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Abstract

Background: The melanocortin-4 receptor (MC4R) plays a pivotal role in the regulation of appetite and eating behavior.

Variants in the MC4R gene have been related to appetite and obesity.

Objective: We aimed to examine whether weight-loss diets modified the effect of the ‘‘obesity-predisposing’’ MC4R

genotype on appetite-related measures in a randomized controlled trial.

Methods:A total of 811 overweight and obese subjects [25# bodymass index (BMI; kg/m2)# 40] aged 30–70 ywere included

in the 2-y POUNDS Lost (Preventing Overweight Using Novel Dietary Strategies) trial. We genotypedMC4R rs7227255 in 735

overweight adults and assessed appetite-related characteristics, including craving, fullness, hunger, and prospective

consumption, as well as a composite appetite score. We examined the effects of the genotype-by-weight-loss diet intervention

interaction on appetite variables by using general linear models in both the whole population and in white participants only.

Results: We found that dietary protein intake (low compared with high: 15% of energy compared with 25% of energy,

respectively) significantlymodifiedMC4R genetic effects on changes in appetite score and craving (P-interaction = 0.03 and 0.02,

respectively) at 2 y, after adjustment for age, sex, ethnicity, baseline BMI, weight change, and baseline perspective phenotype.

The obesity-predisposing A allele was associated with a greater increase in overall appetite score (b = 0.10, P = 0.05) and craving

(b = 0.13, P = 0.008) compared with the non-A allele among participants who consumed a high-protein diet.MC4R genotype did

not modify the effects of fat or carbohydrate intakes on appetite measures. Similar interaction patterns were observed in whites.

Conclusion: Our data suggest that individuals with the MC4R rs7227255 A allele rather than the non-A allele might

experience greater increases in appetite and food craving when consuming a high-protein weight-loss diet. This trial was

registered at clinicaltrials.gov as NCT00072995. J Nutr 2017;147:439–44.
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Introduction

The melanocortin-4 receptor (MC4R)12 gene, which is primarily
expressed in the brain (1), participates in complex neurohor-
monal pathways with reciprocal effects on energy intake and
expenditure (2–5), primarily through its regulatory effect on
appetite and satiety (6). MC4R is also a key factor in regulating
body adiposity (7).

A common variant in MC4R, rs7227255, was found to be
associated with BMI in recent genomewide association studies
(8), probably through affecting regulation of the central nervous
system on appetite. In our previous analysis, we found that
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MC4R genotype was related to dietary macronutrient intakes
(3). In addition, an animal study showed that a high-fat diet
upregulated MC4R gene expression in obese Berlin mice (9).
Moreover, in response to a high-fat diet, MC4R2/2 mice
exhibited hyperphagia and accelerated weight gain compared
with wild-type mice (10). Interestingly, a recent animal study
examined the effects of high-protein or high-fat diets on appetite
regulation and found that high-protein diets reduced food intake
and hypothalamic gene expression of appetite-related factors
such as MC4R (11). Therefore, we hypothesized that MC4R
genotype might interact with dietary macronutrient intakes in
affecting appetite measures and adiposity.

In the present study, we aimed to examine the effect of the
obesity-predisposing MC4R genotype (8) on appetite measures
in a 2-y dietary intervention study, the Preventing Overweight
Using Novel Dietary Strategies (POUNDS Lost) trial. In partic-
ular, we assessed interactions between MC4R genotype and
weight-loss diets varying in macronutrient intake on changes in
appetite during an intervention.

Methods

The POUNDS Lost trial. The POUNDS Lost trial (www.clinicaltrials.

gov; NCT00072995), a 2-y randomized clinical trial for weight loss, was

conducted in Boston, Massachusetts and Baton Rouge, Louisiana in

2004–2007. All of the participants provided informed consent, and the
trial was approved and monitored by the Human Subjects Committee at

the Harvard School of Public Health, Brigham and Women�s Hospital,

Pennington Biomedical Research Center, and the National Heart, Lung,

and Blood Institute. Detailed information on the study design and
methods was provided previously (12). A total of 811 overweight and

obese subjects [25 # BMI (kg/m2) # 40] aged 30–70 y were randomly

assigned to receive 1 of 4 diets in which the target percentages of energy
intake derived from fat, protein, and carbohydrate in the 4 diets were

20%, 15%, and 65%; 20%, 25%, and 55%; 40%, 15%, and 45%; and

40%, 25%, and 35%, respectively. After 24mo, 79.5% of the participants

(n = 645) completed the trial. Among those participants who had
genotyping data (n = 735), 594 (80.9%) completed the trial. In the trial,

the low-fat diets (20% of energy) were considered as high-carbohydrate

diets ($55% of energy), whereas the high-fat diets (40% of energy) can be

thought of as low-carbohydrate diets (#45%of energy). Participants from
the 2 low-protein groups and the 2 high-protein groups were combined in

order to compare the low-protein diets (15% of energy) with the high-

protein diets (25% of energy).

Anthropometric measures and dietary adherence. Body weight was

measured by using calibrated hospital scales in the morning before

breakfast and after voiding, with participants wearing a hospital gown,
on 2 nonconsecutive days at baseline and at 6 and 24 mo and on a single

day at 12 and 18 mo. The mean number of days between measurements

was 5 for baseline, 10 for 6 mo, and 9 for 24 mo. Waist circumference

was also measured at these visits by using a nonstretchable tape measure,
4 cm above the iliac crest. Height was measured at baseline. BMI was

calculated as weight divided by height squared (kg/m2).

To assess dietary adherence across the intervention, dietary intake
was assessed in a random sample of 50% of the participants by a review

of the 5-d diet record at baseline and by 24-h recall during a telephone

interview on 3 nonconsecutive days at 6 and 24 mo. Measurements

of oxygen consumption and carbon dioxide production began after a
30-min rest and continued for 30 min. The respiratory quotient (RQ)

and urinary nitrogen (grams) were measured at 6 and 24 mo of the

intervention. RQ was computed as the quantity of carbon dioxide

produced divided by the amount of oxygen consumed. The within-
individual CV was 3.2%. The nonprotein RQ is a biomarker of

carbohydrate intake and was computed from the RQ and urinary

nitrogen measured in a 24-h sample collected contemporaneously. Urine

nitrogen was a biomarker for the validation of dietary protein intake. A

24-h urine sample was collected at baseline and at 6 mo and 2 y for urea

assessment (as a biomarker of protein intake) and was measured at the

Core Laboratory at Pennington. Differences in macronutrient intake and

these biomarkers among the intervention groups suggested that partic-

ipants modified their intakes of macronutrients in the direction of the

goals, although the targets were not fully achieved (12). Therefore, RQ

and urinary nitrogen were used to assess dietary compliance.

Appetite measures. Appetites of participants at baseline and at 6 and

24 mo were assessed by using a motivation-to-eat questionnaire (13, 14).

The reliability and validity of visual analog scales (VASs) have been

previously discussed (15). Participants completed the questionnaires in a

fasting state before breakfast, between 0700 and 0900, on a weekly basis

during the center-based feeding portion of this study. Participants

remained seated throughout the experimental sessions. The question-

naire included 4 questions or scales: 1) How strong is your desire to eat?

(‘‘very weak’’ to ‘‘very strong’’; to assess craving); 2) How hungry do you

feel? (‘‘not hungry at all’’ to ‘‘as hungry as I�ve ever felt’’; to assess

hunger); 3) How full do you feel? (‘‘not full at all’’ to ‘‘very full’’; to assess

fullness); and 4) How much food do you think you could eat? (‘‘nothing

at all’’ to ‘‘a large amount’’; to assess prospective consumption).
Each VAS consisted of a 100-mm line anchored at the beginning and

end by opposing statements. When completing the questionnaire,

participants were instructed to rate the intensity of their current state

(i.e., ‘‘at that moment’’) for a number of appetite markers by placing a

cursor and clicking the mouse on a computerized 100-increment line

representing the continuum from ‘‘not at all’’ to ‘‘extremely.’’ Scores in

each domain (craving, hunger, fullness, and prospective consumption)

were determined by measuring the distance (in millimeters) from the left

starting point of the line to the intersection of the ‘‘X.’’ By using established

appetite calculation methods previously published (13, 14), an average

appetite score including responses to the 4 questions on motivation to eat

was calculated at each time of measurement as appetite score = [craving +

(100 2 fullness) + prospective consumption + hunger]/4 (13, 14).

Genotyping. DNA was extracted from the buffy coat fraction of
centrifuged blood by using the QIAmp Blood Kit (Qiagen). The single

nucleotide polymorphism (SNP) rs7227255 was selected because it was

identified as the top variant of the MC4R locus for BMI (8) and because

MC4R variants play a functional role in food intake and appetite (2). The

SNP was genotyped successfully in 735 of 811 total participants by using

the OpenArray SNP Genotyping System (BioTrove). The genotype success

rate was 99% in available DNA samples. Replicated quality-control

samples (10%) were included in every genotyping plate, with >99%

concordance (16). The allele frequency in 2 major ethnic groups (white

and black) was compatible with Hardy-Weinberg equilibrium (P > 0.05).

Statistical analysis. The primary outcomes in the present analysis were

changes in appetite-related measures such as appetite score, craving,

fullness, prospective consumption, and hunger. The change in each

measure was calculated as the difference between the measure at 24 mo

of intervention and baseline (final – baseline). We compared baseline

participant characteristics across genotypes by using general linear

models (PROC GLM; SAS Institute) for continuous variables and chi-

square tests (PROC FREQ; SAS Institute) for categorical variables in 735

participants with genetic information. To evaluate the effect of genotype,

we compared the changes in the primary outcomes, biomarkers of

adherence to intervention and reported nutrient intakes across genotype

at 6 and 24 mo, by using general linear models.

To test for effect modification of the intervention by genotype, we
tested the interactions between MC4R rs7227255 genotype and the

intervention diets (2-factorial comparisons: low- compared with high-

protein and high- compared with low-fat diets) on changes in appetite

measures over 24 mo after adjustments for age, sex, ethnicity, baseline

BMI, weight change (in appetite-related measures analyses), and the

baseline value for the respective outcome, in general linear models in

both the whole population and in white participants only. We also tested

the gene 3 diet interaction in whites alone. Linear mixed models were

used to test genetic associations with the trajectory of changes in

appetite-related measures according to diet groups. Time was treated
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as a repeated measurement factor, and genotype3 time interaction terms

were included in the mixed models.

All reported P values are 2-sided, with P # 0.05 considered to be
significant. We used Quanto 1.2.4 (University of Southern California) to

estimate the detectable effect sizes of genotype 3 intervention interac-

tions. The study had 80% power to detect gene 3 intervention

interaction effect sizes of 2.6 kg for weight loss, 2.5 mm for changes in
appetite score, 2.3 mm for changes in craving, 4.1 mm for changes in

fullness, 5.5 mm for changes in prospective consumption, and 6.7 mm

for changes in hunger at 6 mo under an additive genetic model. Statistical

analyses were performed with SAS version 9.1 (SAS Institute).

Results

Baseline characteristics of participants by MC4R rs7227255

genotype. Baseline characteristics of participants according to
MC4R rs7227255 genotype are presented in Table 1. The minor
(effect) allele (A) frequency was 0.11 in the genotyped population.
The genotype frequency differed significantly between sexes and
ethnicities, with more men than women and more blacks than
other race/ethnicities having a copy of the minor A allele. There
were no significant differences betweenMC4R genotypes in other
baseline characteristics or in changes in adiposity measures during
the 2-y diet intervention.

Dietary adherence by MC4R rs7227255 genotype. Table 2

shows dietary intake and adherence markers (urinary nitrogen
and RQ) of the participants by genotype at 6 and 24 mo of the
intervention. There were no significant differences between
genotypes in mean values of nutrient intakes or biomarkers of
adherence at either time point, except for total energy intake at
6 mo, which was slightly lower in carriers of the A allele than in
noncarriers (P = 0.04). Differences in macronutrient intake
between the intervention groups suggested that participants
modified their intakes of macronutrients in the direction of the
goals, although the targets were not fully achieved (12).

Effects of the MC4R rs7227255 genotype on changes in

appetite measures and body size. There were no significant
differences betweenMC4R genotype at baseline or between 6- and
24-mo changes in appetite-relatedmeasures during the intervention,
except for the 24-mo change in craving, which was significantly

greater in A allele carriers than in noncarriers (P = 0.01).We did not
observe significant associations of theMC4R genotypewith changes
in body weight or waist circumference at 6 or 24 mo. However, we
observed a more prolonged effect on loss in waist circumference
than on weight loss (Supplemental Table 1).

Gene3 diet interactions on changes in appetite measures.

Dietary protein intake (low compared with high: 15% of energy
compared with 25% of energy) significantly modified the effect
of MC4R genotype on changes in appetite score and craving at

TABLE 1 Baseline characteristics of the 735 overweight and
obese adults according to MC4R rs7227255 genotype1

Characteristics

MC4R rs7227255
genotype

P2
GG

(n = 663)
GA+AA
(n = 72)

Age, y 51.3 6 9.2 49.1 6 9.0 0.66

Race, n (%) ,0.0001

White 561 (84.6) 29 (40.3)

Black 70 (10.6) 40 (55.6)

Hispanic 23 (3.5) 2 (2.8)

Asian or other 9 (1.4) 1 (1.4)

Female, n (%) 398 (60.0) 52 (72.0) 0.04

Weight, kg 93.4 6 15.6 91.7 6 15.1 0.26

BMI, kg/m2 32.7 6 3.8 32.7 6 4.1 0.28

Dietary intake/d

Total energy, kcal 1960 6 545 1979 6 693 0.26

Carbohydrate, % of energy 44 6 8 47 6 6 0.31

Fat, % of energy 37 6 6 36 6 6 0.91

Protein, % of energy 18 6 3 17 6 3 0.14

Biomarkers of adherence

Respiratory quotient 0.84 6 0.04 0.84 6 0.05 0.24

Urinary nitrogen, g 12.3 6 4.4 11.4 6 4.3 0.96

1 Values are means 6 SDs unless otherwise indicated. MC4R, melanocortin-4

receptor.
2 P values were calculated by using the chi-square test for categorical variables and F

tests after adjustment for sex (except for sex), age (except for age), and race (except

for race).

TABLE 2 Nutrient intakes and biomarkers of weight-loss diet adherence in overweight and obese adults
according to MC4R rs7227255 genotype at 6 and 24 mo1

6 mo 24 mo

GG GA+AA P GG GA+AA P

Dietary intake/d2

Energy, kcal 1607 6 479 1528 6 478 0.04 1738 6 810 1511 6 583 0.60

Carbohydrate, % of energy 50 6 11 49 6 10 0.33 54 6 9 56 6 10 0.06

Fat, % of energy 30 6 8 31 6 9 0.95 29 6 7 29 6 6 0.50

Protein, % of energy 20 6 4 20 6 5 0.20 18 6 5 18 6 5 0.23

Biomarkers of adherence

Respiratory quotient3 0.84 6 0.04 0.83 6 0.04 0.65 0.84 6 0.04 0.83 6 0.05 0.18

Urinary nitrogen,4 g 11.7 6 4.5 12.0 6 4.5 0.10 10.4 6 4.8 11.8 6 5.0 0.74

1 Values are means 6 SEs. Generalized linear models were used to compare biomarkers of adherence and nutrient intakes across

rs7227255 groups at 6 and 24 mo. MC4R, melanocortin-4 receptor.
2 Data were included for 294 participants with the GG genotype and 33 participants with the GA+AA genotype at 6 mo and for 154

participants with the GG genotype and 13 participants with the GA+AA genotype at 24 mo.
3 Data were included for 537 participants with the GG genotype and 55 participants with the GA+AA genotype at 6 mo and for 424

participants with the GG genotype and 35 participants with the GA+AA genotype at 24 mo.
4 Data were included for 487 participants with the GG genotype and 49 participants with the GA+AA genotype at 6 mo and for 344

participants with the GG genotype and 25 participants with the GA+AA genotype at 24 mo.
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24 mo, after adjustment for age, sex, ethnicity, baseline BMI,
weight loss, and baseline values for the respective outcome
(P-interaction = 0.03 and 0.02, respectively). A marginal interac-
tion for hunger was also observed (P-interaction = 0.06). The A
allele was associated with a greater increase in appetite score
(b = 0.10, P = 0.05) (Figure 1A) and craving (b = 0.13, P = 0.008)
(Figure 1B) among the participants in the high-protein diet
intervention groups, whereas opposite genotype effects were
observed in the low-protein diet intervention groups. TheMC4R
rs7227255 SNP did not modify the associations of fat or
carbohydrate intakes on the appetite measures. Further adjust-
ment for dietary fat intake in the model yielded similar results.
We did not observe interactions between diets and MC4R
genotype on fullness or prospective consumption.

In subgroup analyses in white participants, we observed similar
interactions between MC4R rs7227255 and dietary protein on
changes in appetite score (P-interaction = 0.04) and craving
(P-interaction = 0.02), whereas the interaction for changes in
hunger (P = 0.06) did not reach significance (Supplemental
Table 2). We did not observe significant interactions between

MC4R rs7227255 and fat or carbohydrate intakes on weight
loss or changes in appetite measures in the total sample or in
white participants only (all P-interaction > 0.10).

Trajectory of changes in appetite measures by MC4R

rs7227255 genotype in response to weight-loss diets. We
observed significant interactions between MC4R rs7227255 gen-
otype and intervention time on 24-mo changes in craving in the
high-protein diet group (P-interaction < 0.05; Figure 2A). Partic-
ipants with theMC4R rs7227255 A allele showed greater increases
in craving than those without the A allele across the 24-mo
intervention in the high-protein diet group. However, we did not
find any significant differences in appetite measures between
genotype in the low-protein diet group (Figure 2B). No significant
gene3 time interaction was observed for changes in other appetite
measures (all P-interaction > 0.05).

Discussion

In a 2-y randomized weight-loss intervention trial, we found that
the MC4R genotype was significantly associated with 24-mo
change in food craving during the intervention. The change in
craving at 24 mo was significantly greater in A allele carriers than
in noncarriers. We further found significant interactions between
MC4R rs7227255 and protein intake in relation to changes in

FIGURE 1 Effect of the MC4R rs72272552 genotype on 24-mo

changes in appetite measures in response to protein intake in

overweight and obese adults. Values are means6 SEs. P values were

adjusted for age, sex, ethnicity, baseline BMI, weight loss, and

baseline values for respective outcomes. Data included 333 (GG) and

40 (AA+GA) overweight and obese adults in the low-protein (15% of

energy) diet group and 330 (GG) and 32 (AA+GA) overweight and

obese adults in the high-protein (25% of energy) diet group at 24 mo

(n = 735). Appetite score (A) (‘‘0 = very weak’’ to ‘‘100 = very strong’’) =

[craving + (100 2 fullness) + prospective consumption + hunger]/4. The

question: ‘‘How strong is your desire to eat? (�0 = very weak� to �100 = very

strong�)’’ was used to assess craving (B). MC4R, melanocortin-4 receptor;

% E, percentage of energy.

FIGURE 2 Genotype effect of theMC4R rs7227255 on trajectory of

changes in craving in the high-protein (A) and the low-protein (B) diet

groups over 24 mo in overweight and obese adults. Linear mixed

models were used to test genetic associations with the trajectory of

changes in appetite-related measures according to diet groups. Time

was treated as a repeated measurement factor, and genotype 3 time

interaction terms were included in the mixed models. Values are

means 6 SEs. P values were adjusted for age, sex, ethnicity, baseline

BMI, and baseline values for craving. Data included 408, 324, and 235

overweight and obese adults in the low-protein (15% of energy) diet

group and 403, 332, and 259 overweight and obese adults in the high-

protein (25% of energy) diet group for craving at baseline and at 6 and

24 mo, respectively. The question ‘‘How strong is your desire to eat?

(�0 = very weak� to �100 = very strong�)’’ was used to assess craving.

MC4R, melanocortin-4 receptor.
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appetite and craving. Carriers of the A allele exhibited greater
increases in appetite and craving when assigned to a high-protein
weight-loss diet.

Compelling evidence suggests that MC4R is a key regulator of
energy balance through functionally divergent central melanocor-
tin neuronal pathways (17), as well as a regulator of appetite and
satiety (2, 18, 19). MC4R coding mutations cause monogenic
early-onset obesity through appetite deregulation (20). A report by
Qi et al. (3) observed that this MC4R variant was associated with
higher intakes of total energy and dietary fat. Genomewide
association studies found that the MC4R variant rs7227255 was
associated with BMI (8), and rs7227255 located in the intergenic
region, a noncoding region, is in perfect linkage disequilibrium
(r2 = 1) with a relatively rare MC4R missense variant (rs2229616,
p.Val103Ile; minor allele frequency = 1.7%) that has been
associated with BMI (21). In the present study, we found that
MC4R rs7227255 genotype was associated with long-term
changes in food craving. Our observations are in line with previous
reports showing that the MC4R variant was associated with
emotional eating and food cravings (5). Other studies have
observed that MC4R interacts with the dopamine system, which
is highly expressed in the brain�s reward pathways and plays a key
role in affecting eating behavior such as overeating (22, 23).

Intriguingly, we found that protein intake modified the effect
of MC4R rs7227255 on appetite measures, suggesting that the A
allele was related to greater increases in appetite and food craving
in response to a hypocaloric and high-protein diet. Our results are
supported by a recent study that found that obese people with
MC4R mutant genotypes showed different brain responses to
food images than obese individuals with normalMC4R genotypes
(24). In addition, central dopaminergic circuitry also plays an
important role in feeding and satiety (25). There are extensive
interactions between dopamine and the melanocortin system. The
MC4R antagonist stimulated and inhibited, respectively, dopa-
mine metabolite concentrations (26). These findingsmay also help
us understand the underlying mechanisms through which the
MC4R variant alters food intake (27). Furthermore, other studies
have suggested that MC4R regulates metabolic and behavioral
responses to high-protein and low-fat intake (10). Protein intake is
known to increase secretion of gastrointestinal hormones, which
are regulated by the MC4R variant (28), and to induce satiety
(29), and thereby to sustain reductions in appetite and ad libitum
caloric intake (30) and to increase weight loss and prevent weight
regain (31). In addition, dietary protein regulates MC4R gene
expression (32). Taken together, we assume that high-protein diets
may influence appetite, food cravings, and body weight through
differentially affecting gene expression according to various MC4R
genotypes. Furthermore, we acknowledge that participants had
difficulty achieving the goals of the macronutrient intake of their
assigned group, and the differences in protein intakes and in urinary
nitrogen between the low- and high-protein groups at 2 y were
marginally significant. However, the difference in protein intakewas
significant during themajority of the intervention course, whichwas
the driving force of the observed interaction. Therefore, the
interaction might be stronger if such differences in intake remained
as substantial at 2 y as they had been during the intervention.

To thebest of our knowledge, thiswas the first study to investigate
interactions between this MC4R genetic variant and weight-loss
diets on appetite and food craving in the context of a large, long-
term randomized trial. Our findings provide new insights into the
role of MC4R genotype in determining appetite and food intake.
However, several limitations need to be considered. Because the
adherence to various diets declined after 6 mo, the power to detect a
long-term genotype effect in response to the real difference in

macronutrient intake among the diet groups was reduced. In
addition, it is difficult to distinguish which macronutrient plays
the key role behind the observed interactions because increased
carbohydrate intake reflects decreased fat intake. In addition, we
used a previously validated VAS to assess appetite, and we
acknowledge that measurement errors might have affected our
results; the overweight and obese participants might have
underreported their appetite. This might lead to an artifactual
positive association between MC4R rs7227255 and appetite and
food craving indexes. Therefore, analyses that use more accurate
measurement of appetite-related outcomes are needed to validate
our findings. Furthermore, we only examined the common variant
rs7227255 in the MC4R gene for BMI and acknowledge that a
comprehensive analysis of variants capturing the overall variance
of the gene was needed. Finally, most of the participants (80%) in
our study were white and the minor allele frequency of MC4R
rs7227255 varied across ethnicities. Further studies are needed
to determine whether our findings are generalizable to other
ethnic groups, although our results in whites were similar to
those in the total study sample. Even though randomized clinical
trials are thought to be the best model to test gene3 environment
interactions, we cannot exclude the possibility of false-positive
findings, and replication in diverse populations is needed to verify
our findings.

In conclusion, we found that MC4R rs7227255 was associ-
ated with 24-mo change in food craving during an intervention
and that MC4R rs7227255 modified appetite and food craving
in response to weight-loss diets in a 24-mo randomized trial.
Individuals with the MC4R rs7227255 A allele might expect to
experience greater increases in appetite and food craving than
those without this allele when choosing a high-protein weight-
loss diet. These findings provide supportive evidence for the
notion of personalized nutrition in the prevention of obesity.
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