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Abstract

It remains debatable whether vitamin D plays any role as a risk factor for type 1 diabetes mellitus (TIDM). We have
summarized the effect of circulating 25-hydroxy vitamin D [25(OH)D] concentration on the risk of developing T1DM via a
dose-response meta-analysis. We undertook a database search on PubMed, Embase, and Cochrane Library from inception to
January 2020. A meta-analysis based on random-effects model was applied. Subgroup analysis and meta-regression were
performed to inspect the source of heterogeneity. Dose—response data were examined using the generalized least squares
trend estimation method. This study was registered with the PROSPERO (ID: CRD42020166174). In total, 16 studies
including 10,605 participants (3913 case patients) were included. The pooled odds ratios (OR) and 95% confidence intervals
(95% CI) for the highest versus the lowest 25(OH)D concentration was 0.39 (0.27, 0.57), with a high heterogeneity
(P =176.7%, P <0.001). Meta-regression analysis identified latitude (P = 0.02), adjustment for gender (P = 0.001), and 25
(OH)D stratification (P < 0.001) as sources of heterogeneity. Furthermore, the nonlinear dose-response analysis determined
the OR (95% CI) of T1IDM to be 0.91 (0.90, 0.93) per 10 nmol/L increase in the 25(OH)D concentration. A ‘U’-shaped
association was found between serum 25(OH)D concentration and risk of TIDM. The present study highlights the
significant inverse association between the circulating 25(OH)D concentration and the risk of TIDM.
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Introduction

Type 1 diabetes mellitus (T1DM) is an insulin-dependent
diabetes that is characterized by immune-mediated
destruction of pancreatic f cells, which leads to severe
insulin deficiency [1]. The incidence of TIDM was 22.3/
100,000 persons in the USA in 2014-2015, which has
nearly doubled among the youth (aged <20 years) in the
past decade [2]. A pooled analysis across 26 European
centers recorded a 3.4%/annum increase in the incidence
rate [3]. However, the estimated incidence of T1IDM for
individuals across ages is 1.01/100,000 persons in China
[4]. It is believed that factors, such as obesity, breastfeeding,
maternal and perinatal factors, virus infection, omega-3
fatty acid status, and serum 25(OH)D concentration play
crucial roles in the prevention regimen of TIDM [1].
Reportedly, the number of patients with TIDM presenting
with insufficient serum 25(OH)D concentration is growing
rapidly [5].
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The concentration of 25-hydroxy vitamin D [25(OH)D]
in the serum reflects the status of vitamin D in the blood
circulation [6]. Vitamin D deficiency has been identified
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to be common among patients with TIDM [5]. This
secosteroid hormone is mainly produced from the pre-
cursor protein 7-dehydrocholesterol in the skin when
exposed to solar ultraviolet B radiation and acquired
slightly from the diet. The 25-hydroxylase enzyme in the
liver transforms vitamin D to an intermediate inactive
form of this vitamin, 25(OH)D, which is then transformed
to the active form 1,25-hydroxy vitamin D by la-hydro-
xylase enzyme in the kidney [7]. As vitamin D regulates
the immune system and autoimmunity, it may serve as a
potential protective factor in the development of TIDM
[1]. The effects of vitamin D on non-skeleton disorder
remains debatable. Moreover, the role of serum 25(OH)D
concentration in the risk of TIDM remains controversial
[1, 7]. A birth-cohort study [8] in Finland suggested that
sufficient vitamin D supplementation could assist in
decreasing TIDM risk. A cross-sectional study [9]
revealed that 70% of children with TIDM had vitamin D
deficiency. The TEDDY study [10] reported that higher
childhood 25(OH)D concentration is associated with
lower islet autoimmunity, while prospective studies, such
as DAISY and DIPP [11, 12] reported no such association
between vitamin D intake or 25(OH)D concentration in
the childhood and the risk of islet autoimmunity or
T1DM. Moreover, vitamin D supplementation plays a
protective role in hyperglycemia, while training anaero-
bically, and, in hypoglycemia, while training aerobically
[13].

Several recent observational studies examined the
relation between the serum 25(OH)D concentration and
the risk of TIDM. Accordingly, we undertook the present
meta-analysis to investigate the correlation between the
serum 25(OH)D concentration and the risk of T1DM,
while demonstrating their dose-response association.

Methods
Protocol and registration

This study was registered with the PROSPERO (ID:
CRD42020166174).

Search strategy and selection studies

The databases of PubMed, Embase, and Cochrane Library
were searched for literatures published from inception to
January 2020. Free-text terms and MeSH terms were used as
follows: “type 1 diabetes” OR “type I diabetes”” OR “insulin-
dependent diabetes” OR “juvenile onset diabetes” OR
“sudden onset diabetes” OR “autoimmune diabetes” OR
“brittle diabetes” OR “Ketosis Prone diabetes” AND “vita-
min D” OR “25-hydroxy vitamin D” OR “25(OH)D” OR

“1,25-dihydroxy vitamin D” OR “1,25(OH)2D” OR “calci-
triol” OR “calcidiol”. Potentially eligible studies were
included without placing any language restriction in the
search.

The following inclusion criteria were set to select clinical
studies for the present meta-analysis: (1) Observational
studies on humans, except for cross-sectional studies; (2)
All subjects met the diagnosis criteria of TIDM; (3) The
serum 25(OH)D concentration was measured quantitatively;
(4) Studies that evaluated the association between the 25
(OH)D concentration and the risk of TIDM and were
obliged to report the odds ratios (OR), relative risk or
hazard ratios with the corresponding 95% confidence
intervals (95% CI) or useful data for these statistics. All
reviews, case reports, letters, registration of trials, and
conference abstracts without full-text link were excluded
from the study.

Data extraction and quality assessment

All literatures collected according to the search strategy
were independently assessed by two authors (YH and
YJ), who were blinded to author and journal details, to
identify potentially eligible studies. Any issue that pre-
sented was addressed by discussion with the third author,
GS. The literature selection method flowchart is illu-
strated in Fig. 1. The following data were extracted from
the included studies: the name of the first author, pub-
lication year, study design, geographical locations (based
on latitude search on Google Maps), age, gender, body
mass index, risk of T1IDM, serum 25(OH)D concentra-
tion, and assay method for 25(OH)D concentration esti-
mation. Quality assessment was gauged with reference to
the Newcastle-Ottawa Scale for cohort and case-control
studies [14]. A score of 4-6 was considered moderate
quality and that of 7-9 as high quality.

Statistical analysis

OR and 95% CI were obtained as the summary risk esti-
mates for TIDM from all studies, and the relative risks and
the hazard ratios were esteemed to be equivalent to OR.
Heterogeneity among the studies was estimated by
Cochrane Q test and P statistic, which was confirmed to be
statistically significant at P <0.05 and /* > 50%. Pooled OR
and 95% CI were evaluated using the random-effects model
(DerSimonian and Laird method) [15]. To scrutinize the
potential source of heterogeneity, manifold subgroup ana-
lysis ranging from latitude of geographical locations, serum
25(OH)D concentration, and assay method for estimating
the 25(OH)D concentration were performed. Heterogeneity
between the subgroups was measured by meta-regression
analysis. At P <0.05 for meta-regression, the heterogeneity
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Fig. 1 The flow diagram of
literature research and study

selection. Library (n=101).

Potentially relevant articles identified through
database searching up to January 2020 (n=2591):
Pubmed (n=693), Embase (n=1797), Cochrane

Reasons for exclusion from abstract review (n=2105):

Records after duplicates removed: n=2182

Animal experiments including in vivo and in vitro studies

(n=151)

Biomarkers other than 25(OH)D (n=641)

—] Maternal vitamin D status and TIDM of offspring (n=17)
Randomized controlled trials (n=40)

Cross sectional study (n=93)

Reviews, conference abstracts, editorials, letters,case reports

Full-text articles assessed for eligibility:n=77

and registration of trials (n=1163)

Reasons for exclusion from full-text articles (n=62):

Serum 25(OH)D status were not measured quantitively (n=24)
"| Outcome other than TIDM (n=27)

Supplements or medicine influence 25(OH)D level (n=11)

‘ Studies included in meta-analysis: n=15 ‘

between the subgroups was considered to be significant
[16]. By omitting one study at a time, we conducted a
sensitivity analysis to test for the robustness of the pooled
results. Forest plots were applied to describe the summary
effects. Publication bias was separately assessed via funnel
plot and Egger’s test. The funnel plot was asymmetrical or
the P <0.10 was for Egger’s test, indicating potential pub-
lication bias [17]. In addition, the overall effects were
estimated by the trim and fill method after adjusting for the
missing studies [15, 18].

Based on the dissimilar cut-off points for categories in
individual article, we computed OR and 95% CI of
TIDM for every 10nmol/L of serum 25(OH)D con-
centration increase via generalized least squares for trend
estimation, as suggested by Greenland and Longnecker
[19] and Orsini [20]. The mean concentration of the
serum 25(OH)D concentration in each category was
considered as the corresponding dose. If the boundary of
the highest category was open ended, the midpoint of this
category was set at the lower boundary, multiplied by 1.5.
If the lowest category was unavailable, we set it as zero.
The 25(OH)D concentration and T1DM risk for each
distribution of cases and controls were distilled as per the
method. In this dose-response analysis, we excluded
studies that did not quantify the number of cases and
controls per category as well as those that reported 25
(OH)D concentration with OR and 95% ClI for less than 3
categories.

In addition, we appraised a potential curve for
dose-response relationship between the 25(OH)D con-
centration and the summary OR and 95% CI for TIDM. A
restricted cubic spline model with four knots at the 5th,
35th, 65th, and 95th percentiles of 25(OH)D concentration
was used. The linear and nonlinear models were calculated
by testing the null hypothesis, with the splines coefficient
considered zero.

All statistical analyses were performed using the Stata
version 15.1.614 (Stata Corp, Texas, USA).
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Results
Literature research and study characteristics

Based on our initial literature research, 2591 articles were
identified, of which 409 that were identified to be duplicates
and 2105 that were uncorrelated, were removed. After the
full-text screening, 62 articles were excluded as they did not
meet all of the eligible criteria listed in Fig. 1. Finally, 12
case-control studies [21-32], two nested case-control studies
[33, 34], one case-cohort study [28], and one cross-sectional
case-control study [35] were pooled in the meta-analysis.
The characteristics of each included studies are outlined in
Table 1. Briefly, 10,605 subjects with 3913 T1DM cases and
6692 healthy controls participated in the 16 studies. The
geographical locations of all the study areas were based in the
Northern Hemisphere. With respect to the age groups,
12 studies were conducted among children [21, 22, 24—
29, 31, 32, 35], two in adults [33, 34], and two in a blended
population of children and young adults [23, 30]. Gorham
et al. [33] and Munger et al. [34] conducted their studies
among military service members of the United States. When
assessed with reference to the Newcastle—Ottawa Scale, five
studies [25-28, 31] showed a moderate quality score and 11
[21-24, 28-30, 32-35] showed a high-quality score. The
characteristics of the serum 25(OH)D concentration and the
risk of TIDM are detailed in Table 2. The OR and 95% CI
were classified by each category of 25(OH)D concentration
from 5.14 to 250 nmol/L. Various assay methods were applied
to quantify the 25(OH)D concentration. Most matched or
adjustment variables were identified to be age, gender, and
ethnic traits. The duration of TIDM ranged from being newly
diagnosed to having been diagnosed for several years.

Meta-analysis

The forest plot for the pooled effects of the highest versus
the lowest cut-off point of 25(OH)D concentration on the
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Fig. 2 Forest plot for pooled .y 0dds * )
effects of serum 25(OH)D 1o Ratio (95% Cl) Weight
concentration on risk of TIDM. !
Bener (2008) - 0.60 (0.31, 1.17) 7.08
Borkar (2010) —OK— 0.32 (0.1, 0.98) 5.10
Hamed (2011) (—0—— 0.03 (0.00, 0.52) 1.50
Gorham (2012) —— 0.33 (0.19, 0.60) 7.50
Ghandchi (2012) ——'0———— 0.49 (0.12, 2.07) 3.90
Munger (2013) —— 0.48 (0.27, 0.87) 7.45
Franchi (2013) —0— 0.31 (0.1, 0.84) 5.43
Azab (2013) — 0.35 (0.16, 0.79) 6.43
Abd-Allah (2014) —O—E 0.20 (0.1, 0.35) 7.48
Cadario (2015) i—o— 0.67 (0.39, 1.15) 7.66
Jacobsen (2016) : == 1.13 (0.81, 1.57) 8.52
Jacobsen (2016) e 1.32 (0.55, 3.18) 6.06
Rasoul (2016) e 0.24 (0.07, 0.86) 4.48
Bae (2018) —o—f- 0.26 (0.14, 0.50) 7.21
Liu (2018) + 0.32 (0.17, 0.58) 7.32
Federico (2018) — 0.16 (0.08, 0.33) 6.86
Overall (I-squared = 76.7%, p = 0.000) O 0.39 (0.27, 0.57) 100.00
NOTE: Weights are from random effects analysis
51 s

risk of TIDM is illustrated in Fig. 2. The case-cohort study
and the case-control study examined by Jacobsen et al. [28]
did not provide eligible number of cases and controls for
each category. Moreover, they did not use the lowest cut-
off point of 25(OH)D concentration as the reference,
therefore, we transformed the OR and 95% CI extracted
from them into the lowest cut-off point as a reference,
based on the method introduced by Hamling et al. [36]. The
hazard ratios of the case-cohort study were deemed as OR.
The summary OR (95% CI) was 0.39 (0.27, 0.57) for the
highest cut-off point as compared with the lowest cut-off
point of 25(OH)D concentration. The P value of Cochrane
Q test was <0.001, and the P statistics was 76.7%, which
indicated that the heterogeneity among the analyzed studies
was significant.

Subgroup, meta-regression, and sensitivity analysis

Subgroup analysis and meta-regression are summarized in
Table 3. Meta-regression was exerted to explore the hetero-
geneity among the subgroups. All categories of 25(OH)D
concentration extracted from the 16 studies were included in
this meta-regression. The results of the analysis revealed
negative correlation between the serum 25(OH)D concentra-
tion and log OR of T1DM with statistical significance (Ppegween
<0.001; Fig. 3). Latitude for each study was also considered,
with the results showing positive correlation with statistical
significance (Ppeween = 0.02; Fig. 4). Adjustment for gender
indicated statistical significance (Pperween = 0.001) between the
subgroups. Nevertheless, the subgroups stratified by age, eth-
nicity, assay method for estimating 25(OH)D concentration,
duration of T1DM, and adjustment of ethnicity showed no
statistical significance between the subgroups in heterogeneity.
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Sensitivity analysis was conducted to investigate which
individual study with extreme OR influenced the pooled
OR. For instance, if the study by Hamed et al. [22] with the
smallest sample was omitted, the summary effects changed
to summary OR (95% CI) 0.41 (0.28, 0.59). Moreover, if
the case-cohort study and case-control study published by
Jacobson et al. [28] with the relatively largest sample size
were omitted, the summary effects changed to summary OR
(95% CI) 0.36 (0.27, 0.48) and summary OR (95% CI) 0.36
(0.25, 0.53), respectively. However, the summary effects
were not influenced substantially.

Dose-response meta-analysis

Figure 5 displays the results of dose-response analysis. A
total of 10 studies with 2223 cases and 2730 controls were
involved in the dose-response meta-analysis. Studies by
Bener et al. [21], Hamed et al. [22], Azab et al. [24], and
Cadario et al. [27] were excluded from the dose-response
meta-analysis, considering that they did not stratify the
serum 25(OH)D concentration in not less than three cate-
gories. Similarly, the two studies by Jacobsen et al. [28]
were also excluded because they did not provide the number
of cases and controls for each category.

We noted an inverse nonlinear association between the
serum 25(OH)D concentration and the T1DM risk (chi-
square = 131.08, P<0.001), and the heterogeneity was
insignificant (Q =22.24, P =0.39) for both fixed and ran-
dom models. The OR (95% CI) of TIDM was 0.91 (0.90,
0.93) per 10 nmol/L increase in the 25(OH)D concentration.
A ‘U’-shaped association was found. The risk of TIDM
significantly descended with the 25(OH)D concentration
ranging from 39 to 89 nmol/L with OR (95% CI) from 0.79
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Iiast"f) fsT?%?\%[fOUP analysis for Subgroup No. of studies  Risk of TIDM? 2, % Poinil?  Pretweer’
OR 95% CI
Overall 16 0.39  (0.27, 0.57) 76.70%
Age
Only children 12 040  (0.24, 0.64) 81.1 <0.001 0.77
Other 0.36  (0.26, 0.50) 0.0 0.53
Ethnicity
White 0.42  (0.25, 0.72) 0.0 0.33 0.16
Yellow 029 (0.19, 0.45) 0.0 0.65
Mix 0.65 (0.4, 1.05) 73.4 0.002
Latitude, °N
<30 0.29  (0.16, 0.54) 55.3 0.06 0.02
3145 0.35  (0.26, 0.47) 36.4 0.13
>45 2 1.15 (0.85, 1.57) 0.0 0.75
Categories of 25(OH)D, nmol/L
<50 1 0.67 (039, 1.15) NA NA <0.001
50-75 5 0.27  (0.18, 0.41) 16.8 0.31
75-100 2 1.15 (0.85, 1.57) 0.0 0.75
>100 8 0.33  (0.24, 0.45) 26.3 0.22
Assay method of 25(OH)D
RIA 2 0.39 (0.17, 0.89) 68.5 0.08 0.10
HPLC 3 0.24  (0.13, 0.45) 17.9 0.30
CPBA 1 0.03  (0.00, 0.48) NA NA
CLIA 3 0.38  (0.26, 0.56) 0.0 0.61
ELISA 4 0.27  (0.19, 0.38) 0.0 0.62
LC-MS 3 098  (0.68, 1.42) 33.6 0.22
Duration of TIDM
>lyear 3 0.25 (0.13, 0.47) 17.3 0.30 0.50
<lyear 0.38  (0.16, 0.89) 0.0 0.64
Adjustment for ethnicity
Yes 6 040  (0.26, 0.60) 58.1 0.04 0.98
No 10 0.38  (0.22, 0.68) 81.9 <0.001
Adjustment for gender
Yes 11 031 (0.25, 0.39) 17.3 0.28 0.001
No 5 0.80 (0.46, 1.39) 59.8 0.04

TIDM type 1 diabetes, N number, OR odds ratio, 95% CI 95% confidential interval.
*Summary OR and 95%CI were calculated by random-effects models.

waithin was the P value for heterogeneity within each subgroup.

“Prewween Calculated by meta-regression was the P value for heterogeneity between subgroups

(0.61, 1.02) to 0.31 (0.25, 0.39), trended stably when the 25
(OH)D concentration reached 103-113 nmol/L with OR
(95% CI) around 0.28 (0.22, 0.35), and slightly ascended
when the 25(OH)D concentration surpassed 150 nmol/L
with OR 95% CI and 0.34 (0.25, 0.45).

Publication bias

The funnel plot (Supplementary Material File) was asym-
metrical and the Egger’s test revealed P = 0.03, suggesting

that publication bias was significant among the studies.
Nevertheless, the results did not fluctuate after a trim and fill
test, indicating that the impact of the publication bias was
probably modest.

Discussion

In this meta-analysis of 16 observational studies including
10,605 participants, a significant inverse association was

SPRINGER NATURE
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Fig. 3 Meta-regression for all ~
categories of 25(OH)D
concentration and risk of TIDM.

Fig. 4 Meta-regression for
latitude and risk of TIDM.
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recorded between the highest versus the lowest circulating
25(OH)D concentration and the TIDM risk. This analysis
demonstrated the role of vitamin D as a protective factor for
T1DM, albeit the heterogeneity among the pooled studies
was significant. In support, Shen et al. [37] reported that
patients with TIDM showed a lower 25(OH)D concentra-
tion than controls in a meta-analysis of 12 studies including
3885 participants. Furthermore, Rak et al. [38] asserted that
proper vitamin D supplementation could reduce the inci-
dence and complications of TIDM.

Subgroup analysis along with meta-regression was
applied to explore the source of heterogeneity. We
recognized a positive association between the latitude of

SPRINGER NATURE

patient location and risk of T1IDM, which suggests that
individuals living in high latitude may be predisposed to
T1DM. Weng et al. [4] also reported that the incidence of
TIDM among children aged <14 years was strongly
correlated with the latitude, with the rates being higher in
the north of China than in the south. Kimlin et al. [39]
emphasized that the latitude strongly influences the serum
25(OH)D concentration among participants across a
broad latitude range in the southern hemisphere. Mohr
et al. [40] identified that the incidence of T1DM tended to
be higher at higher latitudes in both the hemispheres,
because residents living near the Equator obtained ade-
quate vitamin D due to the strong solar ultraviolet
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Fig. 5 Dose-response analysis 1.00-
of serum 25(OH)D
concentration and risk of TIDM.
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B irradiance available there. More consistent studies
indicated that the latitude influences the serum 25(OH)D
concentration, which in turn affects the incidence rate
of TIDM.

Adjustment for gender was identified as a potential
source of heterogeneity. A previous study EURODIAB
found that the incidence of TIDM was nearly the same
between both the genders of children [41]. However, Weng
et al. [4] discovered that the incidence of TIDM was higher
among girls under the age of 14 years. Thus, adjustment for
gender among individual studies needs to be carefully
evaluated in the future.

We also identified that the association was undeviating
and did not diverge appreciably after stratifying by age,
ethnicity, assay method for estimating the 25(OH)D con-
centration, duration of TIDM, and adjustment for ethnicity.
Shen et al. [37] found that the 25(OH)D concentration was
lower in patients with T1IDM than in controls in a subgroup
population aged <14 years. High-performance liquid chro-
matography (HPLC) was considered as the golden standard
assay method to determine the 25(OH)D concentration [42].
Al-Haddad et al. [43] emphasized that chemiluminescence
micro-particle immunoassay overestimates vitamin D defi-
ciency in comparison to HPLC. These reports suggest that
physicians should select the assay method for estimating the
25(OH)D concentration extremely cautiously. However, in
our study, the pooled OR of T1DM did not differ by the
assay methods. This difference from other reports may be
attributed to statistical fluctuation in the small sample size in
this study, highlighting the need for further studies to clarify
the source of heterogeneity.

Notably, we observed a significant inverse correlation
between the circulating 25(OH)D concentration and the risk
of TIDM and developed a robust database supporting the

T T

T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

25(0OH)D, nmol/L

dose-response curve. To the best of our knowledge, no
previous studies have addressed the quantitative association
between serum 25(OH)D concentration of 100—150 nmol/L
to the significantly lower risk of TIDM. Functionally, suf-
ficient serum 25(OH)D concentration can preserve the
activity of residual pancreatic f-cells and insulin secretion
[44]. Meanwhile, a past study reported that the serum 25
(OH)D concentration was negatively associated with insulin
resistance in patients with TIDM [45]. Children with
T1DM have also been reported to have lower 25(OH)D
concentration than healthy children [5]. Low 25(OH)D
concentration may be associated with lower insulin con-
centration in hepatic portal vein inhibiting the 25-
hydroxylase activity. Although intraperitoneal insulin
increased the 25(OH)D concentration in the hepatic vein,
long-term intraperitoneal insulin treatment did not affect the
25(OH)D concentration when compared with subcutaneous
insulin treatment in patients with TIDM [46]. Moreover,
from the perspective of the Nutrition Society, the guidelines
for vitamin D supplementation and assay standard of 25
(OH)D concentration are in a standstill period [47]. The
nutritional guideline from Netherlands [48] suggests that a
serum 25(OH)D concentration of >30 nmol/L is sufficient
for individuals except for adults above the age of 70 years
whose target serum 25(OH)D concentration is beyond
50 nmol/L. Besides, the Scientific Advisory Committee on
Nutrition [49] and German Nutrition Society [50] advocate
that serum 25(OH)D concentration maintains at least
50 nmol/L for generally healthy individuals. However, the
German vitamin D intake recommendations (200-800 IU
per day) had no effect on improving the serum 25(OH)D
concentration of infants and adolescents in the latest report,
which means they need to revise the guideline [51]. The
endocrine guideline from the Middle East and North Africa

SPRINGER NATURE
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[52] also recommends a serum 25(OH)D concentration of
>50 nmol/L is sufficient for generally healthy individuals,
while the Endocrine Society [53] supports serum 25(OH)D
concentration of >75nmol/L. for individuals in all ages
including pregnancy and lactating. Other guidelines from
Australia [54] uphold that serum 25(OH)D concentration of
>50nmol/L is sufficient for pregnant women and the
National Osteoporosis Foundation [55] and the bone-centric
guidelines [6] support serum 25(OH)D concentration of
>50 nmol/L is adequate for nearly the entire population,
while American Geriatrics Society [56] proposes serum 25
(OH)D concentration of >75 nmol/L is sufficient for adults
aged over 70 years. Moreover, the guidelines focused on the
pleiotropic effects of vitamin D recommended a target 25
(OH)D concentration of 75 nmol/L [6]. Thus, guidelines for
target serum 25(OH)D concentration from nutritional and
endocrine fields differ, probably because they focused on
different populations and geographic locations. Interest-
ingly, we found that most guidelines targeted adults aged
beyond 70 years set their goal for vitamin D sufficiency is
75 nmol/L. which is higher than others because the elder is
more likely to fall and fracture. For infants, children,
pregnant or lactating women, most guidelines agree with
optimal serum 25(OH)D concentration of >50 nmol/L or
depending on their health condition. Notably, most Eur-
opean vitamin D researchers and organizations considered
serum 25(OH)D concentration 50 nmol/L to be necessary,
while in the United States, they recommend 75 nmol/L and
some others are calling for 100-150 nmol/L. The difference
between the recommendations from the two continents may
be due to the greater reliance on RCTs by European
researches. Unfortunately, most RCTs up to now were
poorly designed and conducted since they were based on
guidelines for drugs, not nutrients [57]. So, the RCT
designers should pay more attention to serum 25(OH)D
concentration, not vitamin D dose [58]. What is more, the
relationship between serum 25(OH)D concentration and
health outcomes may vary for different diseases [6]. The
viewpoints from the Scientific Advisory Committee on
Nutrition [49], Middle East and North Africa [52] and the
Endocrine Society [53] espouse that vitamin D is a pro-
tective factor for diabetes, while others show uncertainty.
This meta-analysis has explored the connection
between them.

Our meta-analysis identified contradicting results with
those from past RCTs. The daily supplementation of vita-
min D differs across countries and organizations. For chil-
dren under 18 years, the recommendation vitamin D dose
was 200-1000 IU [59]. And it depended on age, health
status, body weight, and race that the daily vitamin D dose
recommendation ranged from 400-2000 IU [6]. Therefore,
no consensus has yet been reached regarding the ideal daily
supplementation concentration. Shih et al. [60] conducted a
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randomized prospective crossover study with 25 adoles-
cents with TIDM and found that even a 6-month-long
vitamin D repletion did not affect the status of glycemia or
inflammatory biomarkers. Similarly, Sharma et al. [61]
reported that the administration of oral vitamin D therapy
once a month for 6 months led to no significant decrease in
the HbA Ic status and in the exogenous insulin requirements
in their double-blinded RCT including 52 children.
Recently, Kadhim et al. [62] conducted an RCT, wherein
they provided 50 newly diagnosed pediatric patients and 25
healthy children with a daily vitamin D3 dosage of 2000 TU
for a period of 90 days; the authors recorded significantly
positive immune response and an increase in the serum 25
(OH)D concentration for the patients. Previous RCTs were
majorly conducted in participants without insufficient serum
25(OH)D concentration. Most meta-analyses resulting from
RCT did not reveal that the vitamin D supplementation
benefited health, which contradicts the observational stu-
dies, which claim that insufficient serum 25(OH)D con-
centration has adverse ill effects on health [63]. Owing to
the fixed vitamin D dose in the interventional studies, the
circulating 25(OH)D concentration may have fluctuated in a
narrow range, which could not build a substantial
cause—effect association between vitamin D supplementa-
tion and positive health outcomes. Our meta-analysis sug-
gests that, in the future, studies should set a target of serum
25(OH)D concentration when supplying vitamin D for
yielding stable results.

Notwithstanding, we noted some limitations in our study.
For instance, most of the included articles were case-control
studies, which is not a relatively robust study design toward
confirming a causal relationship. As compared with studies
that record data in the real time, case-control studies have a
greater probability of recall bias. In addition, this meta-
analysis was based on observational studies that were
generally not considered to be able to demonstrate causality
between serum 25(OH)D concentration and T1DM risk
[64]. However, according to Hill’s criteria for causality, we
disclosed the dose—response curve that cast a new light on
the possible causality that low serum 25(OH)D concentra-
tion had adverse effects on TIDM [65, 66].

Conclusions

In conclusion, through our dose-response meta-analysis
enlisting 16 studies, we demonstrated a significant inverse
association between the 25(OH)D concentration in circu-
lation and the risk of TIDM. The resultant dose-response
relationship also provided a broad 25(OH)D spectrum. We
suggest the necessity for further studies focusing on the
molecular mechanism underlying this association. In clin-
ical relevance, optimized and well-designed RCT are
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necessary to yield greater insights to the benefits and safety
of vitamin D supplementation in preventing the risk of
developing T1DM.

Supplementary information is available at EJCN’s
website.
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