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Children’s plasmametabolome, especially lipidome, reflects
gene regulation and dietary exposures, heralding the de-
velopment of islet autoantibodies (IA) and type 1 diabetes
(T1D). The Environmental Determinants of Diabetes in
the Young (TEDDY) study enrolled 8,676 newborns by
screening of HLA-DR-DQ genotypes at six clinical cen-
ters in four countries, profiled metabolome, and mea-
sured concentrations of ascorbic acid, 25-hydroxyvitamin
D [25(OH)D], and erythrocyte membrane fatty acids fol-
lowing birth until IA seroconversion under a nested case-
control design. We grouped children having an initial
autoantibody only against insulin (IAA-first) or GAD
(GADA-first) by unsupervised clustering of temporal lip-
idome, identifying a subgroup of children having early
onset of each initial autoantibody, i.e., IAA-first by 12
months and GADA-first by 21 months, consistent with
population-wide early seroconversion age. Differential
analysis showed that infants having reduced plasma
ascorbic acid and cholesterol experienced IAA-first ear-
lier, while early onset of GADA-first was preceded by
reduced sphingomyelins at infancy. Plasma 25(OH)D prior
to either autoantibody was lower in T1D progressors
compared with nonprogressors, with simultaneous lower

diglycerides, lysophosphatidylcholines, triglycerides, and
alanine before GADA-first. Plasma ascorbic acid and
25(OH)D at infancy were lower in HLA-DR3/DR4 chil-
dren among IA case subjects but not in matched control
subjects, implying gene expression dysregulation of cir-
culating vitaminsas latent signals for IAor T1Dprogression.

Type 1 diabetes (T1D) is an autoimmune disease develop-
ing in young children due to the interaction between ge-
netic risks and environmental exposures, with appearance
of b-cell autoantibodies or islet autoantibodies (IA) as the
established precursors. The population-wide early onset of
distinct initial autoantibodies had been reported at dif-
ferent ages throughout early childhood, i.e., an autoanti-
body against insulin (IAA-first) by age of 15 months and an
autoantibody against GAD (GADA-first) before 24 months
(1). Distinct type or onset age of an initial autoantibody
can be a result of either genetic variation or immune re-
sponse to early environmental exposures.

IAA-first was found to be related to HLA DR4-DQ8 and
the INS gene polymorphism, while GADA-first was related
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to HLA DR3-DQ2 polymorphisms in the ERBB3, SH2B3,
and BACH2 gene polymorphisms (1). Age of IA serocon-
version was recently found to be associated with pro-
gression afterward to T1D (2), regardless of the type of
initial autoantibodies. Furthermore, nutrients or dietary
pattern had been found to be one of the critical exposure-
related factors predictive of IA or T1D in early childhood
(3,4). Recent studies in T1D have reported the impact of
diet or blood concentrations of nutrient biomarkers on
disease outcomes, such as infant formula type (5), gluten
intake amount (6), vitamin C (ascorbic acid) (7), vitamin D
(8), probiotics (9) and n-3 fatty acids (10–12). The afore-
mentioned results had not reported potential etiology,
causes, or molecular signatures for the population-wide
skewed seroconversion age of either autoantibody, which
might also be predictive of further progression to T1D.

The exposures to ascorbic acid, vitamin D, and fatty
acids can be assessed either at the intake level using dietary
assessment tools or at biomarker level quantified by im-
munoassay platforms (13) and chromatographic methods
(14,15). These micronutrients and fatty acids are usually
considered positively associated with the actual intake
amount, as well as regulated by protein-coding genes and
metabolic pathways, such as vitamin C transport genes
SLC23A1, SLC2A1, and SLC2A2 and 25-hydroxyvitamin D
[25(OH)D] receptor genes VDR and RXRA. A secondary
set of biomarkers for nutrient sources is the lipidome
profiled from plasma or serum, which is related to both
nutrients and energy sources and metabolic activity. As
structural components of cell membranes, complex lipids
are involved in a variety ofmetabolic pathways (16) and play
an important role in children’s growth and disease devel-
opment. Previous studies had found that heterogeneity of
lipidome profiles signaled the underlying development of
or recovery from diseases (17–19). Therefore, children’s
lipidome reflects metabolism of nutrients as a link between
gene regulation of nutrient biomarkers and characteristics
related to primary end points, i.e., IA or T1D.

Previous studies in T1D rarely integrated dietary bio-
markers and lipidome profiles due to either limited blood
samples or cohort size (4,10,18). The Environmental
Determinants of Diabetes in the Young (TEDDY) study
measured concentrations of dietary biomarkers in plasma
or on red blood cell membrane for the enrolled participants
by immunoassay and chromatographic methods and pro-
filed untargeted plasmametabolome bymass spectrometry
platforms (20). In the current study, we hypothesized that
plasma ascorbic acid, 25(OH)D, and erythrocyte n-3 fatty
acids, i.e., a-linolenic acid (ALA), eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA), and docosapentaenoic
acid (DPA), are nutrients (or biomarkers) interacting with
lipidome followed by the development of IA and progres-
sion to T1D.

Our present analyses were performed on GADA-first
and IAA-first children and their matched control subjects.
We first adopted an unsupervised clustering approach to
group GADA-first and IAA-first children based on their

temporal lipidomic profiles at and prior to seroconversion
and further identified nutritional and metabolic signatures
for IA-related outcomes, as well as assessed the association
of HLA-DR-DQ haplotypes or genotypes with the identi-
fied signatures.

RESEARCH DESIGN AND METHODS

TEDDY Nested Case-Control Study
TEDDY is an observational prospective study of children
at increased genetic risk of T1D conducted in six clinical
research centers: three in the U.S. (CO, GA/FL, and WA)
and three in Europe (Finland, Germany, and Sweden). A
total of 8,676 children were enrolled and followed pro-
spectively from 3 months to 15 years of age for blood
samples collection and IA measurement at 3-month inter-
vals before 4 years of age and at 6-month intervals there-
after. All children who were persistently positive for any
autoantibody were followed every 3 months until the age
of 15 years. Detailed study design and methods have
previously been published (21). Written informed con-
sents were obtained for all study participants from a parent
or a primary caretaker, separately, for genetic screening
and participation in the prospective follow-up, beginning
at birth. Autoantibodies were measured in two laboratories
by radiobinding assays (21,22). Persistent IA was defined
as confirmed positive autoantibodies (IAA, GADA, or IA-
2A) in at least two consecutive samples by both labora-
tories, with the date of seroconversion defined as that of
the first positive sample. T1D was diagnosed with use of
the American Diabetes Association criteria (23).

For biomarker discovery, a nested case-control (NCC)
design with risk set sampling was used based on data
collected as of 31 May 2012 (24). IA case subjects (418)
were selected, and each was matched with 3 control sub-
jects who had not developed IA by the age when the case
subject experienced the first-appearing autoantibodies.
Matching factors were clinical centers, sex, and first-degree
relatives’ status of T1D. For case subjects selected in the
NCC design, plasma ascorbic acid, 25(OH)D, and erythro-
cyte fatty acids were measured from the children’s blood
samples annually from the end of infancy (i.e., at 12, 24,
36, 48, and 60 months), while the children’s metabolomes
including lipidome were profiled at each 3-month visit
following birth up to seroconversion. Nutrient biomarkers
and metabolome were also measured at the same age (or
visits) for matched control subjects. The concentrations of
nutrient biomarkers at infant ages (i.e., at 3, 6, and 9
months) were also available at different frequencies (8,25).
Bar plots in Fig. 1 present the numbers of subjects having
biomarkers and lipidome measured, individually, per time
point within 1 year prior to seroconversion. Each matched
case-control pair had blood samples collected at the same
ages, although random missing visits occurred.

Nutrient Biomarkers and Metabolome Profiling
Nutrient biomarkers were profiled at the Biochemistry
Laboratory, Genomics and Biomarkers Unit, National
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Institute for Health andWelfare, Helsinki, Finland. Plasma
ascorbic acid was determined by an ion-paired, reversed-
phase, high-performance liquid chromatographic method
using electrochemical detection, while plasma 25(OH)D
was measured with the ARCHITECT 25-OH Vitamin D
chemiluminescent microparticle immunoassay. n-3 fatty
acids were analyzed from erythrocytes stabilized in 2-
propanol and butylated hydroxytoluene. Erythrocyte fatty
acids composition was analyzed with an Agilent 6890 gas
chromatograph with a split injector and hydrogen as the
carrier gas, using a capillary columnOmegawax 320 (length
30 m, inner diameter 0.32 mm, phase layer 0.25 mm)
(Supelco, Bellefonte, PA). Data were analyzed with Open-
Lab CDS ChemStation software (Agilent, Palo Alto, CA).
The percentage composition of fatty acid methyl esters was
normalized to 100% in each sample. Samples of the case
subjects and their control subjects at each age point were
processed in the same batch for all analytes.

TEDDY subjects’ plasma samples selected under an NCC
design were shipped to National Institutes of Health West
Coast Metabolomics Center at University of California,
Davis (UCD), and processed with standard laboratory
protocols followed. Prior to sample shipment, the TEDDY
Data Coordinating Center designed laboratory running
batches by assigning plasma samples of matched subjects
to the same batch. Mass spectrometry processing at Uni-
versity of California, Davis, followed the order of designed
batches to ensure that disease outcomes did not confound
with run order.

The primary metabolites assay was profiled by gas
chromatography time-of-flight mass spectrometry (GC-TOF
MS) on a LECO Pegasus III instrument annotated by

BinBase (26). The complex lipids (lipidome) assay was
analyzed by charged surface hybrid column with electro-
spray ionization (CSH-ESI) on Agilent ultra-high-pressure
liquid chromatography quadrupole time-of-flight mass
spectrometry (UHPLC-QTOF MS) instruments annotated
with LipidBlast (27). Peaks from GC-TOF MS platform
were automatically detected and deconvoluted from coe-
luting peaks by the LECO ChromaTOF software (version
3.0). Raw data output from CSH-ESI quadrupole time-
of-flight instruments were processed in an untargeted man-
ner by Agilent’s software MassHunter Qual (version
B.05.00) to find peaks. Peak features were then imported
into Mass Profiler Professional for peak alignments to seek
which peaks are present in multiple chromatograms. These
peaks are then collated and constrained within the Mass-
Hunter Quantitative Analysis software (version B.05.01)
on the accurate mass precursor ion level, using the MS
information and the LipidBlast library. We applied a com-
prehensive normalization pipeline, Systematic Error Re-
moval using Random Forest (SERRF) (28), to the raw
quantified intensity of metabolites, successfully removing
laboratory run-order effect in terms of a quality control
metric, i.e., reduced coefficient of variation of internal
standard compounds. The missing compounds in the
normalized data were filled by the values generated
from a label-free missing value imputation tool, GMSimpute
(29).

Unsupervised Clustering of Temporal Lipidomic
Profiles
For screening potential linkage among lipidome, nutrients,
and IA-related outcomes, an unsupervised clustering

Figure 1—TEDDY study design and distribution of participants having nutrient biomarkers and lipidome measured.
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approach was first applied to the GADA-first and IAA-first
children (n 5 165) having plasma lipidome profiled at
three consecutive visits within 6 months before or at
seroconversion, labeled as visits 0, 23, and 26. Previous
results had shown a strong infant age pattern in TEDDY
children’s lipidome (20), which may be a result of growth
and dietary exposure changes similar to in gut microbiome
(30). The aim of this analysis was to detect latent sub-
groups of children having stratified blood concentrations
of nutrients or distinct end point outcomes instead of
grouping lipidome profiles only representative of age or
growth phases (30). Hence, we merged every child’s multi-
visit lipidomes into one temporal lipidomic profile, con-
sisting of three consecutive measurements of 208 lipid
species with dimension of m 5 3 3 208 5 624.

Temporal lipidomic profiles of the children who expe-
rienced seroconversion by the end of infancy might be
grouped into a cluster due to infant age patterns. On the
other hand, a cluster with both children with preinfancy
seroconversion and children with postinfancy seroconver-
sion may be representative of young age and other char-
acteristics. Existing studies (31,32) have reported strong
association among lipid species profiled from each sample.
Thus, to account for the strong associations among lipid
species and temporal measurements, we used Gaussian
model–based clustering to group (n 5 165) temporal
lipidomic profiles. The clustering was performed by R
package mclust (33), and the optimal number of clusters
was selected between 1 and 10 according to Bayesian in-
formation criterion.

Cluster-Wise Lipidomic and Nutritional Signatures and
Correlation Analysis
We first used the Bioconductor package limma (34) to
perform lipidome-wide differential analysis for identifi-
cation of lipidomic signatures that defined each cluster
of children. Classes of lipidomic signatures were further
confirmed by enrichment analysis from ChemRICH (35)
with filters: altered lipid species ratio .0.3, increased or
decreased species ratio .0.3, and Benjamini-Hochberg
(BH) procedure–adjusted (36) P value ,0.05. Next, the
concentration of each nutrient biomarker measured within
12 months before seroconversion was compared between
clusters of children by linear regression, adjusted by the
age of biomarker measurement with statistical significance
at P , 0.05. A nutrient biomarker with concentration
stratified by the clusters is a nutritional signature for the
corresponding subgroup(s) of children. The cluster-wise
nutritional and lipidomic signatures revealed the latent
relation between nutrient biomarkers and lipid species.

We further confirmed the lipidome-nutrients connec-
tivity by Spearman correlation coefficients (r) of pairwise
lipid species and nutrient biomarkers based on IAA-first
and GADA-first case subjects (n 5 191) and matched
control subjects (n5 517), who had both types of analytes
measured within 12 months before seroconversion. Con-
nectivity (or correlation) threshold was determined by r.

0.1 or , 20.1. The concentration of each nutrient bio-
marker was the log-scaled measurement (or the average of
more than one measurement) within 12 months prior to
seroconversion for case subjects and at the same age for
matched control subjects, while the lipidome was selected
at the last visit (3 months) prior to seroconversion and at
the same age of matched control subjects.

Differential Abundance Analysis for IA-Related
Outcomes
Demographic characteristics and IA-related outcomes per
cluster, such as the type of an initial autoantibody, sero-
conversion age, and further progression to T1D, were first
identified by Kruskal-Wallis test, Fisher exact test, and Cox
regression with statistical significance at P , 0.05. We
further performed differential analysis on metabolome
(i.e., primary metabolites and lipidome) and nutrient bio-
markers against the identified end point outcomes among
GADA-first and IAA-first case subjects, using limma or
linear regression. Metabolites associated with end point
outcomes were selected by adjusted P , 0.2, while asso-
ciations between nutrient biomarkers and end point out-
comes were analyzed by linear regression and selected by
P , 0.05. Prognostic effect was further confirmed by Cox
regression. Age at analytes measurements, country, family
history of T1D, sex, and HLA DR-DQ haplotypes were
included in differential or Cox analysis as covariates.

Data and Resource Availability
The data sets generated and analyzed during the current
study will be made available in the National Institute of
Diabetes and Digestive and Kidney Diseases Central Re-
pository (https://www.niddkrepository.org/studies/teddy).

RESULTS

Clusters of Children Defined by Temporal Lipidomic
Profiles
The unsupervised clustering algorithm grouped 165 TEDDY
children’s temporal lipidomic profiles before GADA-first or
IAA-first as Clusters I–IV, visualized by t-distributed sto-
chastic neighbor embedding (tSNE) plot in Fig. 2A and the
heatmap in Fig. 2B. Children in Clusters I and II were not
clearly distinguished from each other on the tSNE plot,
but they were well separated from Clusters III to IV. In
addition, a clear border between Cluster IV and the others
was observed (Fig. 2A). The distribution of clusters in the
tSNE plot agreed to the lipidomic patterns in Fig. 2B; i.e.,
Clusters I and II shared similar patterns in triacylglycerols
(TG), but a remarkable difference between Clusters I–II
and Clusters III–IV was observed in TG. A heatmap of
visits23 and26 presented contrast of Clusters II versus I
and Clusters IV versus III in TG.

Cluster-Wise Lipidomic and Nutrient Signatures and
Connectivity
We further performed lipidome-wide differential and en-
richment analyses at visits23 and26 to identify the most
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differentiated lipid classes as top signatures for Clusters III
and IV versus Clusters I and II, Cluster II versus Cluster I,
and Cluster IV versus Cluster III, Cluster III versus Cluster
I, and Cluster IV versus Cluster I. Differential analysis
results can be found in Supplementary Tables 1–10 and
the differentially abundant lipid classes at both visits 23
and 26 are summarized in Supplementary Table 11,
verifying lipidomic signatures illustrated in Fig. 2B. In
comparisons with the reference Cluster I, lipidomic sig-
natures for Cluster II were increased phosphatidylcholines
(PC) and sphingomyelins (SM), while higher triacylglycer-
ols (TG) and diglycerides (DG) and lower PC and choles-
terol esters (CE) were signatures for Cluster IV. Cluster III
compared with the other clusters had increased TG, DG,
lysophosphatidylcholines (lysoPC), and plasmalogens, as
a result of young age (20) lipidome profiles (at seroconversion)

as shown in Table 1. A higher level of ascorbic acid was
observed in Cluster III (P 5 0.0024) and Cluster IV (P 5
0.0031), while 25(OH)D concentration was elevated only
in Cluster IV (P 5 0.0093). Ascorbic acid was also found
decreasing along with growth, being consistent with higher
ascorbic acid and young age at measurement in Cluster
III. Cluster IV had lower composition of n-3 fatty acids
ALA, EPA, DHA, and DPA (P 5 0.0006, ,0.001, 0.0156,
0.0007), with mean levels shown in Table 1, and were
positively associated with measurement age (P , 0.001).

Spearman correlation coefficients among nutrient bio-
markers and lipidome are listed in Supplementary Table
12 and visualized in Supplementary Fig. 1, including the
pairwise correlation between dietary biomarkers. Higher
levels of TG, DG, ascorbic acid, and 25(OH)D in Clusters
III and IV were consistent with TG and DG positive

Figure 2—Clusters identified by temporal lipidomic profiles of 165 TEDDY children. A: tSNE plot based on longitudinal lipidome, with axes
representing two dimensions of distances. B: Heatmap for longitudinal lipidome with columns as subjects and rows as lipids per visit. C:
Distribution of seroconversion age for each type of initial autoantibody per cluster. D: Kaplan-Meier curve for progression from the initial
autoantibody to T1D.
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correlations with ascorbic acid and 25(OH)D, while on-3
fatty acids showed positive connectivity with most CE lipid
species and negative connectivity with DG (Supplementary
Table 12). The simultaneous higher levels of ascorbic acid
and 25(OH)D and reduced n-3 fatty acids observed in
Cluster IV was consistent with the correlations among
these nutrient biomarkers (Supplementary Table 12).

Cluster-Wise Characteristics Related to IA
The associations of identified clusters with country, family
history of T1D, initial autoantibody type, and seroconver-
sion age are shown in Table 1. Most subjects in Cluster I
experienced seroconversion after 15 months of age re-
gardless of the type of initial autoantibodies. Cluster II had
a relatively lower proportion of first-degree relatives with
T1D (P5 0.0498). The cluster-wise seroconversion age for
each initial autoantibody is presented in Fig. 2C and Table
1. Cluster III compared with others was a subgroup with
younger seroconversion age (P , 0.0001) for either IAA-
first or GADA-first. Half of GADA-first children’s (n5 21)
temporal lipidomic profiles in Cluster III were postinfancy,
although the lipidomic profiles for half of the IAA-first
children (n5 30) in this cluster were at infant age. Hence,
Cluster III not only represented younger age of lipidome or

children but also included the earliest seroconversion of
each autoantibody. A subgroup analysis showed that se-
roconversion among Clusters I, II, and IV was age in-
dependent. Relatively higher ascorbic acid and 25(OH)D
and lower n-3 fatty acids were found in U.S. participants
compared with participants of other countries, while most
participants in Cluster IV were from the U.S. (P5 0.0005).
This explained the nutritional signatures [higher ascorbic
acid and 25(OH)D and lower n-3 fatty acids] identified in
Cluster IV.

A Kaplan-Meier curve (Fig. 2D) showed that subjects in
Cluster III compared with other clusters had higher risk of
T1D progression from the onset of initial autoantibody, as
a result of early seroconversion in Cluster III (2). A sub-
sequent question is whether the subjects in the other
Clusters (I, II, IV) had similar risk of progression to T1D
from the initial autoantibody, since they experienced
seroconversion at similar age. Therefore, we compared the
risk of progression from seroconversion to T1D among
Clusters I, II, and IV throughout the follow-up from se-
roconversion to 31 December 2019, adjusting for the age
at seroconversion, type of the initial autoantibody, first-
degree relatives with T1D, sex, and HLA haplotypes (DR3/
DR4 vs. others). Supplementary Table 13 showed that

Table 1—Characteristics of Clusters I–IV

Cluster I Cluster II Cluster III Cluster IV P*

N (%) 43 (26.1) 51 (30.9) 48 (29.1) 23 (13.9)

ALA (composition %) 0.15 (0.04) 0.15 (0.06) 0.11 (0.04) 0.11 (0.04)

EPA (composition %) 0.60 (0.29) 0.48 (0.37) 0.50 (0.25) 0.27 (0.14)

DHA (composition %) 3.98 (1.04) 3.92 (1.18) 4.96 (1.04) 3.39 (0.83)

DPA (composition %) 2.11 (0.40) 1.85 (0.54) 1.77 (0.44) 1.65 (0.56)

Seroconversion age (month) 30.1 (10.9) 25.0 (11.3) 14.8 (8.4) 27.9 (10.8) ,0.0001

Country, n (%) ,0.0001
U.S. 2 (4.7) 10 (19.6) 12 (25.0) 20 (87.0)
Finland 19 (44.2) 16 (31.4) 19 (39.6) 2 (8.7)
Germany 2 (4.7) 1 (2.0) 5 (10.4) 0 (0.0)
Sweden 20 (46.5) 24 (47.1) 12 (25.0) 1 (4.3)

First-degree relatives with T1D, n (%) 0.0498
Yes 8 (18.6) 6 (11.8) 16 (33.3) 7 (30.4)
No 35 (81.4) 45 (88.2) 32 (66.7) 16 (69.6)

Sex, n (%)
Female 22 (51.2) 29 (56.9) 19 (39.6) 11 (47.8) 0.3829
Male 21 (48.8) 22 (43.1) 29 (60.4) 12 (52.2)

HLA DR-DQ genotype, n (%)
DR3/DR4 23 (53.5) 23 (45.1) 22 (45.8) 11 (47.8) 0.8541
Other 20 (46.5) 28 (54.9) 26 (54.2) 12 (52.2)

Type of initial autoantibody, n (%)
IAA 27 (62.8) 30 (58.8) 33 (68.8) 8 (34.8) 0.0519
GADA 16 (37.2) 21 (41.2) 15 (31.3) 15 (65.2)

Ascorbic acid (mmol/L) 42.99 (20.5) 47.75 (23.5) 63.70 (23.4) 61.96 (22.5)

25(OH)D (nmol/L) 50.53 (16.4) 53.67 (15.8) 49.98 (20.6) 62.73 (21.5)

Data are means (SD) unless otherwise indicated. The composition of each fatty acid was the ratio of each fatty acid abundance to the total
abundance of all fatty acids. *P values are from Pearson x2 test for categorical variables or Kruskal-Wallis test for continuous variables.
Association test on country and clusters was confirmed by exclusion of Germany because of small sample size and sparse cells (n, 2) in
contingency table.
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Cluster IV compared with Cluster I had relatively slower
T1D progression after the initial autoantibody (hazard
ratio 0.3672 [95% CI 0.1617, 0.8335], P 5 0.0166).
Therefore, we identified distinct clusters of children rep-
resenting earlier seroconversion of either IAA-first or
GADA-first, fewer first-degree relatives with T1D, and
slower progression to T1D.

Metabolites and Circulating Vitamins Preceding Early
Seroconversion and T1D Progression
Children in Cluster III developed IAA-first at mean age of
12.3 months and GADA-first at mean age of 20.6 months,
consistent with the population-wide early onset of either
initial autoantibody (1). This subgroup of TEDDY children
revealed an analytical definition of early onset of IAA-first
and GADA-first. To identify metabolic or nutritional sig-
natures for early onset of an initial autoantibody instead of
age, we first defined “early IAA” (n 5 68) as IAA-first case
subjects, “late IAA” (n5 134) as those with seroconversion
before or after 12 months of age, and GADA-first “early
GADA” (n 5 43) and “late GADA” (n 5 93) as those with
seroconversion before or after 21 months of age. Differ-
ential abundance analysis between “early” and “late” onset
of each initial autoantibody was performed on analytes

measured at the same age during infancy, with country,
sex, first-degree relatives with T1D, and HLA haplotype
included as covariates. Log fold change in Fig. 3A showed
that children having reduced plasma ascorbic acid at age
6 months (P 5 0.0362) or less abundant cholesterol
metabolite at age 9 months (P, 0.0001, BH-adjusted P,
0.2) afterward developed IAA-first earlier (early IAA), while
less abundant SM species at age 9 months (BH-adjusted
P , 0.2) were found to be associated with the following
early onset of GADA-first (early GADA). The cholesterol
metabolite associated with early IAA was the free form
of cholesterol profiled by GC-TOF MS (InChIKey: HVYW-
MOMLDIMFJA-DPAQBDIFSA-N)—different from CE lipid
species profiled by UHPLC-QTOF MS platform.

Differential analysis also found that children who ex-
perienced T1D progression (n 5 171) after either type of
initial autoantibody had reduced 25(OH)D (P 5 0.0029)
within 1 year prior to seroconversion compared with the
nonprogressors (n 5 167), while multiple lipid species in
lysoPC and DG 34:1 at 6 months prior to GADA-first were
less abundant in T1D progressors than nonprogressors
(Fig. 3B). Age of measurement, country, sex, and first-
degree relatives with T1D were included as covariates in
the differential analysis of progression. Relatively higher

Figure 3—Metabolites and circulating vitamins preceding early seroconversion (A) or further progression to T1D (B). FC, fold change; SMd,
sphingomyelins (SM).
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abundance (log fold change in Fig. 3B) of lipid species
before IAA-first onset in T1D progressors compared with
nonprogressors was not confirmed with statistical signif-
icance. Reduced abundance of other lipid species in DG, TG
56:8, and amino acid alanine at 6 months before GADA-
first onset was also found signaling afterward T1D pro-
gression by Cox regression analysis (BH-adjusted P, 0.2),
with hazard ratio presented in Fig. 4. The prognostic
signatures for T1Dprogression following GADA-first (lysoPC
and DG 34:1) identified in differential analysis were also
confirmed by Cox regression. Our analysis did not find
metabolic signatures for T1D progression following IAA-
first. These results were in agreement with the higher
25(OH)D and slower T1D progression observed in Cluster IV.

A further analysis on the analytes measured at infant
age among IAA-first and GADA-first case subjects revealed
that HLA-DR3/DR4 haplotype and the corresponding

alleles (at HLA genes DRB1, DQA1, DQB1) were associated
with reduced 25(OH)D at age of 6 months (Table 2),
although ascorbic acid at the same age was only associated
with HLA-DR3/DR4 haplotype. Association between HLA-
DR3/DR4 and circulating vitamins was not observed in
matched control subjects.

DISCUSSION

Our analysis in the current study revealed the relationship
among HLA DR3/DR4 genotypes, circulating vitamins,
metabolome, islet autoimmunity, and further progression
to T1D in early childhood. We provided an analytical def-
inition for early seroconversion of IAA-first (12 months)
and GADA-first (21 months), respectively. We identified
reduced ascorbic acid, cholesterol metabolite, and SM
species as early-seroconversion signatures for IAA-first
and GADA-first (Fig. 3), while 25(OH)D and multiple

Figure 4—Hazard ratio for metabolites associated with progression risk from GADA-first seroconversion to T1D. LPC, lysoPC; LPE, lysoPE.
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metabolites before either initial autoantibody were pre-
dictive of further progression to T1D.

Multiple metabolites near the onset of GADA-first were
found as prognostic signature for T1D (Fig. 4). The asso-
ciation between reduced amino acid alanine and T1D
progression was consistent with the negative association
between alanine and GADA-first risk previously reported
(20). Our previous analysis on primary metabolites in
TEDDY (20) also found alanine to be negatively associated
with the risk of IAA-first. Higher pseudouridine was found
to be associated with T1D progression following GADA-
first, which was also a risk marker for development of type
2 diabetes or renal dysfunction in T1D or type 2 diabetes
(37,38). Pseudouridine is typically the most abundant
marker of modified RNA bases in human plasma. Eryth-
ritol, a critical sugar alcohol, was also found to be positively
associated with T1D progression after GADA-first. Fur-
thermore, results in Table 2 not only confirmed previous
findings that lower circulating vitamins were associated
with higher IA risk (8,25) but also implied that HLA-DR3/
DR4 potentially linked to the gene expression dysregula-
tion of these circulating vitamins.

Our analysis found reduced ascorbic acid only preced-
ing early seroconversion of IAA-first, consistent with the
conclusion that ascorbic acid only reduced the risk of IAA-
first from a recent analysis in TEDDY (25). Previous results
about the role of ascorbic acid in T1D were unclear. A
previous study (39) showed that ascorbic acid level was
significantly increased in plasma and spleen of the diabetes-
prone rats compared with the control group. Higher
ascorbate concentration in mouse was also found to
have immediate inhibition on insulin secretion, but was
completely reversible (40), which was associated with
hyperpolarization of the pancreatic b-cell. On the other
hand, oral ascorbic acid supplementation was reported to
provide an effective prophylaxis against exercise-induced
free radical–mediated lipid peroxidation in T1D (7).

A recent study in TEDDY provided evidence for the
association between 25(OH)D and islet autoimmunity (8)
without analyzing the risk of T1D. The protective effect
of 25(OH)D on T1D was reported in a Norwegian birth

control study (41) and in a non-Hispanic White population
in the U.S. (42) but not in other studies (43–47). Our
present study sheds light on the potential causes for
previous inconsistent conclusions about 25(OH)D and the
overall risk for T1D, that is, the time between 25(OH)D
measurement and clinical onset of T1D. Our findings un-
derscore the importance of when to relate 25(OH)D to
T1D, i.e., within 1 year prior to seroconversion, at (or
immediately after) seroconversion, at a second IA (48), or
before the onset ofmultiple positive autoantibodies (49,50).

One of our aims in the present analyses was to identify
potential metabolic and nutritional markers for the sub-
types of islet autoimmunity. Hence, we focused on TEDDY
children who developed GADA only (33%) or IAA only
(49%) as the initial autoantibody to ensure heterogene-
ity among subjects in clustering, without considering the
simultaneous onset of GADA and IAA (14%) or other
autoantibodies at seroconversion. Future studies on lip-
idome and dietary biomarkers under the TEDDY NCC
design should include all subjects having positively con-
firmed IA and their matched control subjects for sufficient
statistical power. The TEDDY full cohort is dominated by
a White non-Hispanic population (.90%); hence, sample
size in other race or ethnicity groups was too small to
assess whether our findings were relevant to races. An-
other limitation of the present study existed in the prog-
nostic analysis on either metabolome or nutrient biomarkers,
which was conducted within the TEDDY NCC design for
IA (at 1:3 case:control ratio). The population-wide risk
of progression from initial autoantibody to T1D might
differ from that in the TEDDY NCC, as it only repre-
sents a subgroup of the full TEDDY cohort who sero-
converted at an early age (,5 years). Future prognostic
analysis on metabolome or nutrient biomarkers should
be extended to a larger cohort for reproducibility and
validation.

Conclusion
Infants having reduced plasma ascorbic acid and choles-
terol experienced seroconversion of IAA-first earlier, while
early onset of GADA-first was preceded by reduced SM

Table 2—Association of HLA haplotypes/genotypes with plasma 25(OH)D and ascorbic acid at age of 6 months for IAA-first and
GADA-first children

HLA haplotypes or genotypes (%)

Plasma 25(OH)D (nmol/L) Plasma ascorbic acid (mmol/L)

Mean (SD) P Mean (SD) P

DR3/DR4 (51%) 49.62 (21.18) 0.018 55.51 (27.99) 0.041

Others (49%) 56.62 (24.88) 62.37 (28.54)

DRB1*0301 (64%) 51.23 (20.49) 0.023 58.90 (29.00) 0.845
Others (36%) 56.24 (27.34) 58.90 (27.54)

DQA1*0501 (64%) 51.43 (20.56) 0.033 58.92 (28.80) 0.856
Others (36%) 56.00 (27.43) 58.85 (27.87)

DQB1*201 (64%) 51.43 (20.56) 0.033 58.92 (28.80) 0.856
Others (36%) 56.00 (27.43) 58.85 (27.87)

Association analysis per circulating nutrient was performed by linear regression on each genetic factor with covariates of country, sex,
and family history of T1D. 1Association between HLA DR3/DR4 and ascorbic acid was P 5 0.001 for GADA-first children.
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at infancy. Both IAA-first and GADA-first children with
further T1D progression compared with nonprogressors
had lower plasma 25(OH)D prior to the onset of each
autoantibody. Plasma ascorbic acid and 25(OH)D were
negatively associated with HLA-DR3/DR4 among infants
who later experienced IAA-first and GADA-first, implying
dysregulation of gene expression potentially linked to
reduced circulating vitamins.
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