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Abstract

Background: Individuals with prediabetes mellitus (PreDM) and low circulating 25-hydroxyvitamin D [25(OH)D] are at

increased risk of type 2 diabetes mellitus (T2DM).

Objective:We aimed to determine whether low 25(OH)D concentrations are associated with defects in insulin action and

insulin secretion in persons with PreDM.

Methods: In this cross-sectional study, we stratified 488 nondiabetic subjects as having PreDM or normal fasting glucose

(NFG) and a 25(OH)D concentration#20 ng/mL (deficient) or >20 ng/mL (sufficient). We determined insulin resistance by

steady state plasma glucose (SSPG) concentration and homeostasis model assessment of insulin resistance (HOMA-IR)

and insulin secretion by homeostasis model assessment of b-cell function (HOMA-b). We compared insulin resistance and

secretion measures in PreDM and NFG groups; 25(OH)D-deficient and 25(OH)D-sufficient groups; and PreDM-deficient,

PreDM-sufficient, NFG-deficient, and NFG-sufficient subgroups, adjusting for age, sex, race, body mass index, multivitamin

use, and season.

Results: In thePreDMgroup,meanSSPGconcentration andHOMA-IRwerehigher andmeanHOMA-bwas lower than in theNFG

group (P < 0.001 for all comparisons). In the 25(OH)D-deficient group, mean SSPG concentrationwas higher (P< 0.001), but neither

meanHOMA-IR norHOMA-bwassignificantly different from that in the 25(OH)D-sufficient group. In thePreDM-deficient subgroup,

mean (95%CI) SSPGconcentrationwas higher (P<0.01) than in thePreDM-sufficient, NFG-deficient, andNFG-sufficient subgroups

[192 (177–207) mg/dL vs. 166 (155–177) mg/dL, 148 (138–159) mg/dL, and 136 (127–144) mg/dL, respectively]. Despite greater

insulin resistance, mean HOMA-b was not significantly higher in the PreDM-deficient subgroup than in the PreDM-sufficient, NFG-

deficient, and NFG-sufficient subgroups [98 (85–112) vs. 91 (82–101), 123 (112–136), and 115 (106–124), respectively].

Conclusion: Subjects with PreDM and low circulating 25(OH)D concentrations are the subgroup of nondiabetic individuals

who are the most insulin resistant and have impaired b-cell function, attributes that put them at enhanced risk of

T2DM. J Nutr 2015;145:714–9.
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Introduction

Understanding the relation between low 25-hydroxyvitamin D
[25(OH)D]7 concentrations and development of type 2 diabetes
mellitus (T2DM) has been advanced by recent findings (1–4)

showing that the adverse impact of low 25(OH)D concentra-
tions on glucose homeostasis is most apparent in individuals
with prediabetes mellitus (PreDM). Subjects with PreDM tend to
be heavier and to have abnormalities in insulin action and/or
insulin secretion (5–9). Low concentrations of 25(OH)D have

7 Abbreviations used: CYP27B1, the gene encoding the enzyme 25(OH)D3-

1a-hydroxylase; FPG, fasting plasma glucose; FPI, fasting plasma insulin;

HOMA-b, homeostasis model assessment of b-cell function; NFG, normal

fasting glucose; PreDM, prediabetes mellitus; SSPG, steady state plasma
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ergocalciferol; 25(OH)D3, 25-hydroxycholecalciferol.
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also been associated with the same abnormalities: obesity, insulin
resistance, and defective insulin secretion (10–13). However, there
is no consensus as to which of these abnormalities are character-
istic of subjects with low concentrations of 25(OH)D. Further-
more, the relative importance of the role that each of them might
play in making the subset of PreDM individuals most likely to
develop T2DM in the setting of low 25(OH)D concentration has
not been defined. This matter has been further confounded by
results of studies in which administration of vitamin D to
individuals with low 25(OH)D concentrations and/or high risk of
T2DM yielded little or no clinical benefit or changes in insulin
action or secretion (12, 14–19).

Thus, although subjects with PreDM are the population of
nondiabetic individuals at greatest risk of developing T2DM in the
presence of low concentrations of 25(OH)D, the pathophysiologic
changes that link PreDM, low concentrations of 25(OH)D, and
T2DM remain obscure. Possibly contributing to this lack of clarity
is that many studies enrolling a large number of participants have
not differentiated between subjects with normal fasting glucose
(NFG) and PreDM and have not performed physiologic measure-
ments of both insulin action and secretion. Because T2DM occurs
when insulin-resistant individuals cannot sustain the degree of
hyperinsulinemia necessary to overcome this defect (20, 21), the
goal of this study was to test the hypothesis that low plasma
concentrations of 25(OH)D in individuals with PreDM are
associated with defects in insulin action and insulin secretion,
putting them at increased risk of developing T2DM.

Methods

Study subjects. The study sample consisted of 488 persons without

diabetes who had participated in our studies of insulin resistance between

November 2000 and April 2008. The study participants were recruited
from the San Francisco Bay Area (lat 37�N) through newspaper

advertisements. The volunteers were all apparently healthy and had

normal findings onmedical history, physical examination, and laboratory

tests. Individuals were included in the study if they had a BMI (in kg/m2)
between 18.5 and 39.9, had a fasting plasma glucose (FPG) concentration

<126mg/dL, had undergone an insulin suppression test, and had a frozen

plasma sample available for measurement of 25(OH)D concentration.

On the basis of the criteria of the American Diabetes Association (22),
individuals with FPG concentrations of 100–125 mg/dL were classified as

having PreDM and those with FPG concentrations <100 mg/dL were

classified as having NFG. An oral glucose tolerance test was not
performed. On the basis of the Institute of Medicine guidelines for

evaluation of vitamin D status, individuals with 25(OH)D concentration

#20 ng/mL were defined as 25(OH)D deficient and those with 25(OH)D

concentrations >20 ng/mL were defined as 25(OH)D sufficient (23). The
Stanford University�s Human Subjects Committee approved the study

protocols, and all subjects gave written informed consent.

Experimental measurements. Height and weight were determined
while subjects were wearing light clothing and no shoes, and BMI was

calculated by dividing weight (in kilograms) by height (meter squared).

FPG concentrations were measured by using a Beckman glucose
analyzer. Fasting plasma insulin (FPI) concentrations were determined by

using the LC-MS/MS method (24). Concentrations of 25-hydroxyergo-

calciferol [25(OH)D2] and 25-hydroxycholecalciferol [25(OH)D3] were

measured by using an LC-MS/MS method that used a ThermoElectron
Cohesive TLX-4 LC system coupled to ThermoElectron TSQ Ultra mass

spectrometer (Thermo Fisher Scientific). Analysis was completed by using

2multiple-reaction monitoring transitions per analyte, calculating the area

under each individual peak, ratioing those numbers to the added stable-
isotope–labeled vitamin D analogs, and comparing the resultant ratios to a

calibration curve. Individual results for both 25(OH)D2 and 25(OH)D3

were calculated and summed to provide a total 25(OH)D result (25). For

25(OH)D2 and 25(OH)D3, the intra-assay CVs were 6–10% and 4–9%,

respectively; the interassay CVs were 9–12% and 10%, respectively; and

the analytic sensitivity was 4 ng/mL. The assay was 100% specific for

25(OH)D2 and 25(OH)D3. There was no cross-reactionwith vitaminD2 or
vitamin D3; 1a,25-dihydroxyergocalciferol; 1a,25-dihydroxycholecalcif-

erol, calcitriol; 25,26-dihydroxycholecalciferol; 1a-hydroxyergocalciferol,

doxercalciferol; or 1a-hydroxycholecalciferol, alfacalcidol. The labora-

tory measuring 25(OH)D concentrations was certified by the Vitamin D
External Quality Assessment Scheme. FPI and 25(OH)D concentrations

were measured on heparin plasma samples that had been frozen at280�C
and had not been thawed before the measurements. Blood samples for the

measurement of 25(OH)D, insulin, and glucose concentrations were
obtained in a fasting state on the same morning as the insulin suppression

test described later.

The ability of insulin to dispose of a continuous intravenous glucose
infusion was quantified by a modified version (26) of the insulin suppression

test as introduced and validated by our research group (27, 28). After an

overnight fast, an intravenous catheter was placed in 1 arm for a

180-min infusion of octreotide acetate (0.27 mg � m22 � min21), insulin
(32 mU � m22 � min21), and glucose (267 mg � m22 � min21) and another

catheter was placed in the contralateral arm to obtain blood for

measurement of plasma glucose and insulin concentrations before and

150, 160, 170, and 180 min after starting the infusion. The mean of the 4
values obtained during the last 30 min of the infusion provided the steady

state plasma glucose (SSPG) and steady state plasma insulin concentrations

for each individual. Because octreotide suppresses endogenous insulin
secretion, steady state plasma insulin concentrations were similar, both

qualitatively and quantitatively, in all individuals. Consequently, the height

of the SSPG concentration provided a direct measure of how effective

insulin was in mediating disposal of the infused glucose, a value that is
highly correlated with the results of the euglycemic, hyperinsulinemic

clamp (28, 29).

Insulin resistance was also estimated by homeostasis model assessment

of insulin resistance (HOMA-IR) as described by Mathews et al. (30):
[fasting insulin concentration (mU/mL)3 FPG (mmol/L)]/22.5. Pancreatic

b-cell function was assessed by the homeostasis model assessment of b-cell

function (HOMA-b) by using the following formula: [203 fasting insulin

concentration (mU/mL)]/[FPG (mmol/L) 2 3.5] (30).

Statistical methods. Summary statistics are presented as number

(percent) of subjects, arithmetic mean 6 SEM, or geometric mean (95%
CI) unless otherwise indicated. FPI, HOMA-IR, and HOMA-b values

were log transformed to approximate normal distribution. Characteristics

of PreDM and NFG groups and 25(OH)D-deficient and 25(OH)D-

sufficient groups were compared by independent sample t test (continuous
variables) and x2 test (proportions). For outcome measures (SSPG

concentration, HOMA-IR, and HOMA-b), 2-factor ANCOVA models

were used to evaluate the main effects of PreDM vs. NFG diagnosis,

25(OH)D status (deficient vs. sufficient), and their interaction. In addition, 1-
factor ANCOVA models were used to compare mean SSPG concentration,

HOMA-IR, and HOMA-b in the 4 subgroups created on the basis of

PreDM vs. NFG diagnosis and 25(OH)D status: 1) PreDM, 25(OH)D
deficient (n = 60); 2) PreDM, 25(OH)D sufficient (n = 106); 3) NFG,

25(OH)D deficient (n = 121); and 4) NFG, 25(OH)D sufficient (n = 201).

All ANCOVA models included the following covariates: age, sex, race

(white, non-Hispanic vs. nonwhite), BMI, multivitamin supplement use,
and season of sample collection [summer–fall (June 1–November 30) vs.

winter–spring (December 1–May 31)]. Pairwise comparisons were

performed by using least-significant-difference pairwise comparison

tests. Statistical analyses were performed with IBM SPSS Statistics
software, version 22.0.

Results

Demographic and metabolic characteristics of participants di-
vided on the basis of PreDM vs. NFG diagnosis or 25(OH)D
status are compared in Table 1. The PreDM group was signifi-
cantly older on average, had a significantly lower proportion of
women, and had a significantly higher mean BMI than the NFG
group. Mean FPI, HOMA-IR, and SSPG concentrations were
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significantly higher and mean HOMA-b was significantly lower
in subjects with PreDM than in those with NFG. It should be
emphasized that the 25(OH)D concentrations were essentially
identical in the PreDM and NFG groups as was the proportion
of individuals taking multivitamins. The 25(OH)D-deficient
group was significantly younger on average, had a significantly
lower proportion of non-Hispanic white subjects, and had a
significantly higher mean BMI than the 25(OH)D-sufficient
group. Although mean FPG concentrations did not differ as a
function of 25(OH)D status, mean FPI and SSPG concentrations
and mean HOMA-IR and HOMA-b values were significantly
higher in the 25(OH)D-deficient group than in the 25(OH)D-
sufficient group. In addition, a significantly lower proportion of
25(OH)D-deficient subjects were taking multivitamins and had
the 25(OH)D samples collected during summer and fall.

In the entire group (n = 488), the mean plasma 25(OH)D
concentration was significantly higher in samples collected
during summer and fall than in those collected during winter
and spring (25.66 0.6 ng/mL vs. 21.16 0.5 ng/mL; P < 0.001).
The mean 25(OH)D concentrations were also significantly
higher in non-Hispanic white subjects than in nonwhite subjects
(25.1 6 0.4 ng/mL vs. 19.1 6 0.7 ng/mL; P < 0.001) and in
individualswhowere takingmultivitamin supplements than in those
who were not (25.46 0.6 ng/mL vs. 21.86 0.5 ng/mL; P < 0.001).

The independent effects of PreDM vs. NFG diagnosis and
25(OH)D status on insulin resistance and insulin secretory function
are shown in Table 2. Focusing initially on insulin resistance, the
results of 2-factor ANCOVA demonstrate that individuals with
PreDM had a higher mean SSPG concentration and a higher mean
HOMA-IR value (more insulin resistant) than those who had
NFG, after adjusting for 25(OH)D status and the covariates
(significant main effects of PreDM vs. NFG diagnosis). Table 2
also shows that 25(OH)D-deficient subjects were more insulin
resistant by SSPG concentration but not by HOMA-IR than those
who were 25(OH)D sufficient, after accounting for PreDM vs.
NFG diagnosis and the covariates [significant main effect of
25(OH)D status in case of SSPG concentration]. Furthermore, the
differences in means of SSPG concentration and HOMA-IR
between the PreDM and NFG groups did not depend on the
25(OH)D status (nonsignificant interaction effects; P = 0.24 for
SSPG concentration and P = 0.62 for HOMA-IR).

Results of a similar analytic approach, applied to our
estimate of insulin secretory function, demonstrated that insulin

secretory function (mean HOMA-b value) was also lower in
subjects with PreDM than in those with NFG, after adjusting for
25(OH)D status and covariates (significant main effect of
PreDM vs. NFG diagnosis; Table 2). In contrast, mean HOMA-b
values of the 25(OH)D-deficient and -sufficient groups were
similar, after accounting for PreDM vs. NFG diagnosis and the
covariates [nonsignificant main effect of 25(OH)D status].
Moreover, the difference in HOMA-b means between the
PreDM and the NFG groups did not depend on the 25(OH)D
status (nonsignificant interaction effect; P = 0.98).

The comparison of measures of insulin action and insulin
secretion in subgroups created on the basis of PreDM vs. NFG
diagnosis and 25(OH)D status is depicted in Figure 1. Subjects
with both PreDM and deficient 25(OH)Dwere significantly more
insulin resistant by SSPG concentration but not by HOMA-IR
than those with both PreDM and sufficient 25(OH)D. On the
other hand, mean SSPG concentration and HOMA-IR did not
differ significantly by 25(OH)D status in the NFG group.
Furthermore, individuals with both PreDM and deficient
25(OH)D were significantly more insulin resistant by SSPG concen-
tration and HOMA-IR than those with NFG and deficient or
sufficient 25(OH)D. Figure 1 also compares insulin secretory
function in the various experimental subgroups and demonstrates
that mean HOMA-b did not differ significantly by 25(OH)D
status in the PreDM group or the NFG group. Finally, subjects
with both PreDM and deficient 25(OH)D had a significantly lower
mean HOMA-b value than those with NFG and deficient or
sufficient 25(OH)D.

Discussion

The results of this cross-sectional study provide new information
concerning the relation between plasma 25(OH)D concentra-
tion and insulin action and secretion in nondiabetic individuals
and enable us to propose a pathophysiologic explanation for
why T2DM is more likely to develop in association with low
25(OH)D concentrations in subjects with PreDM compared
with persons with NFG.

First, the results in Table 1 show that 25(OH)D concentra-
tions in subjects with PreDM were not different from concen-
trations in those with NFG. Thus, the enhanced diabetes risk of
persons with PreDM when compared with those with NFG

TABLE 1 Demographic and metabolic characteristics of study participants by PreDM vs. NFG diagnosis or 25(OH)D status (n = 488)1

Glycemic status 25(OH)D status

Variable PreDM (n = 166) NFG (n = 322) P Deficient (n = 181) Sufficient (n = 307) P

FPG, mg/dL $100 ,100 — 96 6 1 96 6 1 0.98

Plasma 25(OH)D, ng/mL 23.6 6 0.7 22.9 6 0.5 0.44 #20 .20 —

Multivitamin use, n (%) 62 (37.3) 125 (38.8) 0.75 47 (26.0) 140 (45.6) ,0.0001

Age, y 54 6 1 50 6 1 ,0.001 50 6 1 52 6 1 0.03

Women, n (%) 87 (52.4) 200 (62.1) 0.04 114 (63.0) 173 (56.4) 0.15

White, non-Hispanic, n (%) 120 (72.3) 213 (66.1) 0.17 94 (51.9) 239 (77.9) ,0.001

BMI, kg/m2 30.7 6 0.3 28.9 6 0.2 ,0.001 30.1 6 0.3 29.2 6 0.2 0.02

FPI, μU/mL 11.9 (10.9, 13.0) 8.7 (8.2, 9.7) ,0.001 10.7 (9.8, 11.7) 9.1 (8.5, 9.8) 0.005

SSPG, mg/dL 183 6 5 136 6 4 ,0.001 169 6 5 143 6 4 ,0.001

HOMA-IR 3.12 (2.85, 3.42) 1.95 (1.83, 2.09) ,0.001 2.54 (2.31, 2.79) 2.17 (2.02, 2.33) 0.009

HOMA-b 99 (90, 108) 115 (107, 123) 0.009 122 (111, 133) 102 (95, 109) 0.002

Samples collected during summer/fall, n (%) 77 (46.4) 147 (45.7) 0.88 56 (30.9) 168 (54.7) ,0.001

1 Data are arithmetic mean6 SEM or geometric mean (95% CI) unless otherwise indicated. Means were compared by independent sample t test and proportions by x2 test. FPG,

fasting plasma glucose; FPI, fasting plasma insulin; HOMA-b, homeostasis model assessment of b-cell function; NFG, normal fasting glucose; PreDM, prediabetes mellitus;

SSPG, steady state plasma glucose; 25(OH)D, 25-hydroxyvitamin D.
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cannot be a simple function of a priori differences in 25(OH)D
status. However, subjects with PreDM had higher SSPG concen-
trations and lower values for HOMA-b than those with NFG
(Table 2); they were more insulin resistant with lower insulin
secretory function. These differenceswere independent of 25(OH)
D status and other covariates. Because insulin resistance and
impaired insulin secretion are the predictors of T2DM (20, 21),
the basic metabolic characteristics of subjects with PreDM
increase their risk of T2DM compared with individuals with
NFG.

Although subjects with PreDM were insulin resistant as a
group compared with NFG, when each group was separated into
2 subgroups on the basis of having a deficient or sufficient 25
(OH)D concentration (Figure 1), individuals with both PreDM
and deficient 25(OH)D concentration had the highest mean
SSPG concentration—they were the most insulin resistant.
Comparisons of HOMA-b measurements in the 4 subgroups
(Figure 1) are particularly important and show that despite a
greater degree of insulin resistance, subjects with both PreDM
and 25(OH)D deficiency did not have a significantly higher
insulin secretory function than the other subgroups. Thus,
subjects with PreDM and deficient 25(OH)D concentrations

appear to be at increased risk of T2DM because of a higher
degree of insulin resistance and an inadequate insulin secretory
function to compensate for insulin resistance.

Multiple potential mechanisms whereby 25(OH)D deficiency
could contribute to the inability of the subjects with PreDM to
adequately increase insulin secretory function and to cause worse
insulin resistance have been documented (31, 32). Vitamin D acts
on multiple pathways that regulate insulin and glucose homeo-
stasis including 1) insulin synthesis, 2) insulin signaling, 3)
systemic and adipose inflammation, and 4) adipose tissue
homeostasis. Vitamin D receptors (VDRs) have been identified
in pancreatic b-cells and a vitamin D response element is present
in the promoter of the insulin gene (33). Mice with absent VDR
(VDR null mice) exhibit impaired insulin secretory capacity
(34). Pancreatic b-cells express CYP27B1 [the gene encoding the
enzyme 25(OH)D3-1a-hydroxylase], giving these cells the abil-
ity to synthesize active 1,25-dihydroxyvitamin D [1,25(OH)2D]
from circulating 25(OH)D, which can then act locally in a
paracrine fashion within the islets to regulate target genes (35).
1,25(OH)2D has also been shown to regulate insulin receptors in
target cells (36). Thus, activated vitamin D exhibits the ability to
stimulate both insulin synthesis and insulin signaling. 1,25(OH)2D

TABLE 2 Impact of PreDM vs. NFG diagnosis and 25(OH)D status on insulin resistance (SSPG
concentration and HOMA-IR) and insulin secretion (HOMA-b; n = 488)1

Variable

Glycemic status2 25(OH)D status3

PreDM4 (n = 166) NFG4 (n = 322) P Deficient5 (n = 181) Sufficient5 (n = 307) P

SSPG,6 mg/dL 179 6 5 142 6 3 ,0.001 170 6 5 151 6 4 0.002

HOMA-IR6 2.94 (2.71, 3.18) 2.05 (1.93, 2.17) ,0.001 2.55 (2.35, 2.77) 2.35 (2.21, 2.50) 0.13

HOMA-b7 94 (87, 103) 119 (112, 126) ,0.001 110 (101, 119) 102 (96, 109) 0.21

1 Data are arithmetic mean 6 SEM or geometric mean (95% CI). Means were compared by using 2-factor ANCOVA adjusting for age, sex,

race, BMI, multivitamin use, and season (covariates). There was no significant glycemic status 3 25(OH)D status interaction. HOMA-b,

homeostasis model assessment of b-cell function; NFG, normal fasting glucose; PreDM, prediabetes mellitus; SSPG, steady state plasma

glucose; 25(OH)D, 25-hydroxyvitamin D.
2 FPG concentration $100 mg/dL, PreDM, and ,100 mg/dL, NFG.
3 25(OH)D concentration #20 ng/mL, 25(OH)D deficient, and . 20 ng/mL, 25(OH)D sufficient.
4 Means adjusted for 25(OH)D status and covariates.
5 Means adjusted for glycemic status and covariates.
6 Higher values indicate increased insulin resistance.
7 Lower values indicate decreased b-cell function.

FIGURE 1 Insulin resistance (SSPG concentration and HOMA-IR) and insulin secretion (HOMA-b) in individuals with PreDM or NFG divided

on the basis of 25(OH)D status. Values are arithmetic means (SSPG concentration) or geometric means (HOMA-IR and HOMA-b) and their

95% CIs (error bars). Higher values of SSPG concentration (A) and HOMA-IR (B) indicate increased insulin resistance and lower values of

HOMA-b (C) indicate decreased b-cell function. In each panel, the P value denotes the overall difference in means among the 4 subgroups by

1-factor ANCOVA, adjusted for age, sex, race, BMI, multivitamin use, and season. Pairs of means without a common letter differ, P , 0.05 by

least-significant-difference pairwise comparison test. FPG concentration $100 mg/dL, PreDM, and ,100 mg/dL, NFG. 25(OH)D

concentration #20 ng/mL, 25(OH)D deficient, and .20 ng/mL, 25(OH)D sufficient. Deficient, 25(OH)D deficient; HOMA-b, homeostasis

model assessment of b-cell function; NFG, normal fasting glucose; PreDM, prediabetes mellitus; SSPG, steady state plasma glucose;

sufficient, 25(OH)D sufficient; 25(OH)D, 25-hydroxyvitamin D.
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has been shown to exhibit many systemic anti-inflammatory
actions (37, 38) and it is well documented that systemic and
adipose tissue inflammation increase insulin resistance (39–41).
Finally, vitamin D deficiency alters adipose cells in multiple ways
includingmodulating differentiation, inflammation, adipogenesis,
and adipocyte secretion and is associated with increased fat mass
and infiltration into muscle, all actions that would increase insulin
resistance (31, 42). These findings collectively provide a mecha-
nistic rationale for subjects with 25(OH)D deficiency exhibiting
increased risk of transitioning from PreDM to T2DM.

Our study had several limitations that should be addressed. It
was a cross-sectional in design and was based on specimens
collected from earlier studies. Therefore, a causal relation between
low circulating 25(OH)D concentrations and defects in insulin
action and insulin secretion cannot be inferred from our findings.
Second, we used the Institute of Medicine suggested 25(OH)D
concentration cutoff point of 20 ng/mL to classify individuals as
25(OH)D deficient or sufficient. Although this is a logical choice,
it is also significant because it is a value approximating both the
median 25(OH)D concentration of our study sample (23 ng/mL)
and the value of 26 ng/mL that Sorkin et al. (43) identified as being
associated with loss of insulin sensitivity. Finally, although we
quantified insulin resistance (SSPG concentration) directly, we
determined insulin secretion by a widely used surrogate estimate
(HOMA-b).

On the other hand, we measured 25(OH)D concentrations,
insulin action, and insulin secretion in a large sample of nondiabetic
individuals, subdivided into groups with either PreDM or NFG, in
an attempt to explain why the PreDM group is put at greatest risk
of developing T2DM in association with lower 25(OH)D concen-
trations.We are unaware of any published study that has tried to do
that.

Because the prevalence of insulin resistance is increased in
subjects with PreDM (9), it is not surprising that persons with
PreDM represent the subset of nondiabetic individuals most likely
to develop T2DM in the face of low plasma 25(OH)D concen-
trations. Based on this pathophysiologic insight, it seems reason-
able to hypothesize that if vitamin D repletion was effective in
preventing the onset of T2DM in nondiabetic individuals with
low plasma 25(OH)D concentrations, it would be most likely to
succeed in those at highest risk, i.e., persons with PreDM. On the
other hand, not all persons with PreDM are insulin resistant (9),
and this may help explain why the vitamin D repletion study by
Davidson et al. (19) did not reduce the development of T2DM in
subjects with PreDM. Specifically, the vitamin D–treated subjects
in their study were chosen solely on the basis of having PreDM,
not whether or not they were insulin resistant, and in this
otherwise excellent study, surrogate estimates, not directmeasures
of insulin sensitivity, were used.

Thus, to test the hypothesis that it is a combination of insulin
resistance and low 25(OH)D concentrations that increases the
risk of T2DM in individuals with PreDM, nutritional scientists
can conduct a pilot study by enrolling insulin-resistant volun-
teers with PreDM and low plasma 25(OH)D concentrations,
using specific methodology to make sure that all volunteers are
insulin resistant. Volunteers meeting these criteria can then be
randomly assigned to treatment with vitamin D or placebo, and
the degree to which vitamin D repletion improves insulin action
and/or secretion can be compared. In other words, to success-
fully evaluate the proposed hypothesis, the experimental pop-
ulation should consist of subjects with PreDM who are both
insulin resistant and have low 25(OH)D concentrations and
have also undergone detailed assessments of nutritional status
and other variables that influence vitamin D status.
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