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Abstract

Background

It has been reported that higher plasma 25-hydroxyvitamin D is associated with lower risk of
type 2 diabetes. However the results to date have been mixed and no adequate data based
on a cohort are available for the high end of the normal range, above approximately 32 ng/
ml or 80 nmol/L.

Methods

We performed a cohort study of 903 adults who were known to be free of diabetes or pre-
diabetes during a 1997—1999 visit to a NIH Lipid Research Centers clinic. Plasma 25(OH)D
was measured at Visit 8 in 1977-1979. The mean age was 74 years. The visit also included
fasting plasma glucose and oral glucose tolerance testing.

Follow-up continued through 2009.

Results

There were 47 cases of diabetes and 337 cases of pre-diabetes. Higher 25(OH)D concen-
trations (> 30 ng/ml) were associated with lower hazard ratios (HR) for diabetes: 30—-39 ng/
ml or 75-98 nmol/L: HR = 0.31, 95% CIl = 0.14-0.70; for 40-49 ng/ml or 100—122 nmol/L:
HR =0.29, Cl = 0.12-0.68; for > 50 ng/ml or 125 nmol/L: HR = 0.19, Cl = 0.06-0.56. All HRs
are compared to < 30 ng/ml or 75 nmol/L. There was an inverse dose-response gradient
between 25(OH)D concentration and risk of diabetes with a p for trend of 0.005. Each 10 ng/
mL or 25 nmol/L higher 25(OH)D concentration was associated with a HR of 0.64, Cl =
0.48-0.86. 25(OH)D concentrations were more weakly inversely associated with pre-diabe-
tes risk, and the trend was not significant.

Conclusion

Further research is needed on whether high 25(OH)D might prevent type 2 diabetes or tran-
sition of prediabetes to diabetes.
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Introduction

The public health impact of vitamin D deficiency has received attention due to the discovery
of associations between low plasma concentrations of vitamin D metabolites and higher risk of
several cancers, cardiovascular disease, bone fractures [1-3] and the metabolic syndrome [4].
Trends in energy intake and anthropometric characteristics have paralleled the increase in
incidence of type 2 diabetes mellitus. It is unclear whether vitamin D deficiency might be con-
tributing to increased risk [5].

If defining 25(OH)D levels < 32 ng/ml (< 80 nmol/L) as deficiency [6], 77% of U.S. adults
were deficient. The prevalence of vitamin D deficiency by this criterion has doubled since 1980
in U.S. adults [6].

Several cohort studies have examined the association of circulating 25(OH)D concentra-
tions with risk of diabetes. Of these, 12 found significantly higher incidence rates in individuals
with lower circulating 25(OH)D concentrations [5, 7-16]. The association in one was limited
to overweight subjects [16]; and the significant finding in another [14] was limited to women.
One study found a benefit of 25(OH)D > 11 ng/ml compared to < 11 ng/ml, but no further
benefit with higher concentrations [15]. Two studies reported a significant inverse association
in men, but not women [17, 18]. One study reported a favorable association that did not reach
statistical significance [19]. A study by Schafer et al. reported a statistically significant inverse
association between 25(OH)D and hazard ratio of diabetes after adjustment for age and clinic
location, but that was weak and no longer statistically significant after adjustment for more fac-
tors that included BMI [20].

The association of plasma 25(OH)D deficiency with risk of diabetes also has been examined
in four meta-analyses [11, 13, 21, 22], and all reported an inverse association of circulating 25
(OH)D with risk of diabetes.

The aim of this study was to examine whether lower concentrations of 25(OH)D or 1,25
(OH),D were associated with higher incidence of diabetes and pre-diabetes in a prospective
cohort study with an overall follow-up period of 12 years.

This cohort may have a lower than usual prevalence of vitamin D deficiency due to year-
round sunshine and good weather in a sunny and clear area of southern California [23]. It
may also be possible that the cohort has a lower than usual prevalence of vitamin D deficiency
due to a higher standard of education and socioeconomic status and a high proportion of Cau-
casians. This cohort has the highest known published median 25(OH)D concentration, 42 ng/
ml or 105 nmol/L in men [24] and 39 ng/ml or 98 nmol/L in women [25] of any population
that has reported data on diabetes incidence by 25(OH)D. No previous study of the association
of 25(OH)D with diabetes has included a substantial population in the high range of > 30 ng/
ml or 75 nmol/L.

Methods
Participants

Participants were from the Rancho Bernardo Study, a population-based cohort of primarily
older, middle-income, community-dwelling Caucasian adults living in a southern California
suburb. They were subjects in a Lipid Research Clinics Prevalence Study consisting of a series
of visits. This was part of an NIH study of lipid-lowering agents established in 1972 [26]. The
individuals did not receive any medication, but rather served solely as an untreated compari-
son group. From 1997 to 1999, 1,098 surviving community-dwelling participants attended a
follow-up visit known as Visit 8. Of these, 1,080 received measurements of their plasma 25
(OH)D. Details of the inclusions are shown in the Supplementary Figure.
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We followed the cases until diagnosis of pre-diabetes or diabetes and non-cases until their
last test of 8-hour fasting plasma glucose (8-FPG) and oral glucose tolerance testing (OGTT).
Of the total participants, 52 had a history of diabetes and were excluded at baseline. Of the
remaining N = 1,028 participants, we first screened for diabetes using 8-FPG and excluded 60
participants with 8-FPG concentrations > 126 mg/dL or 7.0 mmol/L or had missing data on
8-FPG. We further excluded 65 with 2-hour OGTT > 200 mg/dL or 11.1 mmol/L.

Finally, a total of 903 participants were included in this study. Of these, 47 incident type 2
diabetes and 337 pre-diabetes cases were ascertained during 1997-2009. The multivariate anal-
yses included 46 diabetes cases and 337 pre-diabetes cases. The one fewer diabetes case was
due to missing data on covariates on one individual.

All willing participants were followed and are presently being followed, including the diabe-
tes and pre-diabetes cases. The follow-up rate through 2009 was 87%.

A flowchart in S1 Fig shows that no individual who was diabetic or pre-diabetic at baseline
in 1977-1979 was allowed to enter the cohort of N = 903 individuals who constituted this
study. As a result, the cohort was, to the standard of technology in 1977-1979 and WHO defi-
nitions of diabetes and pre-diabetes in international use, free of diabetes or pre-diabetes.

Individuals who developed diabetes during follow up were counted as incident cases to
determine the hazard rate. If an individual developed only pre-diabetes, he or she was counted
as a case of pre-diabetes, unless they later developed diabetes. If so, they were counted once, as
a case of diabetes, to avoid counting any individual more than once. The University of Califor-
nia, San Diego Human Subjects Protections Program approved this study, and all participants
gave written informed consent.

Data collection

During the 1997-1999 visit, participants completed standardized questionnaires that inquired
about myocardial infarction, stroke, angina pectoris, and peripheral claudication, current
medications, cigarette smoking, alcohol consumption, and physical exercise. Height and
weight were measured using a Lipid Research Clinics calibrated stadiometer and balance-
beam scale. Systolic and diastolic blood pressures were measured twice in seated subjects after
a 5-minute rest period, using the standard Hypertension Detection and Follow-up Program
protocol [27]. Body mass index was calculated as weight in kilograms / height in meters®. Use
of vitamin D and calcium supplements at baseline was determined using a questionnaire.

The primary exposure variables were plasma concentrations of 25(OH)D and 1,25(OH),D.
Blood was obtained by venipuncture, after an overnight fast, and tubes were protected from
sunlight. Plasma was separated and stored at —=70°C within 30 minutes of collection. Plasma 25
(OH)D and 1,25(OH),D concentrations were measured in the Holick-Chen Laboratory at
Boston University using vitamin D competitive binding protein recognition and chemilumi-
nescence detection (Stillwater MN, USA:Diasorin) [28]. To convert 25(OH)D from nano-
grams per milliliter to nanomoles per Liter, multiply nanograms/Liter times 2.5 [29].

The intra- and inter-assay coefficients of variation for the assay were 8% and 10%, respec-
tively [28] the limit of detection was 5 ng/mL or 13 nmol/L, and the reference range was 10-52
ng/mL or 25-130 nmol/L. For 1,25(0OH),D, the intra- and inter-assay coefficients of variation
were 5-10% and 10-15%, respectively; the limit of detection was 4.6 pg/mL or 12 pmol/L [28].

Case definition

Type 2 diabetes cases were defined by World Health Organization criteria of 1999 as
a > 8-hour FPG, or 8-FPG > 126 mg/dL or > 7.0 mmol/L and/or 2-hour oral glucose toler-
ance test, or 2-OGTT, of > 200 mg/dL or > 11.1 mmol/L. Pre-diabetes was defined as 8-FPG
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of 100-125 mg/dL, or 5.5-6.9 mmol/L; or 2-OGTT of 140-200 mg/dL, or 7.8-11.1 mmol/L
[30].

Blood specimens for 8-FPG were collected every 2 years, in all seasons. If the 8-FPG con-
centration ever was > 100 mg/dl or 5.5 mmol/L a 2-OGTT was performed. The measurement
of 25(OH)D in plasma was performed once, in 1997-1999. The cohort had been assembled
earlier, in 1972, and the participants were interviewed and examined, or completed question-
naires, every 2 years. There were 47 incident cases of diabetes and 337 incident cases of pre-
diabetes.

Statistical analysis

Plasma 25(OH)D categories of < 30, 30-39, 40-49 and > 50 ng/ml or < 75, 75-98, 100-122
and > 125 mmol/L are even multiples of 5 ng/ml, and were chosen for this analysis because
they are standard and readily understandable. Covariates other than gender were continuous,
including BMI, waist circumference, plasma high density lipoprotein and triglyceride concen-
trations. One covariate, calcium supplementation, was entered as a dichotomous covariate,
because further detail was not available. Intake of vitamin D supplements could not be used as
a covariate in the regression model since every participant who took a vitamin D supplement
also took a calcium supplement.

Chi-square tests for categorical variables and ¢-tests for continuous variables were used to
identify differences between participants who developed diabetes or pre-diabetes compared to
those who did not. Cox proportional hazards models were used to determine hazard ratios
(HRs) and 95% confidence intervals [31] for categories of 25(OH)D and 1,25(OH),D, with
adjustment for six covariates, including sex, calcium supplement use, body mass index, waist
circumference, plasma high-density lipoprotein cholesterol, and triglyceride concentrations.
These were all continuous scales at baseline.

Covariates for multivariate analyses were chosen using backward multivariate logistic
regression including all significant variables (p < 0.05) with all exposure variables. Waist cir-
cumferences and calcium supplementation were selected as significant covariates. Plasma con-
centrations of 25(OH)D and 1,25(OH),D had skewed distributions, so they were entered in
multivariate models as categorical variables. Heterogeneity was evaluated by the Cochran Q
test [31].

For a sensitivity analysis of whether the association of plasma 25(OH)D with diabetes was
explained by traditional, widely accepted diabetes risk factors, four additional analyses were
performed using risk scores for propensity to develop diabetes that were calculated using algo-
rithms developed by the Centers for Disease Control and Prevention based on NHANES-III
Third National Health and Nutrition Examination Survey data [32] and ARIC, the Atheroscle-
rosis Risk in Communities study [33].

These scores were used to adjust the hazard rates for diabetes risk factors including age,
waist circumference, history of gestational diabetes, family history of diabetes, weight, height,
blood pressure, and regular exercise for the NHANES-III risk score [32]; and age, sex, race,
hypertension, smoking history, resting pulse, parental history of diabetes, height, weight and
waist circumference for the ARIC risk score [33].

Subgroup analyses stratified for the presence of hyperparathyroidism, regular strenuous
exercise, metabolic syndrome, and high vs. low diabetes risk score according to the NHANE-
S-IIT and ARIC algorithms were performed to identify any effect modifiers of the association
between vitamin D metabolite concentrations and diabetes risk. All p-values were two-tailed.
All analyses were conducted using SAS Version 9.2 (SAS Institute, Cary, NC). Anonymized
data are in S1 Table.
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Results

Results according to continuous variable at baseline are shown in Table 1. Median follow-up
time until diagnosis of diabetes or pre-diabetes was as follows: 4.5 years for diabetes cases; 4.1
years for pre-diabetes cases; and 12.5 years for the total cohort. Range of age of the cohort at
baseline was 38-97 years, with a mean of 74 years. Body mass index, waist circumference, fast-
ing plasma glucose, triglyceride concentrations and systolic blood pressure were higher in
individuals who became cases of diabetes during the follow-up period than in those who did
not, as shown in Table 1.

Use of vitamin D and calcium supplements at baseline was lower in individuals who
became diabetes cases than in those who did not. Plasma HDL-cholesterol concentration at
baseline was lower in individuals who became diabetes or pre-diabetes cases than in those who
did not develop diabetes.

Results according to discrete variables at baseline are shown in Table 2. Males constituted
70% of diabetes cases but only 49% of pre-diabetes cases. Alcohol use, smoking, and self-
reported regular strenuous exercise were not significantly associated with incidence of diabetes
or pre-diabetes, but there was a borderline adverse trend of higher alcohol use by cases of pre-
diabetes.

Use of calcium supplements at baseline was associated with lower risk of diabetes
(p < 0.05). There was a borderline trend linking use of vitamin D supplements at baseline with
lower incidence of diabetes (p = 0.06).

As shown in Table 3, a plasma 25(OH)D concentrations > 30 ng/ml or 75 nmol/L was asso-
ciated with approximately 70% lower incidence of diabetes compared with < 30 ng/ml or 75
nmol/L at baseline. A concentration of 30-39 ng/ml or 75-99 nmol/L was associated with
HR = 0.31 and 40-49 ng/ml or 100-124 nmol/L was associated with HR = 0.29 as shown in

Table 1. Baseline characteristics of diabetes cases, pre-diabetes cases and non-cases in the Rancho Bernardo cohort, 1997-1999.

Age (years)
Fasting blood sugar (mg/dl)
BMI (Kg/m®)
Waist circumference (cm)
Triglycerides (mg/dl)
HDL (mg/dl)
Systolic blood pressure (mmHg)
Diastolic blood pressure(mmHg)
25(OH)D (ng/ml)

(nmol/L)
1,25(0H),D (pg/ml)

(pmol/L)
Follow-up (years)®

Diabetes Pre-diabetes
Cohort Non-cases (n = 856) Cases Non-cases Cases
(n=903) (n=47)* (n=519) (n=349)

Mean (SE) Mean (SE) Mean (SE) p-value" Mean (SE) Mean (SE) p-vulue"
74.1 (0.3) 74.2 (0.4) 73.7 (1.2) 0.768 73.7 (0.5) 74.8 (0.5) 0.124
99.3 (0.4) 97.9 (0.3) 126.5 (2.8) <0.001 92.6 (5.2) 106.1 (0.4) <0.001

0.1) 25.2(0.1) 29.1 (0.8) <0.001 24.4(0.1) 26.4 (0.2) <0.001
85.1 (0.4) 84.4 (0.4) 97.9 (2.0) <0.001 81.3 (0.5) 89.6 (0.7) <0.001

121.9 (2.6) 1173 (2.1) 206.8 (28.8) 0.003 112.1 (2.5) 126.7 (3.5) <0.001
61.1 (0.6) 61.9 (0.6) 45.5 (2.0) <0.001 64.6 (0.8) 57.3 (1.0) <0.001
135.1 (0.7) 134.8 (0.7) 141.2 (3.0) 0.040 134.6 (1.0) 135.3 (1.0) 0.624
74.0 (0.3) 73.9 (0.3) 75.5 (1.3) 0.267 73.7 (0.4) 74.4 (0.5) 0.285
41.9 (0.5) 42.2 (0.5) 36.9 (1.6) 0.002 42.7 (0.7) 41.4(0.7) 0.191
104.7 (1.2) 105.4 (1.2) 92.3(3.9) 0.002 106.7 (1.6) 103.4 (1.9) 0.191
31.7 (0.6) 31.7(0.6) 31.9(0.6) 0.955 32.2(0.8) 30.9(0.9) 0.274
76.2 (1.4) 76.1 (1.4) 76.4 (5.2) 0.955 77.4 (1.9) 74.2 (2.2) 0.274
125 (3.3) 12.6 (2.7) 4.5 (5.4) <0.001 10.1 (8.4) 4.5(1.6) <0.001

* These 47 cases included 35 whose diabetes was diagnosed without any prior diagnosis of pre-diabetes. Those with a prior diagnosis of pre-diabetes were not counted as

pre-diabetes cases, in order to avoid counting any individual more than once.

b P-values are from t-tests for continuous variables and chi-square tests for categorical variables.

“ For follow-up years, values shown are medians and interquartile ranges.

https://doi.org/10.1371/journal.pone.0193070.t001
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Table 2. Baseline characteristics of non-cases, type 2 diabetes mellitus cases and pre-diabetes cases in the Rancho Bernardo cohort, discrete variables, 1997-1999.

Diabetes Pre-diabetes
Cohort Non-cases (n = 856) Cases Non-cases Cases
(n=903) (n=47)* (n=519) (n = 349)

N (%) N (%) N (%) p-value® N (%) N (%) p-value®
Male 340 (37.7) 307 (35.9) 33(70.2) <0.001 146 (28.1) 171 (49.0) <0.001
Current alcohol drinking 452 (50.1) 427 (49.9) 25(53.2) 0.659 246 (47.4) 185 (53.0) 0.105
Ever smoking 492 (54.5) 463 (54.1) 29 (61.7) 0.308 272 (52.4) 199 (57.0) 0.181
Regular strenuous exercise 193 (21.4) 182 (21.3) 11 (23.4) 0.727 110 (21.2) 74 (21.2) 0.998
Calcium supplement use 416 (46.1) 401 (46.9) 15 (31.9) 0.045 271 (52.2) 132 (37.9) <0.001
Vitamin D supplement use 203 (22.5) 199 (23.3) 4(8.5) 0.018 31(25.2) 69 (19.8) 0.064

* These 47 cases included 35 whose diabetes was diagnosed without any prior diagnosis of pre-diabetes. Those with a prior diagnosis of pre-diabetes were not counted as
pre-diabetes cases, in order to avoid counting any individual more than once.
b P_yalues are from chi-squared tests.

https://doi.org/10.1371/journal.pone.0193070.t002

Table 3. Hazard ratios with 95% confidence intervals of type 2 diabetes mellitus (DM) incidence by categories of plasma vitamin D metabolite concentrations in
the Rancho Bernardo cohort, 1997-1999.

Plasma metabolite Person-years of No. who developed type 2 | HR (95% CI) ® Person-years of No. who developed pre- | HR (95% CI) ®
concentration cohort diabetes cohort diabetes
(n=46)" (n=346)°
25(0OH)D (ng/ml) @ *
<30 1,331 13 1.00 886 52 1.00
30-39 3,401 13 0.31 (0.14-0.70) 2,621 112 0.75 (0.54-1.05)
40-49 3,465 14 0.29 (0.12-0.68) © 2,529 122 0.88 (0.63-1.24) ©
> 50 2,199 6 0.19 (0.06-0.56) © 1,728 60 0.66 (0.45-0.97) ©
p-trend 0.005 0.173
<30 1,331 13 1.00 886 52 1.00
> 30 9,065 33 0.27 (0.13-0.56) © 6,876 294 0.78 (0.57-1.07) ©
1,25(0H),D (pg/ml) * &
<20 2,054 7 1.00 1,522 72 1.00
20-29 3,096 20 1.46 (0.61-3.52) 2,237 115 1.01 (0.75-1.36)
30-39 2,657 9 0.94 (0.35-2.57) 1,996 82 0.87 (0.63-1.20)
> 40 2,590 10 1.13 (0.42-3.05) 2,010 77 0.81 (0.59-1.13)
p-trend 0.781 0.120
<30 5,150 27 1.00 3,759 187 1.00
> 30 5,247 19 0.79 (0.43-1.43) 4,005 159 0.84 (0.68-1.04)

25(OH)D, plasma 25 hydroxyvitamin D; 1,25(OH),D, plasma 1,25 dihydroxyvitamin D

* 46 diabetes cases and 337 pre-diabetes cases were included in the multivariate analyses, with the difference due to a case of diabetes with missing covariates.

b Adjusted for sex, body mass index, waist circumference, calcium supplement intake, plasma triglycerides and HDL-cholesterol.

“25(OH)D conversions: 30 ng/ml = 75 nmol/L; 40 ng/ml = 100 nmol/L; 50 ng/ml = 125 nmol/L;

4 1,25(0H),D conversions: 20 pg/ml = 48 pmol/L; 30 pg/ml = 72 pmol/L; 40 pg/ml = 96 pmol/L.

¢ There was significant heterogeneity between two hazard ratios on diabetes and pre-diabetes (P = 0.025 for ‘40-49 ng/mL’; P = 0.039 for ‘> 50 ng/mL’; and P = 0.009
for 30+ ng/mL’)

£ The number of participants in each category of 25-hydroxyvitamin D was 116, 295, 301 and 191, respectively, from lowest to highest category of 25(OH)D.

& The number of participants in each category of 1,25-dihydroxyvitamin D was 87, 220, 225, 143 and 191, respectively, from lowest to highest category of 1,25(OH),D.

https://doi.org/10.1371/journal.pone.0193070.t003
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Fig 1. Hazard ratio for type 2 diabetes according to plasma 25(OH)D concentration at baseline, Rancho Bernardo
CA, 1997-2009.

https://doi.org/10.1371/journal.pone.0193070.g001

Fig 1. Hazard ratios were progressively lower in each stratum from the lowest 25(OH)D con-
centration of < 30 ng/ml or 75 nmol/L to the highest, of > 50 ng/ml or 125 nmol/L. The high-
est levels of 25(OH)D had an 81% lower incidence rate of diabetes, or HR = 0.19. Each 10 ng/
ml or 25 nmol/L higher 25(OH)D was associated with a HR = 0.64.

The association of 25(OH)D with pre-diabetes was weak compared to that with diabetes
(Fig 2). For 40-49 ng/ml or 100-124 nmol/L, the p-heterogeneity was 0.025 between the two
HRs in diabetes and pre-diabetes risk; for > 50 ng/ml or 125 nmol/L, p-heterogeneity was
0.039. 25(OH)D concentrations > 50 ng/ml or 125 nmol/L were significantly associated with
lower incidence of pre-diabetes. The HR was 0.66.

There were N = 241 deaths of participants, leaving N = 662 alive through the end of the fol-
low-up period. The mean 25(OH)D concentration in those who died was 38.9 ng/ml, or 97.3
nmol/L. The mean in those who lived was 43.0 ng/ml, or 107.5 nmol/L.

An analysis was performed of the inverse association between serum 25(OH)D and hazard
ratios for diabetes according to whether the individual was taking a calcium supplement at
baseline, as shown in Table 4. This revealed that the association between 25(OH)D and risk of
diabetes may have been slightly stronger in participants who took calcium supplements at
baseline. In those who took supplements, there was a hazard ratio of 0.55 with 95% CI of 0.31-
0.99 for each 10 ng/ml or 25 nmol/L increase in serum 25(OH)D. By contrast, in participants
who took no calcium at baseline, the hazard ratio was 0.69 with 95% CI 0.49-0.98 for each 10
ng/ml or 25 nmol/L increase in serum 25(OH)D. The slightly lower hazard ratio suggests that
calcium might enhance the effect of 25(OH)D, but the difference according to calcium supple-
ment use was not statistically significant. The association of plasma 25(OH)D with risk of dia-
betes persisted after exclusion of individuals taking calcium and/or vitamin D supplements.
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Fig 2. Hazard ratio for pre-diabetes according to plasma 25(OH)D concentration at baseline, Rancho Bernardo
CA, 1997-2009.

https://doi.org/10.1371/journal.pone.0193070.9002

Table 4. Hazard ratios with 95% confidence intervals of type 2 diabetes incidence by categories of plasma vitamin D metabolite concentrations by use of calcium
supplements, Rancho Bernardo cohort, 1997-2009.

Plasma metabolite concentration | Person-years of cohort | No. who developed type 2 DM | HR (95% CI) * Person-years of cohort | No. who developed PreDM | HR (95% CI) *
25(0OH)D (ng/ml) With calcium supplementation Without calcium supplementation
< 30 ng/mL 892 10 1.00 580 36 1.00
30-39 1,920 11 0.37 (0.15-0.96) 1,389 79 0.87 (0.58-1.31)
40-49 1,657 6 0.32 (0.11-0.95) ® 1,151 67 0.99 (0.65-1.53) ©
> 50 1,008 4 0.20 (0.05-0.83) ® 743 33 0.71 (0.44-1.17) ®
p-trend 0.027 0.398
<30 892 10 1.00 580 36 1.00
30+ 4,585 21 0.33(0.14-0.78) ® 3,283 179 0.88 (0.60-1.28) ®
1,25(0OH),D (pg/ml) With calcium supplementation Without calcium supplementation
< 30 ng/mL 1,248 13 1.00 815 50 1.00
30-39 2,600 12 0.33 (0.14-0.76) 1,989 90 0.72 (0.50-1.02)
40-49 2,571 11 0.28 (0.11-0.72) 1,853 93 0.88 (0.61-1.27)
> 50 1,565 6 0.23 (0.08-0.70) © 1,204 44 0.62 (0.40-0.94) ©
p-trend 0.004 0.192
<30 1,248 13 1.00 815 50 1.00
30+ 6,736 29 0.30 (0.14-0.63) © 5,046 227 0.75 (0.54-1.04) ©

* Adjusted for sex, body mass index, waist circumference, calcium supplement intake and blood levels of triglyceride and HDL-cholesterol

> There was significant heterogeneity between two hazard ratios on diabetes and pre-diabetes (P = 0.056 for ‘40-49 ng/mL’; P = 0.095 for > 50 ng/mL’; P = 0.041 for ‘30
+ng/mL’)

 There was significant heterogeneity between two hazard ratios on diabetes and pre-diabetes (P = 0.095 for ‘> 40 ng/mL’; P = 0.029 for ‘30+ ng/mL’)

https://doi.org/10.1371/journal.pone.0193070.t004
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Table 5. Hazard ratios with 95% confidence intervals of type 2 diabetes incidence by categories of plasma 25(OH)D concentration adjusted for different combina-
tions of confounding factors for diabetes, Rancho Bernardo cohort, 1997-2009.

Risk for diabetes Risk for pre-diabetes
Plasma metabolite concentration | HR (95% CI)® HR (95% CI)* HR (95% CI)¢ HR (95% CI)® HR (95% CI)* HR (95% CI)¢
25(OH)D (ng/ml) *
<30 1.00 1.00 1.00 1.00 1.00 1.00
30-39 0.31 (0.14-0.70) 0.43 (0.20-0.93) 0.44 (0.20-0.95) 0.75 (0.54-1.05) 0.78 (0.56-1.08) 0.78 (0.56-1.08)
40-49 0.29 (0.12-0.68) 0.46 (0.22-0.99) 0.47 (0.22-1.00) 0.88 (0.63-1.24) 0.94 (0.68-1.30) 0.92 (0.66-1.27)
> 50 0.19 (0.06-0.56) 0.38 (0.15-0.96) 0.36 (0.14-0.90) 0.66 (0.45-0.97) 0.68 (0.47-0.99) 0.64 (0.45-0.93)

* 25(OH)D conversions: 30 ng/ml = 75 nmol/L; 40 ng/ml = 100 nmol/L; 50 ng/ml = 125 nmol/L
" Adjusted for sex, body mass index, waist circumference, calcium supplement intake and blood levels of triglyceride and HDL-cholesterol.
© Adjusted for the NHANES-III diabetes risk scores. The NHANES-III (the Third National Health and Nutrition Examination Survey) diabetes risk score was developed

on the basis of a questionnaire including information on age, waist circumference, gestational diabetes, family history of diabetes, weight and height, blood pressure and

exercise (33)

d. Adjusted for the CDC ARIC DM risk score. The CDC ARIC (Atherosclerosis Risk in Communities [ARIC] study in United States Centers for Disease Control and

Prevention) DM risk score was based on questionnaire plus blood information such as age, sex, race, hypertension, smoking history, resting pulse, parental history of

DM and anthropometric characteristics such as height, waist, and weight from questionnaire and plasma glucose, triglyceride, HDL cholesterol and uric acid in fasting

state (32)

https://doi.org/10.1371/journal.pone.0193070.t005

Regarding multiple regression analyses of the associations of vitamin D supplements vs. cal-
cium supplements, it was not possible to absolutely separate the association of vitamin D sup-
plementation compared to the association with calcium supplementation. This was because all
individuals who took vitamin D supplements also took calcium.

As shown in Table 5, the association of low 25(OH)D with high incidence of diabetes per-
sisted after adjustment for NHANES-IIT and ARIC diabetes risk scores. The association of low
25(OH)D with high risk of diabetes also persisted after stratification for PTH level, regular
strenuous exercise, and metabolic syndrome (Table 6).

The inverse association of 25(OH)D with diabetes was stronger in individuals with hyper-
parathyroidism or who exercised regularly (p- heterogeneity = 0.006 and 0.046, respectively)
(Table 5). Among those with hyperparathyroidism, those with 25(OH)D > 30 ng/ml had
lower risk of diabetes (HR = 0.06, 95% CI 0.02-0.25). Among those reporting no exercise,
those with 25(OH)D > 30 ng/ml also had lower risk (HR = 0.35, 95% CI 0.16-0.80). The asso-
ciation of 25(OH)D > 30 ng/ml with diabetes persisted despite metabolic syndrome or high
NHANES III or CDC risk scores (HR = 0.42, 95% CI 0.17-1.00; HR = 0.33 95% CI 0.13-0.84;
and HR = 0.39 95% CI = 0.18-0.85, respectively.

Plasma 1,25(OH),D concentrations were not associated with incidence of diabetes or pre-
diabetes (Table 3). Graphs are available from the authors.

Discussion

Individuals with a 25(OH)D concentration > 30 ng/ml or 75 nmol/L had only one-third the
incidence of diabetes as those with < 30 ng/ml or 75 nmol/L. Those with a somewhat higher
concentration of 25(OH)D > 50 ng/ml or 125 nmol/L had a much lower HR of 0.2.

The association of 25(OH)D with diabetes persisted after exclusion of participants who
reported at baseline that they usually took vitamin D or calcium supplements. The inverse
association of a higher 25(OH)D concentration > 30 ng/ml or 75 nmol/L was consistent
among individuals in higher traditional risk groups for diabetes such as those having metabolic
syndrome or established diabetes risk factors according to standard scores for predicting risk
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Table 6. Hazard ratios with 95% confidence intervals of type 2 diabetes mellitus (DM) incidence by plasma 25(OH)D levels after stratification for PTH levels, regu-
lar strenuous exercise, metabolic syndrome, and DM risk scores.

Plasma metabolite Person-years of No. who developed type 2 | HR (95% CI) ® Person-years of No. who developed type 2 | HR (95% CI) ® P-heterogeneity ©
concentration cohort DM cohort DM
25(OH)D (ng/ml) * Normal range of PTH (PTH<60 pg/mL) Hyperparathyroidism (PTH > 60 pg/mL)
<30 814 3 1.00 517 10 1.00
> 30 7,160 27 0.73 (0.21-2.54) 1,905 6 0.06 (0.02-0.25) 0.006
No regular strenuous exercise Regular strenuous exercise
<30 1,197 11 1.00 143 2 1.00
> 30 6,881 24 0.35 (0.16-0.80) 2,219 9 0.02 (0.002-0.20) 0.046
No metabolic syndrome Metabolic syndrome
<30 831 3 1.00 509 10 1.00
> 30 6,978 12 0.21 (0.05-0.87) 2,122 22 0.42 (0.17-1.00) 0.419
Low NHANES-III DM risk scores < Median High NHANES-III DM risk scores >Median
<30 654 4 1.00 686 9 1.00
> 30 5,465 12 0.17 (0.05-0.61) 3,635 22 0.33 (0.13-0.84) 0.405
Low CDC ARIC DM risk scores < Median High CDC ARIC DM risk scores >Median
<30 446 2 1.00 894 11 1.00
> 30 4,076 5 0.05 (0.01-0.51) 5,024 29 0.35 (0.16-0.78) 0.058

*25(OH)D conversions: 30 ng/mL = 75 nmol/L; 40 ng/mL = 100 nmol/L; 50 ng/mL = 125 nmol/L.

b Adjusted for sex, body mass index, waist circumference, calcium supplement intake and plasma levels of triglyceride and HDL-cholesterol

 P-heterogeneity between the two HRs in the two

https://doi.org/10.1371/journal.pone.0193070.t006

strata.

of diabetes that are used by CDC and other organizations to predict incidence of diabetes.
These include obesity and lack of regular exercise.

The finding of the present study that 25(OH)D concentration had a significantly inverse
association with risk of diabetes is biologically plausible. Mice with the vitamin D receptor
(VDR) null phenotype have higher incidence rates of diabetes [34], suggesting that the vitamin
D pathway may be relevant to the pathogenesis of diabetes. Pancreatic beta cells have VDR,
and vitamin D metabolites stimulate the pancreas to produce insulin [35].

Active metabolites of vitamin D also have been shown in animal models to protect pancre-
atic beta cells from cytokine-induced inflammation and apoptosis [34].

Only the 25(OH)D concentration was associated with lower risk of diabetes in the present
study. One of the reasons may be the stability of 25(OH)D in circulation. 25(OH)D has a
75-fold longer half-life than 1,25(OH),D [36]. Circulating 25(OH)D is also stable with respect
to time, even in stored frozen plasma [37].

Although the number of cases of diabetes was much smaller than that of pre-diabetes, 25
(OH)D levels were strongly inversely associated with risk of diabetes and weakly inversely
associated with risk of pre-diabetes. This could be because pre-diabetes is a relatively mild con-
dition, and includes many individuals who did not become diabetic.

Another possible reason is that people with pre-diabetes may be healthier due to better life-
style behaviors. In our study, pre-diabetes participants were more likely to use vitamin D sup-
plements and had higher HDL-cholesterol levels, lower triglyceride levels, BMI, and waist cir-
cumference, and were less likely to smoke cigarettes compared to diabetes patients.

The inverse association of 25(OH)D with diabetes was much stronger in individuals
with hyperparathyroidism and who regularly exercised strenuously as shown in Table 5.
Hyperparathyroidism, regardless of cause, is a common concern in the aged, particularly in
women, due to renal deterioration, low estrogen, low calcium intake, and, on occasion, use of
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furosemide [38, 39]. It is also adversely associated with glucose tolerance and insulin resistance
[40, 41].

In our cohort, individuals with hyperparathyroidism were likely to have higher risk for dia-
betes as shown in Table 5. Nevertheless, our finding that a higher 25(OH)D concentration has
a beneficial effect on risk of diabetes is encouraging to older people. The beneficial effect of
higher 25(OH)D could be due to improving insulin sensitivity and anti-inflammatory effects
[40, 41[40,41] although the exact mechanisms by which a higher 25(OH)D concentration low-
ers diabetes risk remain unclear.

Individuals who were doing regular strenuous exercise were likely to have a lower HR asso-
ciated with higher 25(OH)D concentration (Table 6). A similar association was present in
those with higher levels of PTH (Table 6). Skeletal muscle has VDR [42]. Strenuous exercise
itself has a favorable effect in controlling diabetes through increasing glucose utilization in
muscle and insulin sensitivity [43].

Limitations

The present study has several limitations. The study participants were relatively healthy middle
to upper-middle class Caucasians, who had good access to health care. As a result, our findings
may not be generalizable to other populations.

Rancho Bernardo, located 16 miles north of San Diego, CA, has sunny weather throughout
the year. This natural environment helps the participants maintain higher 25(OH)D concen-
trations in blood without vitamin D supplementation. Previous studies have shown that 95%
of 25(OH)D is a product of photosynthesis of vitamin Dj in the skin [44], and it is probable
that there is more sunlight reaching the members of this community than members of previ-
ously studied communities.

Generalizability with certainty to areas less sunny than southern California could be exam-
ined by repeating the study. However, an association in the same direction as found in this
study was present in another cohort whose members lived throughout the U.S. [45], although
the association was not found in another cohort [46]. The present study will help resolve the
question of whether the association is present in men and in older women.

It is also possible that the higher concentrations observed in this study might have been due
to differences in laboratory assay techniques. The competitive binding protein assay may pro-
duce higher 25(OH)D results compared with radioimmunoassay and high-performance liquid
chromatography [36, 47]. Concentrations of 25(OH)D and 1,25(0OH),D found in the Rancho
Bernardo cohort may not be directly comparable to those in studies using different assays.

On the other hand, routine assays accurately rank individuals across the range of 25(OH)D
levels [36], suggesting internal validity. Values for 25(OH)D were measured on a single
blood specimen, but are known to have seasonal variation [48]; this may have weakened the
observed association between these measures and incidence of diabetes. Nearly all other stud-
ies showing an association between 25(OH)D concentration and diabetes have also used a sin-
gle measurement.

Comparison of the present study with a recent well-designed multi-center cohort study by
Schafer et al. [20] of 25(OH)D and risk of diabetes in older adults is useful. The study by Scha-
fer et al,, in contrast to the present study, did not report the existence of an association of
plasma 25(OH)D with risk of diabetes. It would be of value to try to explain the differences
between that study and this one that might account for the differences in results.

Both studies used approximately the same well-established and highly respected cohort
study design. The difference is unlikely to be merely a matter of a deficiency in basic study
design. Both studies were performed by highly experienced research teams. Both studies ruled
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out the existence of diabetes at baseline. Both used well-regarded statistical methods, such as ¢-
tests, chi-square tests and Cox proportional hazards regression. Both used either stratification
and/or multiple regression to control for confounding.

There were more similarities between these studies than differences, but there were a few
differences that may be instructive. One is that the study by Schafer et al. was conducted at 4
centers located mainly in the Northern and mid-Atlantic tiers of the US: Minneapolis, Pitts-
burgh, Baltimore, and Portland OR. These studies had a median latitude of 43 degrees N. This
can be compared with the 33 degrees N latitude of Rancho Bernardo. Winter conditions can
be harsh in these four areas, but winters in Rancho Bernardo are extremely mild. The mean 25
(OH)D concentration was 23 ng/ml or 58 nmol/L in the Schafer et al. study, compared to 42
ng/ml or 105 nmol/L in the present study. It might be that the 25(OH)D concentrations in the
subjects in the previous study tended to be in a range that is below the range in which 25(OH)
D is inversely related to incidence of diabetes.

The present Rancho Bernardo cohort has the highest median 25(OH)D of any cohort study
to date. This suggests a chance that there may be a threshold in the dose-response curve
between 25(OH)D and incidence of diabetes. If a threshold for benefit from higher 25(OH)D
exists, the present study suggests that it may be at about 30 ng/ml or 75 nmol/L. Thresholds
are common features of dose-response curves [11]. Substantial numbers of subjects with
serum 25(OH)D > 30 ng/ml or 75 nmol/L were not present in any cohorts previously studied,
but were present in the Rancho Bernardo cohort.

Finally, an inverse association of 25(OH)D with risk of diabetes that was identified in the
study by Schafer et al. lost its statistical significance after adjustment for BMI and other covari-
ates. This adjustment is logical if BMI itself is the adverse factor. But if BMI happens to be a
link in a possible causal chain from obesity to lower 25(OH)D to incidence of diabetes, the
adjustment may have at least partially washed out the association that was found in the age-
and clinic location-adjusted data in that study.

Based on the above contrasts between well-designed cohort studies such as that of Schafer
etal. [20] and the present study, it is evident that more research is needed to delineate the con-
tributory roles of BMI per se and of 25(OH)D to risk of diabetes. Such contributory roles may
not be mutually exclusive, and the results of both studies could possibly be accurate. Meta-
analyses may help provide context for understanding the diversity of findings of studies such
as these [11, 13, 21, 22].

Strengths

On the other hand, the present study has several strengths. The standard A. B. Hill criteria for
causality in observational studies [49] were applied to the results of the present study, and the
association of higher plasma 25(OH)D with lower risk of diabetes met most of the Hill criteria.
The study was a prospective cohort study of individuals who were healthy volunteers when
they enrolled, but developed diabetes during the study. The cohort study tends to have lower
risk of reverse causation than a case-control study. Even when the hazard ratios were adjusted
using regression and standard risk scoring systems for classical risk factors for diabetes, the
findings persisted and remained similar in strength.

The results of this study suggest that targeting a plasma 25(OH)D concentration in the
range of 50 ng/ml or 125 nmol/L might be useful in attempting to reduce the incidence rate of
diabetes. However, it is thought by some workers that there may be an unknown degree of risk
associated with maintaining 25(OH)D in this range. The main possible risk is one of hypercal-
cemia [50]. Another could be the chance of a higher risk of ischemic heart disease [50]. Results
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regarding whether such a risk exists have been mixed [50]. There have been no known reports
of complications of vitamin D supplementation or high plasma 25(OH)D in our cohort.

There are still unresolved concerns about the desirable plasma target for 25(OH)D. At this
moment, the authors would tentatively suggest that the target be no less than 40 ng/ml or 100
nmol/L. Other analysts considering the same data could reasonably choose other desired tar-
gets, such as 30 ng/ml or 75 nmol/L proposed by the Endocrine Society [51].

In conclusion, the higher plasma 25(OH)D concentrations of > 50 ng/ml or 125 nmol/L in
this cohort were independently associated with 80% lower incidence rates of diabetes. How-
ever, a target threshold of 50 ng/ml or 125 nmol/L is considerably above that recently recom-
mended by an expert consensus panel that considered all known benefits and risks of vitamin
D, and suggested instead a threshold of 30 ng/ml or 75 nmol/L [51]. As a result the possibility
of a threshold higher than 30 ng/ml or 75 nmol/L should be approached with caution, pending
replication of the findings [50].

Our study does not solve the basic question of whether individuals may need to seek vita-
min D supplementation if needed to maintain a concentration of 30 ng/ml or 75 nmol/L,
despite the possibility of any toxicity. A recent placebo-controlled randomized trial of a vita-
min D weekly bolus supplement for pre-diabetes patients failed to prove a beneficial effect on
5-year incidence of diabetes [52]. Sufficient 25(OH)D levels obtained naturally from sunlight
and food, not supplementation, might be more relevant than supplementation to reduce risk
of diabetes. Larger cohort studies or long-term clinical trials would be desirable to help con-
firm whether this association is causal.

This study used a single measurement of 25(OH)D during a longitudinal study, since no
other measurements were available. These measurements may have been more representative
of serum levels during the 12.5 years of follow-up if two or more measurements had been
made. The single measurement would have been of greatest concern if the study had found
no association, since the absence of an association could have been due to use of a single
measurement.

However an inverse association of 25(OH)D with incidence of diabetes was detected in this
study despite the use of a single baseline measurement. It is possible that more associations
could have been detected if there were more measurements of 25(OH)D during follow-up. On
the other hand, 25(OH)D concentrations tend to be somewhat stable over time in adults [3].
The question of stability of season-specific 25(OH)D concentrations in adults over periods of
5 years or longer should be further studied in cohorts that have used multiple measurements
during follow-up [3].

Both major metabolites of vitamin D were studied to determine whether an association was
present for both. Only a low concentration of 25(OH)D is usually associated with diseases that
are due to vitamin D-deficiency [1]. However the authors measured the 1,25(OH),D concen-
tration to confirm that the association was only for 25(OH)D and not present for 1,25(OH),D.
1,25(0OH),D is tightly homeostatically regulated, and typically does not vary greatly among
individuals [1, 29].

Serum 25(OH)D is generally accepted as the standard measure of vitamin D nutrition [1].
Most tissues can enzymatically convert it to 1,25(OH),D [1]. In retrospect, measurement of 25
(OH)D alone would have been adequate to test for an inverse association between vitamin D
nutritional status and risk of diabetes. This study found no association of 1,25(0OH),D with
risk of type 2 diabetes. We therefore do not suggest any benefit from measuring 1,25(OH),D
in future studies of the etiology of type 2 diabetes.

A decision was made in 1997 to include all members of the cohort who were alive. No sam-
pling was done, so there was no design need for a formal sample size calculation. Lower than
optimal power may have caused this study to miss the chance of detecting a true association,
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such as an inverse association between plasma 25(OH)D and risk of type 2 diabetes. However
this association emerged as statistically significant. Still, the size of the present cohort may
have been inadequately large to detect associations with other covariates. Therefore this study
should not be used to rule out such associations.

Vitamin D supplementation only occurred in participants who were also taking calcium
supplements. Therefore it was not practical to perform a separate analysis for vitamin D
supplements.

Supporting information

S1 Fig. Flowchart of participants.
(TIFF)

S1 Table. Data, anonymized.
(XLSX)

Acknowledgments

The authors thank Ms. Jacqueline Bergstrom, statistician for the Rancho Bernardo Study,
Department of Family Medicine and Public Health, University of California, San Diego, for
her help. We also thank Ms. Susan Orlofsky for her skilled efforts in preparing the manuscript
for publication and her tenacity.

Author Contributions

Conceptualization: Sue K. Park, Cedric F. Garland, Elizabeth Barrett-Connor.
Data curation: Sue K. Park.

Formal analysis: Sue K. Park.

Funding acquisition: Elizabeth Barrett-Connor.

Investigation: Cedric F. Garland, Elizabeth Barrett-Connor.

Methodology: Sue K. Park, Cedric F. Garland, Elizabeth Barrett-Connor.
Project administration: Sue K. Park, Elizabeth Barrett-Connor.

Resources: Elizabeth Barrett-Connor.

Software: Sue K. Park.

Supervision: Cedric F. Garland, Elizabeth Barrett-Connor.

Validation: Sue K. Park, Cedric F. Garland, Luke BuDoff.

Visualization: Sue K. Park, Cedric F. Garland, Edward D. Gorham, Elizabeth Barrett-Connor.
Writing - original draft: Sue K. Park, Cedric F. Garland.

Writing - review & editing: Cedric F. Garland, Edward D. Gorham, Luke BuDoff, Elizabeth
Barrett-Connor.

References

1. Giovannucci E, Liu Y, Hollis BW, Rimm EB. 25-hydroxyvitamin D and risk of myocardial infarction in
men: a prospective study. Arch Intern Med. 2008; 168(11):1174-80. https://doi.org/10.1001/archinte.
168.11.1174 PMID: 18541825

PLOS ONE | https://doi.org/10.1371/journal.pone.0193070  April 19,2018 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193070.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0193070.s002
https://doi.org/10.1001/archinte.168.11.1174
https://doi.org/10.1001/archinte.168.11.1174
http://www.ncbi.nlm.nih.gov/pubmed/18541825
https://doi.org/10.1371/journal.pone.0193070

@° PLOS | ONE

25(0OH)D and diabetes

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Burgi AA, Gorham ED, Garland CF, Mohr SB, Garland FC, Zeng K, et al. High serum 25-hydroxyvitamin
D is associated with a low incidence of stress fractures. J Bone Miner Res. 2011; 26(10):2371-7.
https://doi.org/10.1002/jbmr.451 PMID: 21698667

Garland CF, Gorham ED, Mohr SB, Garland FC. Vitamin D for cancer prevention: global perspective.
Ann Epidemiol. 2009; 19(7):468-83. https://doi.org/10.1016/j.annepidem.2009.03.021 PMID:
19523595

Grimnes G, Emaus N, Joakimsen RM, Figenschau Y, Jenssen T, Njolstad |, et al. Baseline serum 25-
hydroxyvitamin D concentrations in the Tromso Study 1994—95 and risk of developing type 2 diabetes
mellitus during 11 years of follow-up. Diabet Med. 2010; 27(10):1107—15. https://doi.org/10.1111/j.
1464-5491.2010.03092.x PMID: 20854377

Pittas AG, Nelson J, Mitri J, Hillmann W, Garganta C, Nathan DM, et al. Plasma 25-hydroxyvitamin D
and progression to diabetes in patients at risk for diabetes: an ancillary analysis in the Diabetes Preven-
tion Program. Diabetes Care. 2012; 35(3):565—73. https://doi.org/10.2337/dc11-1795 PMID: 22323410

Ginde AA, Liu MC, Camargo CA Jr. Demographic differences and trends of vitamin D insufficiency in
the US population, 1988—2004. Arch Intern Med. 2009; 169(6):626—32. https://doi.org/10.1001/
archinternmed.2008.604 PMID: 19307527

Anderson JL, May HT, Horne BD, Bair TL, Hall NL, Carlquist JF, et al. Relation of vitamin D deficiency
to cardiovascular risk factors, disease status, and incident events in a general healthcare population.
Am J Cardiol. 2010; 106(7):963-8. https://doi.org/10.1016/j.amjcard.2010.05.027 PMID: 20854958

Gagnon C, Lu ZX, Magliano DJ, Dunstan DW, Shaw JE, Zimmet PZ, et al. Serum 25-hydroxyvitamin D,
calcium intake, and risk of type 2 diabetes after 5 years: results from a national, population-based pro-
spective study (the Australian Diabetes, Obesity and Lifestyle study). Diabetes Care. 2011; 34
(5):1133-8. https://doi.org/10.2337/dc10-2167 PMID: 21430082

Thorand B, Zierer A, Huth C, Linseisen J, Meisinger C, Roden M, et al. Effect of serum 25-hydroxyvita-
min D on risk for type 2 diabetes may be partially mediated by subclinical inflammation: results from the
MONICA/KORA Augsburg study. Diabetes Care. 2011; 34(10):2320-2. https://doi.org/10.2337/dc11-
0775 PMID: 21873558

Gonzalez-Molero |, Rojo-Martinez G, Morcillo S, Gutierrez-Repiso C, Rubio-Martin E, Aimaraz MC,
et al. Vitamin D and incidence of diabetes: a prospective cohort study. Clin Nutr. 2012; 31(4):571-3.
https://doi.org/10.1016/j.clnu.2011.12.001 PMID: 22204964

Forouhi NG, Ye Z, Rickard AP, Khaw KT, Luben R, Langenberg C, et al. Circulating 25-hydroxyvitamin
D concentration and the risk of type 2 diabetes: results from the European Prospective Investigation
into Cancer (EPIC)-Norfolk cohort and updated meta-analysis of prospective studies. Diabetologia.
2012; 55(8):2173-82. https://doi.org/10.1007/s00125-012-2544-y PMID: 22526608

Tsur A, Feldman BS, Feldhammer |, Hoshen MB, Leibowitz G, Balicer RD. Decreased serum concen-
trations of 25-hydroxycholecalciferol are associated with increased risk of progression to impaired fast-
ing glucose and diabetes. Diabetes Care. 2013; 36(5):1361-7. https://doi.org/10.2337/dc12-1050
PMID: 23393216

Afzal S, Bojesen SE, Nordestgaard BG. Low 25-hydroxyvitamin D and risk of type 2 diabetes: a pro-
spective cohort study and metaanalysis. Clin Chem. 2013; 59(2):381-91. https://doi.org/10.1373/
clinchem.2012.193003 PMID: 23232064

Schottker B, Herder C, Rothenbacher D, Perna L, Muller H, Brenner H. Serum 25-hydroxyvitamin D lev-
els and incident diabetes mellitus type 2: a competing risk analysis in a large population-based cohort of
older adults. Eur J Epidemiol. 2013; 28(3):267—75. https://doi.org/10.1007/s10654-013-9769-z PMID:
23354985

Tohidi M, Bozorgmanesh M, Mohebi R, Khalili D, Saadat N, Khorrami N, et al. Non-linear association
between 25-hydroxyvitamin D and the incidence of type 2 diabetes: a community-based nested case-
control study. Diabet Med. 2013; 30(8):934-8. https://doi.org/10.1111/dme.12180 PMID: 23560705

Husemoen LL, Skaaby T, Thuesen BH, Jorgensen T, Fenger RV, Linneberg A. Serum 25(0OH)D and
incident type 2 diabetes: a cohort study. Eur J Clin Nutr. 2012; 66(12):1309—14. https://doi.org/10.1038/
ejcn.2012.134 PMID: 23031851

Knekt P, Laaksonen M, Mattila C, Harkanen T, Marniemi J, Heliovaara M, et al. Serum vitamin D and
subsequent occurrence of type 2 diabetes. Epidemiology. 2008; 19(5):666—71. https://doi.org/10.1097/
EDE.O0b013e318176b8ad PMID: 18496468

Deleskog A, Hilding A, Brismar K, Hamsten A, Efendic S, Ostenson CG. Low serum 25-hydroxyvitamin
D level predicts progression to type 2 diabetes in individuals with prediabetes but not with normal glu-
cose tolerance. Diabetologia. 2012; 55(6):1668—78. https://doi.org/10.1007/s00125-012-2529-x PMID:
22426800

Hidayat R, Setiati S, Soewondo P. The association between vitamin D deficiency and type 2 diabetes
mellitus in elderly patients. Acta Med Indones. 2010; 42(3):123-9. PMID: 20724765

PLOS ONE | https://doi.org/10.1371/journal.pone.0193070  April 19,2018 15/17


https://doi.org/10.1002/jbmr.451
http://www.ncbi.nlm.nih.gov/pubmed/21698667
https://doi.org/10.1016/j.annepidem.2009.03.021
http://www.ncbi.nlm.nih.gov/pubmed/19523595
https://doi.org/10.1111/j.1464-5491.2010.03092.x
https://doi.org/10.1111/j.1464-5491.2010.03092.x
http://www.ncbi.nlm.nih.gov/pubmed/20854377
https://doi.org/10.2337/dc11-1795
http://www.ncbi.nlm.nih.gov/pubmed/22323410
https://doi.org/10.1001/archinternmed.2008.604
https://doi.org/10.1001/archinternmed.2008.604
http://www.ncbi.nlm.nih.gov/pubmed/19307527
https://doi.org/10.1016/j.amjcard.2010.05.027
http://www.ncbi.nlm.nih.gov/pubmed/20854958
https://doi.org/10.2337/dc10-2167
http://www.ncbi.nlm.nih.gov/pubmed/21430082
https://doi.org/10.2337/dc11-0775
https://doi.org/10.2337/dc11-0775
http://www.ncbi.nlm.nih.gov/pubmed/21873558
https://doi.org/10.1016/j.clnu.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22204964
https://doi.org/10.1007/s00125-012-2544-y
http://www.ncbi.nlm.nih.gov/pubmed/22526608
https://doi.org/10.2337/dc12-1050
http://www.ncbi.nlm.nih.gov/pubmed/23393216
https://doi.org/10.1373/clinchem.2012.193003
https://doi.org/10.1373/clinchem.2012.193003
http://www.ncbi.nlm.nih.gov/pubmed/23232064
https://doi.org/10.1007/s10654-013-9769-z
http://www.ncbi.nlm.nih.gov/pubmed/23354985
https://doi.org/10.1111/dme.12180
http://www.ncbi.nlm.nih.gov/pubmed/23560705
https://doi.org/10.1038/ejcn.2012.134
https://doi.org/10.1038/ejcn.2012.134
http://www.ncbi.nlm.nih.gov/pubmed/23031851
https://doi.org/10.1097/EDE.0b013e318176b8ad
https://doi.org/10.1097/EDE.0b013e318176b8ad
http://www.ncbi.nlm.nih.gov/pubmed/18496468
https://doi.org/10.1007/s00125-012-2529-x
http://www.ncbi.nlm.nih.gov/pubmed/22426800
http://www.ncbi.nlm.nih.gov/pubmed/20724765
https://doi.org/10.1371/journal.pone.0193070

@° PLOS | ONE

25(0OH)D and diabetes

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

Schafer A, Napoli N, Lui L, Schwartz A, Black D, Study of Osteoporotic Fractures. Serum 25-hydroxyvi-
tamin D concentration does not independently predict incident diabetes in older women. Diabetic Medi-
cine. 2014; 31(5):564-9. https://doi.org/10.1111/dme. 12368 PMID: 24299116

Song Y, Wang L, Pittas A, DelGobbo L, Zhang C, Manson J. Blood 25-hydroxyvitamin D levels and type
2 diabetes: a meta-analysis of prospective studies. Diabetes Care. 2013; 36(5):1422-8. https://doi.org/
10.2337/dc12-0962 PMID: 23613602

Khan H, Kunutsor S, Franco O, Chowdhury R. Vitamin D, type 2 diabetes, and other metabolic out-
comes: a systematic review and meta-analysis. Proc Nutr Soc 2013; 72:89-97.

MR, LS, P W. Recent California climate variability: spatial and temporal patterns in temperature trends.
Climate Research. 2007( 33):159-69.

Saquib N, von Muhlen D, Garland CF, Barrett-Connor E. Serum 25-hydroxyvitamin D, parathyroid hor-
mone, and bone mineral density in men: the Rancho Bernardo study. Osteoporos Int. 2006; 17
(12):1734—41. hitps://doi.org/10.1007/s00198-006-0191-1 PMID: 16967190

Reis JP, von Muhlen D, Kritz-Silverstein D, Wingard DL, Barrett-Connor E. Vitamin D, parathyroid hor-
mone levels, and the prevalence of metabolic syndrome in community-dwelling older adults. Diabetes
Care. 2007; 30(6):1549-55. hitps://doi.org/10.2337/dc06-2438 PMID: 17351276

von Muhlen DG, Greendale GA, Garland CF, Wan L, Barrett-Connor E. Vitamin D, parathyroid hormone
levels and bone mineral density in community-dwelling older women: the Rancho Bernardo Study.
Osteoporos Int. 2005; 16(12):1721-6. https://doi.org/10.1007/s00198-005-1910-8 PMID: 15928802

The hypertension detection and follow-up program. Hypertension detection and follow-up program
cooperative group. Prev Med. 1976; 5(2):207-15. PMID: 935073

Chen TC, Turner AK, Holick MF. Methods for the determination of the circulating concentration of 25-
hydroxyvitamin D. J Nutr Biochem. 1990; 1(6):315-9. PMID: 15539221

Holick MF. Vitamin D deficiency. N Engl J Med. 2007; 357(3):266—81. https://doi.org/10.1056/
NEJMra070553 PMID: 17634462

Chamberlain JJ, Rhinehart AS, Shaefer CF Jr., Neuman A. Diagnosis and Management of Diabetes:
Synopsis of the 2016 American Diabetes Association Standards of Medical Care in Diabetes. Ann
Intern Med. 2016; 164(8):542-52. https://doi.org/10.7326/M15-3016 PMID: 26928912

Hardy RJ, Thompson SG. Detecting and describing heterogeneity in meta-analysis. Stat Med. 1998;
17(8):841-56. PMID: 9595615

Kahn HS, Cheng YJ, Thompson TJ, Imperatore G, Gregg EW. Two risk-scoring systems for predicting
incident diabetes mellitus in U.S. adults age 45 to 64 years. Ann Intern Med. 2009; 150(11):741-51.
PMID: 19487709

Heikes KE, Eddy DM, Arondekar B, Schlessinger L. Diabetes Risk Calculator: a simple tool for detecting
undiagnosed diabetes and pre-diabetes. Diabetes Care. 2008; 31(5):1040-5. https://doi.org/10.2337/
dc07-1150 PMID: 18070993

Bouillon R, Carmeliet G, Verlinden L, van Etten E, Verstuyf A, Luderer HF, et al. Vitamin D and human
health: lessons from vitamin D receptor null mice. Endocr Rev. 2008; 29(6):726—76. https://doi.org/10.
1210/er.2008-0004 PMID: 18694980

Wolden-Kirk H, Overbergh L, Christesen HT, Brusgaard K, Mathieu C. Vitamin D and diabetes: its
importance for beta cell and immune function. Mol Cell Endocrinol. 2011; 347(1-2):106—20. https://doi.
org/10.1016/j.mce.2011.08.016 PMID: 21889571

Lips P. Relative value of 25(0OH)D and 1,25(0OH)2D measurements. J Bone Miner Res. 2007; 22
(11):1668—71. https://doi.org/10.1359/jobmr.070716 PMID: 17645404

Antoniucci DM, Black DM, Sellmeyer DE. Serum 25-hydroxyvitamin D is unaffected by multiple freeze-
thaw cycles. Clin Chem. 2005; 51(1):258—61. https://doi.org/10.1373/clinchem.2004.041954 PMID:
15613728

Conroy S, Moulias S, Wassif WS. Primary hyperparathyroidism in the older person. Age Ageing. 2003;
32(6):571-8. PMID: 14599996

Lips P. Vitamin D deficiency and secondary hyperparathyroidism in the elderly: consequences for bone
loss and fractures and therapeutic implications. Endocr Rev. 2001; 22(4):477-501. https://doi.org/10.
1210/edrv.22.4.0437 PMID: 11493580

Chiu KC, Chuang LM, Lee NP, Ryu JM, McGullam JL, Tsai GP, et al. Insulin sensitivity is inversely cor-
related with plasma intact parathyroid hormone level. Metabolism. 2000; 49(11):1501-5. https://doi.org/
10.1053/meta.2000.17708 PMID: 11092519

Barker T, Martins TB, Hill HR, Kjeldsberg CR, Dixon BM, Schneider ED, et al. Vitamin D sufficiency
associates with an increase in anti-inflammatory cytokines after intense exercise in humans. Cytokine.
2014; 65(2):134-7. https://doi.org/10.1016/j.cyt0.2013.12.004 PMID: 24388225

PLOS ONE | https://doi.org/10.1371/journal.pone.0193070  April 19,2018 16/17


https://doi.org/10.1111/dme.12368
http://www.ncbi.nlm.nih.gov/pubmed/24299116
https://doi.org/10.2337/dc12-0962
https://doi.org/10.2337/dc12-0962
http://www.ncbi.nlm.nih.gov/pubmed/23613602
https://doi.org/10.1007/s00198-006-0191-1
http://www.ncbi.nlm.nih.gov/pubmed/16967190
https://doi.org/10.2337/dc06-2438
http://www.ncbi.nlm.nih.gov/pubmed/17351276
https://doi.org/10.1007/s00198-005-1910-8
http://www.ncbi.nlm.nih.gov/pubmed/15928802
http://www.ncbi.nlm.nih.gov/pubmed/935073
http://www.ncbi.nlm.nih.gov/pubmed/15539221
https://doi.org/10.1056/NEJMra070553
https://doi.org/10.1056/NEJMra070553
http://www.ncbi.nlm.nih.gov/pubmed/17634462
https://doi.org/10.7326/M15-3016
http://www.ncbi.nlm.nih.gov/pubmed/26928912
http://www.ncbi.nlm.nih.gov/pubmed/9595615
http://www.ncbi.nlm.nih.gov/pubmed/19487709
https://doi.org/10.2337/dc07-1150
https://doi.org/10.2337/dc07-1150
http://www.ncbi.nlm.nih.gov/pubmed/18070993
https://doi.org/10.1210/er.2008-0004
https://doi.org/10.1210/er.2008-0004
http://www.ncbi.nlm.nih.gov/pubmed/18694980
https://doi.org/10.1016/j.mce.2011.08.016
https://doi.org/10.1016/j.mce.2011.08.016
http://www.ncbi.nlm.nih.gov/pubmed/21889571
https://doi.org/10.1359/jbmr.070716
http://www.ncbi.nlm.nih.gov/pubmed/17645404
https://doi.org/10.1373/clinchem.2004.041954
http://www.ncbi.nlm.nih.gov/pubmed/15613728
http://www.ncbi.nlm.nih.gov/pubmed/14599996
https://doi.org/10.1210/edrv.22.4.0437
https://doi.org/10.1210/edrv.22.4.0437
http://www.ncbi.nlm.nih.gov/pubmed/11493580
https://doi.org/10.1053/meta.2000.17708
https://doi.org/10.1053/meta.2000.17708
http://www.ncbi.nlm.nih.gov/pubmed/11092519
https://doi.org/10.1016/j.cyto.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24388225
https://doi.org/10.1371/journal.pone.0193070

@° PLOS | ONE

25(0OH)D and diabetes

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Simpson RU, Thomas GA, Arnold AJ. Identification of 1,25-dihydroxyvitamin D3 receptors and activities
in muscle. J Biol Chem. 1985; 260(15):8882-91. PMID: 2991224

Marliss EB, Vranic M. Intense exercise has unique effects on both insulin release and its roles in glucor-
egulation: implications for diabetes. Diabetes. 2002; 51 Suppl 1:S271-83.

Chacko SA, Song Y, Manson JE, Van Horn L, Eaton C, Martin LW, et al. Serum 25-hydroxyvitamin D
concentrations in relation to cardiometabolic risk factors and metabolic syndrome in postmenopausal
women. Am J Clin Nutr. 2011; 94(1):209-17. https://doi.org/10.3945/ajcn.110.010272 PMID: 21613558

Pittas AG, Sun Q, Manson JE, Dawson-Hughes B, Hu FB. Plasma 25-hydroxyvitamin D concentration
and risk of incident type 2 diabetes in women. Diabetes Care. 2010; 33(9):2021-3. https://doi.org/10.
2337/dc10-0790 PMID: 20805275

Robinson JG, Manson JE, Larson J, Liu S, Song Y, Howard BV, et al. Lack of association between 25
(OH)D levels and incident type 2 diabetes in older women. Diabetes Care. 2011; 34(3):628-34. https://
doi.org/10.2337/dc10-1632 PMID: 21289227

Binkley N, Krueger D, Cowgill CS, Plum L, Lake E, Hansen KE, et al. Assay variation confounds the
diagnosis of hypovitaminosis D: a call for standardization. J Clin Endocrinol Metab. 2004; 89(7):3152—7.
https://doi.org/10.1210/jc.2003-031979 PMID: 15240586

Stamp TC, Round JM. Seasonal changes in human plasma levels of 25-hydroxyvitamin D. Nature.
1974; 247(5442):563-5. PMID: 4818557

Hill AB. The Environment and Disease: Association or Causation? Proc R Soc Med. 1965; 58:295-300.
PMID: 14283879

Bischoff-Ferrari HA. Optimal serum 25-hydroxyvitamin D levels for multiple health outcomes. Adv Exp
Med Biol. 2014; 810:500—25. PMID: 25207384

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP, et al. Evaluation,
treatment, and prevention of vitamin D deficiency: an Endocrine Society clinical practice guideline. J
Clin Endocrinol Metab. 2011; 96(7):1911-30. https://doi.org/10.1210/jc.2011-0385 PMID: 21646368
Jorde R, Sollid ST, Svartberg J, Schirmer H, Joakimsen RM, Njolstad |, et al. Vitamin D 20,000 IU per

Week for Five Years Does Not Prevent Progression From Prediabetes to Diabetes. J Clin Endocrinol
Metab. 2016; 101(4):1647-55. https://doi.org/10.1210/jc.2015-4013 PMID: 26829443

PLOS ONE | https://doi.org/10.1371/journal.pone.0193070  April 19,2018 17/17


http://www.ncbi.nlm.nih.gov/pubmed/2991224
https://doi.org/10.3945/ajcn.110.010272
http://www.ncbi.nlm.nih.gov/pubmed/21613558
https://doi.org/10.2337/dc10-0790
https://doi.org/10.2337/dc10-0790
http://www.ncbi.nlm.nih.gov/pubmed/20805275
https://doi.org/10.2337/dc10-1632
https://doi.org/10.2337/dc10-1632
http://www.ncbi.nlm.nih.gov/pubmed/21289227
https://doi.org/10.1210/jc.2003-031979
http://www.ncbi.nlm.nih.gov/pubmed/15240586
http://www.ncbi.nlm.nih.gov/pubmed/4818557
http://www.ncbi.nlm.nih.gov/pubmed/14283879
http://www.ncbi.nlm.nih.gov/pubmed/25207384
https://doi.org/10.1210/jc.2011-0385
http://www.ncbi.nlm.nih.gov/pubmed/21646368
https://doi.org/10.1210/jc.2015-4013
http://www.ncbi.nlm.nih.gov/pubmed/26829443
https://doi.org/10.1371/journal.pone.0193070

