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Objective: To study the predictive value of autoantibodies for type 1 (TLDM)
and type 2 (T2DM) diabetes morbidity after gestational diabetes (GDM) in a
23-year follow-up study.

Design: Prospective population-based cohort study.

Methods: We studied 391 women with GDM, and 391 age- and parity-
matched controls, who delivered in 1984-1994. Four autoantibodies were
analysed in first-trimester blood samples: islet cell autoantibodies (ICAs),
glutamic acid decarboxylase autoantibodies (GADAs), insulin autoantibodies
(IAAs) and insulinoma-associated antigen-2 autoantibodies (IA-2As). Two
follow-up questionnaires (1995-1996, 2012-2013) were sent to assess
development of T1IDM and T2DM. Predictive value of autoantibodies and
clinical factors were analysed by conditional linear regression and
ROC analyses.

Results: Single autoantibody positivity was detected in 12% (41/342) of the
GDM cohort and in 2.3% (8/353) of the control cohort. In the GDM cohort,
2.6% (9/342) tested positive for two autoantibodies and 2.3% (8/342) for three
autoantibodies, whereas only one subject in the control cohort had two
autoantibodies. ICA positivity was found in 12.5% of the cases, followed by
GADA (6.0%), 1A-2A (4.9%) and IAA (1.2%). In the control cohort, GADA
positivity was found in 1.4%, I1A-2A in 0.8%, IAA in 0.6%, and ICA in 0.3% of
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the subjects. Detection of ICA, GADA and/or IA-2A autoantibodies decreased
T1DM-free survival time and time to diagnosis. All subjects with three positive
autoantibodies developed T1DM within seven years from the GDM
pregnancy. Development of T2DM after GDM occurred independent of
autoantibody positivity.

Conclusion: Development of TIDM can be reliably predicted with GADA and
ICA autoantibodies during early pregnancy.
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1 Introduction

Insulin sensitivity decreases during pregnancy along with
increasing weight, adiposity and placental hormones, inducing
insulin resistance to favour foetal growth. Gestational diabetes
mellitus (GDM) develops when compensatory hyperinsulinaemia,
that normally maintains an euglycemic state during pregnancy, can
no longer counteract the increasing insulin resistance, and blood
glucose levels rise (1). The prevalence of GDM is increasing
worldwide and varies between 2 and 17% depending on the
diagnostic criteria and genetic background of the studied
population (2). The affected women are at high risk of developing
type 2 diabetes (T2DM), and also type 1 (T1DM), later in life.
Autoantibody positivity is a known risk factor for progression to
TIDM (3), and autoantibodies predicting T1IDM have been
detected variably in 1-35% of women with GDM (4). However,
long, prospective controlled studies aimed at assessing their role in
the prediction of morbidity in both T1IDM and T2DM after GDM,
are lacking (5-25).

We have previously reported a prospective, 6-year cohort study
of women with GDM and healthy controls, showing that positivity
for islet cell autoantibodies (ICAs) and glutamic acid decarboxylase
autoantibodies (GADAs), as well as GDM below the age of 30 years
and the need for insulin treatment during pregnancy are associated
with a high risk of subsequent progression to T1IDM (15). Recently,
we reported that during a 23-year follow-up of the same cohort,
5.7% of them developed T1DM and they were all diagnosed within
7 years after the GDM pregnancy, and their disease progression was
predictable with high oral glucose tolerance test (OGTT) 2-h
glucose levels, and associated with insulin treatment for GDM
(16). Moreover, type 2 diabetes (T2DM) was diagnosed in 50.4%

Abbreviations: GADA, GAD antibody; GDM, gestational diabetes mellitus; IA-
2A, protein tyrosine phosphatase-related IA-2 molecule antibody; IAA, insulin
autoantibody, ICA, islet cell antibody; OGTT, oral glucose tolerance test; LADA,

latent autoimmune diabetes in adults.
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of the women with GDM, and the incidence remained linear until
the end of the follow-up period.

Here we report the analysis of four autoantibodies; ICAs,
GADAs, insulin autoantibodies (IAAs) and insulinoma-associated
antigen 2 autoantibodies (IA-2As), evaluated during the first
trimester of pregnancy from women with GDM and healthy
controls in relation to the progression of TIDM and T2DM
during a 23-year follow-up. Combined with the demographic and
clinical data, we calculated the cumulative risk of one or more
positive autoantibodies in disease progression and developed
prediction models to assess the significance of independent
clinical risk factors.

2 Methods
2.1 Study population

The study population has been previously described (16). This
cohort study included 435 women with a singleton pregnancy and
GDM, who delivered in the Oulu University Hospital, Finland, in
1984-1994. The control cohort of 435 women was pair-matched by
age (+ 2 years), parity (nulliparous, 1-3, or more than three
deliveries) and date of delivery (+ 2 days). All women were white.
GDM was diagnosed by OGTT (n=363) or by insulin treatment
(n=28). Subjects with a diagnosis based on multiple glucose
measurements, or on abnormal HbAlc values, were excluded
(n=44), and subsequently, 391 women with GDM, and 391
matched controls were included in the analyses.

Indications for OGTT included glucosuria, BMI >25 kg/mz,
previous delivery of a macrosomic infant (4500 g) or expected
macrosomic infant in the current pregnancy. A standard 2-h OGTT
(75 g glucose load in 250 mL water) was performed after a 12-h
overnight fasting. Three capillary whole blood samples were drawn: at
baseline, at 60 min and 120 min. The cut-off values for the glucose
concentrations were set according to the recommendation of the
Finnish Diabetes Association: fasting, >4.8 mmol/L; 1-hour, >10.0
mmol/L; and 2-hour, 28.7 mmol/L. The blood samples were analysed
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using the HemoCue® System (AB Leo Diagnostics, Helsingborg,
Sweden) (1). The inter-assay coefficient of variation of the method
was 3.8-4.0% at glucose concentration of 4.5-17.6 mmol/l. Any single
abnormal value in the OGTT was considered diagnostic.

All women diagnosed with GDM were given nutritional
advice. Insulin treatment was initiated, if at least two glucose
values (fasting or preprandial) were >5.5 mmol/l or when one
fasting or preprandial value was >5.5 mmol/l and one postprandial
value was >7.8 mmol/l 1.5 hours after a meal in a 24-hour
glucose profile.

All study participants signed an informed consent form. The
Ethics Committee of the Northern Ostrobothnia Hospital District
approved the study protocol.

2.2 Autoantibody analyses

A serum sample was taken during the first trimester of pregnancy
for routine rubella screening. Diabetes-associated autoantibodies
were analysed using a standard immunofluorescence method (ICA)
or specific radiobinding assays (IAA, GADA and IA-2A) as
previously described (18). All four autoantibodies were analysed
successfully in 342 cases and 353 controls. ICA was analysed
successfully in 352 cases and 354 controls, GADA in 350 cases and
354 controls, IA-2A in 344 cases and 353 controls, and IAA in 340
cases and 353 controls.

The cut-oft level for ICA positivity was set at 2.5 Juvenile
Diabetes Foundation units (JDFU) and for IAA, GADA, and IA-
2A the cut-off levels were based on the 99" percentile in nondiabetic
Finnish subjects (N=105, 772 and 374, respectively). The cut-oft
limit for TAA positivity was set at specific binding of 54 nU/ml, for
GADA 6.5 relative units (RU) and for IA-2A 0.43 RU. The disease
sensitivity of the assays for ICA, TAA, GADA, and TA-2A were
100%, 78%, 79%, and 62%, respectively. The corresponding disease
specificity was 98%, 100%, 97%, and 97%, respectively. All samples
with TAA, GADA, or IA-2A levels between the 97" and 99.5™
percentiles were reanalysed to confirm their status.

2.3 Questionnaire-based follow-up

Two questionnaires were sent to the study participants, first an
invitation to participate in this study in 1995-1996 (1-11 years
after pregnancy) with the first follow-up questionnaire and an
informed consent form. Second follow-up questionnaire was sent
in 2012-2013. 297 women with GDM and 297 control subjects
(76%) took part in the study. Thirteen women in the GDM cohort
(3.3%) and six women in the control cohort (1.5%) had died. The
mean post-delivery follow-up time was 23.1 (range 18.7-28.8) years in
the GDM cohort and 23.3 (range 18.9-30.1) years for the
control cohort.

The questionnaires included questions about GDM treatment
(diet or insulin), pre-pregnancy weight and height, progression to
clinical diabetes, the type of diabetes, the time of diagnosis and
diabetes medication.
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2.4 Statistical analysis

Baseline demographic characteristics were analysed by one-way
ANOVA. Development of TIDM and T2DM after pregnancy was
assessed by Kaplan-Meier survival curves regarding (1) individual
autoantibody positivity, and (2) number of positive autoantibodies.
The time between blood sampling (taken in the first trimester) to
the diagnosis of diabetes or to the end of follow-up was used as
survival time (time-to-event). Subjects who did not answer the
second questionnaire or who had died were censored at the end of
their follow-up time or at the time of death. To evaluate the
independent associations of each risk factor and to find the best
predictive model for disease progression to diabetes, conditional
logistic regression analysis and receiver operating characteristic
(ROC) curves were constructed. AUC was used in the
classification analysis. In model 1, the number of positive
autoantibodies (0, 1, 2, or 3-4), age at the time of pregnancy (<
30 years vs. > 30), and non-insulin vs. insulin treatment for GDM
were included as contributing factors. In model 2, positivity vs.
negativity for each autoantibody, age at the time of pregnancy (< 30
years vs. > 30), and non-insulin vs. insulin treatment for GDM were
included as contributing factors. The analyses were performed with
IBM SPSS Statistics for Windows (versions 21 and 25, IBM,
Armonk, NY) and RStudio (Boston, MA) software. The figures
were produced using the ggplot2 (R package version 0.4.6., https://
CRAN.R-project.org/package=survminer) and Adobe Illustrator
(Adobe Systems, San Jose, CA).

3 Results

The demographic characteristics of the study population have
been previously described (16). In brief, mean body weight and
mean BMI ( = SD) were higher in the GDM group than in the
control group at the first trimester (69.5 + 14.5 kg vs 61.7 + 10.4 kg,
P<0.001; 26.3 + 5.2 kg/m® vs 22.8 + 3.5 kg/m? P<0.001), as
expected. Within the GDM cohort, women who later reported
T1DM had lower first trimester mean BMI compared to those who
later reported T2DM (242 + 3.4 kg/m* vs. 27.9 + 5.7 kg/m%
P<0.001). The mean age of the GDM cohort at the time of
second follow-up ( + SD) was 54.7 ( + 6.4) years, and that of the
control cohort was 55.3 ( * 6.4) years.

3.1 Autoantibody analyses

At least one autoantibody was found positive in 12% (41/342) of
the GDM cohort and in 2.3% (8/353) of the controls (Table 1). Only
one control subject (0.3%) had two positive autoantibodies, whereas
in the GDM cohort, 2.6% (9/342) tested positive for two
autoantibodies and 2.3% (8/342) for three autoantibodies. ICA
positivity was found in 12.5% of the GDM cohort, followed by
GADA (6.0%), IA-2A (4.9%) and TAA (1.2%). In the control cohort,
GADA positivity was found in 1.4% of the subjects, IA-2A in 0.8%,
TAA in 0.6%, and ICA in 0.3% of the subjects.
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TABLE 1 Prevalence of the autoantibodies in the GDM and
control cohort.

Cases Controls
N=391* N=391*
% (N) % (N)
Positivity of autoantibodies*
ICA 12.5 (44) 0.3 (1)
GADA 6.0 (21) 1.4 (5)
1A-2A 4.9 (17) 0.8 (3)
1AA 12 (4) 0.6 (2)
No. of positive autoantibodies'
0 83.0 (284) 97.5 (344)
1 12.0 (41) 2.3 (8)
2 2.6 (9) 0.3 (1)
3 2.3 (8) 0 (0)
4 0 (0) 0 (0)

*ICA was analysed successfully from 352 cases and 354 controls, GADA from 350 cases and
354 controls, TA-2A 344 cases and 353 controls and TAA 340 cases and 353 controls.
TAll four autoantibodies were analysed successfully from 342 cases and 353 controls.

Positivity for ICA, GADA and/or IA-2A, but not for IAA,
decreased T1DM-free survival time and time to diagnosis
(Figure 1). All women who tested positive for three
autoantibodies developed TIDM (Figure 2A). In contrast, T2DM-
free survival rate and time to diagnosis were not significantly related
to autoantibody positivity or negativity (Figure 2B).

Among women who later reported being diagnosed with
T2DM (N=197), nine had two, and eight had three positive
autoantibodies. Compared to the women reporting later T2DM but no
autoantibodies detected, their first trimester BMI was lower (22.8 + 5.1 vs
279+62 kg/mz, p=0.306), however this, or the time to diagnosis (12.9 +
6.8 vs 13.1 + 7.2 years, p=0.408), did not reach statistical significance.

3.2 Prediction of diabetes progression
after GDM

To analyse the influence of independent factors for TIDM or
T2DM progression after GDM, two conditional logistic regression
models were developed (Table 2). The highest risk of developing
TIDM was associated with three positive autoantibodies, insulin
treatment for GDM, and inversely associated with age under 30 years
at the time of the GDM pregnancy. In terms of the individual
autoantibodies, positivity for ICA was associated with the highest
risk for TIDM progression, followed by GADA and IA-2A.
This finding was supported by the ROC analyses, in which ICA
positivity was the most predictive autoantibody regarding T1DM
development (Table 3). The best predictive value was achieved by the
combination of ICA and GADA positivity. Combination of ICA
positivity and insulin treatment for GDM resulted in a highly
sensitive, but less specific, prediction for TIDM. Despite some
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positive autoantibodies among those women who later developed
T2DM, seropositivity was not significantly associated with the
development of T2DM (Table 2).

4 Discussion

This 23-year prospective cohort study showed that TIDM can
be reliably predicted with ICA and GAD autoantibodies during
pregnancy, and that progression to TIDM occurs during the first
decade after GDM.

Development of TIDM results from the immune-mediated
destruction of the pancreatic f3-cells. Presence of circulating
autoantibodies produced by the B-lymphocytes is a well-
characterized phenomenon, and they can be detected in the serum
months to years before the onset of diabetes (26). Prevalence of
autoantibodies in women with GDM has been previously described
in several studies, including our own 6-year follow-up study of the
same study population (15). Most studies have investigated the
autoantibodies during pregnancy (7, 11, 13, 15, 17, 20, 21, 23-25),
however, some studies investigated them after pregnancy (5, 14, 22)
and one study both during and after the GDM pregnancy (12).
Overall, GADA has been the most frequently assessed autoantibody,
however, its prevalence (0-10.8%) and association to the progression
to T1DM has varied considerably in different populations (5, 6, 8-10,
12, 13, 19, 21, 27-32), which probably at least partly reflects the
differences of PB-cell autoimmunity in various ethnic groups.
Similarly, ICA prevalence has been variable (1-44%), but it may
partly be due to technical issues regarding the standardization of the
assays (33). The ICA assay applied in this study is highly sensitive
(100%), adding to the reliability of our results. Here, IAA and TA-2A
were not useful in predicting later TIDM after GDM, and this may
reflect that they are more commonly found in young children and
rarely in adults (34, 35). A novel B-cell autoantibody, ZnT8A, has
been introduced since the initiation of our study, and initially, it was
reported to have a prevalence of 4.8% in a GDM cohort (31). A
subsequent study reported a lower prevalence 3.2%, while overall
6.8% of GDM women were autoantibody positive (32), and it seemed
that ZnT8A provided no additional benefit above GADA positivity in
terms of T1IDM prediction.

In the present study, all women with three positive
autoantibodies developed T1DM, which is in line with previous
findings estimating that positivity for two autoantibodies increases
the risk for developing TIDM to 63%, and up to 84%, when three
autoantibodies are present (12). Here, the combination of ICA and
GADA predicted TIDM with a 70.6% sensitivity and 88.0%
specificity, and the prediction did not improve with an additional
antibody analysed. Combination of any autoantibody and insulin
treatment for GDM was very sensitive, but not a very specific
predictor of TIDM progression, as it is also associated with later
T2DM progression. We had as well eight women who had tested
initially positive for three autoantibodies, yet self-reported being
subsequently diagnosed with T2DM. Positivity for three
autoantibodies strongly indicates that these patients do have
autoimmune diabetes and not T2DM. In our view, these women
most likely represent latent autoimmune diabetes in adults (LADA)
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(B) GADA 16.6 (10.7-22.6) vs 28.1 (27.7-28.6) years; (C) IA-2A 17.5 (11.1-23.9.) vs 27.9 (27.4-28.4) years; (D) IAA 28.8 (28.8-28.8) vs 27.4 (26.7-28-0).
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Frontiers in Endocrinology 05 frontiersin.org


https://doi.org/10.3389/fendo.2023.1286375
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Luiro et al.

that have been misdiagnosed in the primary care setting, where
T2DM typically is treated in Finland. LADA may exhibit prolonged
preservation of insulin secretion, and therefore a variable
progression to insulin dependence, thus in the absence of
antibody testing at the primary care setting, a misdiagnosis of
T2DM is highly likely. The fact that they were slimmer supports

TABLE 2 "Prediction of disease progression to T1 or T2 diabetes after
GDM by independent factors using two logistic regression models.

Type 1 diabetes
OR (95% Cl)

Type 2 diabetes

OR (95% Cl)

Model 1

No. of positive autoantibody types

0 1.00 1.00
1 6.56 (1.52-28.34) 1.07 (0.55-2.08)
2 15.19 (3.54-65.15) 1.37 (0.33-5.59)
3 33.93 (8.95-128.66) 3.01 (0.72-12.49)

Age at time of GDM*

< 30 years 1.00 1.00

> 30 years 0.24 (0.07-0.77) 1.65 (1.06-2.56)

Insulin for GDM

No 1.00 1.00

Yes 13.44 (2.73-66.07) 3.74 (2.46-5.69)
Model 2
ICA

Negative 1.00 1.00

Positive 13.08 (3.60-47.56) 0.96 (0.45-2.02)
GADA

Negative 1.00 1.00

Positive 5.21 (1.17-23.22) 1.38 (0.41-4.69)
IA-2A

Negative 1.00 1.00

Positive 0.57 (0.12-2.76) 1.33 (0.40-4.41)
IAA

Negative NA® 1.00

Positive NA® 2.36 (0.73-7.63)
Age at time of GDM

< 30 years 1.00 1.00

> 30 years 0.47 (0.13-1.76) 1.91 (1.18-3.07)

Insulin for GDM

No 1.00 1.00

Yes 28.37 (5.50-146.38) 3.73 (2.44-5.71)

*Age at the time of blood sampling during pregnancy.
*Not applicable due to small sample size.
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this finding, although this difference did not reach statistical
significance, most likely, due to a small sample size.

While results presented here and in previous studies seem
conclusive that autoantibodies can effectively predict future TIDM,
the main clinical question of whom to test for autoantibodies
remains. In our population-based cohort, 5.7% of women with

TABLE 3 Autoantibody positivity or combination of autoantibodies and
individual clinical factors in prediction of disease progression to TIDM
by receiver operating characteristic (ROC) analyses; area under curve
(AUC), sensitivity and specificity.

Type 1 diabetes mellitus
AUC

Sensitivity
(%) (%)

Specificity

Positivity of autoantibodies

ICA 0.77 64.7 90.1
GADA 0.75 52.9 96.4
TA-2A 0.69 41.2 96.9
TAA 0.51

Combinations of positive autoantibodies

ICA + GADA 0.82 70.6 88.0
ICA +IA-2A 0.78 64.7 87.5
ICA +IAA 0.78 64.7 90.1
GADA +IA-2A 0.78 58.8 95.1
GADA + [AA 0.75 52.9 96.6
TA-2A + TAA 0.70 41.2 97.2
ICA + GADA + IA-2A 0.82 70.6 88.0
ICA +IAA + GADA 0.82 70.6 88.2
ICA +IAA +IA- 2A 0.79 64.7 87.8
GADA + IAA +TA-2A 0.78 58.8 95.3

Combinations of autoantibodies and insulin

ICA + insulin 0.90 100.0 56.8
TAA + insulin 0.77 88.2 66.0
GADA + insulin 0.87 94.1 64.4
IA-2A + insulin 0.82 88.2 64.0
ICA + IAA + insulin 0.90 100.0 57.6
ICA + GADA + insulin = 0.91 64.7 96.4
ICA + IA-2A + insulin 0.89 100.0 56.6
IAA + GADA + insulin = 0.88 94.1 65.0
TAA + IA-2A + insulin 0.83 88.2 64.8
GADA + TA-2A 0.88 94.1 64.2
+ insulin

ICA + IAA + GADA 0.92 64.7 96.6
+ insulin

(Continued)
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TABLE 3 Continued

Type 1 diabetes mellitus

Sensitivity Specificity
(%) (%)

ICA + IAA + TA-2A 0.89 100.0 57.2

+ insulin

ICA + GADA + IA-2A 0.92 64.7 97.5

+ insulin

TAA + GADA + IA-2A 0.88 94.1 64.7

+ insulin

The most predictive values are marked in bold.

GDM developed TIDM (16), and therefore it is hardly clinically or
economically sensible to consider autoantibody testing for all women
with GDM, although that has been suggested (36). In this study,
progression to T1IDM was associated with GDM at the age below 30
years, insulin therapy and lower BMI, and these clinical factors would
probably be most useful in the clinical decision making. In addition,
presence of ketones and co-morbidity with other autoimmune
diseases (such as hypothyroidism) have been proposed (37). In
clinical practice, an atypical response to GDM treatment, e.g. no/
little response to diet or metformin treatment, but strong response to
insulin treatment indicates low insulin resistance, and is suggestive of
insulin deficiency, thus justifying autoantibody testing.

Strengths of this study include a remarkably high participation
rate (76%), and to our knowledge, the longest follow-up period to
date. In addition, the GDM diagnosis was mainly (92.8%) based on
OGTT, the gold standard for GDM diagnostics. We also investigated
all four autoantibodies associated with diabetes progression instead of
one or two typically seen in previous reports and were able to integrate
significant clinical factors such as maternal age and BMI into the
prediction models. However, self-reported data on disease progression
is a weakness of this study, and a systematic OGTT on follow-up
would have probably increased the prevalence of T2DM in both GDM
and control cohorts. At the time of the study, a risk-based screening
for GDM was used in Finland, which compared to the current nearly
universal screening, may also underestimate the incidence of GDM. It
is also noteworthy that the incidence of TIDM among young adults is
higher in Finland than in other countries, which may diminish the
generalisability of these results (38).

In conclusion, the presence of autoantibodies in first trimester
samples of women with GDM predicts well later TIDM
progression. The combination of ICA and GADA seems to be
particularly sensitive and specific for this. Investigation of
autoantibodies should be considered if GDM includes T1DM-like
features, such as young age, low BMI or an atypical response to
common GDM treatment.

Data availability statement

The datasets presented in this article are not readily available
because current GDPR legistlation does not allow transfer of data

Frontiers in Endocrinology

10.3389/fendo.2023.1286375

without the consent of the individuals who participated in the study.
Requests to access the datasets should be directed to Juha S.
Tapanainen, juha.tapanainen@helsinki.fi.

Ethics statement

The studies involving humans were approved by Ethics
Committee of the Northern Ostrobothnia Hospital District. The
studies were conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

KL: Data curation, Investigation, Project administration,
Visualization, Writing - original draft, Writing - review &
editing, Supervision. AA: Data curation, Formal Analysis,
Investigation, Writing - original draft, Writing - review &
editing. JA: Data curation, Formal Analysis, Investigation,
Methodology, Software, Validation, Writing - review & editing.
JJ: Data curation, Formal Analysis, Investigation, Methodology,
Software, Validation, Writing - review & editing, Visualization.
IJ: Investigation, Writing — review & editing. MK: Investigation,
Methodology, Resources, Writing - review & editing.
JT: Conceptualization, Funding acquisition, Investigation,
Project administration, Resources, Supervision, Writing - review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by Sigrid Jusélius Foundation, Academy of Finland,
and Helsinki and Oulu University Hospital Research Funds.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1286375
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Luiro et al.

References

1. Buchanan TA, Xiang AH. Gestational diabetes mellitus. J Clin Invest (2005) 115
(3):485-91. doi: 10.1172/JCI200524531

2. Agarwal MM. Gestational diabetes mellitus: An update on the current
international diagnostic criteria. World J Diabetes (2015) 6(6):782. doi: 10.4239/
wjd.v6.i6.782

3. Epstein FH, Atkinson MA, Maclaren NK. The pathogenesis of insulin-dependent
diabetes mellitus. N Engl | Med (1994) 331(21):1428-36. doi: 10.1056/
NEJM199411243312107

4. Lapolla A, Dalfra MG, Fedele D. Diabetes related autoimmunity in gestational
diabetes mellitus: is it important? Nutr Metab Cardiovasc Dis (2009) 19(9):674-82.
doi: 10.1016/j.numecd.2009.04.004

5. Papadopoulou A, Lynch KF, Anderberg E, Landin-Olsson M, Hansson I, Agardh
CD, et al. HLA-DQBI1 genotypes and islet cell autoantibodies against GAD65 and IA-2
in relation to development of diabetes post partum in women with gestational diabetes
mellitus. Diabetes Res Clin Pract (2012) 95(2):260-4. doi: 10.1016/j.diabres.2011.10.037

6. Cossu E, Incani M, Pani MG, Gattu G, Serafini C, Strazzera A, et al. Presence of
diabetes-specific autoimmunity in women with gestational diabetes mellitus (GDM)
predicts impaired glucose regulation at follow-up. J Endocrinol Invest (2018) 41
(9):1061-8. doi: 10.1007/s40618-018-0830-3

7. Dereke J, Nilsson C, Strevens H, Landin-Olsson M, Hillman M. IgG4 subclass
glutamic acid decarboxylase antibodies (GADA) are associated with a reduced risk of
developing type 1 diabetes as well as increased C-peptide levels in GADA positive
gestational diabetes. Clin Immunol (2016) 162:45-8. doi: 10.1016/.clim.2015.11.001

8. Murgia C, Orra M, Portoghese E, Garau N, Zedda P, Berria R, et al.
Autoimmunity in gestational diabetes mellitus in Sardinia: a preliminary case-
control report. Reprod Biol Endocrinol (2008) 6:24. doi: 10.1186/1477-7827-6-24

9. Lapolla A, Fedele D, Pedini B, Dal Fra MG, Sanzari M, Masin M, et al. Low
frequency of autoantibodies to islet cell, glutamic acid decarboxylase, and second-islet
antigen in patients with gestational diabetes mellitus: a follow-up study. Ann N'Y Acad
Sci (2002) 958:263-6. doi: 10.1111/j.1749-6632.2002.tb02983 x

10. Bartha JL, Martinez-Del-Fresno P, Comino-Delgado R. Postpartum metabolism
and autoantibody markers in women with gestational diabetes mellitus diagnosed in
early pregnancy. Am ] Obstet Gynecol (2001) 184(5):965-70. doi: 10.1067/
mob.2001.112394

11. Nilsson C, Ursing D, Térn C, Aberg A, Landin-Olsson M. Presence of GAD
antibodies during gestational diabetes mellitus predicts type 1 diabetes. Diabetes Care
(2007) 30(8):1968-71. doi: 10.2337/dc07-0157

12. Fuchtenbusch M, Ferber K, Standl E, Ziegler AG. Prediction of type 1 diabetes
postpartum in patients with gestational diabetes mellitus by combined islet cell
autoantibody screening: a prospective multicenter study. Diabetes (1997) 46(9):1459-67.
doi: 10.2337/diab.46.9.1459

13. Petersen JS, Dyrberg T, Damm P, Kiihl C, Molsted-Pedersen L, Buschard K.
GADG65 autoantibodies in women with gestational or insulin dependent diabetes
mellitus diagnosed during pregnancy. Diabetologia (1996) 39(11):1329-33. doi:
10.1007/s001250050578

14. Damm P, Kiihl C, Buschard K, Jakobsen BK, Svejgaard A, Sodoyez-Goffaux F,
et al. Prevalence and predictive value of islet cell antibodies and insulin autoantibodies
in women with gestational diabetes. Diabetes Med (1994) 11(6):558-63. doi: 10.1111/
j.1464-5491.1994.tb02035.x

15. Jarveld IY, Juutinen J, Koskela P, Hartikainen AL, Kulmala P, Knip M, et al.
Gestational diabetes identifies women at risk for permanent type 1 and type 2 diabetes
in fertile age: Predictive role of autoantibodies. Diabetes Care (2006) 29(3):607-12.
doi: 10.2337/diacare.29.03.06.dc05-1118

16. Auvinen AM, Luiro K, Jokelainen J, Jarveld I, Knip M, Auvinen J, et al. Type 1
and type 2 diabetes after gestational diabetes: a 23 year cohort study. Diabetologia
(2020) 63(10):2123-8. doi: 10.1007/s00125-020-05215-3

17. Yu SH, Park S, Kim HS, Park SY, Yim CH, Han KO, et al. The prevalence of
GAD antibodies in Korean women with gestational diabetes mellitus and their clinical
characteristics during and after pregnancy. Diabetes Metab Res Rev (2009) 25(4):329-
34. doi: 10.1002/dmrr.963

18. Kulmala P, Savola K, Petersen JS, Vihasalo P, Karjalainen J, Lopponen T, et al.
Prediction of insulin-dependent diabetes mellitus in siblings of children with diabetes.
A population-based study. The Childhood Diabetes in Finland Study Group. J Clin
Invest (1998) 101(2):327-36. doi: 10.1172/JCI119879

19. Bo S, Menato G, Pinach S, Signorile A, Bardelli C, Lezo A, et al. Clinical
characteristics and outcome of pregnancy in women with gestational hyperglycaemia

Frontiers in Endocrinology

08

10.3389/fendo.2023.1286375

with and without antibodies to beta-cell antigens. Diabetes Med (2003) 20(1):64-8.
doi: 10.1046/j.1464-5491.2003.00721.x

20. Balaji M, Shtauvere-Brameus A, Balaji V, Seshiah V, Sanjeevi CB. Women
diagnosed with gestational diabetes mellitus do not carry antibodies against minor islet
cell antigens. Ann N Y Acad Sci (2002) 958:281-4. doi: 10.1111/j.1749-
6632.2002.tb02987.x

21. Fallucca F, Tiberti C, Torresi P, Cardellini G, Sciullo E, D’Aliberti T, et al.
Autoimmune markers of diabetes in diabetic pregnancy. Ann Ist Super Sanita (1997) 33
(3):425-8.

22. Beischer NA, Wein P, Sheedy MT, Mackay IR, Rowley MJ, Zimmet P. Prevalence
of antibodies to glutamic acid decarboxylase in women who have had gestational
diabetes. Am ] Obstet Gynecol (1995) 173(5):1563-9. doi: 10.1016/0002-9378(95)
90650-9

23. O’brien CJ, Crockard AD, Mcmillan S, Rodgers L, Middleton D, Fay A, et al.
Increased interleukin 2 receptor expression in post-gestational women: relationship to
impaired glucose tolerance and islet cell antibodies in pregnancy. Autoimmunity (1990)
7(2-3):97-108. doi: 10.3109/08916939008993382

24. Whittingham S, Byron S, Tuomilehto J, Zimmet PZ, Myers M, Vidgren M, et al.
Autoantibodies associated with presymptomatic insulin-dependent diabetes mellitus in
women. Diabetes Med (1997) 14:678-85. doi: 10.1002/(SICI)1096-9136(199708)
14:8<678::AID-DIA451>3.0.CO;2-F

25. Amer HM, Abd El Baky RS, Nasr MS, Hendawy LM, Ibrahim WA, Taha MO.
Anti-islet cell antibodies in a sample of Egyptian females with gestational diabetes and
its relation to development of type 1 diabetes mellitus. Curr Diabetes Rev (2018) 14
(4):389-94. doi: 10.2174/1573399813666170502110559

26. Kharroubi AT, Darwish HM. Diabetes mellitus: The epidemic of the century.
World J Diabetes (2015) 6(6):850. doi: 10.4239/wjd.v6.i6.850

27. WengJ, Ekelund M, Lehto M, Li H, Ekberg G, Frid A, et al. Screening for MODY
mutations, GAD antibodies, and type 1 diabetes-associated HLA genotypes in women
with gestational diabetes mellitus. Diabetes Care (2002) 25(1):68-71. doi: 10.2337/
diacare.25.1.68

28. Damanhouri LH, Dromey JA, Christie MR, Nasrat HA, Ardawi MSM, Robins
RA, et al. Autoantibodies to GAD and IA-2 in Saudi Arabian diabetic patients. Diabetes
Med (2005) 22(4):448-52. doi: 10.1111/j.1464-5491.2005.01438.x

29. Ferraz TB, Motta RS, Capibaribe DM, Ferraz CLH, Chacra AR, Forti AC,
et al. Prevalence of GAD autoantibodies in Brazilian women with previous
gestational diabetes. Diabetes Res Clin Pract (2007) 78(1):141-2. doi: 10.1016/
j.diabres.2007.01.011

30. Albareda M, Caballero A, Badell G, Piquer S, Ortiz A, De Leiva A, et al. Diabetes
and abnormal glucose tolerance in women with previous gestational diabetes. Diabetes
Care (2003) 26(4):1199-205. doi: 10.2337/diacare.26.4.1199

31. Rudland VL, Pech C, Harding AJ, Tan K, Lee K, Molyneaux L, et al. Zinc
transporter 8 autoantibodies: what is their clinical relevance in gestational diabetes?
Diabetes Med (2015) 32(3):359-66. doi: 10.1111/dme.12629

32. Dereke J, Palmqvist S, Nilsson C, Landin-Olsson M, Hillman M. The prevalence
and predictive value of the SLC30A8 R325W polymorphism and zinc transporter 8
autoantibodies in the development of GDM and postpartum type 1 diabetes. Endocrine
(2016) 53(3):740-6. doi: 10.1007/s12020-016-0932-7

33. Bingley PJ. Clinical applications of diabetes antibody testing. J Clin Endocrinol
Metab (2010) 95(1):25-33. doi: 10.1210/jc.2009-1365

34. Naserke HE, Dozio N, Ziegler AG, Bonifacio E. Comparison of a novel micro-
assay for insulin autoantibodies with the conventional radiobinding assay. Diabetologia
(1998) 41(6):681-3. doi: 10.1007/s001250050968

35. Ziegler AG, Rewers M, Simell O, Simell T, Lempainen ], Steck A, et al.
Seroconversion to multiple islet autoantibodies and risk of progression to diabetes in
children. JAMA (2013) 309(23):2473-9. doi: 10.1001/jama.2013.6285

36. Haller-Kikkatalo K, Uibo R. Clinical recommendations for the use of islet cell
autoantibodies to distinguish autoimmune and non-autoimmune gestational diabetes.
Clin Rev Allergy Immunol (2016) 50(1):23-33. doi: 10.1007/s12016-014-8461-8

37. Incani M, Baroni MG, Cossu E. Testing for type 1 diabetes autoantibodies in
gestational diabetes mellitus (GDM): Is it clinically useful? BMC Endocr Disord (2019)
19(1). doi: 10.1186/s12902-019-0373-4

38. Lammi N, Taskinen O, Moltchanova E, Notkola IL, Eriksson JG, Tuomilehto J,
et al. A high incidence of type 1 diabetes and an alarming increase in the incidence of
type 2 diabetes among young adults in Finland between 1992 and 1996. Diabetologia
(2007) 50(7):1393-400. doi: 10.1007/s00125-007-0690-4

frontiersin.org


https://doi.org/10.1172/JCI200524531
https://doi.org/10.4239/wjd.v6.i6.782
https://doi.org/10.4239/wjd.v6.i6.782
https://doi.org/10.1056/NEJM199411243312107
https://doi.org/10.1056/NEJM199411243312107
https://doi.org/10.1016/j.numecd.2009.04.004
https://doi.org/10.1016/j.diabres.2011.10.037
https://doi.org/10.1007/s40618-018-0830-3
https://doi.org/10.1016/j.clim.2015.11.001
https://doi.org/10.1186/1477-7827-6-24
https://doi.org/10.1111/j.1749-6632.2002.tb02983.x
https://doi.org/10.1067/mob.2001.112394
https://doi.org/10.1067/mob.2001.112394
https://doi.org/10.2337/dc07-0157
https://doi.org/10.2337/diab.46.9.1459
https://doi.org/10.1007/s001250050578
https://doi.org/10.1111/j.1464-5491.1994.tb02035.x
https://doi.org/10.1111/j.1464-5491.1994.tb02035.x
https://doi.org/10.2337/diacare.29.03.06.dc05-1118
https://doi.org/10.1007/s00125-020-05215-3
https://doi.org/10.1002/dmrr.963
https://doi.org/10.1172/JCI119879
https://doi.org/10.1046/j.1464-5491.2003.00721.x
https://doi.org/10.1111/j.1749-6632.2002.tb02987.x
https://doi.org/10.1111/j.1749-6632.2002.tb02987.x
https://doi.org/10.1016/0002-9378(95)90650-9
https://doi.org/10.1016/0002-9378(95)90650-9
https://doi.org/10.3109/08916939008993382
https://doi.org/10.1002/(SICI)1096-9136(199708)14:8%3C678::AID-DIA451%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1096-9136(199708)14:8%3C678::AID-DIA451%3E3.0.CO;2-F
https://doi.org/10.2174/1573399813666170502110559
https://doi.org/10.4239/wjd.v6.i6.850
https://doi.org/10.2337/diacare.25.1.68
https://doi.org/10.2337/diacare.25.1.68
https://doi.org/10.1111/j.1464-5491.2005.01438.x
https://doi.org/10.1016/j.diabres.2007.01.011
https://doi.org/10.1016/j.diabres.2007.01.011
https://doi.org/10.2337/diacare.26.4.1199
https://doi.org/10.1111/dme.12629
https://doi.org/10.1007/s12020-016-0932-7
https://doi.org/10.1210/jc.2009-1365
https://doi.org/10.1007/s001250050968
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.1007/s12016-014-8461-8
https://doi.org/10.1186/s12902-019-0373-4
https://doi.org/10.1007/s00125-007-0690-4
https://doi.org/10.3389/fendo.2023.1286375
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Autoantibodies predict type 1 diabetes after gestational diabetes – a 23-year cohort study
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Autoantibody analyses
	2.3 Questionnaire-based follow-up
	2.4 Statistical analysis

	3 Results
	3.1 Autoantibody analyses
	3.2 Prediction of diabetes progression after GDM

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


