
Serum Vitamin D and Sex Hormones Levels in Men and Women: 
The Multi-Ethnic Study of Atherosclerosis (MESA)

Di Zhao, PhDa, Pamela Ouyang, MBBSb, Ian H. de Boer, MD, MSc, Pamela L. Lutsey, PhDd, 
Youssef MK Farag, MD, MPHa, Eliseo Guallar, MD, DrPHa, David S. Siscovick, MD, MPHe, 
Wendy S. Post, MD, MSa,b, Rita R. Kalyani, MDf, Kevin L. Billups, MDg, and Erin D. Michos, 
MD, MHSa,b

aDepartment of Epidemiology, Johns Hopkins University Bloomberg School of Public Health, 
Baltimore, MD

bDivision of Cardiology, Johns Hopkins School of Medicine, Baltimore, MD

cDivision of Nephrology, University of Washington, Seattle, WA

dDivision of Epidemiology and Community Health, School of Public Health, University of 
Minnesota, Minneapolis, MN

eNew York Academy of Medicine, New York, NY

fDivision of Endocrinology, Johns Hopkins University School of Medicine, Baltimore, MD

gDepartment of Surgery/Urology, Meharry Medical College, Nashville, TN

Abstract

Corresponding author: Erin D. Michos, MD, MHS, FACC, FAHA, Associate Professor of Medicine, Ciccarone Center for the 
Prevention of Heart Disease, Division of Cardiology, Johns Hopkins University School of Medicine, Blalock 524-B, 600 N. Wolfe 
Street, Baltimore, MD 21287, Office: 410-502-6813, Fax: 410-502-0231, edonnell@jhmi.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Contributors
DZ designed the research, analyzed the data (under the supervision of EG and EDM), wrote the first draft of the paper, and had 
primary responsibility for its final content..
PO reviewed the manuscript and provided critical scientific input.
IHdB reviewed the manuscript and provided critical scientific input.
PLL reviewed the manuscript and provided critical scientific input.
YMKF reviewed the manuscript and provided critical scientific input.
EG reviewed the manuscript and provided critical scientific input.
DSS reviewed the manuscript and provided critical scientific input.
WSP reviewed the manuscript and provided critical scientific input.
RRK reviewed the manuscript and provided critical scientific input.
KLB reviewed the manuscript and provided critical scientific input.
EDM designed the research, reviewed the manuscript and provided critical scientific input and had primary responsibility for the 
paper’s final content.
The manuscript was approved by the MESA Publication committee.

Conflict of interest
The authors report no conflict of interest with this work.

Ethical approval
The study was approved by the institutional review board of each participating institution, and all participants provided informed 
consent.

HHS Public Access
Author manuscript
Maturitas. Author manuscript; available in PMC 2018 February 01.

Published in final edited form as:
Maturitas. 2017 February ; 96: 95–102. doi:10.1016/j.maturitas.2016.11.017.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction—25-hydroxyvitamin D [25(OH)D] deficiency has been associated with low 

testosterone levels in men, but there are conflicting reports of its associations with sex hormones in 

women. Less is known about whether these associations are independent of adiposity and lifestyle 

factors, and whether they differ by race/ethnicity.

Aim—To examine associations of 25(OH)D concentrations with sex hormone levels.

Methods—Cross-sectional analysis of 3017 men and 2929 women in a multi-ethnic cohort.

Main Outcome Measures—Testosterone, estradiol, dehydroepiandrosterone (DHEA), sex 

hormone binding globulin (SHBG), and free testosterone.

Results—The mean (SD) levels of 25(OH)D in men and women were 25.7(10.4) and 26.1(12.0) 

ng/ml, respectively. In men, after adjusting for demographic and lifestyle variables, a 10 ng/ml [25 

nmol/L] decrease in 25(OH)D was associated with an average difference of −0.70 nmol/L (95%CI 

−1.36, −0.05) in SHBG and 0.02 percent (0.01, 0.04) in free testosterone, but was not associated 

with low total testosterone level (<10.41 nmol/L). In women, a 10 ng/ml decrease in 25(OH)D 

levels was associated with an average difference of −0.01 nmol/L (−0.01, −0.00) for estradiol, 

−8.29 nmol/L (−10.13, −6.45) for SHBG, 0.06 percent (0.04, 0.07) for free testosterone, and 0.40 

nmol/L (0.19, 0.62) for DHEA. There was no significant interaction by race/ethnicity.

Conclusions—Lower 25(OH)D concentrations were associated with lower SHBG levels and 

higher free testosterone levels in both men and women, and lower estradiol and higher DHEA 

levels in women, independent of adiposity and lifestyle. We observed no significant association of 

25(OH)D with total testosterone in men. Future studies are needed to determine whether vitamin 

D supplementation influences sex hormone levels.

Graphical Abstract

In a cross-sectional analysis of 3017 men and 2931 women in a multi-ethnic cohort, lower vitamin 

D levels [per 10 ng/ml (25 nmol/L) lower 25(OH)D] were associated with lower SHBG and higher 

free testosterone in both men and women, and lower estradiol and higher DHEA in women, 

independent of adiposity and lifestyle factors. Future studies are needed to determine whether 

vitamin D supplementation influences sex hormone levels
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Introduction

Low circulating concentrations of 25-hydroxyvitamin D [25(OH)D], defined as less than 30 

ng/ml, are observed in over two-thirds of the US adult population and in an estimated 1 

billion individuals worldwide.[1] Deficient 25(OH)D levels are also associated with 

increased risk for atherosclerotic cardiovascular disease (ASCVD) events.[2–4] Suboptimal 

vitamin D status is thought to increase ASCVD risk by influencing established vascular risk 

factors, namely hypertension, diabetes, inflammation, and endothelial dysfunction.[4]

The association of 25(OH)D deficiency with ASCVD may in part be mediated by the sex 

hormones testosterone (T) and estradiol (E2), as sex hormone levels have also been linked to 

ASCVD risk and mortality.[5,6] The active metabolite of vitamin D, 1,25-dihydroxyvitamin 

D, regulates a number of enzymes involved in steroid hormone production, including both 

adrenal steroid hormones and sex hormones, as well as sex hormone signaling.[7,8]

In men, 25(OH)D levels are positively related to T levels,[9–14] and this association varies 

by vitamin D receptor genotype[15] and may be attenuated after accounting for adiposity.[9] 

Treatment with vitamin D supplements may increase T levels.[16] Data from testicular cell 

cultures suggest that vitamin D, especially 1,25-dihydroxyvitamin D3, has a major role in 

male steroidogenesis.[7]

In women, studies evaluating the association of vitamin D with sex hormones are 

inconclusive. In one study of Korean women, 25(OH)D levels were positively associated 

with higher T but not significantly with E2.[17] In contrast, another study from the 

Netherlands found that 25(OH)D levels were inversely associated with E2,[18] and a study 

of women with polycystic ovarian disease found that 25(OH)D levels were inversely 

associated with free T and DHEA, and positively associated with SHBG.[19] These 

contrasting studies differed in study populations, race/ethnicity, and adjustment for adiposity 

measures.

Many of the studies investigating the association of vitamin D with sex hormones were 

conducted in populations with narrow demographics such as only older adults,[12] in 

Caucasians,[12,15] in Asian men,[9,10] or in specific conditions such as polycystic ovarian 

disease.[19] Little is known about potential racial differences in the association between 

25(OH)D and sex hormones. Even though U.S white adults have average higher levels of 

25(OH)D compared to blacks due to increased skin pigmentation in blacks which blocks 

UVB-driven synthesis of vitamin D,[20] low 25(OH)D may be a stronger risk factor for 

diabetes[21] and ASCVD[2,3] in whites compared to blacks.

Using data from the Multi-Ethnic Study of Atherosclerosis (MESA), we sought to evaluate 

the cross-sectional associations between 25(OH)D levels and sex hormones stratified by sex 

and determine whether any associations differ by racial/ethnicity. We hypothesized (1) in 

men, 25(OH)D levels will be positively associated with T levels; (2) in women, 25(OH)D 

levels will be positively associated with E2 and inversely associated with T; and (3) in both 

men and women, 25(OH)D will be positively associated with SHBG. We hypothesized that 

associations would be stronger among whites than blacks.
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Methods

Participants

The Multi-Ethnic Study of Atherosclerosis (MESA) study design has previously been 

reported.[22] Briefly, MESA is a prospective cohort study from six sites across the U.S. 

investigating risk factors and progression of subclinical ASCVD. The baseline information 

was collected between 2000 and 2002 from 6,814 individuals aged 45–84 years, from four 

race/ethnic groups (White, Black, Hispanic, and Chinese), who were free from clinically 

known ASCVD. The present analysis included all study participants at the baseline exam, 

excluding 641 participants who did not have sex hormone measurement and 225 participants 

who did not have 25(OH)D measurement, for a total analytic sample of 5,948 (49% women), 

[Supplemental Figure 1]. The study was approved by the institutional review board of each 

participating institution, and all participants provided informed consent.

Baseline Factors

Demographic characteristics, smoking status, physical activity, medical history, self-reported 

health status, and medication use including blood pressure and cholesterol-lowering 

medications were collected through standardized questionnaires. Level of education was 

defined as <high school, high school/technical school/ associate degree, and college/

graduate/ professional school. Physical activity was estimated as the total amount of 

intentional exercise performed in a usual week and measured in metabolic equivalent task–

minutes. Smoking status was categorized into never, former, or current smoker. Self-reported 

health status was classified into poor/fair, good, and very good/excellent.

Height, weight, waist circumference, hip circumference, and blood pressure were measured 

by trained staff. Body mass index (BMI) was calculated as weight (kg)/ height (m2). Waist-

hip ratio (WHR) was calculated as waist circumference (cm)/ hip circumference (cm). 

Resting blood pressure was measured three times in the seated position using a Dinamap 

automated sphygmomanometer, and the average of the 2nd and 3rd readings was used as the 

baseline blood pressure.

At the MESA baseline exam, blood samples were obtained in the morning between 7:30 am 

and 10:30 am after a 12-hour fast to measure glucose, lipids and high-sensitivity C-reactive 

protein (hsCRP). Additional serum was stored at −70 °C, and 25(OH)D and sex hormones 

were later measured from stored frozen samples (see details below). Diabetes was classified 

as having a fasting blood glucose ≥126 mg/dl (7 mmol/l) and/or the self-reported history of a 

physician-diagnosis of diabetes, or the use of diabetes medications. Estimated glomerular 

filtration rate (eGFR) was calculated based on the combination of serum creatinine and 

cystatin C concentrations using the CKD-EPI equation.[23]

Measurement of 25-Hydroxyvitamin D Concentrations

25(OH)D concentrations were measured in frozen serum samples collected at the MESA 

baseline exam by high-performance HPLC–tandem mass spectrometry at the University of 

Washington,[24] and calibrated to National Institute of Standards and Technology standards.

[25] Interassay coefficients of variation were 8.5% for 25(OH)D3 and 11.8% for 25(OH)D2. 
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Since 25(OH)D and sex hormone levels were measured from samples obtained at the same 

visit, we did not adjust for seasonal variation. 25(OH)D levels were used to categorize 

vitamin D status into three clinically relevant groups as endorsed by the Endocrinology 

Society Clinical Practice Guidelines:[20] ≥30 ng/ml (≥75 nmol/L, optimal), 20–<30 ng/ml 

(50–<75 nmol/l, intermediate) and <20 ng/ml (<50 nmol/L, deficient). To convert 25(OH)D 

levels to nmol/L from ng/ml, multiply by 2.496.

Measurement of Sex hormones

Using frozen serum samples that were collected in the morning of the MESA baseline exam, 

sex hormone concentrations were measured at the University of Massachusetts Medical 

Center Sex Hormone Laboratory (Worcester, MA). Total T and dehydroepiandrosterone 

(DHEA) were measured using radioimmunoassay kits, SHBG by a chemiluminescent 

enzyme immunometric assay using Immulite kits (Diagnostic Products Corporation, Los 

Angeles, CA), and E2 by an ultra-sensitive radioimmunoassay kit (Diagnostic System 

Laboratories, Webster, TX).[26] Concentrations of free T percent was calculated from total 

T, SHBG, and albumin levels using a method described by calculated according to the 

method of Södergård et al,[27] and bioavailable T was calculated as the sum of SHBG-

bound T and albumin-bound T. Bioavailable T, calculated from T and SHBG, has been 

shown to be comparable to apparent free T concentration obtained by equilibrium dialysis.

[28] Testosterone deficiency was defined as total T<10.41 nmoI/L (300 ng/dl). The quality 

control serum was obtained from a large pool that was aliquoted into storage vials and 

labeled identically to MESA participant samples. The coefficient of variation for total T, 

SHBG, DHEA and E2 were 12.3%, 9.0%, 11.2% and 10.5%, respectively.

Statistical Analysis

All analyses were stratified by sex. Multivariable linear regression was used to assess the 

cross-sectional associations of 25(OH)D and sex hormones levels at the MESA baseline 

exam. Logistic regression was used to assess the association of 25(OH)D with the odds of 

testosterone deficiency among men. Multivariable-adjusted average differences and 95% 

confidence intervals were calculated per a 10 ng/ml (25 nmol/L) decrease in 25(OH)D 

concentrations assuming a linear relationship between 25(OH)D and hormone levels. In 

addition, we compared those with 25(OH)D deficiency (<20 ng/ml [50 nmol/L]) to those 

with optimal levels (≥30 ng/ml [75 nmol/L]).

To account for potential confounders, we used models with increasing degrees of 

adjustment. Model 1 adjusted for age, race/ethnicity, and study site. Model 2, our primary 

analytic model, further adjusted for lifestyle variables including BMI, smoking, education, 

intentional physical exercise, and self-reported health status. Model 3 further adjusted for 

potential vascular risk factors including diabetes, systolic blood pressure, use of 

antihypertensive medications, eGFR, total cholesterol, HDL cholesterol, use of lipid 

lowering medication usage, and hsCRP. These vascular risk factors may be affected by 

vitamin D, but they are not known to directly influence the association of vitamin D with sex 

hormones, so this was an exploratory model. We also performed 2 additional sensitivity 

analyses: (1) excluding women who were on hormone replacement therapy and (2) using 

WHR instead of BMI as our measure of adiposity.
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We used Wald tests for cross-product terms to test for interactions between 25(OHD) and 

race/ethnicity. All reported P values were two-sided and the significance level was set at 

0.05. All analyses were performed using STATA version 12 (StataCorp LP, College Station, 

Texas).

Results

The mean(SD) ages of men and women were 62.1(10.2) and 64.6(9.1) years, and the 

mean(SD) 25(OH)D levels were 25.7(10.4) and 26.1(12.0) ng/ml [corresponds to 64.1(26.0) 

and 65.1(30.0) nmol/L), respectively. Vitamin D deficiency was present in 31% of men and 

32% of women. Vitamin D deficient participants were younger, more likely to be black, 

smokers, and high school graduates, and more likely to have higher DHEA, free T, BMI, and 

blood pressure, and lower SHBG, triglycerides and HDL cholesterol compared with 

participants with optimal 25(OH)D (Table 1).

The association of 25(OH)D concentrations with sex hormone levels in men is shown in 

Table 2 (and stratified by race/ethnicity in Supplemental Table 1). Among men, in models 

adjusted for demographics and lifestyle factors, a 10 ng/ml decrease in 25(OH)D was 

associated with an average difference of −0.70 nmol/L (−1.36, −0.05) for SHBG, 0.0002 

nmol/L (0.000, 0.004) for E2, and 0.02 percent (0.01, 0.04) for free T (Model 2), which 

remained statistically significant after further adjustment for vascular risk factors (Model 3). 

Patterns of association were similar when comparing vitamin D deficiency with optimal 

levels, but the association of 25(OH)D deficiency with lower SHBG was only statistically 

significant in Model 1.

The association of 25(OH)D concentrations with the odds of low T levels (<10.41 nmol/L) 

in men is shown in Table 3 (and stratified by race/ethnicity in Supplemental Table 2). Men 

with 25(OH)D deficiency had a higher prevalence of total T deficiency in models adjusted 

for demographic factors only (Model 1), but this association was attenuated and no longer 

statistically significant after further adjustment for adiposity and lifestyle factors.

The association of 25(OH)D concentrations with sex hormone levels in women is shown in 

Table 4 (and stratified by race/ethnicity in Supplemental Table 3). Among women, in models 

adjusted for demographics and lifestyle factors, a 10 ng/ml decrease in 25(OH)D was 

associated with an average difference of −0.01 nmol/L (−0.01, −0.00)] for E2, −8.29 nmol/L 

(−10.13, −6.45) for SHBG, 0.06 percent (0.04, 0.07) for free T, and 0.40 nmol/L (0.19, 0.62) 

for DHEA (Model 2), which remained similar and statistically significant after further 

adjustment for vascular risk factors except for E2 (Model 3). Patterns of associations were 

similar when comparing vitamin D deficient to optimal levels.

There were no statistically significant interactions by race/ethnicity for any of the 

associations of 25(OH)D concentrations with sex hormone levels.

Sensitivity analysis restricted to women not taking hormone replacement therapy (n=1,916) 

also showed that a 10 ng/ml (25 nmol/L) decrease in 25(OH)D was associated with lower 

SHBG and higher free T percent similar to our primary analysis in all women (Supplemental 

Table 4, Model 2). However, the associations of 25(OH)D with DHEA and E2, while similar 
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to the analyses of all women, were attenuated so that they were not longer statistically 

significant.

Discussion

In this large multi-ethnic study of men and women, we found that lower 25(OH)D 

concentrations were associated with lower SHBG and higher free T in both men and women, 

and lower E2 and higher DHEA in women independent of adiposity and lifestyle. We did 

not find any heterogeneity by race/ethnicity for any of these associations.

We were not able to confirm any previously-reported associations of lower 25(OH)D 

concentrations with lower total T or T deficiency, after adjustment for adiposity and lifestyle 

factors. In a prior study from Amsterdam of older men, low vitamin D concentrations (<30 

ng/ml) were associated with lower total T independent of BMI and lifestyle factors, but only 

levels <10 ng/ml were associated with lower bioavailable T.[12] Many other studies[9–14] 

(but not all[29]), have also linked low vitamin D levels with low T in men. Surprisingly, we 

found that lower 25(OH)D concentrations were associated with higher free T in men. This is 

due predominantly to lower SHBG levels. T binds very strongly to SHBG, and total T may 

not be indicative of tissue level T deficiency.[30] In our study, we explored the association of 

25(OH)D with total T, bioavailable T, and free T, and we only found association of 25(OH)D 

with free T in men in the more fully adjusted models. One question that arises is which 

measure of T is most important for health. The 2010 Endocrine Society Guidelines 

recommend that for men with suspected hypogonadism that morning total T assessed by a 

reliable assay should be the initial diagnostic test, but measurement of free or bioavailable T 

levels, using validated assays, should be considered for men who have total T near the lower 

limit of normal or suspected to have abnormalities in SHBG concentrations.[31]

Although both low 25(OH)D and low total T concentrations can be markers of poor health 

status, vitamin D is thought to play a causal role in T production. 1,25-dihydroxyvitamin D 

has both genomic and non-genomic effects on Sertoli cells in the testes leading to increased 

testosterone steroidogenesis in cell culture models.[7,8] However, supplemental trials in 

adult men have shown inconsistent findings with one study showing vitamin D 

supplementation modestly increased serum T levels[16] and another study finding null 

results.[13] Therefore, whether treating vitamin D deficiency can improve a low T state 

directly is inconclusive at this time, and our data does not support a relationship beyond 

shared risk factors.

In women, we found that low 25(OH)D was associated with a more androgenic pattern of 

higher DHEA levels and higher free T. We also found a very modest – albeit statistically 

significant - association of lower 25(OH)D with lower E2. However, in the MESA cohort, 

women were almost exclusively post-menopausal (96% of our sample) with extremely low 

E2 levels as appropriate for their age. A prior study found that pre-menopausal women had 

higher levels of total 25(OH)D, vitamin D binding protein, and calculated free and 

bioavailable 25(OH)D compared to postmenopausal women, and that serum E2 levels 

correlated with vitamin D binding protein.[32] Thus, associations between vitamin D and E2 
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might be more clinically meaningful in pre-menopausal women, but we were unable to test 

for that in our cohort.

Similar to other studies[10,14,19] (although not all[12]), we found an association between 

lower 25(OH)D concentrations and lower SHBG in both men and women. The association 

was robust even after further adjustment for vascular risk factors, with a stronger association 

in women. SHBG is a glycoprotein synthesized in the liver that binds 17-β-hydroxysteroids 

such as T (with high affinity) and E2 (with lower affinity).[33] SHBG levels are strongly 

correlated with T levels but inversely correlated with glucose and insulin levels 

independently of T levels.[34] Low SHBG levels have been shown to be strongly and 

consistently related to elevated ASCVD risk factors of higher insulin, glucose, hemostatic 

and inflammatory markers, and adverse lipids even after controlling for BMI.[35] Similarly, 

vitamin D deficiency is also associated with impaired β cell function (insulin secretion), 

insulin resistance, glucose intolerance, incident type 2 diabetes,[21] and inflammatory 

markers.[4] However, we found that vitamin D and SHBG were still associated with each 

other even after adjustment for diabetes and inflammation.

Vitamin D is a fat soluble vitamin; vitamin D deficiency is also associated with obesity as 

adipose cells are thought to “sequester” vitamin D and thus reduce circulating serum levels.

[36] SHBG levels are also low in obesity states.[37] But we still found in women that 

vitamin D deficiency was strongly associated with lower SHBG levels even after adjusting 

for measure of adiposity using BMI. Waist-hip-ratio may be a better marker of central 

adiposity and diabetes/ASCVD risk compared to BMI,[38] but our results were similar in 

sensitivity analyses where we alternatively adjusted for WHR instead of BMI.

Racial/ethnic differences have been reported in the association of SHBG with adverse 

metabolic profile,[39] and in the association of vitamin D levels with metabolic syndrome 

and diabetes.[21] We hypothesized that there would be differences by race/ethnicity in the 

association of vitamin D with SHBG and other sex hormones; however our study did not 

find any significant racial/ethnic interactions.

It is important to address some limitations of our findings. First, this was a cross-sectional 

study and contains the inherent limitation of providing associations without establishing 

temporality or causality. While we adjusted for numerous potential confounding and 

lifestyle factors, residual confounding may still underlie the observed associations seen. Low 

25(OH)D concentrations may simply be a potent marker of a poorer health state, although 

our findings were robust even after adjustment for self-reported health status. Also we 

measured 25(OH)D levels, not the activated form 1,25-dihydroxyvitamin D. However 1,25-

dihydroxyvitamin D deficiency is tightly regulated by parathyroid hormone and 

concentrations may be in the normal range even in the setting of 25(OH)D deficiency. As a 

consequence, 25(OH)D is recognized as the best biomarker for assessing sufficiency/

deficiency status.[20] Finally, we only had single measurements of 25(OH)D and sex 

hormones, which are subject to within person variability and measurement error, and may 

not reflect long-term levels of these biomarkers.
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Our study has several strengths. We investigated this question in MESA, a large well-

characterized cohort representative of men and women of a broad age range (45–85 years) 

and of 4 race/ethnicities, which provides additional insight as prior studies were limited to 

only narrow age, sex, or race demographic groups. To our knowledge, this is the first study 

to evaluate adjusted race/ethnic differences in the association of 25(OH)D and sex hormone 

levels; although we did not find any evidence for heterogeneity by race/ethnicity.

In conclusion, we found that lower 25(OH)D concentrations were associated with lower 

SHBG and higher free T in both men and women, and lower E2 and higher DHEA in 

women independent of adiposity and lifestyle factors. However, with the exception of the 

association of 25(OH)D with SHBG in women, most of the adjusted differences in mean 

levels of sex hormones between vitamin D deficient and optimal individuals were modest. 

Further studies are needed to explore if such differences are clinically meaningful despite 

the statistical significance. Prospective studies with serial measures of vitamin D and sex 

hormones are needed to determine any temporal relationships, and clinical trials are needed 

to evaluate whether treating a low vitamin D state can alter sex hormone levels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Both vitamin D and sex hormone levels have been linked with 

cardiovascular risk.

• We examined the relationship between vitamin D and sex hormone 

levels among men and women.

• Low vitamin D levels were associated with lower levels of sex hormone 

binding globulin and higher levels of free testosterone in both men and 

women.

• Low vitamin D levels are associated with lower estradiol and higher 

dehydroepiandrosterone levels in women.

• These associations between vitamin D and sex hormones were 

independent of adiposity and lifestyle.
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Table 2

Associations of serum 25(OH)D concentrations with sex hormone levels in MEN (n= 3,017)*,**

Adjusted difference (95% CI)

Model 1† Model 2‡,# Model 3‖

25(OH)D, per 10 ng/ml lower

Total T (nmoI/L) −0.39 (−0.59, −0.19) −0.18 (−0.38, 0.01) −0.14 (−0.34, 0.05)

Bioavailable T (nmoI/L) −0.05 (−0.12, 0.02) −0.01 (−0.08, 0.07) 0.01 (−0.06, 0.09)

Estradiol (nmoI/L) 0.002 (0.001, 0.004) 0.002 (0.000, 0.004) 0.002 (0.000, 0.004)

DHEA (nmoI/L) 0.02 (−0.23, 0.27) 0.03 (−0.23, 0.29) 0.01 (−0.25, 0.27)

Free T (Percent) 0.03 (0.02, 0.05) 0.02 (0.01, 0.04) 0.02 (0.01, 0.04)

SHBG (nmoI/L) −1.19 (−1.85, −0.53) −0.70 (−1.36, −0.05) −0.73 (−1.37, −0.09)

Total T (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml −0.74 (−1.23, −0.25) −0.45 (−0.93, 0.03) −0.33 (−0.81, 0.14)

  25(OH)D <20 ng/ml −0.95 (−1.49, −0.41) −0.46 (−0.99, 0.07) −0.39 (−0.92, 0.14)

Bioavailable T (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml −0.06 (−0.23, 0.12) −0.00 (−0.18, 0.17) 0.02 (−0.16, 0.20)

  25(OH)D <20 ng/ml −0.19 (−0.39, 0.01) −0.09 (−0.28, 0.11) −0.04 (−0.24, 0.17)

Estradiol (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml 0.001 (−0.003, 0.006) 0.001 (−0.004, 0.005) 0.001 (−0.004, 0.005)

  25(OH)D <20 ng/ml 0.003 (−0.002, 0.008) 0.002 (−0.003, 0.007) 0.003 (−0.002, 0.007)

DHEA (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml −0.08 (−0.70, 0.53) −0.06 (−0.68, 0.56) −0.05 (−0.68, 0.57)

  25(OH)D <20 ng/ml 0.06 (−0.62, 0.74) 0.08 (−0.61, 0.77) −0.03 (−0.72, 0.67)

Free T (Percent)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml 0.09 (0.05, 0.13) 0.07 (0.03, 0.11) 0.06 (0.02, 0.10)

  25(OH)D <20 ng/ml 0.07 (0.03, 0.12) 0.05 (0.00, 0.09) 0.05 (0.01, 0.10)

SHBG (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml −3.03 (−4.64, −1.41) −2.21 (−3.79, −0.63) −1.87 (−3.41, −0.32)

  25(OH)D <20 ng/ml −2.39 (−4.17, −0.61) −1.24 (−2.99, 0.51) −1.46 (−3.17, 0.25)

*
Results are shown as beta coefficients (95% CI) from linear regression. Statistically significant results are bolded. To convert 25(OH)D levels to 

nmol/L from ng/ml, multiply by 2.496.

**
25(OH)D = 25-hydroxyvitamin D; T= Testosterone; DHEA = Dehydroepiandrosterone; SHBG = Sex hormone binding globulin

†
Model 1: age, race/ethnicity, study site
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‡
Model 2: Model 1 plus additional potential confounding lifestyle variables (BMI categories, smoking, education, self-reported good health status, 

intentional physical activity)

‖
Model 3: Model 2 plus potential vascular risk factor mediators (diabetes, systolic blood pressure, use of antihypertensive medications, eGFR, total 

cholesterol, HDL cholesterol, use of lipid lowering medication usage, C-reactive protein.)

#
p-interactions for race/ethnicity used Model 2 and were 0.69, 0.88, 0.62, 0.47, 0.80, 0.61 for Total T, Bioavailable T, Estradiol, DHEA, Free T, and 

SHBG, respectively.
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Table 3

Associations of serum 25(OH)D concentrations with low total testosterone (<10.41 nmoI/L) in men*

Adjusted Odds Ratios (95% CI)

Model 1† Model 2‡ Model 3‖

25(OH)D, per 10 ng/ml lower 1.19 (1.08, 1.32) 1.11 (0.99, 1.23) 1.08 (0.96, 1.20)

25(OH)D categories

  25(OH)D ≥30 ng/ml Reference (1) Reference (1) Reference (1)

  25(OH)D 20–<30 ng/ml 1.12 (0.88, 1.43) 1.02 (0.79, 1.30) 0.96 (0.75, 1.24)

  25(OH)D <20 ng/ml 1.46 (1.13, 1.89) 1.23 (0.94, 1.60) 1.18 (0.90, 1.55)

*
Results presented as Odds Ratios (95% CI) from logistic regression. Statistically significant results are bolded. To convert 25(OH)D levels to 

nmol/L from ng/ml, multiply by 2.496.

†
Model 1: age, race/ethnicity, study site

‡
Model 2: Model 1 plus additional potential confounding lifestyle variables (BMI categories, smoking, education, self-reported good health status, 

intentional physical activity)

‖
Model 3: Model 2 plus potential vascular risk factor mediators (diabetes, systolic blood pressure, use of antihypertensive medications, eGFR 

categories, total cholesterol, HDL cholesterol, use of lipid lowering medication usage, C-reactive protein.)
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Table 4

Associations of 25(OH)D concentrations with sex hormones in WOMEN (n= 2,931)*,**

Adjusted differences (95% CI)

Model 1† Model 2‡,# Model 3‖

25(OH)D, per 10 ng/ml lower

Total T (nmoI/L) 0.01 (−0.03, 0.04) −0.01 (−0.05, 0.02) −0.02 (−0.06, 0.02)

Bioavailable T (nmoI/L) 0.01 (0.00, 0.02) 0.00 (−0.01, 0.01) −0.00 (−0.01, 0.01)

Estradiol (nmoI/L) −0.01 (−0.01, −0.00) −0.01 (−0.01, −0.00) −0.00 (−0.01, 0.00)

DHEA (nmoI/L) 0.49 (0.28, 0.70) 0.40 (0.19, 0.62) 0.29 (0.07, 0.50)

Free T (Percent) 0.09 (0.07, 0.11) 0.06 (0.04, 0.07) 0.03 (0.01, 0.05)

SHBG (nmoI/L) -11.21 (-13.03, -9.39) -8.29 (-10.13, -6.45) -6.20 (-7.94, -4.46)

Total T (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml 0.04 (−0.06, 0.13) 0.01 (−0.09, 0.10) −0.00 (−0.10, 0.09)

  25(OH)D <20 ng/ml 0.01 (−0.09, 0.11) −0.04 (−0.14, 0.06) −0.05 (−0.15, 0.05)

Bioavailable T (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml 0.02 (−0.01, 0.05) 0.00 (−0.03, 0.03) −0.01 (−0.04, 0.02)

  25(OH)D <20 ng/ml 0.03 (−0.00, 0.06) −0.00 (−0.03, 0.03) −0.02 (−0.05, 0.01)

Estradiol (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml −0.01 (−0.02, 0.00) −0.01 (−0.02, 0.01) −0.00 (−0.02, 0.01)

  25(OH)D <20 ng/ml −0.02 (−0.04, −0.01) −0.02 (−0.04, −0.01) −0.01 (−0.03, 0.01)

DHEA (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml 0.61 (0.06, 1.16) 0.42 (−0.14, 0.98) 0.19 (−0.37, 0.75)

  25(OH)D <20 ng/ml 1.40 (0.83, 1.98) 1.18 (0.59, 1.77) 0.86 (0.26, 1.45)

Free T (Percent)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml 0.14 (0.09, 0.19) 0.08 (0.03, 0.13) 0.03 (−0.01, 0.08)

  25(OH)D <20 ng/ml 0.22 (0.17, 0.28) 0.14 (0.09, 0.19) 0.08 (0.03, 0.13)

SHBG (nmoI/L)

  25(OH)D ≥ 30 ng/ml Reference (0) Reference (0) Reference (0)

  25(OH)D 20–<30 ng/ml −15.76 (−20.63, −10.88) −9.72 (−14.53, −4.90) −5.89 (−10.41, −1.37)

  25(OH)D <20 ng/ml −25.44 (−30.49, −20.39) −17.54 (−22.61, −12.47) −12.22 (−16.99, −7.44)

*
Results are shown as beta coefficients (95% CI) from linear regression. Statistically significant results are bolded. To convert 25(OH)D levels to 

nmol/L from ng/ml, multiply by 2.496.

**
25(OH)D = 25-hydroxyvitamin D; T= Testosterone; DHEA = Dehydroepiandrosterone; SHBG = Sex hormone binding globulin

†
Model 1: age, race/ethnicity, study site
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‡
Model 2: Model 1 plus additional potential confounding lifestyle variables (BMI categories, smoking, education, self-reported good health status, 

intentional physical activity)

‖
Model 3: Model 2 plus potential vascular risk factor mediators (diabetes, systolic blood pressure, use of antihypertensive medications, eGFR, total 

cholesterol, HDL cholesterol, use of lipid lowering medication usage, C-reactive protein.)

#
p-interactions for race/ethnicity used Model 2 and were 0.40, 0.64, 0.72, 0.97, 0.78, 0.60 for Total T, Bioavailable T, Estradiol, DHEA, Free T, and 

SHBG, respectively.
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