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Background: Observational studies on the association between gestational diabetes mellitus (GDM)
during pregnancy and pediatric neurological disorders (PNDs) such as cerebral palsy (CP), autism spectrum
disorders (ASD), and epilepsy (EP) in offspring have yielded mixed findings, creating ambiguity in causal
interpretations. The direct link between GDM and these PNDs remains unclear. Elucidating this connection
is vital for developing effective early intervention strategies during pregnancy to mitigate the risk of PNDs
in the offspring. This study utilizes a two-sample (2-sample) Mendelian randomization (MR) approach to
investigate the causal relationship between GDM and its impact on CP, ASD, and EP in offspring.
Methods: We employed 2-sample MR using 6 single nucleotide polymorphisms (SNPs) strongly associated
with GDM. Summary-level data for CP, ASD, and EP were obtained from the Integrative Epidemiology
Unit IEU) Open Genome-Wide Association Study (GWAS) project, encompassing sample sizes of 217,278,
46,351, and 463,010, respectively. The robustness of our findings was assessed using the inverse variance-
weighted IVW) method along with additional sensitivity analyses.

Results: The results demonstrate that GDM is associated with a higher risk of offspring CP as determined
by the IVW method [odds ratio (OR): 1.74; 95% confidence interval (CI): 1.27-2.37; P<0.001]. In contrast,
no association was observed between GDM and ASD or EP. Additionally, alternative methods for sensitivity
analyses showed consistent results, and there was no pleiotropy detected using MR-Egger regression (P=0.48).
Conclusions: This study provides strong evidence supporting a positive causal relationship between
genetically predicted GDM and the increased risk of offspring CP, with no observed correlation found with
ASD or EP.
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Introduction

Gestational diabetes mellitus (GDM) is characterized
by elevated blood glucose levels detected during
pregnancy (1). It affects approximately 16.7% of all
pregnancies and poses risks for both the mother and child (2).
The global incidence of GDM is on the rise, with notable
disparities across regions and populations (3). Maternal
GDM increases the risks of adverse perinatal outcomes such as
cesarean delivery, macrosomia, large for gestational age (LGA),
neonatal hypoglycemia, hyperinsulinemia, hyperbilirubinemia,
neonatal respiratory distress syndrome, preterm birth,
shoulder dystocia, and birth injuries (1-8). However, its long-
term impacts on offspring, including cerebral palsy (CP),
autism spectrum disorders (ASD), and epilepsy (EP), remain
poorly understood due to challenges in observational studies
caused by lengthy research cycles and numerous confounding
factors. Existing case-control and cross-sectional studies, along
with other non-Mendelian randomization (non-MR) research,
present conflicting conclusions regarding the association
between maternal GDM and offspring neurodevelopmental
outcomes (1,4,5,7,8).

Highlight box

Key findings

* Strong causal relationship between genetically predicted
gestational diabetes mellitus (GDM) and increased risk of offspring
cerebral palsy (CP).

* No observed correlation between GDM and offspring autism
spectrum disorders (ASD) or epilepsy.

* Mendelian randomization (MR) provides new insights into
the genetic predisposition for GDM and offspring pediatric
neurological disorders (PNDs).

What is known and what is new?

® Observational studies have provided inconsistent findings on the
association between GDM and PNDs in offspring.

* MR approach, which is less susceptible to biases and confounders
often present in observational studies, has not previously been
applied to investigate the relationship between GDM and offspring
CP, ASD, and epilepsy.

What is the implication, and what should change now?

e The findings suggest that effective management of gestational
diabetes during pregnancy could be an opportunity for early
intervention to reduce the risk of CP in offspring.

* Public health strategies should now consider the potential
implications of these findings for the prevention and early
detection of CP among children of mothers with gestational
diabetes.

© AME Publishing Company.
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CP is a permanent motor disorder that significantly
affects individuals and their families (1). Preventing the
occurrence of CP in offspring is crucial, particularly in
low- and middle-income countries, where incidence rates
can reach as high as 3.4%o0 among live births. Although
Europe and Australia have experienced a decline in pre-/
perinatal CP cases, postneonatal rates have remained
stable (9). Current estimates indicate that CP affects
approximately 1-4%o of live births, highlighting the urgent
need for further investigation into its underlying causes (10).
Environmental factors such as perinatal asphyxia were once
seen as the main causes of CP (11). New research (12),
however, suggests a complex interaction of genetic and
metabolic factors, especially related to maternal conditions
such as GDM. Using genetic tools to explore the link
between GDM and CP could reveal key mechanisms, aiding
in the development of preventive strategies and better
outcomes for future generations. ASD encompasses various
social interaction and communication difficulties (13,14).
ASD has been on the rise globally, with a significant increase
in prevalence observed in both the United States and
China, raising worldwide concern. During 2014 to 2016,
China witnessed a notable increase in ASD prevalence,
ranging from 0.12% to 0.70% (15). On another note, EP is
a chronic neurological condition characterized by recurrent,
unprovoked seizures (16). In China, almost 10 million
people are affected by EP, and among children, the reported
prevalence rate ranges from 3.9%o to 5.1%o. Children
with EP may experience pediatric neurological disorders
(PNDs) that can influence their perception and cognitive
development (17,18). CP, ASD, and EP collectively
represent three PNDs, imposing substantial challenges in
medical management, often necessitating lifelong care and
intervention (19-22). Current multidisciplinary treatment
approaches remain arduous (23). Annually, these disorders
incur significant economic burden, encompassing direct
medical costs and productivity losses, totaling billions of
dollars (20). Identification of genetic risk factors and their
preventive implications hold promise in mitigating the onset
of these chronic conditions, thereby significantly enhancing
population health quality.

MR offers a promising method in epidemiology to assess
causal relationships using genetic variants as instrumental
variables (IVs), thereby reducing biases from measurement
errors and confounding factors such as socioeconomic
status and behavioral influences (24). To our knowledge,
MR has not yet been applied to explore the relationship
between GDM and offspring PNDs such as CP, ASD, and
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Figure 1 Overall design of MR analyses in the present study. (A) Experimental workflow. (B) Assumptions underlying the MR analysis. The

dashed lines denote factors that do not interact, whereas the solid lines indicate factors that do interact. GDM, gestational diabetes mellitus;

GWAS, Genome-Wide Association Study; SNPs, single nucleotide polymorphisms; CP, cerebral palsy; ASD, autism spectrum disorders;

PNDs, pediatric neurological disorders; MR, Mendelian randomization.

EP. Applying MR in investigating these associations may
offer robust genetic evidence, addressing existing etiological
gaps and potentially providing more cost-effective strategies
for disease prevention to safeguard offspring health. This
study aimed to use a two-sample (2-sample) MR approach
to elucidate the causal relationship between GDM and
CP, ASD, and EP, thereby offering clarity and valuable
insights into the intricate dynamics between maternal
health and child neurodevelopment. We present this
article in accordance with the STROBE-MR reporting
checklist (available at https://tp.amegroups.com/article/
view/10.21037/tp-24-260/rc).

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study

© AME Publishing Company.

design overview is illustrated in Figure 14, including the
assessment of maternal exposure to GDM as the primary
exposure factor. The outcomes in offspring, encompassing
CP, ASD, and EP, were evaluated using an MR approach.
The data incorporated in the research were sourced from
the Integrative Epidemiology Unit (IEU) open Genome-
Wide Association Study (GWAS) project (https://gwas.
mrcieu.ac.uk/); no further ethical approval from an
institutional review board was necessary.

Utilizing GWAS data, this study explores associations
between maternal genetic variants and offspring three PNDs.
The MR analysis adopts a 2-sample design, employing
genetic variation as IVs to assess causal relationships.

Outcome source

For this study, we utilized several GWAS datasets.
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Specifically, the GDM and CP datasets were sourced from
the latest and most comprehensive FinnGen consortium
dataset. The GDM dataset included 116,363 participants
with 6,033 cases, whereas the CP dataset comprised 217,278
participants with 286 cases. The ASD data, encompassing
46,351 participants (18,382 cases), were obtained from the
Psychiatric Genomics Consortium, representing the most
recent and extensive dataset from 2017. For EP, we utilized
the authoritative 2018 dataset from the Medical Research
Council IEU (MRC-IEU), which included 463,010
participants (2,326 cases) (Table S1). Although the most
recent EP data are updated to 2021, they are not from an
authoritative institution or organization. Consequently, we
selected the 2018 MRC-IEU data, which is deemed more
authoritative and reliable compared to the latest dataset.
All data were derived from reputable institutions adhering
to internationally recognized diagnostic standards and data
collection protocols, with multiple rounds of review and
quality control, ensuring high data reliability. Furthermore,
we evaluated the possibility of sample overlap in our
datasets, which came from different consortia: FinnGen for
GDM and CP, the Psychiatric Genomics Consortium for
ASD, and MRC-IEU for EP. The distinct origins suggest
minimal overlap. A sensitivity analysis showed no significant
heterogeneity or pleiotropy due to overlap.

1Vs selection

Genetic variants associated with GDM were identified
from a GWAS involving 116,363 European individuals. In
the primary analysis, six single nucleotide polymorphisms
(SNPs) were selected as IVs for GDM, all of which
reached the significance level with a threshold of P<5e-8
(Table S2). No linkage disequilibrium (LD) (+* threshold
<0.001) was found among these instrumental SNPs for
GDM. We used the PhenoScanner V2 database (http://
www.phenoscaner.medschl.cam.ac.uk/) to ascertain
potential IVs based on their associations with confounding
factors. Our screening process revealed that none of the
candidate SNPs exhibited associations with phenotypes that
could introduce genetic confounding effects. Consequently,
the identified instruments were confirmed to be free from
confounding influences related to GDM. Our analysis
confirmed that none of the SNPs were associated with
phenotypes that could confound GDM, validating the
robustness of our IVs. To evaluate weak IVs bias, the
F-statistics were computed to measure the strength of the
IVs used in the study. The F-statistics values ranged from

© AME Publishing Company.
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679.68 to 5,747.07, as shown in Table S3. These values all
surpassed the assumption threshold of F>10, ensuring the
validity of the MR analyses. To assess potential horizontal
pleiotropy, the study further investigated other related
phenotypes of IVs, which we selected in this study, utilizing
the GWAS catalog (https://www.ebi.ac.uk/gwas/). This
analysis was carried out to confirm whether the IVs could
be influencing the outcomes through alternative pathways
beyond the main intended causal effect (Table S4).

Statistical analysis

The analysis utilized the “MR” and “MR pleiotropy residual
sum and outlier (MRPRESSO)” packages in R software
version 4.3.0 (https://cran.r-project.org/). The MR study
was conducted following three assumptions (Figure 1B).
The primary method used for MR was the inverse variance-
weighted (IVW) method. This method provides a reliable
means of stably identifying of the correlation between
GDM and the increased risk of the offspring CP when the
IVs are not pleiotropic. To ensure the robustness of the
results, sensitivity analyses were performed, including the
weighted median method, weighted mode method, simple
mode method, and the MR-Egger method. Moreover, the
Mendelian Randomization Pleiotropy RESidual Sum and
Outlier (MR-PRESSO) method was utilized to detect and
correct for potential pleiotropic effects by identifying and
removing possible outliers from the analysis.

We used the PhenoScanner V2 database to rigorously
screen our candidate SNPs for potential confounding
associations. This confirmed that none of the selected
SNPs were linked to phenotypes that could cause genetic
confounding, ensuring the integrity of our findings.

Lastly, in terms of exclusion restriction, we provided
detailed evidence demonstrating that the genetic
instruments used in this study are not associated with
oftspring PNDs through pathways independent of maternal
GDM. This was achieved by carefully addressing and
controlling for potential pleiotropy using the MR-PRESSO
method. By identifying and correcting for both pleiotropic
effects and outliers, we ensured the validity and accuracy of
our findings.

Results

The association of GDM with three offspring PNDs are
shown in Figure 2. The Cochran’s Q test results indicated
no significant evidence for heterogeneity in the outcomes
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Outcome Methods
Offspring CP OR (95% CI) P for association
Weighted mode —_— 1.93 1.15-3.24 0.05
Simple mode 210 1.15-3.83 0.06
Inverse variance weighted [N 1.74  1.27-2.37 <0.001
Weighted median —_— 1.85  1.23-2.79 0.003
MR Egger B 137 070-2.68 0.1
Offspring ASD
Weighted mode - 0.99  0.90-1.09 0.84
Simple mode - 0.98  0.87-1.11 0.81
Inverse variance weighted < 1.00 0.93-1.08 0.98
Weighted median é“ 0.99 0.91-1.07 0.81
MR Egger - 0.98 0.84-1.14 0.82
Offspring epilepsy
Weighted mode 4 1.00 1.00-1.00 0.37
Simple mode . 1.00 1.00-1.00 0.82
Inverse variance weighted 1.00 1.00-1.00 0.54
Weighted median 4 1.00 1.00-1.00 0.36
MR Egger d 1.00 1.00-1.00 0.24

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 2 MR estimates from instrument variants for GDM on risk of offspring CP. MR, Mendelian randomization; GDM, gestational

diabetes mellitus; CP, cerebral palsy; ASD, autism spectrum disorders; OR, odds ratio; CI, confidence interval.

of CP, ASD, or EP (CP: P=0.47; ASD: P=0.67; EP: P=0.87,
Table 1). As a result, the fixed-effect IVW model was
selected for the MR analysis. This choice was made to
provide a consistent estimate of the association between
GDM and the risk of these three PNDs when the IVs are
not showing substantial heterogeneity. GDM was found
to be significantly associated with an increased risk of
offspring CP by the IVW method [odds ratio (OR): 1.74;
95% confidence interval (CI): 1.27-2.37; P<0.001, Table 1].
The positive slope of the fitted curve in the scatter plot of
Figure 3 indicates that GDM increases the risk of offspring
CP, as described by the association between SNP effects on
CP and SNP effects on GDM, suggesting an unfavorable
influence. Sensitivity analysis showed similar results with
various methods, including weighted mode, simple mode,
weighted median, and MR Egger (OR: 1.93, 95% CI: 1.15-
3.24, P=0.05 by weighted mode; OR: 2.10, 95% CI: 1.15-
3.83, P=0.06 by simple mode; OR: 1.85, 95% CI: 1.23-2.79,
P=0.003 by weighted median; OR: 1.37,95% CI: 0.70-2.68,
P=0.41 by MR Egger). No potential directional pleiotropy

© AME Publishing Company.

was detected using MR-Egger regression, as indicated by
a P value for the intercept of 0.48 (Table I). The leave-
one-out analysis further strengthened the evidence for a
consistent inverse association between GDM and the risk of
offspring CP (Figure S1).

The results did not demonstrate significant correlations
of GDM with other PNDs, such as ASD or EP (ASD: OR:
1.00, 95% CI: 0.93-1.08, P=0.98; EP: OR: 1.00, 95% CI:
1.00-1.00, P=0.54; Table 1; Figure 2). The null findings,
indicating no significant associations between GDM
and ASD or EP, were consistently supported by various
methods, including the weighted median method, simple
mode method, weighted mode method, and MR-Egger
method (Tuble 1; Figure 2). The MR-Egger regression
analysis did not show any apparent signs of horizontal
pleiotropy, further supporting the validity of the results
(ASD: P=0.80; EP: P=0.26, Tuable 1). This robustness
indicates that the lack of significant associations between
GDM and ASD or EP is not affected by the presence of
SNPs in LD. Taken together, the study findings consistently
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Table 1 MR analysis of GDM with 3 offspring PNDs risk

Risk factors Number of SNPs OR 95% CI P for association P f?;tl\;lrieigtger heteroge?;i ty test
CP
MR Egger 6 1.37 0.70-2.68 0.41 0.48 0.47
Weighted median 6 1.85 1.23-2.79 0.003
Inverse variance-weighted 6 1.74 1.27-2.37 <0.001 0.52
Simple mode 6 2.10 1.15-3.83 0.06
Weighted mode 6 1.93 1.15-3.24 0.05
ASD
MR Egger 4 0.98 0.84-1.14 0.82 0.80 0.67
Weighted median 4 0.99 0.91-1.07 0.81
Inverse variance-weighted 4 1.00 0.93-1.08 0.98 0.83
Simple mode 4 0.98 0.87-1.11 0.81
Weighted mode 4 0.99 0.90-1.09 0.84
Epilepsy
MR Egger 4 1.00 1.00-1.00 0.24 0.26 0.87
Weighted median 4 1.00 1.00-1.00 0.36
Inverse variance-weighted 4 1.00 1.00-1.00 0.54 0.45
Simple mode 4 1.00 1.00-1.00 0.82
Weighted mode 4 1.00 1.00-1.00 0.37

MR, Mendelian randomization; GDM, gestational diabetes mellitus; PNDs, pediatric neurological disorders; SNPs, single nucleotide
polymorphisms; OR, odds ratio; Cl, confidence interval; CP, cerebral palsy; ASD, autism spectrum disorder.
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Figure 3 MR estimates from instrument variants for GDM on risk of offspring CP was described in the association between SNP effect on
CP and SNP effect on GDM. MR, Mendelian randomization; GDM, gestational diabetes mellitus; CP, cerebral palsy; SNP, singlenucleotide
polymorphism.
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suggest that GDM does not have a substantial impact on
the risk of developing ASD or EP in offspring based on the

current analysis and dataset.

Discussion

Existing non-MR studies have investigated the association
between GDM and PNDs in offspring, such as CP,
ASD, and EP (1,4,5,7,8). However, the results have been
conflicting and inconclusive. The relationship between
GDM and ASD in offspring has been extensively studied.
A meta-analysis incorporating 12 articles from 16 studies
revealed a significant link between GDM and ASD, with
a relative risk (RR) of 1.48, indicating a 62% increased
risk of ASD among children born to mothers with
GDM compared to those without (RR: 1.48; 95% CI:
1.24-1.77) (8). Similarly, a retrospective cohort study
illustrated that GDM correlated with an elevated risk
of ASD in offspring, but did not indicate a significant
association between GDM and EP (4). Conversely, Perea
et al. reported in their cohort study that GDM did not
significantly elevate the risk for ASD [hazard ratio (HR):
1.46, 95% CI: 0.74-2.84] (7). These conflicting findings
underscore the complexity of researching the relationship
between maternal GDM and ASD in offspring.

Existing literature indicates that children of women
with EP are at higher risk for EP, and certain antiepileptic
drugs used during pregnancy negatively impact offspring’s
PNDs (25,26). However, research exploring the link
between maternal GDM and offspring EP remains scarce.
In contrast, studies investigating the link between maternal
GDM and offspring CP have been reported significant
findings. In a cross-sectional study conducted in the
Republic of Kazakhstan, several risk factors associated
with CP was identified, among which GDM was notably
linked to increased CP risk in offspring (27). Schneider
et al. reported that women over 35 years old faced higher
GDM risk (OR: 1.9, 95% CI: 1.3-2.8) and were more
likely to have children with CP (28). These findings hint
at a potential correlation between maternal GDM and
CP in offspring. However, contrasting results emerged
from a population-based cohort study evaluating the
risk of CP in utero exposure to maternal diabetes, which
revealed an elevated risk of CP in offspring of mothers
with pregestational diabetes, with an adjusted HR of 1.84
(95% CI: 1.59-2.14). Surprisingly, no significant association
was found between GDM and CP, with an adjusted HR of
0.91 (95% CI: 0.77-1.06) (1). These cohort studies present

© AME Publishing Company.
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mixed outcomes, showing both positive and negative
associations between maternal GDM and CP in offspring,
leading to confusion.

The aforementioned findings highlight the challenges
faced by current non-MR studies, characterized by issues
such as confounding variables and the lack of enduring
longitudinal data. Predominantly featuring case-control
or cross-sectional designs, these investigations provide
valuable insights but struggle to definitively establish a
causal relationship between GDM and PNDs. Ongoing
research utilizing non-MR approaches to investigate the
association between GDM and specific PNDs in offspring
remains inconclusive, frequently yielding conflicting results
impacted by confounding elements.

Our study aimed to explore this association using
a 2-sample MR approach, a more robust method that
minimizes confounding factors common in observational
studies. To our knowledge, this is the first MR study to
investigate the association of maternal GDM with offspring
outcomes of ASD, CP, and EP. Our MR study revealed a
significant association between GDM and increased risk of
CP in offspring (OR: 1.74; 95% CI: 1.27-2.37; P<0.001)
using the IVW method, suggesting a potential causal
link. The directionality of this relationship is consistent
with the majority of existing non-MRI data on genetically
determined glucose levels during pregnancy and the risk of
CP in offspring. The complex molecular pathways linking
GDM to CP involve hyperglycemia-induced oxidative
stress, inflammation, and endothelial dysfunction during
fetal environment, disrupting normal brain development
(6,29). According to authoritative literature, apart from
common environmental factors, genomic factors can also
cause CP (30). Recent genetic studies have identified
pathogenic and likely pathogenic variants associated with
CP, partially elucidating certain genetic mechanisms (31,32).
Yet, further foundational research is essential to validate
these genetic findings and explore clinical implications.

Our MR analysis, by leveraging genetic variants as IVs,
strengthens causal inference while minimizing confounding
from maternal lifestyle and environmental factors
(33-35). This approach supports the preventive role of
optimal glucose control during pregnancy in reducing CP
risk. Despite mixed results from observational studies, our
MR findings underscore a causal relationship between
GDM and CP in offspring, emphasizing the critical need
for effective glucose management during pregnancy to
mitigate CP risk. Future studies employing longitudinal
designs and considering potential mediators are crucial to
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fully elucidate underlying mechanisms and develop targeted
interventions.

In contrast, our study did not identify a causal
relationship between GDM and offspring ASD or EP
using MR analysis. Several factors may explain this absence
of association. Firstly, the instruments utilized in MR
analysis may inadequately capture the intricate genetic
landscape of GDM and its potential relationship with
ASD or EP. The pleiotropic effects of genetic variants and
potential interactions between genetic and environmental
factors could confound MR analysis. Secondly, the lack of
association may reflect the genuine absence of a causal link
between GDM and ASD or EP. Although GDM might
be linked to CP, its direct causal impact on other PNDs
remains uncertain. This supposition finds support in studies
showing that behavioral traits of ASD in children born
prematurely, including those exposed to GDM, resemble
those in term-born ASD children (5). Our study’s findings
underscore the significance of considering maternal risk
factors, including GDM, in understanding and managing
CP incidence. Future research should delve deeper into
genetic foundations and explore additional mediators to
refine preventive strategies and clinical care.

Limitations

The present study has some limitations, including the need
to investigate the causal relationship between GDM and
other types of PNDs in offspring, such as developmental
delay and attention-deficit/hyperactivity disorder, for a
larger GWAS sample size, potential pleiotropy, limited
applicability to non-Europeans populations, and lack of
exploration of potential mediating factors, such as maternal
lifestyle, nutritional status, and prenatal care, that may
influence the relationship between GDM and PNDs, such
as CP, ASD, and EP. Additionally, 2-sample MR analysis
cannot discern whether the identified causal effect is of
parental origin, and it may be influenced by dynastic effects
and assortative mating (36). Despite these limitations, our
study provides valuable new insights into the relationships
between GDM and offspring CP. It contributes to a better
understanding of the etiology of CP and adds to the existing
knowledge about the potential impact of GDM on the risk
of PNDs in children. The findings can form a valuable
foundation for future research in this area, and further
investigations using different methodologies might provide
a more comprehensive understanding of the complex
relationships between GDM and various PNDs.

© AME Publishing Company.
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Conclusions

The study demonstrated that GDM was correlated with
an increased risk of offspring CP using 2-sample MR
methods. Our research highlights the importance of
proper management and monitoring of glucose levels
during pregnancy to mitigate the risk of CP in offspring.
Absolutely, further studies are warranted to delve
deeper into how GDM influences the occurrence and
development of offspring CP. Large-scale randomized
controlled trials involving human participants and scientific
animal experiments can provide valuable insights into the
underlying mechanisms and causality.
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