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Abstract

Background The prevalence of obesity and type 2 diabetes mellitus (T2DM] is rising globally, particularly among
children exposed to adverse intrauterine environments, such as those associated with gestational diabetes mellitus
(GDM). Epigenetic modifications, specifically DNA methylation, have emerged as mechanisms by which early
environmental exposures can predispose offspring to metabolic diseases. This study aimed to investigate DNA
methylation differences in children born to mothers with GDM compared to non-GDM mothers, using saliva samples,
and to assess the association of these epigenetic patterns with early growth measurements.

Methods This study analyzed saliva DNA methylation patterns in 30 children (15 born to GDM mothers and 15 to
non-GDM mothers) from the EPIDG cohort. Samples were collected at two time points: 8-10 weeks postpartum

and at one year of age. Epigenome-wide analysis of over 850,000 CpG sites was conducted using the Illumina
Methylation EPIC Bead Chip. Differential methylation positions (DMPs) were identified with the limma package, using
a significance threshold of p <0.01 and delta 3 > 5%. Correlation analysis examined associations between methylation
and growth variables (weight, height, BMI and annual growth) using Spearman tests.

Results We identified 6,968 DMPs at the postpartum stage and 5,132 after one year, with 50 sites remaining
differentially methylated over time, 16 of which maintained consistent methylation directionality. Functional analysis
linked several of these DMPs to genes involved in inflammation and metabolic processes, including CYTH3 and
FARP2, both implicated in growth and metabolic pathways. Significant correlations were found between specific CpG
sites and growth-related variables such as weight, head circumference, height, and BMI.

Conclusions This study’s longitudinal design reveals stable DNA methylation patterns in saliva samples that
differentiate GDM-exposed children from controls across the first year of life, highlighting the feasibility of saliva as
a minimally invasive biomarker source. The persistence of these epigenetic signatures underscores their potential
as early indicators of metabolic risk, offering valuable insights into the long-term impact of maternal GDM on child
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health. Although the use of saliva offers a practical and non-invasive tool for pediatric epigenetic research, further
studies are necessary to validate these findings in larger populations.
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Introduction

Obesity and diabetes are increasing globally, becoming
significant public health concerns, particularly due to the
rising prevalence among children. It is estimated that 29%
of boys and 26% of girls are overweight or obese [1]. This
means that these children are more likely to develop dia-
betes and other metabolic diseases later in life. Moreover,
the offspring of mothers with obesity and/or diabetes are
known to have an elevated risk of developing diabetes in
the future [2]. This is closely linked to the Developmental
Origins of Disease (DOHAD) hypothesis and the theory
of the first thousand days which suggest that exposure
to an adverse environment during the periconceptional
and/or intrauterine period increases the lifelong risk of
metabolic and related diseases in offspring. During the
first 1000 days of life, the period from conception to
the first two years of a person’s life, there is an adaptive
capacity to different stimuli and social environments that
can be determinant for the individual’s future [3, 4]. This
timeframe represents a phase of heightened sensitivity,
wherein nutritional, metabolic, and hormonal exposures
can significantly influence developmental processes and
future disease risk.

In recent years, significant research has focused on
how gestational diabetes mellitus (GDM) influences the
development of metabolic conditions like type 2 diabetes
(T2DM) and obesity, both in mothers and their children.
GDM is known to be associated with a range of adverse
outcomes, including a higher likelihood of childhood
obesity, and metabolic disorders in offspring [5]. Among
the mechanisms by which prenatal environmental factors
can exert long-term influences on gene expression and
health outcomes, epigenetics, particularly DNA meth-
ylation, has gained substantial attention. GDM can alter
the intrauterine environment, affecting fetal growth and
metabolic programming, potentially predisposing the
offspring to chronic conditions like obesity and T2DM
[6].

Most existing studies on the epigenetic effect of GDM
exposure have focused on samples from cord blood and
placenta, showing that children born to mothers with
GDM exhibit distinct epigenetic modifications compared
to those born to non-GDM mothers [7, 8]. These epigen-
etic changes affect the regulation of genes involved in
metabolic pathways, immune responses, and growth pro-
cesses. For instance, altered DNA methylation patterns
have been observed in genes related to insulin signalling,
adipogenesis, and inflammation, which may contribute
to the increased risk of metabolic disorders and obesity

observed in these children. Furthermore, these epigen-
etic differences may serve as potential biomarkers help-
ing identify children at risk for future metabolic diseases.
While the potential for epigenetic markers to serve as
biomarkers of future metabolic disease has been pro-
posed, limited research has explored this in the context
of accessible and non-invasive samples like saliva [9, 10].
Some studies have linked DNA methylation markers in
saliva to birth weight [11]. Saliva represents a promising
alternative to cord blood and placenta and offers a valu-
able, accessible tool for studying epigenetic biomarkers
in the infant population offering promising applications
for longitudinal follow-up studies. Few studies have con-
ducted longitudinal assessments of DNA methylation in
offspring, which are essential for understanding the per-
sistence and dynamics of epigenetic modifications.

Furthermore, epigenetic modifications are not static
and can be influenced by postnatal environmental fac-
tors such as diet, physical activity, and exposure to tox-
ins. This dynamic nature of the epigenome suggests that
early interventions could potentially mitigate the adverse
effects of prenatal exposures.

This study aims to explore the epigenetic differences
between children born to mothers with GDM and those
born to non-GDM mothers, focusing on DNA meth-
ylation patterns in saliva samples. By leveraging a lon-
gitudinal design, we aim to assess the stability of these
epigenetic marks over time and investigate their potential
associations with childhood anthropometric measure-
ments, thus contributing to the identifying of non-inva-
sive epigenetic biomarkers for assessing the risk of
metabolic diseases in children.

Methods

Subjects

Samples were drawn from the EPIDG cohort, compris-
ing women with and without GDM. Details of this cohort
have been published previously [12].This analysis focused
on a subset of children born to mothers in this cohort.
Briefly, pregnant women, with a positive O’Sullivan test,
attending the Diabetes and Pregnancy unit at Hospital
Universitario Virgen de la Victoria were recruited for the
study. GDM was diagnosed according to National Diabe-
tes Data Group (NDDG) criteria. The threshold values
for the 100 g oral glucose tolerance test (OGTT) were
105 mg/dL for fasting glucose and 190 mg/dL, 165 mg/
dL, and 145 mg/dL at 60, 120, and 180 min, respectively.
A GDM diagnosis was confirmed when glucose levels
met or exceeded these values at 2 or more time points
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[13]. Women with a negative 100 gr OGTT were classi-
fied as controls.

Our analysis included 15 children from mothers with
GDM and 15 from non-GDM mothers (control group or
non-GDM). Subjects were selected based on their order
of recruitment and whether they had attended both the
postpartum visit (8—10 weeks after birth) and the one-
year follow-up. Saliva samples were collected from the
children during both visits. Anthropometric data includ-
ing weight, height, BMI, head circumference and corre-
sponding percentiles and Z-scores, were obtained from
the records obtained during well-childcare visits at one
month, four months and one year of age at their primary
care centers. These percentiles and Z-score were calcu-
lated based on the WHO growth standards and they are
specific for sex and age group [14]. Annual growth was
calculated by the difference between the SD of weight at
one year and at one month of age [15].

All mothers gave their consent to participate in the
study. The EPIDG study was approved by the Institu-
tional review board at the Hospital Universitario Virgen
de la Victoria, Spain.

DNA extraction, and bisulfite conversion

Saliva samples were collected using swaps sample collec-
tion and stored at room temperature; DNA was extracted
within 7 days of its collection (following the manufactur-
ing protocol). Swap saliva DNA was isolated using Qiamp
DNA Blood Mini kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions for DNA in swaps.
Quality and concentration of DNA was measured using
Qubit 3.0 Fluorometer with Qubit dsDNA HS Assay Kit
Fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA). All the DNA extracted was bisulfited treated with
EZ DNA Methylation kit (Zymo Research) for posterior
DNA methylation analysis. After quality control, meth-
ylation analysis proceeded with 29 samples: 14 from chil-
dren in the GDM group and 15 from the control group.

Epigenome wide DNA methylation analysis

The Epigenome- wide DNA methylation analysis (EWAS)
was performed in a total of 29 children at both the post-
partum (T1) and one year follow up (T2 visits). More
than 850.000 CpGs sites were interrogated with the infi-
nitum Methylation EPIC Bead Chip Kit (Illumina, San
Diego, CA, USA) following the Infinium HD Assay Meth-
ylation protocol, and raw data (idat files) were obtained
from iS (Illumina) software.

Raw data were processed using R software (version
4.0.0) and Bioconductor packages like minfi [16, 17].
Probes with a p-value greater than 0.01 in one or more
samples were excluded. Probes with a beadcount of less
than 3 in at least 5% of the samples were removed. We
excluded non-CpG probes, probes with single nucleotide
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polymorphisms (SNPs) and probes aligning to multiple
genomic locations [18]. (Additional file 1). Normaliza-
tion was done using beta-mixture quantile Normaliza-
tion (BMIQ) method [19]. To correct the differences in
methylation resulting from differences in cellular hetero-
geneity, the Houseman correction was used [20].

Methylation data analysis

Differentially methylated positions (DMPs) were
obtained using limma package [21] in R studio (4.0.4).
To determine methylation levels, B-values and M-val-
ues were calculated. p-values represent the estimate of
methylation level based on the ratio of the intensity of
the methylation probe to the overall intensity. These val-
ues are used for representing results. On the other hand,
M-values are obtained by logarithmically transforming
the B-values and are used for performing the differential
methylation analysis [22]. The significance threshold for
determining DMPs was set a p-value less than 0.01 and
delta p=5% [17]. DMPs were obtained from both times,
and the models were adjusted for infant sex, maternal
treatment (diet or insulin) and maternal weight gain.
Furthermore, to avoid possible false positives in identify-
ing DMPs, array inflation was calculated using the RaM-
WAS package in the R study. This package provides the
lambda (A) value, with the following ranges considered: A
between 0.98 and 1.10: no inflation, X between 1.10 and
1.19: slight inflation, A between 1.20 and 1.40: moderate
inflation, A>1.4: high inflation. A Venn diagram (Venny
2.1 tool) was used to identify common DMPs across time
points (https://bioinfogp.cnb.csic.es/tools/venny/).

Functional analysis

To explore potential mechanism that may be altered in
the offspring from mothers with GDM compared to the
offspring from mother non-GDM, those DMPs that were
maintained during time were used to perform a func-
tional analysis.

A string network (https://string-db.org/) was perform
ed with the genes of interest. Due to the lack of protein
interaction, we settled a maximum number of interactors
on 100, and an interaction score>0.7. With the result-
ing net, Cytoscape (https://cytoscape.org/) was used to
perform the clusterization of the net using MCODE app.
Finally, ENRICHR [23] was used to figured out Kyoto
encyclopedia of genes and genome (KEGG) pathways
and the Gene ontology of each cluster.

Statistical analysis

Non-parametric tests (U-Mann Whitney) were used
to compare quantitative variables between groups due
to small sample size and variable distribution. Spear-
man correlation analysis explored associations between
methylation levels and anthropometric variables. The
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correlation matrix was obtained with corrplot and
GGally packages in RStudio, the threshold was P<0.05.

Results

Study population

The characteristics of these subjects are shown in Table 1.
No significant differences were observed in the anthro-
pometric measurements of the children born to mothers
with GDM compared to those born to non-GDM moth-
ers at any of the visits, except for BMI at one year of age,
where a significant difference was found. Additionally,
there were no significant differences in gender distribu-
tion between the two groups. In the GDM group, 35.7%
of the children were boys, compared to 33.3% in the non-
GDM group. Similarly, no significant differences were
observed in delivery type: 64.3% of children in the GDM
group and 60% in the control group were delivered via
cesarean section.

Differentiated methylated analysis and correlation

A total of 6.968 DMPs and 5.132 DMPs were found at the
postpartum and after one year of follow-up, between oft-
spring from GDM and non-GDM, respectively. The CpGs
most differentiated by chromosome in each time are rep-
resented in the Manhattan plot (Fig. 1). The inflation in
both times was measured, in the case of postpartum the
A was 1 meaning no inflation, and we found a moderate
inflation at one year follow-up analysis (A=1.36) (Addi-
tional file 2).

Among all the DMPs, 50 remained significantly dif-
ferentiated over time. Of these, 16 CpGs maintained the
same direction of DNA methylation levels across time
points. Figure 2 displays the log2 fold change (log2FC),
with an increase indicating hypermethylation and a
decrease representing hypomethylation over time. This
suggests that the difference in methylation levels between
the two groups becomes more pronounced as time pro-
gresses but with the same trend.

Table 1 Characteristics of the study subjects

Page 4 of 10

Functional analysis

Of the 16 persistent DMPs, 8 were annotated in the Illu-
mina EPIC database. We used these 8 proteins to make a
functional analysis with String and ENRICHR. STRING
was configured to give a network with a maximum num-
ber of interactors of 100. The resulting net was uploaded
in cytoscape to perform a clusterization with the applica-
tion MCODE. Four clusters were identified, two of which
included some of our proteins of interest. The first cluster
contained DEFB104A and was associated with the Staph-
ylococcus aureus infection pathway and the NOD-like
receptor signaling pathway, both of which are involved
in the immune response to infection. The second cluster
included FARP2 and CYTH3. This cluster was linked to
several pathways, with the most notable being the phos-
pholipase D signaling pathway and the VEGF signaling
pathway, both of which are related to inflammatory pro-
cesses. Additionally, although less significant, this cluster
was also associated with type 2 diabetes and regulation of
lipolysis in adipocytes (Fig. 3).

Correlation analysis

We conducted a correlation analysis to explore the rela-
tionship between DNA methylation marks and anthro-
pometric variables related to childhood growth. 15 out of
16 CpG sites showed significant correlations with growth
percentiles for weight, height, head -circumference,
BMI, and annual growth (Additional file 3). Some CpG
sites were correlated with multiple variables at different
time points, with notable differences between children
exposed to GDM and controls.

In children of mothers with GDM, methylation levels
at ¢g00124849 measured postpartum showed a strong
positive correlation with head circumference at 1 month
(r=0.762, p=0.004), 4 months (»=0.720, p=0.008),
and one year (r=0.794, p=0.006), whereas in con-
trols, cg00124849 was negatively correlated with annual
growth (r=-0.580, p=0.04) (Additional file 3). This rela-
tionship observed across multiple time points, suggests a

1 month 4 months 1year

Non-GDM  GDM p Non-GDM  GDM P Non-GDM GDM p
N 15 14 15 14 15 14
Weight (Kg) 4.02£06 3.97+0.7 0.979 6.87+1.1 6.6+0.8 0.436 990+ 14 97717 0.683
Weight percentile 39 41 0.999 50 46 0.720 65 55 0.574
Height (cm) 526+19 526+25 0.776 63.0+29 624+29 0519 745+25 76.7+43 0.384
Height percentile 36 35 0.691 44 46 0.999 49 58 0.385
Head circumference (cm) 36.2 36.6 0.207 41415 409+13 0.336 458+1.05 46.04+2.1 0.392
Head circumference percentile 42 57 0.252 56 49 0448 65 59 0.688
BMI 142+16 142+1.7 0.531 172+25 169+15 0.943 179+1.7 16515 0.033
BMI percentile 41 45 0.865 49 51 0.999 74 51 0.095
Annual growth 1.007£1.3 0.818+1.3 0.821

Annual growth was calculated by the difference between the SD of weight at one year and at one month of age.
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Fig. 1 A Manhattan plot representing the most differentiated CpGs per chromosome at the postpartum visit. B Manhattan plot representing the most
differentiated CpGs per chromosome at the one year of follow-up visit
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potential long-term epigenetic influence on growth pat-
terns in children exposed to maternal GDM.

Other sites, such as ¢g09608131, cg20963866, and
cgl19795817, were significantly associated with weight,
head circumference, and annual growth. cg20935223
showed a positive correlation with BMI at one year
across all subjects (r=0.455, p =0.025), while cg02349186
showed a negative correlation (r=-0.510, p=0.011). The
cg08080145 methylation levels assessed at the post-
partum visit were positively associated with height

Number of genes

percentile in offspring of mothers with GDM at 4 months
(Additional file 3).

Discussion

In this study, we observed distinct epigenetic marks,
specifically DNA methylation patterns, in saliva samples
from children born to mothers with gestational diabe-
tes mellitus (GDM) compared to those from non-GDM
mothers. Furthermore, several of these epigenetic dif-
ferences persisted over the first year of life and were
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associated with anthropometric variables linked to child-
hood growth. Additionally, some of these DNA meth-
ylation sites are annotated in genes involved in pathways
related to inflammation and type 2 diabetes, highlighting
their potential role in early metabolic programming.

Previous studies have documented DNA methylation
changes in cord blood and placenta of offspring born to
GDM mothers, suggesting that these epigenetic modifi-
cations may reflect developmental programming of dis-
ease mechanisms and their potential role as biomarkers
risk for metabolic diseases [2, 8, 24, 25].

While some research has associated DNA methylation
profiles in children’s saliva with birth weight, prenatal
maternal stress, and potential childhood obesity predic-
tors, studies specifically targeting the offspring of GDM
mothers are limited, with most investigations performed
on cord blood samples [11, 26—28]. For instance, Fran-
zago et al. evaluated DNA methylation levels in MC4R
and LPL genes, in children born to mothers with obe-
sity and GDM in different tissues, including placenta,
maternal blood, and buccal swab samples. However,
their analysis did not yield significant findings in saliva
[29]. A recent review carried out by Saucedo et al. [30]
examined the role of DNA methylation as a potential bio-
marker for monitoring fetal growth during pregnancy in
women with GDM [30]. They found discrepant results
in more than 15 studies that evaluated the role of DNA
methylation in relation to birth weight. Most of these
studies were conducted using cord blood, placental tis-
sue, and maternal blood samples, with none in buccal
(oral) samples. These discrepancies are explained by mul-
tiple factors, including sample size, the techniques and
approaches used, the specific regions studied, and the
inclusion of potential confounding variables.

Additionally, there is a scarcity of research examining
the variability of these epigenetic marks over time and
their association with children’s growth. The only study
to date on this topic focused on GDM, conducted by
Emper’s group, found differential DNA methylation pro-
files in children born to mothers with obesity or GDM
compared to controls, with differences maintained over
the first year of life in whole blood samples, showing epi-
genetic signatures enriched in metabolic pathways [31].
Our findings align with these results, revealing that 16
DMPs, in saliva, remained differentially methylated over
the first year of life, in the same direction. The observed
increase in methylation levels over time likely reflects the
dynamic nature of the epigenome during early develop-
ment, a critical window for epigenetic remodeling. Dur-
ing this period, developmental and environmental factors
interact to establish stable epigenetic marks, which may
explain the increasing methylation observed at the 1-year
follow-up. These changes could be associated with bio-
logical processes such as tissue-specific maturation,
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immune system development, or metabolic program-
ming. The consistency in the direction of methylation
across time points may reflect stable epigenetic program-
ming influenced by prenatal exposures, such as gesta-
tional diabetes mellitus (GDM).

Of the 16 CpG sites identified in our study, none have
previously been associated with GDM in studies con-
ducted on cord blood or placental samples. However,
through the EWAS catalogue [32], we observed that
several of these CpG sites have been identified in other
contexts. Specifically, two CpG sites have been linked to
cancer (cg08080145, cg19795817), one has been associ-
ated with obesity (cg20935223), and the ¢g10847603 and
cg08446798 have been related to early exposure to envi-
ronmental factors, such as maternal smoking and socio-
economic status [32].

Some of these 16 CpGs were annotated in genes, such
as FARP2, CYTH3, RAB37, and NACC2, which are
related to pathways involved in inflammatory processes,
insulin signalling, and metabolic regulation, including
T2DM. Specifically, CYTH3 has roles in Golgi apparatus
function and ADP-ribosylation factor regulation, with
genome-wide association studies (GWAS) suggesting its
association with BMI and height [33, 34]. A recent study
carried out in mice showed for first time that CYTH3 is
required for full insulin signalling in mammals and might
constitute a novel therapeutic target for weight reduc-
tion [35]. Previous research has identified associations
between RAB37 gene and HbAlc levels, a key biomarker
of long-term glucose control [36]. This suggests potential
involvement in glycemic regulation, which could influ-
ence diabetes risk in the future. FARP2 enables guanylyl-
nucleotide exchange factor activity, and it is involved in
Rac protein signal transduction and neuronal remodel-
ling. Polymorphisms of this gene are related to HDL con-
centrations and height [37, 38]. Recently, a preprint study
has identified new genes associated with obesity, includ-
ing FARP2 and NACC2, that showed strong associations
with BMI and related phenotypes such as waist-hip ratio
adjusted BMI or fasting insulin-adjusted BMI [39]. In our
study, the cg10177795 annotated to FARP2 gene, and the
¢g12004206 annotated to NACC2 were correlated with
head circumference and height percentiles, supporting
findings from previous studies and their relevance for
metabolic outcomes, and potential biomarkers of adipos-
ity risk in the future.

Regarding BMI, we observed a higher BMI at one year
of follow-up in the group of children born to mothers
without GDM, contrary to what has been commonly
described in the literature [40]. This finding could be
explained by greater dietary control among women with
GDM in our sample [12], the small sample size, or the
shorter follow-up period. Indeed, several studies have
found no significant differences in BMI between GDM
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and non-GDM offspring in the first 4-5 years of life, sug-
gesting that the potential impact of maternal GDM expo-
sure may not manifest until later in childhood [41, 42].
Epidemiological studies have demonstrated higher rates
of T2DM in offspring exposed to maternal GDM, with
the HAPO follow-up study showing increased adiposity
and future risk of glucose metabolism disorders, likely as
a consequence of adverse intrauterine programming [43].
In our study, we identified three CpG sites (cg20963866,
cg02349186 and cgl17052441) that were correlated with
BMI at 1 year of age. This finding underscores the poten-
tial of these CpG sites as non-invasive biomarkers for
early metabolic risk. Identifying such biomarkers is par-
ticularly important, as BMI is not only a predictor of
future obesity and adiposity in children but also a well-
established indicator of increased risk for type 2 diabetes.

To date, most studies have focused on identifying
potential epigenetic markers in newborns through cord
blood samples. However, the use of saliva samples offers
several advantages, including the ability to conduct lon-
gitudinal follow-ups and improved applicability in clini-
cal practice due to their non-invasive collection method
and ethical suitability for paediatric research. Increasing
evidence supports the use of saliva-based methylation
studies, with established links between DNA methylation
patterns and maternal BMI, gestational glucose levels,
and various metabolic parameters [44—46]. The correla-
tions observed in our study between CpG sites and child
anthropometric measures underscore the potential of
saliva-derived epigenetic markers as accessible indicators
of growth patterns, supporting their utility in non-inva-
sive metabolic health monitoring.

Our study presents several strengths that contribute to
its significance and potential clinical applicability. Firstly,
the use of saliva samples provides a minimally invasive
method for analyzing DNA methylation patterns, which
is particularly advantageous for longitudinal studies
in pediatric populations. This approach also enhances
ethical considerations and facilitates the collection of
samples over time, allowing for the monitoring of stable
epigenetic markers. Secondly, our longitudinal design
enables the assessment of DNA methylation changes
across critical early life stages, revealing several persis-
tent epigenetic differences between children of mothers
with and without GDM, thus highlighting potential bio-
markers of early metabolic risk. Importantly, the asso-
ciation of these methylation sites with anthropometric
measures, such as weight, height, and BMI, underscores
the potential of these markers to serve as indicators of
growth patterns. Additionally, by focusing on an under-
explored sample type—saliva—our study fills a gap in the
literature, as most prior research has been limited to cord
blood, placental, or maternal blood samples.
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This study also presents some limitations. Due to the
exploratory nature of our study and its small sample size,
we used uncorrected p-values in our analysis. As a result,
we acknowledge that the findings should be interpreted
with caution. These results require replication in larger
and independent cohorts to confirm their robustness and
applicability. We encourage other researchers to further
explore the associations identified in our study.

In conclusion, our study identifies a different DNA
methylation pattern between children born to mothers
with GDM and non-GDM across time, in saliva samples.
Some of these epigenetic marks.

are associated with key anthropometric measurements,
such as weight, height, head circumference, annual
growth and BM], indicating potential use as biomarkers
risk of childhood obesity in the future. Notably, this is
one of the few studies to analyze DNA methylation over
time using saliva samples, which offer an accessible, non-
invasive method for longitudinal studies.

The findings contribute to a growing body of evidence
supporting the utility of saliva samples in epigenetic
research and underscore their potential as non-invasive
biomarkers for monitoring the developmental impact of
maternal GDM and other prenatal exposures.
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