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Abstract

Aims—The common MTNR1B genetic variant rs10830963 is associated with an increased risk of
type 2 diabetes (T2D). To date, no experimental study has tested the effect of the MTNR1B variant
on glucose metabolism in humans during exposure of the melatonin receptors to their ligand. The
aim of this study was to investigate whether this MTNR1B variant influenced the effect of
melatonin (5 mg) on glucose tolerance assessed by an oral glucose tolerance-test (OGTT; 75 g) at
different times of the day (morning and evening) as compared to a placebo.

Methods—Seventeen normoglycemic women (2446 y; BMI 23.0+3.3 kg/m?) completed the
study (11 carriers of the risk allele [CG] and 6 noncarriers [CC]).

Results—The effect of melatonin on glucose tolerance depended on the genotype. In the
morning, the effect of melatonin (melatonin-placebo) on the glucose area-under-the-curve (AUC)
above baseline differed significantly (£=0.036) between the carriers and noncarriers. This effect of
melatonin on the carriers was six times as large as that on the noncarriers. The MTNR1B SNP
explained over one-quarter (26%) of the inter-individual differences in the effect of melatonin on
glucose AUC. However, in the evening, the effect of melatonin on glucose AUC of the carriers and
noncarriers did not differ significantly (#>0.05).

Conclusions—MTNR1B rs10830963 risk variant worsens the effect of melatonin on glucose
tolerance, suggesting the importance of genotyping and personalized recommendations, especially
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in people consuming food when melatonin levels are elevated. Large-scale studies in vulnerable
populations are necessary to translate these results into real-world, clinically-relevant
recommendations.
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Introduction

The discovery of MTNR1B as a novel type-2 diabetes (T2D) risk gene sparked great interest
in the role of melatonin in glucose metabolism [1-5]. This gene encodes the melatonin type
2 receptor Mellb (MT2), a G protein-coupled receptor that mediates the effects of melatonin
and that is expressed in various tissues including pancreatic -cells.

Genome-wide-association studies (GWAS) have found an association between MTNR1IB
rs10830963 and increased fasting plasma glucose levels and T2D risk [1, 2, 6]. Follow-up
studies confirmed this association with T2D risk [7-9]. However, although the genetic
association of rs10830963 with T2D risk is now established, the functional impact of this
MTNRIB variant on glucose control is poorly characterized, because—to date—measures
of glucose control, insulin secretion and insulin sensitivity have been performed during the
daytime, when endogenous melatonin levels are very low and thus without the ligand of the
receptor available to induce its effect.

Nevertheless, Mellb is expressed in B-cells implying that MTNR1B rs10830963 might
affect pancreatic glucose sensing and/or insulin release [1, 6]. Furthermore, Lyssenko et al.
showed increased MTNR1B expression in pancreatic islets of carriers of the rs10830963 risk
genotype compared to non-carriers and impaired insulin responses to oral and intravenous
glucose, reporting a negative correlation between M7NRIB mRNA levels and insulin
secretion [1]. Indeed, association of the rs10830963 risk allele with impaired insulin
secretion is well-established and an inverse association with insulin sensitivity has also been
reported [10, 11]. Importantly, among more than 60 variants associated with T2D and/or
glycemic traits, the common MT7NR1B risk variant rs10830963 had the most significant
adverse influence on the disposition index, a product of both insulin secretion and insulin
sensitivity, as estimated by an oral glucose tolerance test (OGTT) [12].

Despite GWAS have provided robust evidence for an association of the common MTNR1IB
risk variant with glycemic traits, the magnitude of its effect is small. Notably, all the
metabolic assessments in these GWAS were performed during daytime hours when
endogenous melatonin concentrations were very low or absent [13]. In addition, only a few
functional studies have examined the impact of manipulating the melatonin concentration on
glycemic measures [14, 15], and very few such studies have included humans. Functional
studies in animal models are restricted mostly to nocturnal rodents, from which data cannot
be directly translated to (diurnal) humans [16]. While in humans melatonin is produced
when we are sleeping and fasting, in nocturnal rodents melatonin is produced when they are
awake and eating [13]. To date no experimental study has been performed in humans in
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order to test the effect of the MTNRIB variant on glucose metabolism during exposure of
the melatonin receptors to their ligand.

A new approach to investigate the role of melatonin and the M7TNR1B diabetes risk variant
in glucose metabolism could be to test the effect of exogenous melatonin administration
during the daytime on glucose metabolism between carriers and non-carriers of the
MTNRI1B risk variant. The aim of the current study was to assess whether MTNRIB
rs10830963 influences the magnitude of effect of exogenous melatonin administration on
glucose tolerance at different times of the day (morning and evening), as compared to
placebo administration.

Research design and methods

Subjects

This study consisted of members of the female rugby team at the University of Murcia,
Spain who fulfilled both inclusion and exclusion criteria and for whom blood for DNA
extraction was available (7=17 from a total of #7=21). Data from all the participants were
collected within one month (April) to minimize any influence of seasonal effects. The
population was a homogenous set of very healthy, young women. The exclusion criteria
included endocring, renal, hepatic, or psychiatric disorders; impaired glucose tolerance
based on standard criteria; prescription drugs or other pharmacological treatment, except
oral contraceptives; major weight fluctuations £3 kg in the past 3 y; recent shift work
(within the last 2 y); travel across more than one time zone (within the last 1 y); and sleep
disorders.

Seventeen nondiabetic, nonobese, young women of European ancestry (meanSD; 2416 y;
BMI: 23.0+3.3 kg/m?) completed the study (Table 1). Only two of the participants were
smokers. All the participants had normal fasting glucose and insulin levels and normal
glucose tolerance (<7.8 mmol/L, 2 h after 75 g OGTT,; Table 1). There were no significant
differences in the anthropometric, biochemical (including morning melatonin saliva
concentrations), chronotype (morningness-eveningness scores), or habitual sleep
characteristics of the carriers and noncarriers of the risk allele. The participants gave written
informed consent, and the study was approved by the local Ethics Committee of the “Virgen
de la Arrixaca” University Hospital in Murcia, Spain.

OGTT

To determine the effects of melatonin administration on glucose tolerance, each participant
underwent four OGTTs after a 10 h fast on four nonconsecutive days, two after a placebo
and two after melatonin (5 mg) administration, as previously described [15]. The placebo
was administered once in the morning (9 A.M.) and once in the evening (9 P.M.). The same
was true for melatonin administration. For each of the four OGTTs, an oral glucose load of
75 g was given 15 min after the administration of the placebo or melatonin. During each
OGTT, blood samples were obtained immediately prior to the administration of the
melatonin/placebo and 30, 60, 90, and 120 min after glucose administration. The 2 h area
under the curve (AUC) above baseline was calculated. Plasma glucose and insulin levels
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were measured by automated chemical analysis (IL ILAB 600 Chemistry Analyzer of
Instrumentation Laboratory, MA, USA) and a solid-phase, 2-site chemiluminescent
immunometric assay (IMMULITE 2000 Insulin, DPC, USA), respectively.

Genotyping in all participants was performed by the same operator who was blinded to their
clinical characteristics. DNA was isolated from blood samples using routine DNA isolation
kits (Qiagen, Hilden, Germany). MTNR1B rs10830963 genotypes were identified by
standard Sanger sequencing of a 354bp PCR amplification product surrounding the variant
(forward primer GAATTGGCATTTCTGGGG and reverse primer
AGCATCATTTGCTGTCTC). Hardy—Weinberg equilibrium was fulfilled (P=0.1). Of the 17
participants, 11 were carriers of the risk allele (CG), and six were noncarriers (CC). The
allele frequency of the variant in this population was (11G/(34 G+C))*100 = 32.4%, similar
to the frequency of 30% in HapMap European populations.

Statistical analysis and calculations

The general characteristics of the population studied are presented as means + SD (Table 1).
Responses of glucose and insulin observed during OGTT were examined as area under the
curve above baseline across 120 minutes following the oral glucose load (AUC), calculated
by the trapezoidal method [17]. Differences between carriers (CG) and non-carriers (CC) in
the effect of melatonin (melatonin-placebo) on AUC for glucose and insulin in the morning
and in the evening were analyzed by unpaired t-test and further analyses were performed by
ANCOVA in which effects were adjusted for age and BMI (Table 1). In addition, we
assessed the effect of melatonin on each of the genotypes at each time point of the OGTT
(TF, time fasting; T30, 60, 90, and 120) by a two-way repeated measures ANOVA, including
the time and treatment condition as the two factors. A paired #test was used to evaluate any
differences between the individual time points.

Genetic association analyses were performed using linear regression models in PLINK,
which also provided an estimate of the trait variance explained by the SNP (/2; Supplemental
Table) [18]. The genetic variant effect size was calculated with Cohen’s d'according to the

_ (= D)st+(ng —1)s3 _ _ _
formula *= nitng — 2 . For Cohen’s d, an effect size of 0.2-0.3 is considered

a “small” effect size, around 0.5 is considered a “medium” effect size, and 0.8 to infinity
signifies a “large” effect size [19]. To assess whether melatonin influenced insulin
sensitivity, we used the Insulin Sensitivity Index (1SI: 10,000/V[fasting glucose x fasting
insulin x mean OGTT glucose x mean OGTT insulin]; mean OGTT across fasting-120 min)
[20]. To estimate the effect of melatonin on {3 cell function, we determined the corrected
insulin response(CIR: 100 x insulin at 30 min/[glucose at 30 min x glucose 30min-3.89])
[21]. Finally, the disposition index (DI) was calculated as a measure of insulin secretion in
relation to insulin sensitivity (DI = CIR x ISI) [22].
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All other statistical analyses were carried out using SPSS for windows 19.0 (SPSS Inc.,
Chicago, IL). The level of significance for all the statistical tests and hypotheses was set at
£<0.05.

The effect of melatonin on glucose tolerance depended on rs10830963. In the morning, the
effect of melatonin (melatonin-placebo) glucose AUC differed significantly between the
carriers and noncarriers (P=0.036; unpaired #test; Fig. 1 and Table 2). Similar results were
found after adjusting for age and BMI (P=0.046). The MTNR1B SNP explained over one-
quarter (26%) of the inter-individual variance in the effect of melatonin on the glucose AUC
(Supplemental Table 1). The effect size per risk allele was large (1.17) for the influence of
the genotype. Remarkably, the effect of melatonin was six times greater in the carriers of the
risk allele than in the noncarriers (2.41 vs. 0.38 pU/mL x h; Table 2). Moreover, the effect of
melatonin on glucose concentration 120 min after the start of the OGTT (C19g) differed
significantly between carriers and noncarriers (P=0.040; Table 2). Similar results, with a
higher significance (P=0.017), were found after adjusting for age and BMI.

However, in the evening, no significant differences were found between the carriers and
noncarriers in the effect of melatonin on glucose AUC (P=0.596) and on insulin measures
(P=0.395) (Table 2, Fig.1 and Fig. 2).

A subsequent analysis at the different time points revealed significant differences between
the effect of melatonin and the placebo on plasma glucose 60, 90, and 120 min after the start
of the OGTT both in the morning and evening in the carriers of the risk allele (CG) (Fig. 1).
However, no significant differences were found in the noncarriers (Fig. 1).

Genetic association analysis

The genetic association analysis confirmed a significant association between the MTNR1IB
SNP and the effect of melatonin on both glucose AUC (P=0.036) and glucose 120 min after
the start of the OGTT (~=0.040), whereas no significant association was found for the
derived measures (CIR, ISI, and DI; supplemental Table 1).

Discussion

We identified a significant effect of the common T2D risk variant M7TNR1B on melatonin-
induced impairment of glucose tolerance. The decrease in glucose tolerance induced by
exogenous melatonin was observed only in the carriers of the risk variant and not in the
noncarriers.

These results support the existence of inter-individual variation in the interaction between
melatonin and the Mel1b receptor, with consequences for glucose tolerance. It is well known
that variants affecting receptor function or receptor expression levels can lead to gain- or
loss-of-function phenotypes. Previous results have shown increased MTNRI1B expression in
carriers of the rs10830963 risk genotype [1]. This would imply that the risk allele carriers
have a gain-of-function phenotype, a hypothesis supported by the current results in which
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risk carriers showed an intensification of the deleterious effect of melatonin on glucose
tolerance.

Previous data from our group has already demonstrated that daytime administration of
melatonin diminishes glucose tolerance and increases estimates of insulin resistance in
humans, both in the morning and in the evening [15]. The novel finding from the current
work showing the differential effect of melatonin across genotypes at the M7NR1B locus on
glucose tolerance extends our previous finding of the deleterious role of melatonin in
glucose tolerance. The current data revealed a common variant that increased this deleterious
effect of melatonin on glucose AUC by 6 fold as compared to that in the non-carriers.The
relative risk of the genetic variant in glucose AUC was exceptionally large for genetic
studies. These findings further support the integral link between melatonin and glucose
tolerance.

A major limitation of all previous GWAS into the role of MTNR1B is that the assessments
of glucose metabolism are based on daytime measurements when endogenous plasma
melatonin concentrations are at their lowest. Plasma melatonin concentration has one of the
most robust day/night rhythms of all hormones, with high levels during the night and near-
undetectable levels during the day [13]. Thus, these daytime assessments cannot detect any
direct effects of melatonin on glucose tolerance, or they may measure only the proverbial tip
of the iceberg.

Our data suggest that when raising plasma melatonin concentrations to or above
physiological nighttime levels, the MTNR1B risk variant causes substantially larger changes
in glucose tolerance in carriers compared to noncarriers. Another interesting outcome from
the present data is that the differences across genotypes for glucose tolerance were obtained
even in normal-weight and nondiabetic participants. The rs10830963-G allele has recently
been implicated in the transition of normoglycemia to a state of impaired fasting glucose
[23]. It has been postulated that this particular variant promotes the progression from a
normal to a prediabetic state rather than the progression from a prediabetic to a diabetic state
[23]. Further interventional studies in shift workers will help to determine whether changing
the timing of food intake to avoid concurrent exposure to melatonin can improve glucose
tolerance.

We found no significant differences in the glucose and insulin AUC in the placebo condition
between genotypes which suggests that during the time of assessment (9 A.M. and 9 P.M.)
endogenous melatonin did not account for the differential effects between both genotypes
with melatonin administration.

Future studies are required to test whether the magnitude of the effects of physiological
nighttime concentrations of melatonin would be similar to those of exogenous melatonin
administration. While it remains a question to what degree the Mellb receptor plays a role in
the sleep and circadian effects of melatonin, it will be of clinical importance to develop
specific melatonin agonists that do not act on the Mellb receptor and thereby prevent the
melatonin-induced adverse metabolic effects.
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The main strength of our study was the novel approach of testing the influence of the
MTNR1B genotype on glucose control in the presence of the ligand of the MT2 receptor
(i.e., melatonin) at different times of day (morning and evening). To date no such
experimental study had been performed in humans to test the effect of the MTNR1B variant
on glucose metabolism. One limitation is the low number of subjects. Future studies with a
larger number of subjects are needed to confirm these results. Furthermore, our study
population consisted of normal-weight and nondiabetic individuals. Further interventional
studies in shift workers will help to determine whether changes the timing of food intake, to
avoid concurrent exposure to melatonin, will improve glucose tolerance.

The strong effect and high prevalence of this genetic variant (MAF: ~30%); thus, 51% are
carriers among a population of European ancestry), as well as the common use of melatonin
supplementation (over-the-counter or by prescription), make our findings particularly
relevant for clinical practice, not only for treatment but also for preventive purposes.
Regarding the use of exogenous melatonin, identifying individuals with the rs10830963-G
allele may be helpful to provide personalized recommendations about the relative timing of
food consumption and melatonin administration.

In conclusion, we show that the MTNR1B risk variant worsens the effect of melatonin on
glucose tolerance in humans. The detrimental effect of melatonin is particularly relevant in
carriers of the risk allele in the morning. This novel finding points to the importance of
genotyping the type 2 diabetes risk variant at MTNR1Bto personalize the timing of
melatonin administration and food intake with the aim of improving glucose tolerance.
Further large-scale studies will be necessary to investigate the mechanistic contribution of
pancreatic B-cell function and insulin sensitivity to the gene-ligand interaction and to
translate these results into real-world clinically relevant recommendations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MT2 melatonin type-2 receptor Mellb
OGTT oral glucose tolerance test
SNP single Nucleotide Polymorphism
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Highlights

- Genetic link of MTNVR1B variant rs10830963 with type 2 diabetes has been
demonstrated.

- The functional impact of this MTNR1B variant on metabolic physiology is
poorly characterized.

- To date no experimental study has been performed in humans in this respect.

- In US 5-12 million adults are treating their sleep-related problems with
melatonin.

- We show in humans MTNR1B variant worsens the effect of melatonin on
glucose tolerance.
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panels). Responses of glucose during OGTT were examined as area under the curve above
baseline across 120 minutes following the oral glucose load (AUC), calculated by the
trapezoidal method. Furthermore, the time-dependent effects were tested by two-way
ANOVA for time and treatment effects with repeated measurements. paired t-test was used
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to evaluate times in which variations were different. *Different from placebo at that time,
£<0.05.

Differences between carriers of the MTNRIB risk variant (CG) and non-carriers (CC) in the
effect of melatonin (melatonin-placebo) on AUC for glucose in the morning and in the
evening (lower panels) were analyzed by unpaired t-test and further analyses were
performed by ANCOVA in which effects were adjusted for age and BMI. Data are
represented as mean + SEM. TF, time fasting; T30, 60, 90, 120, time after OGTT (min).
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Comparison between the effects of exogenous placebo and melatonin administrations on
plasma insulin concentrations in response to an oral load of insulin in the morning and
evening in carriers of the risk allele (CG) (top panels) and in non-carriers (CC) (middle
panels). Responses of glucose during OGTT were examined as area under the curve above
baseline across 120 minutes following the oral insulin load (AUC), calculated by the
trapezoidal method. Furthermore, the time-dependent effects were tested by two-way
ANOVA for time and treatment effects with repeated measurements. Paired t-test was used
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to evaluate times in which variations were different. *Different from placebo at that time,
£<0.05.

Differences between carriers of the MTNRIB risk variant (CG) and non-carriers (CC) in the
effect of melatonin (melatonin-placebo) on AUC for glucose in the morning and in the
evening (lower panels) were analyzed by unpaired t-test and further analyses were
performed by ANCOVA in which effects were adjusted for age and BMI. Data are
represented as mean + SEM. TF, time fasting; T30, 60, 90, 120, time after OGTT (min).
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General characteristics of the population studied dependent on MTNR1B rs10830963 variant.

Table 1

Age (y)

Weight (kg)

Height (cm)

BMI (kg/m?)

Body fat (%)

WC (cm)

Sagittal diameter (cm)

Coronal diameter (cm)

Tricipital skinfold (mm)
VAISApredicted

Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Fasting biochemical characteristics
Glucose (mmol/L)

Insulin (U/mL)

Cholesterol (mmol/L)
Triglycerides (mmol/L)
HDL-cholesterol (mmol/L)
LDL-cholesterol (mmol/L)
VLDL-cholesterol (mmol/L)

Endogenous melatonin (09:00) (pg/mL)

Morningness-eveningness Score

Sleep duration (hh:mm) £ (min)

Risk carriers
(CG)

n=11
Mean = SD
24+3
63.9+12.6
163.50 +5.51
23.80 +3.90
271377
78.6+9.5
171+16
30.2+37
224+6.6
0.38+0.16
109.1+5.1
67.5+8.6

4.30+£0.50
7.85+3.45
4.24 +0.80
0.92+0.20
1.71+0.34
2.10£0.64
0.43+0.10
14.38 +6.27
42.80+9.72
8:25+24

Non-risk
carriers (CC)

n=6
Mean + SD
23+5
595+28
163.83 £9.99
22.32+2.43
252+29
780+3.7
16.7+0.8
29.1+22
22.1+58
0.40+0.11
106.6 +5.1
63.3+10.3

4.10+0.39
6.15+3.25
478 £1.22
0.91+0.45
2.26 £0.77
211+1.08
0.45+0.20
20.62 £ 13.70
41+£7.15
8:01+38

P
0.828
0.267
0.928
0.410
0.412
0.891
0.546
0.512
0.906
0.796
0.346
0.379

0.421
0.337
0.285
0.930
0.054
0.993
0.830
0.336
0.699
0.158

P1

0.833
0.987

0.982
0.360
0.901
0.967
0.539
0.536
0.378
0.427

0.372
0.323
0.348
0.989
0.106
0.875
0.843
0.369
0.596
0.182
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Data are presented as means = SD. BMI: body mass index. WC: waist circumference. HC: hip circumference. VA/SApredicted: visceral area/
subcutaneous areapredicted- HDL: high-density lipoprotein; LDL: low-density lipoprotein. £ unpaired t-test, ZZ:ANOVA adjusting by age and

BMI.
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