
Vol.:(0123456789)

European Journal of Nutrition 
https://doi.org/10.1007/s00394-024-03346-6

ORIGINAL CONTRIBUTION

Intake of B vitamins and the risk of developing islet autoimmunity 
and type 1 diabetes in the TEDDY study

Leena Hakola1,2  · Lazarus K. Mramba3 · Ulla Uusitalo3 · Carin Andrén Aronsson4,5 · Sandra Hummel6,7,8 · 
Sari Niinistö9 · Iris Erlund10 · Jimin Yang3 · Marian J. Rewers11 · Beena Akolkar12 · Richard A. McIndoe13 · 
Stephen S. Rich14 · William A. Hagopian15 · Anette Ziegler6,16 · Åke Lernmark17 · Jorma Toppari18,19 · 
Jeffrey P. Krischer3 · Jill M. Norris20 · Suvi M. Virtanen1,2,9,21 · The TEDDY Study Group

Received: 29 September 2023 / Accepted: 20 January 2024 
© The Author(s) 2024

Abstract
Purpose  The aim was to study the association between dietary intake of B vitamins in childhood and the risk of islet auto-
immunity (IA) and progression to type 1 diabetes (T1D) by the age of 10 years. 
Methods We followed 8500 T1D-susceptible children born in the U.S., Finland, Sweden, and Germany in 2004 -2010 from 
the Environmental Determinants of Diabetes in the Young (TEDDY) study, which is a prospective observational birth cohort. 
Dietary intake of seven B vitamins was calculated from foods and dietary supplements based on 24-h recall at 3 months and 
3-day food records collected regularly from 6 months to 10 years of age. Cox proportional hazard models were adjusted for 
energy, HLA-genotype, first-degree relative with T1D, sex, and country. 
Results A total of 778 (9.2) children developed at least one autoantibody (any IA), and 335 (3.9%) developed multiple 
autoantibodies. 280 (3.3%) children had IAA and 319 (3.8%) GADA as the first autoantibody. 344 (44%) children with IA 
progressed to T1D. We observed that higher intake of niacin was associated with a decreased risk of developing multiple 
autoantibodies (HR 0.95; 95% CI 0.92, 0.98) per 1 mg/1000 kcal in niacin intake. Higher intake of pyridoxine (HR 0.66; 95% 
CI 0.46, 0.96) and vitamin B12 (HR 0.87; 95% CI 0.77, 0.97) was associated with a decreased risk of IAA-first autoimmunity. 
Higher intake of riboflavin (HR 1.38; 95% CI 1.05, 1.80) was associated with an increased risk of GADA-first autoimmun-
ity. There were no associations between any of the B vitamins and the outcomes “any IA” and progression from IA to T1D. 
Conclusion In this multinational, prospective birth cohort of children with genetic susceptibility to T1D, we observed some 
direct and inverse associations between different B vitamins and risk of IA.
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IA-2A  Insulinoma antigen-2 autoantibody
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TEDDY  The Environmental Determinants of Diabetes in 

the Young

Introduction

Type 1 diabetes (T1D) is characterized by the appearance of 
circulating islet autoantibodies indicating islet autoimmunity 
(IA) before clinical diagnosis [1]. Both genetic and envi-
ronmental factors contribute to the development of IA and 
T1D. It has been suggested that there might be endotypes of 
T1D, with specific first appearing autoantibodies and pos-
sibly endotype-specific risk factors [1].

Dietary factors as risk or protective factors of islet auto-
immunity or T1D have been studied relatively widely, 
mostly in observational studies [2], however, the B vitamins 
have so far gained only little attention. The B vitamins are 
a group of water-soluble vitamins with a variety of func-
tions in metabolism and immune response. For example, 
dietary folate or folic acid, pyridoxine, and vitamin B12 act 
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in one-carbon metabolism; thiamin and riboflavin, and pan-
tothenic acid are involved in energy metabolism, and niacin 
and riboflavin act in oxidation–reduction reactions [3]. A 
wide variety of foods, such as cereals, vegetables, dairy and 
meat contribute to the intake B vitamins with some differ-
ences between specific B vitamins [3].

In the U.S. Diabetes Autoimmunity Study in the Young 
(DAISY) Study, higher intake of niacin, vitamin B12, and 
riboflavin at seroconversion to islet autoantibody positivity 
was associated with a decreased risk of progression to T1D 
[4]. These vitamins were part of a dietary pattern that was 
linked to a metabolomic profile associated with progression 
to T1D [4]. Earlier, nicotinamide (a form a niacin) was found 
to be promising in prevention of T1D in mice [5] but showed 
no effect on progression to T1D in humans, in a randomized 
controlled 5-year trial where oral nicotinamide was given 
to participants in pharmacological doses [6]. In a Canadian 
case–control study the intake of six B vitamins (thiamin, 
riboflavin, niacin, pyridoxine, vitamin B12, and folate) a 
year before diagnosis did not differ between children and 
adolescents with T1D and their matched controls [7]. Thus, 
the current knowledge on B vitamins and risk of T1D is 
based on individual studies with various study designs. To 
our knowledge, there are no prospective studies that have 
consistently explored the associations between intake of B 
vitamins in childhood and risk of IA or T1D. However, due 
to the B vitamins’ multiple roles in physiology, a higher 
intake could theoretically protect from IA and T1D.

The aim of this study was to investigate the association 
between longitudinally assessed dietary intake of thiamin, 
riboflavin, niacin, pantothenic acid, pyridoxine, folate/folic 
acid, and cobalamin and the development of T1D related 
outcomes, IA and progression to T1D.

Methods

Subjects and methods

Study design and population

The Environmental Determinants of Diabetes in the Young 
(TEDDY) is a prospective observational birth cohort study 
designed to identify environmental triggers of T1D [8]. The 
enrollment of newborn children was carried out in clini-
cal centers located in the USA (Washington, Colorado, and 
Georgia), Finland, Sweden, and Germany, from September 
2004 through February 2010. The study includes children 
with genetic and familial susceptibility for T1D. Eligibility 
criteria for initial contact was one of the following HLA DR 
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 with 
T1D [9].

For all participants, written informed consent was 
obtained from a parent or primary caretaker for genetic 
screening, and separate consent was obtained for participa-
tion in the prospective follow-up. The study was approved 
by the local Institutional Review or Ethics Boards at each 
site and is monitored by an External Evaluation Committee 
formed by the National Institutes of Health.

Follow-up visits at the study clinics were scheduled every 
3 months between ages 3 months to 48 months of age, and 
biannually thereafter. However, children with islet autoan-
tibodies were followed up every 3 months regardless of the 
age. In the present study the follow-up ended at 10 years of 
age.

Vitamin B intake

Intake of seven B vitamins [thiamin (B1), riboflavin (B2), 
niacin (B3), pantothenic acid (B5), pyridoxine (B6), folate/
folic acid (B9), and cobalamin (B12)] was calculated 
based on food and dietary supplement consumption. Foods 
included foods and drinks (including breastmilk) reported 
in a 24-h recall at 3 months of age and 3-day food records at 
6-months to 10 years of age. The three-day food records were 
collected at the age of 6, 9, and 12 months, and biannually 
until the age of 10 years. Primary caretakers were trained 
during the 3-month clinic visit to keep 3-day food records 
of the child’s dietary intake. Participants were instructed 
to fill out the 3-day food record within 10 days prior to the 
next clinic visit. At each clinic visit, the diet records were 
reviewed by trained study personnel together with the pri-
mary caretaker. Amount of breastmilk was estimated based 
on the difference between estimated total energy expenditure 
[10] and energy intake from other foods and drinks among 
the breastfed children. Use of dietary supplements with B 
vitamins (yes/no) and daily intake of B vitamins from the 
supplements (mg/day or µg/day) was calculated was based 
on all dietary supplements listed to the 24-h recall and 3-day 
food records by the caretakers at each visit.

Description of the dietary assessment methods used in 
TEDDY has been described in detail before [11]. Food 
record data entry was done by trained personnel. Calculation 
of vitamin B intake was based on four national food compo-
sition databases: FINELI (Finland), LEBTAB (Germany), 
NFA Food Composition Database (Sweden), and Nutrition 
Data System for Research software developed by the Uni-
versity of Minnesota Nutrition Coordinating Center (NCC) 
(US). After the harmonization efforts of the food composi-
tion databases, TEDDY researchers concluded that intake of 
thiamin, riboflavin, niacin, pyridoxine, and cobalamin are 
comparable between all four countries [12]. Pantothenic 
acid is not available in the Swedish database, and therefore 



European Journal of Nutrition 

comparable only between three countries. Folate in foods 
has been analyzed using varying methods across the TEDDY 
countries and folate intake is not comparable across coun-
tries [12]. In calculation of total dietary folate equivalents 
from foods and supplements, the supplementary folic acid 
was multiplied with 1.7 to take higher bioavailability of folic 
acid in comparison to dietary folate into account [13].

All vitamin B intakes were treated as time-dependent 
exposure variables where the data was arranged using the 
counting process with risk sets in a longitudinal format, 
including all dietary assessments from 3 months to 10 years 
of age.

T1D related outcomes

Blood samples were obtained at each study visit to screen 
for islet autoantibodies against insulin (IAA), glutamic acid 
decarboxylase (GADA), and insulinoma antigen-2 (IA-2A) 
[8, 14]. “Any IA” was defined as any autoantibody positiv-
ity on two or more consecutive visits 3 months apart and 
confirmed at two laboratories. Multiple IAs was defined as 
repeated positivity to at least two autoantibodies. In addition, 
we studied IAA and GADA as first appearing autoantibod-
ies, and progression from antibody positivity to T1D. T1D 
was defined using American Diabetes Association criteria 
[15].

Statistical methods

Data analyses involved examining associations between 
intake of seven B vitamins with the development of T1D 
related outcomes (persistent IA, IAA first, GADA first, mul-
tiple IA and progression from IA to T1D) during the first 
10 years of life.

Each vitamin intake was adjusted for energy using the 
multivariable nutrient density method [16, 17] that includes 
dividing the vitamin intake with total energy intake and tak-
ing the energy as a covariate in the model. Outliers were 
detected and set to missing using the interquartile range 
method [18] with a scale factor of 5. (Cause-specific) Cox 
proportional hazard models were used to analyze the asso-
ciations of these time-dependent exposure variables and the 
risk of each outcome, adjusted for energy as mentioned, as 
well as for HLA-genotype (DR3/4, no DR3/4), first-degree 
relative with T1D (yes, no), sex (female, male), and coun-
try (U.S., Finland, Germany, Sweden) and displayed using 
hazard ratios (HR) with 95% confidence intervals (CI). 
Covariates were selected based on previous observations in 
TEDDY study [1] and study question-based consideration. 
Participants were followed until they got the outcome, or 
they were censored at their last visit, or age of 10 years, 
whichever came first. Loss to follow-up was considered a 
random event with no additional information provided in 

our database. Analyses related to pantothenic acid was per-
formed excluding Sweden because data was not available 
from this country. Intake of folate/folic acid was not compa-
rable among countries. Thus, the analyses related to folate/
folic acid were performed separately for each country. Cox 
proportional hazard models were used to analyze the asso-
ciation of vitamin intake at the time of seroconversion with 
the risk of progression from IA to T1D with the adjustment 
for energy, HLA-genotype, first-degree relative with T1D, 
sex, country, age at seroconversion, and first autoantibody 
at seroconversion (IAA only, GADA only, IA-2A only or 
multiple antibodies). Robust standard errors were used to 
account for within subject correlations. The shape of asso-
ciations for those with p < 0.05 in the main analyses was 
assessed with restricted cubic splines.

To assess, whether conditions that could affect B vitamin 
absorption or metabolism, could lead to misclassification of 
the exposure and mask the associations between B vitamin 
intake and IA, we performed a sensitivity analyses for “any 
IA” outcome by excluding 603 children with autoimmune 
hepatitis (n = 1), autoimmune thyroiditis (n = 49), Crohn's 
disease (n = 1), epilepsy and recurrent seizures (n = 3), intes-
tinal malabsorption (n = 11), and celiac disease (n = 538).

Interaction terms were included in the models to evaluate 
whether sex, first-degree relative, HLA-genotype or country 
modified the associations between vitamin intake and each 
of the T1D related outcomes. Folate was not included in 
the interaction analyses because of the limited number of 
participants per country.

The results were not adjusted for multiple comparisons 
because all exposure variables were selected a priori. Data 
analysis was carried out using the Statistical Analysis Sys-
tem Software SAS® Software 9.4 (SAS/STAT 15.2) and R 
Core Team (2023).

Results

Of the 8676 children enrolled in the study, 8500 subjects 
were included in the analyses (Supplementary Fig. 1). The 
TEDDY cohort has been described previously [14] and sum-
marized in Table 1. During the 10 years of follow-up, 778 of 
the 8500 participants (9.2%) developed persistent confirmed 
IA with a median (IQR) age of 36 (18, 73) months. A total 
of 280 (3.3%) participants had IAA as the first appearing 
autoantibody at median (IQR) age of 22 (12, 45) months, 
319 (3.8%) participants had GADA as the first appearing 
autoantibody at median (IQR) age of 50 (27, 86) months. 
A total of 344 (44%) of 788 children with IA children pro-
gressed from IA to T1D at the median (IQR) age of 82 (43, 
118) months, 45 (18, 75) months after first seroconversion. 
The median (IQR) number of nutrient assessments per child 
was 9 (4, 18).
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Intake of energy and B vitamins by age and country 
are presented in Fig. 1. The proportion of children using 
dietary supplements that contained B vitamins varied by 
age and by vitamin in question. The median proportion 
of B vitamin supplement users of all ages and vitamins 

was 5.2%. Intake from supplements was most common for 
pantothenic acid at the age of 5.5 years when 14.5% of the 
children had pantothenic acid intake from supplements. B 
vitamin supplementation was least common at the age of 

Table 1  Characteristics of 
TEDDY study population

IA, persistent islet autoimmunity, IAA-first IA with IAA as first antibody, GADA-first IA with GADA as 
first antibody, T1D type 1 diabetes
First-degree relative (mother, father, and/or sibling) with T1D

Total IA IAA-first GADA-first Multiple IA Progression 
from IA to 
T1D

n n (% of total) n (% of total) n (% of total) n (% of total) n (% of IA)

8500 778 (9.2) 280 (3.3) 319 (3.8) 335 (3.9) 344 (44.2)
Country
 U.S. 3615 265 (7.3) 89 (2.5) 117 (3.2) 110 (3.0) 115 (43.4)
 Finland 1803 195 (10.8) 90 (5.0) 68 (3.8) 87 (4.8) 99 (50.8)
 Germany 580 57 (9.8) 18 (3.1) 15 (2.6) 26 (4.5) 35 (61.4)
 Sweden 2502 261 (10.4) 83 (3.2) 119 (4.8) 112 (4.5) 95 (36.4)

First-degree relative with T1D
 Yes 961 155 (16.1) 62 (6.5) 54 (5.6) 79 (8.2) 92 (59.4)
 No 7539 623 (8.3) 218 (2.9) 265 (3.5) 256 (3.4) 252 (40.4)

Sex
 Female 4196 351 (8.4) 124 (3.0) 151 (3.6) 141 (3.4) 156 (44.4)
 Male 4304 427 (9.9) 156 (6.6) 168 (3.9) 194 (4.5) 188 (44.0)

HLA-DR3/4Genotype
 Yes 3323 380 (11.4) 136 (4.1) 157 (4.7) 185 (5.6) 190 (50.0)
 No 5177 398 (7.7) 144 (2.8) 162 (3.1) 150 (2.9) 154 (38.7)

Fig. 1  Mean (95% CI) intake of B vitamins per 1000 kcal of energy intake, and energy intake by visit and country in TEDDY children. *Folate 
values are not comparable between the countries
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3 months when proportion of children having B vitamins 
from supplements was < 0.5% for each vitamin.

The baseline covariate-adjusted and energy-adjusted 
vitamin B intake from foods and supplements were stud-
ied as continuous variables in relation to the T1D related 
outcomes and were considered the main analyses (Table 2). 
There was no association between any of the B vitamins 
and risk of developing “any IA” (consequent positivity to 
any islet autoantibody) nor the risk of progressing to T1D 
(Table 2). However, we observed that higher intake of niacin 
was associated with a decreased risk of developing multi-
ple autoantibodies (Table 2). Higher intake of pyridoxine 
and vitamin B12 was associated with a decreased risk of 
IAA-first autoimmunity. Higher intake of riboflavin was 
associated with increased risk of GADA-first autoimmunity 
(Table 2). The shapes of the associations with p < 0.05 are 
presented in Supplementary Fig. 2.

In a sensitivity analysis for “any IA”, we excluded chil-
dren with chronic conditions, and again, observed no asso-
ciations between B vitamin intake and “any IA”.

We observed some interactions between intake of indi-
vidual B vitamins and background characteristics with 
GADA-first outcome or progression to T1D but not with 
other outcomes. The stratified associations were studied for 
those with interaction p < 0.05: Pantothenic acid intake was 
positively associated with GADA-first autoimmunity in chil-
dren with a first-degree relative with T1D [HR 1.24 (95% CI 
1.06, 1.44)] but not in children without a first-degree rela-
tive with T1D [HR 0.98 (95% CI 0.86, 1.12)], p for interac-
tion = 0.017. Pyridoxine intake tended to decrease the risk 
of GADA-first autoimmunity among girls [HR 0.56 (95% CI 
0.27, 1.15)] and increase it among boys [HR 1.34 (95% CI 
0.88, 2.03)], p for interaction = 0.0496. Finally, the riboflavin 
intake was positively associated with risk of progression to 
T1D among Finnish children [HR 1.69 (95% CI 1.01, 2.85)], 
but the association was inverse among children from the U.S. 
[HR 0.62 (95% CI 0.36, 1.07)], Germany [HR 0.67 (95% CI 
0.12, 3.80)], and Sweden [HR 0.29 (95% CI 0.12, 0.69)], p 
for interaction = 0.014.

Discussion

In this prospective birth cohort with T1D susceptible chil-
dren from four countries, intake of seven studied B vitamins 
was not consistently associated with IA or T1D. However, 
higher niacin intake was associated with a decreased risk 
of IA to multiple autoantibodies, and higher pyridoxine 
and vitamin B12 intake was associated with a decreased 
risk of IAA-first autoimmunity. Finally, higher riboflavin 
intake was associated with an increased risk of GADA-first 
autoimmunity.

Strengths of this study include a large multinational study 
population and prospective study design, the repeated 3-day 
food records conducted consistently over time across four 
countries, the harmonization of four national food composi-
tion databases [12], frequent and longitudinal follow-up of 
islet autoantibody assessments with identification of first-
appearing islet autoantibodies. Although the food composi-
tion databases were harmonized, the countries had somewhat 
different vitamin intake profiles. However, we were able to 
adjust for the country and study potential country-vitamin 
intake interactions with the outcomes. To our knowledge, 
this is the first prospective cohort to report association of 
several B vitamins with risk the of IA. A limitation is that 
we assessed only the intake of B vitamins, while not con-
sidering other factors that are related to vitamin absorption, 
metabolism, and availability. However, exclusion of chil-
dren with conditions potentially affecting the utilization of B 
vitamins, such as coeliac disease, did not change the results 
regarding “any IA”. Another limitation is that the study is 
observational and no conclusions on causality can be made. 
The observed associations may be confounded by unknown 
factors, including but not limited to other components if 
foods rich in B vitamins. As our study population comprised 
of children with increased risk of type T1D, the findings 
may not apply to general population. However, the country 
did not modify most of the studied associations suggesting 
that our findings may be generalized to high-risk children in 
Northern and Central Europe, and the U.S.

We observed that higher intake of niacin was associated 
with a decreased risk of autoimmunity to multiple autoan-
tibodies. Our finding is similar to a finding in the DAISY 
study, that niacin intake was inversely associated with the 
progression to T1D both as part of a dietary pattern and on 
its own [4], and in line with the old hypotheses suggesting 
that niacin’s derivate nicotinamide could prevent T1D [5, 
6]. Niacin’s inverse association with developing multiple 
autoantibodies could be due to niacin’s antioxidant proper-
ties. In diabetes prone mice, niacin’s component nicotina-
mide prevented diabetes and beta-cell damage [5] perhaps by 
antioxidant mechanisms. Also another antioxidant, vitamin 
C assessed as plasma ascorbic acid has shown an inverse 
association with islet autoimmunity in the TEDDY study 
[19].

We observed that higher intake of pyridoxine and vita-
min B12 was associated with a decreased risk of IAA-first 
autoimmunity. To our knowledge, pyridoxine has not been 
linked to any T1D-related outcome before but vitamin B12 
intake was associated with a decreased risk of progression 
to T1D in the DAISY study [4]. The mechanisms between 
the inverse association of pyridoxine and vitamin B12 intake 
with IAA-first autoimmunity is not known. However, these 
vitamins are involved in immune regulation [20] and there-
fore may affect the risk of IA via immune modulation. 
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Additionally, higher maternal blood concentrations of B12 
have been linked to lower insulin resistance in children [21] 
suggesting a potential link, and pyridoxine might act via 
γ-aminobutyric acid metabolism [22].

Our observation that higher intake of riboflavin was asso-
ciated with an increased risk of GADA-first autoimmun-
ity differs from an inverse association between riboflavin 
intake and the progression to T1D observed in the DAISY 
study [4]. However, we observed country-interaction: and 
an inverse association between riboflavin intake and pro-
gression to T1D was seen among children in Sweden, and 
a direct association between riboflavin intake and progres-
sion to T1D among children in Finland. One possibility 
to explain the associations between riboflavin and risk of 
T1D-related outcomes is that cow’s milk, which has been 
linked with the increased risk of IA in other studies [23, 
24] is a typical dietary source of riboflavin. Therefore, the 
riboflavin-GADA-first association in the whole cohort, and 
the riboflavin-T1D association in Finnish children may be 
confounded by some other compound in cow’s milk. The dif-
ferences between countries could be explained by different 
food sources of riboflavin, and therefore reflect something 
else than riboflavin intake as such. For example, in Finland, 
dairy products contribute to major part (about 40%) of the 
riboflavin intake [25], while dairy’s proportion as ribofla-
vin’s source is about 30% in Sweden [26] and about 20% in 
the U.S. [13]. In the U.S. fortified cereals are an important 
source of riboflavin [13].

To conclude, dietary intake of B vitamins showed some, 
non-consistent associations with IA and, in general, no asso-
ciation with progression to T1D. Based on our findings and 
the limited number of previous studies niacin, and vitamin 
B12 are the most interesting B vitamins in the etiology of 
T1D. However, the observed associations are weak and not 
fully consistent, and need replication in other prospective 
cohorts.
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