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Abstract Vitamin D (Vit D) deficiency may be linked to

the development of obesity-associated complications such

as insulin resistance and type 2 diabetes. We therefore

evaluated the relationship of Vit D serum concentrations

with metabolic parameters and type 2 diabetes in middle-

aged Caucasian men and women. One thousand six

hundred and thirty-one Caucasians (832 males,

58.8 ± 9.7 years; 799 females, 59.7 ± 10.7 years) were

evaluated in a cross-sectional study. Vit D status was

assessed by measuring the serum concentration of 25-hy-

droxyvitamin D3 [25(OH)D3]. Type 2 diabetes prevalence

was ascertained by medical history, fasting plasma glucose

concentrations, oral glucose tolerance testing and/or gly-

cosylated hemoglobin. Men displayed higher crude or

seasonally adjusted 25(OH)D3 serum concentrations

than women (24.64 ± 10.98 vs. 22.88 ± 11.6 ng/ml;

P \ 0.001). Strong associations between body mass index

(BMI) and 25(OH)D3 were observed in both genders

(P \ 0.001). Seasonally adjusted levels of 25(OH)D3

revealed stronger associations with type 2 diabetes in

women than men (P \ 0.001). However, adjustment for

BMI and other confounding variables revealed an inde-

pendent inverse association of 25(OH)D3 with diabetes

only in women (P \ 0.001), whereas the association was

abrogated in men. Using a 15 ng/ml 25(OH)D3 cutoff for

binary comparison, adjusted odds ratios for having newly

diagnosed or known type 2 diabetes more than doubled

(2.95 [95 % CI 1.37–4.89] and 3.26 [1.59–6.68], respec-

tively), in women below the cutoff. We conclude that in

women, but not in men, low 25(OH)D3 serum levels are

independently associated with type 2 diabetes. These

findings suggest sex-specific effects of Vit D in the path-

ogenesis of type 2 diabetes.
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Introduction

Serum vitamin D (Vit D) concentrations depend on bio-

synthesis in response to UVB exposure and Vit D dietary

intake. Recently, a potentially prominent role of Vit D has

emerged in the development of common diseases such as

cancer, cardiovascular disease and insulin resistance (IR)

[1] besides its long-recognized involvement in calcium and

bone metabolism. In the general population, low levels of

Vit D (defined as a serum 25(OH)D3 level \20 ng/ml) [2]

were associated with the metabolic syndrome (MetS),

prediabetes, impaired fasting glucose and impaired glucose

tolerance [3–6]. These associations were not only found in

cross-sectional studies, but also in prospective settings [7,

8]. Similarly, a decreased risk of type 2 diabetes, cardio-

vascular disease and MetS was reported in subjects with

high serum concentrations of Vit D [9].

However, not all studies confirmed the relationship of

Vit D status with fasting glucose, IR or type 2 diabetes [10,

11]. Thus, evidence so far available on the role of Vit D in

the pathogenesis of type 2 diabetes is inconclusive. In

addition, the MetS and type 2 diabetes share common risk

factors with low Vit D including physical inactivity with

decreased sunlight exposure and obesity making it difficult

to determine causality. Nonetheless, Vit D supplementation

suggested a beneficial effect on adipose tissue distribution

with a reduction in visceral adipose tissue [12], and a meta-

analysis demonstrated a strong link between Vit D status

and incident type 2 diabetes [13], arguing for a role of Vit

D in the pathophysiology of obesity-related complications

rather than obesity itself.

The roles of Vit D may differ between men and women

[14], but sex-specific influences have been incompletely

assessed in the setting of newly diagnosed or known type 2

diabetes. We therefore performed a detailed analysis of

serum 25(OH)D3 concentrations and glucometabolic

parameters in a well-characterized population of middle-

aged Caucasian men and women.

Materials and methods

Study population

The study was conducted in participants of a health-

screening program [15]. From a total of 838 initially

screened male subjects, four males were excluded because

of systemic autoimmune diseases taking systemic steroids

(rheumatoid arthritis, systemic lupus erythematodes and

autoimmune hepatitis). Two men were diagnosed with

pancreatic or hematological neoplasm, and these were also

excluded. Six of 805 screened females were excluded

because of systemic autoimmune disease. Thus, data from

832 Caucasian males (aged between 33 and 87 years) and

799 females (31–88 years) were included in the analysis.

The study was approved by the local ethics committee, and

informed consent was obtained from all participants.

Following an overnight fast, venous blood was drawn. A

detailed medical history, including life style question-

naires, was obtained. Physical activity was assessed by the

international physical activities questionnaire (IPAQ) [16]

and was available in 1,403 study subjects. A standard

physical examination was performed that included blood

pressure readings and body mass index (BMI) and waist/

hip ratio measurements. Hypertension was defined as blood

pressure C135/85 mmHg or current antihypertensive

treatment. A full blood count was obtained in all subjects

by standard laboratory methods. Blood was centrifuged,

and plasma was analyzed for triglycerides, cholesterol,

high density and low density lipoprotein cholesterol and

C-reactive protein (CRP).

Assessment of type 2 diabetes and glucose metabolism

Plasma glucose and insulin were determined as described

[17]. HbA1c was measured by HPLC using Adamts H-8160

(Menarini, Florence, Italy). An oral glucose tolerance test

(OGTT) was performed with 75 g of glucose in 300 ml of

water according to international guidelines. The homeo-

stasis model assessment [HOMA-IR; fasting insulin (lU/

l) 9 fasting glucose (mmol/l)/22.5] was used to assess IR.

HOMA-B [20 9 fasting insulin (lU/l)/[fasting glucose

(mmol/l) - 3.5]] was used for estimating beta-cell func-

tion. Type 2 diabetes was classified as use of glucose-

lowering medication, HbA1C C6.5 % (48 mmol/mol) [18],

120 min OGTT glucose levels C11.1 mmol/l or fasting

glucose C7.0 mmol/l.

Assessment of vitamin D status

We determined 25(OH)D3 by the electro-

chemiluminescence-based Cobase 411 analyserTM using

the respective ElecsysTM reagents (Roche Diagnostics

GmbH, Mannheim, Germany). The laboratory performed

regular quality control measurements, including a pooled

serum sample analyses to monitor precision and identify

possible laboratory shifts over time, as well as testing

duplicates in different batches. The coefficient of variation

was\6 % for 25(OH)D3 for between-batches analyses. All

analyses were conducted in a blinded fashion.

Statistical analysis

For all analyses, Statistica 7.0 or STATA 8.0 software

packages were used. Data are presented as mean ± SD,

unless otherwise indicated. ANOVA was used for

40 Acta Diabetol (2015) 52:39–46

123



comparison of continuous variables. Logarithmic trans-

formations were used, if the equal variance and normality

assumptions of ANOVA were rejected. We adjusted mea-

surements, by multiple regressions, for concomitant effects

of age, BMI, seasonal variation or other variables as indi-

cated. Seasonal variation was coded by 1, 2, 3 and 4 for the

first, second, fourth and third quarters. The proportion of

inter-individual variability of 25(OH)D3 levels explained

by seasonal variation was ascertained using the R2 value of

the regression analysis. Smoking habits were coded as 0

and 1 for never smoking and past or current smoking,

respectively. In addition, current smoking habits were

coded as 0, 1 or 2 for nonsmoking, \20 cigarettes/day or

C20 cigarettes/day, respectively. Physical activity was

coded as 0, 1 or 2 for minimal, intermediate or extensive

physical activity according to the IPAQ guidelines as

described [19]. The v2 test was used to calculate rates and

proportions as appropriate. Regression analysis adjusted

for seasonal variation was used to determine sex-specific

associations of 25(OH)D3 with variables. Logistic regres-

sion analysis was used to ascertain the variables predicting

the presence of known or newly diagnosed type 2 diabetes.

As this is a cross-sectional study, the dependent variable in

the logistic regression equation is the log odds of having

known or newly diagnosed type 2 diabetes at the time of

examination. To identify the serum 25(OH)D3 level for

binary classification, we used nonparametric receiver

operating characteristic (ROC) analysis. Thus, the true

positive and false positive rates were plotted for 25(OH)D3

levels, and the point showing the largest vertical distance to

the diagonal was selected as binary classifier. Throughout,

a two-tailed P value \0.05 was considered statistically

significant.

Results

A total of 1,631 subjects with a mean age of

59.3 ± 6.3 years were enrolled. Ninety-three patients (13

males and 80 females) with current Vit D supplementation

showing significantly higher 25(OH)D3 levels than subjects

without Vit D supplementation were excluded (data not

shown). Thus, data from 1,538 subjects, 819 males and 719

females, were included in the final analysis.

As seasonal variation in sun exposure throughout the

year may result in changes of 25(OH)D3 concentrations,

we assessed serum concentrations in men and women

according to the time of examination. Seasonal distribution

showed a similar pattern in men and women (Fig. 1); in

that, the highest or lowest values were observed in the third

or first quarter, respectively (P \ 0.001). However, the

proportion of the inter-individual variability explained by

seasonal variation was higher in men than in women (8 vs.

3 %, P = 0.016).

Previously diagnosed type 2 diabetes was present in 50

(6.9 %) women and 75 (9.1 %) men, while type 2 diabetes

was newly diagnosed in 53 (7.3 %) women and 67 (8.1 %)

men (Table 1). Average levels of BMI, waist, waist/hip

ratio, fasting glucose and triglycerides (crude or adjusted

for age, BMI and seasonal quarters) were lower in women,

while average adjusted levels of cholesterol and HDL

cholesterol were higher. Serum levels of 25(OH)D3, crude

or adjusted for seasonal quarters, age and BMI, were higher

in men than in women (P \ 0.001).

Strong inverse associations of seasonally adjusted

25(OH)D3 with BMI, waist/hip ratio, triglycerides and

direct associations with the extent of physical activity and

HDL cholesterol were observed in both genders. Strong

inverse associations were also noted with systolic blood

pressure, hypertension, type 2 diabetes, plasma insulin,

HOMA-IR and HOMA-B in females, while no or only

modest associations were observed in men (Table 2).

Type 2 diabetes was associated with older age, greater

BMI and waist/hip ratio, a higher prevalence of hyperten-

sion and lower levels of HDL cholesterol in both sexes (all

P \ 0.001), while an association with higher triglycerides

was noted only in women. Physical activity scores were

moderately associated in men (P = 0.042), but strongly in

women (P \ 0.001). Furthermore, type 2 diabetes was

associated with increased proportions of current non-

smokers in men (P = 0.037) and women (P = 0.004).

In the entire study population, logistic regression

adjusted for seasonal variability revealed that 25(OH)D3

status predicted type 2 diabetes (OR 0.96 [95 % CI

0.93–0.98]). After adjustment for sex, BMI, hypertension,

current smoking and HDL cholesterol, 25(OH)D3 status

Fig. 1 Seasonal variation of 25(OH)D3 levels in men and women

(P \ 0.001 for men or women). Mean (SE) serum levels of

25(OH)D3, adjusted for age and BMI expressed in ng/ml, are shown

by yearly quarters
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Table 1 Clinical and

biochemical characteristics of

the study cohort

BMI body mass index, HbA1C-

glycated hemoglobin A1c,

HOMA-IR homeostasis model

assessment–insulin resistance,

HOMA-B homeostasis model

assessment–beta-cell function
a Without adjustments
b Adjusted for age and BMI and

seasonal variability of

25(OH)D3

c 0, never smokers, 1, current or

past smokers
d 0, currently nonsmokers, 1,

\20 cigarettes, 2, [20

cigarettes
e Available in 1,402 subjects, 0,

minimal, 1, intermediate and 2,

extensive
f Subjects with diabetes

excluded
g Subjects on lipid-lowering

drugs excluded
h Seasonally adjusted

Variables Men Women Pa Pb

Seasonal quarters 224/246/166/183 179/220/172/157 0.2156

Age (years) 58.7 ± 9.7 (17–87) 59.3 ± 10.7 (31–88) 0.2907

BMI (kg/m2) 27.6 ± 4.1 (18.3–51.7) 26.7 ± 5.6 (14.2–55.3) 0.0002

Waist (cm) 102.0 ± 11.1 (74–155) 93.3 ± 14.0 (64–160) \0.0001 \0.0001

Hip (cm) 104.2 ± 7.5 (82–140) 105.1 ± 11.9 (62–160) 0.0908 \0.0001

Waist/hip ratio 0.978 ± 0.063

(0.804–1.205)

0.883 ± 0.085

(0.654–1.143)

\0.0001 \0.0001

Smoking (0/1)c 317/502 421/298 \0.0001 \0.0001

Current smoking (0/1/2)d 678/67/74 613/73/33 0.0017 0.0144

Physical activity (0/1/2)e 161/396/194 158/378/116 0.0014 0.0001

Systolic blood pressure

(mmHg)

132.6 ± 16.4 (90–210) 130.5 ± 20.5 (80–200) 0.0264 0.1094

Diastolic blood pressure

(mmHg)

81.2 ± 9.9 (60–110) 80.0 ± 11.5 (50–120) 0.0273 0.2062

Hypertension (y/n) 370/449 303/416 0.2312 0.3457

Diabetes (y/n) 142/677 103/616 0.1072 0.0250

Fasting glucose (mg l/dl)f 99.3 ± 10.5 (61–125) 94.9 ± 10.4 (58–125) \0.0001 \0.0001

HbA1c(%)f 5.60 ± 0.36 (4.32–6.49) 5.61 ± 0.35 (4.30–6.49) 0.6897 0.4065

Plasma insulin (pmol/l)f 59 ± 49 (0.3–71.8) 55 ± 54 (0.5–116.1) 0.1769 0.9709

HOMA-IRf 2.47 ± 2.17

(0.045–21.628)

2.15 ± 2.06

(0.107–28.68)

0.0144 0.3331

HOMA-Bf 32.1 ± 28.1 (-1.73 to

273.9)

30.0 ± 25.3 (-1.43 to

324.0)

0.2201 0.7609

Cholesterol (mg/dl)g 212 ± 39.1 (99–358) 221 ± 39.5 (106–308) 0.0002 0.0005

Triglycerides (mg/dl)g 129 ± 73 (24–653) 104 ± 52 (14–416) \0.0001 \0.0001

HDL cholesterol (mg/dl)g 57 ± 17 (21–175) 69 ± 19 (31–146) \0.0001 \0.0001

25(OH)VitD3 (ng/ml)h 24.64 ± 10.98 (3.5–78) 22.88 ± 11.6 (3.0–65.0) 0.0004 \0.0001

Table 2 Associations of

seasonally adjusted 25(OH)D3

levels with clinical and

metabolic variables

n.d. not determined
a P for interactions between the

respective variables and sex
b 0, never smokers, 1, current or

past smokers
c 0, currently nonsmokers, 1,

\20 cigarettes/day, 2, [20

cigarettes/day
d Available in 1,403 subjects, 0,

minimal, 1, intermediate and 2,

extensive
e Subjects with diabetes

excluded
f Subjects on lipid-lowering

drugs excluded

Variables Male Female

Beta (SE) P Beta (SE) P Pa

Age (years) -0.001 (0.033) 0.9571 -0.154 (0.036) \0.0001 0.0021

BMI (kg/m2) -0.153 (0.033) \0.0001 -0.308 (0.035) \0.0001 0.0490

Waist/hip ratio -0.163 (0.034) \0.0001 -0.180 (0.038) \0.0001 0.4901

Smoking (0/1)b -0.046 (0.033) 0.1680 0.070 (0.037) 0.0586 n.d.

Current smoking (0/1/2)c -0.070 (0.033) 0.0370 0.050 (0.037) 0.1770 0.9826

Physical activity (0/1/2)d 0.235 (0.034) \0.0001 0.222 (0.038) \0.0001 0.7476

Systolic blood pressure (mm Hg) -0.028 (0.033) 0.3997 -0.119 (0.036) 0.0011 0.1106

Diastolic blood pressure (mm Hg) -0.015 (0.033) 0.6424 -0.043 (0.036) 0.2420 n.d.

Hypertension (n/y) -0.076 (0.003) 0.0234 -0.190 (0.036) \0.0001 0.0140

T2DM (n/y) -0.067 (0.033) 0.0443 -0.214 (0.036) \0.0001 0.0007

Fasting glucose (mg/dl)e 0.068 (0.037) 0.0627 -0.059 (0.040) 0.1382 n.d.

Hba1c(%)e -0.070 (0.038) 0.0640 -0.097 (0.041) 0.0186 0.4785

Plasma insulin (pmol/l)e -0.088 (0.040) 0.0297 -0.164 (0.044) 0.0002 0.1794

HOMA-IRe -0.077 (0.040) 0.0577 -0.170 (0.044) 0.0002 0.0570

HOMA-Be -0.097 (0.040) 0.0165 0.176 (0.044) 0.0002 0.0660

Cholesterol (mg/dl)f 0.079 (0.034) 0.0189 0.117 (0.037) 0.0015 0.5301

Triglycerides (mg/dl)f -0.100 (0.033) 0.0030 -0.152 (0.037) \0.0001 0.2453

HDL cholesterol (mg/dl)f 0.138 (0.033) \0.0001 0.279 (0.036) \0.0001 0.0102
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remained a predictor (P = 0.027, OR 0.98 [95 % CI

0.95–0.98]).

Sex-specific analysis indicated that the significant effect

was only carried by the female population. In men, season-

ally adjusted 25(OH)D3 status marginally predicted type 2

diabetes (P = 0.045, OR 0.98 [95 % CI 0.96–1.00]. After

additional adjustment for age and BMI and further adjust-

ment for hypertension, current smoking and HDL choles-

terol, the P values increased to 0.302 and 0.516 (OR 0.99

[95 % CI 0.97–1.01]), respectively. In contrast, in women,

the predictive value of 25(OH)D3 was highly significant in

the seasonally adjusted model (P \ 0.001) and significance

was maintained in the fully adjusted model (P = 0.003, OR

0.96 [95 % CI 0.93–0.98], or 0.59 [95 % CI 0.43–0.82]) per

ng/ml or SD increase in 25(OH)D3.

ROC analysis suggested that a 25(OH)D3 concentration

of 15 ng/ml provided the optimal compromise between

sensitivity and specificity for type 2 diabetes in the entire

and the female population. Using this value, rates for

sensitivity, specificity and correct classification were 34, 79

and 72 %, respectively, in the whole population. In

females, the respective values were 53, 78 and 74 %.

However, using 25(OH)D3 values between 12.5 and

22.5 ng/ml, the ROC area was 0.505 [95 % CI 0.023] in

men. Hence, a binary classifier could not be identified.

When used in unadjusted logistic regression, comparisons

of the odds of overall, newly diagnosed or known type 2

diabetes in all subjects with 25(OH)D3 \15 ng/ml and the

odds in all subjects with 25(OH)D3 C15 ng/ml were sig-

nificant (all P \ 0.002). However, these comparisons

remained significant only for overall type 2 diabetes in

models adjusted for seasonal variation, age, BMI, smoking

habits, hypertension and HDL cholesterol (Table 3). In

contrast, fully adjusted models for overall, newly diag-

nosed or known type 2 diabetes revealed significant odds

ratios in women (Table 4). Furthermore, after additional

adjustment for physical activity (available in 652 women),

the odds ratios (95 % CIs) of binary comparisons for newly

diagnosed and known type 2 diabetes were 2.34

(1.16–4.69) and 3.57 (1.66–7.68), respectively.

As 80 women and 13 men were on Vit D supplemen-

tation and these had significantly higher 25(OH)D3 serum

concentrations, we evaluated the rate of type 2 diabetes in

these subjects and found that among 80 women, six (7.5 %)

had newly diagnosed and seven (8.8 %) known type 2

diabetes. The rates in the 719 women not using Vit D

supplementation were similar [53 (7.4 %) and 50 (7 %),

respectively]. Likewise, seventeen women were on hor-

mone replacement therapy, and the results of calculations

were not different when these were excluded.

Table 3 Vitamin D and odds

ratios for type 2 diabetes in

females

a Adjusted for seasonal

variation of 25(OH)D3

b Adjusted for seasonal

variation of 25(OH)D3, age,

current smoking habits, BMI,

hypertension status, plasma

HDL cholesterol and

triglycerides

25(OH)D3 No type 2

diabetes

Type 2

diabetes

Crude ORa

(95 % CI)

P Adjusted ORb

(95 % CI)

P

All females with type 2 diabetes

C15 ng/ml 479 48 1.00 1.00

\15 ng/ml 137 55 4.07 (2.61–6.33) \0.001 2.85 (1.71–4.75) \0.001

Females with new type 2 diabetes

C15 ng/ml 479 26 1.00 1.00

\15 ng/ml 137 27 3.59 (1.99–6.45) \0.001 2.59 (1.37–4.84) 0.003

Females with known type 2 diabetes

C15 ng/ml 479 22 1.00 1.00

\15 ng/ml 137 28 4.69 (2.55–8.61) \0.001 3.26 (1.59–6.68) 0.001

Table 4 Vitamin D and odds

ratios for type 2 diabetes in all

subjects

a Adjusted for seasonal

variation of 25(OH)D3

b Adjusted for seasonal

variation of 25(OH)D3, age,

current smoking habits, BMI,

hypertension status and plasma

HDL cholesterol

25(OH)D3 No type 2

diabetes

Type 2

diabetes

Crude ORa

(95 % CI)

P Adjusted ORb

(95 % CI)

P

All subjects with type 2 diabetes

C15 ng/ml 1025 162 1.00 1.00

\15 ng/ml 268 83 2.07 (1.52–2.81) \0.001 1.43 (1.02–2.03) 0.039

All subjects with new type 2 diabetes

C15 ng/ml 1025 81 1.00 1.00

\15 ng/ml 268 39 1.91 (1.26–2.90) 0.002 1.38 (0.88–2.16) 0.163

All subjects with known type 2 diabetes

C15 ng/ml 479 81 1.00 1.00

\15 ng/ml 137 44 2.24 (1.50–3.35) \0.001 1.37 (1.87–2.15) 0.178
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To gain some insight into the potential mechanism

underlying the association between Vit D and type 2 dia-

betes, we studied associations of 25(OH)D3 serum levels

with indices of IR and/or beta-cell function in women

without type 2 diabetes. Analyses adjusted for seasonal

variation, age and BMI showed borderline significant

associations with both HOMA-IR (P = 0.085) and

HOMA-B (P = 0.075).

Conclusions

In this cross-sectional study, we performed a detailed

analysis of the association of serum 25(OH)D3 concentra-

tions with features of the IR syndrome and, in particular,

with markers of impaired glucose metabolism including

fasting glucose, OGTT and HbA1c. We found that low Vit

D, defined as a serum 25(OH)D3 concentration\15 ng/ml,

was independently linked to newly diagnosed and known

type 2 diabetes in women.

Traditionally, Vit D has been almost exclusively

appreciated for its prominent role in bone health. Recently,

nonclassical roles of Vit D have received attention among

which its involvement in the development of cancer and IR

are the most important. The assumption that Vit D action

impacts on multiple diseases is further supported by the

fact that the key Vit D metabolizing enzymes CYP27B1

and CYP24A1 and also Vit D receptors (VDR) are nearly

ubiquitously expressed, thereby providing indirect evi-

dence of an autocrine Vit D system in many tissues

including adipose tissue, endothelium, colonocytes and

also beta-cells [20–23]. Gender-specific expressions of

VDR, CYP27B1 and CYP24A1 have been shown previ-

ously in human colonocytes of cancer lesions [24]; how-

ever, to our knowledge, no data are available on gender-

specific expression in these key tissues of IR.

The association of Vit D with obesity and its sequelae

such as type 2 diabetes has been extensively investigated

during the last decade with conflicting results. These data

provide strong evidence that low Vit D does not increase

BMI but rather that it follows the rise in BMI. At the same

time, evidence that low Vit D is linked to type 2 diabetes

has been further strengthened making it likely that Vit D

may have a role in the pathogenesis of obesity-associated

complications rather than obesity itself. Our data showing

that 25(OH)D3 serum concentrations \15 ng/ml are asso-

ciated with type 2 diabetes after adjusting for BMI and

other potential confounders support this concept.

Importantly, the independent association between low

Vit D and type 2 diabetes was observed in women, but not

in men. Even more, we also demonstrated that the effect of

Vit D on type 2 diabetes observed in the analysis of the

whole cohort is entirely carried by the association in

women. Recently, Gagnon et al. [25] have prospectively

evaluated the risk of incident MetS with regard to Vit D in

11,247 Australian adults showing the highest risk in

25(OH)D3 concentrations \24 ng/ml. Similarly, Heaney

et al. [26] found a Vit D dependent transition to IR in

25(OH)D3 ranges of 40–90 ng/ml evaluating 4,116 adults.

Unfortunately, these studies have not reported separate

results for men and women, and it remains therefore

unclear whether the link of Vit D with type 2 diabetes is

distinct in men and women. A meta-analysis confirmed the

inverse relationship of 25(OH)D3 concentrations with type

2 diabetes in both men and women [13]. Similarly, Hurs-

kainen et al. and Dalgard et al. [27, 28] reported an inverse

association of Vit D and type 2 diabetes after adjustment

for gender. Thus, available data do not permit firm con-

clusions on gender differences of the association between

Vit D and type 2 diabetes. Additionally, a Korean analysis

suggested that the sex specificity of the association of Vit D

with type 2 diabetes may change over time [14].

There is, however, circumstantial evidence that inter-

actions between steroid hormones and Vit D homeostasis

may be physiologically relevant. A link between sex hor-

mones, specifically 17b-estradiol and local tissue Vit D

homeostasis, has been demonstrated. In an elegant inter-

vention, estrogen substitution for one month in postmeno-

pausal women showed a significant increase in VDR and

the Vit D metabolizing enzymes CYP24A1 and CYP27B1

in the rectal mucosa [29]. These findings suggest that

estrogens can increase both the cellular 125(OH)D3 con-

centrations together with its nuclear receptor in epithelial

cells of the colon, thereby augmenting the biological

effectiveness of Vit D. It has been suggested that these

mechanisms may account for the decreased rate of colon

cancers in women on hormone replacement therapy [30].

Additionally, estradiol up-regulates VDR and

CYP27B1, thereby increasing the intracellular active Vit D

metabolite and its receptor in colonocytes and endothelial

cell lines [31], but data of a potential interaction between

estrogen and Vit D in adipose tissue or in beta-cells are

lacking, and therefore, additional studies are required.

Administration of Vit D together with the phytoestrogen

genistein has been shown to significantly improve glyce-

mic control and cardiovascular risk factors above Vit D

alone in a two-year, randomized-double-blind study [32]

demonstrating that this estrogenic compound augments Vit

D effects on glucose metabolism and cardiovascular risk

indicators. A similar interaction was reported in cell culture

of vascular smooth muscle cells with an increased

expression of CYP27B1 in response to 17b-estradiol and

other estrogenic compounds [33].

Absence of estrogen receptors in breast cancer may

render cells vulnerable to the absence of Vit D action [34],

and introduction of VDR was necessary for re-establishing
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the chemopreventive action of Vit D in triple-negative cell

lines [35]. Thus, data from other tissues and also malig-

nancies demonstrate important molecular links between

sex hormones and Vit D effects. Our results demonstrating

an independent association of low Vit D with type 2 dia-

betes only in women suggest the physiological relevance of

these interactions should probably be extended to the field

of IR and type 2 diabetes. Hence, further studies on

potential interactions between Vit D and steroid hormones

in adipose tissue and likely also its stromal fraction, liver,

pancreatic beta-cells and muscle may be particularly

relevant.

Previous studies on the role of Vit D in type 2 diabetes

implicated effects on both IR and insulin secretion [36, 37].

Our results showing that low 25(OH)D3 serum concentra-

tions tend to be linked to both measurements of b-cell

function and IR in women would be consistent with the

concept that several pathways relevant to development of

type 2 diabetes may be affected by inappropriately low

25(OH)D3 concentrations.

Unfortunately, only a small number of study subjects

were on Vit D supplementation, and type 2 diabetes rates in

these were not different from those who did not use Vit D

supplements. However, the figures were not high enough to

draw reliable conclusions. Inherent to the design of a cross-

sectional study, our results are limited by single determi-

nations of 25(OH)D3, whereas the development of IR and

type 2 diabetes is a process even of decades. However, a

recent investigation demonstrated that 25(OH)D3 concen-

trations were relatively stable over 14 years, suggesting

that subjects deficient in Vit D remain so for long periods

of time [38].

In summary, we provide clinical evidence that inade-

quate 25(OH)D3 serum concentrations are associated with

both incident and known type 2 diabetes particularly in

women. Our data suggest that interactions between sex

hormones and Vit D homeostasis in adipose tissue and in

beta-cells may be physiologically relevant to the develop-

ment of type 2 diabetes. Although there is evidence of sex-

specific associations between Vit D and fat distribution [39,

40], which may be potentially relevant to the pathogenesis

of our clinical observations, further studies on gender-

specific actions of Vit D in beta-cells, adipose tissue,

muscle and liver are required in order to elucidate the role

of Vit D in type 2 diabetes.
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