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Context: Seasonal variation in cold and light exposure méyénce metabolic health.
Objective: We assessed the associations of bright sunlighbatdoor temperature with
measures of glucose and lipid metabolism in twaupetfpns of middle-aged European
subjects.

Design: Cross-sectional study.

Setting: Two population-based European cohorts.

Patientsor Other Participants. Middle-aged non-diabetic subjects from the OxfBrdbank
(OBB; N=4,327; mean age 41.4 years) and the Nethesl Epidemiology of Obesity Study
(NEO; N=5,899; mean age 55.6 years).

Intervention(s): Data on outdoor bright sunlight and temperatutkected from local
weather stations.

Main Outcome M easur (s): Insulin resistance and fasting lipid levels.

Statistical analyses: Multivariable regression analyses adjusted for age, percentage body
fat, season, and either outdoor temperature ohbsignlight.

Results: In the OBB cohort, increased bright sunlight expesmas associated with lower
fasting insulin (-1.27% [95% confidence interva:09, -0.47] per extra hour of bright
sunlight), lower homeostatic model assessmenniulin resistance (-1.36% [-2.23, -0.50]),
lower homeostatic model assessment for betaumatition (-0.80% [-1.31, -0.30]), and lower
triglyceride (-1.28% [-2.07, -0.50]) levels. In tN&=O cohort generally unidirectional but
weaker associations were observed. No associdietmgeen outdoor temperature and
measures of glucose or lipid metabolism were detkfdllowing adjustment for bright
sunlight.

Conclusions: Bright sunlight, but not outdoor temperature, migatassociated with
increased insulin sensitivity and lower triglycerigvels.

Outdoor temperature and sunlight were studied in relation to cardiometabolic traits and it was found
that specifically outdoor sunlight showed beneficial associations on insulin resistance. .
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Introduction

Several studies have been conducted to date tofiderodifiable (e.qg., lifestyle) and non-
modifiable (e.g., genetic variation) risk factoos eveloping cardiometabolic disease. Recent
preclinical and clinical studies have linked enwmimeental temperature to cardiometabolic
health, with thermogenesis in muscle and brownasdigissue as potential mediators (1-7).
For example, Blauwet al. (7) reported an increased incidence of type Betes (T2D) with
higher mean annual outdoor temperature both ati8sstates and worldwide. Similarly,
Speakman & Heidari-Bakavoli (8) calculated that anbtemperature explained 12.4% of
the variation in the prevalence of T2D across naaidlUSA after accounting for obesity,
poverty and race. These findings may be attribetédblifestyle adaptations to changes in
outdoor temperature, but it has also been hypatbdghat metabolism can rapidly adapt to
changes in environmental temperature. For examspbesonal fluctuations in measures of
insulin sensitivity were reported in the Rotterdstondy cohort, which could only partly be
attributed to seasonal changes in lifestyle (9,EQjthermore, using a hyperinsulinemic
euglycemic clamp, researchers in another studyf@li)d that insulin sensitivity was lowest
during winter in addition to demonstrating a pegiteffect of outdoor temperature on insulin
sensitivity irrespective of season. More directignssen et al showed that short-term cold
acclimation improves insulin sensitivity in patientith T2D, an effect which was associated
with markedly increased basal skeletal muscle GLtU&#dslocation (5).

As outdoor temperature is associated with outdaghbsunlight, the interpretation of
these studies is complicated. Increased exposumegiat sunlight can increase nocturnal
melatonin levels (12), which in turn inhibit panatie insulin secretion (13). Vitamin D which
is primarily produced in the skin in response toligint exposure has also been linked with
the development of insulin resistance (14). In tholdj brown adipose tissue exhibits a daily
rhythm in glucose and lipid uptake (15,16), whitheast in rodents, is modulated by the
duration of daily light exposure (16). In this spugve aimed to examine the associations of
outdoor temperature and bright sunlight with measaf body composition, insulin
sensitivity and fasting lipid concentrations in@artbined cohort of >10,000 middle-aged
healthy European subjects enrolled in the OxfombBnk (OBB) and the Netherlands
Epidemiology of Obesity (NEO) study.
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Methods

Study settings
The OBB is a population-based cohort of randomlgcted healthy participants aged 30 to 50
years from Oxfordshire (UK). Individuals with a tusy of myocardial infarction, diabetes
mellitus, heart failure, untreated malignancy, othregoing systemic diseases or ongoing
pregnancy were not eligible for study inclusionr@ment of participants started in 1999 and
as of May 2015 the OBB cohort comprised 7,185 iildials (4,054 women and 3,131 men).
A more detailed description of the study recruittraiteria and population characteristics is
reported elsewhere (17).

The NEO study is population-based prospective datady of men and women aged
between 45 and 65 years with an oversampling a¥ihaals with a BMI of 27 kg/rhor
higher, living in the greater area of Leiden (ie iWest of the Netherlands). In addition, all
inhabitants aged between 45 and 65 years from amécipality (Leiderdorp) were invited in
the study irrespective of their BMI, to allow foraference distribution of BMI. Between
September 2008 and September 2012, 6,671 indidduede included in the study. Detailed
information about the study design and data catiadtas been described previously (18).

In both cohorts, participants were invited for #adled baseline assessment, conducted
after an overnight fast, which included blood sangpbhnd anthropometry. Both studies were
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approved by local ethics committees, and writtdormed consent was obtained from all
study participants.

Study population

In the OBB, we excluded individuals with missingalan mean outdoor temperature and
bright sunlight on the day of the study visit (Nt66) and individuals with missing data on
body composition (N=2,452). From NEO, we excludadividuals with both treated and
diagnosed diabetes, as well as, subjects withtmdaglucose concentration above 7.0
mmol/L (N = 749) in order to have a uniform popidat in terms of glycaemic status, as that
of the OBB. In addition, we excluded participantsonwwvere not fasted (self-reported; N = 23).

Data collection on outdoor temperature and brightight

Data on mean outdoor temperature and hours oftsigilight (defined as global radiation
>120W/nf) were collected from local weather stations. Bamethese data, we calculated the
mean outdoor temperature and bright sunlight demativer a 7-and 30-day period before the
date of blood sampling. For the OBB data were oethifrom the Radcliffe Meteorological
Station (School of Geography and the Environmentyé&rsity of Oxford, UK) whilst for the
NEO study we obtained meteorological data fromkbeinklijk Nederlands Meteorologisch
Instituut (Royal Dutch Meteorological Institute) iwh has the closest proximity to the city of
Leiden.

Laboratory assays

In the OBB, fasting glucose, total cholesterol &nglyceride concentrations were measured
in plasma using Instrumentation Laboratory IL T8dkits on an ILab 600/650 clinical
chemistry analyzers (Werfen, Warrington, UK). HGAnd LDL-cholesterol levels were
measured in plasma using the Randox direct cleanaathod adapted for use on the ILab
600/650 analysers (Randox Laboratories, Crumlirrfion Ireland). Fasting insulin levels
were measured with the Millipore Human Insulin specadioimmunoassay (Millipore UK,
Watford, UK).

In NEO, fasting serum glucose, total cholesteral @iglycerides concentrations were
determined by enzymatic colorimetric methods (Rddeelular Analytics P800, Roche
Diagnostics, Mannheim, Germany; CV < 5%). HDL-clstdgol concentration was measured
with the homogenous HDLc method{8eneration; Roche Modular Analytics P800, Roche
Diagnostics, Mannheim, Germany; CV < 5%); Serunalinsconcentration was measured
with an immunometric method (Siemens Immulite 258i@mens Healthcare Diagnostics,
Breda, The Netherlands; CV < 5%). LDL-cholestemt@entration was estimated using the
Friedewald formula (19)

In both cohorts, the Homeostatic Model Assessmariniulin Resistance (HOMA-IR)
was calculated as [fasting insulil/mL)]*[fasting glucose (mmol/L)}/22.5, and the
Homeostatic Model Assessment for Insulin Secrefidf@MA-B) was calculated as [20 x
fasting insulin gU/mL)]/[glucose (mmol/L) — 3.5] (20,21).

Measurements

In the OBB, body fat percentage was determined bglnergy X-ray absorptiometry using
a GE Lunar iDXA. All data were analyzed with Encemdtware (version 11.0; GE. Medical
Systems, Madison, WI, USA). For NEO, body weighd @ercent body fat were measured by
the Tanita bioimpedance balance (TBF-310, Tani@rihational Division, UK). Height and
weight were measured by research nurses at thea@BBIEO study centers. BMI was
calculated by dividing the weight in kilograms Ietheight in meters squared. Season was
derived from the date of the blood sampling (winecember — February, spring: March —
May: summer: June — August; autumn: September -ehber). Use of lipid-lowering
medication was determined from the medication itwegn
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Statistical analyses

In the NEO study, individuals with a BMI of 27 kgfror higher were oversampled. To
correctly represent associations for the genenalifadion (22), adjustments for the
oversampling of participants with a BMI27 kg/nf were made. This was done by weighting
all participants towards the BMI distribution ofrpaipants from the Leiderdorp municipality
(23), whose BMI distribution was similar to the BMliktribution of the general Dutch
population (18). All results in NEO were based aighted analyses. Consequently, the
results apply to a population-based study withaersampling of individuals with a BMR7
kg/m?. As a result of the weighting procedure, the nursloé participants per group in NEO
are presented as percentages.

All analyses in the OBB and NEO were performed gi S ATA version 12.1 (StataCorp
LP, TX, US).Characteristics of the OBB and NEO study populaieeparately were
expressed as (weighted) mean (with standard dewig&D], (weighted) median (inter
guartile range [IQR]) or (weighted) proportion (%).

As most of the outcome variables were not normdiiyributed, we log-transformed
all outcome variables to be able to better comfgsreffect sizes of the different study
outcomes. Associations of mean bright sunlighttengperature with measures of insulin
resistance and dyslipidemia were examined usingivatibble linear regression analyses
separately for the OBB and NEO study populatiossintates retrieved from the analyses in
the OBB and NEO study populations were subsequemtha-analyzed using inverse-
variance weighting using the rmeta statistical pgekin R. Beta estimates from the separate
results and results from the meta-analyses wetetbansformed and were expressed as the
percentage difference in outcome variable perionrease in outdoor temperature or bright
sunlight (95% confidence interval (95%Cl)). Modelas adjusted for age, sex and
percentage body fat. Model 2 was additionally ajdisor season. Model 3 was additionally
adjusted either for the mean temperature or mearshad bright sunlight. In sensitivity
analyses on blood lipid levels, we further adjustedise of lipid-lowering medication. We
additionally adjusted all associations for BMI mathhan for percentage body fat.
Furthermore, we repeated the analyses using a tegguerature/bright sunlight exposure
over 30 days as exposure. For presentation purpesesnalyzed the data per 5 degrees
Celsius increase in temperature and per hour isergasunlight exposure.

Results

Characteristics of the study populations

The total study population (N = 10,226) compriséd,827 individuals from the OBB and
5,899 individuals from the NEO studydble 1). Participants from the OBB were younger
(mean age 41.4 versus 55.6 years) and had higrer pegcentage body fat (42.1 versus
31.5%) compared with participants from the NEO gtidedian insulin concentrations (11.5
versus 7.5 mlU/L), median HOMA-IR values (2.6 vexdu8) and median HOMA-B values
(106 versus 87), were higher in the OBB than inNE® cohort whilst use of lipid-lowering
medication was higher in NEO (8.2 versus 0.7%). Meatdoor temperature was similar in
the two geographic regions, although the medianbauraf hours of bright sunlight duration
was lower in Oxfordshire than in the Leiden arearduthe study period (3.8 versus 5.0
hours).

Temperature and bright sunlight during a represmet8-months period for Oxfordshire
and Leiden are presentedSapplementary Figure 1 (24). Whilst bright sunlight duration
fluctuated markedly on a day-to-day basis variatianation in temperature was less
pronounced. As expected, a higher number of hdussight sunlight was associated with a
higher outdoor temperature (1.30 degrees Celsiu$ pgtra hour of bright sunlight [95%CI:
1.25, 1.35] in Oxfordshire and 0.96 per 1 extrarhadbright sunlight [95%CI: 0.91, 1.01] in
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Leiden). Independent of season, outdoor brightighinvas associated with a lower BMI in
the OBB cohort (-0.09 kg/frper 1 hour [95%Cl: -0.16, -0.02]) and a higher BMthe NEO
cohort (0.06 kg/mper 1 hour [95%CI: 0.00, 0.12]). No associatiotwisen duration of bright
sunlight and percentage total body fat was observeither cohort. Independent of season, a
higher outdoor temperature was associated withwarl@MI in both the OBB cohort (-0.19
kg/n'? per 5 degrees Celsius [95%CI: -0.43, 0.05]) aed\EO cohort (-0.44 kg/frper 5
degrees Celsius [95%CI: -0.62, -0.25]). Directiynalmilar associations were observed for
percentage total body fat in both populations.

Outdoor temperatureand glucose and lipid metabolism
Cohort-specific results for associations betweedaar temperature and measures of glucose
and lipid metabolism are presentedliable 2. After adjustment for age, sex, and percentage
body fat, higher mean outdoor temperature duriegrtidays prior to the center visit was
associated with lower HOMA-IR (-1.42% per 5 degr€essius increase in mean outdoor
temperature [95%CI: -2.86, -0.01]) in the OBB. Tassociation became stronger after
additional adjustment for season (-3.11% [95%CI45-0.54]) and was primarily driven by
lower glucose levels at higher mean outdoor tenipega (-0.51% [95%CI -0.92, -0.09]).
However, both associations attenuated towardsuhafter additional adjustment for mean
bright sunlight. In the NEO cohort, no associatibetveen mean outdoor temperature and
glucose or lipid metabolism were detected in anthefmodels studied.

In the meta-analysis, only the association betwasean outdoor temperature and HOMA-
IR persisted after adjustment for age, sex, peagenbody fat and season (-2.15% [95%ClI. -
4.16, -0.18];Supplementary Table 1) (24). Additional adjustment for mean daily hoofs
outdoor bright sunlight attenuated this associaitr04% [95%CI: -3.22, 1.10]). Results
were not materially different when we adjusted aggmns for BMI rather than percentage
body fat. When taking into account the mean outdemperature during the 30 days prior to
the center visit in the basic mod&upplementary Table 2) (24), the association with
HOMA-IR became stronger (-1.22% [95%CI: -2.44, 4J)0ONo associations between mean
outdoor temperature and glucose or lipid levelsewdgtected although, as highlighted in the
preceding paragraph, we observed heterogeneityeleatihe two cohorts.

Bright sunlight and glucose and lipid metabolism

Cohort-specific results on the associations betviseigyint sunlight hours and measures of
glucose and lipid metabolism are presentetidhle 3. In the OBB, after adjustment for age,
sex, and percentage body fat, longer mean brighiigbu duration was associated with lower
HOMA-IR (-1.05% [95%CI: -1.65, -0.45]) and lower HA-B (-0.54% [95%CI: -0.89, -
0.19]). Both these associations were driven by tdasting insulin levels (-0.92% per hour
increase in bright sunlight [95%CI: -1.48, -0.3B]the presence of prolonged sunshine.
Longer mean bright sunlight hours were additionaigociated with lower LDL-cholesterol (-
0.36% [95%CI: -0.66, -0.07]), and lower triglycezitbvels (-0.57% [95%CI: -1.12, -0.03]).
With the exception of LDL-cholesterol, all assomat persisted and indeed became stronger
after adjustment for season and mean outdoor textyser No association between outdoor
bright sunlight hours and glucose concentration getscted. In the NEO cohort, associations
between bright sunlight hours and glucose and tiaids were in the same direction as those
observed in the OBB but with smaller effect sizes.

In the meta-analysisSgpplementary Table 3) results did not materially differ from the
data presented for the OBB cohort (24). This was ale after we adjusted our data for BMI
rather than percentage body fat (data not showmhen we additionally adjusted the
associations between bright sunlight duration gvid levels for use of lipid-lowering
medication. Specifically after meta-analyses, #®iits become somewhat weaker
considering a 30-days period to calculate the niams of bright sunlightSupplementary
Table 4) (24).
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Discussion

In the present study, we examined the associatibostdoor temperature and bright sunlight
with measures of glucose and lipid metabolism. g$mo independent study populations
with a combined sample size of more than 10,000diabetic subjects of European descent,
we detected little evidence for associations betwaean outdoor temperature and glucose or
lipid traits. In contrast, we found that bright #ght was associated with a ‘healthier’
metabolic profile conditional on season and meadanr temperature. These associations
between bright sunlight duration and measuresuwafagle and lipid metabolism were
generally stronger in the OBB than in NEO. This rhaye been due to differences in body
composition and/or metabolic profile between the twhorts. Nevertheless, our study is the
first to suggest that regular exposure to brigidight could improve glucose and lipid
metabolism, thereby decreasing the lifetime risdefeloping cardiometabolic disease.
Previous studies have suggested a link betweeerloutdoor temperature and
reduced T2D risk with thermogenesis in muscle awavh adipose tissue as potential
mediators (7,8). When taking into account the nmatdoor temperature in the 30 days prior
to the center visit we found that, in non-diabstibjects, a higher mean outdoor temperature
was associated with lower HOMA-IR. We suspect that might be primarily related to
increased physical activity and/or altered habitoal intake when the outdoor temperature
starts to increase as evidenced by the associattioigher outdoor temperature with lower
BMI in both cohorts, although we were not ableetst this hypothesis. At least from the
perspective in which cold acclimatization promdtesthermogenic activity of brown adipose
tissue (25-27), this was an unexpected result. &vetltink of several reasons for the lack of
expected associations. First, our study populatansprised primarily of middle-aged
overweight subjects. Both age and BMI are knowbedanversely associated with the amount
and activity of brown adipose tissue as measuretidyptake of fF]fluorodeoxyglucose
(25). We note, however, that older and heavieresiibjmay benefit most from strategies that
promote brown fat activation and are thereforenapartant population to study. Secondly,
the impact of mean outdoor temperature on cardiabo#it outcomes could have been
diluted due to controlled in-door climate and ciothhabits. To further dissect the roles of
outdoor temperature and bright sunlight on systematabolism whilst simultaneously
accounting for physical activity larger studiesiwihore dense phenotyping are required.

To the best of our knowledge, this is the first lmnpopulation study to show a positive
association between hours of ambient bright suhhgld metabolic health. We acknowledge
that we have no data available as to whether theipating individuals in our study were
actually exposed to more sunlight during days witite sunshine. Nonetheless, such effects
would dilute the exposure variables and hencertleedffect of bright sunlight on measures of
glucose and lipid metabolism may actually be latban observed here. One candidate
mechanism via which bright sunlight exposure magrione insulin sensitivity and lipid
metabolism is through enhanced vitamin D generdtidi). However, this is unlikely due to
the lack of a causal association between vitaman® T2D (28). A more conceivable
biological mechanism, in addition to light-assoeththanges in diet and/or lifestyle, is the
involvement of melatonin signaling; with nocturma¢latonin concentrations increasing with
prolonged exposure to bright light (12). In tumgrieased nocturnal melatonin levels may lead
to reduced insulin secretion, as has been demtestirarodent studies (13). Interestingly, a
role for melatonin in glucose metabolism has aklserbdemonstrated by genetic association
studies; common genetic variationNtTNR1B, which encodes one of the melatonin
receptors, was associated with fasting glucosddeared T2D risk (29) and rare partial- and
total loss-of-functiofMTNR1B variants were associated with increased T2D 86k.(
Furthermore, clinical trials have revealed thaatimgent with melatonin improves blood
pressure and lipid metabolism in subjects withrtfegabolic syndrome (31). Based on these
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findings and our own data, we postulate that brgimiight exposure might be of benefit to
individuals with an unhealthy cardiometabolic rmkfile through activation of melatonin
signaling. Indeed, an ongoing clinical trial is @mntly assessing the role of light therapy in
improving insulin sensitivity in patients with deggision and T2D (32). Further results from
such studies are necessary to determine the dlnelesvance of our findings and to test our
hypothesis that altered melatonin signaling medittie beneficial effects of bright sunlight
exposure on systemic metabolism.

The present study has a number of strengths aniiéiions. The study made use of
data collected from 2 independent cohorts withralwoed sample size of more than 10,000
participants. Another strength of our study was bwih the OBB and NEO participants were
residing in relatively small geographic areas, leawe were able to accurately couple data
from local weather stations with anthropometric armthemical data collected during the
center visits. Limitations include that, effectesavere small, and whilst generally
unidirectional in the two study populations, asations were generally stronger in OBB than
in NEO. This is likely due to differences in popiida characteristics as discussed above (see
alsoTable 1). Due to this inherent heterogeneity in cohortrabteristics, the results of the
meta-analyses should be interpreted with cautioverGthat all outcome variables, especially
those related to glucose metabolism, are highriatated we did not correct our data for
multiple testing. Notwithstanding, associationsasn bright sunlight duration and
metabolic measures within the OBB were robust andtiwould have survived multiple
testing correction. Finally, we were unable to exenthe potential contribution of lifestyle
factors such as habitual food intake, sleep pattenmd physical activity to the observed
associations. However, none of these factors dantadur exposures i.e. outdoor temperature
and bright sunlight duration. Hence, instead oingcas confounders these factors are more
likely to act as mediators and could potentiallplex the biological mechanisms behind our
observations.

In summary, in this large study we have found evigeof an association between bright
sunlight, but not outdoor temperature, and a hiealthetabolic profile. Although all
associations had a similar direction of effectathbof our study cohorts, positive findings
were predominantly observed in the OBB populataorg only to a lesser extent in the NEO
cohort. In addition, causality as well as the pt&nlirect effects of sunlight on a healthier
metabolic profile remain to be investigated.
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Table 1. Characteristics of the study populations

OBB (N =4,327) NEO (N =5,899)
Age in years, mean (SD) 41.4 (5.9) 55.6 (6.0)
Men, % 43.2 42.8
Body mass index in kg/mmean (SD) 25.9 (4.7) 26.1 (4.3)
Percentage body fat, mean (SD) 42.1 (12.0) 31.5(8.6)
Glucose in mmol/L, mean (SD) 5.2 (0.5) 5.3 (0.5)
Insulin in mIU/L, median (IQR) 11.5(8.7,15.2) 7.5 (5.1,11.3)
HOMA-IR, median (IQR) 2.6 (1.9, 3.6) 1.8 (1.2,2.7)
HOMA-B, median (IQR) 106 (89, 126) 87 (61, 126)
LDL-cholesterol in mmol/L, mean (SD) 3.2(1.2) 3.6 (1.0)
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HDL-cholesterol in mmol/L, mean (SD) 1.4 (0.4) 1.6 (0.5)
Triglycerides in mmol/L, median (IQR) 0.9 (0.7,1.3) 1.0 (0.7;1.5)
Use of lipid-lowering medication, % 0.7 8.2
Winter, % 245 24.0
Spring, % 25.0 26.5
Summer, % 23.1 24.3
Autumn, % 27.4 25.3
Outdoor temperature (7 days) in °C, mean (SD) 1B ( 10.5 (5.6)
Outdoor bright sunlight in hours (7 days), medi&pR) 3.8(2.4,5.9) 5.0 (2.7, 7.0)

Results of the NEO study population are weighted towardbddy mass distribution of the general population.
Abbreviations: HOMA-B, homeostatic model assessmandta cell function; HOMA-IR, homeostatic model
assessment for insulin resistance; IQR, interquagilge; NEO, Netherlands Epidemiology of Obesity; N,
number of participants; OBB, Oxford Biobank; SD, standard dewviat

Table 2: Association between outdoor temperature and messiirglucose and lipid
metabolism in the OBB and NEO study populations

Model 1 Model 2 Model 3

Glucose metabolism

Glucose, %, OBB -0.06 (-0.29, 0.17) -0.51 (-0:8209) -0.38 (-0.85, 0.09)
Glucose, %, NEO 0.22 (-0.09, 0.52) 0.19 (-0.383p. 0.23 (-0.33, 0.78)
Insulin, %, OBB -1.10 (-2.44, 0.22) -2.22 (-4.6717) -0.79 (-3.50, 1.84)
Insulin, %, NEO -0.37 (-2.21, 1.44) -0.94 (-3.89)5) -0.69 (-3.70, 2.41)
HOMA-IR, %, OBB -1.42 (-2.86, -0.01) -3.11 (-5.78,54) -1.47 (-4.38, 1.36)
HOMA-IR, %, NEO -0.15 (-2.08, 1.82) -0.75 (-3.7534) -0.46 (-3.81, 2.76)
HOMA-B, %, OBB -0.65 (-1.48, 0.18) -0.53 (-2.0496) 0.19 (-1.49, 1.83)
HOMA-B, %, NEO -0.85 (-2.56, 0.82) -1.47 (-4.55%2) -1.25 (-4.49, 1.88)
Lipid metabolism

LDL-cholesterol, %, OBB -0.20 (-0.91, 0.50) -038.61, 0.93) -0.08 (-1.49, 1.32)
LDL-cholesterol, %, NEO 0.00 (-0.86, 0.84) 1.26.26, 2.76) 1.46 (-0.14, 3.04)
HDL-cholesterol, %, OBB -0.19 (-0.92, 0.53) -0(58.91, 0.71) -0.56 (-2.04, 0.90)
HDL-cholesterol, %, NEO -0.76 (-1.55, 0.03) -0(&2.20, 0.56) -0.83 (-2.28, 0.60)
Triglycerides, %, OBB 0.08 (-1.21, 1.35) -2.02.40, 0.31) -0.31 (-2.93, 2.25)
Triglycerides, %, NEO -0.37 (-1.97, 1.21) -0.25.17, 2.59) 0.38 (-2.58, 3.27)

Presented associations are from the OBB (N = 4,327) andst\lEIY (N = 5,899) populations. Results from the
Netherlands Epidemiology of Obesity Study are weighted toteabddy mass index distribution of the general
population. Associations are presented as the percentagenliein the outcome measure per 5 degrees Celsius
increased outdoor temperature during the 7 days beforenter eesit (95% confidence interval). Model 1,
analyses adjusted for age, sex and percentage of bodjd@del 2, analyses adjusted for age, sex, percentage of
body fat, and season. Model 3, analyses adjusted fosexgjepercentage body fat, season, outdoor bright
sunlight. Abbreviations: HDL, high-density lipoprotein; HOMA-Bomeostatic model assessment for beta cell
function; HOMA-IR, homeostatic model assessment fanlingesistance; LDL, low-density lipoprotein, NEO,
Netherlands Epidemiology of Obesity; OBB, Oxford Biobank.
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Table 3: Association between outdoor bright sunlight ancdsoees of glucose and lipid
metabolism in the OBB and NEO study populations

Model 1 Model 2 Model 3
Glucose metabolism
Glucose, %, OBB -0.05 (-0.15, 0.05) -0.08 (-0204) -0.03 (-0.17, 0.11)
Glucose, %, NEO -0.02 (-0.14, 0.10) -0.04 (-02@3) -0.05 (-0.22, 0.12)

Insulin, %, OBB

-0.92 (-1.48, -0.36)

-1.37 (-2.60,65)

-1.27 (-2.09, -0.47)

Insulin, %, NEO

0.21 (-0.47, 0.88)

-0.40 (-1.3F5)

-0.36 (-1.38, 0.65)

HOMA-IR, %, OBB

-1.05 (-1.65, -0.45)

-1.54 (-2.39,77)

-1.36 (-2.23, -0.50)

HOMA-IR, %, NEO

0.19 (-0.53, 0.90)

-0.44 (-1.4758)

-0.41 (-1.50, 0.67)

HOMA-B, %, OBB

-0.54 (-0.89, -0.19)

-0.78 (-1.2338)

-0.80 (-1.31, -0.30)

= HOMA-B, %, NEO 0.27 (-0.40, 0.93) -0.39 (-1.30,9.5 -0.31 (-1.26, 0.64)

g g Lipid metabolism

% % LDL-cholesterol, %, OBB -0.36 (-0.66, -0.07) -0(0.57, 0.19) -0.16 (-0.58, 0.27)

§§ LDL-cholesterol, %, NEO -0.09 (-0.44, 0.25) -0(19.64, 0.26) -0.28 (-0.76, 0.19)

% g HDL-cholesterol, %, OBB -0.25 (-0.56, 0.06) 0.60.39, 0.39) -0.01 (-0.45, 0.43)

5 § HDL-cholesterol, %, NEO -0.10 (-0.41, 0.21) -0(63.43, 0.37) 0.02 (-0.39, 0.44)

F Triglycerides, %, OBB -0.57 (-1.12, -0.03) -1(3B.07, -0.66) -1.28 (-2.07, -0.50)
Triglycerides, %, NEO -0.97 (-1.62, -0.32) -0(88.75, -0.03) -0.91 (-1.80, -0.03)

Presented associations are from the OBB (N = 4,327) ardBERestudy (N = 5,899) populations. Results from
the Netherlands Epidemiology of Obesity Study are weigledrd to body mass index distribution of the
general population. Associations are presented as tberiage difference in the outcome measure per hour
increase in bright sunlight during the 7 days before the ceisie(36% confidence interval). Model 1, analyses
adjusted for age, sex and percentage of body fat. Model ¥sasadjusted for age, sex, percentage body fat,
and season. Model 3, analyses adjusted for age, sex, pge@ftody fat, season, outdoor temperature.
Abbreviations: HDL, high-density lipoprotein; HOMA-B, homeatit model assessment for beta cell function;
HOMA-IR, homeostatic model assessment for insulin rascs; LDL, low-density lipoprotein; NEO,
Netherlands Epidemiology of Obesity; OBB, Oxford Biobank.
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