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Abstract

Purpose of review: Given the ongoing rise in prevalence of autism spectrum disorder (ASD)
and the challenges in developing and administering interventions to significantly alleviate ASD
symptoms, there is an urgent need to identify modifiable risk factors for ASD. The goal of this
review is to systematically evaluate the current evidence for an association between conditions
related to maternal metabolic syndrome and risk for ASD in offspring focusing on methodically
rigorous studies.

Recent findings: In recent years, multiple studies explored the association between various
conditions related to maternal metabolic syndrome (obesity, hypertension, or diabetes prior to, or
with onset during pregnancy) and ASD risk in the offspring.

Summary: Examining large, sufficiently powered, population-based epidemiological studies that
explored the association between maternal metabolic syndrome and ASD, we found consistent
evidence for an association between maternal preeclampsia and risk for ASD. Other conditions
that are part of maternal metabolic syndrome, including maternal obesity, gestational weight

gain, diabetes and gestational diabetes, should be studied further with careful attention paid to
potential synergistic effects between different metabolic conditions. These findings highlight the
need for rigorous, large, population based epidemiological studies of potentially modifiable ASD
risk factors that could inform public health interventions.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by deficits
in social communication, and restricted and repetitive patterns of behavior [1]. The
prevalence of ASD has been increasing in recent decades and current estimates from the
Center for Disease Control (CDC) suggest that 1 in 54 children in the US aged 8 years has
ASD [2]. ASD is a leading cause of disability and has a significant public health impact with
estimated national costs in the United States between $61-66 billion per year for children
and $175-196 billion per year for adults [3,4,5].

The etiology of ASD is thought to be multifactorial and includes a combination of genetic
and environmental factors, as well as their interaction [6]. Research confirms a strong causal
genetic component, however, monozygotic twin studies report concordance rates less than
100%, suggesting a role for environmental factors as well [22-25,84].

Population-based epidemiological studies have been frequently utilized to explore potential
environmental risk factors for ASD. For some risk factors, findings were further refined
using systematic reviews and meta-analyses [26-50], and several have been consistently
associated with ASD, including advanced maternal and paternal age [26—-34,40] and birth
complications resulting in fetal hypoxia [32,33,50].

Given the challenges in developing and administering interventions to significantly
alleviate ASD symptoms, it is critical to continue exploring modifiable risk factors as a
means of primary prevention. Among potential risk factors for ASD, maternal metabolic
syndrome consists of several conditions with well-studied preventive and treatment
approaches [13]. The metabolic syndrome includes a constellation of pathophysiological
states including obesity, insulin resistance, hypertension, and hypercholesterolemia, and
predisposes individuals to develop numerous medical conditions including diabetes mellitus
(DM) [13,14,17]. According to the CDC, the prevalence of obesity continues to rise

and is estimated to be 40% among women aged 20-39 [15]. Further, the incidence of
metabolic syndrome has paralleled the incidence of obesity [13]. Human and animal studies
have shown that maternal prenatal metabolic syndrome includes increased adiposity and
insulin resistance and results in an inflammatory state [18,19] as well as altered leptin
signaling [68—72]. These changes have significant impact on fetal neurodevelopment [20]
secondary to neuroinflammation and can affect synaptic plasticity, oxidative stress, as well
neurotrophic and neuroprotective signaling [14,16,20,21,68-71,73,74-79].

Multiple studies have explored the association of ASD with the various conditions

related to maternal metabolic syndrome, including maternal obesity and gestational

weight gain (GWG)[56,67, 81,86,89], maternal DM [47,55,58,59,60,61,65,66], gestational
DM [55,58,59,60,61,65,66], maternal pregnancy induced hypertension, and preeclampsia
[37,53,55,57,61,62,63,64]. However, most studies had methodological limitations including
small sample size, inconsistent or unreliable reporting of outcomes (i.e., ASD) or maternal
exposure, as well as the use of clinical samples that are prone to ascertainment bias [12].
Several reviews have also discussed the association between specific factors of the metabolic
syndrome and its association with ASD [14,16,27,30,35-37,67,94,95].
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The goal of this review is to systematically evaluate the evidence for the association of
factors related to maternal metabolic syndrome and the risk for ASD. In order to minimize
bias of results due to methodological limitations, this review will focus on rigorous studies
using large, sufficiently powered, population-based epidemiological samples.

We conducted a systematic literature search in PubMed from inception until June

2020. Medical Subject Headings (MeSH) and relevant key words were used to conduct

the search. Key words included Autism/ASD [AND] maternal metabolic syndrome,
Autism/ASD [AND] body mass index/BMI, Autism/ASD [AND] weight gain, Autism/ASD
[AND] weight, Autism/ASD [AND] obesity, Autism/ASD [AND] gestational weight gain,
Autism/ASD [AND] gestational diabetes, Autism/ASD [AND] diabetes, Autism/ASD
[AND] hypertension, Autism/ASD [AND] gestational hypertension, Autism/ASD [AND]
preeclampsia. In addition, we reviewed references from original papers and review articles
to identify additional relevant studies.

In order to meet criteria for inclusion in this review, studies had to have: (1) a well-defined
sample of cases drawn from population-based registers or birth cohorts; (2) a population
of interest (i.e., individuals with ASD) sample size greater than 1000 ASD cases; (3) use
of standardized diagnostic criteria including either the Diagnostic and Statistical Manual
for Mental Disorders (DSM-IV [91] or DSM-5 [1]) or the International Classification of
Diseases (ICD-9 [93] or ICD-10 [92]); (4) similarly ascertained exposure and outcomes.

All abstracts were reviewed for relevance and excluded if our inclusion criteria were not
met. For example, studies were excluded due to lack of population-based samples, too

few cases of ASD (<1000), overlapping cohorts with other included studies, or a focus on
exposures outside the scope of this review, such as use of medications or complications
during labor and delivery (see Figure 1). Full texts of relevant studies were then reviewed
by the authors (JK, AR, and AK) to ensure all eligibility criteria were met and 100

percent consensus was reached. Studies used different measures of relative risk to report

on the association between maternal conditions and ASD risk, including Odds-Ratio (OR),
Relative-Risk (RR) and Hazard-Ratio (HR). When the outcome is rare (as is ASD),

then OR and RR are approximately equal and can readily be interchanged. HR is not
always interchangeable because risk factors may operate differently to produce the initial
manifestation of a disease and its subsequent presentation. For clarity, we summarized study
results in terms of the proportion increase in risk. The specific measures of association used
in individual studies are listed in the associated Tables.

A total of 562 publications were found in the initial search. After excluding 54 duplicates
and 365 with irrelevant topics, we examined 155 relevant studies. 143 were eliminated after
not meeting our inclusion criteria. However, in order to be as thorough as possible and

for reference and context, we also summarize results from 11 studies [31,80-83,85-90]
that met all of our inclusion criteria except that of sample size (see Table 2). Finally, we
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identified 12 studies [54-59,61-66] examining the association between aspects of maternal
metabolic syndrome and offspring development of ASD (see Figure 1). Study characteristics
and summaries of the main findings of individual studies with crude and fully adjusted risk
estimates are presented in Table 1 and summarized below. There were three studies from
California [58,65,66] with partially overlapping samples (Jo et al., 2019; Xiang et al., 2015
and 2018). All studies were included because they provided additional information relevant
to the goals of this review.

All studies were published between 2010-2020. Ten studies were population-based birth
cohort studies [54-59,62,64,65,66] and two were case-control studies [61,63]. Seven
different geographic locations were represented, including Denmark, Canada, Sweden,
California (US), Finland, Western Australia, and Norway.

Pre-Pregnancy Weight

Among the studies that met criteria for our review, both Andersen and colleagues (2018)
and Gardner and colleagues (2015) found a significant association between obese mothers
and the risk for ASD. Body mass index (BMI) = 30 was associated with a 1.42 to 1.94 fold
greater risk of developing ASD (Table 1). Andersen and colleagues (2018) further observed
a possible dose-response relationship with the highest risk in severely obese mothers (BMI
> 35). In matched sibling analyses, however, Gardner and colleagues (2018) no longer
observed a statistically significant association between maternal BMI and ASD risk.

Multiple metabolic conditions often co-occur. Kong and colleagues (2020) examined the
association of BMI with ASD risk based on both absence of DM and presence of subtypes
of DM. They found an increased risk of ASD among overweight (BMI = 25), and obese
(BMI= 30) mothers without DM, but no association among severely obese (BMI = 35)
mothers without DM (Table 1). BMI was associated with a higher risk of ASD irrespective
of other insulin resistance conditions [i.e., insulin dependent DM (IDDM), Type 2 DM
(T2DM) and gestational DM].

Gestational Weight Gain

Only Gardner and colleagues (2015) applied methods that met our inclusion criteria and
found that excessive GWG independent of pre pregnancy (baseline) BMI was associated
with a 1.12 fold greater risk for developing ASD (Table 1). A similar risk was observed
for ASD with and without intellectual disability (ID). A matched sibling analysis showed
similar results. In addition, a dose response effect was observed where risk increased
with each 5 pound increment of weight gained among mothers with normal baseline
BMI. Interestingly, Gardner and colleagues (2015) also showed a significant association
of insufficient GWG with the risk of ASD.

Pre-gestational diabetes

Among the five studies [55,58,59,65,66] that examined the association between pre-
gestational DM and ASD that met our inclusion criteria, the overall increase in risk varied
from 1.39 to 1.65 (Table 1). Of note however, 3 of the studies [58,65,66] had overlapping
samples. Similarly to their previous work described above, Kong and colleagues (2020)
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examined the risk for ASD and pre-gestational T2DM as well as pre-gestational IDDM,
stratified according to BMI. A significant association was found between severely obese
mothers (BMI = 35) with T2DM or IDDM and the risk for ASD (Table 1). Langridge and
colleagues (2013) did not find significant associations between DM and the risk for ASD,
however, the type of DM and stage of development (gestational or pre-gestational) were
clustered together in this study, making it difficult to compare study results.

Gestational Diabetes

Three studies [55,56,65] evaluated gestational DM as a binary exposure and only one study
[56] showed a significant increased risk for ASD among affected mothers. Other studies
stratified gestational DM based on gestational age of either 24 weeks [58] (Jo et al., 2019)
or 26 weeks [65,66] (Xiang et al., 2015; Xiang et al., 2018) and showed increased risk
ranging from 1.24 to 1.63 fold. Kong and colleagues (2018) examined the association of
gestational DM with risk for ASD stratified by BMI. A significant association was found
among overweight (BMI = 25) and obese (BMI = 30) mothers with DM (Table 1), however,
no association was found between severely obese mothers (BMI = 35) with DM and risk for
ASD.

Pre-Pregnancy Hypertension

Few studies have reliably examined the association between pre-pregnancy hypertension
and offspring development of ASD. Pre-pregnancy hypertension exposure documentation
is often lacking or based on maternal self-report and therefore typically clustered with
gestational hypertension/preeclampsia in analyses [35]. Among the studies that met our
inclusion criteria for review, only Gardner and colleagues (2015) examined the direct
association of pre-gestational hypertension with ASD and did not find a significant increase
in risk (Table 1). Langridge and colleagues (2013) examined the risk for ASD using
clustering of both preeclampsia or essential hypertension and found that risk increased for
cases with ASD and ID (Table 1).

When pre-existing hypertension was clustered with pregnancy induced hypertension or pre-
eclampsia in other studies, results were inconsistent [80,83]. Maher and colleagues (2020)
examined both the effect of pre-gestational hypertension clustered with preeclampsia and
preeclampsia alone. They showed decreased effect size resulting in an association that was
not statistically significant when preeclampsia was clustered with chronic hypertension (as
compared to preeclampsia alone).

Gestational Hypertension/Preeclampsia

Gestational hypertension and preeclampsia are typically clustered together in analyses and
consistently found to be associated with increased risk of ASD in offspring. Both large

scale studies included in this review (see Table 1) [55,56,57,61,62,63,64] and smaller

scale studies (see Table 2) [80,81,83,85,88] support this association. Of the five studies
[55,56,57,62,64] to measure gestational hypertension and/or preeclampsia as an exposure
that met our inclusion criteria, all five found increased risk of ASD, ranging between 1.25
to 1.49 fold. Langridge and colleagues (2013) found that risk increase was restricted to ASD
with ID, a result in part supported by Polo-Kantola and colleagues (2014) who found risk
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increasing as a function of severity related to ASD diagnostic subtype (see Table 1). Maher
and colleagues also showed that the association between preeclampsia and ASD was present
in a sibling matched analysis. However, further stratification of data to examine ASD with
and without ID showed the highest risk for ASD with 1D and the lowest (but still statistically
significant) risk for ASD without ID.

Discussion

This study systematically evaluated the evidence for the association between maternal
metabolic syndrome around pregnancy and risk for ASD in offspring. By focusing on large
population based studies, we endeavor to limit potential biases and draw evidence-based
conclusions.

The most consistent association across studies was observed for preeclampsia and ASD.
This is further supported by a sibling analysis [62], suggesting limited familial confounding
factors. Additional sub-analyses [61,62] showed even greater effects for preeclampsia when
restricting analysis to offspring with ASD and ID compared to ASD without ID. Sun and
colleagues [64] examined whether pre-term birth contributes to the observed risk, as delivery
is considered a treatment for preeclampsia. They found only minimal difference in risk (OR
of 1.29 for term only vs 1.31 for all births including pre-term) suggesting that pre-term birth
is not a strong factor in the relationship between preeclampsia and ASD.

While the etiology of how preeclampsia contributes to the risk of ASD is not fully
elucidated, several mechanisms have been repeatedly proposed. Preeclampsia, a condition
associated with chronic immune activation, contributes to an increase in the circulation of
pro-inflammatory cytokines such as IL-6 and CRP, which can impact the development of
the hypothalamic-pituitary-adrenal (HPA) axis as well as neurotransmitter pathways in the
developing fetus [16,97]. In addition, the placental dysfunction seen with preeclampsia
can result in reduced placental perfusion, causing fetal hypoxia and oxidative stress
[37,57,62,74,94].

Inflammation has been suggested as a primary contributor to the adverse effects of the
metabolic syndrome, and one potential mechanism through which pre-eclampsia as well
as the other metabolic conditions contribute to the development of ASD. A chronic low
grade inflammatory state is thought to be present in obese mothers, which accompanies
the fetus during its intrauterine development [18]. Animal studies suggest that low grade
inflammation and release of pro-inflammatory cytokines from adipose tissue play a role
in the development of insulin resistance [16,96]. This in turn can impact the developing
fetus by inducing a chronic state of inflammation via circulating cytokines that are able
to cross the placenta and impact the inflammatory profile of the fetus, as well as its
brain development [19,20]. In addition, the fetus’ intrauterine exposure to a modified
nutrient environment with high concentrations of glucose and leptin, can also contribute
to alteration in its brain development. Leptin signaling, similarly to pro-inflammatory
cytokines, was found to have effects on the HPA axis, synaptic plasticity, and BDNF
signaling [14,16,59,60,98]. Furthermore, these intrauterine effects can be perpetuated by
alteration in brain development as well as epigenetic mechanisms [14].
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Given that other conditions comprising the maternal metabolic syndrome are significant
factors contributing to maternal gestational inflammation and the potential mechanisms
associated with the risk of developing ASD, it is important to continue investigating the
association between those factors and ASD risk. In this review, we include at least one
study supporting an association with ASD risk for each of the conditions comprising

the maternal metabolic syndrome (pre-gestational DM, GDM, pre-pregnancy weight and
GWG). However, this is not sufficient to draw definitive conclusions.

In summary, current evidence from large scale population-based epidemiological studies
support an association between preeclampsia and ASD. Evidence for other maternal
conditions which are part of the metabolic syndrome was limited due to a paucity of studies.
Given the frequent co-occurrence of the conditions comprising the metabolic syndrome,
potential synergistic effects should be systematically studied. The use of multiple study
designs, especially those that control for potential familial confounding (e.g., sibling control
studies), and examining the effects of medical interventions (e.g., pharmaco-epidemiological
studies) are imperative for evaluating potential mechanisms and preventive approaches in the
future.
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Key points:

. Multiple studies explored the association between various conditions related
to maternal metabolic syndrome and ASD risk with mixed results

. Current evidence from large scale population based epidemiological studies
support an association between preeclampsia and ASD

. Given the frequent co-occurrence of the conditions comprising the metabolic
syndrome, potential synergistic effects should be systematically studied
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