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Abstract

This study aims to investigate factors associated with serum 25-hydroxyvita-
min D [25(OH)D] concentration in Brazilian adults considering sociodemo-
graphic and lifestyle factors, as well as vitamin D-related single nucleotide
polymorphisms (SNPs). This is a cross-sectional study (n = 491; 34-79%, 251
women), nested within a prospective cohort (Pré-Satude Study). Associations
between serum 25(0OH)D and sociodemographic characteristics, diet, use of
supplement, physical activity, season of blood collection, body fat, skin type,
sun exposure index, and SNPs CYP2R1-rs10741657 and GC-rs2282679
were explored by multiple linear regression. The prevalence of serum
25(0H)D < 50nmol/L was 55%. Serum 25(0OH)D was lower among women
(B =-4.38; 95%CI: -8.02; -0.74), those with higher visceral fat (f = -4.02;
95%CI: -5.92; -2.12), and those with AC and CC genotypes for GC-rs2282679
(B =-6.84 95%CI: -10.09; -3.59; B = -10.63; 95%CI: -17.52; -3.74, respec-
tively). Factors directly associated with serum 25(OH)D included summer
(B = 20.14; 95%CI: 14.38; 25.90), intermediate skin type (f = 6.16; 95%CI:
2.52; 9.80), higher sun exposure (8 = 0.49; 95%CI: 0.22; 0.75), vitamin D in-
take (B = 0.48; 95%CI: 0.03; 0.93), and physical activity (8 = 4.65; 95%CI:
1.54; 7.76). Besides physical activity, diet, and sun exposure, non-modifiable
factors, such as GC genotypes must be considered when evaluating vitamin D
insufficiency in mixed-race populations. Moreover, high visceral fat in asso-
ciation with poorer vitamin D status deserve attention given that both condi-
tions are unfavorably related with chronic and acute health outcomes.
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Introduction

Over the past decade, the perception of what constitutes an adequate vitamin D status has been dis-
cussed. Previously, vitamin D deficiency was defined by the presence of rickets and osteomalacia,
usually associated with very low concentrations of the vitamin D metabolite [25-hydroxyvitamin D;
25(0OH)D], that is the precursor of the hormonal active form 1,25(OH)2D. However, vitamin D sta-
tus has been extensively investigated in relation to several conditions other than bone diseases and,
although most results are inconclusive, some evidence from systematic reviews and meta-analysis
indicates its inverse association with insulin resistance and respiratory diseases in different age-
range 1,23. Additionally, considering that individuals with darker skin are usually more likely to have
vitamin D insufficiency 4 (here defined as serum 25(OH)D < 50nmol/L 5), it has been hypothesized
that having lower vitamin D concentrations is a possible contributing cause of ethnic-racial health
inequalities, penalizing black individuals with greater occurrence and/or severity of chronic kidney
disease 6, insulin resistance 7, arterial hypertension 8, among other conditions. Considering research
interest and availability of vitamin D status diagnosis, along with unfavorable changes in lifestyle
(eg., less physical activity, less sun exposure), reports of vitamin D insufficiency have become a global
phenomenon, even in sunny regions 910,11,

Multiple factors seem to influence vitamin D status. Concentrations of vitamin D are usually
inversely associated with the female sex, age, darker skin color, lower sun exposure, diet poor in its
natural sources, and lack of food fortification 412. Epidemiological evidence indicates an inverse
association between vitamin D status and obesity; the most acceptable hypothesis to explain this
relationship is the sequestration of this fat-soluble vitamin by the adipose tissue 13,14. Nevertheless,
whether fat compartments (visceral and subcutaneous) are differently associated with vitamin D
status is still a matter of debate 15,16, The isolated influence of variation in vitamin D pathway genes
or its interaction with environmental factors may also play a role in determining vitamin D status
17,18, Several single nucleotide polymorphisms (SNPs) in genes involved in the synthesis (eg., DHCR?),
transportation (eg., GC), and activation/inactivation (eg., CYP2R1 and CYP24A1) of vitamin D have
been associated with serum 25(OH)D concentration 19.20.21,22, Particularly, the C allele for rs2282679
(GC gene) and G allele for rs10741657 (CYP2R 1) have been associated with higher risk for vitamin D
insufficiency 20.21,22,

Few studies have simultaneously investigated the role of sociodemographic, lifestyle, and genetic
determinants of vitamin D concentrations in ethnically heterogeneous populations 1517,23,2425 and
no such studies have been previously conducted among Brazilians adults with highly mixed racial/
ethnic origins. Understanding vitamin D determinants among Brazilian adults may contribute to
identify subgroups of individuals more susceptible to vitamin D insufficiency and therefore to its
health implications. We investigated factors associated with vitamin D concentrations in Brazil-
ian adults, considering sociodemographic characteristics, level of sun exposure, body composition,
physical activity practice, and nutritional factors, as well as genetic polymorphisms.

Methods

Study design and population

This cross-sectional study is nested within the Pré-Saiide Study, a prospective cohort study with
the civil servants from a university in Rio de Janeiro, Brazil, focusing on the investigation of social
determinants of health and health-related behavior 26. Details on study population and design were
previously described 27.28. Briefly, four waves of data collection have been conducted among 3,253
participants (1999, 2001, 2006, and 2012). In parallel with wave 4, a subset of 520 participants of wave
1 (baseline) randomly selected within strata of sex, age (less than 50 years vs. 50 years or more), and
educational level (less than high school vs. high school or more), were invited to perform additional
interviews, addressing use of medication (including vitamin supplements) and a food frequency ques-
tionnaire (FFQ). Additionally, participants’ body composition and skin pigmentation were assessed,
and blood samples (20mL) were collected after an overnight fast. Serum was separated, aliquoted in
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polypropylene tubes and stored at -80°C until laboratory analysis. Data collection occurred between
July 2012 and October 2013.

Six participants did not perform blood collection, eight had insufficient material for DNA extrac-
tion and five participants did not perform body composition measurements. Additionally, seven
participants had incomplete sociodemographic and/or physical activity practice information. Also,
three participants were excluded due to extreme high serum 25(0OH)D concentrations (> 125nmol/L;
sample collected during winter/autumn months, no supplement uses), thus 491 participants with
overall complete information were included in the current analysis. This study was registered in the
National Research Ethics System, approved by the Research Ethics Committee of the Social Medicine
Institute at the State University of Rio de Janeiro. All participants provided written informed consent.

Serum 25(OH)D assessment

Serum 25(0OH)D concentration (nmol/L) was determined using a semiautomated chemiluminescent
enzyme-labeled immunometric assay (Liaison, Diasorin; https://www.diasorin.com). The manu-
facturer reports an analytical range of 4-150ng/mL (10-375nmol/L). All samples were analyzed in
duplicate, and if duplicates differ by 10%, the sample was afayed once again. Intra- and inter-assay
coefficients of variation were 4.9% and 5.8%, respectively. Details on assay performance were previ-
ously described 27. Vitamin D insufficiency was defined as serum 25(OH)D lower than 50nmol/L 5.

Potential associated variables

Sex, age, educational level (categorized as primary education or less, secondary, college or more) were
analyzed in addition to the following potential factors selected on the basis of published evidence of
their associations with serum 25(OH)D concentrations:

« Season of the year - Date of blood collection was recorded and categorized in spring (September-
November), summer (December-February), autumn (March-May) and winter (June-August) months;
* Body mass index (BMI) - Standing height (m) and body weight (kg) were measured using a stadi-
ometer (Seca; https://www.seca.com) and a calibrated electronic scale (Filizola; http://www.oswal-
dofilizola.com.br/), respectively. BMI (kg/m2) was calculated and categorized according to the World
Health Organization (WHO) cutoff values 29. Due to their reduced number, participants classified as
“underweight” (n = 4) were grouped together with participants classified as “normal”;

e Body fat — Total body fat mass was measured using a dual-energy X-ray absorptiometry (DXA)
scanner (iDXA, GE; https://www.gehealthcare.com.br/) using enCORE software version 12.20. Scan-
ning was performed by two trained operators and then analyzed by the same certified clinical den-
sitometrist (CCD, ISCD). Subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) were
estimated using the software CoreScan VAT. The software only records the VAT information; in
order to explore its influence on serum 25(OH)D concentrations, SAT was calculated by subtracting
VAT from total fat mass;

e Vitamin D dietary intake — A previously validated FFQ 30 was applied by trained nutritionists and
used to estimate vitamin D intake. Participants were requested to indicate the consumption frequency
(eight options ranging from > 3 times/day to never or almost never) and the average daily amount for
81 food items 28. The amount of vitamin D consumed (ug/day) was calculated using data based on the
food composition table from the U.S. Department of Agriculture 31;

« Use of vitamin D supplements - The identification of medicines and supplements containing vita-
min D in their formulation was carried out based on the responses to two different questions: firstly,
from an open-ended question on medication use in the previous week; secondly, from another open-
ended question on current osteoporosis treatment. Both questions asked only for yes/no responses,
thus no details on timing and dose were included. A positive answer to either question was recorded
as “yes”;

« Physical activity — Information on physical activity practice was obtained with a dichotomous (yes/
no) question: “In the last two weeks, have you practiced any physical activity to improve your health,
physical condition, or for aesthetic purposes or leisure?”;
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 Constitutive and facultative skin pigmentation — Skin pigmentation was measured using a por-
table reflectometer (Chroma Meter CR-400, Konica Minolta; https://www.konicaminolta.com), in
two parts of the body: at the upper underarm, generally not exposed to sunlight (constitutive pigmen-
tation), and at the dorsum of the hand (facultative pigmentation). The upper underarm measures of
luminance (L¥) and the yellow-blue component (b*) in the L*a*b* color space system (Commission
Internationale de I'Eclairage, 1976; http://www.cie.co.at/cie/) were used to calculate the individual
typology angle (ITA). The ITA value enabled the classification of the type of skin into six groups (very
light, light, intermediate, tanned, brown, and dark) 32. Few participants were classified as very light
(n = 18) and dark (n = 12), therefore they were grouped together with those classified as light and
brown, respectively, resulting in four constitutive types of skin categories. The Sun Exposure Index
(SEI) was calculated as the luminance (L*) difference between facultative and constitutive pigmenta-
tion, divided by constitutive pigmentation multiplied by 100 33, and used as a measure of cumulative
sun exposure;

e Genotyping — DNA samples were isolated from whole blood using a commercial kit (Puregene
Blood Kit — Qiagen; https://www.qiagen.com). The quality and concentration of DNA were evalu-
ated by spectrophotometry (BioDrop DUO, BioDrop; http://biochrom.co.uk). After extraction, DNA
samples were stored at -80°C, until genotyping. Candidate genes explored in this study were selected
from genome-wide association studies (GWAS) of vitamin D 20,22, Our genotyping was limited to
four polymorphisms in NADSYN I/DHCR7, CYP2R1, CYP24A1, and GC, for which the associations
of common variants with serum concentrations of vitamin D have been confirmed 20.22. Genotyp-
ing was performed by real-time PCR (StepOnePlus Real-Time PCR System, Thermo Fisher Scien-
tific Inc.; http://www.thermofisher.com/), and allelic discrimination using TagMan assays (Thermo
Fisher Scientific Inc.), to analyze the SNPs rs12785878 (G>T), rs10741657 (A>G), rs6013897 (A>T)
and rs2282679 (A>C) of the NADSYN1, CYP2R1, CYP24A1 and GC genes, respectively. Results were
analyzed using the SDS 2.3 software (Thermo Fisher Scientific Inc.).

Data analyses

Continuous variables were summarized as median and interquartile range (IQR) or means and stan-
dard deviations (SD) and categorical variables as frequencies and percentages. Genotypic frequencies
for each SNP were assessed for Hardy-Weinberg equilibrium using the %2 test. The SNPs NADSYN I-
rs12785878 and CYP24A 1-rs6013897 did not respect the Hardy-Weinberg equilibrium, and therefore
were excluded from the analysis. Mann-Whitney and Kruskal-Wallis with pairwise comparisons by
Dunn’s post hoc test were used to compare 25(OH)D means in categories of independent variables.
Spearman’s correlation coefficients were calculated between serum 25(OH)D and independent con-
tinuous variables. After checking the premises attainment 34, multiple linear regression with back-
ward elimination of statistically nonsignificant (p > 0.05) variables was used to explore factors associ-
ated with serum 25(OH)D. The following variables were tested: Model 1 - sex, age (years, continuous),
educational level (three categories), visceral fat mass (kg), subcutaneous fat mass (kg), skin type (four
categories), sun exposure index (continuous), use of vitamin D supplement (yes vs. no), vitamin D
dietary intake (mg/day), physical activity practice (yes vs. no) and month of blood draw (four catego-
ries); Model 2 - variables included in model 1 added by genotypes derived from single nucleotide
polymorphisms (CYP2R1-rs10741657, GC-rs2282679). Statistical analyses were conducted using
SPSS, version 22.0 (https://www.ibm.com/) and statistical significance was set at p < 0.05.

Results

The descriptive characteristics of the participants and mean concentrations of serum 25(OH)D by
each categorical variable are presented in Table 1. About half (51.1%) of the participants were women,
predominantly between 45-54 years old (43.8%), with college education attainment (55.2%) and clas-
sified as very light or light skin type (33.8%). Overweight and obesity were highly prevalent (41.8 and
29.9%, respectively) based on BMI categories. Few participants (6.9%) were current users of vitamin
D supplements. The dietary intake of vitamin D was on average 5.3pg/day (2121U/day).
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Table 1

VITAMIN D AND ASSOCIATED FACTORS IN BRAZILIAN ADULTS

Descriptive characteristics of the study population and mean serum 25-hydroxyvitamin D [25(OH)D] concentration according to its categories. Pré-Satide

Study, Brazil, 2012-2013.

5

Characteristics n % 25(0OH)D (nmol/L) Frequency of insufficiency (< 50nmol/L)
Median IQR p-value * % p-value **
Sex 0.075 0.160
Male 240 48.9 49.1 25.5 52.5
Female 251 51.1 46.1 26.4 57.4
Age group (years) 0.409 0.519
<45 110 22.4 49.5 20.9 51.8
45-54 215 43.8 46.9 28.0 58.6
55-64 139 28.3 48.9 28.0 53.2
> 65 27 5.5 50.1 28.8 48.1
Educational level 0.684 0.924
Primary or less 49 10.0 49.5 31.9 53.1
Secondary 171 34.8 48.1 28.0 54.4
College or more 271 55.2 47.6 25.3 55.7
Body mass index *** <0.001 <0.001
Underweight/Normal 139 28.3 54.8a 23.1 36.7
Overweight 205 41.8 45.1b 271 61.5
Obesity 147 29.9 43.8b 23.4 63.3
Skin type # 0.005 0.059
Very light/Light 166 338 47.7ab 285 54.2
Intermediary 129 26.3 48.9a 22.6 54.3
Tanned 104 21.2 51.2a 28.0 471
Brown/Dark 92 18.7 40.6b 28.3 66.3
Season of blood draw <0.001 <0.001
Winter 183 37.3 42.62 24.2 64.5
Spring 130 26.5 48.3b 29.2 54.6
Summer 43 8.8 60.9¢ 26.9 233
Autumn 135 27.5 49.4b 24.0 52.6
Use of vitamin D supplement 0.213 0.093
No 457 93.1 47.8 26.6 56.0
Yes 34 6.9 52.9 29.8 41.2
Physical activity 0.005 0.007
No 288 58.7 45.4 25.9 60.1
Yes 203 41.3 50.3 27.3 47.8

IQR: interquartile range.

Note: for each variable, different superscript letters indicate significant difference in serum 25(0OH)D concentrations between categories (pairwise

comparisons by Dunn’s post-hoc test, p < 0.05).

* p-values for comparison between categories by Mann-Whitney or Kruskal-Wallis test;

** Chi-square test;

*** Body mass index (kg/m2) categories according to World Health Organization 29. Participants classified as “underweight” (n = 4) were added to the

“normal” category;

# Skin type categories based on Individual Typology Angle (ITA) value, according to Del Bino et al. 32.
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Table 3

In the overall population, median value for serum 25(OH)D concentration was 48.1nmol/L (IQR
26.8, mean 48.0, SD 19.1nmol/L). Serum 25(OH)D concentration was lower among overweight/
obese (p < 0.001), brown or dark skin type (p < 0.01), those who were assessed during winter months
(p < 0.001), and those who reported no physical activity practice in the last two weeks (p < 0.01)
(Table 1). No statistically significant differences in mean serum 25(OH)D were observed across sex,
age, and education categories; also, use of vitamin D supplements was not associated with serum
concentrations of vitamin D.

Mean values of continuous variables and their respective Spearman’s correlation coefficients for
the association with serum 25(OH)D concentrations are shown in Table 2. Statistically significant
inverse correlations were observed between serum 25(OH)D and BMI and fat mass (both visceral
and subcutaneous) (p < 0.001). Serum 25(OH)D was also directly correlated with sun exposure index
(p <0.001). Vitamin D dietary intake was not significantly correlated with serum 25(OH)D (p = 0.321).
The gene GC, which encodes vitamin D binding protein, was significantly associated with vitamin D,
with lower serum 25(OH)D concentrations being observed in those individuals carrying the C allele
for rs2282679 (p < 0.01) (Table 3).

Table 2

Measures of adiposity, sun exposure and vitamin D intake of the study population and their association with serum
25-hydroxivitamin D [25(0OH)D] concentration. Pré-Satide Study, Brazil, 2012-2013.

Independent variables Mean SD Correlation with serum 25(0OH)D *
R p-value
Body mass index (kg/mz2) 27.9 4.9 -0.240 <0.001
Visceral fat mass (kg) 1.33 0.87 -0.160 <0.001
Subcutaneous fat mass (kg) 26.9 9.3 -0.266 <0.001
Sun exposure index 11.3 6.4 0.207 <0.001
Dietary vitamin D intake (ug/day) 5.4 34 0.045 0.321

SD: standard deviation.
* Spearman correlation coefficients and p-values for the association between independent variables and serum 25(0OH)
D concentrations.

Genotypic frequencies of the studied single nucleotide polymorphisms (SNPs) and serum 25-hydroxivitamin D [25(OH)D] concentrations according to
genotypes. Pré-Satide Study, Brazil, 2012-2013.

Gene/SNP Genotype frequencies 25(oh)D (nmol/L) Frequency of insufficiency (< 50nmol/L)
n % Median IQR p-value % p-value *
CYP2R1
rs10741657 (A>G) 0.118 0.119
AA 44 9.0 49.5 22.8 56.8
GA 202 41.1 50.0 28.3 49.5
GG 245 49.9 46.0 25.6 59.2
GC
rs2282679 (A>C) <0.001 <0.001
AA 299 60.9 50.3a 28.3 48.2
AC 166 33.8 44.4b 21.9 65.7
CC 26 5.3 38.6b 27.2 65.4

IQR: interquartile range.

Note: for each SNP, different superscript letters indicate significant difference between genotypes by Kruskal-Wallis (pairwise comparisons by Dunn's

post hoc test, p < 0.05).
* Chi-square test.
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Prevalence of vitamin D insufficiency was of 55% in the overall study population, and significantly
different between the categories of BMI, seasons, physical activity, and GC-rs2282679 genotypes (chi-
square, p < 0.05) (Tables 2 and 3). Prevalence of insufficiency was particularly high among individuals
with overweight (61.5%) or obesity (61.3%), with brown or dark skin type (66.3%), who participated
in the study during winter (64.5%), with no physical activity (60.1%), and carrying AC (65.7%) or CC
(65.4%) genotypes (Tables 2 and 3).

In multiple regression models, female sex and higher visceral fat mass were independently associ-
ated with lower serum concentrations of 25(OH)D; whereas spring, summer, and autumn months
(winter as reference), intermediate and tanner skin types (very light and light as reference), being
physically active in the last two weeks, higher dietary vitamin D intake and higher sun exposure index
were directly associated with higher concentration of serum 25(OH)D (Table 4, model 1). All these
nongenetic parameters were kept in the model when SNPs were included (Table 4, model 2). The GC-
rs2282679 was the only SNP associated with serum 25(OH)D; with genotypes carrying at least one C
allele being associated with lower concentrations of the vitamin.

Table 4

Factors associated with serum 25-hydroxivitamin D [25(0OH)D] concentrations. Pré-Satde Study, Brazil, 2012-2013.

Independent variables * Model 1 ** Model 2 ***
B 95%Cl B 95%Cl

Sex

Male Reference - Reference -

Female -3.895 -7.608; -0.181 -4.379 -8.020; -0.737
Skin type

Very light/Light Reference - Reference -

Intermediate 5.526 1.824;9.228 6.157 2.520; 9.795

Tanned 5.383 1.388;9.377 5.567 1.652; 9.482
Month of blood draw

Winter Reference - Reference -

Spring 6.083 2.133; 10.034 5.895 2.022;9.767

Summer 20.349 14.466; 26.233 20.137 14.375; 25.900

Autumn 5.708 1.828; 9.588 4772 0.945; 8.600
Sun exposure index 0.488 0.215; 0.760 0.486 0.219; 0.753
Visceral fat mass -4.127 -6.067;-2.188 -4.017 -5.917;-2.117
Vitamin D dietary intake 0.482 0.022; 0.942 0.480 0.029, 0.931
Physical activity

No Reference - Reference -

Yes 4.411 1.236; 7.586 4.650 1.537;7.762
GC-rs2282679

AA - - Reference -

AC - - -6.840 -10.093; -3.586

CcC - - -10.633 -17.523; -3.744

95%Cl: 95% confidence interval.

* Independent variables retained in the final model after backward elimination of those nonsignificant (p > 0.05) in the
multiple regression analysis;

** Model 1: sex, age (years), educational level (three categories), visceral fat mass (kg), subcutaneous fat mass (kg), skin
type (four categories), sun exposure index, use of vitamin D supplement (yes vs. no), vitamin D dietary intake (ug/day),
physical activity (yes vs. no), and month of assessment (four categories);

*** Model 2: variables included in model 1 added by genotypes derived from single nucleotide polymorphisms
(CYP2R1-rs10741657, GC-rs2282679).
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Discussion

A number of studies have examined nongenetic factors associated with vitamin D concentrations in
different adult populations, including Brazilians 35, and few have explored genetic determinants. The
simultaneous exploration of demographic, lifestyle, and genetic factors has been even less frequent
15,17,23,24,25 and, to our knowledge, this is the first investigation of its kind among Brazilian adults.
Although participants were living in a city mostly sunny throughout the year (latitude 22°58’S), sea-
son still appeared as an important factor associated with 25(OH)D in multiple regression models, in
addition to individual sun exposure, fat mass accumulation, skin type, physical activity, vitamin D
dietary intake, and genetic markers. The use of vitamin D supplements was not associated to 25(OH)
D concentrations.

Serum 25(OH)D concentrations in the present study varied widely (10-120nmol/L) with mean
values similar to studies conducted in different countries, including those less favored by sunlight
incidence 15.23. We found that more than half (~55%) of the participants had 25(OH)D concentrations
below 50nmol/L, the most accepted reference value to define vitamin D insufficiency 5. In a Brazil-
ian geospatial meta-analysis including different age groups, whether healthy or not, a large variation
(< 1% to 80%) in frequency of vitamin D values < 50nmol/L was observed, with an overall reported
prevalence of vitamin D insufficiency of 28.16% (95%CI: 23.90; 32.40), being higher in Southeastern
(where Rio de Janeiro is located) and Southern regions of the country 36. It is also important to high-
light that less than 10% of our study population was assessed during summer months, which may
have contributed to the high overall prevalence of vitamin D insufficiency. The notion of being a
sunny region often leads to underestimation of season relevance when evaluating vitamin D status.
However, the frequency of insufficiency varied from ~25% in summer months to around 65% in the
winter months.

It is well accepted that serum 25(OH)D concentration is determined by several lifestyle factors,
especially sun exposure, physical activity, and diet. The relative contribution of diet appears to be
more relevant in countries with low sun availability and where natural vitamin D food sources are
strongly integrated with dietary habits of the population, such as the consumption of fatty fish by the
Nordics 37. For several Northern countries, fortified foods have become an almost essential vitamin
D source. A typical Brazilian diet, notwithstanding important regional variations, is generally poor in
natural rich vitamin D sources. Also, vitamin D fortified foods are very restricted in Brazil and do not
appear to contribute importantly to overall vitamin D intake 38. Consistently, the estimated average
intake in our study corresponded to about one-third of that currently recommended (15ug/day or
6001U/day) for adults under conditions of minimal sun exposure 5. In spite of that, our results suggest
that a habitually higher dietary intake indeed contributed to increase vitamin D concentrations. The
use of supplements, however, did not. Taking vitamin D supplements frequently appear as a determi-
nant of vitamin D status in other countries 3940. Very few participants made use of vitamin D supple-
ment, which may have contributed to the lack of influence of the use of supplements on vitamin D
concentrations. Regarding physical activity, it was also directly associated with vitamin D concentra-
tions, as previously observed 15.23. Although it was previously suggested that exercise itself may affect
vitamin D concentrations 41, it is well accepted that its influence results from a combination of lower
fat accumulation among active people and higher sun exposure during outdoor activity 12,15,23,24,

Estimations on the relative contribution of cutaneous synthesis for the overall content of vitamin
D in the body may reach 80% depending on both environmental and individual factors 42. Zenith
angle of the sun, air quality, and nebulosity are all factors that influence the potential of a given geo-
graphic location in subsiding good conditions for vitamin D synthesis. The duration and amount of
skin exposed to UVB rays also matter 43. Furthermore, individual barriers to UVB penetration such
as thickness and darker skin color are added to this complex set of factors involved in determining
the efficiency of vitamin D synthesis 43. The actual relative contribution of cutaneous synthesis is
therefore difficult to estimate. However, it may benefit from quantitative measures of skin pigmenta-
tion in sun exposed and non-exposed body sites, which were rarely considered in studies of vitamin
D determinants 44,45, This may be especially important in highly mixed populations. According to our
results, both natural skin pigmentation as well as that resulting from sun exposure were associated
with vitamin D concentrations in Brazilian adults. Of note, mean sun exposure index, an estimate
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of the individually received UV dose, was low if compared with others 3345 suggesting little expo-
sure despite the high sunlight availability in Rio de Janeiro. An additional exploration of our results
revealed that, during winter months, mean sun exposure index (SEI) was higher among individuals
who were vitamin D sufficient compared to those with serum 25(OH)D lower than 50nmol/L (data
not shown). This is consistent with the potential for vitamin D status improvement with increased
sun exposure even during the less favorable months for its synthesis.

The association between fat excess and lower vitamin D concentrations has been extensively
studied; the most accepted hypothesis is the sequestration of the vitamin D by the adipose tissue 13,14.
However, there is also evidence of a causal relationship in the opposite direction, suggesting that a
poor vitamin D status contributes to fat mass accumulation 13,14, Regardless of the direction (or bi-
direction), fat mass in association with vitamin D may denote an intermediate step linking vitamin
D deficiency with insulin resistance and metabolic syndrome 46. Given that visceral adipose tissue
is more closely related to those outcomes, it is desirable to investigate fat association with vitamin
D considering its type and distribution. Previous studies have already suggested that low 25(OH)D
concentrations are more strongly related to visceral than overall adiposity 1516 which may be attrib-
uted to the higher secretion of pro-inflammatory adipokines by visceral fat and its potential effects
on vitamin D binding proteins 16. Accordingly, visceral fat mass — but not subcutaneous — was kept in
the final regression model of our study.

The frequencies of genotypes determined by the evaluated SNPs were similar to those observed
in other countries of Latin America (HapMap, The International HapMap Consortium). Among the
studied SNPs, GC-rs2282679 was the only that appeared associated with serum 25(OH)D, with the
presence of the allele C being associated with lower concentrations. The allele C is considered the risk
allele for having low vitamin D concentrations and had a frequency of 20% in our studied population.
Previous studies have reported lower 25(OH)D concentrations in individuals carrying CC genotype
47,48 or higher concentrations in those carrying AA genotypes 49,50, for the GC-rs2282679. The GC
gene encodes the vitamin D binding protein (DBP) and, by influencing its synthesis and/or affinity
with 25(OH)D, it may ultimately affect the total 25(OH)D circulating levels.

Despite the efforts to consider a broad array of potential vitamin D determinants in Brazilian
adults, the proportion of variance in serum 25(OH)D concentrations explained by the associated
factors identified by regression analysis was low (23.3%), similarly to some previous studies explor-
ing non-genetic vitamin D determinants 3940. Our limited ability to explain 25(OH)D variability
illustrates the difficulty of predicting circulating vitamin D levels in mixed populations. Given that
genetic variants associated with 25(OH)D concentrations can be race-specific 33, in mixed population
such as ours, information on ancestry, rather than on selected SNPs, may provide more insights on
vitamin D determinants.

For the first time in a Brazilian population, a simultaneous evaluation of potential environmental
and genetic determinants of vitamin D was conducted. Additional strengths of this study include the
use of quantitative measures of skin pigmentation in a mixed-race population, as well as a good esti-
mation of sun exposure evaluated by SEI. Also, the influence of body fat was explored in a specially
refined way through the assessment of visceral and subcutaneous fat mass compartments. However,
several limitations deserve consideration. First, we did not account for the potential influence of
alcohol consumption and the presence of chronic diseases that have been described as associated
with vitamin D. Second, as the information on SEI was limited to the assessment at the dorsum of the
hand, additional information on clothing habits and sunscreen use would probably be more valuable
for the estimation of whole body sun exposure. Third, 25(OH)D concentrations were not measured by
the HPLC/MS/MS reference method. The LIAISON assay has been widely referred in literature and
well accepted for determination of total 25(OH)D in serum in several population studies. Neverthe-
less, there is evidence that it may underestimate total 25(OH)D concentration if compared with the
reference method and, therefore, overestimate (10-15%) the prevalence of vitamin D insufficiency 51.
Fourth, information on the use of vitamin D supplement was obtained from questions not directed
to that specific purpose, which may have contributed to underreporting. Finally, exploration on the
combination of genetic variants was limited by the sample size.

Cad. Saude Publica 2022; 38(1):e00287820

9



10

Bezerra FF et al.

This study provided an overall picture of genetic, sociodemographic, and lifestyle factors affecting
vitamin D status in Brazilian adults. Despite being non-modifiable, some key factors, such as gender,
skin type, and frequency distribution of GC genotypes need to be considered when evaluating preva-
lence of vitamin D insufficiency in mixed-race populations. Moreover, implications of visceral fat
mass in association with vitamin D deserves attention given that both high visceral fat accumulation
and poor vitamin D status are unfavorably related with health outcomes. We also provided evidence
of the effect season of the year has over vitamin D status, even in regions where the seasons are usually
unvalued. In theory, the highly available sunlight in Rio de Janeiro could compensate for the restricted
vitamin D dietary intake. However, the low sun exposure index suggests that participants’ lifestyle did
not take advantage of the sun’s availability for vitamin D status improvement.
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Resumo

Este estudo teve como objetivo investigar fatores
associados com as concentracoes séricas de 25-hi-
droxivitamina [25(OH)D] em adultos brasileiros
de acordo com fatores sociodemogrdficos e de estilo
de vida, assim como de polimorfismos de nucleoti-
deo unico (SNPs) relacionados a vitamina D. Este
é um estudo transversal (n = 491; 34-79 anos; 251
mulheres) aninhado em uma coorte prospectiva
(Estudo Pré-Saude). Associacdes entre a 25(0OH)
D sérica e caracteristicas sociodemogrdficas, con-
sumo alimentar, uso de suplementos, atividade
fisica, estacdo do ano na coleta da amostra de san-
gue, gordura corporal, fototipo de pele, indice de
exposicao solar e SNPs CYP2R 1-rs10741657 ¢ GC
-1$2282679, explorados por regressao multilinear.
A prevaléncia de 25(0OH)D sérica < 50nmol/L foi
55%. A concentragao sérica de 25(0H)D foi menor
entre mulheres (f = -4,38; IC95%: -8,02; -0,74),
individuos com mais gordura visceral (B = -4,02;
IC95%: -5,92; -2,12) e genétipos AC e CC para
GC-152282679 (B = -6,84; IC95%: -10,09; -3,59 ¢
B =-1063 1C95%: -17,52; -3,74, respectivamen-
te). Os fatores associados diretamente a 25(0OH)
D sérica incluiram os meses de verdo (f = 20,14;
I1C95%: 14,38 25,90), fototipo intermedidrio
(B = 6,16; IC95%: 2,52; 9,80), maior exposicdo so-
lar (B = 0,49; IC95%: 0,22; 0,75), ingestao de vita-
mina D (f = 0,48 IC95%: 0,03; 0,93) e atividade
fisica (B = 4,65; I[C95%: 1,54; 7,76). Além de ati-
vidade fisica, dieta e exposicdo solar, fatores ndo
modificdveis, tais como variantes do gene GC de-
vem ser considerados na avaliacdo da deficiéncia
de vitamina D em populacdes miscigenadas. Além
disso, merece atencdo a associacdo entre a gor-
dura visceral elevada e o pior estado de vitamina
D, uma vez que ambas as condicoes implicam em
desfechos de sauide desfavordveis, tanto crénicos
quanto agudos.

Vitamina D; Polimorfismo de Nucleotideo Unico;
Gordura Visceral; Pigmentacdo da Pele
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Resumen

Nuestro objetivo fue investigar factores asociados
con la concentracion sérica 25-hidroxivitamina
D [25(0OH)D] en adultos brasilefios, consideran-
do factores sociodemogrdficos y de vida, asi como
también los polimorfismos de nucledtido tinico re-
lacionados con la vitamina D (SNPs). Se trata de
un estudio transversal (n = 491; 34-79 anos; 251
mujeres), anidado dentro de una cohorte prospecti-
va (Estudio Pro-Salud). Se investigaron las aso-
ciaciones entre concentracion sérica 25(OH)Dy
caracteristicas sociodemogrdficas, ingesta alimen-
taria, uso de suplementos, actividad fisica, estacion
del ario de recogida de muestras de sangre, grasa
corporal, tipo de piel, indice de exposicion al sol,
y SNPs CYP2R1-rs10741657 y GC-rs2282679
mediante una regresion multiple lineal. La pre-
valencia sérica 25(0H)D < 50nmol/L fue 55%.
La 25(0H)D sérica fue menor entre las mujeres
(B =-438 IC95%: -802; -0,74), quienes tenian
alta grasa visceral (B = -4,02; IC95%: -5,92;
-2,12), genotipos AC y CC para GC-rs2282679
(B =-684 1C95%: -10,09; -3,59y B = -10,63;
IC95%: -17,52; -3,74, respectivamente). Los fac-
tores directamente asociados con la concentracion
sérica 25(OH)D incluyeron verano (8 = 20,14;
IC95%: 14,38; 25,90), tipo de piel intermedia
(B = 6,16; IC95%: 2,52; 9,80), mds alta exposicion
al sol (B = 0,49; IC95%: 0,22; 0,75), toma de vita-
mina D (B = 0,48 IC95%: 0,03; 0,93) y actividad
fisica (B = 4,65; IC95%: 1,54; 7,76). Ademds de la
actividad fisica, dieta y exposicion al sol, los facto-
res no modificables, tales como genotipos GC, ne-
cesitan tenerse en cuenta cuando se estd evaluan-
do la insuficiencia de vitamina D en poblaciones
mestizas. Asimismo, las implicaciones de la aso-
ciacion de una alta grasa visceral con un estatus
mds pobre de vitamina D merece que se le preste
atencion, puesto que ambas condiciones de salud
estdn relacionadas desfavorablemente con resulta-
dos de salud graves y cronicos.

Vitamina D; Polimorfismo de Nucledtido Simple;
Grasa Intraabdominal; Pigmentacion de la Piel
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