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Interaction between Fokl 
polymorphism and vitamin D 
deficiency in the symptoms 
of mental disorders in adults: 
a population‑based study
Thaís da Silva Sabião 1*, Luiz Antônio Alves de Menezes‑Júnior 1, Aline Priscila Batista 2, 
Samara Silva de Moura 1, Adriana Lúcia Meireles 3, Mariana Carvalho de Menezes 3, 
George Luiz Lins Machado‑Coelho 4 & Júlia Cristina Cardoso Carraro 3

Mental disorders are intricate and multifaceted and encompass social, economic, environmental, and 
biological factors. This study aimed to explore the potential association between vitamin D deficiency 
and anxiety and depression symptoms in adults, considering the role of the vitamin D receptor gene 
polymorphism FokI (rs2228570). This was a population‑based cross‑sectional study with stratified and 
cluster sampling, evaluating anxiety symptoms (AS) and depression symptoms (DS) in 1637 adults. 
Vitamin D levels were measured using electrochemiluminescence and were considered deficient 
when < 20 ng/mL in a healthy population or < 30 ng/mL in at‑risk groups. Genotyping was performed 
using real‑time polymerase chain reaction with TaqMan probes. The prevalence rates of AS, DS, and 
vitamin D deficiency were 23.5%, 15.8%, and 30.9%, respectively. No direct association was observed 
between vitamin D deficiency and AS or DS. However, interaction analysis revealed a combined effect 
of vitamin D deficiency and FokI for DS but not for AS. Individuals with vitamin deficiency and one 
or two copies of the altered allele of the FokI exhibited a higher prevalence of DS than individuals 
homozygous for the wild‑type allele and vitamin D sufficiency. The interaction between vitamin D 
deficiency and the FokI polymorphism was associated with DS.

Vitamin D belongs to the steroid hormone family and plays a role in calcium metabolism and bone  homeostasis1. 
Another less-explored function of vitamin D is related to extraskeletal effects, such as cell growth, neuromuscular 
and immune  function2, brain development, neuroprotection, regulation of neurotrophic factors, neurotransmis-
sion, and synaptic  plasticity3, which may have an impact on developing mental disorders.

Vitamin D exists in two primary forms: ergocalciferol (vitamin D2) and cholecalciferol (vitamin D3). Vita-
min D2 is obtained from limited dietary sources, including mushrooms, fortified foods, and  supplements4. In 
contrast, vitamin D3 is primarily produced in the human body through a photochemical reaction in the skin 
upon exposure to ultraviolet B  radiation4,5. However, vitamin D3 can also be obtained in small quantities from 
animal-based foods, including milk,  eggs5, fish, and cod liver  oil4.

Vitamin D metabolism begins in the liver, where the first hydroxylation process occurs to form 25-hydroxy-
vitamin D (25(OH)D) (calcidiol)4,6, which is a biomarker of serum vitamin D  levels4. Subsequently, vitamin D 
binding protein transports 25(OH)D from the liver to the kidneys, where the primary hydroxylation occurs, 
converting 25(OH)D into 1-α-25-dihydroxy vitamin D (calcitriol)6, which is the biologically active form of the 
vitamin. This active form is responsible for most biological functions of vitamin  D7.

OPEN

1School of Nutrition, Postgraduate Program in Health and Nutrition, Research and Study Group on Nutrition and 
Public Health (GPENSC), Federal University of Ouro Preto, Campus Morro do Cruzeiro, Ouro Preto, MG 35400-000, 
Brazil. 2Postgraduate Program in Biological Sciences, Federal University of Ouro Preto, Campus Morro do Cruzeiro, 
Ouro Preto, MG 35400-000, Brazil. 3Department of Clinical and Social Nutrition, Research and Study Group on 
Nutrition and Public Health (GPENSC), School of Nutrition, Federal University of Ouro Preto, Campus Morro do 
Cruzeiro, Ouro Preto, MG 35400-000, Brazil. 4Epidemiology Laboratory, Medical School, Federal University of 
Ouro Preto, Campus Morro do Cruzeiro, Ouro Preto, MG 35400-000, Brazil. *email: thaissabiao14@gmail.com

http://orcid.org/0000-0002-9309-1110
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-57558-1&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6925  | https://doi.org/10.1038/s41598-024-57558-1

www.nature.com/scientificreports/

One of the mechanisms explaining the association between serum vitamin D levels and mental disorders is 
the involvement of vitamin D in serotonin metabolism and its effects on circadian  rhythms8. In the body, the 
function of vitamin D is mediated by its binding to the vitamin D receptor (VDR), a member of the nuclear 
hormone receptor family. The binding of active vitamin D to the VDR leads to the formation of a transcriptional 
 complex9 modulating the gene transcription related to vitamin D function, such as CYP24A1, PTH, and  FGF2310. 
VDR is expressed in different  cells4 and tissues, including neurons, glial cells, and specific brain regions, and has 
been implicated in the pathophysiology of mental  disorders8,11.

Genetic variants, such as the single nucleotide polymorphism (SNP) FokI (rs2228570), can affect the respon-
siveness of  VDR12. FokI is located in exon 2 of the VDR gene and modifies its transcription initiation  site7. 
This is the only variant associated with a change in the length of the encoded  protein2, resulting in a less active 
 protein7,13. This polymorphism alters the efficiency of vitamin D  binding9 and reduces the receptor’s transcrip-
tional  capacity7,13.

Therefore, it may be postulated that this alteration in the VDR protein can result in functional consequences 
similar to those of vitamin D deficiency. Although the FokI polymorphism has been investigated in relation to 
major depressive  disorder11, cognitive functioning, depressive  symptoms14, and self-reported  depression12, it has 
not been studied in relation to anxiety. Moreover, these studies were conducted in other countries and do not 
necessarily apply to the Brazilian population, which is characterized by  miscegenation15 and high sun  exposure16. 
Therefore, there is a pressing need for studies that investigate this association in other contexts.

Vitamin D deficiency can impact anxiety symptoms (AS) and depression symptoms (DS). Additionally, the 
high prevalence of this deficiency, even in tropical countries such as  Brazil16,17, could have been exacerbated by 
social isolation during the coronavirus 2019 (COVID-19) pandemic. Therefore, it is crucial to investigate the 
factors involved in vitamin D metabolism and their association with mental disorders.

We hypothesized that vitamin D deficiency is associated with AS and DS, and the presence of the VDR gene 
polymorphism (rs2228570) FokI has an interactive effect on this association. Thus, this study aimed to investi-
gate the association between vitamin D deficiency and AS and DS in adults while assessing the role of the FokI 
polymorphism.

Materials and methods
Study design
This investigation is part of the “Epidemiological surveillance of COVID-19 in the Inconfidentes Region/MG” 
(COVID-Inconfidentes Study). The aim was to assess the prevalence of SARS-CoV-2 infection during the first 
wave of the pandemic and its subsequent socioeconomic and health impacts in two medium-sized cities, Ouro 
Preto and Mariana, located in the state of Minas Gerais, Brazil. The COVID-Inconfidentes Study was a popula-
tion-based cross-sectional survey conducted between October and December 2020, corresponding to the spring 
season in Brazil. The sample size was calculated using the OpenEpi tool (https:// www. opene pi. com/ Menu/ OE_ 
Menu. htm) based on the 2010 population  census18 for the urban area of each city, adopting a 95% confidence level 
(95% CI), design effect equal to 1.5, and 20% recomposition percentage for any loss. After performing sample 
calculations, we determined that a minimum of 1464 individuals were required for the study.

A three-stage conglomerate sampling design was adopted (census, household, and residential). For each city, 
strata were defined according to the average monthly income in the 2010 census to ensure the representativeness 
of the different socioeconomic strata in the  sample18. The sample weight for each selection unit was calculated 
according to the methodology described by Silva et al.19.

Data collection
Data were collected through face-to-face interviews conducted by trained interviewers who applied a structured 
electronic questionnaire using the Data Goal application. Based on previously validated instruments, the ques-
tionnaire contained sociodemographic characteristics, lifestyle, health conditions, and diet questions. Blood 
samples were collected for biochemical and genetic analyses. Because of in-person data collection, all recom-
mendations set by the national protocols to contain the spread of COVID-19 were adopted, including the use 
of personal protective equipment.

Detailed information about the methodology and questionnaire can be accessed in the study by Meireles 
et al.20.

Analytic sample
A total of 1789 participants, including individuals of both sexes, were selected for the survey. Individuals who 
did not answer the questionnaire (n = 9), those with incomplete information in the scales assessing the study 
outcomes (n = 69), those whose answers contained no information on sample weight calculations (n = 18), and 
those with insufficient blood samples for biochemical and genetic analyses were excluded from the study (n = 56). 
Therefore, the final sample consisted of 1,637 participants.

Measures
Outcome: symptoms of mental disorders
AS and DS were measured using the 7-item Generalized Anxiety Disorder (GAD-7) and 9-item Patient Health 
Questionnaire (PHQ-9) scales, both of which have been validated in  Brazil21–23. The scales assess negative symp-
toms related to mental disorders in the last 2 weeks. The GAD-7 score ranges from 0 to 21 points, and the PHQ-9 
score ranges from 0 to 27. This study defined the presence of AS and DS when the score obtained was ≥  1024,25.

https://www.openepi.com/Menu/OE_Menu.htm
https://www.openepi.com/Menu/OE_Menu.htm
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Biological sample
Blood was collected by puncturing the cubital fossa region and performed by a trained professional according 
to protocol. Two samples were obtained and stored in two tubes: a 7.5 mL S-Monovette® (Sarstedt AG & Co., 
Nümbrecht, Germany) serum gel for vitamin D analysis and a 2.7 mL S-Monovette® (Sarstedt) K3 EDTA for 
genetic analysis.

The samples were checked, stored in a cool box, and transported to the Epidemiology Laboratory of the Medi-
cal School of the Federal University of Ouro Preto. Subsequently, the samples with serum gel were centrifuged at 
2500 rpm for 15 min, and aliquots were prepared and stored in a freezer at − 80 °C for the biochemical analysis. 
Samples containing EDTA were stored at − 20 °C until genetic analyses were performed.

Exposure variable: serum vitamin D levels
The serum 25(OH)D level was determined by indirect electrochemiluminescence in the Access 2 Immunoassay 
System (Beckman Coulter, USA) using the commercial Roche Diagnostics kit (Roche, Switzerland). During 
the intralaboratory analysis, the method displayed a coefficient of variation ranging from 6.1 to 7.5%, with the 
observed value in our sample being 1.77%. Furthermore, the correlation coefficient with liquid chromatography 
with tandem mass spectrometry considered the gold standard, was 0.92, as provided by the manufacturer. For our 
analyses, the serum levels were evaluated as continuous and categorical variables. They were classified according 
to the Brazilian Society of Metabolism and Endocrinology as deficient when the levels of 25(OH)D were < 20 ng/
mL in the healthy population or < 30 ng/mL for the at-risk groups, such as older adults, pregnant and lactating 
women, patients with rickets/osteomalacia, osteoporosis, patients with a history of falls and fractures, second-
ary causes of osteoporosis, hyperparathyroidism, inflammatory diseases, autoimmune diseases, chronic kidney 
disease, and malabsorption  syndromes26.

Interaction variable: polymorphism FokI
To detect the FokI VDR gene polymorphism (rs2228570), genomic DNA was extracted from venous blood 
samples. Per the manufacturer’s protocol, a 600 µL whole blood sample was thawed and used immediately with 
the Wizard Genomic DNA Purification kit (Promega, USA). After extraction, the DNA was stored in a hydration 
solution at 4 °C for 24 h. Then, the samples were stored at − 20 °C until quantification, which was performed 
using fluorometry (Fluorometer Qubit 2.0, Invitrogen) and genotyping.

Polymorphism detection was performed using DNA fragment amplification by the TaqMan SNP Genotyp-
ing Assay (Applied Biosystems, Foster City, CA, USA) of real-time polymerase chain reaction (PCR) (initial 
denaturation: 95 °C, 10 min; ringing: 40 cycles of 95 °C, 15 s; final extension: 60 °C, 1 min) using specific primers 
from Thermo Scientific (Assay ID: 12060045_20).

Genotyping was performed using TaqMan allelic discrimination with sequence detection software on the 
7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA), according to the manufacturer’s 
instructions, to detect the transition substitution A > G. Negative controls were used in all experimental runs 
to ensure quality control and identify any potential contamination. When conflicting interpretations arose, the 
samples underwent supplementary amplification for confirmation, as required. Importantly, it is worth noting 
that the SNP conformed to the Hardy–Weinberg equilibrium (P > 0.05). Individuals were classified as homozy-
gous wild-type (AA), heterozygous (AG), or homozygous mutant (GG).

Descriptive variables and covariates
The following variables were assessed: age; sex (female, male); skin color (white or non-white); education level 
(no schooling, ≤ 9 years of schooling, > 9 years of schooling); work status (unemployed/housework, currently 
employed); work routine during the pandemic (worked outside, no work, worked from home); social restric-
tion (yes, no); current alcohol consumption (yes, no); smoking (yes, no); vitamin D supplementation (yes, no); 
self-reported chronic physical pain, considering physical pain present for ≥ 3 months (yes, no); and self-rated 
health (fair/poor/very poor/very good/good). Reported morbidity was assessed through the question, “Has any 
doctor or other health professional ever informed you of having a chronic disease?” Individuals who responded 
affirmatively were categorized as having a reported morbidity. The available response options included chronic 
diseases such as hypertension, diabetes, asthma, bronchitis, chronic lung disease, cancer (any type), chronic 
kidney disease, heart disease, depression, anxiety disorder, sleep apnea, hypo- or hyperthyroidism, others, and 
none of the above. In addition, the COVID-19 diagnosis was evaluated using the Wondfo SARS-CoV-2 Antibody 
Rapid Test (seropositive, seronegative). Sleep quality (good, poor) was assessed using the Pittsburgh Sleep Qual-
ity Index questionnaire, with scores ≥ 5 classified as poor sleep  quality27. Current family income was categorized 
according to the number of minimum wages received (≤ 2 minimum wages or up to 388.5 US Dollars (USD); > 2 
and ≤ 4 minimum wages or greater than 388.5 USD, up to 770.0 dollars; > 4 minimum wages or greater than 
770.0 USD). In Brazil, the minimum wage is the lowest salary employers can legally pay their employees and is 
used as a national reference.

Physical activity (dichotomous nominal variable, inactive or active) was assessed. Those who had at least 
150 min per week of moderately intense physical activity or at least 75 min per week of vigorously intense physi-
cal activity were classified as  active28.

Sun exposure (dichotomous nominal variable, sufficient or insufficient) was categorized according to the aver-
age daily sun exposure: [total time of daily sun exposure (min) × frequency of sun exposure weekly/7]. This was 
then classified as “insufficient sun exposure” if < 30 min per  day29. Finally, body mass index (BMI) (dichotomous 
nominal variable, not overweight or overweight) was classified as not overweight (BMI < 25 kg/m2 for adults 
and < 27 kg/m2 for older adults) and overweight (BMI ≥ 25 kg/m2 for adults and ≥ 27 kg/m2 for older adults), 
according to the World Health Organization (WHO)30 for adults and  Lipschitz31 for older adults, respectively.
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Statistical analysis
Categorical variables were described as relative frequencies and 95% CI, and continuous variables were described 
as means and 95% CI.

To guide the analysis, a causality model based on a directed acyclic graph (DAG) was developed with the 
exposure variable (vitamin D deficiency), outcomes (AS and DS), the interaction variable (polymorphism FokI), 
and possible confounding variables (Fig. 1) using the online software Dagitty version 3.232. A t-test was per-
formed to verify differences in means. Crude and adjusted Poisson regressions were performed for the variables 
indicated by the DAG. Therefore, the model was fitted using the minimum variables: sex, age, skin color, alcohol 
consumption, BMI, physical activity, sun exposure, chronic disease, and social restrictions.

In addition, multiplicative interaction analysis was performed to verify how FokI interfered with the asso-
ciation between exposure and outcomes. The same adjustment was adopted for these analyses, except for the 
association between FokI and the outcomes, which was adjusted only for sex and age.

A power calculation using OpenEpi demonstrated that this study achieved 100% statistical power at a 95% 
confidence level. All statistical analyses were performed considering a complex sample design using the “svy” 
package of Stata software, version 13.1 (version 13.1; Stata Corporation, College Station, TX, USA) with a sta-
tistical significance of 5%.

Ethical considerations
All procedures followed the Brazilian standards for research involving human beings, the Declaration of Hel-
sinki, and the seroepidemiological investigation protocol for SARS-CoV-2 infection by the  WHO33. This study 
was approved by the Research Ethics Committee of the Federal University of Ouro Preto (Ethics Submission 
Certificate No. 32815620.0.1001.5149). Written informed consent was obtained from all the participants.

Results
Study population
Among the 1,637 participants, 50.9% were women with a mean age of 42.9 years. Most participants had > 9 years 
of schooling, were employed, and had a family income of ≤ 2 minimum wages or up to 388.5 USD. Regarding 
skin color, most identified as non-white (Table 1). Among the participants, 23.5% reported having AS, 15.8% 
reported DS, and 30.9% had vitamin D deficiency (Fig. 2). No difference was observed in the mean vitamin D 
levels among individuals with AS (without AS: mean, 26.5; standard error (SE): 0.55; 95% CI 25.40–27.59 vs. with 
AS: mean, 25.3; SE: 0.61; 95% CI 24.05–26.48; P = 0.084). However, these levels were slightly lower in participants 
with depression (without DS: mean, 26.5; SE: 0.52; 95% CI 25.51–27.58 vs. with DS: mean, 24.4; SE: 0.69; 95% 
CI 23.06–25.81; P = 0.015) (Fig. 3).

Figure 1.  Directed acyclic graph (DAG) on the influence of the FokI polymorphism on the association 
between vitamin D deficiency and symptoms of anxiety and depression in adults. Legend: Causal connections 
represented by arrows were established between variables. The variable in green and with the “►” symbol 
was the exposure variable; in blue and with the letter “I” was the response variables; variables in blue are the 
antecedents of the outcome variable; and those in red are antecedents of the outcome and exposure variables; 
the variable in gray is a collider and indicates a closed or blocked path.
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Characteristics Total

Vitamin D status

PR 95% CI p Value *

Deficiency
(%)

Sufficiency
(%)

30.9 69.1

Age (years) Mean (CI 95%) Mean (CI 95%) Mean (CI 95%)

42.9 (41.62–44.26) 51.0 (48.12–53.95) 39.8 (38.36–41.14) 1.03 1.02; 1.04  < 0.001

Sex % (CI 95%) % (CI 95%) % (CI 95%)

 Female 51.3 (43.76–58.71) 54.9 (47.48–62.06) 49.6 (39.78–59.54) 1 (Ref.)

 Male 48.7 (41.29–56.24) 45.1 (37.94–52.52) 50.4 (40.46–60.22) 0.86 0.62; 1.20 0.386

Family income”

 ≤ 2  MWa 38.6 (33.37–44.15) 35.7 (26.11–46.60) 40.0(34.03–46.19) 1 (Ref.)

 > 2 to ≤ 4 MW 33.4 (27.86–39.50) 38.8 (29.97–48.39) 31.0 (24.09–38.84) 1.25 0.82; 1.93 0.296

 > 4 MW 28.0 (22.55–34.07) 25.5 (18.87–33.52) 29.0 (22.77–36.28) 0.99 0.68; 1.43 0.946

Skin color

White 26.4 (20.97–32.71) 30.4 (21.66–40.90) 24.6 (18.60–31.84) 1 (Ref.)

Black/brown 73.6 (67.29–79.03) 69.6 (59.10–78.34) 75.4 (68.16–81.40) 0.82 0.57; 1.18 0.285

Education level (years of schooling)

No schooling 1.6 (0.68–3.81) 4.4 (1.68–10.99) 3.8 (0.16–0.94) 1 (Ref.)

 ≤ 9 26.4 (21.63–31.81) 34.0 (27.47–41.12) 23.0 (16.71–30.85) 0.47 0.34; 0.66  < 0.001

 > 9 72.0 (66.57–76.80) 61.6 (54.04–68.70) 76.6 (68.8–82.9) 0.32 0.24; 0.42  < 0.001

Work status

Unemployed/housework 45.8 (41.28–50.34) 54.4(46.53–62.05) 41.9 (36.38–47.69) 1 (Ref.)

Currently employed 54.2 (49.66–58.72) 45.6 (37.95–53.47) 58.1 (52.31–63.62) 0.71 0.54; 0.92 0.011

Work routine during the pandemic

No work from home 32.8 (27.81–38.27) 28.3 (19.80–38.61) 34.9 (29.77–40.33) 1 (Ref.)

No work 21.4 (17.12–26.41) 17.3 (12.45–23.68) 23.2 (23.21–29.47) 0.94 0.61; 1.44 0.782

Work from home 45.8 (41.28–50.34) 54.4 (46.51–62.02) 41.9 (36.38–47.69) 1.38 0.97; 1.95 0.069

Social restriction

No 14.02 (10.19–18.97) 15.97 (8.32–28.47) 13.1 (9.69–17–57) 1 (Ref.)

Yes 85.98 (81.03–89.81 84.03 (71.53–91.68) 86.9 (82.43–90.31) 0.86 0.51; 1.43 0.551

Alcohol consumption

No 41.0 (34.80–47.47) 51.8 (42.99–60.49) 36.1 (29.10–43.82) 1 (Ref.)

Yes 59.0 (52.53–65.20) 48.2 (39.51–57.01) 63.9 (56.18–70.90) 0.65 0.47; 0.89 0.008

Smoking

No 83.9 (78.89–87.83) 80.5 (69.17–88.35) 85.4 (80.02–89.47) 1 (Ref.)

Yes 16.1 (12.17–21.11) 19.5 (11.65–30.83) 14.6 (10.53–19.98) 1.26 0.79; 2.00 0.325

Physical activityb

Active 36.1 (28.48–44.52) 31.1 (22.25–41.68) 38.3 (28.24–49.50) 1 (Ref.)

Inactive 63.9 (55.48–71.52) 68.9 (58.32–77.75) 61.7 (50.50–71.76) 1.25 0.77; 2.02 0.357

Sun exposurec

Sufficient 41.4 (34.04–49.09) 38.2 (28.38–49.09) 42.8 (33.17–52.96) 1 (Ref.)

Insufficient 58.8 (50.91–65.96) 61.8 (50.91–71.62) 57.2 (47.04–66.83) 1.14 0.73; 1.77 0.554

Vitamin D supplementation

No 93.3 (91.23–94.89) 95.1 (92.68–96.85) 92.4 (89.49–94.61) 1 (Ref.)

Yes 6.7 (5.11–8.77) 4.9 (3.15–7.32) 7.6 (5.39–10.51) 0.70 0.45; 1.09 0.115

Chronic diseased

No 42.3 (35.22–49.75) 21.4 (15.59–28.58) 51.7 (42.75–60.50) 1 (Ref.)

Yes 57.7 (50.25–64.78) 78.6 (71.42–84.41) 48.3 (39.50–57.25) 2.70 1.76; 4.12  < 0.001

Chronic paine

No 65.8 (61.23–70.13) 63.1 (56.90–68.97) 67.0 (60.66–72.80) 1 (Ref.)

Yes 34.2 (29.87–38.77) 36.9 (31.03–43.10) 33.0 (27.20–39.34) 1.12 0.87; 1.46 0.373

Self-rated healthf

Very good/good 79.3 (75.12–83.00) 66.7 (60.26–72.6) 85.0 (80.04–88.88) 1 (Ref.)

Fair/poor/very poor 20.7 (17.00–24.88) 33.3 (27.40–39.74) 15.01 (11.12–19.96) 1.92 1.47; 2.49  < 0.001

Sleep qualityg

Good 46.2 (41.93–50.57) 42.1 (33.38–51.32) 48.1 (43.35–52.83) 1 (Ref.)

Poor 53.8 (49.43–58.07) 57.9 (48.68–66.62) 51.9 (47.17–56.65) 1.18 0.88; 1.58 0.257

COVID-19 Test

Continued
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Vitamin D deficiency‑associated factors
Vitamin D deficiency was positively associated with older age, chronic disease diagnosis, and worse self-rated 
health. In contrast, vitamin D deficiency was negatively associated with educational level, work status, and 
alcohol consumption (Table 1).

Vitamin D deficiency, mental disorders, and FokI polymorphism
In the multivariate model, no association was observed between vitamin D deficiency and AS or DS. Similarly, 
no association was observed between the polymorphism and outcomes. However, in the interaction analyses, a 
combined effect between vitamin D deficiency and the presence of the altered allele was observed for DS but not 
for AS (Table 2). Individuals with vitamin D deficiency and the presence of one altered allele had a 2.84 higher 
prevalence of DS (95% CI 1.04–7.76), while individuals with the presence of two altered alleles had a 4.37 higher 
prevalence of DS (95% CI 1.62–11.83) (Table 2).

Discussion
This study was conducted in Brazil to explore whether the VDR gene polymorphism FokI (rs2228570) influ-
ences the association between vitamin D deficiency, AS, and DS in adults. Our main findings were that vitamin 
D deficiency and the presence of the FokI polymorphism alone were not associated with AS or DS. However, a 
combined effect was observed between the AG and GG genotypes and vitamin D deficiency in relation to DS 
but not to AS. Notably, the prevalence of DS was higher among individuals with two copies of the altered allele.

Table 1.  Socioeconomic, lifestyle and health conditions in adults according to vitamin D status during the 
COVID-19 pandemic, COVID-Inconfidentes Study (2020). PR prevalence ratio (crude). a MW: minimum 
wage. "Family income: minimum wage value (2020): BRL 1045.00 ≈ USD 194.25 (1 USD = 5.3797 BRL). b 
Physical activity—active: ≥ 150 min of moderate physical activity or ≥ 75 min of vigorous physical activity 
(WHO—World Health Organization, 2010). c Sun exposure: insufficient sun exposure < 30 min/day. d Chronic 
disease: medical diagnosis of at least one chronic disease. e chronic physical pain, considering physical pain 
present for 3 months or more (yes, no). f Self-rated health: fair/poor/very poor health or very good, good. g 
Sleep quality: scores of 0–4 = good sleep quality; scores ≥ 5 = poor sleep quality. h Genotype frequency (FokI): 
AA—homozygous wild, AG—heterozygous and GG—homozygous mutant. *p value from univariate Poisson 
regression. Bold values indicate statistical significance of 5%.

Characteristics Total

Vitamin D status

PR 95% CI p Value *

Deficiency
(%)

Sufficiency
(%)

30.9 69.1

Soronegative 95.0 (93.22–96.26) 94.7 (91.22–96.86) 95.1 (92.56–96.75) 1 (Ref.)

Soropositive 5.0 (3.74–6.78) 5.3 (3.14–8.78) 4.9 (3.25–7.44) 1.05 0.62; 1.76 0.851

Genotype frequency (FokI)h

AA 9.9 (5.53–16.77) 6.7 (4.47–9.82) 11.2 (5.54–21.34) 1 (Ref.)

AG 44.7 (40.59–48.96) 45.7 (37.11–54.62) 44.3 (40.09–48.58) 1.50 0.76; 2.97 0.237

GG 45.4 (39.41–51.65) 47.6 (39.47–55.87) 44.5 (36.70–52.59) 1.54 0.73; 3.25 0.253

Figure 2.  Prevalence rates for anxiety symptoms, depression symptoms, and vitamin D deficiency in the 
sample, COVID-Inconfidentes Study (2020).
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Vitamin D deficiency is highly prevalent globally and has been found in different populations, such as chil-
dren, adolescents, adults, and older adults, irrespective of race, ethnicity, or  country34. Low serum vitamin D 
levels are associated with depressive  symptoms8,35,36, which was not observed in our study. A meta-analysis 
of observational studies indicated that individuals with lower vitamin D levels were 1.31 times more likely to 
experience depression (95% CI 1.0–1.71, P = 0.05) and had a 2.21 higher risk of depression (95% CI 1.40–3.49, 
P = 0.0007)36. However, these findings and those of other studies should be approached with caution. Considera-
tion of potential biases in study design, non-representative samples, and variations in the definition of vitamin D 
 deficiency36 is crucial. Methodological disparities might have contributed to variations in study outcomes. Moreo-
ver, limitations in the existing literature, including diverse study populations, variations in depression severity, 
distinct methods for measuring 25(OH)D37, and diverse measures of  depression38, could explain the disparities 
between the published results and the outcomes of our study. Although we did not find an association between 
serum vitamin D levels and AS or DS, we observed that individuals have lower mean serum vitamin D levels. A 
bidirectional relationship is possible between lower serum vitamin D levels and mental health disorders. That is, 
lower vitamin D levels can lead to the development of mental health disorders. However, individuals with mental 
health disorders may be socially isolated and have reduced exposure to sunlight, so the opposite can be  true39.

Regarding anxiety, the association between low serum vitamin D levels and AS has been explored in a small 
number of studies and specific  subgroups40–42. However, the results of a cross-sectional study demonstrated a 
negative association between serum vitamin D levels and a self-reported state of anxiety (OR = 0.92, P < 0.001)1.

Various mechanisms have been proposed to explain the association between serum levels and mental health 
disorders. One of these involves the role of vitamin D in serotonin metabolism and its interaction with circadian 

Figure 3.  Vitamin D levels (ng/mL) according to the symptoms of anxiety (A) and symptoms of depression (B).
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 rhythms8. An experimental study showed that sufficient serum vitamin D levels enhanced the production of 
serotonin and suppressed its reuptake and  catabolism43. Serotonin is a neurotransmitter that plays a central role 
in the pathogenesis of anxiety and  depression44, making it a plausible mechanism for the link between vitamin 
D and mental health disorders. Furthermore, serotonin is a precursor of melatonin, a hormone involved in 
regulating circadian rhythms and associated with sleep  quality8. Thus, low vitamin D levels can compromise 
sleep quality and play a fundamental role in the symptomatology of anxiety and  depression8,45.

In addition to the aforementioned pathways, other plausible mechanisms link vitamin D to mental health 
disorders. Vitamin D regulates the detoxification process in the brain by controlling γ-glutamyl transpeptidase 
activity. Vitamin D also regulates the expression of neuronal growth factors such as neurotrophin-3 and neuro-
trophin-446 and the secretion of brain-derived neurotrophic  factor47,48. Additionally, vitamin D acts by reducing 
neuronal calcium levels. Consequently, lower levels of vitamin D may result in an imbalance between excitatory 
and inhibitory neurons that can contribute to developing mental health  disorders49.

As previously mentioned, the function of vitamin D in target tissues is mediated by its binding to the  VDR9. 
The disparities in the affinity of vitamin D for VDR can be attributed to the presence of polymorphisms in the 
VDR gene, especially  FokI12. Our study did not demonstrate a direct association between the genotypes of the 
FokI polymorphism and AS or DS. Similarly, a cross-sectional study conducted with 86 patients diagnosed with 
major depressive disorder in Turkey showed no association between depression and the FokI  polymorphism11. 
The results of a prospective population-based study conducted with 563 participants in The Netherlands showed 
that polymorphisms in the VDR gene, such as BsmI (rs1544410) and TaqI (rs731236), but not FokI, influence the 
susceptibility to age-related changes in cognitive functioning and depressive  symptoms14. A study conducted on 
153 Ukrainian patients with different types of thyroid pathology did not reveal an association between the pres-
ence of this genetic alteration and  anxiety50. Therefore, it is important to evaluate the presence of polymorphisms 
in combination with other factors, such as serum vitamin D levels.

A noteworthy result of our study was the interaction observed between vitamin D deficiency and the FokI 
polymorphism in DS. While isolated factors were not associated with symptoms, their combination was linked to 

Table 2.  Association between vitamin D deficiency and symptoms of anxiety and depression during the 
COVID-19 pandemic, and influence of polymorphism FokI (rs10735810) in the VDR gene in this association; 
COVID-Inconfidentes Study (2020). PR prevalence ratio. The exposure variable was vitamin D deficiency 
(25(OH)D < 20 ng/mL in a healthy population or < 30 ng/mL for groups at risk). The outcome variables 
were symptoms of anxiety and symptoms of depression, evaluated by GAD-7 and PHQ-9, respectively. 
Polymorphisms were genotyped using Taqman probes in real time PCR, and were classified as homozygous 
wild (AA), heterozygous (AG), and homozygous mutant (GG). Directed acyclic graph (DAG) was used for 
the adjusted analysis in the association between vitamin D and symptoms of anxiety and depression. Adjusted 
for minimum and sufficient set of variables: sex, age, skin color, body mass index, physical activity, alcohol 
consumption, sun exposure, chronic disease, and social restriction. ˠAdjusted Interaction analysis: adjusted 
for minimum and sufficient set of variables. bAdjustment (exclusive for association between polymorphism 
and symptoms of anxiety and depression): sex and age. *p value from Poisson regression. Bold values indicate 
statistical significance of 5%.

Symptoms of anxiety

p Value*

Symptoms of 
depression

p Value*PR (95% CI) PR (95% CI)

Vitamin D

Suficiency 1 (Ref) 1 (Ref)

Deficiency (Crude analysis) 0.97 (0.71–1.32) 0.842 1.47 (0.93–2.33) 0.101

Deficiency (Adjusted analysis) 1.02 (0.77–1.35) 0.882 1.31 (0.85–2.02) 0.225

Polymorphism FokI

AA 1 (Ref) 1 (Ref)

AG 0.98 (0.31–3.15) 0.980 0.76 (0.28–2.08) 0.588

GG 0.97 (0.38–2.48) 0.949 0.64 (0.24–1.74) 0.381

Adjustmentb

AA 1 (Ref) 1 (Ref)

AG 0.90 (0.33–2.43) 0.832 0.64 (0.30–1.35) 0.239

GG 0.89 (0.41–1.93) 0.770 0.54 (0.27–1.08) 0.080

Crude interaction analysis

Vitamin D sufficiency * AA 1 (Ref) 1 (Ref)

Vitamin D deficiency * AG 0.65 (0.12–3.49) 0.613 4.57 (1.01–20.73) 0.049

Vitamin D deficiency * GG 2.06 (0.52–8.23) 0.301 5.39 (1.24–23.34) 0.025

Adjusted interaction analysisˠ

Vitamin D sufficiency * AA 1 (Ref) 1 (Ref)

Vitamin D deficiency * AG 0.65 (0.17–2.53) 0.531 2.84 (1.04–7.76) 0.042

Vitamin D deficiency * GG 2.32 (0.74–7.33) 0.149 4.37 (1.62–11.83) 0.004
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a higher prevalence of DS. These findings highlight the complex and multifactorial nature of mental health dis-
orders, which involve a combination of social, economic, environmental, and biological  factors51–53. Notably, the 
observed association was exclusively found in carriers of the altered allele (G), suggesting that individuals with 
wild-type homozygotes, whose receptor activity is not impaired and are known to be more efficient in mediating 
the action of vitamin  D54, did not show an association between low vitamin D levels and disorder symptoms. 
However, in the presence of at least one altered allele (and, as a result, lower binding of vitamin D to its recep-
tor), the deficiency was linked to a higher prevalence of DS. Therefore, these findings imply that individuals with 
an altered allele should be considered to have higher vitamin D levels owing to their potential influence on DS.

Considering the high prevalence of mental health disorders and vitamin D deficiency, their potential asso-
ciation is a major public health concern. Public and mental healthcare policies should incorporate nutritional 
strategies as part of preventive or treatment interventions, particularly for depression. Therefore, maintaining 
adequate serum vitamin D levels is crucial. Sun exposure can achieve this; however, the current literature lacks 
specific recommendations. Alternatively, it can also be achieved through  vitamin D supplements, which is an 
economical strategy without significant adverse  effects55.

This study has some limitations. First, the cross-sectional design did not allow us to assess the direction of 
causality. Residual confounders, owing to unmeasured factors, cannot be completely excluded. Additionally, 
gene–gene and gene-environment interactions should be the focus of further scientific investigation when study-
ing associations such as those proposed in our study. Although our current study provides valuable insights, more 
advanced techniques, such as RNA sequencing and a panel of SNPs, can offer a deeper understanding of these 
interactions. Considering broader analyses is crucial for future research to seek a more nuanced perspective on 
the relationships explored. Finally, it is important to note that the results and prevalence observed in this study 
should not be generalized to other populations.

To our knowledge, this is the first population-based study to evaluate the association of vitamin D deficiency 
and FokI polymorphism on mental disorder symptoms in adults. In addition, probabilistic sample selection 
and sample weight calculations provided statistical power to the study as well as internal and external validity. 
Genetic marker evaluation in a large sample size and using DAG to avoid unnecessary adjustments were also 
essential aspects of this study.

Conclusion
Although vitamin D deficiency and the FokI polymorphism were not individually associated with AS and DS, 
a combined effect exists stemming from the interaction of these two factors in relation to DS. Individuals with 
vitamin D deficiency and at least one altered allele were more likely to have higher DS prevalence.

 Data availability
The datasets generated during and/or analysed during the current study are not publicly available due to confi-
dentiality agreements with participants but are available from the corresponding author on reasonable request.

Received: 20 November 2023; Accepted: 19 March 2024

References
 1. Zhang, Z. et al. Vitamin D and the risks of depression and anxiety: An observational analysis and genome-wide environment 

interaction study. Nutrients 13(10), 3343. https:// doi. org/ 10. 3390/ nu131 03343 (2021).
 2. Casseb, G. A. S., Kaster, M. P. & Rodrigues, A. L. S. Potential role of vitamin D for the management of depression and anxiety. CNS 

Drugs 33(7), 619–637. https:// doi. org/ 10. 1007/ s40263- 019- 00640-4 (2019).
 3. Groves, N. J., Mcgrath, J. J. & Burne, T. H. J. Vitamin D as a neurosteroid affecting the developing and adult brain. Annu. Rev. Nutr. 

34, 117–141. https:// doi. org/ 10. 1146/ annur ev- nutr- 071813- 105557 (2014).
 4. Umar, M., Sastry, K. S. & Chouchane, A. I. Role of vitamin D beyond the skeletal function: a review of the molecular and clinical 

studies. Int. J. Mol. Sci. 19(6), 1618. https:// doi. org/ 10. 3390/ ijms1 90616 18 (2018).
 5. Mendes, M. M., Hart, K. H., Botelho, P. B. & Lanham-New, S. A. Vitamin D status in the tropics: Is sunlight exposure the main 

determinant?. Nutr. Bull. https:// doi. org/ 10. 1111/ nbu. 12349 (2018).
 6. Khan, M. U. et al. Vitamin D from natural sources: Hope for the future. Phytomed. Plus https:// doi. org/ 10. 1016/j. phyplu. 2022. 

100248 (2022).
 7. Dastani, Z., Li, R. & Richards, B. Genetic regulation of vitamin D levels. Calcif. Tissue Int. 92, 106–117. https:// doi. org/ 10. 1007/ 

s00223- 012- 9660-z (2013).
 8. Ceolin, G. et al. Vitamin D, depressive symptoms, and Covid-19 pandemic. Front. Neurosci. 15, 670879. https:// doi. org/ 10. 3389/ 

fnins. 2021. 670879 (2021).
 9. Panda, S., Tiwari, A., Luthra, K., Sharma, S. K. & Singh, A. Association of Fok1 VDR polymorphism with Vitamin D and its asso-

ciated molecules in pulmonary tuberculosis patients and their household contacts. Sci. Rep. 9(1), 1–10. https:// doi. org/ 10. 1038/ 
s41598- 019- 51803-8 (2019).

 10. Haussler, M. R. et al. The nuclear vitamin D receptor controls the expression of genes encoding factors which feed the “Fountain 
of Youth” to mediate healthful aging. J. Steroid Biochem. Mol. Biol. 121(1–2), 88–97. https:// doi. org/ 10. 1016/j. jsbmb. 2010. 03. 019 
(2010).

 11. Can, M. S., Baykan, H., Baykan, Ö., Erensoy, N. & Karlıdere, T. Vitamin D levels and vitamin D receptor gene polymorphism in 
major depression. Psychiatr. Danubina 29(2), 179–185. https:// doi. org/ 10. 24869/ psyd. 2017. 179 (2017).

 12. Glocke, M. et al. Impact of vitamin D receptor VDR rs2228570 polymorphism in oldest old. Kidney Blood Press. Res. 37(4–5), 
311–322. https:// doi. org/ 10. 1159/ 00035 0159 (2013).

 13. Neela, V. S. K. et al. Association of Taq I, FokI and Apa I polymorphisms in vitamin D receptor (VDR) gene with leprosy. Hum. 
Immunol. 76(6), 402–405. https:// doi. org/ 10. 1016/j. humimm. 2015. 04. 002 (2015).

 14. Kuningas, M. et al. VDR gene variants associate with cognitive function and depressive symptoms in old age. Neurobiol. Aging 
30(3), 466–473. https:// doi. org/ 10. 1016/j. neuro biola ging. 2007. 07. 001 (2009).

 15. Ferraz, R. S. et al. Variants in the VDR gene may influence 25 (OH) D levels in type 1 diabetes mellitus in a Brazilian population. 
Nutrients 14(5), 1010. https:// doi. org/ 10. 3390/ nu140 51010 (2022).

https://doi.org/10.3390/nu13103343
https://doi.org/10.1007/s40263-019-00640-4
https://doi.org/10.1146/annurev-nutr-071813-105557
https://doi.org/10.3390/ijms19061618
https://doi.org/10.1111/nbu.12349
https://doi.org/10.1016/j.phyplu.2022.100248
https://doi.org/10.1016/j.phyplu.2022.100248
https://doi.org/10.1007/s00223-012-9660-z
https://doi.org/10.1007/s00223-012-9660-z
https://doi.org/10.3389/fnins.2021.670879
https://doi.org/10.3389/fnins.2021.670879
https://doi.org/10.1038/s41598-019-51803-8
https://doi.org/10.1038/s41598-019-51803-8
https://doi.org/10.1016/j.jsbmb.2010.03.019
https://doi.org/10.24869/psyd.2017.179
https://doi.org/10.1159/000350159
https://doi.org/10.1016/j.humimm.2015.04.002
https://doi.org/10.1016/j.neurobiolaging.2007.07.001
https://doi.org/10.3390/nu14051010


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:6925  | https://doi.org/10.1038/s41598-024-57558-1

www.nature.com/scientificreports/

 16. Pereira-Santos, M., Santos, J. Y. G. D., Carvalho, G. Q., Santos, D. B. D. & Oliveira, A. M. Epidemiology of vitamin D insufficiency 
and deficiency in a population in a sunny country: Geospatial meta-analysis in Brazil. Crit. Rev. Food Sci. Nutr. 59(13), 2102–2109. 
https:// doi. org/ 10. 1080/ 10408 398. 2018. 14377 11 (2019).

 17. Dos Santos Vieira, F. B. et al. Vitamin D deficiency in Brazil: Questions about potential causes and clinical characteristics. Int. J. 
Nutrol. 14(01), 026–032. https:// doi. org/ 10. 1055/s- 0041- 17286 82 (2021).

 18. IBGE - Instituto Brasileiro de Geografia e Estatística. Atlas do Censo Demográfico 2010, vol. 2010, p. 11. https:// www. ibge. gov. br/ 
geoci encias/ atlas/ temat icos/ 16361- atlas- do- censo- demog rafico. html (2013).

 19. Silva, P. L. N., Pessoa, D. G. C. & Lila, M. F. Análise estatística de dados da PNAD: Incorporando a estrutura do plano amostral. 
Cien. Saude Colet. 7(4), 659–670. https:// doi. org/ 10. 1590/ S1413- 81232 00200 04000 05 (2002).

 20. Meireles, A. L. et al. COVID-inconfidentes-SARS-CoV-2 seroprevalence in two Brazilian urban areas during the pandemic first 
wave: Study protocol and initial results. Salud Public Mesoam. 21, 17–36 (2023).

 21. Monteiro, R. P., Nascimento, B. S., Monteiro, T. M. C., da Silva, P. D. G. & Ferreira, A. J. C. Psychometric evidence of the 7-item 
generalized anxiety disorder questionnaire in Brazil. Int. J. Mental Health Addict. https:// doi. org/ 10. 1007/ s11469- 020- 00423-9 
(2020).

 22. Moreno, A. L. et al. Factor structure, reliability, and item parameters of the Brazilian-Portuguese version of the GAD-7 question-
naire. Temas Psicol. 24(1), 367–376. https:// doi. org/ 10. 9788/ TP2016. 1- 25 (2016).

 23. Santos, I. S. et al. Sensibilidade e especificidade do Patient Health Questionnaire-9 (PHQ-9) entre adultos da população geral. Cad. 
Saúde Publ. 29, 1533–1543. https:// doi. org/ 10. 1590/ 0102- 311x0 01446 12 (2013).

 24. Kroenke, K., Spitzer, R. L. & Williams, J. B. W. The PHQ-9: Validity of a brief depression severity measure. J. Gen. Intern. Med. 
16(9), 606–613. https:// doi. org/ 10. 1046/j. 1525- 1497. 2001. 01600 9606.x (2001).

 25. Spitzer, R. L., Kroenke, K., Williams, J. B. W. & Löwe, B. A brief measure for assessing generalized anxiety disorder: the GAD-7. 
Arch. Intern. Med. 166(10), 1092–1097. https:// doi. org/ 10. 1001/ archi nte. 166. 10. 1092 (2006).

 26. Ferreira, C. E. S. Posicionamento oficial da Sociedade Brasileira de Patologia Clínica/Medicina Laboratorial (SBPC/ML) e da 
Sociedade Brasileira de Endocrinologia e Metabologia (SBEM) sobre intervalos de referência da vitamina D [25 (OH) D]. J. Bras. 
Patol. Med. Lab. 53(6), 377–381. https:// doi. org/ 10. 5935/ 1676- 2444. 20170 060 (2017).

 27. Bertolazi, A. N. et al. Validação da escala de sonolência de Epworth em português para uso no Brasil. J. Bras. Pneumol. 35, 877–883 
(2009).

 28. WHO, World Health Organization. Global recommendations on physical activity for health. World Health Organization. https:// 
www. who. int/ news- room/ fact- sheets/ detail/ physi cal- activ ity (2010).

 29. Lee, Y. M., Kim, S. A. & Lee, D. H. Can current recommendations on sun exposure sufficiently increase serum vitamin D level? 
One-month randomized clinical trial. J. Korean Med. Sci. https:// doi. org/ 10. 3346/ jkms. 2020. 35. e50 (2020).

 30. WHO, World Health Organization. Obesity: preventing and managing the global epidemic; report of a WHO Consultation on 
Obesity, Geneva, 3–5 June 1997. WHO. https:// apps. who. int/ iris/ handle/ 10665/ 42330 (1998).

 31. Lipschitz, D. A. Screening for nutritional status in the elderly. Prim. Care: Clin. Off. Pract. 21(1), 55–67. https:// doi. org/ 10. 1016/ 
S0095- 4543(21) 00452-8 (1994).

 32. Textor, J., Hardt, J. & Knüppel, S. DAGitty: A graphical tool for analyzing causal diagrams. Epidemiology 22(5), 745. https:// doi. 
org/ 10. 1097/ EDE. 0b013 e3182 25c2be (2011).

 33. WHO, World Health Organization. Population-based age-stratified seroepidemiological investigation protocol for COVID-19 
virus infection, 17 March 2020. World Health Organization. https:// iris. paho. org/ handle/ 10665.2/ 51990 (2020).

 34. Silva, M. R. M. et al. Relationship between vitamin D deficiency and psychophysiological variables: A systematic review of the 
literature. Clinics https:// doi. org/ 10. 6061/ clini cs/ 2021/ e3155 (2021).

 35. Parker, G. B., Brotchie, H. & Graham, R. K. Vitamin D and depression. J. Affect. Disord. 208, 56–61. https:// doi. org/ 10. 1016/j. jad. 
2016. 08. 082 (2017).

 36. Anglin, R. E., Samaan, Z., Walter, S. D. & McDonald, S. D. Vitamin D deficiency and depression in adults: Systematic review and 
meta-analysis. Br. J. Psychiatry 202(2), 100–107. https:// doi. org/ 10. 1192/ bjp. bp. 111. 106666 (2013).

 37. Musazadeh, V. et al. Vitamin D protects against depression: Evidence from an umbrella meta-analysis on interventional and 
observational meta-analyses. Pharmacol. Res. 187, 106605. https:// doi. org/ 10. 1016/j. phrs. 2022. 106605 (2023).

 38. Guzek, D. et al. Effect of vitamin D supplementation on depression in adults: A systematic review of randomized controlled trials 
(RCTs). Nutrients 15(4), 951. https:// doi. org/ 10. 3390/ nu150 40951 (2023).

 39. Libuda, L. et al. Vitamin D and the risk of depression: a causal relationship? Findings from a Mendelian randomization study. 
Nutrients 11(5), 1085. https:// doi. org/ 10. 3390/ nu110 51085 (2019).

 40. Armstrong, D. J. et al. Vitamin D deficiency is associated with anxiety and depression in fibromyalgia. Clin. Rheumatol. 26, 551–554. 
https:// doi. org/ 10. 1007/ s10067- 006- 0348-5 (2007).

 41. Sağlam, G., Pektaş, G., Karakullukçu, S., Pektaş, A. & Aykut, D. S. Vitamin D deficiency is associated with depression, anxiety and 
sleep disturbance in pregnant women. J. Acad. Res. Med. https:// doi. org/ 10. 4274/ jarem. galen os. 2021. 3897 (2021).

 42. Han, B., Zhu, F. X., Yu, H. F., Liu, S. & Zhou, J. L. Low serum levels of vitamin D are associated with anxiety in children and ado-
lescents with dialysis. Sci. Rep. 8(1), 5956. https:// doi. org/ 10. 1038/ s41598- 018- 24451-7 (2018).

 43. Sabir, M. S. et al. Optimal vitamin D spurs serotonin: 1, 25-dihydroxyvitamin D represses serotonin reuptake transport (SERT) 
and degradation (MAO-A) gene expression in cultured rat serotonergic neuronal cell lines. Genes Nutr. 13(1), 1–11. https:// doi. 
org/ 10. 1186/ s12263- 018- 0605-7 (2018).

 44. Roth, W., Zadeh, K., Vekariya, R., Ge, Y. & Mohamadzadeh, M. Tryptophan metabolism and gut-brain homeostasis. Int. J. Mol. 
Sci. 22(6), 2973. https:// doi. org/ 10. 3390/ ijms2 20629 73 (2021).

 45. Choi, J. H. et al. Relationship between sleep duration, sun exposure, and serum 25-hydroxyvitamin D status: A cross-sectional 
study. Sci. Rep. 10(1), 4168. https:// doi. org/ 10. 1038/ s41598- 020- 61061-8 (2020).

 46. Gezen-Ak, D., Dursun, E. & Yilmazer, S. The effect of vitamin D treatment on nerve growth factor (NGF) release from hippocampal 
neurons. Nöro Psikiyatri Arşivi 51(2), 157. https:// doi. org/ 10. 4274/ npa. y7076 (2014).

 47. Khairy, E. Y. & Attia, M. M. Protective effects of vitamin D on neurophysiologic alterations in brain aging: Role of brain-derived 
neurotrophic factor (BDNF). Nutr. Neurosci. 24(8), 650–659. https:// doi. org/ 10. 1080/ 10284 15X. 2019. 16658 54 (2021).

 48. Norwit, N. G. & Naidoo, U. Nutrition as metabolic treatment for anxiety. Front. Psychiatry https:// doi. org/ 10. 3389/ fpsyt. 2021. 
598119 (2021).

 49. Berridge, M. J. Vitamin D and depression: Cellular and regulatory mechanisms. Pharmacol. Rev. 69(2), 80–92. https:// doi. org/ 10. 
1124/ pr. 116. 013227 (2017).

 50. Kamyshna, I., Pavlovych, L., Pankiv, V., Pankiv, I. & Kamyshnyi, A. Anxiety disorders and prediction of their development in 
patients with hypothyroidism and autoimmune thyroiditis. Open Access Maced. J. Med. Sci. 10(B), 1–10. https:// doi. org/ 10. 1124/ 
pr. 116. 013227 (2022).

 51. Remes, O., Mendes, J. F. & Templeton, P. Biological, psychological, and social determinants of depression: A review of recent 
literature. Brain Sci. 11(12), 1633. https:// doi. org/ 10. 3390/ brain sci11 121633 (2021).

 52. Jesulola, E., Micalos, P. & Baguley, I. J. Understanding the pathophysiology of depression: From monoamines to the neurogenesis 
hypothesis model-are we there yet?. Behav. Brain Res. 341, 79–90. https:// doi. org/ 10. 1016/j. bbr. 2017. 12. 025 (2018).

 53. Schiele, M. A. & Domschke, K. Epigenetics at the crossroads between genes, environment and resilience in anxiety disorders. 
Genes Brain Behav. 17(3), e12423. https:// doi. org/ 10. 1111/ gbb. 12423 (2018).

https://doi.org/10.1080/10408398.2018.1437711
https://doi.org/10.1055/s-0041-1728682
https://www.ibge.gov.br/geociencias/atlas/tematicos/16361-atlas-do-censo-demografico.html
https://www.ibge.gov.br/geociencias/atlas/tematicos/16361-atlas-do-censo-demografico.html
https://doi.org/10.1590/S1413-81232002000400005
https://doi.org/10.1007/s11469-020-00423-9
https://doi.org/10.9788/TP2016.1-25
https://doi.org/10.1590/0102-311x00144612
https://doi.org/10.1046/j.1525-1497.2001.016009606.x
https://doi.org/10.1001/archinte.166.10.1092
https://doi.org/10.5935/1676-2444.20170060
https://www.who.int/news-room/fact-sheets/detail/physical-activity
https://www.who.int/news-room/fact-sheets/detail/physical-activity
https://doi.org/10.3346/jkms.2020.35.e50
https://apps.who.int/iris/handle/10665/42330
https://doi.org/10.1016/S0095-4543(21)00452-8
https://doi.org/10.1016/S0095-4543(21)00452-8
https://doi.org/10.1097/EDE.0b013e318225c2be
https://doi.org/10.1097/EDE.0b013e318225c2be
https://iris.paho.org/handle/10665.2/51990
https://doi.org/10.6061/clinics/2021/e3155
https://doi.org/10.1016/j.jad.2016.08.082
https://doi.org/10.1016/j.jad.2016.08.082
https://doi.org/10.1192/bjp.bp.111.106666
https://doi.org/10.1016/j.phrs.2022.106605
https://doi.org/10.3390/nu15040951
https://doi.org/10.3390/nu11051085
https://doi.org/10.1007/s10067-006-0348-5
https://doi.org/10.4274/jarem.galenos.2021.3897
https://doi.org/10.1038/s41598-018-24451-7
https://doi.org/10.1186/s12263-018-0605-7
https://doi.org/10.1186/s12263-018-0605-7
https://doi.org/10.3390/ijms22062973
https://doi.org/10.1038/s41598-020-61061-8
https://doi.org/10.4274/npa.y7076
https://doi.org/10.1080/1028415X.2019.1665854
https://doi.org/10.3389/fpsyt.2021.598119
https://doi.org/10.3389/fpsyt.2021.598119
https://doi.org/10.1124/pr.116.013227
https://doi.org/10.1124/pr.116.013227
https://doi.org/10.1124/pr.116.013227
https://doi.org/10.1124/pr.116.013227
https://doi.org/10.3390/brainsci11121633
https://doi.org/10.1016/j.bbr.2017.12.025
https://doi.org/10.1111/gbb.12423


11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:6925  | https://doi.org/10.1038/s41598-024-57558-1

www.nature.com/scientificreports/

 54. Alimirah, F., Peng, X., Murillo, G. & Mehta, R. G. Functional significance of vitamin D receptor FokI polymorphism in human 
breast cancer cells. PLoS ONE 6(1), e16024. https:// doi. org/ 10. 1371/ journ al. pone. 00160 24 (2011).

 55. De Oliveira, C., Hirani, V. & Biddulph, J. P. Associations between vitamin D levels and depressive symptoms in later life: Evidence 
from the English Longitudinal Study of Ageing (ELSA). J. Gerontol.: Ser. A 73(10), 1377–1382. https:// doi. org/ 10. 1093/ gerona/ 
glx130 (2018).

Acknowledgements
The authors acknowledge the Federal University of Ouro Preto (UFOP) and the “Grupo de Pesquisa e Ensino 
em Nutrição e Saúde Coletiva” (GPENSC) for their support. And we are grateful for the collaboration of the 
Municipal Health Secretariats of the Ouro Preto and Mariana. We would like to thank Editage (www. edita ge. 
com. br) for English language editing.

Author contributions
T.S.S.—data collection, conception and study design; analysis and interpretation of data; writing the manuscript, 
critical review and final approval. L.A.A.M.-J.—data collection, assistance in laboratory analysis, critical review 
and final approval. A.P.B.—data collection, assistance in laboratory analysis, critical review and final approval. 
S.S.M.—data collection, assistance in laboratory analysis, critical review and final approval. M.C.M.—project 
conception, management of financial resources, critical review and final approval. A.L.M.—conception and coor-
dination of data collection, management of financial resources, critical review and final approval. G.L.L.M.C.—
conception and coordination of data collection, management of financial, critical review, supervision and final 
approval. J.C.C.C.—conception and study design, analysis and interpretation of data; critical review, supervision 
and final approval.

Funding
This study was supported by the “Conselho Nacional de Desenvolvimento Científico e Tecnológico” (CNPq, 
Distrito Federal, Brazil), “Coordenação de Aperfeiçoamento de Pessoal de Nível Superior” (CAPES) [nº 
88881.504995/2020-01], “Fundação de Amparo à Pesquisa do Estado de Minas Gerais" (FAPEMIG) [nº001/2021; 
APQ-02445-21], and finance code 001 for Ph.D. student scholarship.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.S.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1371/journal.pone.0016024
https://doi.org/10.1093/gerona/glx130
https://doi.org/10.1093/gerona/glx130
http://www.editage.com.br
http://www.editage.com.br
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Interaction between Fokl polymorphism and vitamin D deficiency in the symptoms of mental disorders in adults: a population-based study
	Materials and methods
	Study design
	Data collection
	Analytic sample
	Measures
	Outcome: symptoms of mental disorders
	Biological sample
	Exposure variable: serum vitamin D levels
	Interaction variable: polymorphism FokI
	Descriptive variables and covariates

	Statistical analysis
	Ethical considerations

	Results
	Study population
	Vitamin D deficiency-associated factors
	Vitamin D deficiency, mental disorders, and FokI polymorphism

	Discussion
	Conclusion
	References
	Acknowledgements


