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Abstract

Aims/hypothesis We studied the association of plasma ascorbic acid with the risk of developing islet autoimmunity and type 1
diabetes and examined whether SNPs in vitamin C transport genes modify these associations. Furthermore, we aimed to
determine whether the SNPs themselves are associated with the risk of islet autoimmunity or type 1 diabetes.

Methods We used a risk set sampled nested case—control design within an ongoing international multicentre observational study:
The Environmental Determinants of Diabetes in the Young (TEDDY). The TEDDY study followed children with increased
genetic risk from birth to endpoints of islet autoantibodies (350 cases, 974 controls) and type 1 diabetes (102 cases, 282 controls)
in six clinical centres. Control participants were matched for family history of type 1 diabetes, clinical centre and sex. Plasma
ascorbic acid concentration was measured at ages 6 and 12 months and then annually up to age 6 years. SNPs in vitamin C
transport genes were genotyped using the ImmunoChip custom microarray. Comparisons were adjusted for HLA genotypes and
for background population stratification.

Results Childhood plasma ascorbic acid (mean £ SD 10.76 + 3.54 mg/1 in controls) was inversely associated with islet autoimmunity
risk (adjusted OR 0.96 [95% CI 0.92, 0.99] per +1 mg/l), particularly islet autoimmunity, starting with insulin autoantibodies (OR 0.94
[95% CI 0.88, 0.99]), but not with type 1 diabetes risk (OR 0.93 [95% Cl 0.86, 1.02]). The SLC2A2 rs5400 SNP was associated with
increased risk of type 1 diabetes (OR 1.77 [95% CI 1.12, 2.80]), independent of plasma ascorbic acid (OR 0.92 [95% CI 0.84, 1.00]).
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Aarch in cFAantoavi
earch in context

What is already known about this subject?

e Vitamin C may prevent oxidative damage in beta cells, protecting against islet autoimmunity and type 1 diabetes;

however, longitudinal evidence is lacking

What is the key question?

e s plasma ascorbic acid (vitamin C) associated with the risk of islet autoimmunity and type 1 diabetes in children

who are at increased genetic risk of type 1 diabetes?

What are the new findings?

e In this nested case—control study, childhood plasma ascorbic acid status was inversely associated with islet

autoimmunity risk

How might this impact on clinical practice in the foreseeable future?

e Increased plasma ascorbic acid may protect against islet autoimmunity in children at genetic risk for type 1

diabetes

Conclusions/interpretation Higher plasma ascorbic acid levels may protect against islet autoimmunity in children genetically at
risk for type 1 diabetes. Further studies are warranted to confirm these findings.
Data availability The datasets generated and analysed during the current study will be made available in the NIDDK Central

Repository at https://www.niddkrepository.org/studies/teddy.
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Abbreviations

DHA Dehydroascorbic acid

GADA  GAD autoantibody

IAA Insulin autoantibody

IA-2A Autoantibody to tyrosine phosphatase-related islet
antigen 2

NIST National Institute of Standards and Technology

SLC2A  Solute carrier family 2

SVCT Sodium L-ascorbic acid transporter

TEDDY The Environmental Determinants of Diabetes in
the Young

Introduction

Oxidative stress may play a role in the pathogenesis of type 1
diabetes for several reasons. The cells in pancreatic islets are
more vulnerable to oxidative damage than many other cells
due to the low activity of free-radical detoxifying and redox-
regulating enzymes such as catalase, superoxide dismutase
and glutathione peroxidase [1]. It has been hypothesised that
dietary antioxidants might improve the islets’ capacity to cope
with oxidative stress (e.g. induced by hyperglycaemia) [1-4].

Vitamin C (ascorbic acid) is a water-soluble vitamin obtain-
ed from vegetables, fruits and berries [5]. As a dietary
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antioxidant vitamin C might protect against the development
of type 1 diabetes [6]. However, only two case—control studies
have investigated the issue. In an Australian study, use of vita-
min C supplements was less frequent in children with type 1
diabetes before onset [7]. On the other hand, a Swedish study
found no differences in dietary vitamin C intake before onset
between type 1 diabetes cases and controls [8]. The association
between plasma ascorbic acid concentration and islet autoim-
munity or the subsequent development of type 1 diabetes has
not been investigated. Plasma ascorbic acid represents the most
accurate measure of available vitamin C in the body [9, 10].

Genetic variation in vitamin C metabolic pathways causes
inter-individual differences in plasma and tissue ascorbic acid
availability [9], which might similarly contribute to type 1
diabetes risk. The metabolism of ascorbic acid is regulated
by key proteins called sodium L-ascorbic acid transporters
(SVCTs). Two isoforms, hSVCT1 and hSVCT2, encoded by
the genes SLC23A1 and SLC23A2, respectively, control the
active transport of ascorbic acid across cell membranes and
uptake to tissues [11]. hSVCTI expression is confined to
epithelia in renal, intestinal and hepatic tissues, while
hSVCT?2 is responsible for tissue-specific uptake.

The SNP 1s33972313, a low-frequency missense variant in
SLC23A1, has been consistently associated with lower circu-
lating ascorbic acid status [11]. Other SNPs in SLC23A1


https://www.niddkrepository.org/studies/teddy

Diabetologia

(intronic SNPs 156596473 and 1s4257763, and promoter SNP
rs10063949) have also been associated with ascorbic acid
concentration, but less consistently. Furthermore, intronic
SNPs (rs6053005 and rs1279683) in SLC23A2 have been
associated with ascorbic acid concentration [11-14]. Less is
known about the importance of the second pathway, the solute
carrier family 2 (SLC2A; also called GLUT) family proteins
that transport dehydroascorbic acid (DHA) into cells where it
is converted into ascorbic acid [15].

The aim of this study was to examine the association of
plasma ascorbic acid concentration with the risk of islet auto-
immunity and type 1 diabetes in children with a high genetic
risk of type 1 diabetes. Furthermore, we studied the associa-
tion of plasma ascorbic acid with the risk of islet autoimmu-
nity relative to the first autoantibody to be observed (either
insulin autoantibody [IAA] or GAD autoantibody [GADA],
referred to hereafter as IAA first and GADA first, respective-
ly), because the type of autoantibody appearing first may
reflect different disease processes [16—18]. In addition, we
examined whether vitamin C metabolism genes available on
the ImmunoChip are associated with, or modify, the associa-
tion between plasma ascorbic acid and the development of
islet autoimmunity and type 1 diabetes. This included a
protein-coding missense SNP in SLC23A1 (1s33972313),
two intronic SLC2A1 (also known as GLUTI, 1p34.2) SNPs
(rs1105297 and rs3754223), and an SLC2A2 (also known as
GLUT?2, 3q26.2) SNP (rs5400) in the dehydro-L-ascorbic acid
transport genes.

Methods

Study design The study was performed as a nested case—
control study within The Environmental Determinants of
the Diabetes in the Young (TEDDY) study. The TEDDY
study is an international multicentre observational cohort
study that prospectively follows children from birth in the
search for environmental factors involved in the develop-
ment of islet autoimmunity and subsequent type 1 diabetes
in genetically susceptible children (based upon HLA geno-
type), as described in detail previously [19, 20]. Written
informed consents have been obtained for all study partic-
ipants, from a parent or primary caretaker, separately, for
genetic screening and participation in prospective follow-
up visits. The study is funded by the National Institutes of
Health (NIH) and the National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK) and approved
by local Institutional Review Boards and monitored by an
External Advisory Board. The TEDDY study is conducted
in clinical research centres in the USA (Colorado, Georgia/
Florida, Washington State), Finland, Sweden and
Germany.

Study population Between 1 September 2004 and 28
February 2010, a total of 424,788 new-born infants were
screened for type 1 diabetes-associated HLA genotypes.
Eligibility criteria for initial contact was one of the following
HLA class II genotypes: HLA-DR3/4; HLA-DR4/4; HLA-
DR4/8; HLA-DR3/3 and HLA-DR4/4. Infants with HLA-DR
genotypes HLA-DR4/1, HLA-DR4/13, HLA-DR4/9 and HLA-
DR3/9 were included only if they had a first-degree relative
(i.e. mother, father or sibling) with type 1 diabetes [21]. Of the
eligible infants, 21,589 had type 1 diabetes genetic risk based
on HLA genotyping and 8676 children were enrolled.
Children were followed every 3 months with a scheduled
clinic visit until the age of 4 years, and every 6 months there-
after until being diagnosed with type 1 diabetes. Children with
islet autoimmunity were followed every 3 months throughout
the study. Of the enrolled children, 2211 (25.5% of the 8676)
were withdrawn or lost to follow-up by 6 years of age at the
time of the design.

Outcomes The primary outcomes in this study were persistent
confirmed islet autoimmunity and the diagnosis of type 1
diabetes. Persistent confirmed islet autoimmunity was defined
by appearance of one or more islet cell autoantibodies (IAA,
GAD, or autoantibody to tyrosine phosphatase-related islet
antigen 2 [[A-2A], also known as insulinoma antigen-2 anti-
body) confirmed at two consecutive visits. Type 1 diabetes
diagnosis was based on American Diabetes Association
criteria [22]. Different autoantibodies may be associated with
different disease processes [16—18] and therefore secondary
analyses were conducted regarding timing of autoantibodies:
IAA first and GADA first.

Nested case-control design

The current study was performed with risk set sampling
described previously [23]. The study was conducted in two
nested case—control designs within the TEDDY study: (1) for
islet autoimmunity outcome; and (2) for type 1 diabetes
outcome. Three matched controls were selected per islet auto-
immunity and type 1 diabetes case. Children were matched for
family history of type 1 diabetes, clinical centre and sex. The
nested case—control study sets were based on the data collect-
ed as of 31 May 2012 [23].

The islet autoimmunity outcome analysis included 350
cases with median seroconversion age of 23 months (range
6-72 months) and 974 matched controls. Islet autoimmunity
cases were defined as a participant with persistent islet auto-
immunity. A control was defined as a participant who had not
developed persistent islet autoimmunity by the time that the
corresponding matched case had done, plus 45 days. The islet
autoimmunity case—control set used for the statistical analyses
consisted of 3371 plasma samples taken for ascorbic acid
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measurement. Three hundred and sixty-five samples failed the
laboratory’s internal quality control. Samples from controls
were processed only when the matched case had an available
sample at a corresponding visit. The mean ascorbic acid level
for each child was calculated from all available measurements.

Type 1 diabetes outcome analysis consisted of 102 cases with
median age of 31 months at diagnosis (range 875 months) and
282 matched controls. A control for a type 1 diabetes case was
defined as a participant who had not developed type 1 diabetes
by the time the corresponding matched case had done so, plus
45 days. Of the 350 islet autoimmunity cases, 74 were also
analysed as type 1 diabetes cases. Those islet autoimmunity
cases who developed type 1 diabetes but had seroconverted
already before the first plasma sample was collected for ascorbic
acid measurement (collection started at 6 months of age) were
included only in the type 1 diabetes analysis. Thus, 28 type 1
diabetes cases were included only for type 1 diabetes analysis.

Secondary outcome analyses were performed within the
islet autoimmunity nested case—control design. The islet auto-
immunity dataset included 163 IAA first cases with median
seroconversion age of 18 months (range 6—72 months) and
450 controls. Within the islet autoimmunity dataset there were
120 GADA first cases with median seroconversion age of
28 months (range 6—68 months) with 336 controls.

Plasma ascorbic acid measurements Plasma samples for
ascorbic acid measurement were collected at the age of
6 months and 12 months, and then annually until 6 years of
age or until and including the time of seroconversion of the
islet autoimmunity cases, and for type 1 diabetes cases the
visit just preceding the type 1 diabetes diagnosis (with corre-
sponding time for matched controls). Stabilisers were added to
plasma samples intended for ascorbic acid analysis before
freezing to minimise degradation of ascorbic acid [24]. After
sample collection at the clinical centres, 50 pl of sodium
citrate plasma (in BD Vacutainer CPT Cell Preparation
Tubes [Becton Dickinson, Franklin Lakes, NJ, USA]) was
transferred into cryovials and 0.2 ml of 5% (wt/vol.) trichlo-
roacetic acid and 200 mg disodium EDTA was added, with
subsequent freezing at —70°C. A long-distance protocol was
developed for the collection of blood samples from families
living away from their nearest TEDDY study clinic (most
frequently being the case in Germany compared with the other
countries). In the long-distance collection protocol, blood
samples were obtained by a family paediatrician and
transported within 24 h to the TEDDY study clinic site.
Case samples were paired with matched control samples and
randomly placed within a batch before samples were
transported to the laboratory.

Ascorbic acid measurements were performed at the
Biochemistry Laboratory, Genomics and Biomarkers Unit,
National Institute for Health and Welfare (THL), Helsinki,
Finland. Ascorbic acid was determined by an ion-paired,
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reversed-phase, high-performance liquid chromatographic
method using electrochemical detection, as described [24].
Isoascorbic acid was used as internal standard for the quantifi-
cation of ascorbic acid. The laboratory staff were blinded to the
case—control status of samples. The laboratory included three
internal quality control samples of three ascorbic acid levels in
each run (altogether nine samples). Precision within the project,
expressed as the CV of the quality control samples, was 9.2—
12.6% at a concentration range of 4.6-11.2 mg/l. During the
project, the laboratory participated three times in an external
quality assessment scheme (National Institute of Standards and
Technology (NIST) Micronutrients Measurement Quality
Assurance Program for Total Ascorbic Acid). The results were
in excellent concordance with NIST values.

Genotyping Illumina Infintum ImmunoChip custom microar-
ray was used for SNP genotyping, based upon robust genome-
wide association analyses (GWAS) in 12 autoimmune
diseases (including type 1 diabetes). The ImmunoChip array
contained 195,806 SNPs that were genotyped on TEDDY
study DNA samples. Principal components analysis (PCA)
using EIGENSTRAT software (Department of Genetics,
Harvard Medical School, Boston, MA, USA) was performed
using each unrelated TEDDY study participant to estimate
ancestry, with the two most significant principal components
used as covariates in analytical models. For our primary
hypothesis on SNPs in ascorbic acid pathways, SLC23A1
(rs33972313), SLC2A1 (rs1105297 and rs3754223) and
SLC2A2 (rs5400) were on the ImmunoChip, passed quality
control metrics and were selected for analysis.

Statistical analyses A linear mixed effects model adjusted for
the case—control status was used to examine whether plasma
ascorbic acid over time was different by the use of standard vs
long-distance protocol, country, SNPs and other risk factors
for type 1 diabetes. The random effects for participant were
nested within the random effects for case—control set in the
model. Weight z score and height z score were derived from
Centers for Disease Control and Prevention standardised
growth charts.

Plasma ascorbic acid was analysed up to the case’s event age
specific to each nested case—control set. The measures were
from all visits prior to and including the first of two consecutive
visits at which the child tested positive for an autoantibody for
islet autoimmunity analysis and prior to the diagnosis for type 1
diabetes analysis. The mean of the corresponding measures for
each participant (childhood ascorbic acid) was compared
between matched case and control children. Conditional logis-
tic regression was used to assess the association between the
characteristics of interest and the case—control status.
Interaction term with the matching factors was tested for the
effect modification. All analyses were adjusted for HLA geno-
type (HLA-DR3/4 vs other) and two principal components of
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ancestry to control for population stratification. The log-
linearity of the characteristic with each outcome was examined
using the supremum test [25]. All analyses were performed
using SAS 9.4 (SAS Institute, Cary, NC, USA). A two-sided
p value <0.05 was considered statistically significant.

Results

Background characteristics The mean and SD of childhood
plasma ascorbic acid concentrations are shown according to
matching variables in islet autoimmunity and type 1 diabetes
case—control children in Table 1. The mean (+ SD) plasma
ascorbic acid concentration for islet autoimmunity cases and
controls was 10.21 +3.33 mg/l and 10.76 + 3.54 mg/I, respec-
tively. For the type 1 diabetes cases and controls, the mean
(£ SD) plasma ascorbic acid concentration was 9.73 +
3.18 mg/l and 10.58 +3.57 mg/l, respectively.

Plasma ascorbic acid concentrations did not differ by the
use of standard protocol vs long-distance protocol. As poten-
tial risk factors for type 1 diabetes, we examined growth vari-
ables (mean height and weight z score prior to the outcome),
as well as breastfeeding status at 3 and 6 months.
Breastfeeding was associated with lower plasma ascorbic acid
status (mixed model regression variables estimate [SE]: —0.96
[0.26], p<0.001 for breastfeeding vs not breastfeeding at

3 months and —0.77 [0.23], p<0.001 for breastfeeding vs
not breastfeeding at 6 months) but no significant association
was found with the outcomes. Higher weight or height z
scores were associated with lower plasma ascorbic acid
concentration (—0.28 [0.10], p =0.006 and —0.12 [0.04], p=
0.001, respectively). Because weight was also associated with
islet autoimmunity (OR [95% CI]: 1.23 [1.07, 1.41] for any
islet autoimmunity; 1.24 [1.01, 1.51] for IAA first; 1.32 [1.05,
1.65] for GADA first), we adjusted for mean weight z score in
the models examining ascorbic acid concentration vs
outcomes.

Primary outcomes: islet autoimmunity and type 1 diabetes
Childhood plasma ascorbic acid status was inversely associ-
ated with islet autoimmunity (OR 0.96 [95% CI 0.92, 0.99],
p =0.04) but the association with type 1 diabetes risk was not
significant (OR 0.93 [95% CI 0.86 1.02], p=0.11) (Table 2).
Adjustment for mean weight z score prior to the outcome
showed a similar pattern: islet autoimmunity OR 0.96 (95%
CI 0.92, 1.00), p=0.06; type 1 diabetes OR 0.93 (95% CI
0.86, 1.02), p=0.11. All the outcome analyses were adjusted
for ethnicity and HLA-DR3/4 genotype. The association
between plasma ascorbic acid concentration and risk of islet
autoimmunity and type 1 diabetes was not modified by the
participant HLA-DR3/4 genotype, clinical centre, sex or fami-
ly history of type 1 diabetes.

Table 1 Mean childhood plasma

ascorbic acid in islet autoimmu- Matching variable

Islet autoimmunity

Type 1 diabetes

nity and type 1 diabetes cases and

controls No. (%) of cases ~ Plasma ascorbic acid No. (%) Plasma ascorbic acid
concentration (mg/1)* of cases concentration (mg/1)*
Cases Controls Cases Controls
Clinical centre
Colorado 51 (14.6) 11.7+£30 122+33 15(147) 120+25 122+3.1
Georgia 24 (6.9) 125+35 123+34 6(5.9) 13.1+42 13.6+4.1
Washington State 34 (9.7) 114+43 118+44 7(6.9) 98+35 11.6+32
Finland 105 (30.0) 105+28 10.7+£3.0 35(343) 98+27 10.7+3.6
Germany 26 (7.4) 92+25 97+34 15147 102+£32 103+38
Sweden 110 (31.4) 8.7 +3.0 95+3.6 24(23.5) 79 +.9 8.8 +3.0
Sex
Female 157 (44.9) 10.0+34 10.7+35 47@46.1) 102+31 102+3.1
Male 193 (55.1) 104 +£32 108+3.7 55(53.9) 9.7+33 112+40
FDR/GP status
FDR 76 (21.7) 10.8+3.1 11.1+3.7 36(353) 108+28 11.0+38
GP 274 (78.3) 100 £34 10.7+3.5 66 (64.7) 95+34 106 +3.6

Plasma ascorbic acid concentrations are presented as mean = SD

#Mean childhood plasma ascorbic acid; includes measures from all visits prior to and including the seroconver-
sion visit, which is the first of two consecutive visits at which the child tested positive for an autoantibody. To
convert ascorbic acid concentration to umol/l, multiply values in mg/l by 5.678

FDR, first-degree relative of an individual with type 1 diabetes; GP, from the general population (no first-degree

relative with type 1 diabetes)
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Table2 Risk oftype 1 diabetes-related outcomes associated with child-
hood plasma ascorbic acid

Outcome OR (95% CI1)* p value
Islet autoimmunity 0.96 (0.92, 0.99) 0.041
(cases, n=350)

Type 1 diabetes 0.93 (0.86, 1.02) 0.109
(cases, n=102)

TAA first 0.94 (0.88, 0.99) 0.028
(cases, n=163)

GADA first 0.99 (0.93, 1.07) 0.988

(cases, n=120)

Data are presented as OR (95% CI) per 1 mg/l increase in childhood
ascorbic acid concentration

Mean childhood plasma ascorbic acid includes measures from all visits
prior to and including the seroconversion visit, which is the first of two
consecutive visits at which the child tested positive for an autoantibody,
and for type 1 diabetes all visits prior to diagnosis. To convert ascorbic
acid concentration to pmol/l, multiply values in mg/l by 5.678

 Adjusted for two largest principal components for ethnicity and HLA-
DR3/4 genotype

Secondary outcomes: IAA first and GADA first Childhood plas-
ma ascorbic acid status was inversely associated with the risk
of TAA first (OR 0.94 [95% CI 0.88, 0.99], p=10.03).
Adjustment for mean weight z score prior to the outcome
produced similar results (OR 0.93 [95% CI 0.88, 0.99], p=
0.03). Plasma ascorbic acid concentration was not associated
with GADA first (OR 0.99 [95% C1 0.93, 1.07], p =0.99). All
the outcome analyses were adjusted for ethnicity and HLA-
DR3/4 genotype. The HLA-DR3/4 genotype did not modify
the association between plasma ascorbic acid concentration
and the risk of [AA first or risk of GADA first.

SNPs and outcomes and effect modification by SNPs The
SLC23A1 133972313 minor allele carriers had lower mean
plasma ascorbic acid concentration than non-carriers (mixed
model regression variable estimate [SE]: —2.22 [0.46],
p<0.001). However, the SNP was not associated with the risk
of islet autoimmunity or type 1 diabetes (Table 3), nor with
IAA first or GADA first (data not shown). Furthermore,
SLC23A1 rs33972313 did not modify the association between
plasma ascorbic acid and the risk of islet autoimmunity or type
1 diabetes (Table 3), IAA first (interaction p = 0.43) or GADA
first (interaction p =0.10). DHA transport gene SNPs in
SLC2A1 (rs1105297 and rs3754223) were not associated with
plasma ascorbic acid concentration (p =0.32 and p =0.76) or
the risk of islet autoimmunity, type 1 diabetes, IAA first or
GADA first, either alone or in conjunction with the plasma
ascorbate status. They did not modify the association between
plasma ascorbic acid and the risk of islet autoimmunity or type
1 diabetes (Table 3), TAA first or GADA first (data not
shown).

SLC2A2 155400 was not associated with plasma ascorbic
acid concentration (p = 0.54) or the risk of islet autoimmunity,
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TIAA first or GADA first; however, SLC2A2 rs5400 was asso-
ciated with increased risk of type 1 diabetes (OR 1.66 [95% CI
1.06, 2.60], p=0.028) (Table 3). The association remained
even after adjusting for plasma ascorbic acid in addition to
the two largest principal components for ethnicity and HLA-
DR3/4 genotype. In this model, rs5400 was associated with
increased risk of type 1 diabetes (OR 1.77 [95% CI 1.12,
2.80], p=0.015), while plasma ascorbic acid concentration
showed no association (OR 0.92 [95% CI 0.84, 1.00], p=
0.058). The SLC2A2 rs5400 SNP did not modify the associa-
tion of plasma ascorbic acid status with the risk of islet auto-
immunity or type 1 diabetes, IAA first or GADA first.

Discussion

In this relatively large prospective study, mean ascorbic acid
concentration in plasma was inversely associated with the risk
of islet autoimmunity, but not type 1 diabetes, in children with
increased genetic risk of type 1 diabetes. The association between
ascorbic acid and type 1 diabetes was, however, only marginally
different and showed a stronger point estimate compared with
islet autoimmunity. The SNPs investigated in our study (i.e.
SNPs in ascorbic acid or dehydroascorbic acid transport genes)
did not modify the observed associations with islet autoimmunity
and the SNPs themselves were not associated with islet autoim-
munity. However, the presence of the minor alleles in SLC2A2
rs5400 appeared to increase the risk of type 1 diabetes.
Furthermore, SNP 1s33972313 in SLC23A1 was associated with
lower plasma ascorbic acid concentrations, in line with previous
studies, and appeared to increase type 1 diabetes risk, although
the finding was of borderline significance (p = 0.06).

One of the strengths of our study is the large multinational
study sample with multiple measurements of plasma ascorbic
acid as well as genetic information. To our best knowledge,
our study is the first one to assess prospectively whether plas-
ma ascorbic acid concentration (and genetic variation related
to ascorbic acid) is associated with development of islet auto-
immunity and type 1 diabetes. Measurement of ascorbic acid
concentration in the plasma may more accurately reflect avail-
ability to tissues, as compared with dietary intake measure-
ments. Previous case—control studies have assessed ascorbic
acid intake from diet and supplements using questionnaire [7,
8]. Another strength is that we were able to investigate the
endpoints of IAA first and GADA first separately; this is
important because they may reflect different disease process-
es. IAA usually appears during the first to second year of life,
whereas GADA usually appears at 3—5 years of age or even
later [26, 27]. In other words, we were able to study associa-
tions of plasma ascorbic acid at very early stages of autoim-
munity development. A limitation of our study is the use of
array platform for measuring genetic information on SNPs, as
this might not determine the target genes accurately.
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Table 3

Risk of islet autoimmunity and type 1 diabetes associated with ascorbic acid transport gene polymorphisms and effect modification between
the genes and childhood plasma ascorbic acid on the islet autoimmunity and type 1 diabetes risk

Gene SNP (minor allele) Islet autoimmunity Type 1 diabetes

% of minor allele, OR (95% CI)* pvalue® p value® % of minor OR (95% CI)* p value® p value?

cases/controls allele, cases

/controls

SLC23A1° 1533972313 (A) 3.4/2.8 1.18 (0.70, 1.99) 0.533 0.158 5.4/1.6 2.52 (0.96, 6.59) 0.060 0.101
SLC2AI° 181105297 (A) 33.7/32.8 1.04 (0.86, 1.26)  0.690 0.094 33.8/32.6 1.09 (0.75, 1.56) 0.661 0.175
SLC2AI°  1s3754223 (A) 21.9/22.7 0.92 (0.74,1.15) 0473 0.959 25.5/21.6 1.40 (0.93,2.11) 0.107 0.665
SLC2A2° 155400 (A) 12.7/13.7 0.90 (0.69, 1.16) 0.408 0.456 18.6/11.7 1.66 (1.06,2.60) 0.028 0.785

 Adjusted for two largest principal components for ethnicity and HLA-DR3/4 genotype

® Indication of interaction of childhood plasma ascorbic acid with the number of transport gene SNP alleles on the risk of islet autoimmunity and type 1
diabetes, adjusted for two largest principal components for ethnicity and HLA-DR3/4 genotype

¢ Genetic data were missing from two islet autoimmunity cases, one type 1 diabetes case and five controls

Furthermore, besides HLA type and ethnicity, we could not
take into account other potential confounding factors that
might affect ascorbic acid status (e.g. endogenous stress such
as infection or genetic variation of proteins regulating oxida-
tive stress such as glutathione S-transferases and haptoglobin
[9, 10]). Other limitations of our study are that it included only
children who developed type 1 diabetes at a very early age
(mean age of diagnosis 29 months) and that the follow-up time
(up to 6 years of age) for type 1 diabetes was relatively short.

Our prospective study shows that higher plasma ascorbic
acid concentration was associated with lower risk of islet auto-
immunity, in particular with lower risk of IAA first. The
results indicate that vitamin C might be protective, particularly
during the early stages of autoimmunity development or early
in life. This is in line with previous findings linking other early
dietary exposures to IAA [16, 28].

Our study confirms previous findings that carrying the
SLC23A1 gene SNP rs33972313 minor alleles results in
reduced plasma ascorbic acid concentration [11]. The pres-
ence of the minor ‘A’ allele, results in a change from the valine
(Val/GTG) form to the methionine (Meth/ATG) form [11].
This alters the function the vitamin C transport proteins,
impairing the active transport of ascorbic acid via decreased
renal reabsorption, increased excretion and altered dose—
response of plasma ascorbic acid [29].

Our study included SNPs in genes involved in the transport
of DHA as well as ascorbic acid. Genetic variation in ascorbic
acid transport would appear more important, because vitamin C
mainly enters cells as L-ascorbic acid. However, vitamin C is
also taken up as DHA, which is the oxidised form of ascorbic
acid and is reduced back to ascorbic acid intracellularly. DHA
transport occurs through five glucose transporters encoded by
the SLC2A solute carrier gene family [30-33]. SNPs in any of
these transport-protein-encoding genes could affect cellular
ascorbate status and they are therefore all of interest in our study.

None of the SNPs investigated modified the associations
between plasma ascorbic acid and the outcomes. In addition,
our results do not imply any association between the SNPs
and islet autoimmunity. However, a common variant in the
SLC2A2 gene (rs5400) was associated with an increased risk
of type 1 diabetes, while a less frequent variant in SLC23A1
(rs33972313) showed an association of borderline statistical
significance. More studies are needed to corroborate the find-
ings and to investigate the underlying mechanisms, because
they may be related to other functions of these proteins.

Of the SNPs investigated, only rs33972313 in the
SLC23A1 gene has been shown to reduce ascorbic acid status
[11]. SLC2A proteins are well-known glucose transporters,
with the proteins encoded by SLC2A1 and SLC2A3 being
more essential for pancreatic glucose transport in humans,
compared with proteins encoded by SLC2A2, because they
are expressed at higher levels. A previous study found an
association between SLC2A2 SNP rs5400 and an increased
risk of type 2 diabetes [34] but we are not aware of studies
linking the SNP to type | diabetes.

In this study, children who were not breastfed at 3 or
6 months of age had higher plasma ascorbic acid concentra-
tion compared with children who were breastfed for longer.
This may result from early introduction of complementary
foods containing higher amounts of vitamin C. Although a
child’s plasma ascorbic acid status might be affected by mater-
nal intake of vitamin C, there are no studies assessing the
association between maternal intake of vitamin C during lacta-
tion and a child’s risk of islet autoimmunity and type 1 diabe-
tes. The mother’s adequate vitamin C status during pregnancy
is important to the development of the fetus [35] and may
affect the child’s risk of developing type 1 diabetes. However,
in a previous study, maternal vitamin C intake during pregnan-
cy was found not to be associated with the child’s risk of islet
autoimmunity or type 1 diabetes in a population with adequate
vitamin C intake [36]. It should be noted that the associations
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between ascorbic acid and type 1 diabetes outcomes may be
different at different intake levels or plasma concentrations and
inter-individual differences could also play a role. Different
results may be observed in studies performed in vitamin C-
deficient populations or in supplementation trials.

It has been suggested that higher weight gain during infan-
cy and/or childhood is related to increased risk of islet auto-
immunity and type 1 diabetes [37, 38]. In the current study,
mean weight prior to islet autoimmunity was associated with
islet autoimmunity outcomes but adjustment for weight did
not change the association between plasma ascorbic acid
concentration and the outcomes.

The associations observed in this study are novel and rela-
tively weak. Further studies are therefore needed to corrobo-
rate the findings.

Conclusions Higher plasma ascorbic acid may reduce the risk
of'islet autoimmunity in children with increased genetic risk of
type 1 diabetes. Furthermore, genetic variation in vitamin C
and glucose transporters might play a role in the development
of type 1 diabetes. Further studies are warranted to elucidate
the role of vitamin C in type 1 diabetes development.

Acknowledgements Open access funding provided by National Institute
for Health and Welfare (THL). We express our gratitude to the TEDDY
study families for their continued participation in the study. The TEDDY
Study Group is acknowledged for collaboration (see electronic supple-
mentary material [ESM]).

Data availability The datasets generated and analysed during the current
study will be made available in the NIDDK Central Repository at https://
www.niddkrepository.org/studies/teddy.

Funding The TEDDY study is funded by U01 DK63829, U0l
DK63861, U0l DK63821, U0l DK63865, UO1 DK63863, UO1
DK63836, U001 DK63790, UC4 DK63829, UC4 DK63861, UC4
DK63821, UC4 DK63865, UC4 DK63863, UC4 DK63836, UC4
DK95300, UC4 DK100238, UC4 DK106955, UC4 DK112243, UC4
DK117483 and contract no. HHSN267200700014C from the National
Institute of Diabetes and Digestive and Kidney Diseases (NIDDK),
National Institute of Allergy and Infectious Diseases (NIAID), National
Institute of Child Health and Human Development (NICHD), National
Institute of Environmental Health Sciences (NIEHS), Centers for Disease
Control and Prevention (CDC), and JDRF. This work supported in part by
the NIH/NCATS Clinical and Translational Science Awards to the
University of Florida (UL1 TR000064) and the University of Colorado
(UL1 TR001082), as well as by the Academy of Finland (grant 276475),
The Science Fund of Tampere City and Tampere Children’s Hospital
Support Foundation. The sponsors of this study were represented on the
Steering Committee and played a role in the design and conduct of the
study; collection, management, analysis, and interpretation of the data;
and preparation, review, or approval of the manuscript; and decision to
submit the manuscript for publication. The corresponding author had the
final decision to submit the manuscript for publication.

Duality of interest The authors declare that there is no duality of interest
associated with this manuscript.

Contribution statement MM contributed to the study design, analysis,
interpretation of data, critical revision of the manuscript and the drafting

@ Springer

of the manuscript. IE contributed to the study design, analysis, interpre-
tation of data and critical revision of the manuscript, and supervised
ascorbic acid laboratory analyses. H-SL performed statistical analysis
and contributed to the interpretation of data and revision of the manu-
script. SN contributed to the study design, analysis, interpretation of data
and critical revision of the manuscript. UU, CAA, SH, HP, SSR, WH, JT,
AL, AGZ, MR, JPK and JMN contributed to the acquisition and inter-
pretation of the data and critically reviewed the manuscript. SMV contrib-
uted to the study concept and design, analysis, acquisition and interpre-
tation of data, drafting of the manuscript and critical revision of the
manuscript. All authors approved the final version of the article. MM,
H-SL and SMV are the guarantors of this work, had full access to all the
data in the study, and take responsibility for the integrity of the data and
the accuracy of the data analysis.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Lei XG, Vatamaniuk MZ (2011) Two tales of antioxidant enzymes
on beta cells and diabetes. Antioxid Redox Signal 14(3):489-503.
https://doi.org/10.1089/ars.2010.3416

2. Miki A, Ricordi C, Sakuma Y et al (2018) Divergent antioxidant
capacity of human islet cell subsets: a potential cause of beta-cell
vulnerability in diabetes and islet transplantation. PLoS One 13(5):
€0196570. https://doi.org/10.1371/journal.pone.0196570

3. Davison GW, Ashton T, George L et al (2008) Molecular detection
of exercise-induced free radicals following ascorbate prophylaxis in
type 1 diabetes mellitus: a randomised controlled trial. Diabetologia
51(11):2049-2059. https://doi.org/10.1007/s00125-008-1101-1

4. Al-Zuhair H, Mohamed HE (1998) Vitamin C attenuation of the
development of type I diabetes mellitus by interferon-«. Pharmacol
Res 38(1):59-64. https://doi.org/10.1006/phrs.1998.0323

5. MandlJ, Szarka A, Banhegyi G (2009) Vitamin C: update on phys-
iology and pharmacology. Br J Pharmacol 157(7):1097-1110.
https://doi.org/10.1111/j.1476-5381.2009.00282.x

6. Kaneto H, Kajimoto Y, Miyagawa J et al (1999) Beneficial effects
of antioxidants in diabetes: possible protection of pancreatic 3-cells
against glucose toxicity. Diabetes 48(12):2398-2406. https://doi.
org/10.2337/diabetes.48.12.2398

7. Glatthaar C, Whittall DE, Welborn TA et al (1988) Diabetes in
Western Australian children: descriptive epidemiology. Med J
Aust 148(3):117-123. https://doi.org/10.5694/j.1326-5377.1988.
tb112770.x

8. Dahlquist GG, Blom LG, Persson LA, Sandstrom Al, Wall SG
(1990) Dietary factors and the risk of developing insulin dependent
diabetes in childhood. BMJ 300(6735):1302—1306. https://doi.org/
10.1136/bm;j.300.6735.1302

9. Michels AJ, Hagen TM, Frei B (2013) Human genetic variation
influences vitamin C homeostasis by altering vitamin C transport
and antioxidant enzyme function. Annu Rev Nutr 33(1):45-70.
https://doi.org/10.1146/annurev-nutr-071812-161246

10. Dehghan M, Akhtar-Danesh N, McMillan CR, Thabane L (2007) Is
plasma vitamin C an appropriate biomarker of vitamin C intake? A
systematic review and meta-analysis. Nutr J 6:41-2891-6-41

11.  Timpson NJ, Forouhi NG, Brion MJ et al (2010) Genetic variation
at the SLC23A1 locus is associated with circulating concentrations


https://www.niddkrepository.org/studies/teddy
https://www.niddkrepository.org/studies/teddy
https://doi.org/10.1089/ars.2010.3416
https://doi.org/10.1371/journal.pone.0196570
https://doi.org/10.1007/s00125-008-1101-1
https://doi.org/10.1006/phrs.1998.0323
https://doi.org/10.1111/j.1476-5381.2009.00282.x
https://doi.org/10.2337/diabetes.48.12.2398
https://doi.org/10.2337/diabetes.48.12.2398
https://doi.org/10.5694/j.1326-5377.1988.tb112770.x
https://doi.org/10.5694/j.1326-5377.1988.tb112770.x
https://doi.org/10.1136/bmj.300.6735.1302
https://doi.org/10.1136/bmj.300.6735.1302
https://doi.org/10.1146/annurev-nutr-071812-161246

Diabetologia

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

of L-ascorbic acid (vitamin C): evidence from 5 independent studies
with >15,000 participants. Am J Clin Nutr 92(2):375-382. https://
doi.org/10.3945/ajcn.2010.29438

Cahill LE, El-Sohemy A (2009) Vitamin C transporter gene poly-
morphisms, dietary vitamin C and serum ascorbic acid. J Nutrigenet
Nutrigenomics 2(6):292-301. https://doi.org/10.1159/000314597
Skibola CF, Bracci PM, Halperin E et al (2008) Polymorphisms in
the estrogen receptor 1 and vitamin C and matrix metalloproteinase
gene families are associated with susceptibility to lymphoma. PLoS
One 3(7):¢2816. https://doi.org/10.1371/journal.pone.00028 16
Zanon-Moreno V, Ciancotti-Olivares L, Asencio J et al (2011)
Association between a SLC23A2 gene variation, plasma vitamin
C levels, and risk of glaucoma in a Mediterranean population.
Mol Vis 17:2997-3004

Shaghaghi MA, Kloss O, Eck P (2016) Genetic variation in human
vitamin C transporter genes in common complex diseases. Adv
Nutr 7(2):287-298. https://doi.org/10.3945/an.115.009225
Krischer JP, Lynch KF, Lernmark A et al (2017) Genetic and envi-
ronmental interactions modify the risk of diabetes-related autoim-
munity by 6 years of age: the TEDDY study. Diabetes Care 40(9):
1194-1202. https://doi.org/10.2337/dc17-0238

Kirischer JP, Liu X, Lernmark A et al (2017) The influence of type 1
diabetes genetic susceptibility regions, age, sex, and family history
on the progression from multiple autoantibodies to type 1 diabetes:
a TEDDY study report. Diabetes 66(12):3122-3129. https://doi.
org/10.2337/db17-0261

Lynch KF, Lee HS, Torn C et al (2018) Gestational respiratory
infections interacting with offspring HLA and CTLA-4 modifies
incident (3-cell autoantibodies. J Autoimmun 86:93—103. https://
doi.org/10.1016/j.jaut.2017.09.005

TEDDY Study Group (2007) The Environmental Determinants of
Diabetes in the Young (TEDDY) study: study design. Pediatr
Diabetes 8(5):286-298. https://doi.org/10.1111/1.1399-5448.2007.
00269.x

TEDDY Study Group (2008) The Environmental Determinants of
Diabetes in the Young (TEDDY) study. Ann N 'Y Acad Sci 1150(1):
1-13. https://doi.org/10.1196/annals.1447.062

Hagopian WA, Erlich H, Lernmark A et al (2011) The
Environmental Determinants of Diabetes in the Young
(TEDDY): genetic criteria and international diabetes risk screening
of 421 000 infants. Pediatr Diabetes 12(8):733-743. https://doi.
org/10.1111/j.1399-5448.2011.00774 x

American Diabetes Association (2014) Executive summary: stan-
dards of medical care in diabetes—2014. Diabetes Care 37(Suppl 1):
S5-S13

Lee HS, Burkhardt BR, McLeod W et al (2014) Biomarker discov-
ery study design for type 1 diabetes in the Environmental
Determinants of Diabetes in the Young (TEDDY) study. Diabetes
Metab Res Rev 30(5):424-434. https://doi.org/10.1002/dmrr.2510
Salminen I, Alfthan G (2008) Plasma ascorbic acid preparation and
storage for epidemiological studies using TCA precipitation. Clin
Biochem 41(9):723-727. https://doi.org/10.1016/j.clinbiochem.
2007.01.026

Borgan O, Zhang Y (2015) Using cumulative sums of martingale
residuals for model checking in nested case-control studies.
Biometrics 71(3):696-703. https://doi.org/10.1111/biom.12308
Ilonen J, Hammais A, Laine AP et al (2013) Patterns of 3-cell
autoantibody appearance and genetic associations during the first

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

years of life. Diabetes 62(10):3636-3640. https://doi.org/10.2337/
db13-0300

Kirischer JP, Lynch KF, Schatz DA et al (2015) The 6 year incidence
of diabetes-associated autoantibodies in genetically at-risk children:
the TEDDY study. Diabetologia 58(5):980-987. https://doi.org/10.
1007/s00125-015-3514-y

Niinisto S, Takkinen HM, Erlund I et al (2017) Fatty acid status in
infancy is associated with the risk of type 1 diabetes-associated
autoimmunity. Diabetologia 60(7):1223-1233. https://doi.org/10.
1007/s00125-017-4280-9

Corpe CP, Tu H, Eck P et al (2010) Vitamin C transporter Slc23al
links renal reabsorption, vitamin C tissue accumulation, and peri-
natal survival in mice. J Clin Invest 120(4):1069—1083. https://doi.
org/10.1172/JCI39191

Rumsey SC, Kwon O, Xu GW, Burant CF, Simpson I, Levine M
(1997) Glucose transporter isoforms GLUT1 and GLUT3 transport
dehydroascorbic acid. J Biol Chem 272(30):18982-18989. https://
doi.org/10.1074/jbc.272.30.18982

Montel-Hagen A, Kinet S, Manel N et al (2008) Erythrocyte Glutl
triggers dehydroascorbic acid uptake in mammals unable to synthe-
size vitamin C. Cell 132(6):1039-1048. https://doi.org/10.1016/;.
cell.2008.01.042

Rumsey SC, Daruwala R, Al-Hasani H, Zarnowski MJ, Simpson
1A, Levine M (2000) Dehydroascorbic acid transport by GLUT4 in
Xenopus oocytes and isolated rat adipocytes. J Biol Chem 275(36):
28246-28253. https://doi.org/10.1074/jbc.M000988200

Corpe CP, Eck P, Wang J, Al-Hasani H, Levine M (2013) Intestinal
dehydroascorbic acid (DHA) transport mediated by the facilitative
sugar transporters, GLUT2 and GLUTS. J Biol Chem 288(13):
9092-9101. https://doi.org/10.1074/jbc.M112.436790

Gaulton KJ, Willer CJ, Li Y et al (2008) Comprehensive association
study of type 2 diabetes and related quantitative traits with 222
candidate genes. Diabetes 57(11):3136-3144. https://doi.org/10.
2337/db07-1731

WHO (2004) Vitamin and mineral requirements in human nutrition.
Second edition. Available at http://www.who.int/nutrition/
publications/micronutrients/9241546123/en/. Accessed 13
March 2018

Uusitalo L, Kenward MG, Virtanen SM et al (2008) Intake of anti-
oxidant vitamins and trace elements during pregnancy and risk of
advanced beta cell autoimmunity in the child. Am J Clin Nutr 88(2):
458-464. https://doi.org/10.1093/ajcn/88.2.458

Elding Larsson H, Vehik K, Haller MJ et al (2016) Growth and risk
for islet autoimmunity and progression to type 1 diabetes in early
childhood: the Environmental Determinants of Diabetes in the
Young study. Diabetes 65(7):1988—-1995. https://doi.org/10.2337/
db15-1180

Hypponen E, Virtanen SM, Kenward MG, Knip M, Akerblom HK,
Childhood Diabetes in Finland Study Group (2000) Obesity,
increased linear growth, and risk of type 1 diabetes in children.
Diabetes Care 23(12):1755-1760. https://doi.org/10.2337/diacare.
23.12.1755

Publisher's note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3945/ajcn.2010.29438
https://doi.org/10.3945/ajcn.2010.29438
https://doi.org/10.1159/000314597
https://doi.org/10.1371/journal.pone.0002816
https://doi.org/10.3945/an.115.009225
https://doi.org/10.2337/dc17-0238
https://doi.org/10.2337/db17-0261
https://doi.org/10.2337/db17-0261
https://doi.org/10.1016/j.jaut.2017.09.005
https://doi.org/10.1016/j.jaut.2017.09.005
https://doi.org/10.1111/j.1399-5448.2007.00269.x
https://doi.org/10.1111/j.1399-5448.2007.00269.x
https://doi.org/10.1196/annals.1447.062
https://doi.org/10.1111/j.1399-5448.2011.00774.x
https://doi.org/10.1111/j.1399-5448.2011.00774.x
https://doi.org/10.1002/dmrr.2510
https://doi.org/10.1016/j.clinbiochem.2007.01.026
https://doi.org/10.1016/j.clinbiochem.2007.01.026
https://doi.org/10.1111/biom.12308
https://doi.org/10.2337/db13-0300
https://doi.org/10.2337/db13-0300
https://doi.org/10.1007/s00125-015-3514-y
https://doi.org/10.1007/s00125-015-3514-y
https://doi.org/10.1007/s00125-017-4280-9
https://doi.org/10.1007/s00125-017-4280-9
https://doi.org/10.1172/JCI39191
https://doi.org/10.1172/JCI39191
https://doi.org/10.1074/jbc.272.30.18982
https://doi.org/10.1074/jbc.272.30.18982
https://doi.org/10.1016/j.cell.2008.01.042
https://doi.org/10.1016/j.cell.2008.01.042
https://doi.org/10.1074/jbc.M000988200
https://doi.org/10.1074/jbc.M112.436790
https://doi.org/10.2337/db07-1731
https://doi.org/10.2337/db07-1731
http://www.who.int/nutrition/publications/micronutrients/9241546123/en/
http://www.who.int/nutrition/publications/micronutrients/9241546123/en/
https://doi.org/10.1093/ajcn/88.2.458
https://doi.org/10.2337/db15-1180
https://doi.org/10.2337/db15-1180
https://doi.org/10.2337/diacare.23.12.1755
https://doi.org/10.2337/diacare.23.12.1755

	Plasma ascorbic acid and the risk of islet autoimmunity and type 1 diabetes: the TEDDY study
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Nested case–control design

	Results
	Discussion
	References


