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ABSTRACT
Background: Seasonal variation in glucose metabolism might be driven by changes in daylight.
Melatonin entrains circadian regulation and is directly associated with daylight. The relationship
between melatonin receptor 1B gene variants with glycemic traits and type 2 diabetes is well
established. We studied if daylight length was associated with glycemic traits and if it modified
the relationship between melatonin receptor 1B gene rs10830963 variant and glycemic traits.
Materials: A population-based sample of 3422 18–78-year-old individuals without diabetes
underwent an oral glucose tolerance test twice, an average 6.8 years (SD ¼ 0.9) apart and
were genotyped for rs10830963. Daylight data was obtained from the Finnish
Meteorological Institute.
Results: Cross-sectionally, more daylight was associated with lower fasting glucose, but worse
insulin sensitivity and secretion at follow-up. Longitudinally, individuals studied on lighter days
at follow-up than at baseline showed higher glucose values during the oral glucose tolerance
test and lower Corrected Insulin Response at follow-up. GG genotype carriers in the rs10830963
became more insulin resistant during follow-up if daylight length was shorter at follow-up than
at baseline.
Conclusions: Our study shows that individual glycemic profiles may vary according to daylight,
MTNR1B genotype and their interaction. Future studies may consider taking daylight length
into account.

KEY MESSAGES

� In Western Finland, the amount daylight follows an extensive annual variation ranging from
4h 44min to 20 h 17min, making it ideal to study the associations between daylight and gly-
cemic traits. Moreover, this allows researchers to explore if the relationship between the
melatonin receptor 1B gene rs10830963 variant and glycemic traits is modified by the
amount of daylight both cross-sectionally and longitudinally.

� This study shows that individuals, who participated in the study on lighter days at the fol-
low-up than at the baseline, displayed to a greater extent worse glycemic profiles across the
follow-up.

� Novel findings from the current study show that in the longitudinal analyses, each addition
of the minor G allele of the melatonin receptor 1B gene rs10830963 was associated with wor-
sening of fasting glucose values and insulin secretion across the 6.8-year follow-up.

� Importantly, this study shows that in those with the rs10830963 GG genotype, insulin sensi-
tivity deteriorated the most significantly across the 6.8-year follow-up if the daylight length
on the oral glucose tolerance testing date at the follow-up was shorter than at the baseline.

� Taken together, the current findings suggest that the amount of daylight may affect glycemic
traits, especially fasting glucose and insulin secretion even though the effect size is small.
The association can very according to the rs10830963 risk variant. Further research is needed
to elucidate the mechanisms behind these associations.
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Introduction

There is evidence that exposure to daylight and its
seasonal variation affect glucose metabolism. Higher
exposure to daylight is associated with decreased risk
of type 2 diabetes (T2D), [1], and during summer peo-
ple have been reported to have better glycemic pro-
file, lower fasting glucose and HbA1c as well as lower
body mass index (BMI) [2–4]. This has been ascribed
to an association between daylight and insulin sensi-
tivity but data showing this association are scarce and
previous findings have been inconsistent [5,6].
Environmental light controls the internal timing sys-
tem or circadian rhythm, which could affect glucose
metabolism. This timing is disturbed in night-shift
workers who have consistently been shown to be at
higher risk of developing T2D [7–10].

Melatonin secretion is influenced by circadian
changes of the 24-h night and day cycle with the
secretion being inversely related to environmental
light [11]. This results in the highest melatonin levels
during the night-time, signaling biological night to the
body. At the same time, insulin secretion is decreased
at night [12], thus following the opposite circadian
pattern to melatonin secretion. Furthermore, it has
been proposed that insulin secretion rhythm might be
modulated by melatonin [13]. In previous studies,
melatonin concentrations have been associated with
glucose tolerance, insulin secretion, insulin sensitivity
as well as with T2D [14–16]. Experimental studies
showing impaired glucose tolerance after acute [17] or
longer duration [18] melatonin administration lend fur-
ther support to this view.

Melatonin receptors MTNR1B and MTNR1A are
expressed in various tissues such as the brain, espe-
cially in the suprachiasmatic nucleus, and retina, but
also in pancreatic a- and b-cells [19]. Melatonin
Receptor 1B gene (MTNR1B) encodes one of the two
high affinity forms of melatonin receptors—MTNR1B.
Genome-wide association studies have shown that the
minor allele G of the MTNR1B rs10830963 variant is
associated with increased fasting glucose levels and
both decreased early insulin response and decreased
insulin sensitivity resulting in increased risk of T2D
[20–24]. On the other hand, treatment with melatonin
has been shown to lead to a decrease in insulin secre-
tion but increase in insulin sensitivity [18]. MTNR1B
rs10830963 has been proved to be the causal variant
on T2D in functional studies [25].

Hence, both daylight exposure and genetic vari-
ation in the MTNR1B gene can influence the peripheral
effects of melatonin and thus affect glucose

metabolism. However, interaction between these fac-
tors has received little research attention.

We are aware of only one study investigating
whether the effect of circadian regulating loci is sea-
son-dependent on glucose metabolism. The GLACIER
study reported higher fasting glucose values during
the dark season compared with the light season at
baseline visit, but this finding was not seen a decade
later [26]. Furthermore, they categorized the year into
two seasons, dark versus light, and showed that the
minor allele G of rs10830963 was associated with
lower 2h glucose levels during dark season at baseline
visit and during both dark and light seasons at follow-
up [26].

Against this background, we examined in a pro-
spective population-based cohort of adults followed
up for 6.8 years who reside in Western Finland
(Bothnia, €Osterbotten) with annual daylight time rang-
ing from 4h 44min to 20 h 17min (a) if the amount
of daylight on the testing day and MTNR1B
rs10830963 variant were associated with glycemic
traits in cross-sectional and longitudinal analyses, and
(b) if the amount of daylight modified the association
of the MTNR1B rs10830963 variant with glycemic traits.

Materials

Study design and participants

The Prevalence, Prediction and Prevention of T2D
(PPP-Botnia) study is a population-based study in the
Botnia region of Western Finland. The PPP-Botnia
study has been described in detail elsewhere [27,28].
In brief, 5,208 (54.7%; 2,443 men and 2,765 women)
18-78 year-old individuals randomly drawn from the
Population Registry participated in the baseline study
in 2004-2008 (Table 1), and 3,850 (73.9%) participated
an average 6.8 (SD ¼ 0.9; range 3-13) years later in
the follow-up study in 2010–2015.

For this study, we included 3,422 individuals with
data for the oral glucose tolerance test (OGTT) both at
baseline and at follow-up, and genotype data for
MTNR1B rs10830963, and who did not have diabetes
at baseline. This subgroup did not differ from the
whole baseline cohort, except that they had lower
120min and Area Under the Curve (AUC) for glucose,
smoked less often and used more alcohol (Table 1).

All participants gave a written informed consent,
and the study protocol was approved by the Ethics
Committee of the Helsinki University Central Hospital.
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Glycemic traits

The subjects participated in an OGTT by ingesting 75g
of glucose after a 10–12-h overnight fast both at base-
line and at follow-up. During the OGTT, venous-samples
for glucose and insulin were drawn at 0, 30 and
120min. Plasma fasting glucose (FPG) was measured
with a glucose dehydrogenase method (HemoCue,
€Angelholm, Sweden) and serum insulin by a fluoroimmu-
noassay (Delphia; Perkin-Elmer Finland, Turku, Finland).

Homeostatic Model Assessment for Insulin
Resistance (HOMA-IR) [29], Insulin Sensitivity Index (ISI)
[30] were used as indices of insulin resistance
and Corrected Insulin Response (CIR) [31], Disposition
Index (DI) [32] as indices of insulin secretion. The fol-
lowing formulas were used to calculate these
indices: HOMA-IR¼ Fasting insulin [mU/l] � fasting
glucose [mmol/l]/22.5; ISI ¼ 10000/� (fasting glucose
[mmol/l] � fasting insulin [mU/l]) � (mean OGTT

Table 1. Sample characteristics.

Variable

Whole sample at
baseline N (%) or

Mean (SD)

p whole sample
versus analytic

sample at baseline

Analytic sample
baseline visit N
(%) or mean (SD)

Analytic sample
follow-up N (%) or

mean (SD)

p whole sample at
baseline versus

analytic sample at
follow-up

Analytic sample
change over time
Mean difference

(SD) or %
p analytic sample
change over time

Sex NA NA
Men 2253 (46.1%) 1577 (46.1%) 1577 (46.1%) NA
Women 2631 (53.9%) 1845 (53.9%) 1845 (53.9%) NA
Age (years) 48.75 (15.56) NA 48.97 (14.71) 55.26 (14.60) NA 6.29 (0.98) NA
BMI (kg/m2) 26.28 (4.30) NA 26.24 (4.20) 26.78 (4.37) NA 0.54 (2.04) NA

S-insulin (mmol/l)
Fasting 6.72 (5.78) .811 6.66 (5.71) 7.66 (5.76) <.001 1.13 (4.56) <.001
30min 59.27 (37.63) .316 58.62 (37.73) 67.84 (47.31) <.001 9.00 (34.34) <.001
120min 32.93 (33.49) .234 32.04 (32.45) 39.05 (44.51) <.001 6.22 (29.42) <.001

AUCa 5147.85 (3309.31) .227 5078.44 (3242.26) 5968.86 (4294.92) <.001 848.71 (2857.26) <.001
P-glucose(mU/l)
Fasting 5.27 (0.56) .782 5.27 (0.56) 5.39 (0.73) <.001 0.11 (0.67) <.001
30min 8.28 (1.62) .214 8.24 (1.60) 8.45 (1.73) <.001 0.20 (1.54) <.001
120min 5.23 (1.57) .042 5.18 (1.53) 5.55 (1.99) <.001 0.36 (1.73) <.001
AUCa 811.08 (142.29) .048 806.32 (138.52) 837.47 (171.79) <.001 29.85 (140.48) <.001

Insulin sensitivity
HOMA-IR 1.61 (1.73) .853 1.60 (1.82) 1.89 (1.66) <.001 0.33 (1.24) <.001
ISI 9.25 (5.63) .257 9.36 (5.77) 8.18 (5.58) <.001 �1.21 (4.76) <.001

Insulin secretion
DI 1782.27 (2331.73) .784 1771.09 (2292.83) 1664.44 (2390.74) <.001 �117.83 (2745.67) <.001
CIR 195.17 (180.35) .571 193.31 (171.82) 213.07 (279.80) <.001 20.89 (181.57) <.001

Daylight
Average day
length in hours

10.97 (4.42) NA 10.95 (4.40) 11.81 (4.56) NA 0.85 (6.50) NA

Smoking NA NA NA
No or former 2880 (86.7%) 2990 (90.0%)
Yes 442 (13.3%) 332 (10.0%)

Alcohol consump-
tion
(doses/week)

NA NA NA

None 228 (9.0%) 401 (14.7%) 5.7%
1–4 1446 (57.1%) 1558 (57.2%) 0.1%
5–10 563 (22.2%) 545 (20.0%) �2.2%
>10 294 (11.6%) 221 (8.1%) �3.5%

Education NA NA
Basic or less
or missing

1366 (28.9%) 897 (26.9%) NA

Upper
secondary

1861 (39.3%) 1381 (41.5%) NA

Lower tertiary 757 (16.0%) 516 (15.5%) NA
Upper tertiary 750 (15.8%) 537 (16.1%) NA

Exercise NA NA NA
No (less than 3
times a week)

2145 (44.9%) 1452 (44.9%) 1590 (49.1%) 4.2%

Yes (equal or
more than 3
times a week)

2636 (55.1%) 1783 (55.1%) 1645 (50.9%) �4,2%

MTNR1B rs10830963
CC 2227 (48.4%) .566 1694 (49.5%) 1694 (49.5%) NA NA NA
CG 1911 (41.6%) 1402 (41.0%) 1402 (41.0%) NA
GG 460 (10.0%) 325 (9.5%) 325 (9.5%) NA

aArea under the curve.
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glucose [mmol/l] � mean OGTT insulin [mU/l]);
CIR¼ (100� insulin [mU/l] at 30min)/((glucose [mmol/
l] at 30min)�(glucose [mmol/l] at 30min–3.89mmol/
l)); DI¼CIR� ISI. AUC for Insulin and Glucose were cal-
culated as follows: AUC insulin ¼ 15� fasting insulin
[mU/l]þ 15� insulin [mU/l] at 30min þ45� insulin
[mU/l] at 30min þ45� insulin [mU/l] at 120min;
AUC glucose ¼ 15� fasting glucose þ15� glucose
[mmol/l] at 30min þ45� glucose [mmol/l] at 30min
þ45� glucose [mmol/l] at 120min.

Daylight

Daylight information was provided by the Finnish
Meteorological Institute (FMI) Climate Service for
Sein€ajoki Pelmaa, which is the closest meteorological
station to the PPP-Botnia study centers in N€arpi€o,
Maalahti, Mustasaari, Vaasa and Pietarsaari. The aver-
age distance between Sein€ajoki Pelmaa and the study
centers is about 71 km (53 km to Vaasa and 97 km to
Pietarsaari. Daylight (day length in hours) from the
meteorological station was linked to the baseline and
follow-up study dates. The mean daylight time at
the baseline visit was 11.00 (SD¼ 4.51; range
4.73–20.28 hours) and at the 6.8-year follow-up 11.79
(SD ¼ 4.56; range 4.73-20.28 hours) hours.

Genotyping of MTNR1B rs10830963

Genotyping of MTNR1B rs10830963 was performed
either by mass spectrometry on the MassARRAY plat-
form or by allelic discrimination method with a
TaqMan assay on the ABI7900 platform with a geno-
typing success rate of >95%, as described in detail
elsewhere [21]. In the analytic sample, the minor allele
frequency was 0.30 and there was no deviation from
the Hardy–Weinberg equilibrium (p ¼ .70).

Covariates

In cross-sectional analysis covariates were sex, age
(years) and BMI (BMI; kg/m2) as calculated from meas-
ured weight (kg) and height (m), self-reported educa-
tional attainment (basic or less or missing; upper
secondary school; lower tertiary school; upper tertiary
school), reported current smoking status (yes versus
no or former), alcohol consumption (doses/week; 1
dose¼ 12 g of pure alcohol), and physical activity
(yes if over 30min of physical activity was performed
three or more times per week versus no if they per-
formed less or no activity). Additionally, insomnia
symptoms were treated as a covariate, and in further

sensitivity analyses participants who reported a phys-
ician-diagnosed sleep apnea (n¼ 195) were excluded.

The longitudinal analyses were adjusted for base-
line glycemic trait values, sex, age, BMI and change
from baseline to follow-up in age, BMI and addition-
ally for smoking, alcohol consumption and physical
activity at both visits. Of note, we did not have
educational attainment, insomnia and sleep apnea
measurements at follow-up. Hence, the follow-up
cross-sectional and longitudinal analyses used the
baseline values of these variables as covariates.

Statistical analysis

IBM SPSS version 23.0 was used for data analysis (www.
ibm.com/spss/). We used multiple linear regressions to
test if daylight and rs10830963 (assuming additive gen-
etic model in all analyses) were associated with glycemic
traits cross-sectionally both at baseline and at follow-up.
To test if daylight moderated the association of
rs10830963 and glycemic traits, we added an interaction
term daylight� rs10830963 into the linear regression
model following the main effects of these variables.

We also used multiple linear regression analyses to
study if change in the amount of daylight available at
the dates of baseline and follow-up testing (amount
of daylight at the date of baseline testing was sub-
tracted from the respective of the follow-up testing),
rs10830963 (assuming additive genetic model), or their
interaction, were associated with change in glycemic
traits between baseline and follow-up (baseline gly-
cemic trait value was subtracted from the respective
follow-up value). The analyses of change were
adjusted for the baseline value of the outcome vari-
able. However, we conducted these analyses also with-
out adjusting for the baseline value. Skewed variables
were log-transformed where appropriate, and daylight,
daylight change, glycemic traits, and glycemic trait
change variables were standardized to the mean of 0
and SD of 1 to facilitate interpretation.

The alpha level of 0.05 was set to define statistical
significance.

Results

Characteristics of the study cohort are presented in Table
1. Overall, during the mean follow-up of 6.8 (SD ¼ 0.9)
years the participants’ mean BMI increased and they
exercised less, their mean glucose and insulin concentra-
tions increased, and their insulin sensitivity (HOMA-IR
and ISI) and insulin secretion (CIR and DI) deteriorated.
On the other hand, they smoked less and used less alco-
hol. Overall, the follow-up visits were conducted on dates
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with more daylight compared to the baseline (mean dif-
ference 52min, SD¼ 6.5).

Cross-sectional analyses

Daylight and glycemic traits at the baseline and at
the follow-up

The average amount of daylight was 11.0 h (SD ¼ 4.4)
at the baseline and 11.8 h (SD ¼ 4.6) at the follow-up
visit. At the follow-up, the amount of daylight was
inversely related to FPG (Table 2). However, it was
positively related to glucose AUC during OGTT, fasting
insulin and HOMA-IR and inversely to ISI suggesting
deterioration of insulin sensitivity. Furthermore, it was
inversely related to the measures of insulin secretion,
DI and CIR. Except for fasting glucose levels, similar
effects were seen at baseline but these were not

statistically significant. The analyses were adjusted for
sex, age, BMI, baseline education and lifestyle factors.
Taken together, in the cross-sectional analysis more
daylight was associated with better FPG, but worse
insulin sensitivity and insulin secretion resulting in a
higher glucose response during OGTT (Table 2).

MTNR1B rs10830963 and glycemic traits at the
baseline and at the follow-up

Addition of each G allele of the rs10830963 was associ-
ated with higher FPG and glucose AUC and with lower
DI and CIR at baseline and at follow-up (Table 3). In add-
ition, at baseline, each G allele of the rs10830963 was
nominally positively associated with HOMA-IR and
inversely with ISI, but these associations were not signifi-
cant after further adjustments for education and lifestyle
factors and could not be seen at the follow-up visit.

Table 2. Associations between amount of daylight and glycemic traits.
Outcome B (95% CI) p1 B (95% CI) p2

Baselinea

Glucose
Fasting 0.026 (�0.007; 0.060) .122 0.022 (�0.013; 0.057) .224
AUC 0.030 (�0.003; 0.062) .071 0.030 (�0.004; 0.064) .086

Insulin
Fasting 0.022 (�0.008; 0.052) .153 0.022 (�0.010; 0.054) .171
AUC 0.002 (�0.030; 0.035) .881 0.000 (�0.034; 0.034) .999

Insulin sensitivity
HOMA 0.026 (�0.004; 0.056) .095 0.025 (�0.007; 0.056) .122
ISI �0.015 (�0.046; 0.016) .341 �0.013 (�0.046; 0.019) .414

Insulin secretion
DI �0.028 (�0.062; 0.005) .096 �0.033 (�0.068; 0.002) .062
CIR �0.018 (�0.052; 0.017) .309 �0.023 (�0.059; 0.013) .202

Follow-upa

Glucose
Fasting �0.069 (�0.101; �0.037) <.001 �0.069 (�0.103; �0.035) <.001
AUC 0.053 (0.022; 0.084) .001 0.061 (0.029; 0.094) <.001

Insulin
Fasting 0.045 (0.016; 0.073) .002 0.048 (0.018; 0.078) .002
AUC 0.007 (�0.024; 0.038) .645 0.010 (�0.022; 0.043) .527

Insulin sensitivity
HOMA 0.028 (0.000; 0.056) .052 0.031 (0.001; 0.0061) .043
ISI �0.023 (�0.051; 0.006) .124 �0.027 (�0.057; 0.004) <.001

Insulin secretion
DI �0.048 (�0.080; �0.015) .004 �0.052 (�0.086; �0.018) .003
CIR �0.040 (�0.073; �0.006) .021 �0.040 (�0.076; �0.005) .024

Change (follow-up – baseline)a,b

Glucose
Fasting �0.017 (�0.047; 0.012) .253 �0.027 (�0.058; 0.005) .094
AUC 0.068 (0.036; 0.099) <.001 0.062 (0.030; 0.095) .000

Insulin
Fasting 0.000 (�0.030; 0.031) .997 �0.002 (�0.034; 0.029) .880
AUC �0.010 (�0.042; 0.021) .519 �0.012 (�0.045; 0.022) .500

Insulin sensitivity
HOMA �0.002 (�0.033; 0.029) .897 �0.004 (�0.036; 0.029) .818
ISI �0.024 (�0.053; 0.005) .104 �0.021 (�0.051; 0.010) .185

Insulin secretion
DI �0.030 (�0.064; 0.003) .071 �0.033 (�0.069; 0.004) .077
CIR �0.037 (�0.071; �0.003) .031 �0.039 (�0.075; �0.004) .030

p1 – linear regression models are adjusted for sex, age, BMI. Change models are adjusted for sex, baseline age and BMI, change between baseline and
follow-up in age and BMI.
p2 – linear regression models are adjusted for sex, age, BMI, smoking, alcohol use, physical activity at respective visit(s), and education at baseline.
Change models are adjusted for sex, baseline age, BMI and education and change between baseline and follow-up in age and BMI and smoking, alcohol
use and physical activity at both visits.
a1SD compares to 4.50 h in day length at baseline visit and 4.56 hours at follow-up and 6.50 hours in change in day length.
bChange in glycemic traits is predicted by change in daylight between baseline and follow-up.
B refers to one SD unit change in outcome per one SD unit change in daylight as a predictor.
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Interactions between daylight and rs10830963 in
the analyses of glycemic traits

The SNP rs10830963 did not significantly interact with
daylight neither at baseline nor at follow-up in the
analyses of glycemic traits using either an additive
genetic model (Supplementary Table 1) or dominant
genetic model (Supplementary Table 2) in the inter-
action analyses.

Longitudinal analyses

Associations between the change in daylight and
change in glycemic traits between the baseline and
the follow-up

Those who underwent OGTT on days with more day-
light available at the follow-up than at the baseline,
showed higher increase in AUC for glucose and
decrease in CIR (Table 2). Besides this, there were no

other significant associations between the change in
daylight and change in fasting state values and gly-
cemic traits between the visits.

MTNR1B rs10830963 and change in glycemic traits
between the baseline and the follow-up

Longitudinally, each G allele was associated with an
increase in FPG and with a decrease in DI and CIR
between baseline and follow-up but not with changes
in HOMA-IR or ISI (Table 3). In addition, each G allele
was associated with decrease in insulin AUC, but this
association did not remain significant after further
adjusting for educational attainment and lifestyle factors.

Interactions between the change in daylight and
rs10830963 and change in glycemic traits between
the baseline and the follow-up

Figure 1 shows that the interaction of rs10830963 and
change in daylight between the visits had a significant

Table 3. Associations between MTNR1B rs10830963 genotype and glycemic traits (additive model).
Outcome B (95% CI) p1 B (95% CI) p2

Baseline
Glucose

Fasting 0.221 (0.171; 0.271) <.001 0.216 (0.163; 0.269) <.001
AUC 0.199 (0.151; 0.247) <.001 0.207 (0.157; 0.258) <.001

Insulin
Fasting 0.009 (�0.037; 0.055) .698 �0.015 (�0.063; 0.032) .528
AUC �0.017 (�0.067; 0.032) .503 �0.017 (�0.069; 0.034) .510

Insulin sensitivity
HOMA 0.046 (0.000; 0.091) .050 0.022 (�0.026; 0.069) .377
ISI �0.047 (�0.093; 0.000) .050 �0.032 (�0.081; 0.017) .199

Insulin secretion
DI �0.248 (�0.298; �0.199) <.001 �0.247 (�0.299; �0.195) <.001
CIR �0.224 (�0.275; �0.173) <.001 �0.233 (�0.287; �0.179) <.001

Follow-up
Glucose

Fasting 0.173 (0.124; 0.221) <.001 0.158 (0.107; 0.208) <.001
AUC 0.123 (0.076; 0.170) <.001 0.121 (0.072; 0.171) <.001

Insulin
Fasting 0.008 (�0.036; 0.051) .723 0.009 (�0.037; 0.055) .698
AUC �0.043 (�0.090; 0.004) .073 �0.038 (�0.087; 0.012) .134

Insulin sensitivity
HOMA 0.041 (�0.002; 0.084) .063 0.039 (�0.006; 0.084) .091
ISI �0.018 (�0.062; 0.025) .397 �0.022 (�0.068; 0.024) .358

Insulin secretion
DI �0.192 (�0.241; �0.144) <.001 �0.187 (�0.238; �0.136) <.001
CIR �0.213 (�0.253; �0.152) <.001 �0.194 (�0.247; �0.141) <.001

Change (follow-up – baseline)
Glucose

Fasting 0.088 (0.043; 0.134) <.001 0.083 (0.036; 0.131) .001
AUC 0.019 (�0.029; 0.067) .438 0.017 (�0.033; 0.067) .495

Insulin
Fasting �0.001 (�0.047; 0.045) .970 0.003 (�0.045; 0.051) .893
AUC �0.054 (�0.103; �0.006) .027 �0.048 (�0.099; 0.003) .066

Insulin sensitivity
HOMA 0.010 (�0.037; 0.057) .690 0.016 (�0.033; 0.065) .519
ISI �0.008 (�0.053; 0.036) .712 �0.012 (�0.058; 0.035) .625

Insulin secretion
DI �0.063 (�0.114; �0.012) .016 �0.059 (�0.115; �0.003) .038
CIR �0.070 (�0.122; �0.108) .008 �0.056 (�0.111; �0.002) .042

p1 – linear regression models are adjusted for sex, age, BMI. Change models were adjusted for sex, baseline BMI, body mass index change, age at base-
line, change in age.
p2 – linear regression models are adjusted for sex, age, BMI, smoking, alcohol use, physical activity at respective visit(s), and education at baseline.
Change models are adjusted for sex, baseline age, BMI and education and change between baseline and follow-up in age and BMI and smoking, alcohol
use and physical activity at both visits.
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effect on the change between baseline and follow-up in
fasting insulin and HOMA-IR values. To illustrate these
interactions, we stratified the participants into tertiles
according to change in daylight between baseline and
follow-up: tertile 1—less daylight at follow-up than at
the baseline (�15h to �2h difference), tertile 2—no or
small difference in daylight between the testing days
(�1h to 4h difference), and tertile 3—more daylight at
follow-up than at baseline (5–15h difference). In carriers
of CC or CG genotypes, change in fasting insulin and
HOMA-IR was independent of changes in daylight
(Figure 1) whereas homozygous GG carriers became
more insulin resistant (higher fasting insulin and HOMA-
IR) at the follow-up if the daylight length got shorter.
The interactions on change in fasting insulin and
HOMA-IR did not change, if the data were not adjusted
for baseline values, and they remained significant also
in models adjusted for insomnia and participants with
physician-diagnosed sleep apnea were excluded from
the analyses (data not shown).

Furthermore, all the previously reported associa-
tions remained unchanged across both cross-sectional
and longitudinal analyses when we made further
adjustments for insomnia, and when we excluded par-
ticipants who reported having a physician-diagnosed
sleep apnea from the analyses (data not shown).

Discussion

The main findings of our study, conducted in a large,
prospective population-based sample of individuals

residing in Western Finland, are the following. First,
our cross-sectional findings showed that individuals
who were tested during the lighter days of the year,
had lower FPG but worse insulin and glucose response
to OGTT (higher glucose AUC, lower DI and CIR; higher
HOMA-IR, lower ISI in fully adjusted models). Second,
our findings replicate previous findings showing that
each risk G allele of the MTNR1B rs10830963 was asso-
ciated with higher FPG and reduced insulin secretion
during OGTT (higher glucose AUC, lower DI and CIR).
Thus, our results indicate the deleterious effect of
MTNR1B rs10830963 risk allele G on insulin secretion
that affects glucose tolerance.

We also analyzed the glycemic response in relation
to the amount of daylight on two separate OGTT’s in
the same individuals approximately 6 years apart. In
between the visits, the overall insulin sensitivity and
secretion deteriorated, which we took into account by
adjusting for baseline values and changes in the cova-
riates between the visits. Similar to the cross-sectional
analysis, the longitudinal analyses showed that individ-
uals who got tested on lighter days at the follow-up
than at baseline showed worsening of glucose
response to OGTT (higher AUC glucose) and insulin
secretion (lower CIR) across the follow-up. The fasting
glucose and insulin secretory response to glucose (DI)
were also somewhat lower, but this was not statistic-
ally significant. Also longitudinally, each MTNR1B
rs10830963G allele was additively associated with
worsening of insulin and glucose response to OGTT

Figure 1. Change between follow-up and baseline visits in fasting insulin (panel A), HOMA-IR (panel B) according to the daylight
and the MTRN1B rs10830963 genotype.
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across the follow-up (higher FPG, lower DI and CIR).
These findings were independent of sex, age, BMI,
education and lifestyle and remained unchanged
when adjusted for self-reported insomnia and when
participants with physician-diagnosed sleep apnea
were excluded.

Our finding that a higher amount of daylight is
associated with lower FPG is in line with results from
the GLACIER cohort from the V€asterbotten region in
Sweden which resides in a similar latitude to the PPP-
Botnia region—Umeå and Vaasa being only 140 km
apart. The GLACIER study showed that FPG values
were lower during the spring/summer seasons com-
pared with fall/winter seasons [26]. Some other studies
have also reported that FPG values are lower and
impaired fasting glucose is less prevalent during sum-
mer than during winter season [2,33,34]. However,
there have been studies which have shown no sea-
sonal differences in FPG [5].

Our results and those reported previously [5,6]
were less clear regarding insulin sensitivity. In our
cross-sectional analysis at follow-up, individuals who
were tested during the lighter days of the year were
less insulin sensitive (higher fasting insulin levels and
higher HOMA-IR, lower ISI), but when individual
changes in insulin sensitivity were analyzed according
to the change in daylight, no effect was found in the
longitudinal analysis. Also previous studies have been
divided and reports include both increased and
decreased insulin sensitivity in summer compared with
winter [5,6,35]. Furthermore, in our study, the risk
genotype GG of MTNR1B rs10830963 was not associ-
ated with insulin sensitivity either cross-sectionally or
longitudinally.

In our study, the lower FPG on lighter days was
accompanied with worse insulin and glucose response
to OGTT (higher glucose AUC, lower DI and CIR),
which is in contrast to earlier studies, including the
GLACIER, reporting no seasonal differences in 2 h glu-
cose levels during an OGTT [5,26]. However, further
studies using more detailed measures on the daylight
exposure (such as self-reported recreational exposure
to daylight—sunbathing), which the amount of day-
light or season do not directly capture, are needed.

In addition to the main effects of daylight and the
MTNR1B rs10830963 genotype, our study showed in
longitudinal analyses that their interaction was associ-
ated with glycemic profiles. Interestingly, this inter-
action showed that rs10830963 GG carriers became
more insulin resistant if the OGTT was carried out on
days with less daylight available in follow-up than at
baseline. This is in contrast with findings from the

GLACIER study which showed the lowest 2 h glucose
concentrations during the dark season in individuals
with the GG genotype [26]. However, this interaction
finding was not replicated in the GLACIER study fol-
low-up conducted a decade later [26].

Both biological and behavioral factors may influ-
ence these associations. Lower melatonin secretion
has been independently associated with a higher risk
of developing T2D [16], whereas controversial effects
(both inhibitory and stimulatory) have been reported
on insulin secretion [36,37]. This explanation may,
however, not hold true for MTNR1B rs10830963 GG
genotype carriers. They have been shown to be more
sensitive to melatonin and exhibit greater melatonin
signaling in pancreatic islet cells [18]. Hence, higher
melatonin production during darker days may make
the GG genotype carriers of the rs10830963 more
prone to glucose intolerance.

It is also possible that one must have an underlying
susceptibility to disturbances in glucose metabolism
before the potential effect of melatonin on glycemic
traits can be detected. For example, in a study in rats,
it was found that only those at risk of T2D (diabetes-
prone human islet amyloid polypeptide transgenic
rats), but not wild-type rats, had disruptions in circa-
dian rhythm followed by an experimental dark-light
cycle disruption [38].

Seasonal effects in glycemic traits could potentially
arise from other factors in addition to the amount of
daylight such as the changes in temperature that
could have an effect on caloric intake and physical
activity [3]. Additionally, the feeding-fasting cycle
could play a critical role in the circadian rhythm of
metabolic processes as the dominant environmental
cue [39]. For example shift workers, who are exposed
to light at night, have been consistently shown to
have worse metabolic profiles, higher BMI and are at
increased risk of T2D [7,8,40]. Moreover, seasonal vari-
ation in diet along with caloric intake, as well as exer-
cise may have an effect.

A strength of our study is its population-based lon-
gitudinal design, and data on the amount of daylight
available both at baseline and follow-up derived from
a meteorological station near PPP-Botnia study cen-
ters, and the large variation in the amount of daylight
available at these latitudes. Our study also provides
state-of-the-art measures on glycemic traits.

A limitation in our study is that we did not measure
melatonin concentrations. However, a single point
fasting melatonin value as a measure of its circadian
exposure might be misleading on the variation in glu-
cose metabolism. While seasonal concentrations of
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melatonin should be explored further, glucose metab-
olism is not only dependent on melatonin concentra-
tion but also on response to melatonin. A recent
study has shown that in MTNR1B risk variant carriers,
the duration of melatonin production is prolonged
into the morning; risk variant carriers have later
melatonin offset and a longer duration of elevated
melatonin levels [41]. In a subset of the PPP-Botnia
study, however, there was no difference between the
morning melatonin concentrations between carriers of
the different rs10830963 genotypes [18].

Another limitation is that we do not have data on
shift work, but shift work is rare in the study region
and none of the participants had worked during the
two nights preceding the OGTT. Data on sleep dur-
ation was available in only a subset of the cohort [42]
but we were able to account for self-reported insom-
nia and exclude individuals who reported a physician
diagnosis of sleep apnea which did not change our
findings. Nevertheless, future studies are needed to
determine the role of sleep on these associations.
There was also a lack of data on educational attain-
ment at the follow-up, but that is not likely to change
the results as the baseline information was available
and used as a covariate in the analyses. Finally, our
sample comprised white Caucasians and can therefore
not be generalized to other ethnic populations. We
propose that further research should be designed so
that there is a shorter time period between testing
dates than in our study, using data from consecutive
seasons when the effect of daylight on glycemic traits
can be estimated more accurately.

Taken together, our findings suggest that future
studies on glycemic traits may consider taking into
account the length of daylight exposure on the test-
ing day, even though the effect of daylight on gly-
cemic traits is small in effect size.

Acknowledgements

We would like to thank all of the participants in the study as
well as the Botnia Study Group.

Disclosure statement

The authors report no biomedical financial interests or
potential conflicts of interest.

Funding

The PPP-Botnia studies (L.G., T.T.) have been financially sup-
ported by grants from Folkh€alsan Research Foundation, the
Sigrid Juselius Foundation, The Academy of Finland (grants
no. 263401, 267882, 312063 to LG, 312072 to TT), Nordic

Center of Excellence in Disease Genetics, EU (EXGENESIS,
EUFP7-MOSAIC FP7-600914), Ollqvist Foundation, Swedish
Cultural Foundation in Finland, Finnish Diabetes Research
Foundation, Foundation for Life and Health in Finland, Signe
and Ane Gyllenberg Foundation, Finnish Medical Society,
Paavo Nurmi Foundation, Helsinki University Central Hospital
Research Foundation, Perkl�en Foundation, N€arpes Health
Care Foundation and Ahokas Foundation. The study has also
been supported by the Ministry of Education in Finland,
Municipal Heath Care Center and Hospital in Jakobstad and
Health Care Centers in Vasa, N€arpes and Korsholm. This
work was supported by the Doctoral Programme of
Psychology, Learning and Communication (PsyCo, University
of Helsinki; K.H.).

ORCID

Kadri Haljas http://orcid.org/0000-0001-8725-1424

References

[1] Shore-Lorenti C, Brennan SL, Sanders KM, et al.
Shining the light on sunshine: a systematic review of
the influence of sun exposure on type 2 diabetes
mellitus-related outcomes. Clin Endocrinol (Oxf). 2014;
81:799–811.

[2] Mavri A, Guzic-Salobir B, Salobir PB, et al. Seasonal
variation of some metabolic and haemostatic risk fac-
tors in subjects with and without coronary artery dis-
ease. Blood Coagul Fibrinolysis. 2001;12:359–365.

[3] Ishii H, Suzuki H, Baba T, et al. Seasonal variation of
glycemic control in type 2 diabetic patients. Diab
Care. 2001;24:1503.

[4] Tseng C-L, Brimacombe M, Xie M, et al. Seasonal pat-
terns in monthly hemoglobin A1c values. Am J
Epidemiol. 2005;161:565–574.

[5] Berglund L, Berne C, Sv€ardsudd K, et al. Seasonal var-
iations of insulin sensitivity from a euglycemic insulin
clamp in elderly men. Ups J Med Sci. 2012;117:35–40.

[6] Chen S-H, Chuang S-Y, Lin K-C, et al. Community-
based study on summer-winter difference in insulin
resistance in Kin-Chen, Kinmen, Taiwan. J Chinese
Med Assoc. 2008;71:619–627.

[7] Dumont M, Benhaberou-Brun D, Paquet J. Profile of
24-h light exposure and circadian phase of melatonin
secretion in night workers. J Biol Rhythms. 2001;16:
502–511.

[8] Pan A, Schernhammer ES, Sun Q, et al. Rotating night
shift work and risk of type 2 diabetes: two prospect-
ive cohort studies in women. Plos Med. 2011;8:
e1001141.

[9] Gan Y, Yang C, Tong X, et al. Shift work and diabetes
mellitus: a meta-analysis of observational studies.
Occup Environ Med. 2015;72:72–78.

[10] Vetter C, Dashti HS, Lane JM, et al. Night shift work,
genetic risk, and type 2 diabetes in the UK Biobank.
Diabetes Care. 2018;41:762–769.

[11] Waldhauser F, Dietzel M. Daily and annual rhythms in
human melatonin secretion: role in puberty control.
Ann N Y Acad Sci. 1985;453:205–214.

66 K. HALJAS ET AL.



[12] Haus E. Chronobiology in the endocrine system. Adv
Drug Deliv Rev. 2007;59:985–1014.

[13] Mulder H, Nagorny CLF, Lyssenko V, et al. Melatonin
receptors in pancreatic islets: good morning to a
novel type 2 diabetes gene. Diabetologia. 2009;52:
1240–1249.

[14] McMullan CJ, Curhan GC, Schernhammer ES, et al.
Association of nocturnal melatonin secretion with
insulin resistance in nondiabetic young women. Am J
Epidemiol. 2013;178:231–238.

[15] Peschke E. Melatonin, endocrine pancreas and dia-
betes. J Pineal Res. 2008;44:26–40.

[16] McMullan CJ, Schernhammer ES, Rimm EB, et al.
Melatonin secretion and the incidence of type 2 dia-
betes. JAMA. 2013;309:1388–1396.

[17] Rubio-Sastre P, Scheer FAJL, G�omez-Abell�an P, et al.
Acute melatonin administration in humans impairs
glucose tolerance in both the morning and evening.
Sleep. 2014;37:1715–1719.

[18] Tuomi T, Nagorny CLFLF, Singh P, et al. Increased
melatonin signaling is a risk factor for type 2 dia-
betes. Cell Metab. 2016;23:1067–1077.

[19] Hardeland R. Melatonin in aging and disease -mul-
tiple consequences of reduced secretion, options and
limits of treatment. Aging Dis. 2012;3:194–225.

[20] Prokopenko I, Langenberg C, Florez JC, et al. Variants
in MTNR1B influence fasting glucose levels. Nat
Genet. 2009;41:77–81.

[21] Jonsson A, Ladenvall C, Ahluwalia TS, et al. Effects of
common genetic variants associated with type 2 dia-
betes and glycemic traits on a- and b-cell function
and insulin action in humans. Diabetes. 2013;62:
2978–2983.

[22] Lyssenko V, Nagorny CL, Erdos MR, et al. Common
variant in MTNR1B associated with increased risk of
type 2 diabetes and impaired early insulin secretion.
Nat Genet. 2009;41:82–88.

[23] Langenberg C, Pascoe L, Mari A, et al. Common gen-
etic variation in the melatonin receptor 1B gene
(MTNR1B) is associated with decreased early-phase
insulin response. Diabetologia. 2009;52:1537–1542.

[24] Sparso T, Bonnefond A, Andersson E, et al. G-allele of
intronic rs10830963 in MTNR1B confers increased risk
of impaired fasting glycemia and type 2 diabetes
through an impaired glucose-stimulated insulin
release: studies involving 19,605 Europeans. Diabetes.
2009;58:1450–1456.

[25] Gaulton KJ, Ferreira T, Lee Y, et al. Genetic fine map-
ping and genomic annotation defines causal mecha-
nisms at type 2 diabetes susceptibility loci. Nat Genet.
2015;47:1415–1425.

[26] Renstr€om F, Koivula RW, Varga TV, et al. Season-
dependent associations of circadian rhythm-regulat-
ing loci (CRY1, CRY2 and MTNR1B) and glucose
homeostasis: the GLACIER Study. Diabetologia. 2015;
58:997–1005.

[27] Isomaa B, Forsen B, Lahti K, et al. A family history of
diabetes is associated with reduced physical fitness in

the Prevalence, Prediction and Prevention of Diabetes
(PPP)-Botnia study. Diabetologia. 2010;53:1709–1713.

[28] Di Camillo B, Hakaste L, Sambo F, et al. HAPT2D: high
accuracy of prediction of T2D with a model combin-
ing basic and advanced data depending on availabil-
ity. Eur J Endocrinol. 2018;178:331–341.

[29] Matthews DR, Hosker JP, Rudenski AS, et al.
Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia. 1985;28:
412–419.

[30] Bergman RN, Prager R, Volund A, et al. Equivalence of
the insulin sensitivity index in man derived by the
minimal model method and the euglycemic glucose
clamp. J Clin Invest. 1987;79:790–800.

[31] Hanson RL, Pratley RE, Bogardus C, et al. Evaluation
of simple indices of insulin sensitivity and insulin
secretion for use in epidemiologic studies. Am J
Epidemiol. 2000;151:190–198.

[32] Bergman RN, Ader M, Huecking K, et al. Accurate
assessment of beta-cell function: the hyperbolic cor-
rection. Diabetes. 2002;51(1):S212–S220.

[33] Chen S-H, Jen I-A, Chuang S-Y, et al. Community-
based study on summer-winter differences of compo-
nent of metabolic syndrome in Kinmen, Taiwan. Prev
Med. 2006;43:129–135.

[34] Suarez L, Barrett-Connor E. Seasonal variation in fast-
ing plasma glucose levels in man. Diabetologia. 1982;
22:250–253.

[35] Isken F, Abraham U, Weickert M, et al. Annual change
in insulin sensitivity. Horm Metab Res. 2011;43:
720–722.

[36] Kemp DM, Ubeda M, Habener JF. Identification and
functional characterization of melatonin Mel 1a
receptors in pancreatic beta cells: potential role in
incretin-mediated cell function by sensitization of cAMP
signaling. Mol Cell Endocrinol. 2002;191:157–166.

[37] Peschke E, Bach AG, Muhlbauer E. Parallel signaling
pathways of melatonin in the pancreatic beta-cell.
J Pineal Res. 2006;40:184–191.

[38] Gale JE, Cox HI, Qian J, et al. Disruption of circadian
rhythms accelerates development of diabetes through
pancreatic beta-cell loss and dysfunction. J Biol
Rhythms. 2011;26:423–433.

[39] Dibner C, Schibler U. Circadian timing of metabolism
in animal models and humans. J Intern Med. 2015;
277:513–527.

[40] Morikawa Y, Nakagawa H, Miura K, et al. Shift work
and the risk of diabetes mellitus among Japanese
male factory workers. Scand J Work Environ Health.
2005;31:179–183.

[41] Lane JM, Chang A-M, Bjonnes AC, et al. Impact of
common diabetes risk variant in MTNR1B on sleep,
circadian, and melatonin physiology. Diabetes. 2016;
65:1741–1751.

[42] Pyykkonen AJ, Isomaa B, Pesonen AK, et al. Sleep dur-
ation and insulin resistance in individuals without
type 2 diabetes: the PPP-Botnia study. Ann Med.
2014;46:324–329.

ANNALS OF MEDICINE 67


	Abstract
	Introduction
	Materials
	Study design and participants
	Glycemic traits
	Daylight
	Genotyping of MTNR1B rs10830963
	Covariates
	Statistical analysis

	Results
	Cross-sectional analyses
	Daylight and glycemic traits at the baseline and at the follow-up
	MTNR1B rs10830963 and glycemic traits at the baseline and at the follow-up
	Interactions between daylight and rs10830963 in the analyses of glycemic traits

	Longitudinal analyses
	Associations between the change in daylight and change in glycemic traits between the baseline and the follow-up
	MTNR1B rs10830963 and change in glycemic traits between the baseline and the follow-up
	Interactions between the change in daylight and rs10830963 and change in glycemic traits between the baseline and the follow-up


	Discussion
	Acknowledgements
	Disclosure statement
	References


