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Abstract. We report the findings of a 10-year study that followed the relationship between serum 25-hydroxyvitamin D
(250H vitamin D) levels and the onset of prediabetes, analyzed based on sex. One hundred eighty-seven participants were
followed who had a baseline hemoglobin Alc (HbA1c) value below 6.0% and fasting plasma glucose level below 100 mg/dL.
The cut-off values for vitamin D concentration were 27.7 ng/mL for men and 17.1 ng/mL for women, based on the receiver
operating characteristic curve. The prediabetes incidence was significantly higher in women with a vitamin D concentration
<17.1 ng/mL [HR = 7.08 (2.08-24.2), p = 0.002] than in men with a concentration <27.7 ng/mL [HR = 2.30 (0.63-8.35),
p = 0.21], based on the cumulative incidence function curve. Multivariate analysis revealed that an abdominal circumference
>90 cm and 250H vitamin D concentration <17.1 ng/mL were independent, significant and intervenable risk factors for
prediabetes in women. Low levels of vitamin D in women can be a predictive factor in the development of diabetes after

10 years.
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Introduction

Vitamin D is a fat-soluble vitamin that is produced by
the body on exposure to sunlight or can be ingested
orally, and it is involved in calcium absorption in bone
metabolism. It has long been associated with osteoporo-
sis and fractures. In recent years, insufficient vitamin D
intake has been reported to increase the incidence of dia-
betes and is inversely correlated with body mass index
(BMI). It is also associated with glucose metabolism.
However, controversial views exist regarding whether
vitamin D supplementation can reduce the incidence of
diabetes. These analyses were conducted by men and
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women together, and we have reported that risk factors
for the development of diabetes vary between men and
women [1, 2]. To date, sex differences are believed to
exist in the onset of many diseases. A speculated mecha-
nism is that many of them are associated with female
hormones. Calcium handling, including vitamin D and
parathyroid hormone (PTH), is associated with insulin
secretion and insulin resistance in the point of diabetes
onset. Clarifying the association between vitamin D and
glucose metabolism is difficult. The measurement of
250H vitamin D is used to detect vitamin D deficiency.
In this study, we report the findings of a 10-year study
that followed the relationship between serum 250H vita-
min D levels and the onset of prediabetes, a condition for
which early intervention is highly effective, and the
effects of insulin secretion remain low in people who
underwent health checkups at the Preventive Medicine
Research Center at Asahi General Hospital (Chiba, Japan).
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Materials and Methods

From July 1, 2012 to April 30,2013, 262 men and 172
women, whose serum vitamin D concentration was
checked, were included from among 2,566 patients
who visited the Preventive Medicine Research Center
(Fig. 1). Except for 247 people with an observation
period <l year or an HbAlc value >6.0%, or fasting
plasma glucose (FPG) >100 mg/dL, 187 participants
with an HbAlc <6.0% and a fasting plasma glucose level
of <100 mg/dL at baseline were included. These 187
people were divided by sex, and a cut-off value of 250H
vitamin D was set, based on the receiver operating char-
acteristic (ROC) curve. The day they met the criteria for
prediabetes (i.e., HbAlc >6.0%) during the 10-year-
period was evaluated as an event. We examined the
cumulative incidence function method, a competitive
risk model. Various factors underwent univariate analysis
by using a competitive risk model. Factors that lead to
prediabetes in the next 10 years were extracted, and inde-
pendent risk factors were extracted by using the stepwise
method, based on multivariate analysis, and evaluated by
using the adjusted hazard ratio (HR).

The reason we focused on the onset of prediabetes in
this study was that we believed that intervention at an
early stage, when insulin secretion is preserved, would
have a more instructive effect. Vitamin D has a dual
effect in insulin secretion and insulin resistance; there-
fore, a small number of people with onset diabetes were
observed during the follow-up period. For prediabetes,
an HbAlc value of >6.0% was used because blood glu-
cose levels during the observation period were not

always taken in the early morning and at fasting. Further-
more, some papers [3, 4] report that, compared with
FPG, the HbAlc value is a better method for assessing
the risk of developing diabetes, which suggests that
HbAlc values are more important than FPG values dur-
ing an observation period.

Fatty liver was diagnosed with abdominal ultra-
sound echography. Four criteria used for this diagnosis—
hepatorenal echo contrast, liver brightness, deep attenua-
tion, and vascular blurring—were evaluated by hepa-
tologists. Hypertension was diagnosed, based on a
systolic blood pressure (SBP) >130 mmHg or diastolic
blood pressure (DBP) >80 mmHg. Obesity was defined
as a BMI >25 kg/m?, based on Japanese standard cate-
gories. Dyslipidemia was diagnosed, based on low-
density lipoprotein cholesterol >140 mg/dL, high-density
lipoprotein cholesterol <40 mg/dL, or fasting triglyceride
(TG) =150 mg/dL. Current and past smokers were
defined as “smokers” and individuals who had never
smoked were defined as “nonsmokers.”

The eGFR for men and women was calculated as follows:
Men: eGFR (mL/min/1.73 m?) = 194 x serum creatinine
(mg/dL) 9% x age (years) 027,

Women: eGFR (mL/min/1.73 m?) = 194 x serum creatinine
(mg/dL) %% x age (years) %27 x 0.739.

Statistical analysis

We used the Fine and Gray model to examine the
effects of vitamin D concentration on the onset of predia-
betes. Factors were extracted and multivariate analysis
was conducted to evaluate the independence of each fac-
tor. In multivariate analysis, factors were selected by

July 1, 2012 - April 30, 2013
Serum 250HVD

(n = 434)

Pre-DM or DM
follow-up <1 year

(n = 247)

Non-pre-DM or non-DM

(n = 187)

HbA1c<6.0% HbA1c>6.0%
at 2024 at 2024
(n = 156) (n =31)
M =74 M=14
F=282 F=17

Fig. 1

From July 2012 to April 2013, 434 men and women who requested vitamin D measurement were included from among 2,566

patients who were examined by the Preventive Medicine Research Center of our hospital (Asahi General Hospital, Chiba, Japan).
Abbreviations: 250HVD, 250H vitamin D; DM, diabetes mellitus; HbA1c, hemoglobin Alc; M, male; F, female
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using the stepwise method.

Approval of the research protocol

The protocol for this research project has been
approved by the ethics committee of Asahi General
Hospital (Chiba, Japan), which approved the study on
May 16, 2023 (approval no. 2023051615). We confirm
that all procedures were followed in accordance with the
ethical standards of the responsible committee on human
experimentation (institutional and national) and with
the Declaration of Helsinki guidelines (as revised in
Fortaleza, Brazil in October 2013).

Informed consent
We applied the opt-out method to obtain informed
consent for this study.

Results

Fig. 1 shows the flow diagram of this study. Table |
shows the baseline characteristics of participants, based
on the appearance of new-onset prediabetes during the
10-year period. Sex differences were observed. Signifi-
cant differences existed for postprandial plasma glucose
concentration, HbAlc, obesity, fatty liver, and the 250H
vitamin D serum concentration in women with the onset
of prediabetes, compared with non-prediabetes. How-
ever, a significant difference existed only for the HbAlc
value in men at baseline. In women, the HbA ¢ level sig-
nificantly differed by 0.25% between the participants
who were prediabetic and the participants who were not
prediabetic at baseline. However, the difference in
HbA 1c between the two groups widened after the obser-
vation period (5.91% £ 0.18% vs. 5.53% + 0.26%, p <
0.001) and the difference between the two groups was
0.28 £0.19 vs. 0.15 £ 0.22 (p < 0.05). This finding may
be because of the effects of decreased vitamin D over the
course of the period.

The cut-off value of 250H vitamin D for the onset
of diabetes in men, based on the ROC curve, was
27.7 ng/mL (Fig. 2A). The cumulative incidence func-
tion curve revealed that the <27.7 ng/mL group devel-
oped prediabetes during the 10 years but without a
significant difference [HR = 2.30 (0.63-8.35); p = 0.21]
(Fig. 2B).

The cut-off value on the ROC curve was 17.1 ng/mL
for women. At 10 years, the prediabetes incidence was
significantly higher in the <17.1 ng/mL group, based on
the cumulative incidence function curve [HR = 7.08
(2.08-24.2); p = 0.002] (Fig. 2C, D).

We analyzed the significant factors for the onset of
prediabetes in women. The univariate analysis of the
competitive risk model revealed that obesity, abdominal

circumference >90 c¢cm, and serum 250H vitamin D con-
centration <17.1 ng/mL were significant (Table 2). These
factors were selected by using the stepwise method.
Multivariate analysis revealed abdominal circumference
>90 cm and 250H vitamin D <17.1 ng/mL were the
independent risk factors in women. However, in men, we
could not select factors by using the stepwise method.
Therefore, we chose three factors with small p-values.
No risk factors for developing diabetes could be identi-
fied, even with multivariate analysis.

Discussion

Vitamin D is involved in metabolic processes in many
tissues in humans and is believed to be involved in vari-
ous diseases and health maintenance. In recent years,
vitamin D has been associated with the risk of osteoporo-
sis and fractures and has been associated with chronic
kidney disease and cognitive function [3-5]. Vitamin D
has also been associated with arteriosclerosis, severity of
autoimmune diseases and COVID-19 infection, cardio-
vascular disease, and mortality, and it has a profound
effect on the whole body [6-8].

At this time, we focused on the relationship between
serum vitamin D concentration and the onset of predia-
betes related to glucose intolerance. Previous reports on
vitamin D and glucose metabolism have focused on the
relationship between serum vitamin D concentration and
the onset of diabetes, and whether vitamin D supplemen-
tation improves glucose tolerance. The results of these
issues are controversial clinically [9-11]. The relation-
ship between glucose tolerance and vitamin D is very
complicated in vivo, including its effect via serum cal-
cium, and it is associated with insulin sensitivity, insulin
secretion, and obesity, etc. The finding that insulin secre-
tion and insulin sensitivity are important factors associ-
ated with the onset of diabetes is well-known. In
particular, the importance of factors related to sex differ-
ences in insulin sensitivity is well recognized, although
individual differences exist. Men and women are differ-
ent with regard to sex hormones, fat accumulation, and
insulin resistance; therefore, considering the onset of
diabetes separately between men and women seems nec-
essary [12-14].

Regarding sex differences in the incidence of diabetes,
adiponectin has been reported to have a stronger antidia-
betic effect in women, and the action of vitamin D
through its anti-inflammatory effects may be important
[15-17]. The finding that osteocalcin may be involved in
the relationship between adiponectin and glucose
metabolism has been reported, and this molecule and
vitamin D may be involved [18-23].

With regard to the development of diabetes, vitamin D
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Fig. 2 The cut-off value for the onset of diabetes in men, based on the ROC curve, is 27.7 ng/mL (Fig. 2A). The cumulative incidence
function curve shows that the <27.7 ng/mL group developed prediabetes over 12 years, but without a significant difference [HR =
2.30 (0.63-8.35); p = 0.21; Fig. 2B]. However, based on the ROC curve, the cut-off value is 17.1 ng/mL for women. The
prediabetes incidence is significantly higher in the <17.1 ng/dL group at 10 years, based on the cumulative incidence function

curve [HR = 7.08 (2.08-24.2); p = 0.002; Fig. 2C, D].
Abbreviation: 250HVD, 250H vitamin D

may be involved in glucose metabolism in terms of
insulin synthesis and insulin secretion in pancreatic 3
cells [24-26]. Vitamin D receptors are also expressed on
pancreatic B cells and are involved in the regulation of
glucose metabolism [25]. No definitive views exist on
the effects of vitamin D supplementation on glucose
metabolism and obesity, with studies currently reporting
effective and ineffective results [10, 27-30].

Some reports [31, 32] indicate that vitamin D supple-
mentation effectively improves insulin sensitivity in
obese people. One report [33] indicates that insulin
secretion improved but insulin sensitivity did not change
after 3 months. In addition, vitamin D has an effect on
inhibiting the onset of type 2 diabetes in adults and the
elderly, and it is effective in improving plasma glucose

level and insulin sensitivity in healthy individuals and in
people with metabolic syndrome [34, 35]. However,
many reports indicate that it is not effective [36-38]. This
inconsistency in the evaluation of vitamin D replacement
therapy suggests that results vary, depending on the par-
ticipants, dosage, and duration, and that the action of
vitamin D is more complicated. Perhaps most impor-
tantly, the results of these trials may vary, depending on
the duration of vitamin D administration, the proportion
of participants with diabetes, ratio of male to female
participants, whether vitamin D deficiency is included in
the population, and differences in dietary habits between
countries and in methods for assessing sensitivity.
Vitamin D is stored in adipose tissue, and the degree
of visceral fat accumulation affects serum vitamin D
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Table 2 Univariate and multivariate Fine and Gray analysis findings with regard to the onset of prediabetes

Univariate analysis

Multivariate analysis

Men HR  HR 95%Cl pvalue aHR HR 95%Cl pvalue aHR HR 95%CI p value
Age >60 y 0.92 (0.32-2.61) 0.880 1.03 (0.30-3.53) 0.960
Obesity (BMI >25) 096  (0.31-2.97) 0.940 1.08  (0.16-7.21) 0.940
Abdominal circumference >85 cm 0.90 (0.32-2.52) 0.840 1.05 (0.21-5.35) 0.950
Hypertension 225 (0.63-7.99) 0.210 1.83 (0.60-5.61) 0290  2.03 (0.61-6.79) 0.250
Dyslipidemia 1.58 (0.44-5.66) 0.480 1.79  (0.48-6.60) 0.380
ALT >30 IU/mL 1.06  (0.28-4.06) 0.930 146 (0.32-6.53) 0.620
Fatty liver 0.50  (0.12-2.01) 0.330 036 (0.05-2.45) 0300  0.50  (0.12-2.08) 0.340
250H vitamin D <27.7 (ng/mL) 230 (0.63-8.35) 0.210 2.19  (0.51-9.48) 0300 222 (0.60-8.26) 0.230
Univariate analysis Multivariate analysis
Women
HR  HR 95%Cl pvalue aHR HR 95%Cl pvalue aHR HR 95%CI p value
Age >60 y 0.80  (0.31-2.08) 0.650 128  (0.45-3.62) 0.640
Obesity (BMI >25) 3.95 (1.44-10.8) 0.008 1.48  (0.40-5.50) 0.550
Abdominal circumference >90 cm 480  (1.75-13.2) 0.002 226 (0.50-10.2) 0290  3.51 (1.24-9.96) 0.018
Hypertension 1.64  (0.41-6.49) 0.480 1.79  (0.52-6.14) 0.360
Dyslipidemia 0.92 (0.11-7.38) 0.940 0.00  (0.00-0.00) 0.000
ALT >30 IU/mL 244 (0.68-8.82) 0.170 1.69  (0.44-6.44) 0.450
Fatty liver 2.60  (0.99-6.86) 0.053 0.87  (0.17-4.42) 0.870
250H vitamin D <17.1 ng/mL 7.08 (2.08-24.2) 0.002 712 (2.08-24.4) 0.002 6.21 (1.76-21.9) 0.005

aHR, adjusted hazard ratio; HR, hazard ratio; CI, confidence interval; BMI, body mass index; ALT, alanine aminotransferase; 250H vitamin D, 25

hydroxyvitamin D

concentrations. One study, conducted in the United
States on individuals aged 12—-19 years old, reported a
negative correlation between visceral fat accumulation
and serum vitamin D level, which was only observed in
women [39]. Similar reports, which used a small number
of participants, have also indicated a negative correlation
between obesity, visceral fat accumulation, and vitamin
D level; in addition, different effects of vitamin D sup-
plementation between men and women has been reported
[40]. In our report, the rate of obesity was higher in the
group that had prediabetes at baseline, and the waist cir-
cumference tended to be slightly larger, but without a
significant difference. In addition, in the multivariate
analysis 10 years later, waist circumference was a signif-
icant risk factor (HR. 3.51), whereas vitamin D concen-
tration was a major risk factor (HR = 6.21). We believe
that serum vitamin D concentration has an extremely
strong influence on glucose metabolism and the onset of
prediabetes. In addition, racial differences have previ-
ously been indicated with regard to visceral fat and sub-
cutaneous fat accumulation [41]. We examined the
relationship between baseline vitamin D concentrations,
waist circumference, and BMI, but we found no correla-
tion. However, whether this finding was because of

racial differences is unclear.

A common suggestion seems to be that people with
vitamin D deficiency or vitamin D depletion should be
actively supplemented with natural forms and levels con-
trolled to the extent that they do not become excessive.
Based on our results, scientists may find different results
if they analyze them separately for men and women.

A recent detailed review article was published on the
efficacy of vitamin D and vitamin D replacement therapy
for various diseases [42]. According to this article, many
of these studies were short-term and the participants
were diverse, and no definite opinion exists regarding the
effects of vitamin D supplementation. A meta-analysis of
active vitamin D supplementation for an average of 3
years, from prediabetes to the onset of diabetes, sup-
pressed the incidence of diabetes [43]. In addition, a sys-
tematic review and meta-analysis studies have also
reported that it was effective in preventing the develop-
ment of diabetes [44-46]. According to the meta-
analyses, vitamin D can be used safely, except in cases of
kidney damage, and it is generally recommended for pre-
venting the onset of diabetes.

In Japan, a study utilizing the glucose tolerance test
was also conducted on people with diabetes, who had
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Graphical Abstract

taken active vitamin D supplementation for 3 years,
revealed no improvement in glucose metabolism mark-
ers, compared with a placebo [47]. Although this report
is a valuable paper in this area, the outcome varies,
depending on lifestyle. Further research will be neces-
sary because the participants already had diabetes, the
observation period of 3 years was relatively short, and
the serum vitamin D level status was unknown. In addi-
tion, we believe that the issue regarding the deterioration
of glucose metabolism caused by a shortage of vitamin D
and the prevention of prediabetes or diabetes by vitamin
D supplementation may have to be considered separately.
Another review paper on vitamin D and diseases was just
recently published. This paper reported the existence of
papers focusing on the progression from prediabetes to
diabetes—for example, vitamin D deficiency increases
this progression, whereas vitamin D supplementation
suppresses it [11, 48, 49]. Our research showed that
vitamin D is important, but sex differences exist. In our
study, we also examined the development of prediabetes
before diabetes; therefore, few reports exist to date. Our
report also suggested that it takes longer to go from nor-
mal glucose tolerance to prediabetes in low vitamin D
groups, and the effects of vitamin D supplementation are
expected to take at least 3 years or more. As described
previously, we believe that targeting the onset of predia-
betes should be an intervention applied at a time when it
is most effective, and the analysis of the onset in women,
with a focus on sex differences, provided new findings
that differ from those of previous analyses.

This study had some limitations. First, it was a one-
center study and the number of cases was not large. Sec-
ond, obtaining information on lifestyle habits was not

possible during the follow-up. Third, although early
intervention was the goal, blood glucose measurement
during follow-up was not always done on fasting in the
morning; therefore, abnormalities in glucose metabolism
were evaluated only via HbAlc levels. Furthermore, we
excluded patients with prediabetes, based on the HbAlc
and FPG levels at baseline; therefore, we may have
missed individuals who were already prediabetic. Fourth,
genetic polymorphisms in genetic background such as
vitamin D receptors in the participants could not be
examined.

In summary, we reported that low levels of vitamin D
in women can be a predictive factor in the development
of diabetes after 10 years. Furthermore, vitamin D is
involved in various diseases and will be an important
indicator of lifestyle intervention in women (Graphical
Abstract). In the future, the issue regarding whether these
diseases can be prevented when providing supplementa-
tion for hypovitaminosis needs to be clarified.
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