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Abstract Compelling evidence indicates that lipid metabo-
lism is in partial control of the circadian system. In this context,
it has been reported that the melatonin receptor 1B (MTNRI1B)
genetic variant influences the dynamics of melatonin secretion,
which is involved in the circadian system as a chronobiotic. The
objective was to analyze whether the MTNRIB rs10830963 ge-
netic variant was related to changes in lipid levels in response
to dietary interventions with different macronutrient distribu-
tion in 722 overweight/obese subjects from the POUNDS Lost
trial. We did not find a significant association between the
MTNRIB genotype and changes in lipid metabolism. However,
dietary fat intake significantly modified genetic effects on
2 year changes in total and LDL cholesterol (P interaction =
0.006 and 0.001, respectively). In the low-fat diet group, carri-
ers of the sleep disruption G allele (minor allele) showed a
greater reduction of total cholesterol (8 + SE = —5.78 + 2.88
mg/dl, P=0.04) and LDL cholesterol (3 + SE = —7.19 + 2.37
mg/dl, P=0.003). Conversely, in the high-fat diet group, sub-
jects carrying the G allele evidenced a smaller decrease in total
cholesterol ( + SE = 5.81 * 2.65 mg/dl, P = 0.03) and LDL
cholesterol (§ + SE = 5.23 + 2.21 mg/dl, P=0.002).E Subjects
carrying the G allele of the circadian rhythm-related MTNRIB
variant may present a bigger impact on total and LDL
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There is scientific evidence that lipid metabolism is
partly controlled by the circadian system and exhibits dif-
ferential 24 h profiles in major metabolic organs in asso-
ciation with sleep/wake, activity/rest, and fast/feeding
cycles (1). Plasma lipid concentrations, intestinal absorp-
tion, and lipid biosynthesis also show a daily rhythmicity, as
has been reported in different models (2, 3). Moreover, it
has been found that disruption of the core circadian clock
and peripheral clocks leads to a dysregulation of lipid me-
tabolism (2, 4). Interestingly, Clock mutant mice exhib-
ited both hyperlipidemia and obesity phenotypes (5).

Melatonin is a hormone secreted mainly by the pineal
gland that plays a major role in the regulation of circadian
rhythms (6); melatonin treatment has shown beneficial
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effects on the lipid profile in humans (7). A genetic variant
in the melatonin receptor 1B (MTNRIB) gene, which en-
codes one of the two high-affinity receptors of melatonin
(8, 9), has been associated with altered melatonin rhythm
and melatonin signaling (10, 11). Interestingly, the same
genetic variant has also been related to the plasma lipid
profile (12, 13). Actually, the MTNRIB rs10830963 poly-
morphism was related to circulating levels of VLDL and tri-
glyceride (TG) (12). In addition, the MTNRI1Brs10830963
variant was found to interact with dietary fat on lipid levels
in an observational study (13). Specifically, Dashti etal. (13)
showed that the relation between the MTNRIB rs10830963
genotype and HDL cholesterol was modified by total fat and
MUFA intakes. However, to our knowledge, no study has ana-
lyzed the interaction between the MTNRIB rs10830963
polymorphism on long-term changes of lipid metabolism
traits in response to dietary interventions. Investigation on
such interactions may improve personalized dietary inter-
vention based on the genotype.

The aim of this study was to examine potential interac-
tions between the MTNRIB rs10830963 genotype and
weightloss diets varying in fat content on changes in lipid
metabolism traits during 2 years of dietary intervention
within the POUNDS Lost trial.

MATERIALS AND METHODS

Study participants

The POUNDS Lost trial is a 2 year randomized clinical trial
(clinical trial registration number NCT00072995) designed to
compare the effects of four energy-reduced diets with different
macronutrient composition on weight loss. The study was con-
ducted at two sites (Harvard School of Public Health and Brigham
and Women’s Hospital in Boston, MA and the Pennington Bio-
medical Research Center of Louisiana State University System,
Baton Rouge, LA) from October 2004 through December 2007.
The study design and methods have been previously described in
detail (14). Briefly, 811 overweight or obese (BMI 25—40 kg/m2)
participants were randomly assigned to one of four energy-
reduced diets during a 2 year follow-up time. The target percent-
ages of energy derived from fat, protein, and carbohydrate in the
four diets were: 20, 15, and 60%; 20, 25, and 55%; 40, 15, and
45%; and 40, 25, and 35%, respectively. In this two-by-two factorial
design, two diets were low fat (20%), two diets were high fat
(40%), two diets were average in protein (15%), and two diets
were high in protein (25%). Major exclusion criteria were the
presence of diabetes or unstable cardiovascular disease, the use of
medications that affect body weight, and insufficient motivation
(14). The study was approved by the human subjects committee at
each institution and by a data and safety monitoring board ap-
pointed by the National Heart, Lung, and Blood Institute. All par-
ticipants gave written informed consent.

Measurements

Body weight was measured in the morning before breakfast
at baseline, 6 months, and 2 years of follow-up. Height was mea-
sured at baseline. BMI was calculated as weight (in kilograms)/
height (in square meters). In the present study, ethnicity was self-
reported and grouped as white, black, and others. Fasting blood
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samples were obtained at routine times in clinical settings at base-
line, 6 months, and 2 years. Levels of serum lipids (TG, total cho-
lesterol, and HDL cholesterol) were analyzed in the clinical
laboratory at Pennington using the Synchron CX7 (Beckman
Coulter). LDL cholesterol was obtained for each participant ac-
cording to the following equation: total cholesterol — HDL choles-
terol — TG/5 (15). However, when TG concentration was >400
mg/dl, LDL cholesterol was measured directly by Synchron CX7
(Beckman Coulter). Dietary intake was assessed in a random sam-
ple of 50% of the participants by a review of the 5 day diet record
at baseline and by 24 h recall during a telephone interview on
three nonconsecutive days at 6 months and 2 years, in order to
assess the nutritional adherence across the intervention.

Genotyping

DNA was extracted from the buffy coat fraction of centrifuged
blood by the QIAmp blood kit (Qiagen). Genotyping of the previ-
ously reported MTNRIB rs10830963 genetic variant was success-
fully done in 722 of 811 total participants using the Open Array
SNP genotyping system (Biotrove) (16). The genotyping success
rate was near 90%. The genotype frequency was CC 54.4%, CG
37.8%, and GG 7.8%; the frequency of the minor allele (G allele)
was 0.27 in the study population. The genotype distribution was in
Hardy-Weinberg equilibrium in both the total population and the
major ethnic group (whites) (P> 0.05).

Statistical analysis

In the present study, 722 subjects with baseline genotyped data of
the MTNRIB rs10830963 variant were included. Among them, 528
participants completed the intervention after 2 years. The primary
outcome of the current study was the change in lipid levels (TG, to-
tal cholesterol, LDL cholesterol, and HDL cholesterol) during the
2 years of intervention. To compare baseline characteristics across
genotypes, the chi-squared test for categorical variables and general
linear models for continuous variables were used. General linear
models (model 1: adjusted for age, sex, ethnicity, baseline BMI, the
respective baseline variable, and lipid-lowering medication use;
model 2: adjusted for model 1 plus weight loss) were performed for
comparison of changes from baseline in lipid levels across genotype
groups according to low- or high-fat group at 6 months and 2 years
intervention. The interaction term (e.g., MTNRIB genotype x
high-/low-fat diet group) was included in the models to test gene-
diet intervention interactions. Additive genetic models were used in
the analysis. Statistical analyses were performed using STATA/SE
version 12.0 (StataCorp, College Station, TX). Statistical signifi-
cance was considered for P < 0.05. Moreover, we used Bonferroni
correction to adjust Pvalues for four independent tests (TGs, total
cholesterol, LDL cholesterol, and HDL cholesterol). Thus, a Pvalue
< 0.012 was considered statistically significant after adjustment of
multiple comparisons.

RESULTS

Baseline characteristics of the participants according to
the MNTRIB rs10830963 genotype are presented in Table
1. The distribution of the polymorphism was similar by sex
and diet groups; meanwhile, statistically significant differ-
ences were observed by ethnicity (P< 0.001). No associa-
tions of the MNTRIB genotype with baseline lipid levels
were observed. Changes in lipid levels at 6 months and
2 years of follow-up were not related to the MTNRIB genotype
after adjustment for age, sex, ethnicity, BMI at baseline,
baseline value for the respective outcome, lipid-lowering
medication use, and diet group (data not shown).



TABLE 1. Characteristics of the study participants according to MTNRIB rs10830963 genotypes
CC (n = 393) CG (n=273) GG (n =56) P

Age (years) 50.8 (9.2) 51.0 (9.1) 53.0 (10.3) 0.24
Sex 0.72

Male 149 (37.9) 112 (41.0) 22 (39.3)

Female 244 (62.1) 161 (59.0) 34 (60.7)
Race or ethnic group <0.001

White 279 (71.0) 247 (90.5) 49 (87.5)

Black 96 (24.4) 12 (4.4) 3 (54)

Hispanic or other 18 (4.6) 14 (5.1) 4 (7.1)
Diet group 0.69

Low fat 198 (50.4) 134 (49.1) 31 (55.4)

High fat 195 (49.6) 139 (50.2) 25 (44.6)
TG, (mg/dl) 137.4 (86.8) 151.4 (85.4) 151.5 (84.4) 0.09
Total cholesterol (mg/dl) 200.0 (37.3) 204.4 (37.2) 206.2 (33.9) 0.22
LDL cholesterol (mg/dl) 125.0 (32.0) 125.9 (32.7) 126.4 (31.2) 0.92
HDL cholesterol (mg/dl) 48.2 (13.3) 48.9 (13.8) 51.2 (20.3) 0.31
Body weight (kg) 93.7 (15.0) 92.8 (16.0) 92.0 (17.5) 0.66
Body welght loss at 2 years (kg) —3.7 (0.4) —4.1 (0.5) —6.0 (1.0) 0.13“
BMI (kg/m ) 32.9 (3.8) 32.3 (3.9) 32.5 (3.7) 0.11
BMI loss at 2 years (kg/m ) —1.3 (0.1) —1.4 (0.2) —2.1(0.3) 0.12°

Data were calculated by the x> test for categorical variables and ANOVA for continuous variables. Data are

expressed as n (%) or mean (SD).

“Adjusted for age, sex, ethnicity, baseline value for the respective outcome, and diet group.

Dietary fat content (high-fat vs. low-fat intake) showed
significant differential effects on changes in total choles-
terol and LDL cholesterol at 2 years of the intervention
depending on the MTNRIB rs10830963 genetic variant,
after adjusting for age, sex, ethnicity, BMI at baseline, the
respective baseline variable, and lipid-lowering medication
use (Pinteraction = 0.006 and 0.001, respectively) as re-
ported (Table 2; Figs. 1, 2). These genotype-diet inter-
actions were statistically significant after correction for
multiple testing (P< 0.012 based on Bonferroni correction
for four tests). Within the low-fat diet group, an increasing
number of the G allele was associated with greater de-
creases in total cholesterol (f + SE = —5.78 + 2.88 mg/dl
per G allele, P=0.04) and LDL cholesterol (§ + SE=—7.19 +
2.37 mg/dl per G allele, P = 0.003). Meanwhile, an oppo-
site effect was observed among participants in the high-fat
diet group. Thus, carriers of the G allele showed a
positive association with increases in total cholesterol ( +
SE = 5.81 + 2.65 mg/dl per G allele, P = 0.03) and LDL

cholesterol (B + SE = 5.23 +
P=0.02).

In order to detect whether the observed effects were me-
diated by weight loss, the analyzed models were further ad-
justed for body weight loss (model 2) (Table 2). We found
that the gene-diet interactions on changes in total choles-
terol and LDL cholesterol remained significant (P for in-
teraction = 0.008 and 0.001, respectively) and passed the
threshold of P< 0.012 after correcting for multiple testing.
Only in the low-fat diet group was the association between
total cholesterol and the genotype attenuated (P= 0.063).
When we analyzed the data among Caucasians, similar re-
sults were found (Pinteraction = 0.025 and 0.003 in model
2 for total cholesterol and LDL cholesterol, respectively)
(supplemental Table S1).

There were no significant interactions between the gen-
otype and the low-/high-fat diet on changes in HDL cho-
lesterol and TG at 2 years of follow-up (both P for
interaction >0.05). In addition, the MTNRIB rs10830963

2.21 mg/dl per G allele,

TABLE 2. Effect of the MTNRIB rs10830963 genetic variant on changes in lipid metabolism traits in response to
a low-/high-fat diet at 2 years of diet intervention

Low Fat (n = 270)

High Fat (n = 258)

B (SE) P B (SE) P PlInteraction

Model 1

A TG (mg/dl) 5.37 (5.51) 0.33 0.65 (5.44) 0.90 0.65

A Total cholesterol (mg/dl) —5.78 (2.88) 0.04 5.81 (2.65) 0.03 0.006

A LDL cholesterol (mg/dl) —7.19 (2.37) 0.003 5.23 (2.21) 0.02 0.001

A HDL cholesterol (mg/dl) 0.71 (0.67) 0.29 0.70 (0.74) 0.34 0.90
Model 2

ATG (mg/dl) 8.62 (5.30) 0.10 0.51 (5.18) 0.92 0.44

A Total cholesterol (mg/dl) —5.41 (2.90) 0.06 5.81 (2.66) 0.03 0.008

A LDL cholesterol (mg/dl) —6.85 (2.38) 0.004 5.23 (2.21) 0.02 0.001

A HDL cholesterol (mg/dl) 0.23 (0.63) 0.71 0.74 (0.69) 0.28 0.76

Data were calculated by using linear regression models. The interaction term was included in the models to test
gene-diet interactions. The 3 represents changes in outcomes for the increasing number of the G allele of the
rs10830963 variant. Model 1: adjusted for age, sex, ethnicity, BMI at baseline, the respective baseline variable, and
lipid-lowering medication use. Model 2: adjusted for age, sex, ethnicity, BMI at baseline, the respective baseline
variable, lipid-lowering medication use, and body weight loss at each intervention time.
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genetic variant did not interact with dietary protein intake
on changes in lipid levels (data not shown).

DISCUSSION

In one of the largest available randomized dietary inter-
vention trials on weight loss, we, for the first time, report a
significant interaction between the circadian rhythm-
related MTNRI1Brs10830963 genetic variant and dietary fat
intake on changes in total cholesterol and LDL cholesterol.
Our results indicate that an increasing number of the G
allele was associated with greater decreases in total choles-
terol and LDL cholesterol in response to the low-fat diet,
whereas an opposite effect was found in the high-fat diet
group.

Compelling evidence has shown that the circadian sys-
tem plays an important role in coordinating lipid meta-
bolic pathways through rhythmic activation or repression
of genes involved in lipid metabolism, either directly or
indirectly by controlling other transcription factors (17).
In addition, the disruption of the core molecular clock re-
sults in abnormal lipid metabolism, including altered fat
storage and lipid transport and deficits in absorption of di-
etary lipids (1, 2). In this sense, melatonin is one of the
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Fig. 1. Interaction between the MTNRIBrs10830963
genetic variant and dietary fat intervention on changes
in total cholesterol (A) and LDL cholesterol (B) at
2 years of diet intervention. Data are means (SE) after
being adjusted for age, sex, ethnicity, BMI at baseline,
the value for the respective outcome trait at baseline,
lipid-lowering medication use, and body weight loss.
Low-fat group sample sizes: CCn =146, CG n =97, and
GG n = 27. High-fat group sample sizes: CC n = 137,
CGn=100,and GG n =21.
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chronobiotics used by the central master clock to synchronize
circadian rhythms (6). Regarding lipid metabolism, it has
been demonstrated that melatonin treatment can im-
prove dyslipidemia in both animal and human studies (7).
In humans, daily administration of melatonin for 2 months
significantly improved LDL cholesterol among subjects
with features of the metabolic syndrome (18). Moreover,
treatment with melatonin and zinc decreased the levels of
TG, total cholesterol, and LDL cholesterol and increased
the levels of HDL cholesterol in type 2 diabetic patients
poorly controlled with metformin (19). Despite the fact
that the effect of melatonin on lipid profiles has been
widely studied, the mechanisms by which the MTNRIB
rs10830963 affects lipid metabolism remains unknown.
However, the MTNRIB genetic variant has recently been
associated with melatonin levels and melatonin signaling
(10, 11). On the one hand, Lane et al. (10) reported that
rs10830963 G allele carriers showed a disruption of melato-
nin rhythm, because subjects presented a later melatonin
offset and a longer duration of elevated melatonin levels.
Given that melatonin appears to be involved in various
lipid phenotypes, it can be speculated that the effect of the
MTNRIB genetic variant on dynamics of melatonin expres-
sion thereby could influence lipid levels. On the other
hand, Tuomi etal. (11) reported that subjects carrying one
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Fig. 2. Effect of the MTNRIB rs10830963 genetic variant and fat diets on changes in total cholesterol (A) and LDL cholesterol (B) at
6 months and 2 years of diet intervention (black circle and solid line, CC genotype; gray circle and gray solid line, CG genotype; white circle
and dotted line, GG genotype). Data are means (SE) after being adjusted for age, sex, ethnicity, BMI at baseline, the value for the respective
outcome trait at baseline, lipid-lowering medication use, and body weight loss. Low-fat group sample sizes at 6 months: CCn =167, CGn =121,
and GG n = 27. High-fat group sample sizes at 6 months: CC n = 165, CG n = 115, and GG n = 23. Low-fat group sample sizes at 24 months:
CCn =146, CG n =97, and GG n = 27. High-fat group sample sizes at 2 years: CCn = 137, CG n = 100, and GG n = 21.

or two MTNRIB rs10830963 G alleles showed a 2- and
4fold increase in MTNRIB mRNA expression in human
pancreatic islets, respectively, compared with subjects car-
rying the CC genotype. Although the results by Tuomi
etal. (11) did not show a direct impact on lipid levels, such
findings suggest that MTNRIB rs10830963 might affect
MTNRIB mRNA expression in other cell types related to
lipid metabolism.

Interestingly, we found that dietary fat intake modified
the effect of the MTNRIB rs10830963 genetic variant on
changes in total cholesterol and LDL cholesterol, which
provides suggestive implications in preventive medicine
and clinical practice. In this context, a meta-analysis found
nominal significant interactions between the MTNRIB
genotype and fat intake (total fat and MUFA) on HDL cho-
lesterol levels (13). However, the results did not pass the
prespecified Bonferroni-corrected significance level. Al-
though the mechanisms underlying the observed MTNRIB
rs10830963 gene-dietary fat interaction are unknown, there
is evidence that a high-fat diet could alter the expression
and the rhythmic mRNA expression levels of circadian-clock

genes and circadian clock-controlled lipogenic genes
(20-22). For example, Sun et al. (22) observed a rhythmic
expression of the clock-controlled output gene, Ppar-a,
and downstream lipid metabolism genes (Srebp-lc, Fas,
and Accl) in normally fed mice. Meanwhile, when mice
were fed with a high-fat diet, the rhythmic expression in
the liver of such genes was significantly altered. Moreover,
the effects of the genotype on changes in lipid metabolism
traits showed opposite trends in participants with low-fat
versus high-fat intake. The results are in line with the “dif-
ferential susceptibility hypothesis,” which proposes that
vulnerability genes or risk alleles may function like plastic-
ity genes because genetic risk can be modified by environ-
mental exposures, including dietary factors (23-26). In
other words, some individuals might be more responsive to
environmental influences in a “for-better-and-for-worse”
manner because of the genetic background (24). Consis-
tent with this hypothesis, we observed that carriers of the
risk allele might function as either a protective or a detrimen-
tal factor, depending on the differences in dietary fat in-
take.In the presentstudy, we failed toascertain agenotype-diet
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interaction on changes in TGs and HDL cholesterol. The
reason for this differential genetic effect on various lipid
phenotypes is unclear. However, it can be hypothesized that
different mechanisms might drive the reported gene-diet
interactions for changes on different lipid components.

Our data indicate that the gene-diet interaction on
changes in total cholesterol and LDL cholesterol remained
statistically significant after additional adjustment for
weight loss, although a slight attenuation of the effect was
observed on changes in total cholesterol. These results sug-
gest that the effects on changes in total cholesterol and
LDL cholesterol concentrations might be independent of
weight loss, although weight reduction has been shown to
induce beneficial effects on lipid profile, mainly on total
cholesterol and LDL cholesterol (27). However, in our
study, weight loss was correlated with TG levels and HDL
cholesterol, but not with total cholesterol and LDL choles-
terol, at 2 years of the intervention (28).

To the best of our knowledge, this is the first study to ana-
lyze interactions between a MTNRIB genetic variant and
dietary fat intake on changes in plasma lipids in a large and
long-term dietary intervention trial. These findings add
novel insights into the role of the circadian rhythm-related
MTNRIB genetic variant on metabolic responses (16). How-
ever, the present study has some limitations that should
be addressed. We did not measure circulating melatonin lev-
els in the study population, which prevented the potential
analysis of the relationship between the genetic variant and
circulating melatonin levels. Nonetheless, according to
the Mendelian randomization principle, a genetic variant
could be a surrogate for the biomarker in causal inference,
because it is less likely to be affected by confounding and
reverse causation (29). In addition, it was difficult to de-
termine which macronutrient played the key role of the
observed interactions because the low-fat intake was charac-
terized by high-carbohydrate intake and vice versa, to main-
tain energy balance. Finally, the results should be replicated
in order to be extended to other ethnic groups because
most of the participants were whites (around 80%), and to
rule out the possibility of false positive findings.

In summary, these results suggest that carriers of the
G allele of the circadian rhythm-related MTNRI1Brs10830963
genetic variant may benefit more in the improvement of
their lipid profile by choosing a low-fat diet instead of a
high-fat diet. These findings may lend support to per-
sonalized dietary interventions in improvement of lipid
metabolism Bl

The authors thank all participants of the study for their dedi-
cation and contribution to the research.
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