 30% and 60%

CR), the effectiveness of MTII in maintaining reduced BW was

greater with the higher dose; the drug was more dynamically effica-

cious in the WR state. This is similar to the current study, where

AZD2820 was more efficacious in the WR state. The lack of differ-

ence in efficacy of low or high doses of the MTII in AL rats

suggests that the low dose induced maximal weight loss in the AL

state (33).

Figure 8 Absolute total (A) and resting (B) EE (kcal/24 hr) measured at 12-13 weeks of drug treatment and immediately prior to sacrifice by indirect
calorimetry (TSE LabMaster system). No significant difference was found in absolute total and resting EE among treatment groups. Body Composition
in AL mice (C) and formerly WR mice (D) at 12 weeks of drug treatment. Formerly WR mice treated with high dose of MC4R agonist have a signifi-
cantly lower BW and fat mass but show the same TEE and REE. (E) REE (kcal/24 hr) per unit of lean mass (g) measured at 12-13 weeks of drug
treatment and immediately prior to sacrifice by indirect calorimetry (TSE LabMaster system). Nominal doses of AZD2820—High: 53.4 nmol/day;
medium: 10.8 nmol/day; low: 2.64 nmol/day. *P < 0.05 between vehicle- and high dose-treated groups by Student’s t-test.
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Circulating leptin concentrations were, as expected, significantly

lower in all WR groups compared with control AL mice when

measured at 4 weeks of AZD2820 treatment, while WR mice were

still calorie restricted. Interestingly, leptin concentration per fat mass

was increased in WR mice compared with the AL control group,

independent of drug dose and reversed after mice had returned to

AL feeding for 8 weeks. High dose-treated mice showed decreases

in leptin and insulin plasma concentrations; these changes are likely

a reflection of weight loss and not of the drug itself. Blood glucose

concentration was only lower during the CR phase while WR mice

were maintaining 80% of their initial BW. It was not affected by

the MC4R agonist per se.

Therapies for obesity are focused primarily on inducing weight loss.

Since weight regain, and not the inability to lose weight, is what

defeats most efforts at obesity treatment (1), sustaining the weight-

reduced state deserves more attention. Induction of weight loss is

physiologically different than maintenance of a reduced BW

(2,8,34). The weight-reduced state in both humans and mice is char-

acterized by hyperphagia and reduction in EE greater than predicted

by lower body size (2,4,8)-phenotypes that are largely reversed by

administration of low “replacement” doses of leptin (6,7). These

observations, congruent with those described in this report, suggest

that the pharmacology of the weight-reduced state deserves greater

attention as a therapeutic target in obesity treatment. Similar to the

effects seen in WR individuals treated with low levels of leptin,

MC4R agonists might be efficacious in maintenance of weight loss.

However, MC4R agonists would be expected to be less effective

due to increased levels of endogenous MC4R antagonist/inverse ago-

nist (AgRP) which could potentially interfere with MC4R agonism.

Drugs found to be modestly efficacious in the induction of weight

loss may be more useful in the maintenance of reduced BW; those

agents effective in producing weight loss, but problematic by virtue

of off-target effects, may be helpful in maintaining reduced BW at

much lower doses. This protocol could be used to examine agents

for efficacy in maintenance of reduced BW.O
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