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The internal and external environment of the mother during the developmental stages of
the fetus affects the offspring’s health. According to the developmental origins of health
and disease (DOHaD) theory, environmental factors influence the offspring and also affect
health in adulthood. Recently, studies based on this theory have gained attracted attention
because of their clinical utility in identifying the risk groups for various diseases.
Neurodevelopmental disorders (NDDs) such as autism spectrum disorder (ASD) and
attention-deficit hyperactivity disorder (ADHD) can be caused by exposure to certain
prenatal environments during pregnancy. This review describes the latest findings on the
effect of prenatal environment on the onset mechanism of NDDs based on the DOHaD
theory. Unravelling the molecular mechanisms underlying the pathogenesis of NDDs is
important, because there are no therapeutic drugs for these disorders. Furthermore,
elucidating the relationship between the DOHaD theory and NDDs will contribute to the
popularization of preventive medicine.

Keywords: DOHaD, prenatal environment, preterm birth (PTB), low birth weight (LBW), neurodevelopmental
disorders (NDDs), autism spectrum disorder (ASD)

INTRODUCTION

The DOHaD theory is various environments during development induce predictive adaptive
responses that anticipate later environments, and that the degree of adaptation between these
environments and later environments is related to future disease risk. For example, overnutrition
and undernutrition in early childhood are expected to occur as the predictive adaptive response
such as obesity and diabetes in adulthood. Previous epidemiological studies have demonstrated that
the prenatal and/or postnatal environment is associated with the risk of various diseases at the later
stages of life (1, 2). In the 1980s, an epidemiological study reported by Baker et al. has proposed the
fetal programming hypothesis, which states that future health conditions are destined based on the
early environment during prenatal and/or postnatal developmental periods (1). The DOHaD theory
suggests that the characteristics acquired in early fetal developmental periods due to a certain
environment become health risk factors in adulthood (1, 2). Based on the DOHaD theory, it is
possible to predict and identify high-risk groups for various diseases, therefore it is gaining attention
in the field of preventive medicine, early intervention, and therapeutic treatment.

In the prenatal environment, maternal immune activation (MIA), stress, undernutrition, and
drug exposure are well-known as the environmental factors that affect the future health of the
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offspring (3-5). These environmental factors are associated with
various NDDs (Figure 1) and psychiatric disorders such as ASD,
ADHD, schizophrenia, and depression (5). ASD is a NDD
characterized by social communication deficits, repetitive
behaviors, and hyperesthesia/hypesthesia. The prevalence of
ASD has been reported as a one in 54 (1.85%) in the US (6).
ASD can be caused by both genetic and environmental factors.
ADHD is characterized by hyperactivity, attention deficits, and
impulsivity. The worldwide prevalence of ADHD is 5.29% (7).
ADHD is also caused by genetic and/or environmental factors.
The developmental stages of the human embryonic brain are
divided into three periods (Figure 2). In the first trimester (0-13
weeks of gestation), the neural tube is formed in the ectoderm,
and the neuroepithelial cells that form the neural tube produce
neural progenitor cells and neurons (8). These neurons migrate
to the cortical layer and eventually begin to form synapses during

Prenatal environment

MIA
Drug exposure

Maternal stress
Undernutrition

ASD ADHD SLD
ID CD MD

Neurodevelopmental disorders

FIGURE 1 | The prenatal environment impacts the offspring’s health.
Maternal immune activation (MIA), exposure to specific drugs, maternal
stress, and undernutrition during the fetal period are potential risk factors for
the onset of neurodevelopmental disorders (NDDs). ASD, autism spectrum
disorder; ADHD, attention-deficit hyperactivity disorder; SLD, specific learning
disorder; ID, intellectual disabilities; CD, communication disorders; and MD,
motor disorders.

the late first to second trimesters (14-27 weeks of gestation) (8).
In the third trimester, neuronal axons and glia are produced
from the glial progenitor cells such as astrocytes and
oligodendrocytes, and are integrated into neural circuits (9).
Brain morphology and plasticity continually develop after birth
(8). Courchesne et al. reported that ASD associated genes
continuously expressed in all trimesters first to third (10).
However, the specific period of risk factors such as maternal
infection, exposure to certain drug, and stress in the onset of
ASD is reported (3, 5, 11) (Figure 2). Together,
neurodevelopmental abnormalities may occur in the prenatal
period (first to third trimesters), when the brain is particularly
sensitive and fragile to the surrounding environment,
subsequently results in NDDs (10).

To understand the pathophysiology underlying NDDs,
identification of causative genes in patients, and research and
development using animal models have been promoted.
Exploring the environmental factors associated with NDDs and
unravelling the underlying mechanisms based on the DOHaD
theory is meaningful as it can correlate research to clinical
practice and treatments. The present review describes the latest
findings on the correlation between the prenatal environment
and the onset mechanism of NDDs based on the DOHaD theory.

MATERNAL IMMUNE ACTIVATION

MIA is an inflammatory response triggered by pathogenic
infection and autoimmune diseases in the mother. According
to the previous epidemiological studies, MIA is known to be a
risk factor for NDDs and psychiatric disorders such as ASD and
schizophrenia (12). Toxoplasma, rubella, cytomegalovirus,
herpes simplex virus, and Zika virus are vertically transmitted
to the fetus, affecting its development and resulting in severe
complications such as miscarriage and malformations (5).
However, the infections with non-vertically transmitted
pathogens such as influenza during pregnancy can cause
NDDs in the offspring.

Inflammatory cytokines produced in the mother because of
infection directly damage the fetal brain via the placenta. In a
mouse model of MIA induced by poly(I:C), it was demonstrated
that interleukin (IL)-17 produced from T-helper (Th)-17 cells in
the mother’s body reach the fetal brain via the placenta and
induce cell death via IL-17 receptors expressed in the fetal brain,
resulting in ASD-like behavioral and morphological brain
abnormalities (13, 14). In MIA-induced ASD model mice, the
decreases of synaptic density and expression levels of synapse
formation associated proteins were also reported (15). Such
synaptic dysfunction is well known in pathophysiology of ASD
(16). For example, mutations of neuroligin encoding genes
NLGN3 and NLGN4 related with synapse formation have been
reported in ASD patients (17). The mutated neuroligin displayed
abnormal localization in synapse and resulted in synaptic
dysfunction (18). Epidemiological studies have also reported
that MIA caused by autoimmune diseases increases the risk of
NDDs (19). Recently, it was reported that antioxidant reduce
perinatal inflammation in the placenta of the MIA mouse model,
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FIGURE 2 | Neurodevelopmental trajectory and risk factors for NDDs. The blue bars indicate neurodevelopmental events during fetal brain development. After neural
tube formation in the ectoderm (neurulation), brain vesicles are formed and neuroepithelial cells produce neural stem cell progenitors and neurons (neurogenesis).
Neural progenitor cells also produce astrocytes and oligodendrocytes (gliogenesis). The developing neurons migrate, differentiate into specific subtypes, and form
synapses and myelin. The orange bars indicate the risk periods for NDDs. MIA during pregnancy can cause NDDs; in particular, the risk of ASD onset increases in
the first half of pregnancy. Maternal stress and drug exposure during pregnancy can also cause NDDs. For example, thalidomide and valproic acid exposure are

known risk factors for ASD onset.

suggesting that it may be possible to prevent and treat NDDs by
suppressing the inflammation induced by MIA (20). These
studies suggest that MIA-induced inflammation and cytokines
may impair placental function and lead to disruption of its
barrier function, resulting exposures of the fetus to toxic
substances and disruptions of nutrient supply.

Individual differences in susceptibility to MIA have been
reported to be caused by deficiency of micronutrient (5, 21,
22). A sufficient supply of essential elements such as of minerals
and vitamins is essential for typical fetal development (5). It is
well known that folic acid deficiency in pregnant women causes
neural tube defects (23). Harvey et al. also reported that iron
deficiency during pregnancy enhances cytokine induction by
MIA (24). Moreover, vitamin D, zinc, and omega fatty acids are
essential factors for typical fetal development (21, 22, 25). For
example, dyslipidemia has been reported in children with
ASD (26).

Stress during pregnancy is also known to induce brain
inflammation and influence the fetal brain development (27).
Epidemiological studies have reported that stress during
pregnancy increases the risk of ASD and ADHD (3, 28). It is
well known that increased blood levels of adrenocorticotropic
stress-related hormones such as cortisol and corticosterone are a
response to stress. In primates, cortisol, which has a strong
physiological activity, is converted into its inactive form by

Hydroxysteroid 11-B dehydrogenase 2 (HSD11B2) enzyme.
Blood cortisol during pregnancy is converted into inactivated
forms in the placenta to prevent fetal exposure to cortisol (29).
However, HSD11B2 expression is downregulated in the
placentas of chronic stressed mothers (30). Therefore, fetuses
are exposed to high concentrations of cortisol, resulting in
developmental delays and NDDs (28, 30). In rodents, exposure
to high concentrations of stress-related hormone in early life
stages decreases the expression of Hsd11bl, which encodes a
stress-related hormone activity regulator enzyme in the
neocortex (31).

DRUG EXPOSURE

Disturbance of the prenatal environment due to drug exposure
also causes NDDs (4, 11, 32). In the 1960s, thalidomide was used
for treating morning sickness in pregnant women; however, it
resulted in fetal malformations. In 2004, Miller et al. reported
that exposure to thalidomide during early pregnancy causes ASD
in the offspring (11). However, the detailed mechanism by which
thalidomide causes ASD remains unknown. Recently, Ando et al.
reported that exposure to thalidomide caused brain shrinkage in
zebrafish due to complex formation of thalidomide with E3
ubiquitin ligase Cereblone (CRBN), which negatively regulates
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neural stem cell proliferation (33). Miller et al. reported that
CRBN degrades Zbtb16 and Sall4 resulting in limb teratogenicity
in chick embryos (34). ZBTBI6 is a transcription factor essential
for cell proliferation and differentiation (35). In Zbtb16 knockout
(KO) mice, it has been reported that Zbtb16 regulates neural
stem cell proliferation during the early embryonic stage (36).
Recent genome-wide association studies (GWASs) have
identified the mutations in ZBTBI6 in patients with ASD (37,
38). It has been demonstrated that Zbtb16 KO mice show ASD-
like behaviors such as social impairment and repetitive behaviors
(39). Together, these studies suggest that Zbtb16 dysfunction due
to activation of CRBN by thalidomide exposure during
pregnancy results in impairments of neural proliferation and
differentiation which alternatively lead to NDDs such as ASD.

Exposure to valproic acid (VPA), an antiepileptic drug, also
affects neural development (4, 32, 40). Previous epidemiological
studies have shown that the VPA administration during
pregnancy, particularly during fetal brain development
increases the risk of ASD onset (4, 41). Furthermore, the study
demonstrated that VPA administration at mouse embryonic day
12.5 (E12.5) decreases the number of neurons in the prefrontal
and somatosensory cortexes (32). In addition, Kataoka et al.
reported that VPA administration induced hyperacetylation of
genomic DNA and behavioral abnormalities including ASD-like
features (32).

A relationship between pregnant women taking
antidepressants such as selective serotonin reuptake inhibitors
(SSRIs) and the onset of ASD has been suggested. Serotonin
plays a role in fetal and postnatal brain development (42).
Mutations in SLC6A4 which encodes serotonin transporter
that regulates serotonin levels in the synaptic cleft has been
reported in patients with ASD (43, 44). Disturbance of the
serotonergic system is involved in the pathophysiology of ASD
(45). Serotonin levels in the brains of ASD patients have been
reported to be lower than those in individuals with typical
developments (45). Furthermore, a decrease in the density of
serotonin transporter (SERT) in ASD patients has also been
reported (46). Thus, it is possible that SSRIs in pregnant women
cause disturbances in serotonin levels. However, previous studies
have reported that the underlying mechanism of the association
between the use of SSRIs by pregnant women and the onset of
ASD is unclear (47, 48).

Additionally, epidemiological studies have demonstrated that
exposure to other agents such as organophosphates and
chemicals produced by smoking increases the risk of ASD,
ADHD, and cognitive impairments in the offspring (49, 50).
Prenatal cocaine exposure also affects offspring’s social behaviors
such as attachment and play behaviors (51). Prenatal cannabis
exposure increases the incident risks of ASD, intellectual
disability, and learning disorders in the offspring (52). It is also
known that prenatal exposure to alcohol induces fetal brain
development and fetal alcohol spectrum disorder including
behavioral difficulties (53). Therefore, exposure to drugs,
alcohol, toxic substances, and psychostimulants during
pregnancy should be treated with caution because of the high
risks of NDDs.

PRETERM BIRTH AND LOW BIRTH WEIGHT

Preterm birth and low birth weight can also lead to ASD and
ADHD. Maternal stress, undernutrition, and infection during
pregnancy can induce abnormal births (54, 55). In 2013, Singh
et al. examined the mental health condition of premature offspring
with less than 37 weeks of gestation and low birth weight of less than
2500g, and found an increases in the onset probability of NDDs in
these offspring (56). Pacheco proposed a relationship between the
climate changes and maternal and child health. Climate changes
such as storms, heat, floods, foods insecurity, and air pollution
adversely lead to maternal stress, food insecurity, undernutrition,
and toxic exposure, eventually leading to the onset of preterm birth,
low birth weight, and NDDs (55).

Generally, intrauterine growth restriction (IUGR) results in
low birth weight. Baschat reported IUGR is induced not only by
undernutrition but also by reduced placental blood flow and
hypoxemia (57). Functional insufficiency of the placenta such
as dysfunction of the glucocorticoid barrier (see Maternal
Immune Activation section) is also linked to the onset of
IUGR (30). In the IUGR offspring, the brain volume in the
gray matter of the limbic region is reduced; however the
regional volumes of the frontoinsular, frontal, and temporal-
parietal areas are expanded (58). These studies suggest that the
abnormal brain development caused by preterm birth, low birth
weight, and IUGR are risk factors for NDDs.

DISCUSSION

This review entailed the risk factors for NDDs based on the
DOHaD theory. The DOHaD theory proposed a relationship
between fetal development and its adult health. The underlying
phenomenon for this correlation can be explained using
epigenetics. Epigenetics is a molecular mechanism that alters gene
expression by chemical modification on DNA without affecting the
genomic sequences. It is influenced by external environments, and
thus it reflects the interaction of genetic and environmental factors.
Previous reports show that there are age-associated DNA
methylation changes in paternal sperm (59). Besides epigenetics, de
novo mutations that can accumulate in aged father’s sperm have also
been reported to be at risk for NDDs (60). In terms of the relationship
between parental age and ASD onset, it has been reported that the
aging of the father’s sperm affects ASD onset more strongly than
maternal age (61). The prenatal environment in fetal developmental
stages affects the onsets of various diseases such as NDDs, psychiatric
disorders, metabolic disorders, and high blood pressure. In
conclusion, according to the DOHaD theory, understanding the
mechanisms underlying the prenatal environment and fetal
development can promote preventive medicine, early intervention,
and therapeutic treatment based on individual risks.

AUTHOR CONTRIBUTIONS

MD: Writing - Original Draft, Visualization. NU:
Conceptualization, Writing - Original Draft, Writing - Review

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 860110


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Doi et al.

Prenatal Environment and NDDs

and Editing, Project administration, Funding acquisition. SS:
Writing - Review and Editing, Supervision, Funding acquisition.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Japan Society for the Japan
Science and Technology Agency (JST) Center of Innovation

REFERENCES

1. Barker DJ, Osmond C. Infant Mortality, Childhood Nutrition, and Ischaemic
Heart Disease in England and Wales. Lancet (1986) 1:1077-81. doi: 10.1016/
$0140-6736(86)91340-1

2. Barker DJ, Osmond C, Golding J, Kuh D, Wadsworth ME. Growth In Utero,
Blood Pressure in Childhood and Adult Life, and Mortality From
Cardiovascular Disease. Bmj (1989) 298:564-7. doi: 10.1136/bmj.298.
6673.564

3. Beversdorf DQ, Manning SE, Hillier A, Anderson SL, Nordgren RE, Walters
SE, et al. Timing of Prenatal Stressors and Autism. ] Autism Dev Disord (2005)
35:471-8. doi: 10.1007/s10803-005-5037-8

4. Christensen J, Gronborg TK, Serensen M]J, Schendel D, Parner ET, Pedersen
LH, et al. Prenatal Valproate Exposure and Risk of Autism Spectrum
Disorders and Childhood Autism. Jama (2013) 309:1696-703. doi: 10.1001/
jama.2013.2270

5. Meyer U. Neurodevelopmental Resilience and Susceptibility to Maternal
Immune Activation. Trends Neurosci (2019) 42:793-806. doi: 10.1016/
j.tins.2019.08.001

6. Maenner MJ, Shaw KA, Baio J, Washington A, Patrick M, DiRienzo M, et al.
Prevalence of Autism Spectrum Disorder Among Children Aged 8 Years -
Autism and Developmental Disabilities Monitoring Network, 11 Sites, United
States 2016. MMWR Surveill Summ (2020) 69:1-12. doi: 10.15585/
mmwr.ss6904al

7. Polanczyk G, de Lima MS, Horta BL, Biederman J, Rohde LA. The Worldwide
Prevalence of ADHD: A Systematic Review and Metaregression Analysis. Am
J Psychiatry (2007) 164:942-8. doi: 10.1176/ajp.2007.164.6.942

8. Tau GZ, Peterson BS. Normal Development of Brain Circuits.
Neuropsychopharmacology (2010) 35:147-68. doi: 10.1038/npp.2009.115

9. Lanzone A, Ferrazzani S, Botta A. Delivery and Late Preterm Birth. Ital |
Pediatr (2014) 40:A1. doi: 10.1186/1824-7288-40-S2-A1

10. Courchesne E, Gazestani VH, Lewis NE. Prenatal Origins of ASD: The When,
What, and How of ASD Development. Trends Neurosci (2020) 43:326-42.
doi: 10.1016/j.tins.2020.03.005

11. Miller MT, Stromland K, Ventura L, Johansson M, Bandim JM, Gillberg C.
Autism With Ophthalmologic Malformations: The Plot Thickens. Trans Am
Ophthalmol Soc (2004) 102:107-120; discussion 120-101.

12. Estes ML, McAllister AK. Maternal Immune Activation: Implications for
Neuropsychiatric Disorders. Science (New York NY) (2016) 353:772-7.
doi: 10.1126/science.aag3194

13. Choi GB, Yim YS, Wong H, Kim S, Kim H, Kim SV, et al. The Maternal
Interleukin-17a Pathway in Mice Promotes Autism-Like Phenotypes in Offspring.
Science (New York NY) (2016) 351:933-9. doi: 10.1126/science.aad0314

14. Shin Yim Y, Park A, Berrios J, Lafourcade M, Pascual LM, Soares N, et al.
Reversing Behavioural Abnormalities in Mice Exposed to Maternal
Inflammation. Nature (2017) 549:482-7. doi: 10.1038/nature23909

15. Pendyala G, Chou S, Jung Y, Coiro P, Spartz E, Padmashri R, et al. Maternal
Immune Activation Causes Behavioral Impairments and Altered Cerebellar
Cytokine and Synaptic Protein Expression. Neuropsychopharmacology (2017)
42:1435-46. doi: 10.1038/npp.2017.7

16. de la Torre-Ubieta L, Won H, Stein JL, Geschwind DH. Advancing the
Understanding of Autism Disease Mechanisms Through Genetics. Nat Med
(2016) 22:345-61. doi: 10.1038/nm.4071

Program (COI Program) (JPMJCE1310) to NU and SS; the
Promotion of Science (JSPS) Grant-in-Aid for Scientific
Research (C) (20K06872) to NU; JSPS Grant-in-Aid for Early-
Career Scientists (18K14814) to NU; JSPS Grant-in-Aid for
Challenging Research (20K21654) to NU and SS; Uehara
Memorial Foundation to NU; Takeda Science Foundation to
NU; SENSHIN Medical Research Foundation to NU; Osaka
Medical Research Foundation for Intractable Diseases to NU;
Public Health Science Foundation to NU; Eli Lilly Japan
Research Grant to NU.

17. Jamain S, Quach H, Betancur C, Rastam M, Colineaux C, Gillberg IC, et al.
Mutations of the X-Linked Genes Encoding Neuroligins NLGN3 and NLGN4
Are Associated With Autism. Nat Genet (2003) 34:27-9. doi: 10.1038/ng1136

18. Cast TP, Boesch DJ, Smyth K, Shaw AE, Ghebrial M, Chanda S. An Autism-
Associated Mutation Impairs Neuroligin-4 Glycosylation and Enhances
Excitatory Synaptic Transmission in Human Neurons. ] Neurosci Off ] Soc
Neurosci (2021) 41:392-407. doi: 10.1523/jneurosci.0404-20.2020

19. Jain S, Baer R], McCulloch CE, Rogers E, Rand L, Jelliffe-Pawlowski L, et al.
Association of Maternal Immune Activation During Pregnancy and
Neurologic Outcomes in Offspring. J Pediatr (2021) 238:87-93.e83.
doi: 10.1016/j.jpeds.2021.04.069

20. Usui N, Togawa S, Sumi T, Kobayashi Y, Koyama Y, Nakamura Y, et al. Si-
Based Hydrogen-Producing Nanoagent Protects Fetuses From Miscarriage
Caused by Mother-To-Child Transmission. Front Med Technol (2021)
3:665506. doi: 10.3389/fmedt.2021.665506

21. Chua JS, Cowley CJ, Manavis J, Rofe AM, Coyle P. Prenatal Exposure to
Lipopolysaccharide Results in Neurodevelopmental Damage That Is
Ameliorated by Zinc in Mice. Brain Behav Immun (2012) 26:326-36.
doi: 10.1016/j.bbi.2011.10.002

22. Luan W, Hammond LA, Vuillermot S, Meyer U, Eyles DW. Maternal Vitamin
D Prevents Abnormal Dopaminergic Development and Function in a Mouse
Model of Prenatal Immune Activation. Sci Rep (2018) 8:9741. doi: 10.1038/
541598-018-28090-w

23. Greenberg JA, Bell SJ, Guan Y, Yu YH. Folic Acid Supplementation and
Pregnancy: More Than Just Neural Tube Defect Prevention. Rev Obstet
Gynecol (2011) 4:52-9.

24. Harvey L, Boksa P. Additive Effects of Maternal Iron Deficiency and Prenatal
Immune Activation on Adult Behaviors in Rat Offspring. Brain Behav Immun
(2014) 40:27-37. doi: 10.1016/j.bbi.2014.06.005

25. Innis SM. Essential Fatty Acids in Growth and Development. Prog Lipid Res
(1991) 30:39-103. doi: 10.1016/0163-7827(91)90006-q

26. Usui N, Iwata K, Miyachi T, Takagai S, Wakusawa K, Nara T, et al. VLDL-
Specific Increases of Fatty Acids in Autism Spectrum Disorder Correlate With
Social Interaction. EBioMedicine (2020) 58:102917. doi: 10.1016/
j.ebiom.2020.102917

27. Diz-Chaves Y, Astiz M, Bellini MJ, Garcia-Segura LM. Prenatal
Stress Increases the Expression of Proinflammatory Cytokines and
Exacerbates the Inflammatory Response to LPS in the Hippocampal
Formation of Adult Male Mice. Brain Behav Immun (2013) 28:196-206.
doi: 10.1016/j.bbi.2012.11.013

28. Babenko O, Kovalchuk I, Metz GA. Stress-Induced Perinatal and
Transgenerational Epigenetic Programming of Brain Development and
Mental Health. Neurosci Biobehav Rev (2015) 48:70-91. doi: 10.1016/
j-neubiorev.2014.11.013

29. Dy J, Guan H, Sampath-Kumar R, Richardson BS, Yang K. Placental 11beta-
Hydroxysteroid Dehydrogenase Type 2 Is Reduced in Pregnancies
Complicated With Idiopathic Intrauterine Growth Restriction: Evidence
That This Is Associated With an Attenuated Ratio of Cortisone to Cortisol
in the Umbilical Artery. Placenta (2008) 29:193-200. doi: 10.1016/
j.placenta.2007.10.010

30. Zhu P, Wang W, Zuo R, Sun K. Mechanisms for Establishment of the
Placental Glucocorticoid Barrier, a Guard for Life. Cell Mol Life Sci (2019)
76:13-26. doi: 10.1007/s00018-018-2918-5

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 860110


https://doi.org/10.1016/s0140-6736(86)91340-1
https://doi.org/10.1016/s0140-6736(86)91340-1
https://doi.org/10.1136/bmj.298.6673.564
https://doi.org/10.1136/bmj.298.6673.564
https://doi.org/10.1007/s10803-005-5037-8
https://doi.org/10.1001/jama.2013.2270
https://doi.org/10.1001/jama.2013.2270
https://doi.org/10.1016/j.tins.2019.08.001
https://doi.org/10.1016/j.tins.2019.08.001
https://doi.org/10.15585/mmwr.ss6904a1
https://doi.org/10.15585/mmwr.ss6904a1
https://doi.org/10.1176/ajp.2007.164.6.942
https://doi.org/10.1038/npp.2009.115
https://doi.org/10.1186/1824-7288-40-S2-A1
https://doi.org/10.1016/j.tins.2020.03.005
https://doi.org/10.1126/science.aag3194
https://doi.org/10.1126/science.aad0314
https://doi.org/10.1038/nature23909
https://doi.org/10.1038/npp.2017.7
https://doi.org/10.1038/nm.4071
https://doi.org/10.1038/ng1136
https://doi.org/10.1523/jneurosci.0404-20.2020
https://doi.org/10.1016/j.jpeds.2021.04.069
https://doi.org/10.3389/fmedt.2021.665506
https://doi.org/10.1016/j.bbi.2011.10.002
https://doi.org/10.1038/s41598-018-28090-w
https://doi.org/10.1038/s41598-018-28090-w
https://doi.org/10.1016/j.bbi.2014.06.005
https://doi.org/10.1016/0163-7827(91)90006-q
https://doi.org/10.1016/j.ebiom.2020.102917
https://doi.org/10.1016/j.ebiom.2020.102917
https://doi.org/10.1016/j.bbi.2012.11.013
https://doi.org/10.1016/j.neubiorev.2014.11.013
https://doi.org/10.1016/j.neubiorev.2014.11.013
https://doi.org/10.1016/j.placenta.2007.10.010
https://doi.org/10.1016/j.placenta.2007.10.010
https://doi.org/10.1007/s00018-018-2918-5
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Doi et al.

Prenatal Environment and NDDs

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Doi M, Oka Y, Taniguchi M, Sato M. Transient Expansion of the Expression
Region of Hsd11b1, Encoding 11B-Hydroxysteroid Dehydrogenase Type 1, in
the Developing Mouse Neocortex. J Neurochem (2021) 159:778-88.
doi: 10.1111/jnc.15505

Kataoka S, Takuma K, Hara Y, Maeda Y, Ago Y, Matsuda T. Autism-Like
Behaviours With Transient Histone Hyperacetylation in Mice Treated
Prenatally With Valproic Acid. Int ] Neuropsychopharmacol (2013) 16:91—
103. doi: 10.1017/s1461145711001714

Ando H, Sato T, Ito T, Yamamoto J, Sakamoto S, Nitta N, et al. Cereblon
Control of Zebrafish Brain Size by Regulation of Neural Stem Cell
Proliferation. iScience (2019) 15:95-108. doi: 10.1016/j.is¢i.2019.04.007
Yamanaka S, Murai H, Saito D, Abe G, Tokunaga E, Iwasaki T, et al.
Thalidomide and Its Metabolite 5-Hydroxythalidomide Induce
Teratogenicity via the Cereblon Neosubstrate PLZF. EMBO ] (2021) 40:
€105375. doi: 10.15252/emb;j.2020105375

Suliman BA, Xu D, Williams BR. The Promyelocytic Leukemia Zinc Finger
Protein: Two Decades of Molecular Oncology. Front Oncol (2012) 2:74.
doi: 10.3389/fonc.2012.00074

Lin HC, Ching YH, Huang CC, Pao PC, Lee YH, Chang WC, et al. Promyelocytic
Leukemia Zinc Finger Is Involved in the Formation of Deep Layer Cortical
Neurons. ] BioMed Sci (2019) 26:30. doi: 10.1186/s12929-019-0519-8

Anney R, Klei L, Pinto D, Almeida J, Bacchelli E, Baird G, et al. Individual
Common Variants Exert Weak Effects on the Risk for Autism Spectrum
Disorders. Hum Mol Genet (2012) 21:4781-92. doi: 10.1093/hmg/dds301
Bacchelli E, Loi E, Cameli C, Moi L, Vega-Benedetti AF, Blois S, et al. Analysis
of a Sardinian Multiplex Family With Autism Spectrum Disorder Points to
Post-Synaptic Density Gene Variants and Identifies CAPG as a Functionally
Relevant Candidate Gene. J Clin Med (2019) 8:212. doi: 10.3390/jcm8020212
Usui N, Berto S, Konishi A, Kondo M, Konopka G, Matsuzaki H, et al. Zbtb16
Regulates Social Cognitive Behaviors and Neocortical Development. Trans
Psychiatry (2021) 11:242. doi: 10.1038/s41398-021-01358-y

Watanabe S, Kurotani T, Oga T, Noguchi J, Isoda R, Nakagami A, et al.
Functional and Molecular Characterization of a Non-Human Primate Model
of Autism Spectrum Disorder Shows Similarity With the Human Disease. Nat
Commun (2021) 12:5388. doi: 10.1038/s41467-021-25487-6

Williams G, King J, Cunningham M, Stephan M, Kerr B, Hersh JH. Fetal
Valproate Syndrome and Autism: Additional Evidence of an Association. Dev
Med Child Neurol (2001) 43:202-6. doi: 10.1111/j.1469-8749.2001.tb00188.x
Gaspar P, Cases O, Maroteaux L. The Developmental Role of Serotonin: News
From Mouse Molecular Genetics. Nat Rev Neurosci (2003) 4:1002-12.
doi: 10.1038/nrn1256

Coutinho AM, Oliveira G, Morgadinho T, Fesel C, Macedo TR, Bento C, et al.
Variants of the Serotonin Transporter Gene (SLC6A4) Significantly
Contribute to Hyperserotonemia in Autism. Mol Psychiatry (2004) 9:264—
71. doi: 10.1038/sj.mp.4001409

Sjaarda CP, Hecht P, McNaughton AJM, Zhou A, Hudson ML, Will MJ, et al.
Interplay Between Maternal Slc6a4 Mutation and Prenatal Stress: A Possible
Mechanism for Autistic Behavior Development. Sci Rep (2017) 7:8735.
doi: 10.1038/541598-017-07405-3

Chandana SR, Behen ME, Juhasz C, Muzik O, Rothermel RD, Mangner TJ, et al.
Significance of Abnormalities in Developmental Trajectory and Asymmetry of
Cortical Serotonin Synthesis in Autism. Int ] Dev Neurosci Off J Int Soc Dev
Neurosci (2005) 23:171-82. doi: 10.1016/j.ijdevneu.2004.08.002

Nakamura K, Sekine Y, Ouchi Y, Tsujii M, Yoshikawa E, Futatsubashi M, et al.
Brain Serotonin and Dopamine Transporter Bindings in Adults With High-
Functioning Autism. Arch Gen Psychiatry (2010) 67:59-68. doi: 10.1001/
archgenpsychiatry.2009.137

Rai D, Lee BK, Dalman C, Newschaffer C, Lewis G, Magnusson C.
Antidepressants During Pregnancy and Autism in Offspring: Population
Based Cohort Study. Bmj (2017) 358:2811. doi: 10.1136/bm;j.j2811

48. Fatima Z, Zahra A, Ghouse M, Wang X, Yuan Z. Maternal SSRIs Experience
and Risk of ASD in Offspring: A Review. Toxicol Res (Camb) (2018) 7:1020-8.
doi: 10.1039/c8tx00102b

49. Chen R, Clifford A, Lang L, Anstey KJ. Is Exposure to Secondhand Smoke
Associated With Cognitive Parameters of Children and Adolescents?-a
Systematic Literature Review. Ann Epidemiol (2013) 23:652-61.
doi: 10.1016/j.annepidem.2013.07.001

50. Hertz-Picciotto I, Sass JB, Engel S, Bennett DH, Bradman A, Eskenazi B,
et al. Organophosphate Exposures During Pregnancy and Child
Neurodevelopment: Recommendations for Essential Policy Reforms. PloS
Med (2018) 15:€1002671. doi: 10.1371/journal.pmed.1002671

51. Sobrian SK, Holson RR. Social Behavior of Offspring Following Prenatal
Cocaine Exposure in Rodents: A Comparison With Prenatal Alcohol. Front
Psychiatry (2011) 2:66. doi: 10.3389/fpsyt.2011.00066

52. Corsi DJ, Donelle J, Sucha E, Hawken S, Hsu H, El-Chaar D, et al. Maternal
Cannabis Use in Pregnancy and Child Neurodevelopmental Outcomes. Nat
Med (2020) 26:1536-40. doi: 10.1038/s41591-020-1002-5

53. Caputo C, Wood E, Jabbour L. Impact of Fetal Alcohol Exposure on Body
Systems: A Systematic Review. Birth Defects Res C Embryo Today (2016)
108:174-80. doi: 10.1002/bdrc.21129

54. Lilliecreutz C, Larén J, Sydsjo G, Josefsson A. Effect of Maternal Stress During
Pregnancy on the Risk for Preterm Birth. BMC Pregnancy Childbirth (2016)
16:5. doi: 10.1186/512884-015-0775-x

55. Pacheco SE. Catastrophic Effects of Climate Change on Children's Health
Start Before Birth. J Clin Invest (2020) 130:562-4. doi: 10.1172/jci135005

56. Singh GK, Kenney MK, Ghandour RM, Kogan MD, Lu MC. Mental Health
Outcomes in US Children and Adolescents Born Prematurely or With Low
Birthweight. Depress Res Treat (2013) 2013:570743. doi: 10.1155/2013/570743

57. Baschat AA. Neurodevelopment After Fetal Growth Restriction. Fetal Diagn
Ther (2014) 36:136-42. doi: 10.1159/000353631

58. Sacchi C, O'Muircheartaigh J, Batalle D, Counsell S, Simonelli A, Cesano M,
et al. Neurodevelopmental Outcomes Following Intrauterine Growth
Restriction and Very Preterm Birth. J Pediatr (2021) 238:135-44.e110.
doi: 10.1016/j.jpeds.2021.07.002

59. Feinberg JI, Bakulski KM, Jaffe AE, Tryggvadottir R, Brown SC, Goldman LR,
et al. Paternal Sperm DNA Methylation Associated With Early Signs of
Autism Risk in an Autism-Enriched Cohort. Int ] Epidemiol (2015) 44:1199—
210. doi: 10.1093/ije/dyv028

60. Crow JF. The Origins, Patterns and Implications of Human Spontaneous
Mutation. Nat Rev Genet (2000) 1:40-7. doi: 10.1038/35049558

61. Reichenberg A, Gross R, Weiser M, Bresnahan M, Silverman ], Harlap S, et al.
Advancing Paternal Age and Autism. Arch Gen Psychiatry (2006) 63:1026-32.
doi: 10.1001/archpsyc.63.9.1026

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.

Copyright © 2022 Doi, Usui and Shimada. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

March 2022 | Volume 13 | Article 860110


https://doi.org/10.1111/jnc.15505
https://doi.org/10.1017/s1461145711001714
https://doi.org/10.1016/j.isci.2019.04.007
https://doi.org/10.15252/embj.2020105375
https://doi.org/10.3389/fonc.2012.00074
https://doi.org/10.1186/s12929-019-0519-8
https://doi.org/10.1093/hmg/dds301
https://doi.org/10.3390/jcm8020212
https://doi.org/10.1038/s41398-021-01358-y
https://doi.org/10.1038/s41467-021-25487-6
https://doi.org/10.1111/j.1469-8749.2001.tb00188.x
https://doi.org/10.1038/nrn1256
https://doi.org/10.1038/sj.mp.4001409
https://doi.org/10.1038/s41598-017-07405-3
https://doi.org/10.1016/j.ijdevneu.2004.08.002
https://doi.org/10.1001/archgenpsychiatry.2009.137
https://doi.org/10.1001/archgenpsychiatry.2009.137
https://doi.org/10.1136/bmj.j2811
https://doi.org/10.1039/c8tx00102b
https://doi.org/10.1016/j.annepidem.2013.07.001
https://doi.org/10.1371/journal.pmed.1002671
https://doi.org/10.3389/fpsyt.2011.00066
https://doi.org/10.1038/s41591-020-1002-5
https://doi.org/10.1002/bdrc.21129
https://doi.org/10.1186/s12884-015-0775-x
https://doi.org/10.1172/jci135005
https://doi.org/10.1155/2013/570743
https://doi.org/10.1159/000353631
https://doi.org/10.1016/j.jpeds.2021.07.002
https://doi.org/10.1093/ije/dyv028
https://doi.org/10.1038/35049558
https://doi.org/10.1001/archpsyc.63.9.1026
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Prenatal Environment and Neurodevelopmental Disorders
	Introduction
	Maternal Immune Activation
	Drug Exposure
	Preterm Birth and Low Birth Weight
	Discussion
	Author Contributions
	Funding
	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 /LeaveColorUnchanged
  /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


