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Abstract: According to the DSM-5, neurodevelopmental disorders represent a group of heterogeneous
conditions, with onset during the developmental period, characterized by an alteration of commu-
nication and social skills, learning, adaptive behavior, executive functions, and psychomotor skills.
These deficits determine an impairment of personal, social, scholastic, or occupational functioning.
Neurodevelopmental disorders are characterized by an increased incidence and a multifactorial
etiology, including genetic and environmental components. Data largely explain the role of genetic
and environmental factors, also through epigenetic modifications such as DNA methylation and
miRNA. Despite genetic factors, nutritional factors also play a significant role in the pathophysiology
of these disorders, both in the prenatal and postnatal period, underscoring that the control of modifi-
able factors could decrease the incidence of neurodevelopmental disorders. The preventive role of
nutrition is widely studied as regards many chronic diseases, such as diabetes, hypertension, and
cancer, but actually we also know the effects of nutrition on embryonic brain development and the
influence of prenatal and preconceptional nutrition in predisposition to various pathologies. These
factors are not limited only to a correct caloric intake and a good BMI, but rather to an adequate and
balanced intake of macro and micronutrients, the type of diet, and other elements such as exposure to
heavy metals. This review represents an analysis of the literature as regards the physiopathological
mechanisms by which food influences our state of health, especially in the age of development (from
birth to adolescence), through prenatal and preconceptional changes, underlying how controlling
these nutritional factors should improve mothers’ nutritional state to significantly reduce the risk
of neurodevelopmental disorders in offspring. We searched key words such as “maternal nutrition
and neurodevelopmental disorders” on Pubmed and Google Scholar, selecting the main reviews and
excluding individual cases. Therefore, nutrigenetics and nutrigenomics teach us the importance of
personalized nutrition for good health. So future perspectives may include well-established reference
values in order to determine the correct nutritional intake of mothers through food and integration.

Keywords: neurodevelopmental disorders; maternal nutrition; autism spectrum disorder; prenatal
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1. Introduction

A correct lifestyle based on healthy nutrition and physical activity is essential for
maintaining good health.

The preventive role of nutrition is widely studied concerning many chronic diseases,
such as diabetes, hypertension, and cancer. Today, we also understand the effects of
nutrition on fetal brain development and the influence of prenatal and preconceptional
nutrition on the predisposition to various pathologies. These factors extend beyond correct
caloric intake and a good BMI, emphasizing the importance of a balanced intake of macro
and micronutrients, the type of diet, and other elements. Unfortunately, we must also
consider possible exposure to harmful environmental factors that can be ingested through
diet, such as heavy metals.

This review investigates the influence of prenatal nutritional factors on neurodevelop-
mental disorders, ever-increasing pathologies characterized by a multifactorial etiology
involving an interplay of both genetic and environmental components.

Therefore, this study represents an analysis of the literature regarding the physiopatho-
logical mechanisms by which food influences our state of health, especially during the age
of development, through prenatal and preconceptional changes.

2. Preventive Nutrition

The importance of nutrition has been recognized since the time of Hippocrates
(460–377 BC), who stated: “If we were able to provide everyone with the right amount of
nutrition and physical exercise, neither in deficiency nor in excess, we would have found
the road to health”, but also “Let food be your medicine and let your medicine be food”. In
1848 Ludwig Feuerbach, a German philosopher, stated, “Man is what he eats”.

These statements, like many others throughout history, highlight that correct nutrition
is crucial for psycho–physical health and for the prevention of various pathologies; in fact,
eating habits, such as high consumption of fats and sugars, street food, alcohol abuse, and
reduced intake of fruit and vegetables, constitute risk factors for many chronic diseases [1].
Therefore, an appropriate nutritional pattern is recommended as a protective factor against
heart disease, cancer, diabetes, and various other pathologies, which represent the primary
cause of morbidity and mortality worldwide.

Recently, much attention has been paid to the role played by diet in human reproduc-
tion [1], underlying the impact of the prenatal environment, or even preconceptional one,
on long-term health in offspring.

Furthermore, diet constitutes an important variable in the development and modifi-
cation of microbiota. For example, ketogenic diet (KD) influences gut microbial composi-
tion [2], which plays an important role in different diseases, including neurodevelopmental
disorders. KD can lead to epigenetic mechanisms and gut microbiota changes, suggesting
its potential therapeutic role in pathologies such as refractory epilepsy and obesity [2].

Nutrition is a modulating factor capable of interfering with the genome and the
epigenome, influencing human health and fertility and, therefore, the quality of life [1]. For
example, specific genetic variants can influence the response to the components of diet and
nutritional needs, while the diet can modulate gene expression.

Nutrigenetics can be defined as the field of nutritional genomics studying the role of
specific genetic variants, including single nucleotide polymorphisms (SNP), the modulation
of response to dietary components, and the implications of this interaction, including the
influence on health status and susceptibility to nutrition-related diseases.

Epigenetics focuses on the molecular processes modulating gene expression without
changing the DNA sequence, such as DNA methylation, modification of histones, and
regulation of microRNAs (miRNAs). Nutrition can lead to epigenetic regulation through
DNA methylation [1]; in fact, nutritional experiences in the first years of life or prenatal and
postnatal exposure to different elements through maternal nutrition can induce persistent
metabolic and physiological changes, derived from altered epigenetic profiles, which lead
to different susceptibility to various chronic diseases in later stages of life.
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Maternal nutrition is an important cause of epigenetic modifications in the embryo [1]:
micronutrients influence the methylation of DNA, while alterations in lipids and dietary
sugars influence mitochondrial activity.

Obesity can disrupt female fertility by affecting processes such as sex hormone se-
cretion, oocyte differentiation and maturation, and endometrial implantation. Bariatric
surgery has been shown to improve fertility, reduce pregnancy complications, and enhance
fetal health. This connection is partly mediated by the gut microbiome, where imbalances in
obese individuals lead to increased levels of lipopolysaccharides (LPS), endotoxemia, and
proinflammatory cytokines like IL-6 and IL-1β. These factors can decrease oocyte quality
and disrupt reproductive functions through inflammation [3]. Some studies demonstrated
that oocyte quality, mitochondrial function, and fertility in animal models can be restored
by caloric restriction or omega-3 supplementation.

Additionally, the microbiota in the digestive tract shares similarities with the female
reproductive tract. Alterations in this microbiome continuum, including before pregnancy,
can have significant implications for maternal and fetal health. For instance, women who
had a high BMI before pregnancy exhibit a higher relative abundance of Firmicutes and a
lower relative abundance of Proteobacteria compared with women of normal weight in their
first trimester [4].

Pregnancy obesity can also affect a newborn’s microbiota. In fact, meconium samples
of infants born to mothers who were obese pre-pregnancy showed fewer Firmicutes and
increased Proteobacteria compared with those of infants born to mothers with normal
pre-pregnancy BMI.

Additionally, in children’s gut microbiota, a higher maternal pre-pregnancy BMI was
slightly correlated with a lower Shannon diversity index. Conversely, a child’s BMI z-score
at five years of age was related to greater observed ASV (amplicon sequence variable)
richness. Moreover, maternal pre-pregnancy BMI influenced the varying levels of several
microbial ASVs in the Ruminococcaceae and Lachnospiraceae families [5,6].

3. Neurodevelopmental Disorders

Neurodevelopmental disorders represent a group of heterogeneous conditions with
onset during the developmental age, characterized by an alteration of communication and
social skills, learning, adaptive behavior, executive functions, and psychomotor skills. These
deficits lead to an impairment of personal, social, scholastic, or work-related functioning.
This new diagnostic category of the DSM-5 [7], in fact, compared with the previous category
“Childhood and Adolescent Disorders” of the DSM-IV [8], underlines how these disorders
are not limited to these age groups but tend to persist for a long time throughout life,
changing according to the evolutionary trajectory.

These disorders often occur in comorbidity, representing a “constellation” of conditions
that show overlapping clinical manifestations, probably because of common risk factors
and shared pathogenetic mechanisms, defining a continuum between different pathologies
(hypothesis of a genetic spectrum of neurodevelopmental disorders).

Neurodevelopmental disorders (DSM-5 [7]) include the following pathologies:

• Intellectual disability (intellectual development disorder);
• Communication disorders;
• Autism spectrum disorder;
• Attention deficit/hyperactivity disorder;
• Specific learning disorder;
• Movement disorders;
• Other neurodevelopmental disorders.

Neurodevelopmental disorders represent a very broad chapter, and the discussion of
individual pathologies is beyond the purpose of this review.
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4. Etiology and Risk Factors

Neurodevelopmental disorders are characterized by multifactorial etiology, conse-
quent to a complex interaction between genetic and environmental factors (especially pre-
and perinatal ones).

Examples of environmental factors in utero include exposure to alcohol, drugs, or
other toxic substances during pregnancy, maternal stress, maternal infections, prematurity,
and prenatal nutrition.

The genetic etiology has been widely confirmed: for example, as regards autism, the
concordance of the pathology in homozygous twins is 60–90% and 5–40% in heterozygous
twins [9]. The genetic factors include copy number variations (CNVs), single nucleotide
variations (SNVs), and chromosomal abnormalities.

The interaction between these factors determines alterations in cortical migration and
synaptic and neuronal networks, chromatin remodeling, regulation of transcription, and
immunological regulation, constituting a trio of mutually interactive domains, therefore,
environment, genes, and brain [10] [Figure 1].

1 
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Figure 1. Interaction between environment and genes. Schematic illustration of the main environ-
mental and genetic factors involved in neurodevelopmental disorders, based on literature review.
Illustration by Federica Cernigliaro. (MIA: maternal immune activation; ID: intellectual disability;
ASD: autism spectrum disorder; ADHD: attention deficit/hyperactivity disorder; SLD: specific learn-
ing disorder; CD: communication disorders; MD: movement disorders; perinatal factors act from 48 h
before to 7 days after birth; postnatal factors act from 7 days after to 12 months after birth).

The main risk factors for neurodevelopmental disorders, specifically for ASD, are as
follows [11]:

• Complications of pregnancy and childbirth;
• Prematurity;
• Low birth weight;
• Exposure to alcohol, drugs, or other toxic substances during pregnancy;
• Low socio-economic level of parents;
• Situation of early emotional deficiency;
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• High parental age (>35 years).

4.1. Genetic and Epigenetic Factors

The most recent studies show that CNVs and SNVs should be responsible for approxi-
mately 15% and 7% of ASD cases, respectively. Despite considerable progress, most ASD
cases (>75%) still have unknown causes [12].

Genetic and epigenetic factors can act at various levels of the neuronal cell body
through nuclear and cytoplasmic mechanisms [12], for example, chromatin remodeling,
gene transcription, DNA methylation, post-transcriptional regulation by miRNAs, and
many others.

The main genes involved in the etiopathogenesis of ASD code for molecular adhesion
cells, scaffold proteins, proteins involved in neuronal communication, and voltage-gated
ion channels [13], for example RELN, MET, GABRB3, SLC6A4, Neuroligins 3 and 4 (NL),
Neurexins (NRX) 1 and 3, SHANK3, Cadherin (CDH) 9 and 10 (probably causing approxi-
mately 15% of ASD), and Contactin (CNTN) 2, 3, and 4. These mutations lead to impaired
neuronal maturation and migration, reduction of apoptosis or increase in cell prolifera-
tion, alteration of cellular differentiation, reduction of dendritic spines and synaptogenesis
(causing synaptopathies), resulting in alteration of brain morphology, functionality, and
connectivity (reduced long-distance connectivity and excessive local connectivity) and
excess excitability compared with neuronal inhibition. These alterations are the basis for
neurodevelopmental disorders (Figure 1).

Genetics has a polygenic transcategorical role with vulnerability linked to neurode-
velopmental disorders as a whole and not a single and specific disorder, suggesting the
hypothesis of a neurodevelopmental continuum: there is, therefore, a complex overlap of
genes involved in neurodevelopmental disorders [14].

Epigenetic mechanisms have the peculiar characteristic of modulating gene expression
without altering the DNA sequence and represent the mediators of the gene/environment
interface [15]. They can lead to modulation of susceptibility genes, causing alterations of
brain morphology, functionality, and connectivity involved in neurodevelopment. In fact,
epigenetic changes could be implicated in the stress susceptibility and pathogenesis of
psychiatric disorders such as depression and schizophrenia, as well as neurodevelopmen-
tal disorders.

The main epigenetic mechanisms are as follows [12]:

• DNA methylation.
• miRNAs or microRNAs, small sequences of 20–25 RNA nucleotides, organized as a

single strand, not coding for any protein but having the function of regulating the
translation of target genes through downregulation mechanisms. They induce gene
silencing through binding to complementary sequences on target mRNA molecules,
resulting in repression of translation or degradation of the target molecule.

4.2. Environmental Factors

Environmental factors play a fundamental role in the pathogenesis of neurodevel-
opmental disorders. According to many recent studies, environmental factors should be
responsible for approximately 40–50% of ASD [12] and include exposure to drugs or toxic
agents, high parental age, nutrition, fetal environment, and many other factors.

High parental age is one of the most studied factors, although recently downsized,
and would seem to be related to ASD, ADHD [16], bipolar disorder, and schizophrenia.
A meta-analysis of 27 studies showed that a 10-year increase in maternal and paternal
age was associated with a 20% greater risk of developing ASD, probably also due to age-
related methylation changes in sperm. High parental age also appears to be associated
with a reduction in the cortical thickness of the right posterior cingulate cortex in offspring
with ASD.
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Perinatal risk factors are widely studied and include birth trauma, umbilical cord com-
plications, multiple births, maternal hemorrhage, low birth weight, neonatal anemia, genital
malformations, incompatibility of the ABO or Rh system, and hyperbilirubinemia [17].

Other studies have also investigated the possibility of correlation with induced labor,
cesarean section, prematurity (<36 weeks), and fetal distress.

Early life colonization could also have a pivotal role in neuropsychological disorders.
In fact, immediately after birth, Bifidobacteria become primary microbial colonizers, estab-
lishing themselves as dominant genera in the gut of both infants and adults. These bacteria
are potent probiotics with anti-inflammatory and antimicrobial properties [18]. Bifidobacteria
also help reduce stress and alleviate depression by enhancing the hypothalamic-pituitary-
adrenal axis response, increasing serotonergic precursor tryptophan, and exhibiting anxi-
olytic effects [19]. Deficiencies in intestinal Bifidobacteria have been linked to issues such as
depression, particularly in individuals with neurodevelopmental disorders [20].

Additionally, studies indicate that early colonization with Bifidobacteria may impact
neurodevelopment in early childhood. A low or absent abundance of Bifidobacteria could be
associated with vulnerability and immaturity [21]. Bifidobacterium spp. play a crucial role in
healthy infant gut microbiota development and immune system regulation and may exert
neuroprotective effects by modulating neuroactive metabolite production and release [22].

Different studies have also shown that the early shaping of the microbiome plays a
crucial role in microglial maturation and modulates glial activation in the central nervous
system. This modulation is considered a key factor in regulating neuroinflammation within
the CNS [23,24], eventually predisposing to the onset of neurodevelopmental disorders
such as ASD, ADHD, and schizophrenia [23]. Future research could focus on therapeutic in-
terventions and preventative strategies that leverage early microbiome health to mitigate or
even prevent such conditions, potentially transforming approaches to neuropsychological
disorders from infancy.

Another potential risk factor for ASD is fetal exposure to sex hormones (in fact, the
fetal testosterone theory was one of the theories proposed to explain the major prevalence
of ASD in males, a very controversial hypothesis) [25]. Some studies have detected high
levels of sex hormones and cortisol in amniotic fluid samples from male autistic patients
compared with controls [26]. The same authors reported an association between fetal
levels 31 of estrogens, important for synaptogenesis, and the risk of autism. Other studies
have found post-mortem reduced levels of estrogen beta receptors and aromatase in the
frontal gyrus in ASD patients compared with controls. Furthermore, several SNPs of
protein-coding genes involved in the synthesis or transport of sex hormones appear to be
associated with autistic traits.

Maternal health conditions have a high impact on the risk of ASD. Maternal nutrition
is essential for correct fetal development; nutrition can cause DNA methylation, leading
to epigenetic regulation of important genes involved in neurodevelopment. Prenatal and
postnatal exposure to different nutritional elements or deficiencies can induce persistent
brain alterations, predisposing to neurodevelopmental disorders. So, maternal nutrition is
crucial in the prevention of brain disorders, as we will see subsequently.

Maternal drug use, smoking, and alcohol during pregnancy constitute potential risk
factors for ASD. Smoking and alcohol would appear to have a weak association with ASD
in cases of mild or moderate consumption [27,28]. Regarding drug use, it is difficult to
establish the safety of drugs during pregnancy. Valproic acid [29,30] (antiepileptic and
mood stabilizer) and selective inhibitors of serotonin re-uptake—SSRIs—(antidepressants)
definitely should not be used: the first one is associated with congenital malformations,
developmental delay, and cognitive alterations; the second one appears to be associated
with a 50% increased risk of ASD.

Maternal diseases can also represent a risk factor: case-control studies showed a
62% increased risk of developing ASD in diabetic mothers compared with non-diabetics,
while another study found a 74% increased risk for pregestational diabetes and 43% for
gestational diabetes [31].
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Maternal infections are associated with an increased risk of ASD, especially due to
the immune response; in fact, agents of the complex TORCH are related to postnatal brain
dysfunction, leading to neurological disorders [32].

Maternal immunological status is pivotal during fetal development. Studies reported
an association between family history of autoimmune disease and ASD [33]. Zinc could
play a role in regulating the immune system and in the formation of the neural tube.
Maternal immune activation (MIA) during pregnancy has been proposed as a potential
etiological cause of impairment of synaptic pruning and microglial-mediated neurogenesis.
Different clinical studies suggest that the pro-inflammatory profile during maternal obesity
is associated with an increased risk of developing ASD [34].

Such pro-inflammatory assets, derived from an epigenetic program of immunity,
promote micro- and macrostructural anomalies of the brain in the offspring, maybe lasting
until adulthood, accompanied by phenotypic changes [35]. Moreover, there is a cross-talk
between the central nervous system and the immune system, probably leading to macro-
and microstructural brain defects, increasing the susceptibility to ASD.

During CNS development, microglia plays the role of antigen-presenting cell [23], but
also regulates neurogenesis and synaptic plasticity [36]. Therefore, an hyperactivation of
the immune system at this stage could cause deleterious effects on brain development,
leading to disorders such as epilepsy, schizophrenia, Parkinson’s disease, Alzheimer’s
disease, and ASD [37].

Therefore, maternal inflammation represents an important stress factor for fetal de-
velopment, and it can be determined by various conditions, such as infections, but also
maternal nutrition [38]; in fact, pro-inflammatory foods and diets determine a chronic
inflammatory state, regardless of BMI.

Finally, another potential risk factor is fetal exposure to toxic xenobiotics, some of
which can cause mitochondrial toxicity (documented in some patients with ASD) with
alteration of cerebral energy balance [39].

Toxic agents include the following:

• Heavy metals can alter many body functions, causing neurological and behavioral
damage, which we will analyze later. A meta-analysis found a 60% increased risk of
ASD due to exposure to high levels of inorganic mercury [40].

• Organophosphates are associated with a 60% increased risk of developing ASD [41].
This category includes non-persistent organic pollutants (phthalates and bisphenol
A) and persistent organic pollutants (DDT, PCBs, and PBDEs). Exposure to these
substances seems to alter calcium-related signaling pathways, leading to alterations in
dendritic growth and anomalies in neuronal connectivity, both typical of ASD.

Moreover, all these risk factors can interact with each other, influencing fetal neurolog-
ical development.

Environmental factors, especially heavy metals, can affect neurodevelopment through
various mechanisms [42]:

• Epigenetic/genetic mechanisms (discussed previously).
• Immune dysregulation and neuroinflammation—in fact, the interaction between the

immune system and nerve cells is essential for neurodevelopment. For example, IL-6
and INF-γ regulate dendritic growth and synaptogenesis through signal transduction
mechanisms and the MAPK pathway.

• Oxidative stress and mitochondrial dysfunction through an imbalance between free
radicals and antioxidants leading to the alteration of ATP levels in nervous cells.

• Endocrine alterations, such as hormonal imbalances.
• Alterations of neurotransmitters (such as serotonin, glutamate, and GABA) and cell

signaling pathways.
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5. Prenatal Nutritional Factors

The importance of maternal nutritional factors gained attention during the 20th cen-
tury, first with the study about the role of folic acid supplementation in reducing and
preventing neural tube defects [43], and subsequently with the discovery that low lev-
els of iron were associated with preterm birth, maternal mortality, and developmental
alterations [44].

Therefore, we know that preconceptional and prenatal nutrition is essential for fetal
brain development.

A 2019 review [45] investigated 2169 articles, evaluating the association between
preconception and prenatal nutrition and neurodevelopmental disorders, such as ASD,
ADHD, and ID: 20 articles on ASD and 17 on ADHD were analyzed, showing an inverse
association between maternal multivitamin and folic acid supplementation and the risk of
ASD in offspring.

Maternal nutrition can modulate gene expression through epigenetic mechanisms;
for example, the methyl-donor micronutrients of the one-carbon metabolism, such as
folic acid, vitamin B6 and B12, and choline, play important roles in many physiological
pathways and processes, including DNA methylation. So these micronutrients seem to
alter gene function during critical stages of brain development, leading to susceptibility to
neurodevelopmental diseases [46].

Exposure to an unbalanced diet in early life and during the life span negatively modu-
lates gene expression, leading to epigenetic changes associated with neurodevelopmental
disorders and neurodegenerative diseases later in life [47].

Maternal nutrition plays a fundamental role in various phases:

• The maternal diet before pregnancy allows to optimize nutritional status in order to
maintain a healthy pregnancy and support fetal development [48].

• Maternal nutrition during the conception period is important for gametes’ function
and health and for placental development [49]. For example, the first 2–3 weeks from
conception represent a period of rapid development in which the embryo undergoes
multiple processes (neuronal migration, synaptic formation, apoptosis) for fetal brain
development, constituting a highly sensitive period to possible environmental distur-
bances that could predispose the fetus to develop neurodevelopmental disorders in
the postnatal period.

Inadequate nutrient intake during pregnancy is associated with brain defects, a greater
risk of behavioral and neuropsychiatric disorders, cognitive and visual alterations, and
motor deficits.

The main neurodevelopmental outcomes described in the literature include the fol-
lowing [50]:

• Behavioral and psychiatric disorders (ASD, ADHD, anxiety, depression, schizophrenia);
• Cognitive alterations (intellectual disability, language disorders, learning, and mem-

ory disorders);
• Neural tube defects;
• Visual alterations;
• Motor deficits;
• Neural molecular dysfunctions (synaptic alterations, neurotransmitters’ metabolism,

myelination, cell differentiation, axonal growth, dendritic arborization, anti-inflammatory
regulation, oxidative stress, death neuronal, vascular function, synaptic plasticity,
neurogenesis, astrocytic alterations);

• Structural changes (reduction of brain volume, spina bifida, hydrocephalus, alteration
of the hypothalamic and hippocampal pathways).
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A scoping review of 2021 [50] analyzed 84 studies in order to investigate the associa-
tion between maternal nutrition during pregnancy and neurodevelopment in offspring,
summarizing data about the role of main maternal nutritional factors. This review focused
on these nutritional categories:

• Vitamins and minerals, such as vitamins B12, A, E, D, K, folic acid, iron, copper,
creatine, choline, zinc, and iodine;

• Macronutrients such as polyunsaturated fatty acids (PUFAs) and proteins;
• General maternal nutritional status, such as obesity, overnutrition (high fat–HFD—and

hypercaloric diets), and undernutrition;
• Other nutrients, such as gangliosides and caffeine.

Also, heavy metals have to be mentioned because of their possible presence in food,
with a negative impact on health, especially regarding the offspring.

Maternal supplementation of nutrients in the preconception and prenatal period
provides not only the foundations for optimal fetal brain development but may also be able
to “program” the brain through epigenetic mechanisms and determine the risk or degree
of resistance to certain neurological conditions throughout life.

In fact, maternal nutrition intervenes in signaling mechanisms, causing epigenetic
remodeling of fetal genes and influencing placental development and nutrient transfer [51].

5.1. Dietary Habits

Maternal malnutrition includes conditions of overnutrition such as high-fat diets
(HFD) and hypercaloric diets, but also situations of undernutrition characterized by nu-
tritive restriction. All these conditions determine alterations in neuronal excitability and
brain development due to a reduction of hippocampal neurons, leading to a susceptibility
to neurodevelopmental disorders [52].

5.1.1. Undernutrition

The fetal brain consumes 75% of fetal energy (mainly glucose), so its development is
susceptible to nutrient restriction.

An insufficient nutrient intake causes different consequences depending on the phase
of pregnancy: at the beginning, it causes alterations in neuronal proliferation; at the later
stage, it causes alterations in neuronal differentiation [53].

Protein restriction during pregnancy, however, causes alterations in neuronal differen-
tiation, mitochondrial function, fetal astrocytogenesis, and apoptosis [52].

Maternal undernutrition seems to determine epigenetic changes in the fetal brain
related to an increased expression of genes coding for the glucocorticoid and proopiome-
lanocortin receptor at the level of the fetal hypothalamus, leading to increased activity of
the hypothalamic-pituary-adrenal axis (HPA) [52].

5.1.2. Overnutrition

Maternal high-fat diet (HFD) causes neural effects on both structural and functional
levels, resulting in reduced brain development. These effects include increased proliferation
in the hypothalamus but also a reduction in apoptosis and neuronal differentiation in the
dentate gyrus in animal models [53].

Maternal HFD seems to induce alterations of serotonergic and dopaminergic systems
in the nucleus accumbens and ventral tegmental area, leading to an increased risk of
neurodevelopmental and behavioral disorders [54]. Moreover, maternal HFD increases
levels of inflammatory cytokines in offspring, altering neural development.

A maternal hypercaloric diet seems to cause the reprogramming of myeloid progenitor
cells, increasing the immune response throughout life [54].

HFD leads to the alteration of the brain reward circuit (nucleus accumbens, ventral
tegmental area, prefrontal cortex) through the hypomethylation of opioid gene promoters,
increasing the obesity risk in offspring [54].
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Maternal immune activation induced by HFD (diet-induced MIA) determines a
chronic pro-inflammatory profile during fetal development, leading to hyperactivation
of microglia [35]. The cross-talk between the immune system and CNS induces epige-
netic modifications on immune cells in offspring, such as DNA hypermethylation and
aberrant expression of proinflammatory genes in the CNS, responsible for micro- and
macrostructural defects in several brain regions with alterations of fetal synaptic pruning
and neurogenesis, leading to susceptibility to autism.

Maternal obesity during pregnancy could induce immune-inflammatory modifica-
tions, altering fetal neuronal pathways involved in the regulation of behavior and cognitive
performance. Among the various mechanisms, there is an increased expression of glucocor-
ticoid receptors at the hippocampal level with changes in HPA axis activity and an increased
expression of fetal cytokines, such as IL-6, related to working memory dysfunctions and de-
mentia [55]. Epigenetic changes intervene on the dopamine and serotonin pathways, critical
in the regulation of behavior [55]. There are inflammatory and neuroendocrine changes.

Some studies showed that maternal overweight appears to increase the risk of ADHD
by 30%, ASD by 10%, and intellectual developmental delay by 23%. Obesity before preg-
nancy seems to determine an increased risk of developing neurodevelopmental outcomes
by 17% [55]. According to various clinical studies, maternal obesity is responsible for
1.39–1.59% of ASD cases.

A meta-analysis showed a 28% increased risk of ASD in the offspring of overweight
mothers and 36% in the offspring of obese mothers, with an increased risk of ASD even in
the case of maternal underweight [56].

Some studies suggested that exposure to sucrose induces hyperactivity, impulsiveness,
and attention disorders, secondary to alterations in the transport and expression of striatal
dopamine. High maternal consumption of fructose is related to metabolic syndrome and
obesity with increased hyperexcitability and alteration of prefrontal cortex function in
offspring (as in ASD patients) [57]. In animal models, there was also a hippocampal
cognitive impairment due to hypermethylation and reduced expression of the BDNF gene.

High leptin levels in obese mothers are associated with placental dysfunction and
alteration of neural development in offspring [54]. High levels of leptin, insulin, and ghrelin
have been found in children with ASD; these hormones cross the blood–brain barrier
and regulate neuronal plasticity through the facilitation of glutamatergic and GABAergic
activity, which promotes cognitive processes.

Maternal obesity is related to gestational diabetes, hyperglycemia, and hyperinsu-
linemia, which can cause alterations in neuronal circuits during the period of brain de-
velopment [54]. In mice, insulin resistance seems to lead to reduced neurogenesis and
synaptic plasticity. Maternal obesity could be related to structural alterations, such as
anencephaly and spina bifida; however, current studies are insufficient to establish an
association between maternal BMI and brain structural anomalies.

5.2. Nutrients

During pregnancy, macronutrients cross the placenta, through various placental trans-
port systems, in order to support fetal growth [58], so an adequate intake of various
macronutrients is crucial for optimal fetal development.

Furthermore, various macronutrient requirements undergo variations during preg-
nancy: in the first phase of gestation, glucose provides 80% of the energy, the fatty acids are
maternally derived, and the proteins are used for fetal growth; during the late gestation,
glucose provides 80% of the energy, but there is an increased demand for fatty acids; in the
early postnatal phase, blood glucose drops and fatty acids provide 50% of the energy [58].

Table 1 summarizes the alterations and functions of the main nutrients during prenatal
phase, based on literature [45,50].

Figure 2 shows the alterations of the main nutrients during prenatal phase, based on
literature [45,50].
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Table 1. Alterations and functions of the main nutrients during prenatal phase, based on litera-
ture [45,50].

Nutrients Alterations Functions

PUFAs - Synaptogenesis
- Myelination

- Component of neuronal membrane
- Component of myelin sheet

Proteins

- Alterations of hippocampal neurogenesis
- Reduction of brain and neuronal volume
- Reduction of maternal lipid availability and fetal

brain fatty acid levels (possible alteration of
myelination)

- Growth of fetal tissues
- Alternative source of energy
- Motor development

Folate

- Neurogenesis
- Neural migration
- Apoptosis
- Synaptogenesis
- Myelination

- DNA methylation
- Neural progenitor cell proliferation

Iron - Synaptogenesis
- Myelination

- Cell metabolism
- Hippocampus development

Iodine

- Neurogenesis
- Neural migration
- Synaptogenesis
- Myelination
- Endemic cretinism

- Synthesis of thyroid hormones

Zinc
- Decreased mass in the cerebellum, limbic system,

and cerebral cortex, with a reduction in cell
number

- Metabolism of carbohydrates and proteins
- Synthesis of nucleic acids
- Cellular division and differentiation
- Regulatory of the immune system

Vitamin D
- Neuronal differentiation
- Neurotransmission
- Alteration of calcium homeostasis

- Regulation of gene expression

Vitamin B12 - Myelination
- Neural tube defects

- Enzyme and a cofactor
- Metabolism of fats and proteins
- Hemoglobin synthesis
- Contribution to DNA methylation

Vitamin B6 - Development and maintenance of CNS and
immune system

- Metabolism of amino acids, carbohydrates and fats
- DNA methylation

Choline - Neurogenesis and angiogenesis in the
fetal hippocampus

- Synthesis of phospholipids and neurotransmitters
- DNA methylation

PUFAs: Polyunsaturated fatty acids.
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5.2.1. Fatty Acids

Polyunsaturated fatty acids (PUFAs), especially arachidonic acid (AA) from the omega-
6 family and docosahexaenoic acid (DHA) from the omega-3 family, are structural compo-
nents of the phospholipids of the neuronal membrane and myelin sheath. So, PUFAs play
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an important role in the development of the fetal brain, NS, and retina from the 24th week
of gestation until childhood [58].

The maternal integration of DHA and PUFAs is essential for placental function, neu-
ronal synaptogenesis, and dendritic growth, and the fetus is dependent on the mother’s
PUFAs until 16 weeks after birth [59].

A low intake of omega-3 decreases DHA levels in the brain, leading to an alteration of
neurogenesis and neurotransmitter metabolism, especially dopamine and serotonin, and
behavioral dysfunction in animal models.

Some studies have analyzed the effects of DHA deficiency on the modulation of
GABA-ergic receptors, showing an increased activity of PLA2 (phospholipase A2) in the
plasma membrane, leading to inhibition of the GABA-A receptor and increased neuronal
excitability [60].

Furthermore, a reduced intake of omega-3 in mice seems to lead to decreased levels of
dopamine in the frontal cortex, increased release of serotonin in basal synaptic, and modi-
fication of the glutamatergic system in offspring [61]. Moreover, DHA supplementation
appeared to increase synaptic plasticity in hippocampal neurons and improve glutamater-
gic neurotransmission. However, despite DHA supply, its levels increase differently in
different regions of the brain: the hippocampus and frontal cortex need a longer time to
restore normal DHA levels after prenatal deficiency; therefore, it may be difficult to restore
DHA levels in the absence of postnatal dietary intervention.

A deficiency of omega-3 also leads to a decreased development of the hippocampus
due to the alteration of post-mitotic cell migration and a reduced size of neuronal cell
bodies at the level of the parietal cortex and hypothalamus [50].

A Western diet rich in meat and processed foods, containing omega-6 (pro-inflammatory),
and low consumption of seafood, containing omega-3 (anti-inflammatory), such as DHA,
constitute a risk factor for neurodevelopmental disorders. In fact, high levels of DHA
appear to reduce the risk of schizophrenia, bipolar disorder, depression, and anxiety. So, a
correct balance between omega-6 and omega-3 is essential [59].

Moreover, fatty acids can induce the methylation of BDNF, nerve growth factor, and
vascular endothelial growth factor, influencing fetal development.

Today the recommended intake of DHA in pregnant women is 200 mg/day. Children
should also have an adequate intake of PUFA during their development.

5.2.2. Proteins

Proteins are crucial during the second and third trimesters because they support the
increased growth of fetal tissues. Moreover, proteins are an alternative source of energy in
cases of carbohydrate deficiency [50]. Protein intake seems to have positive effects in terms
of motor and cognitive skills [62].

During pregnancy, protein requirement increased by 1 g/day in the first trimester,
8 g/day in the second trimester, and 26 g/day in the third trimester.

Data recommends a daily intake of 45 g and 50 g of protein during pre-pregnancy and
pregnancy, respectively.

Protein deficiency leads to alterations of hippocampal neurogenesis, decreasing BDNF
and IGF, and reduction of brain and neuronal volume. Another effect is the reduction of
maternal lipid availability and fetal brain fatty acid levels, leading to the possible reduction
in myelin production and increasing the risk of neurodevelopmental disorders [58].

5.2.3. Folates

Folates play a role in many metabolic reactions and pathways, being the precursor of
amino acids and nucleic acids.

A decreased folate intake leads to an alteration of brain development due to incorrect
DNA methylation [45].

The role of preconception and prenatal supplementation of folic acid, the synthetic
form of folates, in the prevention of neural tube defects has been widely described and
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studied in the literature, as has its importance in the processes of neuronal proliferation,
migration, differentiation, vesicular transport, and synaptic plasticity; in fact, in mouse
models, folic acid promotes neurogenesis and has axonal regeneration.

Several studies highlight the role of folic acid in cognitive functions and learning [15].
Furthermore, an association between maternal folate intake and increased risk of ASD has
been described, with the identification of the MTHFR 6777 C > variant T [15].

Data recommend a periconceptional supplementation of 400 mg/day [63].

5.2.4. Iron

Iron requirements increase during pregnancy, so prophylactic iron supplementation of
30–40 mg/day from the 20th week of gestation could support and regulate the neuronal
energy metabolism during fetal development [63].

Crucial processes such as myelination, synaptogenesis, dendritogenesis, and neuro-
transmission depend on iron-containing enzymes and hemoproteins.

A martial deficit during the first trimester can lead to alterations in gray matter and
dendritic structure, but also in the fetal hippocampus, resulting in impaired memory
and learning, as well as in the risk of social dysfunction, low cognitive performance,
reduced linguistic skills, and behavioral alterations [63]. These outcomes persist despite
the postnatal martial supplementation.

Iron excess can also be harmful to the fetus due to its ability to generate reactive
oxygen species, resulting in tissue damage [63].

5.2.5. Iodine

Iodine is essential to synthesize thyroid hormones, which are fundamental in the first
trimester of gestation, especially maternal T4, which is essential for neuronal migration and
myelination of the fetal brain. Its absence leads to irreversible neurological damage [64].
Therefore, iodine deficiency determines altered fetal neurogenesis, neuronal migration,
synaptogenesis, and myelination. Data describe neurological outcomes such as congen-
ital anomalies, cognitive and motor deficits [64], and endemic cretinism; in fact, iodine
deficiency is the main cause of intellectual disability worldwide.

Scientific evidence supports iodine supplementation during pregnancy (suggested
intake of 250 mg/day and consumption of iodized salt).

5.2.6. Copper

Copper is an essential element, important in several biological processes, and necessary
for normal fetal development. Copper supplementation during pregnancy has not been
examined yet, but in animal models, copper deficiency leads to death of the embryo or
structural, biochemical, neurological, and immunological anomalies [65].

In excess, copper is also a suspected neurotoxicant due to its highly reactive nature
and its ability to cause oxidative stress [66].

Moreover, copper deficiency in pregnancy seems to lead to an alteration of perinatal
development [66].

One study identified a particular association between ADHD and copper, showing
a U-shaped pattern with higher risk at both lower and higher levels. Conversely, a study
about ADHD symptoms in children found no association with copper levels during preg-
nancy [67].

No studies have been conducted as regards the possible association between prenatal
copper levels and neurological outcomes (cognitive, linguistic, and motor functions). How-
ever, recent cross-sectional studies reported an association between higher copper levels
during childhood and increased risk of ADHD [68]. Furthermore, studies both on human
and animal models suggest that prenatal copper toxicity may contribute to ASD.
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5.2.7. Creatine

The daily requirement of creatine is approximately 2 g in adults. Creatine can be
obtained through animal-derived products or supplementation, while in the child through
breastfeeding or formula milk [50]. Creatine is also synthesized 47 endogenously from
the liver. It has an important role in maintaining cellular levels of ATP and in stabiliz-
ing the mitochondrial membrane potential. In some studies on mouse models, creatine
supplementation in mice with fetal asphyxia seemed to mitigate motor alterations.

However, there are still few studies regarding neurological outcomes and creatine
supplementation in pregnant women.

5.2.8. Choline

Choline, at an exogenous level, is found in animal-derived foods and, to a lesser
extent, of plant origin. It can also be produced endogenously in the maternal liver. Choline
deficiency is common; an estimated 90% of pregnant women could suffer from choline
deficiency in the USA.

This micronutrient plays a role in various pathways, including the synthesis of phos-
pholipids and neurotransmitters. It acts as a methyl group donor, resulting in epigenetic
modifications in the fetal brain and placenta; moreover, it is involved in the proliferation of
stem cells and transmembrane signaling during neurogenesis [62].

Choline also has an important role in neurodevelopment, being implicated in adaptive
modulation of cognitive functions. Therefore, maternal choline deficiency alters neuro-
genesis and angiogenesis in the fetal hippocampus [52]. According to some studies, oral
integration of choline in the second trimester and after birth seems to be associated with
better sensorial gating [52].

Some studies suggest that maternal intake and maternal choline concentration are
inversely proportional to the risk of neural tube defects in offspring.

5.2.9. Zinc

It is estimated that approximately 30% of the global population has a mild-moderate
zinc deficiency [69]. Zinc plays an important role in fetal development, intervening in the
metabolism of carbohydrates and proteins, synthesis of nucleic acids, and cellular division
and differentiation [69]. Moreover, it seems to have an important regulatory role in the
immune system.

Studies on mouse models indicate that gestational zinc deficiency is associated with a
decreased mass in the cerebellum, limbic system, and cerebral cortex, with a reduction in
cell number [70].

Many studies showed an association between low levels of zinc and the risk of ASD or
developing ASD-related symptoms, but also the “therapeutic” role of zinc integration [71].

Low levels of zinc or an alteration of the zinc/copper ratio have been found in the hair
and serum of children with ASD [71]. Prenatal zinc deficiency in mouse models determines
alterations in social behavior.

In vivo and in vitro studies have demonstrated that a zinc deficiency at the synaptic
level determines a reduction of some members of the ProSAP/Shank family and synaptic
density, leading to ASD-related symptoms in mice.

Furthermore, maternal zinc supplementation appears to prevent neural tube defects
in offspring.

5.2.10. Vitamin B12

Vitamin B12 is mainly contained in products of animal origin, so vegan and vegetarian
diets may increase the risk of B12 deficiency during pregnancy. Sufficient levels of this
vitamin guarantee normal neuronal development and adequate myelination [70].

It acts as an enzyme and as a cofactor and is essential for the metabolism of fats and
proteins, for hemoglobin synthesis, and contributes to DNA methylation.
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Some case reports show an association between deficiency of this vitamin during
pregnancy (values below 200 pg/mL) and irritability, reduced brain growth, and increased
risk of neural tube defects [63].

5.2.11. Vitamin B6

Vitamin B6 is contained in foods of animal origin, but also vegetables. It plays an
important role as a coenzyme in the metabolism of amino acids, carbohydrates, and fats,
and it is important for the correct development and maintenance of the CNS and immune
system. Moreover, it is essential for serotonin synthesis and involved in regulation of mood,
sleep, appetite, memory, and concentration skills. In addition, vitamin B6 plays a key role
in regulating methylation mechanisms, influencing gene expression, and various pathways
involved in neurodevelopment and neurological functions [46].

5.2.12. Vitamin D

Vitamin D can regulate gene expression [52], influencing brain development. Currently,
the recommended intake during pregnancy is 600 UL/day.

Prenatal vitamin D deficiency causes brain development abnormalities and alterations
of neuronal differentiation, neurotransmission, various pathways, and calcium homeosta-
sis, as well as post-translational modifications, underscoring the role of this vitamin in
epigenetic regulation [52].

Recent studies show a correlation between prenatal vitamin D values and increased
risk of ADHD and ASD, or alterations in cognitive and linguistic development [72].

5.2.13. Vitamin A

Retinoic acid, or vitamin A, plays a role in neuronal differentiation, axonal growth, and
organogenesis, as well as in the regulation of the expression of developmental target genes.

In pregnant women, an intake of 600 mg/day is recommended [50], remembering that
high levels of vitamin A (>1000 IU/day) have teratogenic effects.

5.2.14. Vitamin E and K

There is currently little evidence regarding the role of maternal integration of these
vitamins for fetal neurological development.

5.2.15. Gangliosides

Gangliosides constitute 6% of the phospholipids in the SN and play a crucial role in
brain development, being involved in neuronal repair, signal transduction, and myelin-
ization. There are various subtypes of gangliosides (GM1, GD1a, GD1b, GT1a, and GT1b)
present in different concentrations during neuronal proliferation and maturation [73].

According to some studies, pregnancy supplementation with gangliosides could
enhance the cognitive development of offspring [73].

During fetal development, they are found mainly in the hippocampal region, with
cognitive and memory functions.

5.2.16. Caffeine

During pregnancy, caffeine metabolism is reduced, especially after the first trimester,
and its half-life increases from 2.5–4.5 h up to 15 h [74]. Furthermore, caffeine is a lipophilic
substance, so it is able to cross the placenta, but the fetus does not have the enzymes for its
metabolism. For this reason, caffeine can alter gestational health and fetal neurodevelop-
mental. Additionally, caffeine absorbed by the mother can accumulate at the level of the
uterine environment, where it can potentially act at the level of embryonic development
and generate adult-onset diseases.

The mechanisms by which caffeine determines adverse outcomes are not well known,
but we know that this substance and its metabolites (paraxanthin, theophylline, and
theobromine) are non-selective antagonists of adenosine, acting through the blockade of
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adenosine receptors, which are the first receptors expressed at the level of the embryonic
brain, and their modulation can potentially alter axonal growth.

Epidemiological studies show a correlation between caffeine consumption during
pregnancy and intrauterine growth restriction (IUGR) or low birth weight, miscarriage,
microcephaly, childhood overweight, and cognitive disorders [74].

The dose of caffeine considered safe for gestational health is a daily intake less than
300 mg (about three cups of coffee) [75].

Some animal studies have demonstrated an association between maternal elevated
consumption of caffeine and alteration of sleep, locomotion, and learning, as well as anxiety
and behavioral alterations [76].

Human studies have reported an increased risk of ADHD in children exposed to more
than 10 cups of coffee per day during pregnancy, while a lower maternal intake was not
found to be related to any risk [45]. However, another study found a threefold increased
risk of ADHD following intrauterine exposure to 10 or more coffee, but the risk became
statistically insignificant due to the correction of confounding factors, with the conclusion
of a lack of association between high caffeine consumption and ADHD [76].

Another study demonstrated that an intake of more than 200 mg/day of caffeine
during pregnancy is associated with a twofold increased risk of cognitive alterations
and IQ impairment at 5.5 years, compared with children exposed to doses lower than
100 mg/day [77].

Further studies are needed to confirm the association between high consumption of
caffeine during pregnancy (>1000 mg/day) and neurodevelopmental disorders.

5.3. Heavy Metals

Prenatal exposure to heavy metals represents a risk factor for neurodevelopmental
disorders [42] because fetal NS development constitutes a critical phase of rapid growth,
characterized by greater vulnerability towards toxic agents compared with adults [45].

Moreover, the fetus is extremely vulnerable to environmental toxic substances also
due to their ability to cross the placental barrier; for example, heavy metals such as lead and
mercury can reach the fetus during pregnancy. The blood–brain barrier does not form until
6 months after birth, so prenatal exposure to toxic substances causes major damage to the
brain, from subclinical dysfunction to various neurodevelopmental disorders, depending on
the level of exposure. This exposure, combined with genetic predisposition or epigenetics,
can alter normal neurodevelopmental processes.

Therefore, there could be a correlation between the level of environmental toxic agents
and the increasing number of diagnoses of neurodevelopmental disorders such as ASD [42].

Prenatal exposure to heavy metals could derive from maternal environment exposure
or maternal nutrition during pregnancy.

One study showed that exposure to diesel, mercury, lead, chloride, methylene, and
manganese during the perinatal period is closely linked to ASD [78]. A research group in
Saudi Arabia found increased levels of mercury and lead in the blood and a notable decline
in selenium in ASD children compared with neurotypical children [79].

Furthermore, low levels of glutathione (GSH) have been detected in patients with
ASD, suggesting a possible link with the disorder [80]. GSH is an antioxidant, which
constitutes the main defense mechanism against free radicals, and heavy metals may alter
its production.

A 2021 study [67] measured maternal blood concentrations of 11 metals/elements
(cadmium, cesium, cobalt, copper, lead, magnesium, manganese, selenium, zinc, arsenic,
and mercury) at the 17th week of gestation to evaluate a possible association with ASD and
ADHD. The results showed several associations, especially regarding arsenic, cadmium,
copper, mercury, manganese, magnesium, and lead, suggesting negative effects of these
metals on neurological development and a correlation with the two pathologies. For ADHD,
negative associations were found with mercury, while positive associations (increased risk)
were found with cadmium and magnesium. For ASD, negative associations were found
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with cesium, copper, mercury, and zinc, while positive associations (increased risk) were
found with cadmium and manganese. Therefore, some negative and positive effects can
probably cancel each other out. However, in some populations exposed to greater quantities
of toxic metals and/or variations of essential elements, it is possible a greater impact on
neurodevelopmental outcomes.

However, there is a lack of studies investigating toxic metals, essential elements, and
neurodevelopment using mixed approaches. Toxic metals can, in combination with other
metals and various nutrients, including essential elements, produce interactive effects
(additive, synergistic, or antagonistic), with a negative impact on neurodevelopment,
without the possibility of predicting the net effect by analyzing only individual compounds.
So, further studies and investigations could allow us to analyze the combined effects of
metals/elements and their mechanisms of action.

Table 2 resumes the main pathogenetic mechanisms and alterations induced by heavy
metals during prenatal phase, based on literature [42,67].

Table 2. Main pathogenetic mechanisms and alterations induced by heavy metals during prenatal
phase, based on literature [42,67].

Heavy Metals Alterations Pathogenetic Mechanisms

Lead - Behavioral alterations
- Dopaminergic disfunction
- Ossidative stress

Mercury - BBB-cross-over and accumulation - GST disfunction

Cadmium - Behavioral alterations
- Alterations of proliferation, differentiation,

and apoptosis

Manganese
- Neurodegenerative disease
- Cognitive impairment, short term memory

loss and attention deficits

- Dopaminergic disfunction
- Ossidative stress

Nichel - Behavioral alterations
- Ossidative stress
- Alteration of DNA repair processes
- Neurotransmitters disfunction

Arsenic - Alterations of cognitive functions
- Neurotoxicity
- Alteration of cell proliferation

5.3.1. Lead

Lead is a non-essential metal that is abundant in the surrounding environment, with
various industrial and domestic uses.

Excessive lead exposure in children is associated with nervous system damage with
negative effects on neurodevelopment, probably already at levels below 10 µg/dL [81].
Through mechanisms not yet known, lead seems to compromise normal neurological
development, leading to cognitive deficits in adult life and violent/criminal behavior.

Various studies have analyzed lead exposure as one of the causes of ASD [82]. One
study showed a high level of Pb and Hg and a low level of antioxidants (GSH and vitamin
E) in the blood of ASD patients compared with neurotypical children [83]. Different other
studies highlight elevated blood levels of Pb in ASD compared with neurotypical controls.
Elevated Pb levels were linked to abnormal behavior, communication deficits, and emo-
tional dysregulation [84]. A recent study showed that Pb induces dopaminergic dysfunction
in the NS, with structural damage to Caenorhabditis elegans (C. elegans) neurons [81]. Abnor-
mal dopamine signaling led to functional consequences with behavioral alterations. The
study also showed an alteration of the dopamine transporter and a reduction of dopamine
levels associated with monoamine oxidase inhibition.

Interestingly, the dopaminergic dysfunction has been associated with autistic-type
behaviors, with the involvement of both mesolimbic and nigrostriatal circuits.
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5.3.2. Mercury

Mercury (Hg) occurs naturally in the environment and has become increasingly abun-
dant due to human activities, with a 1.5% increase in atmospheric Hg. Mercury is mostly
transferred into the organic system through contaminated foods, such as plants or fish, and
exists both in organic and inorganic form [85].

Overexposure to mercury leads to crossing the blood–brain barrier (BBB) with accu-
mulation in the cerebellum, visual cortex, and spinal cord [86].

There are conflicting studies on the possible association between mercury and ASD.
Some studies have compared the amount of Hg in the blood of pregnant women and have
not found autism-related behaviors in offspring [87]. Instead, another study has found a
notable Hg increase in the brain and blood of ASD patients compared with neurotypical
controls [86].

Some mechanisms are responsible for the elimination of substances; for example,
glutathione-S-transferase (GST) can eliminate foreign substances and drugs. Another
mechanism involves the attachment of mercury to GSH for excretion through the bile.

Various studies have shown that these mechanisms are dysfunctional in ASD patients
with ASD, leading to increased levels of Hg in the tissues. Hg accumulation causes ox-
idative stress, brain inflammatory reactions, and autoantibodies increase, needed for the
onset of autism and other neurodevelopmental disorders [86]. Another study reported
a positive relationship between maternal exposure to mercury fillings and ASD in off-
spring [88]. Additionally, various studies have evaluated blood and hair samples of ASD
children and have linked fetal and postnatal exposure to Hg and/or Pb to autistic traits [67].
Interestingly, the study also found that the use of anti-heavy metal treatment alleviated the
autistic symptoms. In contrast, many other studies have shown no association between Hg
and ASD.

Moreover, mercury poisoning and autism have elements in common, including neu-
ronal necrosis, dendritic overgrowth, gliosis, mitochondrial dysfunction, neuroinflamma-
tion, brain immune response, imbalance between free radicals and antioxidants, lipid
peroxidation, and axonal demyelination [89].

However, some of these studies present a confounding factor, or fish and seafood
maternal intake; further studies are therefore necessary to distinguish the potential negative
impact of mercury exposure resulting from fish consumption on neurological development
by the positive effect of beneficial nutrients coming from the same source.

5.3.3. Cadmium

Cadmium can have direct or indirect effects on brain development: it interferes with
the progression of the cell cycle, proliferation, differentiation, and apoptosis.

There is little information on the possible relationship between cadmium exposure
and the increased risk of autism. Studies have recorded a significant decrease in Cd level
in the hair of children with autism compared with neurotypical children [90]. However,
other studies contradict these findings. Another study [91] has reported a decrease in
the concentration of Cd in the urine in children: the reduced urinary elimination of Cd
could be compatible with the alteration of the mechanisms of degradation of metals, with
consequent increase in blood levels.

In 1967 [92], the evaluation of hair metal levels of autistic children (aged 0–15 years)
found that 8.5% of patients had an increase in Cd concentration. Specifically, the highest
concentration of Cd (12.1%) was found in children aged between 0 and 3 years in con-
junction with the reporting of Pb. These findings suggest a vulnerability to poisoning by
environmental toxic substances during the first years of life, which can lead to epigenetic
changes and neurodevelopmental disorders.

Some studies [92] have reported the preferential accumulation of these metals in
females, with a likely higher rate of susceptibility during pregnancy.
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5.3.4. Manganese

Manganese is an essential metal and has various physiological functions, including
homeostatic functions, degradation of proteins, lipids, and carbohydrates, brain activity,
and enzyme cofactor [93]. However, it has been reported that excessive exposure to Mn
induces neurotoxicity and could also be an environmental risk factor for neurodegenerative
diseases [94]. Studies found associations between excessive exposure to Mn and cognitive
impairment, short-term memory loss, and attention deficit.

Childhood/maternal exposure to Mn can occur through house dust, contamination
via vehicle emissions, industrial waste, and tap water, causing neurotoxicity [95].

The levels of some metals, including Mn, in tap water have been studied in the house
dust and environmental soil, finding a high level of Mn. So, early Mn has negative effects
on motor skills and cognitive abilities.

Many research studies have investigated the role of Mn in the etiology of ASD using
the quantitative assay of Mn level in hair, blood, urine, enamel tooth, and in the atmosphere,
reporting variable results. One study [96] documented an inverse relationship between Mn
level in the blood and the concomitant degrees of mental development. Another study [97]
supported an inverse association between Mn and autistic traits. They also compared Mn
levels in the tooth enamel, finding a significantly lower concentration in ASD patients
compared with neurotypical children [98]. In contrast, no difference was also documented
in Mn concentration in the hair of ASD patients compared with the control group.

Overexposure to Mn causes an imbalance between reactive oxygen species and antiox-
idants [99]. GST genes are responsible for coding the enzymes involved in the regulation of
the level of free radicals. These enzymes include glutathione S-transferase mu 1 (GSTM1),
glutathione S-transferase theta 1 (GSTT1), and glutathione S-transferase pi (GSTP1).

One study [99] suggests that an alteration of the GSTP1 gene can increase the onset
of mitochondrial dysfunction and oxidative stress (mechanisms involved in the etiology
of ASD). Furthermore, Mn has been severely associated with dopaminergic dysfunction,
including structural, functional, and neurochemical alterations of the dopaminergic system,
suggesting Mn overexposure is a potential risk factor in ASD pathogenesis [93].

5.3.5. Nickel

Nickel (Ni) constitutes a serious threat to human health [100]. It reaches the biological
system through food, water, skin contact, and air, usually during its industrial use, with
negative consequences on organs such as kidneys, lungs, liver, and brain.

The presence of Ni in the body can lead to the production of free radicals, causing
oxidative stress, antioxidant level imbalance, and indirect alteration of the DNA repair
process [100]. Various developmental alterations have been demonstrated in the C. elegans,
such as alterations of neurotransmitter systems, including cholinergic, dopaminergic, and
GABAergic ones, as well as behavioral deficits in old age following Ni exposure in the
first years of life [101]. Different studies have focused on the quantitative analysis of Ni
concentration in human tissues in ASD patients: in one study [102], Ni level was measured
in hair samples of ASD children, finding a notable increase compared with neurotypical
controls; another study [78] conducted in the United States showed that children born in
areas with high atmospheric Ni content have been diagnosed as autistic. These results
therefore suggest that perinatal exposure to Ni is a risk factor for ASD development.
However, some research contradicts these findings; for example, one study [103] has
measured Ni levels in the hair of ASD patients, finding a slight increase in the hair of
neurotypical children compared with ASD ones.

5.3.6. Arsenic

Data show the neurotoxic effect of arsenic on development [104]: in mainly inor-
ganic form, it has been associated with adverse effects on cognitive functions, such as IQ.
However, there are still few studies examining this prenatal exposure and correlating it to
ADHD or ASD diagnosis; two of these [105,106] did not find associations between prenatal
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arsenic exposure and ADHD and ASD, respectively. Many ASD studies have measured
arsenic in the hair of patients near industrial structures or in drinking water [104]. Most
studies have measured exposure to inorganic arsenic species, while for some populations,
such as Norwegians, the main source of arsenic is organic forms derived from the con-
sumption of fish and seafood. However, it is mostly the inorganic form of arsenic to be
recognized as neurotoxic (Agency for Toxic Substances and Disease Registry, 2007 [107]).
The increased risk of ASD and ADHD related to prenatal organic arsenic exposure should
be investigated further.

6. Postnatal Nutritional Factors

A brief paragraph should also be dedicated to the influence of postnatal nutritional
factors on the possible onset of neurodevelopmental disorders.

Case-control studies have shown that dietary patterns can influence the risk of ADHD;
in fact, specific dietary interventions have been proposed for this disorder as adjuvant
treatments, for example, nutritional supplements, but also biotic drugs and elimination
diets [108], facing towards the gut microbiota.

Also, KD could have a therapeutic role in neurodevelopmental diseases due to its
ability to influence epigenetic mechanisms and gut microbial composition [2].

Literature has demonstrated that unhealthy eating patterns, especially “Western”
ones, rich in processed foods, snacks, and junk food were positively associated with
ADHD [109], while healthy dietary patterns, such as the Mediterranean diet and vegetarian
diets, rich in fruit, vegetables, and micronutrients, were inversely associated with the risk
of ADHD [110].

Alterations in the levels of specific nutrients, such as vitamin D, zinc, iron, and polyun-
saturated fatty acids (PUFA), were associated with aggravation or progression of ADHD,
so these nutrients have recently been proposed as adjuvants in treatment of the pathol-
ogy [111] (in addition to methylphenidate), but, as regards the dietary supplements, only
vitamin D or vitamin D combined with magnesium appear to improve ADHD symptoms
(in case of insufficient/deficient vitamin D levels) [108]. As regards biotics, there is evidence
only for the Lactobacillus rhamnosus GG and for multi-species probiotic integration [108].
The diets of elimination have little evidence and lead to nutritional deficiencies, so caution
is advised [108]. Overall, more robust scientific evidence is needed to implement these
dietary interventions as part of ADHD therapy.

Regarding omega-3, in the third trimester of pregnancy, the DHA begins to accumulate
in the fetal brain, but this accumulation continues throughout the postnatal period thanks
to breastfeeding [112]. DHA present in breast milk appears fundamental for the correct
development of language, cognitive functions, and social behavior; therefore, for better
psychosocial health [113]. In fact, some studies suggest breastfeeding for at least six
months and, in cases of shorter duration, the maternal consumption of fish at least twice a
week [114].

Another study analyzed the role of omega-3 in ADHD, autism, and early psychosis,
and the results seem to demonstrate the benefit of omega-3 supplementation [115], espe-
cially in psychotic patients, in which they could prevent the transition to the psychotic
phase and improve severe symptoms and overall functioning.

A 2017 study [110] investigated the possible association between the Mediterranean
diet and ADHD in children and adolescents; the results showed a positive association
between low adherence to the Mediterranean diet and diagnosis of ADHD. Even a lower
consumption of fruit, vegetables, pasta, and rice, or habits such as skipping breakfast and
consuming fast food, resulted in a higher prevalence of ADHD, as well as high consumption
of sugars, sweets, carbonated drinks, caffeine, and low consumption of fish and protein.
This interesting study analyzed the role of the entire diet on ADHD rather than the role of
specific nutrients.
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7. Conclusions

Maternal nutrition is a modifiable factor, playing a key role during fetal neurological
development. Recently, interest as regards the impact of maternal nutritional state on
developmental disorders in offspring is continually increasing, with studies that aim to
clarify and define maternal nutritional indications.

Regarding some nutrients, the results are clearer, for example about the inverse as-
sociation between maternal intake of folic acid or multivitamins and the risk of ASD in
children (albeit with heterogeneity between studies); while regarding other dietary factors
and their correlation with neurodevelopmental disorders, studies have been inconclusive
and worthy of further analysis.

Actually, we know these nutritional recommendations during pregnancy:

- An increased protein requirement (different in the three trimesters of pregnancy);
- A carbohydrate intake of at least 175 g/day, reducing monosaccharides and disaccha-

rides (<10% of total carbohydrate);
- An increased DHA requirement of 100–200 mg/day;
- Supplementation of folic acid (400 µg/day) from 30 days before conception;
- Iodine requirement of 200–250 µg/die.

As regard heavy metals, critical values should be better defined in order to implement
the preventive strategies to reduce environmental exposure.

Future hopes, through subsequent studies, are to define and quantify precisely the
correct maternal intake of nutrients, both from the diet and from supplementation, pos-
sibly identifying objective biomarkers reflecting intake and metabolism of the various
necessary nutrients.

Furthermore, the study of genetic variants related to nutrient metabolism could allow
a better understanding of gene–diet interactions and the related sensitive exposure window
in order to establish a precise preventive nutritional intervention concerning neurodevelop-
mental disorders. Whole genome sequencing (WGS) and maternal/fetal-targeted precision
medicine programs catered to individual genomic profiles could lead to personalized in-
terventions, helping to reduce the risk of neurodevelopmental disorders (but also other
diseases) in offspring.

So, controlling nutritional factors should improve mothers’ nutritional state to signifi-
cantly reduce the risk of neurodevelopmental disorders in offspring.
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