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Abstract

Aims/hypothesis An intronic variant (rs10830963) in MTNRIB (encoding the melatonin receptor type 2 [MT2]) has been
shown to strongly associate with impaired glucose regulation and elevated type 2 diabetes prevalence. However, MTNRIB
missense variants have shown conflicting results on type 2 diabetes. Thus, we aimed to gain further insights into the impact
of MTNRIB coding variants on type 2 diabetes prevalence and related phenotypes.

Methods We conducted a cross-sectional study, performing MTNRIB variant burden testing of glycaemic phenotypes
(N=248.,454, without diabetes), other cardiometabolic phenotypes (N=330,453) and type 2 diabetes prevalence (case—control
study; N=263,739) in the UK Biobank. Similar burden testing with glycaemic phenotypes was performed in Danish Inter99
participants without diabetes (N=5711), and type 2 diabetes prevalence (DD2 cohort serving as cases [N=2930] and Inter99
serving as controls [N=4243]). Finally, we evaluated the effects of MTNRIB variants on the melatonin-induced glucose
regulation response in a recall-by-genotype study of individuals without diabetes.

Results In the UK Biobank, MTNRIB variants were not associated with cardiometabolic phenotypes, including type 2
diabetes prevalence, except that carriers of missense MTNRIB variants causing impaired MT2 signalling exhibited higher
HbA . levels compared with non-carriers (effect size, 8, 0.087 SD [95% CI 0.039, 0.135]). Similarly, no significant associa-
tions were observed with phenotypes associated with glycaemic phenotypes in the Inter99 population. However, carriers
of variants impairing MT2 signalling demonstrated a nominally significant lower glucose-stimulated insulin response (3
—0.47 SD [95% CI —0.82, —0.11]). A reduced insulin response was also observed in carriers of variants impairing MT2
signalling (p —476.0 [95% CI —928.6, —24.4]) or the rs10830963 variant (f —390.8 [95% CI —740.1, —41.6]) compared
with non-carriers after melatonin treatment.

Conclusions/interpretation The higher type 2 diabetes prevalence previously observed in carriers of missense MTNRIB
variants causing impairment in MT2 signalling was not replicated in the UK Biobank, yet carriers had elevated HbA levels.
Data availability Data (Inter99 cohort and recall-by-genotype study) are available on reasonable request from the correspond-
ing author. Requests for DD2 data are through the application form at https://dd2.dk/forskning/ansoeg-om-data. Access to
UK Biobank data can be requested through the UK Biobank website (https://www.ukbiobank.ac.uk/enable-your-research).

Keywords Genetic association study - HbA, . - Melatonin - Melatonin receptor type 2 - MT2 - MTNRIB - Recall-by-
genotype investigation - rs10830963 - Type 2 diabetes - Variants impairing receptor function
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What is already known about this subject?

e  The circadian rhythm hormone melatonin inhibits insulin secretion from pancreatic beta cells

e A common intronic MTNR1B variant (rs10830963) has shown strong associations with elevated fasting glucose
levels and diminished insulin secretion in non-diabetic individuals, and consequently with elevated prevalence of

type 2 diabetes

e Studies of non-synonymous MTNR1B variants have shown inconsistent results regarding associations with type 2

diabetes

What is the key question?

e Are MTNR1B variants that impair melatonin receptor type 2 (MT2) signalling implicated in type 2 diabetes through

impairment of the insulin response?

What are the new findings?

e MTNRI1B variants impairing MT2 signalling were not associated with type 2 diabetes yet were associated with
elevated HbA:. levels and a nominally diminished insulin response

e  (arriers of the common MTNR1B variant rs10830963 or one of the variants impairing MT2 signalling showed
decreased insulin secretion after oral ingestion of 10 mg melatonin

How might this impact on clinical practice in the foreseeable future?

e Thefindings in the MTNR1B variant carriers from the present study may potentially guide considerations regarding

which individuals should be treated with melatonin

MAF Minor allele frequency
MT2 Melatonin receptor type 2
NGT Normal glucose tolerance
pLoF Predicted loss of function
WT Wild-type
Introduction

Manufactured melatonin is used globally to relieve sleep
problems and jet lag, with its usage increasing the past dec-
ade even at doses above 5 mg/day [1]. Melatonin is a hor-
mone constitutively secreted predominantly by the pineal
gland, with plasma levels peaking at night because synthesis
is inhibited by light exposure [2, 3]. To elicit its circadian
functions, melatonin binds to G protein-coupled receptors
(GPCRs) such as the melatonin receptor type 2 (MT2) on
pancreatic beta cells [4—6], whereby rising circulating mela-
tonin levels decrease insulin secretion [4, 7].

The implications of the melatonin—-MT2 system in glu-
cose homeostasis have been established through studies
of genetic polymorphisms in MTNRIB, which encodes
MT?2. Carriage of a common intronic MTNRIB variant,
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rs10830963, has shown strong association with high fasting
plasma glucose (FPG) levels [4, 8, 9], low beta cell glucose
sensitivity [10], early phase insulin secretion [8, 10, 11], and
a significantly greater prevalence of prediabetes [9] and type
2 diabetes than observed in non-carriers [8, 9, 12]. One study
found that a common coding variant (G24E) was associated
with elevated BMI and prevalence of obesity, but diminished
FPG [13]. In this study, neither of six missense MTNRIB
variants was associated with type 2 diabetes (N=8592 Dan-
ish individuals, 3617 with type 2 diabetes) [13]. However,
another study identified 40 non-synonymous variants by
sequencing, of which the combined burden of rare variants
(minor allele frequency [MAF] <0.1%), particularly the vari-
ants impairing MT?2 signalling, was associated with elevated
type 2 diabetes prevalence (N=7632 European individuals,
2186 with type 2 diabetes) [14]. An understanding of how
coding MTNRIB variants, particularly those impairing MT2
function, contribute to increased type 2 diabetes risk is still
lacking but is crucial for gaining deeper insight into the role
of the melatonin—-MT2 system in the pathophysiology of type
2 diabetes.

Here, we aimed to gain further insight into the effects of
MTNRIB variations on type 2 diabetes and type 2 diabe-
tes endophenotypes by comprehensively examining coding
MTNRIB variants through combining genetic association
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studies of quantitative traits from the UK Biobank and Dan-
ish cohorts, and through a recall-by-genotype investigation
of selected MTNRIB variants.

Methods

Cross-sectional studies

Exome sequencing data from the UK Biobank The UK
Biobank is a prospective cohort study with a large catalogue
of phenotypic and genotypic data from ~500,000 individu-
als (54% female; sex was acquired from central registry at
recruitment or self-reported). Participants, aged 40-69 years
at recruitment (2006-2010), were residents of the UK and
represented a range of sociodemographic backgrounds, pro-
viding a comprehensive sample of the adult to elderly popu-
lation. The study was approved by the North West Centre
for Research Ethics Committee (11/NW/0382), and the par-
ticipants provided signed consent before examination [15].

We used exome sequencing data from the UK Biobank
(N=469,835) through application ID 32683 to identify
MTNRIB variations. Quality control was performed in Hail
(Hail Team. Hail 0.2.116. https://github.com/hail-is/hail).
We performed additional quality control on the pVCEF file
comprising the MTNRIB locus on chromosome 11, filter-
ing the single-nucleotide variations and performing subse-
quent filtering to include only unrelated white participants,
as previously described [16], leaving 422 MTNRIB varia-
tions (electronic supplementary material [ESM] Table 1) and
330,453 participants for variant burden testing. In a previ-
ous study, non-synonymous MTNR1B variants were molecu-
larly characterised to either impair Gi signalling (denoted
impaired-function variants) or have wild-type (WT) MT2
Gi signalling (WT-like variants) [14]. Henceforth, molec-
ular impaired-function and WT-like variants refer to this
study. Among the 422 variants, ten impaired-function vari-
ants (W22L, A52T, L60R, A74T, P95L, R138C, R138H,
R138L, R222H and I353T) and 19 WT-like variants were
represented (ESM Fig. 1a, ESM Table 1).

To perform case—control analyses, we implemented the
Eastwood algorithm [17] to identify prevalent cases of
type 2 diabetes and identified 15,285 cases. Controls were
remaining participants, excluding individuals with prevalent
type 2 diabetes, reporting taking insulin (data fields no. 6153
and no. 6177) at any time, starting insulin within 1 year after
diabetes diagnosis (no. 2986), being diagnosed with diabetes
(no. 130708 and no. 2443), or who had HbA  levels above
42 mmol/mol (6.0%), leaving 278,775 individuals as a con-
trol group. For analysis of glycaemic phenotypes (HbA,,
and random glucose levels), similar filtering was applied
but with a cutoft for HbA , levels of >48 mmol/mol (6.5%),

leaving 284,835 individuals without diabetes. For analysis
of other cardiometabolic traits, all 330,453 individuals were
included without filtering.

Targeted sequencing data from two Danish study cohorts As
previously described [18, 19], the Danish population-based
study cohort Inter99 (51.3% female; sex was reported at
recruitment), initiated in 1999, includes participants aged
between 30 and 60 years who were living in the south-
western part of Copenhagen County at recruitment, thereby
representing the adult population of the Danish society. For
each participant, detailed biochemistry, anthropometrics and
health/lifestyle questionnaire data at baseline were available.
The study was approved by the local ethical committee (KA
98 155), and all participants provided written consent before
participation [18, 19]. Targeted sequencing data were avail-
able for 6089 individuals, 5711 of whom did not have diabe-
tes at baseline (4333 with normal glucose tolerance [NGT]
and 1378 with prediabetes, according to WHO 1999 criteria
[2 h plasma glucose 7.8—-11.0 mmol/l and/or fasting plasma
glucose 6.1-6.9 mmol/1]).

The Danish Centre for Strategic Research in Type 2 Dia-
betes (DD2) cohort is a large ongoing prospective type 2
diabetes research study, initiated in 2010, that, on a continu-
ous basis, enrols individuals recently diagnosed with type
2 diabetes. DD2 was approved by the ethical committee of
the Region of Southern Denmark and by the Danish National
Committee on Biomedical Research Ethics, and all partici-
pants provided signed consent before participation [20]. Tar-
geted sequencing data was available for 2930 participants
(age 21-95 years, 40% female).

Targeted sequencing of MTNR1B was performed, as pre-
viously described [16]. The MTNRIB locus reached a mini-
mum per-base mean depth of 68X and a median per-base
mean coverage for the target region of 225x. We lifted the
dataset to GRCh38 by using LiftOver before variant annota-
tion, revealing 76 MTNRIB variations (ESM Table 2). Of the
molecularly characterised variants [14], 11 were represented,
of which five (A52T, L60R, R138C, R222H, and I353T)
were impaired-function variants (ESM Fig. 1b).

To perform case—control analyses of type 2 diabetes in
the Danish population, the DD2 cohort provided type 2
diabetes cases (N=2930) and Inter99 provided control indi-
viduals with NGT based on fasting glucose (<6.1 mmol/l)
and 2 h OGTT glucose (<7.8 mmol/l) levels at baseline and
no diabetes diagnosis according to registry data until 2017
(N=4243). For analysis of quantitative traits, only Inter99
individuals without diabetes at baseline were included
(N=5711).

Variant annotation We used the exon locations (https://

genome.ucsc.edu/cgi-bin/hgTables) of MTNRIB
(NM_005959.3) +50 bp overhangs to extract variants for
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annotation [21, 22]. We subjected the coding MTNRIB vari-
ants (transcript ENST00000257068) to 17 dbNSFP4 variant
effect predictors aggregated into four masks [23]. A variant
was predicted to cause loss of function (pLoF variant) if it
passed at least one mask: mask (1) LOFTEE = HC; mask
(2) VEST4 rankscore >0.9, CADD rankscore >0.9, DANN
rankscore >0.9, Eigen-raw rankscore >0.9 and Eigen-PC-
raw rankscore >0.9; mask (3) FATHMM prediction = D,
FATHMM-MKL prediction = D, PROVEAN prediction =
D, MetaSVM prediction = D, MetalLR prediction = D, and
MCAP score >0.025; or mask (4) PolyPhen HDIV predic-
tion = D, PolyPhen HVAR prediction = D, SIFT predic-
tion = D, LRT prediction = D, MutTaster prediction = D
or A. In the UK Biobank, 77 pLoF variants were identified
(ESM Table 3), comprising four impaired-function variants
(P95L, R138C, R138H and R138L) and five WT-like vari-
ants (G109A, S123R, V1241, T201M and R316H). In the
Danish cohorts, nine variants were pLoF variants (ESM
Table 4), including the impaired-function variant R138C
and the WT-like variant V1241.

Outcome measures Outcomes included changes in quan-
titative glycaemic phenotypes (HbA,. and random glucose
levels in the UK Biobank, levels of fasting glucose and insu-
lin, OGTT glucose and insulin and HbA, as well as insu-
lin secretion and sensitivity indexes in the Danish Inter99
cohort), other cardiometabolic phenotypes (adiposity meas-
ures, BP and lipid profile) and type 2 diabetes prevalence.
Indexes of insulin secretion and sensitivity were calculated
as follows: corrected insulin response (CIR) [24]; beta cell
function insulin sensitivity (BIGTT)—acute insulin response
(BIGTT-AIR) and insulin sensitivity index (BIGTT-SI) [25];
HOMA-IR [26]; and Stumvoll insulin sensitivity index [27].

Variant burden testing We collapsed coding variants into
groups according to functional annotation or previous
molecular phenotype for burden testing, in addition to linear
(quantitative traits) and logistic (case—control) regression:
synonymous variants; WT-like variants excluding the com-
mon G24E variant (MAF=0.09); the G24E variant; missense
variants excluding WT-like variants; impaired-function
variants; and pLoF variants excluding WT-like variants.
The analyses of UK Biobank data were conducted on its
Research Analysis Platform (https://ukbiobank.dnanexus.
com). We used the R package SKAT [28] for burden testing
i.e. SKAT (‘r.corr=1") with equal weights for molecularly
tested variants, and SKAT-optimal [29] (‘method = opti-
mal.adj’) for uncharacterised variants. We used R statistical
software (v.4.3.3 for Danish cohort analysis, and v.4.2.2 for
UK Biobank analysis) [30] to perform the association tests,
adjusted for sex, age, age” and four (Danish cohort analyses)
or 20 (UK Biobank analyses) genetic principal components
(accounting for population stratification [ethnicity]), as well
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as BMI, where described. The quantitative phenotypes were
inverse rank-normalised before analysis: p (effect size) was
represented as SD. Samples with missing phenotypes or
covariates were excluded from corresponding analysis, while
imputation was applied for missing genotypes. OR for the
case—control studies was calculated as the exponential of the
B, deriving from the logistic regression model. Visualisation
of the results was performed with the R package metafor
[31]. Bonferroni correction for multiple testing led to a sig-
nificance threshold of 3.6 x 1072 (14 tests) and 3.8 x 107>
(13 tests) for analysis in the UK Biobank and the Danish
cohorts, respectively.

Statistical power considerations The least detectable effect
(LDE) of a two-sided ¢ test for quantitative phenotypes
(standardised) was calculated for comparison between
groups of unequal size. Depending on the number of car-
riers, the LDEs to achieve 80% power ranged from 0.018
to 0.077 SD and 0.13 to 0.66 SD for the analyses in the UK
Biobank and the Danish population, respectively. For the
type 2 diabetes analyses, the required LDE ORs ranged from
1.09 to 1.39 and 1.63 to 5.04 for the UK Biobank and the
Danish cohorts, respectively, to achieve 80% power (assum-
ing the non-carrier prevalence to be 5%).

Recall-by-genotype investigation

Study design We conducted a recall-by-genotype investi-
gation (approved by the Ethical Committee of the Capital
Region of Denmark [H-17023209]). We recruited individu-
als from the Inter99 cohort according to their MTNRIB gen-
otype: (1) carriers of impaired-function variants [14] (A52T,
L60R, R138C, R222H and 1353T), according to targeted
sequencing data; (2) homozygous carriers of the intronic
variant (rs10830963), according to genotyping (method as
previously described [32]); and (3) non-carriers of these six
variants. To have 80% power to detect an effect of 0.91 SD
(for two-tailed unpaired ¢ tests and a statistical significance
threshold of 0.05), we aimed for 20 individuals in each
group. Individuals in groups 2 and 3 were matched to group
1 (three matches per variant carrier) by age (+1.5 years),
sex and BMI (x1.5 kg/mz). Exclusion criteria included
diabetes, kidney dysfunction, liver disease, sleep disorder,
regular intake of melatonin, current or prior alcohol or drug
use, use of antidepressant or antipsychotic medication, shift
work or melatonin allergy. All participants provided written
informed consent, and 36 completed the study. No differ-
ences in age and BMI were found across groups (p>0.05).
Participants completed two examination days (~7 days
apart) after an overnight fast. Blood samples were drawn
from a catheter placed in an antecubital vein. On visit 1,
they underwent BP (automated sphygmomanometer) and
anthropometric measurements (bio-electrical impedance)
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as well as a2 h 75 g OGTT with 100 ml water, with blood
samples drawn at -5, 0, 15, 30, 45, 60, 90 and 120 min. On
visit 2, participants ingested a 10 mg melatonin capsule 50
min before a 2 h 75 g OGTT, with blood samples drawn at
—-60, —55, -5, 0, 15, 30, 45, 60, 90 and 120 min. Partici-
pants remained awake throughout the examinations. Data
were collected from May 2018 until December 2018.

Outcome measures Plasma glucose was measured on the
VITROS 4600/5600 automated analyser (QuidelOrtho,
San Diego, CA) using the VITROS Chemistry Products
Glu Slides (Quidel Ortho). Insulin was measured on the
Liaison XL immune assay analyser (DiaSorin, Saluggia,
Italy) using the Liaison Insulin assay (DiaSorin). Plasma
total glucose-dependent insulinotropic polypeptide (GIP)
and total glucagon-like peptide-1 (GLP-1) were measured
with sandwich ELISA kits (catalogue no. 10-1258-01 and
10-1278-01, Mercodia, Uppsala, Sweden); detection limits
were 1.62 pmol/l and 0.65 pmol/l, respectively. Plasma was
extracted in a final concentration of 70% vol./vol. ethanol,
followed by glucagon measurement using a C-terminally
directed RIA (antiserum code no. 4305), measuring gluca-
gon of pancreatic origin as previously described [33]; sen-
sitivity was below 1 pmol/l and intra assay CV below 10%.
Serum melatonin was measured with an RIA kit (catalogue
no. RE29301; IBL, Hamburg, Germany; detection limit
0.9 pg/ml). AUC values were calculated using the trapezoidal
rule.

Statistical comparisons Using R (v.4.3.3) [30], we compared
values at visit 1 (glucose stimulation) with those at visit
2 (glucose and melatonin stimulation) by paired 7 tests to
consider melatonin-induced differences. To judge signifi-
cance of pairwise group differences, unpaired ¢ tests were
performed. If the 7 test model assumptions were not met,
we used the non-parametric Wilcoxon signed-rank test.
Difference-in-differences were considered by subtracting
the value at visit 1 from that at visit 2. We used a statisti-
cal significance threshold of 0.05, with no correction for
multiple testing.

Results

MTNR1B variant group-based association analysis
in the UK Biobank

Group-based variant burden tests were performed for cardio-
metabolic phenotypes (N=330,453), glycaemic phenotypes
(N=284,835) and type 2 diabetes prevalence (N=294,060).
None of the variant groups, nor the G24E variant, was asso-
ciated with type 2 diabetes, adiposity measures or the lipid
profile (Table 1, Fig. 1 and ESM Fig. 2a, ESM Table 5). The
groups of missense variants and impaired-function variants
showed associations with elevated HbA levels (missense
variants, p 0.058 SD [95% CI 0.020, 0.096], p=2.9 x 1073,
impaired-function variants, p 0.087 SD [95% CI 0.039,
0.135], p=5.6 x 107%) after correction for multiple testing
(Fig. 1 and ESM Fig. 2a, ESM Table 5). Combining pLoF
and impaired-function variants did not add further pheno-
type associations (ESM Fig. 2b, ESM Table 5). Similar
observations were made after adjustment for BMI (data not
shown), though the association between the missense vari-
ants and HbA levels did not remain statistically significant
(p=7.7 % 1073).

Burden testing of glycaemic phenotypes
in the Danish population

Because the impaired-function variants were associated with
elevated HbA |, we performed burden testing in the Danish
cohorts with detailed phenotypes for studying glucose regu-
lation in participants without diabetes (Inter99; N=5711),
and type 2 diabetes in clinically diagnosed cases (N=2930)
and OGTT-determined NGT controls (N=4243). None of
the variant groups was significantly associated with the
glycaemic phenotypes or type 2 diabetes prevalence after
correction for multiple testing (Fig. 2 and ESM Tables 6,
7), except for the common WT-like G24E variant display-
ing an elevated estimated insulin response (p=0.0032; ESM
Fig. 3a, ESM Table 6) (after BMI adjustment, p=0.024).
However, in line with the findings in the UK Biobank, the

Table 1 Group-based burden

testing for type 2 diabetes
prevalence in the UK Biobank

(N=294,060)

Variant group T2D cases Controls OR (95% CI) p value
Carriers Non-carriers Carriers Non-carriers

Synonymous 66 15,219 1542 277,233 0.76 (0.59,0.97) 0.040

WT-like, excluding G24E 1167 14,118 22,500 256,275 0.94 (0.88, 1.00) 0.081

Missense, excluding WT-like 136 15,149 2394 276,381 1.04 (0.87,1.24) 0.86

Impaired-function variants 81 15,204 1505 277,270 0.98 (0.78, 1.23) 0.83

pLoF, excluding WT-like 75 15,210 1267 277,508 1.08 (0.85, 1.37) 0.70

p values are derived from burden testing (SKAT or SKAT-O)

T2D, type 2 diabetes
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Fig. 1 Group-based burden
testing of cardiometabolic
phenotypes in the UK Biobank.
The forest plot shows p (as SD,
with error bars representing the
95% CI) for each association
analysis between the variant
groups and glycaemic pheno-
types (N=284,835) or other
cardiometabolic phenotypes
(N=330,453). *p<3.6 x 1073
(association reached corrected
significance threshold). circ.,
circumference; excl., excluding;
n, no. of variants in the variant
group; N, no. of carriers; Ny,
no. of non-carriers
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Variant group Phenotype N, N,
BMI }—o—{ 1812 327,591
Weight I — 1813 327,709
Fat % |—.—| 1785 322,712
Waist circ. }—.—{ 1812 328,094
Hip circ. oo 1812 328,061
Synonymous HbA1¢ }—o—{ 1585 283,250
=104 Random glucose e 1401 247,410
Diastolic BP }—o—| 1652 299,940
Systolic BP o] 1652 299,933
Cholesterol }—o—{ 1739 313,606
HDL-cholesterol |—.—| 1599 287,059
LDL-cholesterol I——o—{ 1737 313,010
Triglycerides e ] 1739 313,356
BMI }—o—| 26,598 302,805
Weight 26,611 302,911
Fat % 26,191 298,306
Waist circ. 26,650 303,256
Hip circ. 26,649 303,224
WT-like HbA1¢ |—o—{ 22,987 261,848
excl. G24E Random glucose e 20,041 228,770
n=18 Diastolic BP }—o—| 24,451 277,141
Systolic BP }—o—| 24,450 277,135
Cholesterol 25,429 289,916
HDL-cholesterol 23,272 265,386
LDL-cholesterol 25,387 289,360
Triglycerides [ 25,411 289,684
BMI 2843 326,560
Weight 2844 326,678
Fat % 2799 321,698
Waist circ. 2848 327,058
Hip circ. 2849 327,024
Missense HbA ¢ * 2443 282,392
excl. WT-like Random glucose 2107 246,704
n=189 Diastolic BP 2601 298,991
Systolic BP 2600 298,985
Cholesterol 2720 312,625
HDL-cholesterol 2468 286,190
LDL-cholesterol 2716 312,031
Triglycerides 2714 312,381
BMI _ 1775 327,628
Weight }—.—| 1776 327,746
Fat % |—o—| 1743 322,754
Waist circ. }—o—{ 1779 328,127
Hip circ. }—o—| 1781 328,092
Impaired-function HbA1c % 1534 AL
=10 Random glucose ':ﬁ 1321 247,490
Diastolic BP 1618 299,974
Systolic BP }—o—{ 1617 299,968
Cholesterol }—.—{ 1695 313,650
HDL-cholesterol I—-—{ 1547 287,111
LDL-cholesterol }—o—| 1693 313,054
Triglycerides e 1692 313,403
BMI ]—.—{ 1503 327,900
Weight }—o—{ 1504 328,018
Fat % |—0—| 1479 323,018
Waist circ. |—o—| 1505 328,401
Hip circ. |—o—| 1507 328,366
pLoF HbA1¢ ]—o—{ 1290 283,545
excl. WT-like Random glucose { 1114 247,697
n=72 Diastolic BP e 1372 300,220
Systolic BP |—.—{ 1371 300,214
Cholesterol 1441 313,904
HDL-cholesterol 1314 287,344
LDL-cholesterol 1439 313,308
Triglycerides e 1440 313,655

I T T T T 1
-0.1 -0.05 0 0.05 0.1 0.15
p
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Fig.2 Variant group-based Variant group Phenotype N, Ny
associations with glycaemic :

phenotypes in participants CIR ~ 1 37 5301

without diabetes in the Danish BIGTT-AIR —e——| 34 5051

_ BIGTT-SI —ei—| 34 5051

Inter99 cohort (N=5711). The HOMA-IR e 38 5460

forest plot shows p (as SD, Stumvoll-ISI e 36 5283

with error bars representing the Synonymous Fasting insulin f—e—] 28 5%22

hac n=16 Insulin 30 —e— 7 5

95% CI for each group-based Insulin 120 o] 38 5479

association analysis. Time Fasting glucose e 40 5666

points of 30 and 120 represent Glucose 30 —e— 40 5557

minutes after OGTT initiation. Gluﬁ%SAe 120 T 28 gggg
None of the tests reached the Te

corrected significance threshold CIR H—I 452 4886

(p<3.8 x 1073). CIR, corrected A S m e Ly

insulin response index; excl. HOMA-IR Fe 467 5031

excluding; ISI, insulin sensitiv- WT-like Stumvoll-ISI Fe 442 4877

ity index; n, no. of variants in excl. G24E Falsr;“S’L?ir'\ngb’“” m 22? 2822

the variant group; N, no. of n=5 Insulin 120 |—o—-| 456 5061

variant carriers in the given Faé’fing 9|Ugcése fo-f 2?? g%%g

varifmt group; Ny, no. of non- Gluuc%ossee1 20 F’hﬁ 483 5206

carriers HbA1¢ Fe-f 484 5221

CIR 43 5295

BIGTT-AIR : 42 5043

BIGTT-SI 42 5043

HOMA-IR 48 5450

Missense FStUmVO||-|SI| 2; gig%
F asting insulin :

2 AL Insulin 30 ; 43 5362

n=22 Insulin 120 : 47 5470

Fasting glucose 48 5658

Glucose 30 ; 47 5550

Glucose 120 48 5641

HbA1¢ 48 5657

CIR —e— 29 5309

BIGTT-AIR —e— : 29 5056

BIGTT-SI f—e— 29 5056

HOMA-IR —e—1 34 5464

. . Stumvoll-ISI f—o—r 34 5285

Impaired-function  Fasting insulin —e—1i 34 5467

n=5 Insulin 30 f—oe— 29 5376

Insulin 120 f—e—r 34 5483

Fasting glucose —o—] 34 5672

Glucose 30 ——o— 33 5564

Glucose 120 f—e— 34 5655

HbA1¢ ] 34 5671

CIR e 1 18 5320

BIGTT-AIR e 18 5067

BIGTT-SI —e— 18 5067

HOMA-IR ——e— 21 5477

pLoF Stumvoll-ISI f——e—] 21 5298

i Fasting insulin f——e— 21 5480

excl. Wi-like Insulin 30 | 18 5387

= Insulin 120 F——— 21 5496

Fasting glucose f—e——] 21 5685

Glucose 30 —e——] 20 5577

Glucose 120 f——e— 21 5668

HbA1¢ 5684

impaired-function variant carriers displayed nominally
diminished estimated insulin response (f —0.47 SD [95%
CI —0.82, —0.11]) and nominally elevated HbA . levels (8
0.360 SD [95% CI 0.046, 0.675]) compared with non-car-
riers (Fig. 2 and ESM Table 6). Neither combining pLoF
and impaired-function variants (ESM Fig. 3b, ESM Table 6)
nor adjustment for BMI (data not shown) changed these
interpretations.

Recall-by-genotype investigation

Baseline characteristics of participants To obtain a better
physiological understanding of impaired MT2 signalling
in glucose regulation, we conducted a recall-by-genotype
study (Fig. 3). Participants underwent two examinations: a
2h OGTT at visit 1 (referred to as glucose stimulation); and
10 mg oral melatonin administered 50 min before the OGTT
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Group 1

Impaired-function variant
carriers:
A52T, L60R, R138C,

R222H and 1353T Visit 1 OGTT start
N=7 (14% women) T T T T ] ' "
Ts To Tis  Tao Tas  Teo Too T120
Group 2 66 o6 o6 o é o
Homozygous Fasting
rs10830963 carriers
N=13 (38% women)
Group 3 Oral melatonin
Visit 2 T.s0 OGTT start
Non-carriers of variants from r T ' T r T v T r T
either group 1 or group 2 T.e0 T-55 Ts To Tis T30 T4 Teo Too T120
N=16 (44% women) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
Fasting Fasting

Niotal=36
(36% women)

Fig.3 Workflow of the recall-by-genotype investigation. Participants
were recruited from the Danish Inter99 cohort according to MTNRIB
variants: group 1, individuals carrying one of the impaired-function
MTNRIB variants (A52T, L60R, R138C, R222H and I353T); group
2, homozygous carriers of the common MTNRIB rs10830963 variant;
and group 3, individuals not carrying any of the six MTNRIB vari-

at visit 2 (referred to as glucose and melatonin stimulation).
The participants’ baseline characteristics are provided in
ESM Table 8.

Melatonin-induced altered glucose regulation We investi-
gated melatonin’s effects by combining all genotype groups
(N=36). During melatonin-stimulated OGTTs (Fig. 4a),
circulating melatonin showed a ~1500-fold increase from
baseline to OGTT initiation (time O min) (Fig. 4b). The FPG
levels were lower at visit 2 before melatonin administration
than at visit 1 (estimated effect [B] —0.157 [95% CI —0.255,
—0.059] mmol/l, p=0.004). No differences in circulating
fasting insulin, GIP, GLP-1 or glucagon levels between vis-
its (before melatonin administration) were observed (data
not shown).

Melatonin and glucose stimulation, compared with
glucose stimulation alone, increased glucose levels
after OGTT at 60 min (Fig. 4c) and resulted in a higher
AUC gy005¢ (B 66.9 [95% CI 25.4, 108.3] mmol/I X min,
p=0.002) and incremental AUC (iAUC) of glucose (p 33.1
[95% CI 12.2, 54.1] mmol/l X min, p=0.003) (Fig. 4d, e).
Melatonin decreased insulin levels within the first 60 min
(Fig. 4f), as evidenced by a lower AUC;, i, (P —10,391
[95% CI —17,895, —2886] pmol/l X min, p=0.0004) and
1AUC; quiin (B —4183 [95% CI —7706, —660] pmol/l X min,
p=0.010) (Fig. 4g, h), and impaired the insulin response,
as indicated by decreased CIR, BIGTT-AIR and insulin
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Melatonin stimulated

ants. In the impaired-function MTNRIB variant group, one carried
AS2T, one carried L60R, two carried R138C and three carried I1353T.
No individuals carrying the R222H variant were able to participate in
the study. Each participant completed two examination days separated
by ~7 days. Created in BioRender. Sgrensen, K. (2024) BioRender.
com/x64 g373. T, time (min)

AUC during 0-30 min (Table 2). However, melatonin
increased BIGTT-SI and decreased HOMA-IR, thereby
suggesting increased insulin sensitivity (Table 2). Mela-
tonin decreased circulating GIP (AUCgp, B —1530 [95%
CI -2381, —680] pmol/l X min, p=0.0009; iAUC gp, B
—780 [95% CI —1256, —304] pmol/l X min, p=0.002)
(Fig. 4i—k) but not GLP-1 (Fig. 4l-n and ESM Table 9),
and induced lower glucagon levels up to 30 min in the
OGTT (Fig. 40—q and ESM Table 9).

Acute effects of melatonin in MTNR1B variant carriers As
our main hypothesis was that impaired-function variant
carriers had an altered insulin response, we compared
melatonin’s acute effects and the phenotypic changes after
glucose stimulation vs melatonin and glucose stimulation
(difference-in-differences) between groups. Melatonin lev-
els were comparable among genetic groups (Fig. 5a). After
melatonin administration, both impaired-function variant
carriers and rs10830963 variant carriers exhibited a lower
CIR index than non-carriers (impaired-function variants,
B —476.0 [95% CI —927.6, —24.4], p=0.033; rs10830963
variant, p —390.8 [95% CI —740.1, —41.6], p=0.028), con-
jointly with higher glucose levels (Fig. 5b) in rs10830963
variant carriers only (IAUC¢o5 p<0.027; ESM Table 10).
Carriage of an MTNRIB variant had no influence on the
melatonin-induced response on insulin, GIP, GLP-1 and
glucagon levels (Fig. Sc—f, ESM Tables 10, 11).
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Fig.4 Acute effects of mela-
tonin stimulation on circulating
glucose, insulin, GIP, GLP-1
and glucagon levels after a
glucose load in combined
genetic groups. The changes in
levels during a 2 h OGTT are
shown. AUC and iAUC were
calculated from the OGTT data.
The OGTT stimulated with
only glucose is denoted ‘Glu’,
whereas the OGTT stimulated
with both glucose and mela-
tonin is denoted ‘Glu + Mel’.
(a) Blood sample drawn to
measure circulating melatonin
during OGTT. The blood drop
was created with Biorender.
com. (b) Circulating levels of
melatonin during OGTT. (c—e)
Glucose levels (¢), AUC (d) and
iAUC (e) during OGTT. (f-h)
Insulin levels (f), AUC (g) and
iAUC (h) during OGTT. (i-k)
GIP levels (i), AUC (j) and
iAUC (k) during OGTT. (I-n)
GLP-1 levels (1), AUC (m) and
iAUC (n) during OGTT. (0—q)
Glucagon levels (o), AUC (p)
and iAUC (q) during OGTT.
The data represent mean +
SEM. *p<0.05, **p<0.01,
*#%p<0.001. Glu, glucose; Mel,
melatonin; T, time (min)
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Table 2 Effects of melatonin on

surrogate measures of insulin
secretion and sensitivity

Measurement Glucose stimula-  Glucose + melatonin ~ Estimated effect (95% CI)  p value
tion (visit 1) stimulation (visit 2)
CIR 932.8 + 108.5 7384 +76.9 —194.4 (-341.4, -47.3) 0.0074
BIGTT-AIR 2506.7 + 484.9 1874.3 + 168.9 —657.0 (—1408.2, 94.2) 0.048
AUC30;,4u1in 8155 + 947 5793 + 578 —2363 (—3467, —1258) 1.6 x 107°
(pmol/l X min)

BIGTT-SI 6.39 +0.75 7.04 +£0.77 0.64 (0.13, 1.14) 0.016
HOMA-IR 3.46 + 0.43 2.55 +£0.45 -0.93 (-1.51, -0.34) 9.7 % 107°

Data are presented as mean + SE
AUC30, AUC at 0-30 min in OGTT

Impaired-function carriers mm
rs10830963 carriers mm

W [ Impaired-function carriers — Glu
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Fig.5 Effects of melatonin on biochemical measures, stratified by
genetic group. The following genetic groups are shown: impaired-
function MTNRIB variant carriers (red); rs10830963 carriers (dark
blue); and non-carriers (light blue). (a) Circulating levels of mela-
tonin before stimulation with glucose (visit 1) or glucose and mela-
tonin (visit 2), and during OGTT with stimulation with melatonin
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(times 0, 30 and 120 min). (b—f) Circulating glucose (b), insulin (c),
GIP (d), GLP-1 (e) and glucagon levels (f) after stimulation with glu-
cose only or with glucose and melatonin, with corresponding AUC
and iAUC measures shown. All data represent mean + SEM. Glu,
glucose; Mel, melatonin; T, time (min)
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Discussion

Understanding genetic variations in GPCR signalling
enhances our knowledge of receptor function and disease
pathophysiology [34-36]. We comprehensively inves-
tigated MT2 coding variants because of previous asso-
ciations of MTNRIB rs10830963 and impaired-function
variants with type 2 diabetes risk [8—11, 14]. In summary,
we did not find missense or impaired-function variants
to be associated with type 2 diabetes. However, we dem-
onstrated that missense MTNRIB variants, particularly
impaired-function variants, associated with elevated
HbA . levels and nominally diminished insulin response,
supported by a recall-by-genotype study showing indica-
tions of poor glucose regulation in carriers of impaired-
function or rs10830963 variants after melatonin ingestion.

The unexpected lack of association between the
impaired-function variants and elevated type 2 diabetes
prevalence contradicts the findings of a previous study
[14]. However, the LDE ranged from OR 1.09 to OR 1.39
(from highest to lowest numbers of carriers) in the UK
Biobank, with low numbers of carriers of impaired-func-
tion variants; this may have limited the detectability of
small effects. Additionally, reliance on self-reported data
for type 2 diabetes classification [17] may have misclassi-
fied cases as controls. Furthermore, the participants may
be healthier than the general population, potentially skew-
ing disease prevalence estimates [37].

The WT-like G24E variant has been reported to asso-
ciate with diminished FPG and elevated insulinogenic
index and BMI [13]. We replicated only a higher insulin
response, an effect opposite to the nominal findings of
the impaired-function variants. Despite elevated cell sur-
face expression, previous studies [13, 14, 38] found no
evidence of enhanced signalling to explain this opposing
effect direction.

The impaired-function variants molecularly impair
MT?2 signalling [14]; hence, both impaired MT?2 signalling
and enhanced MTNRIB expression (potentially enhancing
signalling), as observed for the rs10830963 variant [4, 39],
may increase glucose levels, potentially through a dimin-
ished insulin response. However, the impaired-function
variant carriers showed only a nominally reduced insulin
response compared with non-carriers in the Danish popu-
lation. This result was supported by the diminished insulin
response in these carriers following melatonin administra-
tion. Prior functional studies of MTNRIB variants have
focused on Gi, Gz, cAMP production, ERK activation and
B-arrestin recruitment [14, 38]. Thus, other downstream
pathways could be altered by the impaired-function vari-
ants, thereby explaining why enhanced MTNRIB expres-
sion and impaired MT2 signalling showed comparable

physiological outcomes. The melatonin-induced inhibi-
tion of insulin secretion observed by us and others [4, 7],
particularly at night, may be a mechanism preventing beta
cell exhaustion and enhancing survival. The increased
apoptosis observed in pancreatic beta cells after hypergly-
caemia or hyperlipidaemia has been shown to be attenu-
ated after melatonin administration potentially through its
antioxidant properties [40, 41]. Testing whether MTNR1B
impaired-function variants cause dysfunctional protec-
tion against beta cell apoptosis may provide insights into
whether MT?2 signalling also contributes to beta cell sur-
vival, thereby influencing glucose regulation associated
with these variants.

The observed melatonin-induced effects on the insulin
response and glucose levels align with results from a study
of 3 months of treatment with 4 mg of melatonin at bedtime
in non-diabetic individuals, showing decreased first-phase
insulin secretion and elevated glucose levels, particularly
in homozygous rs10830963 carriers [39]. However, fur-
ther investigation is required to determine whether similar
long-term melatonin-induced effects occur in carriers of
impaired-function variants. The observed lower glucagon
release was not reported as an acute effect in 20 healthy men
nor as a long-term effect in 17 individuals with type 2 dia-
betes receiving 10 mg melatonin [42, 43]. Nonetheless, the
effects on glucagon levels could also result from activation
of the melatonin receptor type 1, with presumed expression
in pancreatic alpha cells [44]. Similar melatonin-induced
lower GIP levels were observed in 15 healthy men, with
preserved incretin actions [45]. Thus, melatonin-mediated
lower GIP levels may not cause the impaired glucose regula-
tion. Yet, decreased insulin sensitivity and increased insulin
secretion have been observed in individuals with type 2 dia-
betes treated with 10 mg melatonin at bedtime for 3 months
[42]. Furthermore, melatonin has been shown to decrease
oxidative stress (potentially through its antioxidant molecu-
lar structure [46]), improve metabolic profiles in individuals
with type 2 diabetes and CHD [47], and lower diurnal BP
[48]. Furthermore, a meta-analysis of 16 RCTs has reported
melatonin-induced decreases in FPG, HbA |, (mean differ-
ence of —0.38% (4.2 mmol/mol) [95% CI —0.67, —0.10])
and insulin resistance [49]. Hence, controversial effects of
melatonin treatment have been reported in individuals with
type 2 diabetes and in healthy individuals.

Studying rare genetic variants presents several limita-
tions, particularly due to low numbers of carriers, which
reduces the power to detect small effect sizes. Based on
the LDEs, the analyses in the UK Biobank were expected
to detect small effects. Thus, the elevated HbA,_ levels
observed in carriers of impaired-function variants that
survived correction for multiple testing are unlikely to be
false-positives, whereas non-significant results may be
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interpreted as negative findings. However, correcting for
multiple testing of related phenotypes increases the risk of
true effects becoming false-negatives. The Danish cohort
analyses were therefore interpreted cautiously due to the
moderate effect size required for detectability based on the
LDEs. These analyses showed only nominal associations,
such as between impaired-function variants and a diminished
insulin response and elevated HbA | levels, but lacked the
statistical power to survive correction for multiple testing.
The limited number of rare variant carriers was particularly
evident in the recall-by-genotype study. Despite significant
efforts, only seven impaired-function variant carriers from
the Inter99 cohort completed the study, far below the 20
required in each group for predefined 80% statistical power.
Consequently, the findings must be interpreted cautiously.
The limited statistical power also constrained the conduc-
tion of sex-stratified analyses. However, we accounted for
sex-derived differences in our regression models (i.e. sex-
derived differences do not influence the interpretation of
our results). Another limitation of the recall-by-genotype
study was the lack of correction for multiple testing. How-
ever, given the pre-specified main hypothesis that carriers of
impaired-function variants exhibit altered insulin response
to melatonin treatment compared with non-carriers, main-
taining a significance threshold of 0.05 for this test may be
justifiable. Secondary analyses, however, should be inter-
preted with extra caution. Nevertheless, it is notable that
our observations across cohorts and studies demonstrated
consistent effect directions aligning with logical pheno-
typic associations; elevated HbA . levels coincided with a
nominally diminished insulin response. Future larger studies
should investigate the impaired-function variants further in
relation to detailed glucose-regulation phenotypes to confirm
or refute this study’s indications that the increased HbA
levels may be linked to diminished insulin responses.

In conclusion, our findings suggest that carriers of
MTNRIB variants impairing MT2 signalling have ele-
vated HbA |, levels and potentially diminished insulin
responses. However, they have no significant change in
type 2 diabetes prevalence, which contrasts with previous
findings.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00125-025-06381-y) contains peer-reviewed but
unedited supplementary material.
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