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Abstract

Background: Low vitamin D status may be pronounced in Arctic populations due

to limited sun exposure and decreasing intake of traditional food.

Objective: To investigate serum 25(OH)D3 as a measure of vitamin D status

among adult Inuit in Greenland, predictors of low serum 25(OH)D3 concentrations

and the trend from 1987 to 2005–2010.

Design: A total of 2877 randomly selected Inuit (>18 years) from the Inuit Health in

Transition study were included. A sub-sample (n5330) donated a blood sample in

1987 which allowed assessment of time trends in vitamin D status.

Results: The geometric mean serum 25(OH)D3 (25[OH]D2 concentrations were

negligible and not reported) in 2005–2010 was lowest among the 18–29 year old

individuals (30.7 nmol/L; 95% CI: 29.7; 31.7) and increased with age. In all age-

groups it decreased from 1987 to 2005–2010 (32%–58%). Low 25(OH)D3

concentrations (,50 nmol/L) were present in 77% of the 18–29 year old and

decreased with age. A characteristic seasonal variation in 25(OH)D3

concentrations was observed (range 33.2–57.1 nmol/L, p,0.001), with the highest

concentrations in August to October. Age (2.0% per year increase; CI: 1.7, 2.2),

female gender (7.1%; CI: 2.0; 12.5), alcohol intake (0.2% per increase in drinks/

week; 0.0; 0.4), and traditional diet (10.0% per 100 g/d increase; CI: 7.9; 12.1) were

associated with increased serum 25(OH)D3, whereas smoking (211.6%; CI:

216.2; 26.9), BMI (20.6%; CI: 21.1; 20.2) and latitude (20.7% per degree

increase; CI: 21.3; 20.2) were associated with decreased concentrations.
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Conclusion: We identified a remarkable decrease in vitamin D status from 1987 to

2005–2010 and a presently low vitamin D status among Inuit in Greenland. A

change away from a traditional diet may well explain the observed decline. The

study argues for the need of increased dietary intake of vitamin D and

supplementation might be considered.

Introduction

The Inuit population in Greenland has been exposed to an extensive nutrition-

and health transition during the past 50–60 years [1, 2]. The traditional diet

containing fish, sea mammals, local plants and berries, has to a large extent been

substituted by imported meat, sweets, chips, cakes and soft drinks. Furthermore, a

physically active lifestyle characterized by fishing and hunting has changed to a

more sedentary way of living [3]. This has been accompanied by an increased

body weight and prevalence of type 2 diabetes mellitus [4, 5] and possibly

cardiovascular diseases [6].

Worldwide, epidemiological evidence suggest an association between low

vitamin D status and metabolic and cardiovascular disorders, as well as infectious

and inflammatory diseases [7–12], indicating a potential important role of

vitamin D in human health. Populations in the Arctic are subject to low vitamin D

synthesis in the skin due to the extended periods of darkness, and during summer

season due to high solar zenith angle [13] and continued need for outdoor

clothing [14]. Furthermore, the Inuit skin pigmentation may reduce vitamin D

synthesis. Formerly, vitamin D intake through the traditional diet probably

partially compensated for the poor skin synthesis. The traditional dietary sources

of vitamin D are mainly fatty fish and products from seal and whale [15, 16].

Imported foods such as eggs and high-fat dairy products contain only little

vitamin D, unlikely to cover the biological requirements. Thus, individuals living

in the Arctic and relying on a western diet appear to be at particularly high risk of

low vitamin D status.

So far only three small studies have reported on vitamin D concentrations in a

Greenlandic population. These have either dealt with a specific geographic area of

Greenland [14, 17, 18] or described associations with a health outcome [11]. We

aimed to examine the vitamin D status in a large and representative sample of the

adult Inuit population from all geographical areas in Greenland recruited in the

period 2005–2010. Furthermore, to evaluate the hypothesis that vitamin D status

has decreased during the last few decades, we examined vitamin D concentrations

in a subsample of this population, from whom a blood sample was available from

1987, and estimated the change in vitamin D status from 1987 to 2005–2010. A

secondary aim was to identify predictors of vitamin D status among Inuit in

Greenland.
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Subjects And Methods

Study participants and design

Greenland is the world’s largest island (2,175,600 km2) of which 85% is covered

by an ice cap and only a narrow coastal strip is inhabited. There are 16 towns and

approximately 60 settlements. Approximately 90% of the 57.000 inhabitants are

Inuit, while the remaining are mainly Danes.

Study participants were indigenous Greenlanders (Inuit), based on the primary

language and self-identification, selected as a stratified random sample based on

population lists from the central population register as described elsewhere

[19, 20]. Participants were part of the Inuit Health in Transition (IHIT) study, a

general health study among adults (>18 years) in Greenland established in 2005–

2010 to allow investigations of health and diseases, lifestyle and life conditions

[20]. A total of 3108 adult Inuit (9.1% of the total adult population in 2005)

representing all age groups above 18 years, all geographical areas (latitudes

ranging from 59,98 degrees north to 77,46 degrees north) and all community

sizes, were included. From 2877 (93%), a serum 25-hydroxyvitamin D3

(25(OH)D3) measurement was obtained, and these were included in a cross

sectional study. Among these, 485 individuals had participated in a population-

based serological survey in 1987 carried out to screen for syphilis in western and

southern districts of Greenland [21]. The syphilis screening, and treatment, was

offered to all individuals aged 15–60 years after a rising epidemic in April 1987,

and the 485 individuals represented inhabitants of Aasiaat, Maniitsoq, Qaqortoq,

and Narsaq. From 330 of these, a blood sample was stored and available for

measurement of 25(OH)D3; these samples allowed assessment of time trends in

25(OH)D3 concentrations.

Collection of blood samples and potential confounders

Blood samples from 1987 were drawn during May and June. In the IHIT study,

blood samples and data on potential confounders were collected by expeditions

along the north-west, south and the east coasts of Greenland (Figure 1). Samples

were collected during all months of the year, except for July, November and

December (due to annual leave and inaccessibility) in the period April 2005 to

October 2010. Samples were collected in nine towns and 13 villages.

Information on body mass index (BMI) was generated from data on height and

weight (weight in kg/(height in m)2) obtained from anthropometric measure-

ments, and information on alcohol intake was collected from a self-administered

questionnaire. Data on ethnicity, smoking, residence in a town or a village,

socioeconomic position, use of vitamin supplements and intake of traditional

food were obtained by interview guided questionnaires. Ethnicity (fully or partly

Inuit) was based on the grandparent’s ethnicity. A participant reporting to have

four Inuit grandparents was defined as fully Inuit, whereas a participant reporting

to have 1–3 grandparents of non-Inuit descent was defined as partly Inuit. A semi-

quantitative food frequency questionnaire including 25 traditional and 43
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imported energy-contributing items was used to quantify the food intake.

Reported frequency of intake and estimated portion sizes were used when

calculating intake in grams/day (g/d). For traditional food, seasonal variation was

included in the calculations. Details on collection of dietary data have been

described elsewhere [22]. Socioeconomic position was categorized based on

educational level and occupation. Information on potential confounders beyond

age, gender and latitude was not available from the 1987 sample.

Vitamin D measurements

Blood samples from the IHIT study were drawn by venipuncture after fasting

overnight. Whole blood was allowed to clot and serum was separated by

centrifugation for 10 minutes at 3000 rpm. Samples were stored at 220 C̊ until

transfer to biobank (Steno Diabetes Center, Gentofte, Denmark). Here, the

samples were stored at 280 C̊ until analysis. Blood samples from 1987 were drawn

using the same method. These samples were transferred to Statens Serum Institut

Figure 1. Map of Greenland. The map shows the 9 towns and appurtenant villages where the study
participants were living.

doi:10.1371/journal.pone.0112949.g001

Decrease in Vitamin D Status in Greenland

PLOS ONE | DOI:10.1371/journal.pone.0112949 December 2, 2014 4 / 16



(Copenhagen, Denmark) where they were tested for syphilis and the remaining

serum was stored at 280 C̊ until analysis. IHIT samples were stored for 3–7 years

and the 1987-samples were stored for 26 years before thawed and analyzed for

25(OH)D3 and 25(OH)D2. Analyses were performed by liquid chromatography-

tandem mass spectrometry (LC-MSMS) using the ‘‘MSMS vitamin D’’ kit from

Perkin Elmer (Waltham, MA) as described previously [23]. The method measured

both serum 25(OH)D3 and 25(OH)D2, but since concentrations of 25(OH)D2

were negligible, only 25(OH)D3 was considered in the analyses.

Ethics

At inclusion, IHIT-participants gave their informed written consent to participate

in the health investigation. The present study, including use of the stored samples

from 1987, was reviewed and approved by the Ethical Review Committee for

Greenland. The samples from 1987 stem from a population-based serological

syphilis survey [21] and were stored at Statens Serum Institut (Copenhagen,

Denmark) and The Danish National Biobank (http://www.ssi.dk/English/Service/

AboutSSI/Organization/Organisationchart/Department.aspx?id5e4091b0d-0269-

4445-9fe5-9db500a0483e) from where they were procured. Since all study

participants gave their informed written consent to participate in the IHIT-study

in 2005–2010, the Ethical Review Committee for Greenland waived the need for

consent regarding the samples previously collected from the same individuals in

1987.

Statistical methods

The statistical analyses were performed in STATA 12. The Students’ t-test, one-

way ANOVA, univariate ANOVA and the x2-test were used to test for differences

in geometric means and proportions, as appropriate, and the paired samples t-test

was used to test for differences between baseline and follow-up concentrations.

For descriptive analysis, serum 25(OH)D3 concentrations were categorized as less

than 25 nmol/L, 25–50 nmol/L and 50 nmol/L or more. Ln-transformation of

25(OH)D3 concentrations were used to achieve normal distributions before

entered in linear regression models. Beta-coefficients from linear regression

models were back-transformed and presented as percentage change in serum

25(OH)D3 per defined unit change in continuous explanatory variables, and

percentage difference in geometric mean 25(OH)D3 between a variable category

and the reference group for categorical explanatory variables. Quantitative

variables were handled as continuous variables. Potential confounders were

chosen a priori based on current literature and biological plausibility and entered

group-wise in four linear regression models. Model 1 was adjusted for age, gender,

residence, ethnicity, smoking, alcohol, socioeconomic position, BMI and vitamin

supplementation, and the consecutive models were additionally adjusted for

intake of traditional diet (model 2), season (model 3) and latitude (model 4). Full

case analyses were used. Test for interaction between season and latitude was
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performed. Only Greenlanders reporting a realistic energy intake in relation to

estimates of resting metabolic rate were included in analyses of diet. Thus, based

on cut-offs previously defined [24], males who reported an energy intake lower

than 3350 kJ/d or higher than 17000 kJ/d, and females reporting an energy intake

lower than 2100 kJ/d or higher than 15000 kJ/d were excluded in the linear

regression models.

Results

Of the 2877 participants in the IHIT study and the 330 individuals in the 1987-

sample with a serum 25(OH)D3 measurement, 1764 and 306 had complete data

on all potential predictors. The mean age of the 1987-sample and the IHIT-sample

(2005–2010) was 31.9 years (range 14–62 years) and 44.3 years (range 18–95

years), respectively. The geometric mean serum 25(OH)D3 was 55.8 nmol/L (95%

confidence interval [CI]: 53.8; 57.9) in the 1987-sample and 43.4 nmol/L (95% CI:

41.8; 45.7) in the IHIT-sample. In the 1987-sample females tended to have lower

serum 25(OH)D3 than males (52.8 nmol/L and 60.5 nmol/L, respectively,

p50.050, t-test), whereas no gender difference was observed in the IHIT-sample

(44.5 and 43.2 nmol/L, respectively, p50.212, t-test). Serum 25(OH)D3 increased

with age in males and females in both periods and was higher in all categories of

age and gender in 1987 compared to 2005–2010. Table 1 gives the age and

gender-specific geometric mean serum 25(OH)D3 concentrations in the two

periods 1987 and 2005–2010 and shows the percentage-wise decrease in serum

25(OH)D3 from 1987 to 2005–2010 in the season-matched samples.

We also evaluated the development in serum 25(OH)D3 concentration within

the cohort of individuals with two measurements of serum 25(OH)D3, and the

association between baseline 25(OH)D3 and the follow-up concentration.

Figure 2A gives the baseline and follow-up 25(OH)D3 concentrations and shows

a small and insignificant change from 1987 to 2005–2010 observed within the

cohort of participants with season-matched baseline and follow-up measure-

ments. The geometric mean serum 25(OH)D3 concentration at follow-up was

positively associated with the baseline serum 25(OH)D3 concentrations

(p,0.001). The geometric mean concentrations at follow-up after adjustment for

age, gender, latitude and month of follow-up sampling are shown in Figure 2B.

Among the IHIT participants, the overall geometric mean serum 25(OH)D3

was lowest (30.7 nmol/L; CI: 29.7; 31.7) in the youngest age group (18–29 years),

and, correspondingly, the prevalence of concentrations of 25–50 nmol/L (39%)

and less than 25 nmol/L (37%) was highest in this group, whereas concentrations

above 50 nmol/L were most prevalent at ages 50 years or more. Table 2 gives the

age and gender specific geometric mean serum 25(OH)D3 concentrations and the

prevalence of concentrations above 50 nmol/L, 25–50 nmol/L and less than

25 nmol/L. A similar pattern was observed in the sample from 1987, although the

prevalence of concentrations less than 25 nmol/L was approximately one third of

what was found in the IHIT sample (14% for males and 12% for females) in the
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youngest age-group, and concentrations above 50 nmol/L were measured in 100%

of the males and 86% of the females aged 50 years or more (data shown in Table

S1).

Table 1. Serum 25(OH)D3 (nmol/L) among 306 individuals examined in May-June 1987 and 745 individuals examined in May-June 2005–2010 by gender
and age groupsa.

1987 2005-2010 1987 to 2005–2010

n Serum 25(OH)D3 (nmol/L) P-valueb n Serum 25(OH)D3 (nmol/L) P-valueb Decrease

Males

Age (years) ,0.001 ,0.001

18–29 50 47.8 (46.6; 49.0) 44 29.1 (27.9; 30.3) 39%

30–49 65 72.9 (71.8; 74.0) 124 34.4 (33.3; 35.5) 53%

50–69 10 116.8 (115.4; 118.2) 96 49.5 (48.4; 50.6) 58%

70+ 0 - 24 49.3 (48.1; 50.5) -

Females

Age (years) ,0.001 ,0.001

18–29 84 44.2 (43.0; 45.3) 76 29.4 (28.3; 30.5) 33%

30–49 83 68.5 (67.4; 69.6) 238 32.6 (31.5; 33.7) 52%

50–69 14 73.4 (72.3; 74.5) 110 50.0 (48.9; 51.1) 32%

70+ 0 - 33 48.6 (47.4; 49.8) -

aData are geometric mean (95% confidence interval) adjusted for latitude.
bP values were calculated by using univariate ANOVA for measure of differences between groups.

doi:10.1371/journal.pone.0112949.t001

Figure 2. Baseline and follow-up concentrations of vitamin D. (A) Geometric mean serum 25(OH)D3 concentration among 138 individuals with a
baseline (1987) and a follow-up (2005–2010) measurement in May-June 1987 and in May-June 2005–2010, respectively, by age group, and (B) geometric
mean serum follow-up 25(OH)D3 concentration with 95% confidence interval by baseline concentration (deficiency: ,25 nmol/L; insufficiency: 25–50;
sufficiency:.50 nmol/L) after adjustment for age, gender, latitude and month of follow-up sampling among 309 individuals.

doi:10.1371/journal.pone.0112949.g002
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A characteristic seasonal variation in the prevalence of 25(OH)D3 concentra-

tions less than 50 nmol/L and less than 25 nmol/L was observed (Figure 3A). The

highest prevalences of concentrations less than 50 nmol/L and 25 nmol/L

appeared in February to April and the lowest in August to September. There was a

similar seasonal variation in serum 25(OH)D3 after adjustment for age, gender,

and intake of traditional food (Figure 3B). Geometric mean serum 25(OH)D3

concentrations varied significantly (range 33.2–57.1 nmol/L, p,0.001) over the

nine months, with the highest concentrations in the summer and autumn.

As presented in Table 3, autumn season was a strong predictor of high serum

25(OH)D3 concentrations (47.1%; 95% CI: 35.8; 59.2; winter was reference),

whereas increasing latitude predicted decreasing concentrations (20.7%; 95% CI:

21.3; 20.2). There was no interaction between season and latitude. Age (2.0%;

95% CI: 1.7; 2.2), female gender (7.1%; 95% CI: 2.0; 12.5), smoking (211.6%;

95% CI: 216.2; 26.9), alcohol (0.2%; 95% CI: 0.0; 0.4), BMI (20.6; 95% CI:

21.1; 20.2), supplementation with vitamin D or multivitamins (12.0%; 95% CI:

4.2; 20.4), and intake of traditional food (10.0%; 95% CI: 7.9; 12.1) were

associated with serum 25(OH)D3 after full adjustment. Residence in a village

versus a town appeared to be associated with higher serum 25(OH)D3, but the

association was attenuated and became insignificant after adjustment for

traditional food, season and latitude. Likewise, the association between socio-

economic position and serum 25(OH)D3 disappeared after adjustment for

traditional food, season and latitude. In general, adjustment for latitude only had

small effects on the estimates.

Table 2. Serum 25(OH)D3 (nmol/L) and prevalence of concentrations above 50 nmol/L, 25–50 nmol/L and less than 25 nmol/L among 2877 individuals
included in the IHIT-study, 2005–2010, by gender and age groups.

n Serum 25(OH)D3 (nmol/L)a P-valuec .50 nmol/Lb 25–50 nmol/Lb ,25 nmol/Lb P-valuec

Males

Age (years) ,0.001 ,0.001

18–29 221 28.5 (27.4; 29.6) 23 34 43

30–49 572 42.2 (41.2; 43.3) 41 40 19

50–69 391 58.3 (57.2; 59.4) 68 27 6

70+ 72 59.7 (58.6; 60.8) 72 22 6

Females

Age (years) ,0.001 ,0.001

18–29 314 32.3 (31.2; 33.4) 25 42 33

30–49 791 39.4 (38.4; 40.4) 35 44 21

50–69 422 59.7 (58.7; 60.8) 70 26 4

70+ 94 57.7 (56.6; 58.8) 66 27 7

aData are geometric mean (95% confidence interval).
b% of participants with serum 25(OH)D3 concentration within cutoff.
cP values were calculated by using univariate ANOVA and chi-square test for measure of differences between groups.

doi:10.1371/journal.pone.0112949.t002
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Discussion

Our study showed a marked decline in serum vitamin D status among Inuit in

Greenland from 1987 to 2005–2010 in all age groups. The prevalence of serum

25(OH)D3 concentrations of 50 nmol/L or less was highest in the youngest age

groups in 2005–2010, and considerably higher than in 1987. This finding could

very well be a consequence of the fact that intake of the traditional vitamin D rich

diet to a large extent has been substituted by imported foods [25], and it could be

speculated that increased time spent on sedentary activities [3] is correlated with a

decrease in time spent on outdoor activities. Intake of traditional food in

Greenland is highest among the oldest age groups (data shown in Table S2) and

the increase in serum 25(OH)D3 with age could suggest a significant dietary

contribution to the vitamin D status compensating for the age-dependent

impaired capability of dermal production, which in western populations results in

decreasing vitamin D with increasing age [26, 27]. This is supported by the almost

unchanged 25(OH)D3 concentrations from baseline (1987) to follow-up (2005–

2010) observed among the cohort participants with two season-matched

measurements, where at least in the oldest age group, a more profound decline

would be expected over the 18–23 years. However, age was positively associated

with 25(OH)D3 status even after adjusting for traditional food intake, indicating

that other factors, possibly time spent outdoors, may play a crucial role.

Accordingly, higher 25(OH)D3 concentration among females may be associated

with intentional higher sun exposure as compared with males.

Our study could not show a cohort effect on 25(OH)D3 status but a strong

period effect was observed. This may indicate that lifestyle changes mainly have

Figure 3. Seasonal variation in vitamin D. (A) Seasonal variation in vitamin D insufficiency (,50 nmol/L) and deficiency (,25 nmol/L) measured as serum
25(OH)D3 among 2854 adults included in the IHITstudy, 2005–2010, and (B) geometric mean serum 25(OH)D3 concentration (nmol/L) with 95% confidence
interval by month after adjustment for age, gender and intake of traditional food among 2482 adults included in the IHIT study, 2005–2010.

doi:10.1371/journal.pone.0112949.g003
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Table 3. Predictors of serum 25(OH)D3 (nmol/L) expressed as percentage change per defined unit change in the explanatory variablea.

Model 1 Model 2 Model 3 Model 4

Adjusted for age, gender,
residence, ethnicity, smoking,
alcohol, socioeconomic position,
BMI and supplementation

Additionally adjusted for
traditional food

Additionally adjusted for
season

Additionally adjusted
for latitude

(n51817) (n5 1779) (n51764) (n51764)

% (95% CI) P value % (95% CI) P value % (95% CI) P value % (95% CI)
P
value

Age (per year) 2.7 (1.9; 2.3) ,0.001 1.9 (1.7; 2.1) ,0.001 2.0 (1.7; 2.2) ,0.001 2.0
(1.7; 2.2)

,0.001

Gender 0.100 0.004 0.010 0.006

Male ref ref ref ref

Female 4.4 (20.8; 10.0) 7.8 (2.4; 13.4) 6.6 (1.5; 12.0) 7.1
(2.0; 12.5)

Residence ,0.001 ,0.001 1.110 0.161

Town ref ref ref ref

Village 50.9 (41.7; 60.8) 35.3 (26.8; 44.3) 6.1 (21.3; 14.2) 5.4
(22.7;
13.3)

Ethnicityb 0.316 0.138 0.289 0.386

Partly Inuit ref ref ref ref

Fully Inuit 23.4 (29.8; 3.4) 25.0 (211.2; 1.7) 23.4 (29.5; 3.0) 22.8
(29.0; 3.7)

Smoking ,0.001 ,0.001 ,0.001 ,0.001

No ref ref ref ref

Yes 211.0 (215.5; 25.5) 210.5 (215.3;
25.4)

212.0
(216.2; 26.9)

211.6
(216.2;
26.9)

Alcohol
(per drinks/week)

0.3 (0.1; 0.5) 0.001 0.3 (0.1; 0.5) 0.004 0.2 (0.0; 0.4) 0.022 0.2 (0.0;
0.4)

0.038

Socioeconomic
position

0.008 0.220 0.056 0.057

Highc ref ref ref ref

Skilled 21.0 (29.0; 7.6) 20.7 (28.5; 7.8) 22.6
(210.0; 5.4)

22.2
(29.6; 5.9)

Unskilled 1.39 (26.5; 9.9) 0.5 (27.2; 7.8) 0.5 (27.0; 8.5) 1.6
(25.9; 9.8)

Hunters/fishermen 16.9 (3.7; 32.0) 8.0 (24.1; 21.7) 11.2 (20.9; 24.7) 12.3 (0.1;
9; 25.9)

Unemploidd 9.3 (20.3; 19.0) 6.7 (21.9; 16.1) 6.3 (22.5; 15.3) 6.7 (21.6;
15.7)

BMI (per kg/m2) 20.6 (21.1; 20.1) 0.019 20.7 (21.2; 20.2) 0.009 20.7 (21.1; 20.2) 0.008 20.6
(21.1;
20.2)

0.009

Supplementatione 0.033 0.017 0.002 0.002

No ref ref ref ref

yes 8.7 (0.7; 17.3) 9.6 (1.6; 18.2) 12.3 (4.5; 20.7) 12.0
(4.2; 20.4)

Traditional food
intake (per 100 g/d)f

- - 11.6 (9.5; 13.8) ,0.001 9.6 (7.6; 11.6) ,0.001 10.0
(7.9; 12.1)

,0.001

Seasong - - ,0.001 ,0.001
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affected the younger generations, whereas traditional dietary patterns have been

maintained within the older generations.

We found that serum 25(OH)D3 varied with season as reflected in a significant

increase in 25(OH)D3 concentrations and lower prevalence of concentrations less

than 50 nmol/L and less than 25 nmol/L during summer and autumn. This

indicates that dermal production of vitamin D occurs in Greenland, contributing

to the vitamin D status during summer and autumn, despite the high solar zenith

angle. There was no interaction between season and latitude, thus, the observed

seasonality appears to apply at all latitudes. Increasing latitude was independently

associated with lower serum 25(OH)D3, suggesting decreasing vitamin D

concentrations in the seasonal pattern, with increasing latitude. Thus, the reduced

dermal production of vitamin D at increasing latitudes appears not to be

compensated for by dietary intake.

The finding of an influence by season, indicating dermal production, on the

25(OH)D3 status in the Arctic is in accordance with the conclusions drawn in a

previous study in Greenland [14], and the seasonality pattern is similar to that

observed in western populations [28, 29]. It is, however, important to notice that

intake of vitamin D through the diet also increases during summer and autumn in

Table 3. Cont.

Model 1 Model 2 Model 3 Model 4

Adjusted for age, gender,
residence, ethnicity, smoking,
alcohol, socioeconomic position,
BMI and supplementation

Additionally adjusted for
traditional food

Additionally adjusted for
season

Additionally adjusted
for latitude

(n51817) (n5 1779) (n51764) (n51764)

% (95% CI) P value % (95% CI) P value % (95% CI) P value % (95% CI)
P
value

Winter - - ref ref

Spring - - 23.6 (210.2; 3.5) 23.9
(210.5;
3.1)

Summer - - 28.7 (17.0; 41.5) 31.0 (19.1;
44.2)

Autumn - - 45.2 (34.2; 57.1) 47.1 (35.8;
59.2)

Latitude (per degree) - - - - - - 20.7
(21.3;
20.2)

0.008

aOnly Inuit in the IHIT-study reporting a realistic energy intake were included in the analyses (n52570).
bA participant was perceived as fully Inuit if he/she reported him/her-self to be Inuit and to have four Inuit grandparents, and as partly Inuit if 1–3 of the
grandparents were not Inuit.
cWork that presupposes a medium-long education (white collar employees).
dStudents, individuals receiving transfer payment, unemployed and stay-at-home individuals.
eVitamin D or multivitamins.
fTraditional food was defined as seal, blubber (boiled or frozen), white whale, other whales, walrus, mattak (whale skin), offal from seal, cod, halibut, capelin,
trout, dried fish and other fish.
gWinter: January + February; Spring: March-May; Summer: June + August; Autumn: September + October. Blood samples (and thereby vitamin D
measurements) were not available from July, November and December due to summer annual leave and rough weather conditions during winter.

doi:10.1371/journal.pone.0112949.t003
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our study population (data shown in Figure S1), and despite adjustment for

vitamin D intake through traditional food, an influence of residual confounding

or potential other dietary sources on the observed seasonality cannot be excluded.

As expected, traditional diet and vitamin supplementation were strongly

associated with 25(OH)D3 concentration, which confirms the significant role of

vitamin D intake on the vitamin D status in the Arctic. Likewise, our finding of

lower 25(OH)D3 concentrations among smokers than non-smokers was expected

and in accordance with the assumption that smoking affects the vitamin D

metabolism through impairment of 25-hydroxylase activity in the liver [30, 31].

Surprisingly, we found a positive association between alcohol consumption and

25(OH)D3 status. This finding is, however, supported by similar observations

from a large Norwegian health study [32]. Although speculative, this association

could possibly be explained by alcohol induced impairment of the secretion of

parathyroid hormone [32, 33], which increases the activity of 25(OH)D3 1a-

hydroxylase, the enzyme responsible for the conversion of 25(OH)D3 to

1,25(OH)2D3 [34]. Impaired conversion of 25(OH)D3 to 1,25(OH)2D3 might

result in increased 25(OH)D3 concentrations (which were measured in this

study), and probably reduced concentrations of 1,25(OH)2D3 (not measured),

with increasing alcohol intake.

A negative association between vitamin D status and BMI is well known

[35, 36] and often reported as lower concentrations of 25(OH)D among

individuals with obesity [37, 38] or high body fat percentage [39]. Accordingly, we

observed decreasing serum 25(OH)D3 with increasing BMI. This negative

association is likely due to the depositing of vitamin D in fat tissue, which is

supported by reported increments in serum 25(OH)D after weight loss as a result

of surgical intervention [36, 40–42].

Overall, socioeconomic position appeared not to be associated with 25(OH)D3

status after adjustment for intake of traditional diet, season and latitude, although

hunters/fishermen had a remarkably higher vitamin D status than white collar

employees (reference group). A combination of a possible higher sun exposure

among hunters/fishermen and potential residual confounding effects from

traditional diet could possibly account for this difference.

Serum 25(OH)D3 in 1987 and in 2005–2010 was measured in blood samples

exposed to long storage, which introduces the potential risk of decay. However,

the content of 25(OH)D3 appears to be stable in serum despite exaggerated

conditions [43] and long storage periods [44], and higher contents in 1987-

samples disfavor this hypothesis. Thus, although stored for 3–26 years, the

concentrations reported in samples from 1987 and 2005–2010 are likely indicative

of the concentrations at the time of sampling, and in the unexpected case of decay,

the observed decrease in serum 25(OH)D3 over time would be underestimated.

Strengths of the study included assessment of vitamin D status in a large

stratified random sample of Inuit in Greenland across various latitudes.

Furthermore, we had the opportunity to estimate the time trend in vitamin D

status in the period 1987 to 2005–2010, and to assess the association between

baseline serum concentrations of 25(OH)D3 and follow-up concentrations, by
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using blood samples collected from a sub-sample of the IHIT study population in

1987. Blood samples were collected across all seasons and information on

sociodemographic and lifestyle factors were available from questionnaires, which

enabled us to control for potential confounding. The study also had potential

limitations. Determination of serum 25(OH)D3 status based on one measurement

in the IHIT study may have introduced measurement error, and the fact that

25(OH)D3 measurements were not available from July, November and December

may have resulted in over- and under-estimation of serum 25(OH)D3 and the

prevalence of concentrations less than 50 nmol/L and 25 nmol/L in summer and

winter seasons. In general, the relevance of cut-points for 25(OH)D3 concentra-

tions used in this and various other studies, is subject to discussion; we decided to

use cut-points defined by the Danish National Board of Health as sufficiency

(.50 nmol/L), insufficiency (25–50 nmol/L) and deficiency (,25 nmol/L) in

some of the analyses of our Inuit population since the frequency distribution of

serum 25(OH)D3 concentrations did not differ much from those presented for

other Nordic populations [28, 32]. Due to the observational nature of the study,

causality of associations cannot be determined, and we cannot exclude the

possibility that our results are affected by confounders not adjusted for. For

instance, we did not have data on time spent outdoors.

Although generalizability of our findings to populations at lower latitudes may

be uncertain, it is likely that other indigenous populations living at high latitudes

and undergoing profound lifestyle changes may be subjects to equivalent changes

in vitamin D status, and predictors of low vitamin D status may be similar.

We conclude that the vitamin D status of the general adult Inuit population in

Greenland is low, especially among persons below the age of 30. The remarkable

decrease in serum 25(OH)D3 from 1987 to 2005–2010 is likely to indicate that

traditional diet was formerly responsible for sustaining a healthy vitamin D status

among Inuit. Increased consumption of fatty fish, which is already recommended

by the Nutritional Board of Greenland, together with increased cautious sun

exposure would probably improve the current situation and vitamin D

supplementation might be considered for vulnerable population groups.

Supporting Information

Figure S1. Seasonal variation in traditional food intake. Geometric mean intake

of traditional food (g/d) with 95% confidence interval by month after adjustment

for age, gender and latitude among 2643 adults included in the IHIT study, 2005–

2010.

doi:10.1371/journal.pone.0112949.s001 (TIF)

Table S1. Prevalence of serum 25(OH)D3 concentrations above 50 nmol/L, 25–

50 nmol/L, and less than 25 nmol/L among 306 individuals examined in 1987,

by gender and age groups.

doi:10.1371/journal.pone.0112949.s002 (DOCX)
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Table S2. Geometric mean intake of traditional food (g/d) among 2683

individuals included in the IHIT-study, 2005–2010, by gender and age groups.

doi:10.1371/journal.pone.0112949.s003 (DOCX)
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